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Foreword 

This is the fourth successive issue of the Reactor Physics Division Annual Re
port and, in fonnat, it simulates the preceding report, ANL-7210. As in previous 
reports, it emphasizes the work performed by members of the Division, rather than 
the integrated programmatic accomplishments. Nevertheless, when reasonable and 
possible, papers related to a given subject are grouped together, as for e,\ample, the 
papers concerned with the Argonne Advanced Research Reactor. 

In order to assist those who may wish to pursue a given subject more extensively, 
a list of pertinent references is included in each article. A catalog of open-literature 
and report publications and of abstracts prepared by staff of the Reactor Physics 
Division during the reporting period are appended in Section VIII to further aid 
those who may be interested in having additional information concerning work done 
in this Division. 





Table of Contents 

SECTION I 

FISSION PROPERTIES AND CROSS SECTION DATA 

I-l. Neutron Scattering •> 
A. B. SMITH 

1-2. Intermediate Structure in Elastic Neutron Scattering o 
S. A. Cox 

1-3. Neutron Polarization Measurements 4 
S. A. Cox 

1-4. Elastic and Inelastic Neutron Scattering from Light and Medium Nuclei 6 
A. B. SMITH 

1-5. Neutron Scattering from Deformed Even-Even Nuclei 8 
G. SHERWOOD' and A. B. SMITH 

1-6. Fast Neutron Scattering From Tantalum, Rhenium, and Platinum 8 
A. B. SMITH, P. T. GUENTHER, R . HAYES and J. F. WHALEN 

1-7. Fast Neutron Cross Sections 10 
J. 1'. WHALE.N 

1-8. The {n,n'y) Process in Germanium 11 
D. LISTER and D. STUPEGIA' 

1-9. Correlation of Mass, Energy, and Angle in Thermal and 6-MeV Neutron Fission 
of U-235 lo 

J. W. MEADOWS 

I-IO. The Li'(7),«)Be' Reaction 17 
JJ. LiKTEii a n d K. F . B E N N E T T ' 

I - l l . Theory of Resonance Reactions 18 
r . A . MOLDAUEH 

1-12. Theory of T-Violating Reactions , 18 
P . A . MOLDAUER 

1-13. Cross Section for Ne''(?^,A,a)0>' 19 
E. F. BENNETT and W. C. REDMAN 

1-14. Spontaneous Fission Half-Life of Am-241 20 
R. GOLD, R . J. ARMANI and J. ROBERTS' 

1-15. Compilation of E N D F / B Cross Sections for Magnesium, Titanium, Vanadium, 
Molybdenum and Gadolinium 22 

E. M. PEN.MNGTON 

SECTION II 

THERMAL REACTOR PHYSICS 

II-l . High Conversion (Hi-C) Uniform Lattice Calculations 33 
E. M. PENNI.\GTON 

11-2. Concluding Pre-Irradiation Critical Experiments of the Experimental Boiling Water 
Reactor (EBWR) Plutonium Recycle Experiment .̂r; 

P . H . KlER 

' s tudent , Nurthweatern University, Evanston, Illinois. 
^ Chemiciil Kngineeriiig Division, Argonne National Laboratory. 
•' Northweslern University, Eviinslon, Illinois. 



Contents 

II-3. Power Operation of the Experimental Boiling Water Reactor (EBWR) During the 
I'lutonium Recycle lOxperiment 38 

P. H . KiEK 

II-4. .Measurement of Capture-to-Fiasion Ratio of Pu-239 and Pu-241 in the Plutonium 
Loading of the P^xiierimental Boiling Water Reactor (EBWR) 39 

H . P . IsKENDEHIAX 

II-5. Physics of Plutonium-Fueled Thermal Research and Test Reactors 42 
C. N. KELLEU 

II-6. Argonne Advanced Research Reactor Critical Experiments—Mockup Experiments 
and Critical Experiments with Stainless Steel Core 45 

K. E. PLUMLEE, J . W . D.4UQHTRY, T. W. JOHNSON, W . R . ROBI.NSON, R . A. 

SCHULTZ and G. S. STANFORD 

II-7. Argonne ,\dvanced Research Reactor Critical Experiments—Absolute Peak Thermal 
Flux in the Internal Thermal Column 52 

G. S. STANFORD and W. R. ROBINSON 

II-8. ,\rgonne Advanced Research Reactor Critical Experiments—Activation and Power 
Distribution Measurements 57 

W. R. ROBINSON and G. S. STANFORD 

II-9. Argonne Advanced Research Reactor Critical Experiments—Neutron Temperature 
in the Intemal Thermal Column and Reactivity Worths of Samples and Voids. . . 63 

K. E. PLUMLEE, W . R . ROBINSON and T. W. JOHNSON 

11-10. Argonne Advanced Research Reactor Critical Experiments—Reactivity Worths Ob
tained by Traversing Small Samples in the Critical Facility 69 

J. W. DAUGHTRY 

I I -U . Argonne Advanced Research Reactor Critical Experiments—.Measurements of Con
trol and Safety Enhancement Devices 71 

K. E. PLUMLEE, T . W . JOHNSON, F . H . MARTENS and W. R. ROBINSON 

11-12. Argonne Advanced Research Reactor Critical Experiments—Beam Tube Yield and 
Reactivity Worth Measurements 74 

T. W. JOHNSON and K. E. PLUMLEE 

11-13. Argonne Advanced Research Reactor Critical Experiments—Neutron Flux Distri
bution Measurements with Mocked-Up Pressure Vessel, Beam Tube, and Shroud. . 77 

K. E. PLUMLEE, J. W. ARMSTRONG and R. A. SCHULTZ 

11-14. Argonne Advanced Research Reactor Critical Experiments—Determination of 
Gamma-Ray Heating by Thermoluminescent Dosimetry 82 

G. S. STANFORD and T. W. JOHNSON 

11-15. Argonne Advanced Research Reactor Critical Experiments—Rossi-Alpha and Pulsed 
Neutron Measurements 84 

J. W. DAUGHTRY 

11-16. Argonne Advanced Research Reactor Critical Expermients—Improved Neutron 
Cross Section for Formation of 60-Day Half-Life Sb-124 88 

K. E. PLUMLEE 

11-17. Argonne Advanced Research Reactor Calculations—Preface 92 
D. H. SHAFTMAN 

11-18. Argonne Advanced Research Reactor Calculations—Analysis of Critical Experi
ments with the Intermediate-Spectrum Core iW 

R. P . S A V I O ' and D . H . SHAFTMAN 

11-19. Argonne Advanced Research Reac tor Calcula t ions—General Reac tor Physics Design 
Analysis 99 

D . H . SHAFTMAN and R. P . S A V I O ' 

11-20. Argonne Advanced Research Reac tor Calcula t ions—Spat ia l and Energy Dist r i 
butions of Thermal Neutron Flux in the Intemal Thermal Colunm 107 

R. P. SAVIO,* D . H . SHAFTMAN and L. K. VOLODKA 

* Reactor Operalions Division, Argonne National Laboratory. 



Contents 

11-21. Argoime Advanced Research Reactor Calculations—General Shield-Design Analysis, l l i i 
A. E. MCAHTHV, D . H . SHAFTMAN and I. CHARAK' 

11-22. Argonne Advanced Research Reactor Calculations—Analyses of Accidents Associ
ated with iVIajor Reactivity Insertions 119 

D. H. SHAFTMAN and J. H. TESSIER' 

11-23. Argonne Advanced Research Reactor Calculations—Analysis of Biological Doses 
from Maximum Credible Accident 124 

D. H. SHAFTMAN and H. M O S E S ' 

SECTION III 

FAST REACTOR PHYSICS 

I I I - l . Analysis of Small-Sample Doppler-Effect Measurements 139 
R. A. LEWIS and C. E. T ILL 

1II-2. Fissile Doppler Effect Measurement and the Effects of Thermal Expansion 143 
C. E. TILL 

I I I -3 . U-235 Doppler Effect Measurement Data and Techniques 151 
C. E. T ILL , R . A. LEWIS and E. F. GROH 

III-4. Doppler Effect Measurements in CHj-Softened Spectra; ZPR-9 Assemblies 13-17 . 159 
R. POND and C. E. TILL 

III-5. Comparison and Analysis of Theoretical Doppler Coefficient Results for Fast Re
actors 163 

R. N . HwANd a n d K . O T T ' 

Ill-(>. Meiisured J'hysics Parameters in a Large L ranium Carbide Fast Core, Assembly 5 
of ZPR-6 167 

R. A. KARAM, L . R . DATES, E . GROH, W . Y . KATO, R . A. LEWIS, G . MAIN, J. 10. 

MARSHALL, G . K . RUSCH and C. TILL 

III-7. Note on Worth Ratios in Zoned Versus Full Size Critical Assemblies 189 
D. A. MENELEY 

III-8. ZPR-9 Assemblies 11 and 12—Two Small Zoned Versions of the 2600-Liter Assembly 
5ZPR-0 190 

R. A. LEWIS, L . G . LESAGE and R. A. KARAM 

III-9. The Effect of Sodium Voiding on the Spectrurn of ZPR-6 Assembly 5 196 
E. F. BENNETT 

III-IO. Experimental Neutron Spectrum Comparison of a Zoned and a Homogeneous Fast 
Critical Assembly 198 

E. F. BENNETT 

I I I - l l . A Review of Data Pertaining to Spectral Equilibration and Spectral Matching in 
Zoned Cores 199 

L. G . LESAGE, R . A. KARAM, R . A. LEWIS, E . F . BENNETT and G. W. MAIN 

III-12. A Simple Flux-Synthesis Method for the Calculation of the Sodium-Void Effect in 
Reflected Single-Zone I'ast Breeder Reactors 20."i 

A. THAVELLI 

111-13. Two-Dimensional Study of Voiding of Sodium from a Fast Reactor Core with Zoned 
Enrichment 209 

V. Z. JANKUS and H. H. HUMMEL 

III-14. Calculational Studies of Sodium-Void Reactivity Variations Due to Heterogeneities 
in Fast Control Assemblies 212 

D. MENEGHETTI 

III-15. Heterogeneity Fjffects on the Reactivity of ZPR-6 Assembly No. 3 210 
D. MENEGHETTI 

'' lieactor Engineering Division, Argonne National Laboratory. 
• liadiological Physics Division, Argonne National Laboratory. 
' Purdue University. Lafayette, Indiana. 



Cuntents 

III-16. Pulsed Neutron Measurements on ZPR-6, Assembly No. 5 217 
F. H. HELM 

III-17. Nuclear Analysis Methods Development for EBR-II 223 
D. KucERA, J. T. MADELL and P. J. PERSIANI 

III-18. Multigroup C'ross Section Sets for Neutronic Calculations of PJBR-II 223 
J. T. AIADELL 

III-19. Investigation of the Temperature Coefiicient of EBR-II , Run 25 228 
J. T. MADKLL 

III-20. Some Effects of Iron, Molybdenum, and Nickel Reflectors Placed Between the Core 
and Blanket of EBR-II 230 

J. T. MADELL 

III-21. Development of the Critical Experiment Program for the Fast Fuels Test Facility. . 232 
P. J. PERSIANI, J. K. LONG, A. J. ULRICH and D. A. KUCERA 

III-22. Theoretical Study of the ZPR-3 Critical Experiments in Support of the Fast Fuels 
Test Reactor Concept 238 

A. J. ULRICH, P. J. PERSIANI and J. C. BEITEL 

III-23. The Critical Experiments and Preliminary Analysis of Multifueled, Nonuniform 
Core Loadings 241 

P. J. PERSIANI, A. L. HESS* and D. KUCERA 

III-24. Physics Studies of .Molten-Salt-Fueled Fast Reactor Systems 242 
D. K. BUTLER' and D. MENEGHETTI 

III-25. Preliminary Study of the Use of U-235 in a Fast Reactor Era 242 
K. A. HUB ' " and V. Z. JANKUS 

SECTION IV 
FAST REACTOR SAFETY 

IV-1. Initial (7-Pin) EBR-II Cluster Fast Reactor Safety Integral Loop Experiments in 
the Transient Reactor Test (TREAT) Facilitj- 251 

L. E. ROBINSON, C . E . DICKERMAN and F. L. WILLIS 

lV-2. Analyses and Significance of Initial EBR-II Mark I Cluster Fast Reactor Safety 
Integral Loop Experiments in the Transient Reactor Test Facility (TREAT) 255 

C. E. DICKERMAN, R . PURVIANCE and A. B. COHEN 

IV-3. Fast Reactor Safety Integral Loop Experiment on an Argon-Bonded EBR-II Pin.. 258 
C. E. DICKERMAN, F . L . WILLIS, R . SMITH and A. B. COHEN 

IV-4. Properties of 6 a/o Burnup Oxide Fast Reactor Fuel Pins Prior to Transient Re
actor Test (TREAT) Facility Exposure 260 

R. STEWART, C . E . DICKERMAN, W . D O E " and N. STALICA'^ 

rV-5. Results from Transient Reactor Test (TREAT) Facility Fast Reactor Oxide Fuel 
Pin 276 

C. E. DICKERMAN and R. STEWART 

IV-6, Hybrid Computer Program for Transient Temperature Calculations of Transient 
Reactor Test (TREAT) Facility Fast Reactor Safety Experiments 280 

L. T. BRYANT," L . W . AMIOT," C . E . DICKERMAN and W. P. STEPHANY" 

IV-7. Design of the Glovebox Facility for the Transient Reactor Test (TREAT) Facility 
Loop and Capsule Operations with Plutinium-Bearing Samples 281 

C. E. DICKERMAN, L . E . ROBINSON and R. I v m s " 

' Idaho Division, Argonne National Laboratory. 
' Liquid Metal Fast Breeder Reactor Program Office, Argonne National Laboratory. 
'" Reactor Engineering Division, Argonne National Laboratory. 
" Remote Control Division, Argonne National Laboratory. 
"Chemical Engineering Division, Argonne National Laboratory. 
"Appl ied Mathematics Division, Argonne National Laboratory. 
•* iStudent, University of Michigan, Ann Arbor, Michigan. 
•* Liquid Metal Fast Breeder Reactor Program Office, Argonne National Laboratory. 



Contents 

IV-8. Remotely Operated Sodium Extruder Facility for Inert Atnio,sphere Glove Box. . . 282 
C. AUGUST and L. E. ROBINSON 

IV-9. Intended Capability for the Fast Neutron Hodoscope Used at the Transient Reactor 
Reactor Test (TREAT) Facility 284 

A. DEVOLPI , R . PECINA," C . H . F B E E S E , " E . ROLNICKI ," D . T R A B I S " and G. 

LARSEN'" 

n ' - lO. Instrtimentation and C<»ntrol of the Mark II Integral Sodium Transient Reactor 
Test Facility (TRIOAT) 289 

L. E. ROBINSON, R . PURVIANCE and K. SCHMIDT 

IV-11. Development of a family of Annular Linear Induction Pumps for Use in Fast Re
actor Safety Integral Loop Experiments 291 

R. CARLSON" and L. ROBINSON 

IV-12. Conversion of the Transient Reactor Test (TREAT) Facility for Testing Fast fuel 
Subassemblies 295 

H. P. ISKENDERIAN 

IV-13. Fast Reactor Accident Analysis Through Computer Program Development 299 
J. C. CARTER, G . J . FISCHER, T . HEAMES, D . R . MACF.\RLANE, N . A. M C N E A L , 

C. K. SANATHANAN, W . T . SHA and C. K. YOUNGDAHL" 

I \ ' - I4. Transient Vaporization of Sodium in Reactor Coolant Channels. 300 
D. R. MACFARLANE 

IV-15. Theoretical Studies of the Response of Fast Reactors During Sodium Boiling Acci
dents 310 

1). R. MACKARLANE, N . A. M C N E A L , D . A. MENELEY and C. K. SANATHANAN 

IV-16. Heat Transfer (^omjuittition for Ceramic I'̂ uels Undergoing Reactor Trjutsients. . . . 317 
C. K. SANATHANAN and N. A. MCNEAL 

IV-17. Convcctive Heat or Mass Transfer with J*hiise Changes 320 
J. KAELLIS,'" D . .MILLER and D. T. WASAN" 

IV-IS. Iletit I'raction in Coolant and Fuel During Transient Heating 322 
R. O. BHITTAN and H. GREENSPA.N™ 

IV-19. Fuel Element Deformation Program for the Fast Reactor Safety Analysis System. . :124 
C. K. YOUNGDAHL'* 

lV-20. Reactor Stabihty Considerations In Safety Analysis 328 
J. H. TESSIER," D . W . SPARKS" and J." C. CARTER 

IV-21. Properties of Alkali Metals 334 
D. MILLER, A. B. COHEN and C. E. DICKERMAN 

IV-22. Physictil Properties of Solids and Liquids Under Extreme Conditions 335 
D. MILLER 

IV-23. Physical Properties of Uranium Monocarbide at the Melting Temperature and in the 
Liquid State :139 

H. K. RICHARDS 

IV-24. Cciniparison of Methods for Determining Containment Leaktigc Rates 343 
R. O. BRITTAN 

IV-25. .\ Proposed Core Test I'acility for Safety Analysis 351 
J. C. C'ARTER 

IV-26. Calculation of the Iilnergy Yield in the Kiwi Transient Nuclear Test, Kiwi-TNT, . . 3113 
V. Z. JANKUS 

IV-27. Qualitative Consideration of a Nuclear Excursion Initiated by a Shock Wave 370 
V. Z. JANKUS 

t* Electronics Divisitni, Argonne National Laboratory. 
' ' Idnhct Division, Argonne National Lahorattiry. 
"» Reactor Engineering Divisioti, Argonne National Laboratory. 
'" Illinois Instilnte of Technolog>-, Chicago, Illinois. 
*" Applied IMathennitics Division, Argonne National Laboratory. 



Ctmtents 

SECTION V 

EXPERIMENTAL PHYSICS TECHNIQUES AND FACILITIES 

V-1. Preparation of Pu-239 and Pu-241 Isotopes for Capture-to-Fission Measurements 
in the Experunental Boiling Water Reactor 379 

R. J. ARMANI 

V-2. Accurate Fission Rate Measurements by Fission Track Counting 380 
R. J. ARMANI, R . GOLD and J. H. ROBERTS" 

V-3. Experience with a New Manganese Bath System 383 
A. DEVOLPI and K. PORQES 

V-4. Transport of Decaying Activity Through Laminar and Turbulent Flow Systems, , . 386 
K . PORGES 

V-5. Note on the Design Logic of Transient Detection Systems 389 
K . PoRGES 

V-6. Time Resolution in Nal ScintUlator-Junction Detector Fast Coincidence Systems.. 393 
K. PoRGES and R. GOLD 

V-7. Versatile Gated Discriminator with Adjustable Paralysis Useful in Fast-Slow Coin
cidence Experiments 396 

A. DEVOLPI , J . J . ENGLISH,^' A. J. M E T Z , " K . FORGES and S. J. RUDNICK'^ 

V-8. A Monitor for Airborne Plutonium Contamination 399 
W. G . IVNAPP 

V-9. Further Development of the DDP-24 Computer System 402 
C. E . COHN 

V-10. Experiments in the Computer Control of Critical Assemblies 408 
C. E. COHN 

V-11. Study of a Linearized Sampled-Data Control Algorithm for Zero-Power Reactors.. 410 
T. J. MARCINIAK" 

V-12. Fast-Reactor Noise Analysis by Polarity Cross Correlation 415 
C. E. COHN 

V-13. The Integrating Sampler 420 
C. E. COHN 

V-14. Progress in On-Line Computer Utilization 423 
J. F. WHALEN 

V-15. A Multiplexing System for an On-Line Computer 424 
J. F. WHALEN and J. W. MEADOWS 

V-16. Remote Station for On-Line Computer Control 425 
J. F. WHALEN and J. J. EICHHOLZ'* 

V-17. Design of the I'ast Neutron Generator Facility Building 426 
J. W. MEADOWS 

V-18. A High Intensity Gas Target 427 
J. W. MEADOWS 

V-19. Electrostatic Analyzer for Accelerator Energy Control 428 
S. A. Cox 

V-20. Neutron Precession Solenoid 429 
S. A. Cox 

V-21. Rotary Time-of-Flight Collimators 429 
A. B. SMITH 

V-22. Pulsed and Bunched Ion Source 430 
A. B. SMITH 

^' Northwestern University, Evanston, Illinois. 
" Electronics Division, Argonne National Laboratory. 
" Student, Utiiversity of Notre Dame, Notre Dame, Indiana. 
'* ElectroiMcs Division, Argoiuie National Laboratory. 



Contents 

SECTION VI 

REACTOR COMPUTATION METHODS AND THEORY 

VI-1. The Argonne Reactor Computation (ARC) System 433 
B. J. TOPPEL 

VI-2. Further Development of the MC^ Code 436 
B. J. TOPPEL, H . H . HUMMEL, R . N . HWANG and A. L. RAGO^'^ 

VI-3. Generation of Multigroup Cross Sections Using a Coupled MC' -THERM0S Code 437 
D. A. SARGIS, B . J . TOPPEL and A. L. R A G O " 

VI-4. Fortran Codes for Processing Neutron Cross Section Data 442 
E. M. PENNINGTON, J. C. GAJNIAK and W. B O H L " 

VI-5. ADRIFT, A Code to Compute Bilinearly-Weighted Absorption Cross Sections. . . . 444 
P . H . KlER 

VI-6. RABBLE and RABZPR: Two Codes to Compute Resonance Absorption in Multi-
Composition Reactor Cells 445 

P . H . KlER 

VI-7. The Present Status of the Unresolved Parameters for U-235, Pu-239 and U-238. . . 4.50 
R. N. HWANG and A. TRAVELLI 

VI-S. The Crystalline Effects on the Doppler-Broadened Cross Section and Resonance 
Integrals of Urnaium in a UO2 Lattice 462 

C. R. ADKINS," P . J . PERSLANI and R. N. HWANG 

VI-9. Comparative Physics Analysis of Fast Reactor as a Function of Refinement in Multi-
group Cross Section Preparation 463 

B. J. TOPPEL and H. H. HUMMEL 

VI-10. Effects of Cross Section Errors on Neutron Spectra 466 
C. X. KELBER 

VI-11. Calculations of Detailed Neutron Fluxes Across Interfaces Between Resonance-Scat
tering Media 467 

D. MENEGHETTI, A. L. RAGO^' and K. E. PHILLIPS 

VI-12. Space-Time Kinetics—The QXl Code 471 
D. .'\. MENELEY, K . OTT^* and E. S. WIENER 

VI-13. Space Dependent Effects on Fast-Thermal System Parameters 476 
C. N. KELBER and J. T. MADELL 

VI-14. Two-Group Space-Dependent Kinetics In Reflected Reactors 480 
R. A. KARAM 

VI-15. PROGRAM MOVER: Point Kinetics Algorithm 492 
L . K . VoLODKA 

VI-16. Fast Reactor Fuel Cycle Studies—Formulation and Solution Methods 493 
D. A. MENELEY, G . K . LEAF"' and P. M. WALKER^' 

VI-17. Intercomparison of Various Multigroup Transport Approximations of the Dispersion 
Law of Neutron Waves 501 

A. TRAVELLI 

VI-18. Orthogonal Polynomial Solutions and Error Estimates for Eigenvalues to the Inte
gral Tran.sport Equation .')04 

I). A. SARGLS 

VI-19. A Directed-Search Subroutine for Finding Minima 507 
G . S . STANFORD 

"Applied Mathematics Divisicin, Argonne National Laboratory. 
*" Student, University of Wisconsin, Madison, Wisconsin. 
" Carnegie Instil uie ()f Technology, Pittsburgh, Pennsylvania. 
" Applied Mathematics Division, Argonne National Laboratory. 
" Purdue University, Lafayette, Indiana. 



Contents 

SECTION VII 

MISCELLANEOUS 

VII-1. Nuclear Pumped Carbon Dioxide Gas Laser—Model I Experiments 515 
J. A. DESHONG, J R . 

VII-2. Analysis of Plasma Ion Frequency in Low Pressure Alkali Metal Vapor Thermionic 
Conversion Cells 517 

H . K . RICHARDS 

VII-3. Experimental Investigation of Electrical Conduction Through Noble Gases at High 
Temperatures 519 

H . K . RICHARDS 

VII-4. Radiocarbon Production Rate Near Sea Level 521 
R. GOLD 

VII-5. Energy Spectrum of Fast Cosmic Ray Neutrons Near Sea Level 522 
R. GOLD 

SECTION VIII 

PUBLICATIONS AND REPORTS, 
REACTOR PHYSICS DIVISION 

(July 1, 1966 to June 30, 1967) 

Open Literature 523 
Reports 525 
Abstracts 526 



Section I 

Fission Properties and Cross Section Data 

III floê e support of the reactor program, experimental and theoretical studies of 
neutron interactions with those nuclei found in the structural and fuel components 
of reactor systems continue to be carried out. This work is performed prinicpally 
lo provide information necessary for optimal reactor physics design. The major 
portion of this effort is devoted to studies of fast neutron induced processes, es]>e-
cially those whi(;h arc important in fast reactors. The studies arc direi'lcd toward 
neutron elastic and inelastic scattering, neutron induced reactions in<-luding cap
ture, and to the characteristics of the fission processes. 





I - l . Neutron Scat ter ing 

A. B. SMITH 

INTRODUCTION 

I t is the objective of the neutron scattering studies 
to: a) meet specific and current needs of the reactor 
development program for neutron scattering data, b) 
obtain information relevant to the future needs of the 

reactor program, c) jirovide sup[>oft information nec
essary for measurements in direct rcsj)onse to rciK^tor 
needs, and d) establish the experimental foundation 
necessary for the extrapolation and interpolation of 
measured quantities to unmeasurable data requisite 
to the reactor program. 

1-2. In termedia te Structure i n Elastic Neutron Scatter ing 

S. A. Cox 

During the last several years, a large body of experi
mental information bearing on intermediate structure 
has been accimmlaied. The widths associated with this 
structure lie between the very broad single particle 
levels ( '^l MeV) luid the fine stnicture associated with 
the many resonances of the compound nucleus ( ~ 1 
keV). In light and intermediate weight nuclei (A < 
100) the observed fluctuations have widths of ~'100 
keV. The question no longer is: does intermediate struc
ture exist?, but rather what is the source of the inter
mediate structure? Several possible explanations for 
intermediate structure have been proposed. The most 
prominent are the Doorway State theory of H. Fesh-
bach, A. Kerman and R. Lemmer,' the vibrational state 
theory of A. Lande and G. Brown,' and theories based 
on the statistical model. 

Results of elastic neutron scattering mea.surements 
were reported previously* and discussed in terms of the 
several models. The conclusion was that the results, 
which covered the mass range 50 < A < 140, were 
qualitatively consistent with the doorway state theory. 
Of tbe several suggested explanations offered in Ref. 4, 
the only one which could be ruled out is the one based 
on ;i chance distribution in level density. Since the previ
ous report, the data have been analyzed in more detail 
in order to check another of the predictions of the door
way st:ite theory which states that the fluctuation am
plitude shall be largest near the peaks in the strength 
function and neat positions of shell closure. The analysis 
proceeded as follows: The CTOSS section was fitted by 
least squares to a quadratic series to generate an "aver
age" cross sectioti from which deviations could be cal

culated. The rms deviations of the cross section from the 
"average" cross section were then calcuhited for the full 
eiuTgy range of the data. The .same prot^edure w;is :ils(i 
applied to the Legendre ijolytioniial exp;tnsioii coclli-
cients, B,., which occtir in the cxprcssioti for llic dif
ferential cross sections; that is, 

O-el 

AE = 52 l<eV 

O EVEN Z 
• ODD Z 

N=28 N=50 ' 

o_ 

^N = 82 

I I I l l I I 1 1 I . I 
20 40 60 80 100 120 140 

Fio. I-'2-l. Mean Square Uevialiun of 
Neg. No. llS-9097. 
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Figures 1-2-1 and 1-2-2 give the rms deviation of the 
elastic scattering cross section and the second Legendre 
polynomial coefficient as a function of the mass number 
of the scattenng sample. The open circles represent 
even-Z elements and the closed circles represent odd-Z 
elements. The neutron energy resolution used in com
puting the rms deviation was 52 keV and the energy 
region covered was 700 keV to 1250 V.c\. In both cases, 
the evon-Z element data indicate a strong peak at 
A ar 50 and » r,!i)>inr,uiii at A ^ 150. The behavior for 

the odd-Z elements is somewhat different. The jioints at 
A = 55, .59, and 64 follow the same trend as do the even-
Z elements but at a slightly reduced amplitude for the 
rms deviation as <-ompared with the cven-Z elements. 
Although the reason for this is not certain, it is known 
that niobium has more inelastic channels available at 
the incident neutron energies used here ('— 7̂00 kcV to 
^1250 keV) than do the other elements and that the 
introduction of more channels in an observed rotiction 
decreases the amplitude of the cross section fluctuation. 
Peaks in the s-wave neutron strength functioti oi:cur 
at A « 50 and 1.50 iind in the p-wave strength function 
at A K, 90. The mass numbers corresponding lo the 
neutron magic numbers 2S, .50, and 82 arc itidii-aterl in 
the figures. It is evident that the even-Z element data 
are in agreement with the prediction of the doorway 
state theory and that the amplitude of cro.ss section fluc
tuation is largest near strength function peaks and near 
neutron magic numbers. A number of these nuclei arc 
those closely associated with the structural materials of 
reactor systems, iron, nickel, and chromium, for cxani-
ple. Understanding the intermediate structure ]>lie-
nomena permits the physically meaningful use of the 
respective nulcear cross sections in a region where the 
iTiore familiar compound nucleus structure is far too 
detailed for precise measurement and application. 
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1-3. Neutron Polarization Measurements 

S. A. Cox 

A facility has been installed at the Argonne 3 MeV 
Van de Graaff accelerator for the purpose of polariza
tion measurements in neutron elastic scattering (see 
Paper V-20). All data collections are fully automated 
and under executive control of a CDC 160-A on-line 
computer. I t is the objective of the program to carry 
out a comprehensive survey of elements selected from 
most of the periodic table. Both polarization and 

elastic neutron scattering cross sections will be ob
tained over the incident neutron energy range ~400 
to ~1500 keV. Such a compilation should permit a 
critical comparison between experimental and theo
retical models; for example, the optical model per
mitting the extrapolation and interpolation of meas
ured values to nuclei of critical iiuportance to reactor 
design. 

file:///urlear


('l)X 

The experimental arrangenu'iit is given m Fig. 1-3-1. 
Partially polarized neutrons, emitted at 51 deg from 
the Li(p,)i) reaction enter a tapered collimator placed 
along the axis of a powicful solenoid magnet. After 
emerging from the collimator and solenoid some of the 
neutrons arc scattered by a 1 in. diam X 1 in. high 
scattering sam]ile. The scattered neutrons arc detected 
simultaneously by 4 neutron detectors spaced at 40 
deg intervals. •/"!'">' rejection circuitry is used to 
eliinimite y-rays.' The four detectors may be placed 
in each of two angular orientations: 20, 60, 100, 140 
(leg and 35, 75, 115, and 1.55 deg, respectively. In 
tlii> way scattered neutron angvilar distributions are 
determined at alternate 15 and 20 deg intervals from 
20 to 155 deg. Samples are selected by computer con
trol fiom eight possible choices. Massive shielding is 
required to reduce the neutron background at the de
tectors to an acceptable level. Further, since the neu
tron detectors are liquid scintillator photomultiplier 
tube combinations, they must be protected from the 
external magnetic field of the solenoid. 

The solenoid is about 20 in. long and 15 in. i.d. The 
maximum cnirent of 200 A corresponds to a total power 
of 20 k\V and a central field of ~ 7 kG. At full operat
ing power, the solenoid is capable of precessing the spin 
of 2.1 MeV neutrons 180 deg or the spin of 8.4 MeV 
neutrons 90 deg. 

Some [inlarization results for silicon are given in 
FiK. 1-3-2. 'I'lic neutron ciu^rgy resolution is ~20 keV 
;tnd llif iictilioii ciiefgy range covered is from —400 to 
~1I00 keV. The iMocitict / ' i(51 deg) •/',(87.5 deg) is 
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plotted, where Pi (51 deg) is the polarization o( neu
trons emitted at 51 deg from the Li(p,n) reaction and 
Pa (87.5 deg) is the polarizing power of silicon for 
scattering neutrons at 87.5 deg. The largest values of 
polarization occur at ~800 and ~960 keV. According 
to A. Eln-yn and R. Lane,= the values of Pi(51 degi 
are 0.28 at 800 keV and 0.32 at 960 keV. This yields 
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values of 65<;!. at 800 keV and 75% at 960 keV re-
s[X'ctively for P-^iST.^ deg). 

An example of rather good agreement between theory 
and experiment is given in Fig. 1-3-3. Here the polar
izing power, P;IS), of silicon is plotted against the 
scattering angle. The theoretical curves are the result 
of R-matrix calculations based on previous elastic 
scattering data obtained with 5 keV neutron energy 
resolution. The polarization is due almost entirely to 
two broad resonances located at —820 and ~970 keV, 
identified by the R-matrix analysis as %~ and Va" 
respectively. The agreement between the experimental 

results and the R-matrix calculations lends support to 
the previous meaBurements of the polarization of neu
trons emitted at 51 deg from the Li(p,n) reaction. 
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1-4. Elastic and Inelast ic Neutron Scatter ing' from'Light and M e d i u m Nucle i 

A. B. Smith 

FLUORINE 

Elastic and inelastic scattering from fluorine has been 
examined at neutron energies of 0.3 to 1.5 MeV using 
incident resolutions of ^^20 keV. Measurements were 
taken at < 10 keV intervals and at 8 scattering angles. 
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The primary motivation was the confirmation of the re
ported intermediate structure in the scattering process.' 
Such structure was observed. However, there appears 
httle correlation between processes in differing exit 
channels. More data are being taken in an attempt to 
obtain better definition >1.2 MeV and total cross sec
tion measurements with resolutions of < 1 keV are in 
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progress. Detailed interpretations are imderway, based 
upon: 1) autocorrelation analysis of the data,^ 2) S-
matrix statistical model of P. Moldauer,^ and 3) de
tailed multi-level fits to the high resolution total cross 
section information.* Initial results, while not preclud
ing intermediate structure, in the sense of H. Feshbach 
and A. Kerman, are consistent with a statistical dis
tribution of individual resonances. 

VANADIUM 

The experimental studios of elastic neutron scattering 
from vanadium have been completed and a number of 
inelastic results obtained. Representative measured 
elastic and inelastic scattering cross sections are shown 
in Fig. I ^ - l . From a pheiionienological point of view, 
an intermediate resonance structure is apparent. Its 
physical interpretation is far less clear. Attempts to 
analyze the results in terms of correlation ftmctions re
lated to distributions of compound nucleus level widths 
and spacings and in terms of the particle-hole model 
have both proved disappointing.'^ A third approach 
employing an "intermediate optical model" is showing 
some initial promise. 

PALLADIUM 

The study of fast neutron scattering from palladium 
is iie:uiiig completion. The measurements extend to 
incident iieulron energies of about 1.5 MeV and over 
the laboratory scattering angles 25-155 deg. The elastic 
scattering cross sections derived from this work are 
shown in Fig. 1-4-2. Careful inelastic angular distribu
tion ineasvirements will complete the work. The inter
pretation of the measurements is proceeding in a 
straightforward manner with comparisons with previous 
results obtained near the shell closure Z ^^ 50 (silver, 
cadmiimi, tin, and antimony). Hopefully, the previous 
indication of a proton shell dependence of the optical 
potential will be further verified. 

GERMANIUM 

The studies of elastic and inelastic neutron scattering 
from germanium have been completed. Detailed in
elastic cross sections have been determined for the 
excitation of states at 560, 590, 690, &35, and 1035 keV. 
At lower energies some intermediate structure was 
observed in the elastic cross section corresponding to 
that observed in the total cross sections reported in 
Paper 1-7. The measured inelastic cross sections pro
vide the absolute normalization points for the {n,n'y) 
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measurements described in Paper 1-S. The experimental 
results, summarized in Fig. I-4-:i, compare well with 
calculations based upon the optical model :ind Ilan.ser-
Feshbach theory. 

The primary motivation for these measurements is 
the acquisition of gamma-ray emission information in 
response to direct requests from the reactor develop
ment program. With present technology, the optimum 
gamma-ray measurement techniques employ (;e(lji) 
detfctors which must operate in a fast neutron environ
ment. Thus, before gamma-ray emission results can 
be reliable, the inelastic scattering within the detector 
itself must be well known. The above results should 
provide the necessary information. 
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1-5. Neutron Scattering From Deformed Even-Even Nuclei 

G. SHERWOOD* and A. B. SMITH 

I'togress has been made in the study of elastic and 
inelastic neutron scattering from the elements sama
rium, gadolinium, holmium, ytterbium, and hafnium. 
Some of these results are pertinent to priority 1 AEC 
requests for scattering data. Measurement of elastic 
scattering is essentially complete for each of these 
elements up to incident neutron energies of ~1.5 MeV. 
Further, the inelastic excitation cross sections of the 
first, 2-f, states have been determined in detail over 
the same incident energy interval. The inelastic ex-

" Student, Northwestern University, Evanston, 1 

citation of higher energy states is complex and the 
experimental study of the processes continues. The pre
liminary experimental results are in qualitative agree
ment with spherical optical model calculations. It is 
hoped that the use of the recently operational 2-PLUS 
coupled-channel optical model code will lead to a 
quantitative agreement with experiment and make 
reasonable the extrapolation of the results to the ac
tive rare-earth fission products. Scattering from these 
cannot be determined with present experimental tech
niques and one must rely on such extrapolation to as
say their scattering properties. 

1-6. Fast Neutron Scattering From T a n t a l u m , R h e n i u m , and P l a t i n u m ' 

A. B. SMITH, I'. T. GUENTHEK, 11. HAYES and J. V. \VH.\T,E\ 

The scattering of neutrons with energies of ;$1.5 
MeV from the elements tantalum, rhenium and plati-
nimi was experimentally studied. Elastic and inelastic 
neutron scattering angular distributions were deter
mined at incident neutron energy intervals of <20 
keV throughout the range 0.3 to 1..') MeV. Time-of-
flight measurements were made concurrently at eight 
or more scattering angles between 2.5 and 1.5.5 deg with 
sufficient scattered neutron energy resolution to sepa
rate the elastic scattered component from most in
elastic .scattered neutron groups. Differential inelastic 
scattering cross sections corresponding to excitation of 
states in tantalum at 144 ± 10 (doublet), 313 ± 15, 
.506 ± 20, 620 ± 20, 720 ± 20, and 930 ± 25 keV; in 
rhenium at 1.32 ± 10, 219 ± 15, 313 ± 15, 387 ± 18, 
518 ± 20, 637 ± 20, 767 ± 25, 865 ± 25, 963 ± 25, 
1060 ± 25, and 11.35 ± 25 keV; and in platinum at 
130 ± 20, 214 db 20, 348 ± 15, 420 ± 15, 620 ± 20, 
719 ± 15, &38 ± 25, and 935 ± 20 keV were observed. 
Typical results pertaining to elastic and to inelastic 
neutron .scattering from tantalimi are shown in Figs. 
1-6-1 and 1-6-2, respectively. The elastic and inelastic 
neutron scattering results were not always consistent 
with reported total (rross section values. I''or this reason, 
the total cro.ss sections of tantalum and rhenium were 
carefully redetermined with the results indicated in 
Fig. 1-6-3. These present total ( ross section values did 
not agree with previously reported meastu-ements, but 
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did substantiate the elastic and inelastic neutron 
scattering results. 

The present experiments extended the knowledge of 
elastic and inelastic netitron scattering and total cross 
sections of tantaUun, rhenium, and platinum at in
cident neutron energies of <1.5 MeV. The measured 
results were reasonably described by calculations based 
upon a local, energy independent optical potential and 
the theory of average compound-micleus cross sections.' 
The calculations demonstrated the applicability of a 
well chosen spherical, surface absorption, optical po
tential for the interpolation and extrapolation of meas-
tired sctittering cross sections over a region of large and 
rapidly changing deformation. Comparison with experi
ment indicated a proportionality between the strength 
of the surface absorption anil the degree of deformation, 
llesonance width fluctuation effects were examined and 
fomid to be small. Uncertainties in calculated inelastic 
st^attering cross sections, particularly at excitations 
> 500 keV, tended to be more the result of inadequate 
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knowledge of excited nuclear structure thuii of de
ficiencies in the potential employed. 

The derivation of structure information for tiio 
measurements was restricted by experimental njsolu-
tions and sensitivities and by the isotopic (-oinplexity 
of the natural elements employed in the work. Despite 
these restrictions the experiments indicated that there 
were omissions and/or inappropriate spin and parity 
assignments in the reported low energy excited struc
ture of both tantalum and rhenium. Revisions of the 
excited structure of tantalum consistent with the unified 
model and experimental observation were proposed. 
Mgdifications of and additions to the rcjiorted structure 
of rhenitim were indicated by the experimental results 
inclusive of a specific state attributed to the predicted 
single particle configuration in Re-18.5. The experi
mental results are of extensive value in reactor develop
ment programs since both tantalum and rhenitun are 
structural materials with excellent high temperature 
properties. The results obtained for rhenium fully 
satisfied a reactor development recjuest lor basic <-r(iss 
section information. 
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1-7. Fast Neutron Cross Sect ions 

J. F. WHALEN 

The neutron total cross section measurement pro
gram has been extended, utilizing the automated on
line computer system. Basically the same experimental 
set-up reported in Ref. 1 was used. liowever, the 
executive control program has been modified to correct 
for varying background conditions and occasional 
"wild" points due to noise bursts in the detectors. The 
addition of an improved electrostatic analyzer system 
provided a more stable computer control of the ac
celerator and therefore increased precision in the cross 
section measurements. 

The following elements have been studied during the 
past year with the respective total cross section re
sults shown in Fig. 1-7-1: zinc, vanadium, sodium, 
carbon, tantalum, Li-6, Li-7, fluorine, germanium and 

yttrium. The total cross section of fluorine was deter
mined by using a Teflon sample (CFj) , then sub
tracting the carbon cross section and dividing by two 
to account for the extra fluorine. The values of the 
carbon cross section used in this correction were de
termined with the same system. The lithium measure
ments were made with samples originally prepared for 
scattering studies of a different orientation. This re
sulted in small transmissions which reduced the pre
cision of this system appreciably while passing over 
the large resonance at ~260 keV. This fact, plus the 
presence of some slight fine structure possibly due to 
contaminants, necessitated the procurement of addi
tional samples. The new Li-7 samples have been com
pleted and are scheduled for measurement. New Li-6 
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INTERVAL, kev 

F I G . 1-7-2. Atito-Correlatioii Functions Calculated Froin a 
Number iif the Total .Neutron Cross Section Residis. ANL Neg. 
No. lltSS4S. 

samples will be completed in several months. Lithium 
samples are provided by Los Alamos Scientific Lab
oratory. 

The al)ove total neutron cross section measurements 
are a continuing part of the program. They provide 
data requested by the applied nuclear energy programs, 
information in support of the other portions of the 
Argonne measurement program, and finally they are of 
importance in the science of physics itself. The data 
are sufficiently detailed and precise to make possible a 
meaningful correlation analysis leading to the deter
mination of the average widths of the pertinent nticlcar 
resonance structure.- Auto-correlation results of this 
type are shown in Fig. 1-7-2. The initial drop of these 
correlation functions from the zero energy interval is 
related to the average widths of the contributing 
resonance structure. In no case was a w'idth observed 
which differed significantly from that expected from 
the usual compound nucleus processes jind, ptirticu-
larly, no clear indication of a distinct intermcditite 
structure was observed. Rather generally, the small 
**wiggles" observed in many of these cross sections 
were of much less magnitude than previously reported 
and not clearly related to nuclear shell structure, def
ormation, or strength function.-* 
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1-8. T h e {n,n'y) Process in G e r m a n i u m 

D. LISTER and D. STUPEGIA* 

Measurements of the gamma rays emitted following 
neutron inelastic scattering is a well-known method 
by means of which (n,n') cross sections of many ma
terials may be inferred, even down to the reaction 
threshold. Interest in this method has increased as a 
result of the development of the lithium-drifted ger
manium detector. The detector functions as a gamma-
ray spectrometer of high resolution and good efficiency. 
A Ijackground originating from neutron-induced re
actions within the detector is always present in the 

• (Jheinical EnKineering Division, Argonne National Lab-

oratory. 

pulse-height spectrum. Detailcil information reganling 
such processes is necessary if precise inelastic cross sec
tions are to be determined. For incident neutron en
ergies of less than 1.5 MeV, the important backgrounds 
arise from (n,n'y} and (n,y) reactions in germanium. 
Of the two, the former comprise the dominant contri
bution, giving rise to sharp full-energy peaks and ac
companying Compton distributions in the pul.se height 
spectrum. The latter produce a rather smooth distri
bution of lower intensity. In the present study self-de
tection gamma-ray spectra obtained from bombarding 
a lithium-drifted germanium iletector with mono-

http://pul.se
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energetic neutrons were analyzed to provide absolute 
gamma-ray production cross sections. The results were 
then compared with the statistical compound nucleus 
theory of Hauser and Feshbach. 

The experimental procedure consisted of allowing 
neutrons emitted in the forward direction from the 
L i ' ( p , n ) B e ' source reaction to impinge on a cooled 
lithium-drifted germanium detector of 6 cm' active 
volume in a sequence of energies between 0.55 MeV 
and 1.49 MeV. Measurements were made at ~10 keV 
intervals with resolutions of —14 keV throughout the 
range. The source reaction was monitored using both 
proton beam current integration and a "long counter". 
The neutron flux at the detector position in a heavy-
metal collimator was measured with respect to the 
total n-p cross section by replacing the germanium de
tector with a hydrogen-filled proportional counter. The 
collimator served the purpose of defining the active 
volume of the proportional counter, thus maintaining 
the geometry. Background, taken with a blocked 
collimator, was subtracted from the open aperature 
data. Calibrated gamma-ray sources were used to cali
brate the full-energy peak efficiencies of the germanium 
detector. Because of the difference in the source-
detector geometry in the calibration (sources separated 
from detector) and during neutron bombardment 

(sources throughout the entire volume of germunium) 
numerical computations were performed to estimate the 
detector sensitivity under the experimental conditions. 
Cross sections for excitation of individual excited 
states in germanium isotopes were deduced from the 
measured intensities of the full-energy peaks assuming 
natural isotopic abundances and published electro
magnetic decay branching ratios.^ Corrections for neu
tron beam attenuation and the presence at higher en
ergies of a second group of neutrons of lower cnerg>' 
from the L i ' ( p , n ' ) B e ' * reaction were included. 

Cross sections for excitation of the following states 
were obtained: the 1.038-MeV state in Co'", the 0.693-
and 0.835-MeV states in Ge'=, the 0,594- and 1.202-
MeV states in Ge'*, and the 0.567-MeV state in fie". 
Figure 1-8-1 illustrates the results for the 0,.567-MeV 
state in Ge'*. The smooth curve in this figure indicates 
the result of a Hauser-Feshbach calculation for this 
level, with tran.smission coefficients obtained from opti
cal model calculations employing parameters adjusted 
to fit the neutron elastic scattering mea.surements of 
A. Smith.'' A similar study has been reported liy J. 
Barry" in which the cross sections were normalized to 
neutron inelastic cross section results of A. Smith.- The 
results of this work agree with those of Barn,- on a 
relative scale, but the absolute cross sections found in 
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the present work are about twice as high as those of 
Barry. 
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1-9. Correlation of Mass , Energy, and Angle in Thermal and 6-MeV Neutron 
Fission of U-235 

J. W. MEADOWS 

INTRODUCTION 

It has been observed in fission induced by moderate 
and high energy particles that fragments from asjmi-
metric fission tend to be more anisotropic than frag
ments from symmetric fission. An analysis of the Bohr 
theory of fission anisotropy by J. Griffin" showed that 
this behavior does not nec^essarily imply a correlation 
between mass and anisotropy but may be a correlation 
between fi.ssion events at different excitation energies 
caused by fission following neutron emission. For a 
particular (n,xnf) reaction, the anisotropy decreases with 
excitation energy while the symmetric fission yield 
increases. At moderate and high energies selection of a 
symmetric fission event is equivalent to the selection of 
one with a larger excitation energy. How-ever, if a 
correlation of mass and anisotropy exists for fission at 
well defined excitation energies, such as below the 
{n,n'f) threshold, it may be evidence that the saddle 
point for .symmetric fission is different from that for 
asymmetric fission and support the two-mode fission 
hypothesis. 

There are few data available on the correlation of 
mass and angle for neutron induced fission in this 
energy range. Measurements which have been made on 
U-235 at 4 MeV'" and U-238 at 3 MeV'" suggest that 
there is a correlation of mass and angle and that sym
metric fission is less anisotropic than .symmetric fission. 
However a measurement of the angular distribution in 
the U-234(d,p/) reaction, where the excitation energy 
was defined by the kinetii- energy of the proton, showed 
no correlation of mass and angle. 

The results of an earlier exiJiTiment to determine the 
mass-energy distribution for 6-MeV neutron fission of 
U-235 indicated no correlation of mass and angle. 
However, that expcTiment was not designed to deter
mine angular dependence except in a very rudimentary 
fashion. This paper reports the preliminary results of 
an attemj>t to obtain more precise information of any 

correlation of mass and 
induced fission of U-235. 

angle in the 6-Me\' iietilr 

T H E E X P E U I I M E N T A L M E T H O D 

The experimental arrangement is shown in Fig. 
1-9-1. Neutrons were produced by the D(rf,n)lle'' retic-
tion using a 3-MeV Van de Graaff generatof. The 
uranium target covered an area 1-cm in diameter and 
had a thickness of 120 ;jg/cin^ It was made by evtipo-
rating metallic U-235 onto a 1.30 fig/cm" nii-kel foil. 
The common detector, immediately behind Ihe lissioii 
source, had an active area of 4 cm^. The other (lire(! 
detectors had active areas of 3 cm^. All the delet^tors 
were of the surface-barrier type and had resistivities 

F I O . I-O-l. Schematic Dijigram of the 
rangement. ANL Neg. No. 111-8730. 

al Ar 



14 / . Fission Properties and Cross Section Data 

in the vicinity of 500 J)-cm. The collimators were H e 
in. thick and were adjusted to shield the edges of the 
detectors from fission fragments. The edges of the colli
mators were rounded to minimize scattering. The de
tector biases were initially set at 60 V. Since the leakage 
currents of the detectors increased continuously be
cause of radiation damage, the bias supplies were ad
justed at frequent intervals in order to keep the de
tector biases at 58-60 V. Amplifier gains and zero levels 
were adjusted so that 64 channels covered the energy 
interval from ^ 4 0 to ^120 MeV. The energy calibra
tion was obtained from the pulse height spectra for 
thermal neutron fission of U-235 using the method of 
H. Schmitt, et al. ' 

When a pair of fission fragements was detected simul
taneously in the common detector and one of the other 
detectors the event was recorded in one of three t>4 x f)4 
arrays with the rows representing the pulse height of 
one fragment and the columns the pulse height of the 
other. Data were collected in four hour periods for 6 
days. Once each day the fission chamber was surrounded 
with 6 in. of paraffin wax and a set of thermal fission 
spectra was recorded. These provided the thermal data 
and the energy calibration. 

ANALYSIS 

The original pulse-height versus pulse-height array, 
i^i^i.^i), was transformed into a provisional mass 
versus total kinetic energy array, V(M-i,£,7-). The 
pulse-heights are related to the fragment kinetic energies 
by a mass dependent-calibration equation' which was 
determined separatel.y for each detector. In turn, the 
kinetic energies of the fragments are related to the total 
kinetic energy and the provisional fragment masses by 

-Et. = £",(1 -t-f, - 2PiCose,) (1) 

Et, = Et, -\- Ea (2) 

Ml = AEti/Et, (3) 

Ml = A - M2 (4) 

P, = E„M,/A\ (5) 

where £ , is the energy of the ith fragment in the 
laboratory system after neutron emission, di is its 
direction relative to the incident neutron direction, 
Et, is the energy of the tth fragment in the center-of-
mass system, A is the mass number of the fissioning 
nucleus, E„ is the energy of the incident neutron, and 
M, is the provisional mass mmiber of the (th fragment. 
It should be noted that the quantity ('alculated here is 
a provisional, or approximate, mass. It is not the true 
fragment mass either before or after neutron emission. 
The energy deposited in the detectors, Bi, was the 
fragment kinetic energy after neutron emission. If 

recoil effects are neglected, it is related to the fragment 
energy before neutron emission by 

E; = Ei+ (P,E;/M\), (6) 

where xj is the number of neutrons emitted by the ith 
fragment and M* is its true mass before neutron emis
sion. 

If E'i is used in Eq. (1), we obtain M" , the fragment 
mass before neutron emission. Determination of this 
quantity requires either a different experimental method 
or an accurate knowledge of the dependence of c on 
mass. In this experiment the average valuit of v.E,/M, 
is ^-1 MeV. Thus E, ^ E\ and the provisional ma.ss 
values are nearly etjual to those before neutron emission. 

To perform the transformation the (M2 ,EKT) array 
was divided into cells 1.2 mass units by 1.5 Me\ ' . The 
comers of each of these cells were transfonned onto the 
(xi , X2) array and the cells in this array, which were 
entirely or partly covered by the {M^ ,EKT) cell, were 
identified. Then the number of events recorded in these 
cells were entered into the (M2, EKT) cell according to 
the fraction of coverage. 

RESULTS 

In the ideal case the absence of any mass-angle 
correlation should result in 

YiMjfi,) 
r ( W j , 9 0 d e K ) 

1.0, (7) 

where Y is the fission yield. However small experimental 
effects can introduce large errors in the above ratio. 
This is particularly true in comparing the 45 deg re
sults with the 0 and 90 deg results. At 45 deg the energy 
lost by the average fission fragment in the source, 
support foil, and detector window is ~ 3 - M e \ ' if it 
enters the common detector and ~6-MeV if it enters 
the 45 deg detector. The maximum spread of this 
energy loss due to the angular resolution of the detector 
is ~ ± 2 %. At 0 and 90 deg the average fission frag
ment loses ~ 4 0 % more energy and the maximum 
spread due to the angular resolution is -^ d= 30 '"c. The 
detector calibration compensates for the average energy 
loss but the distribution of the loss results in slightly 
broader peaks for the 0 and 90 deg results. Furthermore, 
this effect may influence the location of the fission peaks 
in the calibration measurements. . \n error of only 0.1 
channel in the location of one peak can shift {M) by 
~0 .1 mass tmit and o {M) by —0.3. This is illustrated 
in Table I-9-I by the results for thermal fission, Ideallv 
the results at all angles should be the same. The 0 and 
90 deg results, where the experimental conditions were 
similar, show very good agreement. The 45 deg data 
show small but significant differences. 

While these effects are small, they can cause serious 
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errors in the yield ratio in the regions where dY/dM 
\B large. This is illustrated in Figs. 1-9-2 and I-9-.S which 
show the ratios of the thermal fission yields at 0 and 45 
deg to the yield at 90 deg. The 0 to 90 deg ratios are 

TABLPj I-!l-I. T H E Aviiu.\(iE \ 'ALUES OK MASS AND ENKUUY 

AND THE V A U I A N C E S OF THEIH DlHTHlHliTIONa FOR THERMAL 

AND 0 MP\ NEUTRON FISSION OF U 235 

£• 

Angle 
(ML) 

•r'iMi) 
(M«> 

»'(M„) 
(£«t) 
( £ « L ) 

(e«r> 
o-'i^'itr) 

Peak/Valley 

Thermal 

0 
97.3 
34.8 

139.1 
34.6 

103.2 
70.3 
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112,0 
294 
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6 MeV 
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F I G . 1-9-2. Ma.ss Yield Distribution for Thermal and 6-
MeV Neutron Fi.s.sion of U " ' from Ihe 0 deg Detectors. ANL 
Neg. No. 11S-87SS. 
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tropy i r i 'M, , 0 d c g ) / r ( M , , 90 deg)], ANL Neg. No. 111-87S1. 
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Neutron Emission Kinetic Energy aa a Function of the Vift-
visional Mass. Data from All Angles Have Been Sitninu<l. 
ANL Neg. No. ltl-87Si. 

near 1.0 for all mass values. The 45 to 90 deg ratios 
show that the 45 deg masses have been shifted away 
from symmetry b,y a small amount. 

Figures 1-9-3 and 1-9-4 show similar ratios for G-MeV 
fission. The 0 to 90 deg ratio follows the thermal results 
very closely. The 45 to 90 deg ratios show a divergence 
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at M « 125. It is doubtful that this is significant. In 
this region dY/dM for thermal fission is near its maxi-
miuu value so the effect of the errors discussed above 
would be at their greatest. For 6-MeV fission dY/dM 
is smaller and decreasing so these errors would have a 
smaller effect. On the other side of the mass peak 
dY/dM is about the same for both energies so there 
should be similar errors. This agrees with the results 
shown in Fig. 1-9-3. 

Table I-9-I lists some average quantities and their 
variances, where the variance of x is defined as 

o'{x) = <A''> - {Xf (8) 

Figure 1-9-2 illustrates a pair of typical mass-yield 
distributions while Figure 1-9-5 shows the distribution 
of EK and EKT . The 6-MeV results in Table I-9-I show 
little, if any, dependence on angle that is not also 
present in the thermal results. 

Measurements of the energy dependence of P show 
that an average of 0.85 more neutrons are evaporated 
in 6-MeV fission than in thermal fission.' Since this 
number is very near to the one expected from a 6 MeV 
increase in the fragment excitation energy, it seems 
reasonable to assume that the distribution of Eli are 
the same at both incident neutron energies. Under this 
condition, the results in Table I-9-I suggest that most 
of these additional neutrons i^onie from the light frag
ment. It may be shown that the change in the observed 
kinetic energy is given by 

A£t, ^ Ar,i \ , / i l / j (9) 

where AK, is the change in the number of neutrons. At 
all angles A ( £ , H ) ^ 0 while A(£i i ) ;^ 1.2 MeV. Equa
tion (9) gives A<£,tt) = 0.9 MeV, in good agreement 
with the observed value. 

Furthermore, the emission of all additional neutrons 
by the light fragment should shift the average pro
visional mass values toward symmetry by ~0 .5 mass 
units. Neutron emission by the heavy fragment should 
have the opposite effect. The observed shift is ~ 0 . 6 
mass units toward symmetry. 

However, the mass dependence of i \ and E^T shown 
in Fig. 1-9-5 indicates that this simple assumption is 
not justified. According to Eq. (9) it would require 
EKT(th) — EKT(E„) to be positive and nearly constant 
for all mass values. Instead it varies from •^ -|- 2.5 
MeV near M B = 130 to 1.0 MeV above M« = 150. 

Since the data in Fig. 1-9-5 are presented in terms of 
provisional masses the A/iV and AK/tr values will not 
be the true energy differences. However, the magnilude 
of the correction should be < 1 mass unit and should 
not greatly affect the (jualitative results. Thus in
spection of the EK values suggests that most of the 
additional neutrons come from the heavy side of the 
light peak. 

CONCLUSIONS 

The mass versus total kinetic energy correlations 
for thermal and 6-MeV neutron induced fission of 
U-235 are very similar except for the greatly increased 
yield at 6 MeV. The yield ratios, Y(M,, e ) / r ( i l / 2 , 9 0 
deg), do not show any correlation of fragment mass 
and angle. They do show an apparent correlatic>n, but 
comparison of the thermal and 6-Me\' data show that 
this is caused by ex|ierimentiil effects. The diffiTetices 
in {Em) and (EKT) show that at 6 MeV -^1 additional 
neutron is evaporated by the light fragment. 
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I-IO. T h e Li'(p,7i)Be' React ion 

D . LiSTEH luid E . F . H E N N E T T 

The Li ' (p ,n)Be ' reaction is a widely used laboratory 
source of monoenergetic fast neutrons. Detailed knowl
edge of the cross sections for this reaction as well as 
those of competing reactions are pertinent to its pre
cise use in the determination of neutron cross sections. 

Angular distributions for the L i ' ( p , n )Be ' reaction 
were measured at a large number of incident proton 
energies between 1.9 and 2.7 MeV. Neutrons were de
tected in a hydrogen-filled |)roportional counter by 
means of the proton-recoil method. Reduction of the 
data is cuirently in progress. 

The production cross sections for the 0.48-MeV 
gamma rays from the Li'(pjp'-y) Li ' process and the 
0.43-MeV gamma rays from the Li'(p,n'-y) Be ' process 
were measured in a second experiment. The gamma 
rays were detected in a Ge{Li) detector concurrently 
with those j^amma rays of interest in Paper 1-8. Data 
were obtained throughout the incident proton energy 
range between 2.31 and 3.18 MeV. Absolute cross sec
tions were normalized to the Li'(p,H) cross sections at 
0° of F, Galibard ct til,^ utilizing the neutron flux 
measurements described in Paper 1-8. 
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FIG, 1-10-2. Li'(P-n'7)He^ Integrated Cross Section as a 
Function of Incident Proton lOnergy. RepreKcnhilive I'lirni.s 
are Indicated. ANL Neg. No. 112-9S9S. 

The results for the Li'(p,p'-y)Li' process are shown 
in Fig. I-lO-l and those for Li ' (p ,n '7)Be ' are given in 
Fig. 1-10-2. The integrated differential cross section 
results of other investigators based on the emission of 
second group protons^ as well as second group neu
t rons '*" are lower than the gamma-ray production 
cross sections reported here to an extent just compati
ble with the combined uncertainties. 
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I - l l . Theory of Resonance Reactions 

P. A. MOLDAUER 

The must i'liportant parameters required for the 
description of resonance reactions, either in detail or 
in the average, are the resonance energies, widths, and 
width amplitudes—or more properly speaking, the 
»S-matrix pole positions and residues. The problem of 
determining the relationships, correlations and restric
tions imposed on the values of these parameters by 
fundamental requirements, such as flux conservation, 
were investigated earlier with the aid of simple mod
els.^^ This work has been continued and the earlier 
results were generalized by both analytic and numerical 
methods." Thus it has been established that in the 
single channel case the imaginary part of the optical 
model phase shift is related to the average resonance 
width r by t) = trV/2D. Similarly the average pole 
residue G is given by irO/D = sinh (trf/D), where D 
is the average resonance pole spacing. In multichannel 
cases the same relation holds between TJ for each channel 
and the corresponding average partial channel width, 
while the channel residues become larger than in the 
single channel case. 

These considerations have a very strong influence on 
the properties of resonance reactions and modify ap
preciably the interpretation and calculation of cross 
sections of this type. This is particularly true when 
strongly absorbed channels are open (transmission 
coefficients JT —• 1, T; —» oo ). One aspect of these strong 
absorption phenomena which has been studied, is the 

distribution of widths and residues about their mean 
values and the properties of the attendant cross section 
fluctuations.' It was found that in strong absorption 
cases the distributions of both widths and residues are 
very much broader than had generally been assumed, 
and that as a result the cross sections up to rather high 
energies should exhibit "intermediate" resonance 
features which are attributable to the resonance poles 
with anomalously large widths, rather than to "Ericson 
fluctuations" arising from poles with average widths. 
Computer programs were developed for calculating 
these effects and computations are being made. 
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1-12. Theory of T-Violating React ions 

P. A. MOLDAUER 

Recent discoveries of the violation of time reversal 
invariance in the decay of K mesons have raised the 
question of jiossible effects of such T violation on nu
clear reaction cross section, in particular on the rec
iprocity relations. The connection between T viola
tion and reciprocity violation has been calculated for 
the cases of direct reactions, isolated resonances, aver
age and fluctuating cross sections.' I t was found that 
in direct reactions the reciprocity violation is propor
tional to the matrix elements of the T-odd part of the 
Hamiltonian connecting different residual states, di
vided by the energy separation of these residual states. 
In isolated resonances and in average cross sections the 

effect depends on the presence of a competing direct 
reaction. In fluctuating cross sections the rm.- reci
procity violation is proportional to the rms absolute 
value of the matrix elements of the T-odd part of the 
Hamiltonian, connecting different "compound" states, 
divided by the geometric mean of the average spacing 
and the average width of these compound states. 
Strong absorption effects tend to enhance the reciproc
ity violation. 
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1-13 . C r o s s S e c t i o n f o r Ne"{nt„,a)0'« 

E. F. BENNETT and W. C. REDMAN 

19 

A. Abramov and M. Yutkin' have measured the 
Ne- ' l n , a )C* cross section for thermal neutrons and 
suggested that this reaction would be useful for fast 
neutnm spectroscopy. For this reason, in addition to 
an interest in the contribution of this reaction in ex
periments on neutron excitation ol a helium-neon laser, 
the cross section has been remeasured. 

Abramov and Yutkin detected pulses in a neon-
filled ionization chamber which they attributed to the 
Ne-Mn.a)0'® reaction. Their calculations showed that 
the nuclear masses were such that this was the only 
exothermal reaction with emission of charged particles 
for neon. The observed reaction energy of 0.696 ± 
0,019 MeV confirmed the calculated value of (̂  = 
0.704 Me\ ' . By comparison with He ' (n ,p)H ' , they ob
tained a (TOSS section for the Ne^Mii.alO" reaction of 
96 ± 33 b for thermal neutrons. 

This reported cross section is inconsistent with a 
tiiermal neutron tibsorption cross section of 32 ± 9 mb 
for neon, measured- by the pile oscillator technique. 
From the measuied 96 ± 33 b for the Ne-'(n,(j) reac
tion and the 0.257% isotopic abundance, a contribution 
of 247 ± 85 mb to the thermal neutron absorption 
cross section for neon would be expected. This is a 
factor of 8 higher than that observed. 

The cross section for the Ne-M",a)0'^ reaction has 
been deterniined by a comparison with the N'^Cn.plC'* 
reaction in a proportional counter.^ The counter gas 
was dominantly neon, at a total pressure of 2 atm, 
with 15 cm CHi present as a quenching agent. The de
tector was exposed to the neutron flux in the thermal 
column of Argonne's Thermal Source Reactor, both 
with and without 0.4 cm No present in the filling gas. 
The pulse-height distributions observed for identical 
fluence (time-integrated flux) are illustrated in Fig. 
1-13-1. 

The location of peaks observed for both fillings oc
curs at essentially the same value of total ionization. 
The one containing nitrogen provided pulses equivalent 
to protons of energy about 615 keV. This is the more 
intense of the two distributions. The second, without 
nitrogen, produces a line about 0.27 as intense as the 
first. If the source of this line is the Ne^'(n,a) reaction, 
an upper limit of 1.5 b is calculated, based on the value 
of 1.81 ± 0.05 b for the W{n,p)C" reaction with 
thermal neutrons, the number of nitrogen and neon 
atoms present in the two fillings, and the isotopic 
abundance of Ne-21. This corresponds to a contribu-
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Proportional Counter With and Without Nitrogen. ANL Neg. 

tion of < 4 mb to the total thermal neutron absorption 
cross section of 32 ± 9 mb for neon. 

The calculated* Q values are 699 keV for the 
Ne^'C,") reaction and 626 keV for the N"(«,j)) re
action. Since the difference is about three times the 
resolution of the counter, observation of the peaks at 
the same ionization is surprising. The average energy 
loss per ion pair formed, W, would not be expected to 
be sufficiently different for alpha particles and protons 
to account for this. I t is possible that the neon gas used 
here, and earlier, contained nitrogen as a contaminant. 
Only 0.1% N2 present in the neon is required to account 
for the total reaction rate observed. This does not af
fect the upper limit of 1.5 b for the Ne^'(«,a)0 '* reac
tion with thermal neutrons established by these meas
urements. This upper limit is less than 2% of the 
previously reported value. 

The thermal neutron cross section of approximalcly 
5300 b for the He'in.pjH^ reaction makes insignificant 
any contribution from the Ne-'(n,a) reaction in a 
neutron pumped He'-Ne gas laser. Furthermore, the 
small cross section for the Ne-'('»,t<) reaction makes 
its use for fast neutron spectroscopy unattractive, com
pared with HeMn.p), even though it would lead to a 
four-fold improvement in the neutron eneigy at which 
recoil nuclei begin to interfere with the pulses from the 
reaction products. 
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1-14. Spontaneous Fission Half-Life of Am-241 

R. GOLD, R. J. ARMANI and J. ROBERTS* 

Measurement of very long spontaneous fission half-
lives by fission track counting with solid-state track 
recorders has been under investigation. Quantitative 
aspects of the fission track counting method are dis
cussed in Paper V-2. Employing this method, a pre
liminary value of the spontaneous fission half-life of 
Am-241 has been obtained.' 

In this application of fission track counting, pre-
etched mica is used to record the spontaneous fission 
tracks. The present measurements demonstrate that 
mica can tolerate extremely high integral alpha parti
cle flux and still retain sensitivity to fission fragments. 
The pre-etching discriminates against virtually all 
fossil fission fragment tracks due to the natural ura
nium content of the mica. The tracks observed in a 
pre-etched mica sample (under suitable microscope 
magnification) that has been exposed to a source of 
fission fragments are displayed in the photograph of 
Fig. 1-14-1. The large diamond-shaped track in the 
center of Fig. 1-14-1 is a pre-etched track. The smaller 
tracks in this field of view are due to the subsequent 
exposure of the mica sample to fission fragments, which 
is followed by further suitable etching. 

The experimental results of four separate measure-

TABLE I-14-I. SUMMAIIY UF Tii.icK M E \ S I KEMKNT 
FOR Am-241 

Source 
No. 

1 
1 
2 

Alpha 
Activ

ity 
(al

phas/ 
min) 

X 10* 

6,906 
6,890 
5,805 

2 j 5,662 

Exposure 
Time, 

min 

8,419 
51,506 

159,758 
51,597 

Exposure 
Condition 

Bare 
Bare 

Cd-Covered 
Cd Covered 

Observed 
Tracts 

179 
1136 
2909 
•)4:i 

T,. 
y X 10" 

1,33 ± 0,10 
1 2N ± 0,04 
l,,)l ± 0,02 
1 2,5 ± II 114 

• Northwestern University, Evanston, Illinois. 

ments with two different electrodeposited .\m-241 
sources are summarized in Table 1-14-1. The weighted 
average obtained from these four measurements yields 
a preliminary value of T, = (1.29 ± 0,03) X 10" y 
for the Am-241 spontaneous fission half-life. The ex
perimental error quoted above is due to counting sta
tistics only and does not include possible systematic 
errors. 
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1-15 . C o m p i l a t i o n o f E N D F / B C r o s s S e c t i o n s f o r M a g n e s i u m , T i t a n i u m , V a n a d i u m , 
M o l y b d e n u m a n d G a d o l i n i u m 

E. M. PENNINGTON 

The Cross Section Evaluation Working Group 
(CSEWG) was organized in the spring of 1966 to 
produce a coordinated system among laboratories for 
the evaluation, storage, and processing of neutron cross 
section data. Meetings of the group, which consists of 
representatives of approximately 15 government and 
industrial laboratories, have been held at Brookhaven 
National Laboratory in June and November of 1966 
and May of 1967. -At the June 1966 meeting, members 
of the group agreed to compile cross section data for the 
materials of interest in nuclear reactor applications and 
to supply Fortran codes to process the data. The 
Argonne contribution to the project was to consist of 
the MC' code,' which calculates multigroup cross sec
tions from basic nuclear data, and the compilation of 
cross sections for magnesium, titanium, vanadium, 
molybdenum, and gadolinium. The compilation of the 
data for these five materials is reported here. 

The cross sections and other nuclear data compiled 
by the CSEWG members form the ENDF/B system. 
Here the letters ENDF stand for Evaluated Nuclear 
Data File, while the letter B is used to distinguish 
the system from the previously existing ENDF/A. '" 
The h)NDI7B Bystem contains cmnpletc evaluations 
for each material in the sense that all data required to 
perfonn reactor calculations involving that material 
are included. The ENDF/A system, on the other hand, 
may contain partial evaluations, such as a certain type 
of cross section over a limited energy range, for example. 
Descriptions of the types of data included in E N D F / B 
and the punched card formats involved are given in 
Ref. 3. 

In order to complete the compilation of the E N D F / B 
data within a reasonable time interval, it was decided 
that members of the CSEWG should use already exist
ing compiled data as much as possible. In many cases, 
including those of the five materials assigned to 
Argonne, the existing compilations did not cover all 
types of data required or were sufficiently old that better 
experiments had later been performed, which could be 
used to improve the evaluations. The chief source of 
data for the evaluations of magnesium and titanium 
was the compilation by N. Tralli et al.' of United 
Nuclear Corporation. The titanitmi data of Tralli et 
al. was later slightly modified at AWRE' and is included 
in ENDF/A. The main data sources for molybdenum 
and gadoliniiun were the Karlsruhe evaluations by 
J. J. Schmidt' and J. J. Schmidt and I. Siep,' respec

tively. In the case of vanadium, the present compilation 
is almost entirely new. The evaluations were dune 
under a time limit, with the target date being the 
November 1966 meeting of the CSEWG. The original 
versions of the data for all five materials were completed 
by that time. Later some modifications were made in 
the titanium and vanadium data, as suggested by the 
review committee of the CSEWG, in order to take 
account of later experimental data. It is hoped that the 
compiled data for the five Argonne materials are reason
ably good, although the short time limit necessitated 
somewhat of a compromise between performing the 
best possible evaluations and getting the data compiled 
in a reasonable time. Use of the data in reactor calcula
tions should point out any serious shortcomings. 

The following five sections describe the compilations 
for each of the materials. 

M.\GNESIUM 

OUTLINE OF DAT.L INCLUDED 

Smooth total, elastic, inelastic, {n,2n), (n,y). («,;/), 
and in,a) cross sections are given, along wilh values 
of iii., (, and y calculated from the Legendre coeffi
cients mentioned below. Here )i(, is the average cosine 
of the angle of elastic scattering in the laboratory sys
tem, f is the average logarithmic energy decrement in 
an elastic collision, and y is the average of the square 
of the logarithmic energy decrement divided by twice 
the average logarithmic energy decrement. The energy 
range is 0.001 eV to IS MeV. 

Legendre coefficients in the center of mass system 
are presented for elastic scattering at 33 energies, along 
with the transformation matrix from the center of 
mass to the laboratory system. 

Secondary energy distributions for inelastic scatter
ing to four resolved levels and the continuum are given 
along with tabulated nuclear temperatures. Nuclear 
temperatures for the (ii.2n) reaction are also included. 

Parameters for the free gas thermal scattering law-
are given. 

SOURCES OF MAGNESIUM DATA 

Total Cross Section 
The total cross section over most of the energy range 

is based on Table 13 of UNC-.W02,'" which gives data 
at 400 energies from 0.0383 eV to 18 MeV. An exten-
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sion was made downward to 0.001 eV by summing the 
scattering and capture ITOSS sections described below. 
From about 2.3 MeV to about 8.5 MeV, new values of 
OnT based on the more recent measurements presented 
on the figures on pages 12-0-3 and 12-0-4 of Ref. 8 were 
used. 

Elastic Scattering Cross Section 

The elastic scattering cross section over most of the 
energy range was taken from Table 13 of UNC-5002, 
with a constant value of 3.41 b being used below 1.5 eV. 
Since new total cross sections were used from 2.3 to 
8.5 MeV, new elastic cross sections were determined in 
this range by subtracting other cross sections from the 
total. 

Inelastic Scattering Cross Section 

The inelastic (TOSS section is based on Table 13 of 
UNC-.T002, with the {n,n') and (n,np) cross sections 
being added to give the inelastic cross section at high 
energies. 

(n.y) Cross Section 
The (n,7) cross section is from Table 13 of UNC-5002, 

extended down to 0.001 eV on a l /v basis with a cross 
section of 0.073 b at 0.0253 eV. 

(n,2n), (n.p), and (n,a) Cross Sections 

Values of (x„,i„ , o„j, , and cT„a are all from Table 13 
of UNC-5002. 

ML , i and y 

A code was written using modified versions of some 
of the CHAD' subroutines in order to calculate /ii,, f 
and 7 from Legendre coefficients. The CHAD code 
already had provision for calculation of îr, and ^. The 
calciUation of y is done in a manner similar to that of 
f, presented in Section VII of Ref. 9. Since there is a 
tendency for large terms to almost cancel one another 
in the calculation of y, and to a lesser extent in the 
calculation of $, especially for heavy elements, the 
computations were done using double precision arith
metic on the CDC-3600, which involves approximately 
25 decimal digits. 

Elastic Scattering Legendre ('oetficients 

Legendre coefficients in the center of mass system 
were obtained from Table 14 of UNC-.50O2, with 
enough energies being cho.sen so that linear-log inter
polation could reasonably be used between successive 
energies. Truncation of the series after too few terms 
at high energies in Table 14 leads to negative do/dii 
values over part of the angular range. Thus the coeffi
cients at 9.89 MeV were slightly modified, and the 

coefficients at 14 and 18 MeV were ch'rivi'd from 
Abacus-2"°'"' optical model calculations. The well 
parameters used in Abacus-2 were tho.se of F. Hjork-
lund and S. Fernbach,'' since the Legendre coefficients 
at high energies in Table 14 are based on their optical 
model calculations. The luigular distributions from the 
Abacus-2 problems were fit by least-squares tei^hniques 
using the SAD code." The maximum number of Le
gendre coefficients used in the mtignesium angular 
distributions is 10. Thus a transformalion matrix from 
the center of mass to the laboratory system involving 
terms through / = 10 was calculated using the C'H.\D 
code. 

Secondary Energy Distributions 

Probabilities of exciting each of the four resolved 
levels considered in inelastic scattering are tabulated 
from threshold up to 6.0 MeV, based on Table 15 of 
UNC-5002. A nuclear temperature for continuum 
inelastic scattering is given for higher energies. This 
was determined as follows. At several energies nuclear 
temperatures were found for the Maxwellian distribu
tion which would yield the same average energy loss 
as the tabulated values of o-„„'(A',A") 'u Table 16 of 
UNC-.5(X)2, which correspond to distributions that are 
decidedly non-Maxwellian. A smooth curve of tempera
ture versus energy was drawn, guided by these calcu
lated temperatures. This led to nuclear temperatures 
of the same order of magnitudes as those given by the 
Yiftah-Okrent-Moldauer prescription'* over part of 
the range but which decreased drastically at high en
ergies. 

Nuclear temperatures for the {n,2n) reaction are 
given at threshold and at 18 MeV, determined as 
follows. In Ref. 5, one neutron was assumed to have an 
energy E' = 0.3 (B — £,»,), and the other an energy 
E' = 0.i(E — Eih,), where E,k, is the threshold energy. 
Since the peak of a Maxwellian distribution occurs at 
E' = e(E), the value of e(E) at 18 MeV was taken as 
0.35(£ - EiHr) MeV. At £ = En, , an arbitrary value 
of 0.1 MeV was used rather than zero, since a zero 
value might cause difficulty in processing programs. 

Thermal Neutron Scattering Law 

A free gas thermal scattering law was assumed. The 
cutoff above which the static model is used was taken 
to be 1.5 eV, and a value of 3.41 b was used for the 
free atom scattering cross section. 

COMMENTS ON IVIAGNESIUM CROSS SECTIONS 

The radiative capture cross section is quite uncertain, 
except at thermal and near thermal energies. Even at 
thermal energy, the value of 0.073 b used at 0.02.53 eV 
is somewhat higher than the value of 0.003 ± O.OOo b 
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recommended in Ref. 8. Since the capture cross section 
is rather small, the errors are probably tolerable. 

The inelastic scattering cross section is uncertain at 
high energies, although it should be reasonably good 
over most of the energy range. 

The proceduie used in UNC-.5002 to obtain the 
()i,2n) cross section yields only a very rough estimate, 
but the high threshold of this reaction makes it of 
little importance for reactor calculations. 

TiTANIU.VI 

O U T L I N E OF DATA INCLUDED 

Smooth total, elastic, inelastic, (n,2n), (n,y), (n.p), 
and {n,a) cross sections are presented along with values 
of iii, i, and y calculated from the elastic scattering 
Legendre coefficients. The energy range covered is 
0.001 eV to 18 MeV. 

Elastic scattering Legendre coefficients are given in 
the center of mass system for 23 energies, along with 
the transformation matrix. 

Inelastic scattering secondary energy distributions 
for four resolved levels and the continumn are pre 
sented. Nuclear temperatures are tabulated for inelastic 
scattering and the (n.2n) reaction. 

Free gas thermal scattering law parameters are 
included. 

SOURCES OF TITANIUM DATA 

Total Cross Section 
The total cross section below 100 eV was obtained 

by adding the scattering and capture cross sections. 
From 100 eV to 2.5 keV, the UNC-.5002'" total cross 
section was used. From 2.5 keV to almost 220 keV, 
values of O„T were read from the graphs on pp. 22-0-2, 
22-0-3, and 22-0-4 of Ref. 15. The UNC-.5002 values 
were used above 220 keV, except in the region from 
2.4 to 15 MeV, where values were read from the figures 
on page 22-0-5 of Ref. 15. 

Elastic Scattering Cross Section 

Below 1(X) eV, the elastic scattering cross section 
from UNC-5002 was used, except that a constant value 
of 4.13 b was assumed below 1.5 eV. At all higher 
energies, <r„„ was obtained by subtracting all other cross 
sections from the total cross section. 

(n,y) Cross Section 

A l /v capture cross section with a value of 6.1 b at 
0.0253 eV, as recommended in Ref. 15, was assumed up 
to 100 eV. From 100 eV to 22.5 keV, the capture cross 
section was calculated using the heavy-type resonance 
parameters in Ref. 15 in the single-level Breit-Wigner 
formula without Doppler broadening. An assumed 

r , of 0.75 eV was used, along with the l / v contribution 
necessary to give <7„, = 6.1 b at 0.02.53 eV. The 4.18 
keV resonance in Ti-48 was omitted in these calcula
tions, as its parameters do not agree with the total cross 
section curve. It is felt that this resonance may belong 
to another titanium isotope. From 22.5 keV to almost 
1 MeV, the capture cross section was read from the 
smooth curve on the figure on p. 22-0-7 of Ref. 15. At 
higher energies, U.\C:-5002 values were used. 

In the region of calculations from resonance param
eters, the capture cross section is in general quite 
different from that in UNC-5002. This is because the 
UNC-5002 values are based on old resonance param
eters, which have been greatly revised. 

Inelaslic Scattenng, (n,2n), (n.p). 
and {n,a) Cross Sections 

The values of a„„- , On.t, , <T„, and <r,„ are all from 
Table 1 of UNC-.5002. 

Mt , ?, and 7 

Values oi PL .i and y w-ere calculated from the elastic 
scattering Legendre coefficients, using the modified 
versions of the CHAD code' subroutines, as outlined 
above in the documentation of magnesium cross sec
tions. 

Elastic Scattering Legendre Coefficients 

Legendre coefficients in the center of mass system 
were obtained from Table 2 of UNC-5002. The same 
energies were used as in Ref. 5, excejit above 10 Me\ ' . 
Since the coefficients of Table 2 yield negative da,dU 
values over part of the angular range at high energies, 
new coefficients were calculated at 14 and IS MeV 
These were deriveil from Abacus-2""'" calculations, 
using the well parameters of Bjorklund and l''ernbach.'^ 
The angular distributions from the Ab;icus-2 problems 
were fit by least-squares techniques, using the S.VD 
code. A transformation matrix from the center of mass 
to the laboratory system was calculated using CHAD.' 
This matrix involves elements through / = 12, since 
12 is the largest number of expansion coefficients used 
in the titanium angular distributions. 

Secondary Energy Distributions 

Probabilities of exciting each of the four resolved 
levels considered in inelastic scattering, based on Table 
3 of UNC-5002, are tabulated from threshold to 4.44 
MeV. A nuclear temperature for continuum inelastic 
scattering, determined as described above for mag-
nesimn, is tabulated for higher energies. The nuclear 
temperatures so determined do not differ nearly as 
much from those given by the prescription of Ref. 14 
as was the case for magnesium. 
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Nuclear temperatures for the (n,2n) reaction were 
determined as for magnesium. 

Thermal Neutron Scattering Law 

A thermal scattering law according to the free gas 
model was assumed. The cutoff energy above which the 
static model is used was taken as 1.5 eV, and a value 
of 4.13 b was used for the free atom scattering cross 
section. 

CO.M.MENTS ON T I T A N I U M CRO.SS SECTIONS 

The capture cross section is uncertain in the energy 
rtinge in which it was calculated from resonance param
eters, as there is no experimental data in that range and 
a value of Ty had to be assumed. The (n,a) and (n,2n) 
cross sections are also questionable. The {n.a) cross 
section is too small to matter much in reactor calcula
tions, while the high threshold of the (n,2n) reaction 
makes it of little importance for reactors. Values of 
ir„.2„ calculated by S. Pearlstein's method" might have 
been better. 

VAN.\DIUM 

OUTLINE OF DATA INCLUDED 

Smooth total, elastic, inelastic, (n,2n), (n.y), {n,p), 
and (n,a) cross sections are given, as well as values of 
pi, {, ;uid 7 derived from the Legendre coefficients. 
The energy riuige is 0.001 cV to 15 MeV. 

Elastic scattering Legendre coeflScients in the center 
of mass system are given for 42 energies, along with the 
transformation matrix. 

Secondary energy distributions for four resolved levels 
and the continuum in the case of inelastic scattering 
are included, along with tabulated nuclear tempera
tures. Nuclear temperatures are also given for the 
(n,2n) reaction. 

Parameters for the free gas thermal scattering law 
are given. 

SOURCES OF VANADIUM DATA 

Total Cross Section 

The total ITOSS section below 100 eV is tbe sum of the 
scattering and capture cross sections. From 100 eV to 
about 2 keV, a„T was read from the graph in Ref. 17. 
From 2 keV to 220 keV, values were read from the 
graphs on pp. L:3-0-3 and 23-0-4 of Ref. 15. Values 
from Ref. 17 were then used up to about 0.4 MeV, 
followed by values from pp. 23-0-5 and 23-0-0 of Ref. 
15 at higher energies, excejit for the range from 1.3 to 
2.0 MeV in which data from Ref. 17 were used. 

Elastic Scattering Cross Section 

All elastic scattering cross section of 5 b was used at 

tabulated energies below 100 eV. At all higher energies, 
(T„„ was obtained by subtracting the other cross sec
tions from the total cross section. 

(n,7) Cross Section 

The capture cross section was taken as l / v up to 1.5 
eV, based on the recommended value' of 5.00 b at 
0.0253 eV. From 1.5 eV up to 22.5 keV, the capture 
cross section was calculated from parameters for the 
first two resonances in V-50 and the first six resonances 
in V-51 as given in Ref. 15, along with the I /v contribu
tion required to give agreement with the experimentiil 
cross section at 0.0253 eV. The single-level DriMt-
Wigner formula without Doppler broadening was u.sed. 
Values of 0.60 and 0.75 eV were assumed for T, for 
the V-50 and V-51 resonances, respectivel.y. These 
values were suggested by S. Kapchigashev" to give 
agreement with his broad resolution measurements of 
capture cross section shown on p. 23-0-3 of Ref. 15. 
From 22.5 keV to 2 MeV, the capture cross section was 
read from the smooth curve for V-51 on p. 23-51-5 of 
Ref. 15. A 1/E dependence for <r„, was assumed at 
higher energies. 

Inelastic Scattering Cross Section 

Inelastic scattering cross sections were calculated 
up to 2.4 MeV for scattering to four resolved levels in 
V-51 using the Abacus-2 ' ' ' and Ncarrex' optical 
model codes. The optical model parameters used were 
those of Eq. (8) of Ref. 20. The parameter Q in the 
Nearrex calculations was taken to be 1.0. Energies of 
the four resolved levels considered in V-51 are 0.)12(), 
0.930, J.609, and 1.813 MeV. The spins and parities 
of the ground state and the first four excited states 
were taken as 7/2-, 5/2-, 3/2-, 11/2-, and 9/2-, re
spectively. Since V-50 has an abundance of only 
0.24%, it was not considered in the inelastic scattering 
calculations. From 2.4 to 5.0 MeV, the inelastic scatter
ing cross section was arbitraril.y extrapolated using 
the assumption that compound elastic scattering van
ished at 5 MeV. At higher energies, the other reaction 
cross sections were subtracted from the total optical 
model reaction cross section to yield cr„„' . 

Recent experimental data,"" ' for inelastic scattering 
to the first fotir resolved levels, for an incident energy 
of 2.36 MeV only, is in rather good agreement with the 
calculations as is shown in Table I-15-I below. Calcula
tions using Q = 0.0 rather than 1.0 in the Nearrex 
code did not agree qviite as well with these experimental 
data. 

(n,2n) Cross Section 

The (n,2n) cross section was calculated for V-51 
according to the method of Pearlstein" and was then 



26 7. Fission Properties and Cross Section Data 

TABLE I-15-I. VANADIUM INELASTIC SCATTERING 
AT '2.35 MeV 

Level, 
MeV 

0.320 
0.930 
1.609 
1.813 

v 
Experimental, 

mb 

36J ± 30 
160 ± 8 
207 ± 10 
145 ± 15 

Calculated, 
mb 

369 
163 
207 
186 

increased by about 20% throughout the entire energy 
range in order to pass through a single experimental 
point. In this calculation, no distinction was made 
between the laboratory and center of mass systems. 
This is in contrast to the calculations reported below 
for molybdenum and gadolinium in which the distinc
tion between the systems was treated correctly. 

{n,p) Cross Section 

A smooth curve was drawn through the experimental 
V ' (n,p)Ti" points given in Ref. 24. Since the experi
mental points were measured only at energies well 
above threshold, the curve was extrapolated downward 
to an assumed effective threshold of 3 MeV. This value 
was estimated by inspecting a^p (TOSS sections for other 
isotopes with Z values near that of vanadium and 
observing how far effective thresholds are above actual 
thresholds. The smooth curve on p. 23-51-6 of Ref. 15 
is almost in agreement with the c„p values used here 
in the range above 13 MeV covered by the curve. 

(n,a) Cross Section 
The (n.a) cross section was read from the smooth 

curve on p. 23-51-S of Ref. 15, and extended downwards 
to an effective threshold of 7 MeV, estimated as for 
the (n,p) reaction. 

Mt, f, and y 

Values of MI , f, and y were calculated from the 
elastic scattering Legendre coefficients, as outlined 
above for magnesium. 

Elastic Scattering Legendre Coefficients 

Below 1.8 MeV, the Legendre coefficients are based 
on the experimental results of A. Langsdorf et al. ," 
who plot coeffit.'ients in the laboratory system as a 
function of energy. Values were read from these curves, 
renormalized as in E N D F / B , and transformed to the 
center of mass system using the transformation matrix 
routine from CHAD.' Since these experimental results 
include inelastically scattered neutrons, corrections 
were made above the inelastic scattering threshold, 
assuming isotropic scattering in the center of mass 

system. The elastic scattering angular distributions of 
the Abacus-2 problems were fit at 1.8 MeV and above, 
using the least-squares fitting routine of SAD. I'rom 
2.6 through 4.0 MeV, the coefficients were adjusted 
using an estimated compound elastic scattering cross 
section, assumed isotropic in the center of mass system. 
At 5 MeV and above, it was assumed that compound 
elastic scattering is negligible. Since 12 Legendre 
coefficients are used at high energies, a transformation 
matrix from the center of mass to laboratory systems 
including terms through I = 12 was calculated. 

Secondary Energy Distributions 

The probabilities of exciting each of the four resolved 
inelastic levels of the Abacus 2-Nearrex calculations 
are tabulated from threshold to 2.4 MeV. Nuclear 
temperatures, calculated from the prescription of 
Ref. 14, are given at 2.4 and 15 MeV as the variation 
is linear on a log-log scale. 

Thermal Neutron Scattering Law 

A free gas thermal scattering law was assumed. The 
cutoff above which the static model is used was taken 
to be 1.5 eV, and a free atom scattering cross section of 
5.0 b was used. 

CO.MMENTS ON VANADIU.M CROSS SECTIONS 

The recent measurements of ir„, by Kapchigashev" 
have helped to reduce the uncertainty in the capture 
cross section in the resonance region. Experimental 
data"^' on inelastic scattering are available only at 
2.35 MeV, but the good agreement between these 
results and the optical model calciilations does give 
some confirmation of the validity of the calculations. 
There is uncertainty in the (n.p) and (n.a) cross 
sections at low energies since the data had to be extrap
olated downward from higher energies, with the extrap
olation covering a rather large energy range in the case 
of the (n.p) cross section. No elastic angular distribu
tion measurements exist above 1.8 MeV. However, 
optical model calculations of elastic angular distribu
tions are generally rather reliable above a few MeV. 

MOLYBDENUM 

OUTLINE OF DAT.̂ . INCLUDED 

Smooth total, elastic, inelastic, (n,2n), (H,3H) and 
(n.y) cross sections are included, along with values of 
Ml , {, and 7 calculated from the Legendre coefficients. 
The energy range extends from 0.001 eV to 15 MeV. 

Resolved resonance parameters for 32 resonances 
are given, with the resonance calculations extending 
from 4 eV to 1 keV. 

Legendre coefficients for elastic scattering are given 
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in the center of mass system for 39 energies, along with 
the transformation matrix. 

Secondary energy distributions are given for in
elastic scattering to four resolved levels and the contin-
utim, along with tabulated nuclear temperatures. 
Nuclear temperatures for the (n,2n) and {7j,3n) reac
tions are also included. 

Thermal scattering law parameters according to the 
free gas model are given. 

SOURCES OF MOLYBDENUM DATA 

Total Cross Section 

The total cross section below 4 eV is the sum of the 
scattering and capture (Toss sections. From 4 eV to 1 
keV, the total cross sectioti is the simi of that calculated 
from resonance parametiTS and a smooth cross section 
which is entirely capture. Above 1 keV and up to 10 
MeV, the KFK-120 data ' were used. From 10 to 15 
MeV, onT was read from the graph of Ref. 17. 

Elastic Scattering Cross Section 

A constant value of ir„„ = 5 b, which is close to the 
tabulated values of Ref. 6, was used below 1.5 eV. 
At 4 eV and 1 keV, 5.008 and 5.780 b were used, re
spectively, since these numbers correspond to those 
calculated from resonance parameters. Between 4 eV 
and 1 keV, u„„ is calculated entirely from resonance 
parameters. From 1 to 200 keV, the values of Ref. 6 
were used. Above 200 keV, <T„„ was found by subtract
ing other cross sections from the total. 

(n,y) Cross Section 

The capture cross section was taken from Ref. 6 
0V(T most of the energy range, with linear extrapola
tion on a log-log scale from 10"^ to 10"" eV and from 10 
to 15 MeV. Between 4 eV and 1 keV, <r„y is calculated 
from resonance parameters, with a smooth contribu
tion being added to yield about the same o„y as in Ref. 
6 between resonances. 

Inelastic Scattering Cross Section 
From 200 keV to 1.5 MeV, the inelastic scattering 

cross section was derived by summing values read off 
smooth curves drawn through experimental points for 
the excitation of four levels given in Ref. 26. A smooth 
curve was drawn from the value so determined at 1.5 
MeV to meet the 2 MeV value of Ref. 6. The values 
from Ref. 6 were used from 2 to 10 MeV, except that 
<7„,2„ and (r„.3„ were subtracted from these values above 
their thresholds. Above 10 MeV, the total reaction 
cross section was assumed constant, and (r„.2„ , <7„,i„ , 
and i7„y were subtracted from tbe reaction cross section 
to yield ij„n' • 

(n,2n) and (/i,3?i) Cross Sections 

Both the (n,27i) and (n,Sn) cross sections were 
calculated by S. Pearlstein, using the methods of Ref. 
16. 

Ml , {, and y 

The values of MJ. , {, and y were computed from the 
elastic scattering Legendre coefficients, as described 
above for magnesium. 

Resonance Parameters 

Parameters for a total of nineteen / = 0 resoininces 
and thirteen / = 1 resonances in six of the molybdenum 
isotopes are included. These are based on experiiiictital 
data for separated molybdenum isotopes." There tire 
more resonances than are present in the same energy 
range in Ref. 6, but the cross section contributions 
from most / = 1 resonances are .small. 

Elastic Scattering Legendre Coefficients 

Legendre coefficients in the center of mass system, 
obtained from H. Alter,'' were used up to 6 MeV. 
Coefficients were computed at five energies tibove 6 
MeV by performing Abacus-2'"' '" calculations, using 
the well parameters of P. Moldauer, and fitting the 
shape-elastic angular distributions using the least-
squares techniques of SAD.'^ A transformation matrix 
from the center of mass to the laboratory .system was 
calculated using CHAD. The matrix involves elements 
through I = 16, since there are 16 coefficients given for 
the high energy Legendre expansions. 

Secondary Energy Distributions 

Probabilities of exciting the four resolved levels by 
inelastic scattering are tabulated from threshold to 
1.5 MeV. Actually the top two of the four levels are 
combinations of levels with nearly the same energies. 
Nuclear temperatures, calculated as in Ref. 14, are 
given at 1.5 and 15 MeV. 

Nuclear temperatures for the (n,2n) and (n.'.Ui) 
reactions are given. The (n,2n) temperatures were 
determined as described for magnesium, while the 
(n.Sn) temperatures were found in a similar manner, 
assuming E' = 0.2 (E - Ea,,) rather than 0.35 (E — 
En.,). 

Thermal Neutron Scattering Law 

The free gas thermal neutron scattering law involves 
a cutoff of 1.5 eV above which the static model is used 
and a value of 5.0 b for the free atom scattering cross 
section. 

COMMENTS ON MOLYBDENU.M CROSS SECTIONS 

The recent revision'" of the Karlsruhe evaluation of 
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molybdenum provides a good source of data with 
which to compare the present evaluation. This revision 
was not available when the E N D F / B compilation was 
made. As in the present evaluation, J. Schmidt" 
recommends the u.se of resolved resonance parameters 
only up 111 1 keV on the grounds that resonances are 
being missed experimentally at higher energies. The 
recommended resonance parameters in Table Mo-ll4 
of Ref. 29 differ from those in ENDF/B mainly by 
having smaller values of Vy . Schmidt's resonance 
parameters give a non-l/v contribution of 22.5"" 
for the molybdenum capture resonance integral up to 
1 keV. The E N D F / B parameters yield 24.5 b for the 
same quantity. As Schmidt points out, the discrepancies 
between various measured resonance integrals are so 
large that the measurements do not help much in 
evaluating the compiled resonance parameters. 

Schmidt ' has revised the smooth capture cross 
sections in the energy range above 1 keV. Essentially, 
he has used the results of Kapchigashev™ up to 50 keV 
and those of Y. Staviskii and A. Shapar" above 50 
keV. These data""'"' are shown on pp. 42-0-6 and 42-0-16 
of Ref. 32. A comparison of Schmidt's new evaluation 
and his old evaluation, which is used in ENDF/B , 
is shown on Fig. M0-C6 of Ref. 29. The most significant 
difference is in the energy range below 10 or 15 keV, 
where Schmidt's new values are considerably lower than 
the old values. 

It therefore appears from the preceding discussion 
that the (capture cross section used in E N D F / B is 
probably somewhat high over most of the energy range 
above thermal. 

Newer data on total cross section are available and 
they show considerably more structure in the energy 
range above 1 keV than do the values used in ENDF/B. 
Schmidt's reevaluation^' shows more structure in the 
kilovolt energy range than does his original evalua
tion. The data of Wynchank, et al. from Colimibia, 
which were not available at the time of Schmidt's 
reevaluation, have the best resolution, and extend up 
to 66 keV. These data are plotted on pp. 42-0-6 through 
42-0-9 of Ref. 32. 

Neither (n,p) nor (n,a) data were included in the 
E N D F / B molybdenum compilation. This was because 
data were available only for some of the isotopes, either 
at only one energy around 14 MeV or averaged over a 
fission spectrum. The {n,a) data are especially skimpy, 
and o„„ is also quite small because of the large Coulomb 
barrier. Schmidt has included an (n.p) cross section 
for molybdenum in his reevaluation.™ This (n.p) cross 
section was assumed equal to that of Zr-90. 

GADOLINIUM 

OUTLINE OF DATA INCLUDED 

Smooth total, elastic, inelastic, (n,2n). (n,.3n) and 

(n,y) cross sections are included, as well as values 
of Ml., i, and 7 computed from the Legendre ('oelficients. 
The energy range covered extends from 0.001 cV to 
15 MeV. 

Resolved resonance parameters for 24 resonances in 
Gd-155 and 5 resonances in Gd-1.57 are included. 

Legendre coefficients for elastic scattering in the 
center of mass system are given for 32 energies, along 
with the transformation matrix. 

Nuclear temperatures are given for inelastic .scattiT-
ing and for the (n.2n) and (n.^n) reactions. No re
solved levels were considered for inelastic scattering. 

Free gas thermal scattering law parameters are 
included. 

.SOURCES OF GADOLINIU.M DATA 

Total Cross Section 

The total cross section up to 50 eV is calculated 
from resonance parameters. From .50 eV to 10 keV, 
o„T was read from the BNL-325 graphs." Values from 
10 keV to 10 MeV were obtained from KFK-352.'' ' The 
total cross .section was extended from 10 to 15 MeV 
using the sparse data of Ref. 17 as a guide. 

Elastic Scattering Cross Section 

Below .50 eV, the elastic scattering cross section is 
calculated from the resonance parameters. From .50 
eV to 10 keV, ir„T was split into scattering and capture 
components using a computer program ba.sed on ICqs. 
(39), (40), (43), and (44) of KFK.3.-,2. Iviuations 
(39) and (40) are expressions for the average scattering 
and capture cross sections for I = 0 neutrons in the 
unresolved resonance region for Gd-155. The param
eters used in these e(iuations were determined by 
averaging the known resonance parameters. Since not 
enough resolved parameters are known to find average 
parameters for the other isotopes, Gd-155 was assumed 
typical of natural gadolinium. Equations (43) and (44) 
merely use Eqs. (39) and (40) to split the experi
mental o„T into the .scattering and capture components. 

From 10 keV to 10 MeV, values of <T„„ were obtained 
from KFK-352. The reaction cross section was sub
tracted from the total cross section to give the elastic 
scattering cross section from 10 to 15 Me\ ' . 

(n.y) Cross Section 
The (n.y) cross section is calculated from resonance 

parameters below .50 eV. From 50 eV to 10 keV, <7„ 
was determined as described above in the discussion of 
the elastic scattering cross section. Values from KFK-
352 were used from 10 keV to 10 MeV, with the exten
sion of 15 MeV being made on the basis of linear extrap
olation on a log-log scale. 
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Inelastic Scattering Cross Section 

The inelastic scattering cross section was obtained 
up to the threshold of the (n,2n) reaction from KFK-
352. From the (?i,2n) threshold to 10 MeV, a„,2„ was 
subtracted from the (T„„' of KFK-352 to give the in
elastic cross section. From 10 to 15 MeV, the reaction 
cross section of KI''K-352 was extrapolated on a basis 
of a value at 15 MeV equal to 1.01 times the sum of 
o„,2„ , (Tn.sn , aiid a„y. Thcu tjnn' m this range was ob
tained by subtracting the other reactions from the 
total reaction cross section. 

(n,2n) and (n,3n) Cross Sections 

The (re,2n) and (n,3n) cross sections were both 
calculated by S. Pearlstein, according to the methods 
of Ref. 16. 

Mt , i, and y 

The values of Mt, (, and y were calculated from the 
Legendre coefficients, as described above for mag
nesium. 

Resonance Parameters 

Resonance parameters are included for 24 s-wave 
resonances in Gd-155 and 5 s-wave resonances in 
<'1(1-1.57. The parameters for the first three resonances 
in Gd-155 and the first two in Gd-1.57 are from Ref. 33. 
Parameters for the remaining resonances are from 
BNL-325."" 

Elastic Scattering Legendre Coefficients 

Legendre coefficients in the center of mass system, 
which were obtained from H. Alter," were used in the 
energy range from 0.3 to 1.5 MeV. Below 0.3 MeV, 
coefficients were estimated from extrapolation of the 
Alter data, with isotropic scattering assumed below 5 
keV. Above 1.5 Me\ ' , coefficients were calculated at 7 
energies by performing .\bacus-2'"''"' calculations and 
fitting the resulting shape elastic angular distributions 
using SAD." The parameters used in these optical 
model calculations were derived from approximations 
to Eq. (35) of Ref. 34, since the optical model param
eters used in KFK-352 were also obtained in this 
manner. This equation is used to obtain local param
eters which are approximately equivalent to non-local 
ones. As in KFK-352, the parameters of Table 4 of 
Ref. 34 without the spin-orbit term were used for the 
non-local parameters. 

The transformation matrix from the center of mass 
to laboratory .system, calculated asing CHAD,' in
cludes elements through / = 19 in agreement with the 
numb(T of coefficients in the high energy Legendre 
expansions. 

Secondary Energy Distributions 

Nuclear temperatures for inelastic scattering, calcu
lated from the prescription of Ref. 14, are given al 60 
keV and 15 MeV. Only continuum inelastic .scatlcriiig 
was considered, both in this evaluation and in Kf'K-
3.52, since there are many low-lying hovels in the vaii 
OUS gadolinium isotojjcs above the (n,n') tliresliold. 

Nuclear temperatures tire given for the (n,2n) and 
(n.'Sn) reactions. These were determined b.y the inetli-
ods described under magnesium and molybdeninii. 

Thermal Neutron Scattering Law 

The free gas thermal scattering law has a cutoff of 
1.5 cV above which the static model is used tiiid a 
value of 8.0 b for the free atom scattering cross section. 
This 8 b value is that which is calculated from resoiiatice 
parameters near 1.5 eV. 

COMMENTS ON GADOLINIUM CRO.S.S SECTIONS 

The cross section of gadolinium in the thermal energy 
range is the largest of any stable element. The resonance 
parameters of Ref. 33, which were used in this evalua
tion, give a very good fit to the gadolinium (TOSS section 
at low energy. 

There is not a great deal of experimental data 
available for gadolinium above one or two MeV. Thus 
optical model calculations were used to a large extent 
at higher energies. The (n,2n) and (n.'.in) cross .sec
tions are based entirely on calculation. No (n.p) and 
(n.a) cross sections are included in this c(mipilatioti, 
but the Coulomb barrier is sufficiently high to make 
these cross sections quite small. 
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Section II 

Thermal Reactor Physics 

Thermal reactor physics is distinguished from fast reactor physics by the rela
tively larger amount of attention that is given to the analysis of heterogeneity effects 
in the former. There is also an arbitrary distinction based on the neutron spectrum, 
but this is less realistic than the former distinction. The influence of heterogeneity 
effects is [larticularly evident in the first paper, which discusses the high conversion 
ratio lattice experiments. Three intervening papers refer to the plutonium recycle 
program which was carried out in EBWR and which was concluded at the end 
of the fiscal year being reported. The next paper treats the physics of plutonium 
fueled thermal research and test reactors. The remaining eighteen papers relate 
to work on the Argonne Advanced Research Reactor (AARR). 





l l - l . High Conversion (Hi-C) Uniform Latt ice Calculat ions 

E. M. PENNINGTON 

The analysis of the High Conversion (Hi-C) uniform 
lattice experiments has been completed and a report 
htts been written giving all of the calculational 
methods and results.^ The experimental methttds and 
results have been given in Ref. 2, and a recent paper' 
h.as covered the highlights of both the experimental 
and analytical results. Previous Reactor Physics Di
vision Annual R e p o r t s ' ' " have outlined much of the 
analytical work. More recent work has included cal
culations of gold and indium cadmium ratios and con
siderations of the effects of cross section changes on 
reactivity. These two topics are treated below. 

GOLD AND INDIUM CADMIUM RATIOS 

Both gold and indium cadmium ratios were measured 
in almost all of the Hi-C' lattices. Calculated values 
were obtained using the B.5I2/RP foil activation pro
gram.' 

The B.'il2/RP program calculates both the neutron 
ttbsorjition in a bare foil of thickness t and the absorp-
linii in the same foil between two identical covers 
(usually cadmium) of thickness U in slab geometry. 
The cadmium cutoff energy, £,„< , is also computed. 
Mux depression in the foil and covers, resulting from 
neutron absorption, is considered in the program. The 
flux is assumed to impinge isotropically on the outer 
surfa^'e of the bare foil or on the outer surface of the 
covers. The flux has the energy dependence of a Max
wellian plus a i/E tail. .More specifically, the energy 
dependence is 

« ( X ) = ^Xe-
Vir 

A(.Y), ( I ) 

where r is a constant, A' = E/Em , Xo = Eiim/Em 
and A(X) is zero ior X < p and unity for .Y > p. 
Here E is the neutron energy, E„ is the energy at the 
peak of the Maxwellian distribution, and £2200 is the 
energx- corresjionding to a velocity of 2200 m/sec. 
In most of the calculations, the parameter p was taken 
to be .5. Scattering by the foil and covers is neglected, 
so that their cross sections represent absorption only. 
The energy dependence of the cross sections is a sum 
of single level Breit-Wigner resonances without Doppler 
broadening along with a 1/V component. 

For cadmium and indium, the cross sections were 
considered to be given completely by the resonances 
at 0.17S and ) .457 eV, respectively. In the case of gold, 

a l / v component yielding a cross section of 5.05 barns 
at 0.025.3 eV was added to the cross section produced 
by the 4.906 eV resonance. The resonance partuiielers 
used were taken from Rcfs. 8 and 9. 

Values of the parameters r and E„, involved in I^q. 
(1) were determined as described in Ref. 1. The foil 
thicknesses used hi the experiments were 1.1, 1.2 imd 
20 mils for gold, indium and cadmium, respectivel.y. 
Results of the calculations tire presented in Table 
II- l-I , along with experimental values from Table 
XXV of Ref. 2. Under the heading "Lattice," the first 
item is the pitch in cm, the second item is D I'lr a 
square array or A for a triangular array, and the third 
item is S for stainless steel clad or A for aluminuni clad. 
The compositions and dimensions of the lattice i-mi-
stituents are presented in detail in Ref. 2. Briefly, Ihe 
lattices consist of ,3.04 w/o enriched UO2 pellets fif 
0.935 cm diameter in either aluminum or stainless steel 
clad surrounded by light water moderator. 

The calculated gold cadmium ratios are gciicially 
somewhat lower than the experimental ratios, with the 
discrepancy becoming greater as the lattice pitch is 
decreased. Calculated values of the cadmium ratio 
minus one (CR-1) are about 10% too low for the looser 
lattices and 45% too low for the tightest lattice. Agree
ment b^ween theory and experiment is a little better 
in the case of indium, although the trend of calcuhited 
values for tightly packed lattices continues to be too 
low. The value of CR-1 in the tightest lattice is only 
about 20% too low. The effect of flux depression in 
the gold or indium foils is quite important, even for 
the thin foils used here, since the cross sections of the 
dominant resonances are very large. This effect is 
seen by cfimparing the calculated cadmium ratios of 
the 1.24nA lattice for the actual value of ( = 20 mils 
and for ( = 0. 

The calculations described here htwe a nimiber of 
deficiencies. The treatment of the energy dependence 
of the flux as a Maxwellian plus a \/E tail is not very 
accurate. There is some departure from Maxwellitin 
behavior, especially for the tighter Lattices. The high 
absorption causes the tail to depart from a \/E form. 
Also the cutoff of p = 5 is not strongly justified. .\n 
idea of the effect of changing^ is obtained by conijtaring 
the cadmium ratios for p = 3, 5 and 10 for the 1.24 D.V 
lattice. The method described in Ref. 1 for detcnniniiig 
the parameters r and E„ is also approximate. 
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TABLE II- l - I . GOLD AND INDICM CADMIUM RATIOS FOR Hi-C UNIFORM LATTICES 

Lattice 

1.349DA 
1..149DS 
1,24 DA 
1.24 DA 
1.24 DA 
1.24 DA 
1.'24 DA 
1,24 DS 
1,24 DS 
1.27 AA 
1.27 AS 
1,166AA 
1,166AS 
1,127AA 
1,127 AS 
1,069AS 

Region 

Fuel 
Fuel 
Fuel 
Fuel-
Fuel'' 
Fuel" 
11,0 
Fuel 
H,0 
Fuel 
Fuel 
Fuel 
Fuel 
Fuel 
Fuel 
Fuel 

eV 

0,0370 
0,0377 
0.0402 
0.0402 
0.0402 
0,0402 
0,0340 
0,0408 
0,034(1 
0,0421 
0,0428 
0,0489 
0,0496 
0,0517 
0,0526 
0,0600 

r 

2,537 
2.305 
1,693 
1,334 
2,181 
1,093 
2.086 
1,634 
1.917 
1.277 
1.146 
0.618 
0.546 
0.399 
0.340 
0,0793 

Gold 

£ c . eV 

0.6863 
0,5864 
0,5866 
0,6870 
0,6086 
0.7298 

o.sam 
0.6887 
0,5870 
0,5888 
0,5869 
0,6869 
0,5870 
0,5872 
0,5873 
0.5888 

CR 
Calcu
lated 

1,672 
1,5'25 
1.401 
1.373 
1.484 
1.139 
1.488 
1.369 
1.466 
1.316 
1.289 
1.176 
1.160 
1.128 
1.115 
1,055 

Experimental 

1,82 ± 0,02 
1.58 ± 0,02 

1,466 ± 0,008 
1.465 ± 0,008 
1.466 ± 0,008 

- -
1,603 ± 0,016 
1,435 ± 0,008 
1,442 ± 0,008 
1,361 ± 0,016 
1,348 ± 0,015 
1.221 ± 0,008 
1,201 ± 0,006 
1,177 ± 0,010 
1.152 ± 0,015 
1,099 ± 0,008 

Indium 

£cieV 

0,7819 
0 7620 
0,7620 
0,7623 
0,7784 
1,203 
0,7823 
0,7821 
0,7824 
0.7621 
0,7621 
0,7620 
0,7821 
0,7821 
0,7822 
0.7632 

CR 
Calcu
lated 

1,619 
1,574 
1.453 
1.430 
1.493 
1,222 
1,6.36 
1,422 
1,503 
1.369 
1.343 
1.231 
1 216 
1.184 
1.171 
1,108 

CR 
Experimental 

1,61 ± 0,03 
1,58 ± 0.03 

1.482 ± 0.015 
1,482 ± 0,015 
1.482 ± 0,015 

1.618 ± 0,020 
1,489 ± 0,008 
1,483 ± 0,020 
1,398 ± 0,016 
1,373 ± 0,007 
1,260 ± 0,008 
1,234 ± 0 005 
1,204 ± 0.020 

— 
1 135 ± 0,008 

»^ = 3 rather than 5. 
•̂  ^ = 10 rather than 5. 
' Foil thickness ( = 0. 

TABLE II-l-IT. EFFECTS OF CROSS SECTION CHANGES ON REACTIVITY (Ak,f//k,j 

Lattice 

1,349DA 
l ,349aS 
1.24 DA 
1.24 DS 
1.27 AA 
1.27 AS 
1,166AA 
1.166 AS 
1.127AA 
1,127 AS 
1,069 AS 

J,. 

-0 .019 
-0 ,052 
-0,057 
-0 ,082 
-0,067 
-0 ,085 
-0 ,083 
-0 .082 
-0 .090 
-0 ,091 
-0 ,111 

2 / 1 

-1-0,420 
4-0,424 
4-0,529 
-l-0,5'24 
4-0 604 
4-0,600 
4-0,795 
4-0 773 
4-0,894 
4-0.862 
-1-1,026 

Cross Section' with 4-10% Change 

2oi.ll , 
Sis 

4-0,637 
4-0,303 
4-0,331 
-t-0,088 
4-0,162 
4-0.080 
-0 ,305 
-0 ,559 
-0 ,549 
-0 ,802 
-1 ,333 

IS 
<r^t 

-0 ,410 1 -1 .399 
-0 .424 
-0 .861 
-0 ,583 
-0 .693 
-0 ,714 
-1 .098 
-1 ,149 
-1 ,385 
-1 ,482 
-2 ,487 

-1 ,422 
-1 .676 
-1 .718 
-1 ,862 
-1 .901 
-2 ,282 
-2 ,385 
-2 ,401 
-2 ,544 
-2 ,790 

irW 

-0 ,301 
-0 ,301 
-0 ,382 
-0 .386 
-0 .449 
-0 ,446 
-0 ,599 
-0 ,694 
-0 ,682 
-0 ,674 
-0 ,808 

"" 

4-0.499 
4-0,686 
4-0,069 
4-0,780 
+0,807 
4-0,944 
+ 1,'2'25 
4-1,4-23 
4-1,478 
4-1,708 
4-2 .339 

' Second subscript indicates energy group. 

Other calculational deficiencies include the use of 

only one resonance in representing the cross sections, 

the neglect of Doppler broadening, and the neglect of 

scattering by the foils. In view of the approximate 

nature of the calculations, the discrepancies between 

theory and experiment are not surprising. 

EFFECTS OF CROSS SECTION CHANGES ON REACTIVITY 

The criticality calculations for the Hi-C lattices were 

carried out in the framework of four-group diffusion 

theory, with the cross sections for three fast groups 

being obtained using GAM-I'"" and for those for the 

thermal group being derived from T H E R M 0 S . " " It 

was found that the cross sections on the original 

GAM-I library tape' ' led to bucklings which were 

much higher than experimental values. Thus the cross 

sections for U-235 and U-238 were replaced by ver

sions obtained from the Hanford Works, based on the 

data in Ref. 13. In order to investigate the reactivity 

effects of cross section changes in more detail, funda

mental mode buckling calculations were performed in 

which certain cross sections were changed bv IC'o 

while the others were kept constant. The standard 

cross sections used are given in Tables IV and XI I of 

http://2oi.ll
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Ref. 1. Results of these cah'ulations are presented in 
Table II-l-II in terms of Ak,/,/k.//, where k,// is 
unity for the critical buckling determined by the 
standard cross sections. The effects of the indicated 
cross section changes on the diffusion coefficients were 
not treated. No changes were considered in the thermal 
group, since thermal group cross sections are relatively 
well known. 

Table II-l-II shows that the calculated reactivities 
are quite sensitive to non-thermal cross section changes 
in general, with the sensitivity increasing as the lattice 
pitch is decreased, the lattices becoming more under-
moderated. As might be expected, the sensitivity to the 
U-23S capture cross sections is quite pronounced. 
The major reason for the large reactivity differences 
obtained b>' substitution of the Hanford cross sections 
is the fact that the original GAM-I cross sections yield 
values of all only about half as large as those based on 
Hanford cross sections. Inspection of Table II- l-II 
shows that such a difference represents a reactivity 
change of the order of 5% for the 1.166AA lattice. 
Although the reactivity is even more sensitive to a^a 
than to (Tr2 , the differences between Hanford and 
original GAM-I values of all are small, and therefore 
do not contribute much to the large reactivity differ
ences. 

While it is necessary to use accurate calculational 
methods in the treatment of highly undermoderated 
lattices such as the Hi-C lattices, it is also very im
portant that accurate basic cro.ss section data be used 
as well. 
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II-2. Conc luding Pre-Irradiation Critical Experiments of the Experimental Boi l ing 
Water Reactor (EBWR) P l u t o n i u m Recycle Experiment 

P. H. KlEH 

To increase our understanding of the physics of 
mixed plutoniutn-uranium oxide-fueled, water-moder
ated reactors, pre-irradiation critical experiments 
were made as part of the EBWR Plutonium Recycle 
Program.' The results of these measurements of criti
cal configurations, boric acid worths and uniform 
temperature coefficients for the partial (plutonium) 
loading and the initial full loading led to revisions in 
the calculational model.- Calculations made with the 
rcvi,-cd model predicted an operating power of about 
only 30 MW. As such a low initial power would un
duly limit the exposure that could be reached during 
the time available for the program, it was decided to 

raise the reactivity of the full loading (and conse
quently the maximum attainable power) by replacing 
eight 69( enriched UOj assemblies with highly enriched 
spike assemblies used during the 100 AlW operation of 
EBWR.*^' Results of the measurements of boric acid 
worth and of the uniform temperature for the revised 
loading are presented below. 

BORIC ACID WORTHS FOR THE RE\'isEn 

FULL LOADIXO 

Operation of the reactor is subject to two restraints: 
(1) that the reactor can be shutdown by the in.sertion 
of all nine control rods when the reactor water is un-

file:///eulnin
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TABLK II-2-I. BORIC ACID WOHIH AND NINE ROD BANK WORTH FOR REVISED FULL LOADINO 

H.BO,, 
g/gal 

Range 

8.'22-7.41 
7.41-8.89 
8.89-8.15 
8.15-6,81 
5.61-6.14 
5.14-4.71 
4.71-4,33 
4.33-3,96 
3,95-3,60 

Change 

0,81 ± 0,03 
0,72 ± 0,03 
0,M ± 0,03 
0.54 ± 0.03 
0,47 ± 0,03 
0,43 ± 0.03 
0.38 ± 0.03 
0.38 ± 0.03 
0,36 ± 0,03 

9 Rod Bank HI, 

Range 

18,96-17.0 
17.0-16.6 
16,6-14.4 
14,4-13.4 
13,4-12,68 

12,88-12,0 
12,0-11,4 
11,4-10,9 
10 9-10,6 

n. 

Change 

1.95 ± 0.05 
1,50 ± 0.05 
1.10 ± 0.06 
1,00 ± 0.06 
0,72 ± 0,06 
0,08 ± 0.06 
0.60 ± 0.05 
0,60 ± 0,06 
0,40 ± 0,06 

At, 

% 

0,90 ± 0.12 
0 84 ± 0,11 

0,714 ± 0,093 
0,667 ± 0,087 
0,575 ± 0.075 
0,555 ± 0,072 
0,470 ± 0,062 
0,500 ± 0,066 
0,475 ± 0,062 

At/AC, 
%At/g-gal 

- 1 , 1 1 ± 0,18 
- 1 , 1 7 ± 0,20 
- 1 .32 ± 0,24 
- 1 . 2 4 ± 0,23 
- 1 , 2 2 ± 0,26 
- 1 , 2 9 ± 0,27 
- 1 , 2 6 ± 0-27 
- 1 , 3 3 ± 0,29 
- 1 35 ± 0 30 

At/A//, 
% At/in. 

0,42 ± 0-08 
0,58 ± 0,09 
0,65 ± 0,11 
0,87 ± 0 12 
0,80 ± 0,16 
0,82 ± 0,17 
0,79 ± 0,17 
1,01 ± 0,23 
1 18 ± 0 30 

borated (nine-rod shutdown criterion) and (2) that 
the reactor can be shutdown by the insertion of eight 
control rods when the reactor water is borated (eight-
rod shutdown criterion). Boric acid worth as a func
tion of boric acid concentration was measured by use 
of the following procedure, which includes verification 
of the nine-rod shutdown criterion and determination 
of the minimum boric acid concentration for satisfac
tion of the eight-rod shutdown criterion. 

With the reactor critical with all nine control rods 
banked at the same height, the differential worth of 
the center rod is determined from period measure
ments. Then boric acid is removed from the system and 
the center rod is inserted as necessary to maintain 
criticality. When a specified amount of boric acid has 
been renio\'ed, the differential worth of the center rod 
is again obtained as before. Then the critical height of 
the eight-rod bank with the center rod withdrawn and 
the critical nine-rod bank height are obtained. This 
procedure is reiieated until further removal of boric 
acid would violate the eight-rod shutdown criterion. 
Extrapolation of the critical height of the eight-rod 
bank as a function of boric acid concentration to zero 
bank height yields the minimum boric acid concen
tration for eight-rod shutdown. If extrapolation of the 
critical height of the nine-rod bank as a function of 
boric acid concentration to zero boric acid concentra
tion yields a positive intercept the nine-rod shutdown 
criterion is satisfied. 

Boric acid worth, A/C/AC, is obtained from the 
change in the critical height of the center rod. Aft, as a 
function of the change in boric acid concentration AC. 
Assuming that differential rod worth (Ak/Ah) is 
linear over Aft, boric acid worth is obtained from 

Ak/\C = (Afc/Aft)„„AA(l/AC), (1) 

where IAA'/Aft)„,,<. is the average of the differential 
rod worth obtained before and after a change in boric 
acid concentration. The procedure yields not only the 

distance the center rod must be moved to compensate 
for the reactivity introduced by the removal of boric 
acid but also the distance, Ai/, the nine-rod bank 
must be inserted. Nine-rod bank worth, Afc/A//, is ob
tained from an expression similar to that from which 
boric acid worth is obtained: 

Ak/AH = (AA'/AAl„„Aft(l/Aif). (2) 

The measured boric acid worths and nine-rod bank 
worths are given in Table 11-2-1. The boric acid 
worths tend to increase as concentration is reduced 
but because of the relatively large experimental error 
one can only report an average boric acid worth of 
-0.0125 ± 0.003 AA', g-gal between 3.6 and 8.2 g'gal. 
The experimental errors arise mainly from uncertain
ties in changes in boric acid concentration and in dif
ferential rod worth. Calculated values of - l . l ' o Afc 
for a 1 g/gal addition of boric acid to the un]ioisoned 
system and - 0 . 9 % At for a 1 g/gal addition to the 
system having 9 g/gal were somewhat lower than 
measured values. 

There is a definite increase in the nine-rod bank 
worth as the bank and the boric acid concentration 
are lowered, because the curvature of the flux in
creases as the bank is lowered. Since the effect of an 
incremental change on leakage and absorption in
creases with curvature of the flux, the nine-rod bank 
worth increases as the bank is lowered. Extrapolation 
of the nine-rod bank heights given in Table II-2-I to 
zero boric acid concentration yields a positive inter
cept; hence, the nine-rod shutdown criterion is satis
fied. 

The reactivity worth of the fuel replacement can 
be found from the change in the critical height of the 
nine rod bank at a fi.xed boric acid concentration. 
With a boric acid concentration of 6,68 g.'gal, re
placement of eight shim assemblies with spike assem
blies required that the bank be lowered from 18.65 to 
15.5 in. For this range of heights, the nine rod bank 
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TABLE I1-2-II. A,// AS A FUNCTION OF TEMPERATURE AND HjBOa CONCENTRATION AND THE UNIFORM TEMPEHArcuK 
COEFFICIENT FOR THE REVISED FULL LOADING 

Temp,, 
F 

64.5 ± 1 
152.5 ± 1 

246 ± 1 
321 ± 2 
:)62 ± 2 

H,BO,, 
g/gal 

5,71 ± 0 ,0! 
6,02 ± 0,02 
6,16 ± 0,04 
6.14 ± 0,04 
0,:!5 ± 0,04 

Critical Ht. of 
l)l4 Rod," 

in. 

28.99 
29,91 
21.88 
15.53 
27,69 

k Wilh §A Rod Withdrawn 

1,00131 ± 0.00018 
1,00116 ± 0,00014 
1.00357 ± 0.00025 
1.00559 ± 0.00032 
1.00210 ± 0.00021 

t for 6.25 g/gal 

0.99466 ± 0 00052 
0.99843 ± 0,(XI039 
1.00245 ± 0 00075 
1.00422 ± 0.00082 
1.00336 ± 0,00071 

At/A/', 
V„At/°F 

0.00435 ± 0,00083 
0.00430 ± 0 0010.'; 
0,002.36 ± 0,0011.S 

-0,00212 ± OOin'iO 

" The center and the other three corner rods are withdrawn to their maximum allowable heights and the 
irner rods are fully in.'*erted. 

worth is 10.55 ± 0.12) %Afc/in. By multiplying the 
bank worth by the distance the bank was moved, it is 
found that the fuel replacement increased the reac
tivity of the system by 10.0173 ± 0.0037) A -̂. This 
measurement of the worth of the fuel replacement is 
in agreement with four-group 20-Grand"' calcula
tions that predicted a worth of 0.0195 Ak. 

UNIFORM TEMPERATURE COEFFICIENT OF 

REACTIVITY FOR THE REVISED 

FULL LOADING 

The uniform temperature coefficient was measured 
between room temperature and 362°F when the system 
was poisoned with boric acid with concentrations be
tween 5.71 and 6.35 g/gal. The experimental procedure 
was to obtain the multiplication constant, k^n , of the 
system as a function of tenij)erature and boric acid 
concentration for a configuration in which the center 
rod and the four corner rods are withdrawn, the other 
four rods being fully inserted, k.ff is obtained from 
the differential reactivities that resulted when a 
corner rod I #4 ) was withdrawn in steps from its crit
ical height (with four rods withdrawn and four in
serted) to 36.5 in., its maximum allowable height with 
resi)ect to the inverse rod worth effect.- Because a 
corner rod has appreciable strength for full loading, 
the ^ 4 rod was withdrawn in steps of about 3 in. to 
obtain the asymptotic periods of about 60 sec. The ^ 8 
rod, at the opposite corner, was inserted as required to 
maintain criticality. 

To obtain the temperature coefficient from these 
measurements, the values of fc.,, were normalized to a 
single boric .acid concentration of 6.25 g/gal. Table 11-
2-II gives the resulting temperature coefficients for 
four temperature ranges. I t is seen that the tempera
ture coefficient is positive at low temperatures, be
comes smaller as the temperature is increased, and ap
parently becomes negative near 300°F. 

The PD(j-3'''''' code was u.sed to compute the tem
perature coefficient from k,,i with four rods inserted 
at several temperatures. Spectrum dependent cross 

sections for each fuel material at each tciii]i('i'atitt'e 
were obtained from use of the GAM'"' and the Ar-
gonne-revised T H E R M 0 S ' " codes. Compari-son be
tween calculation and measurement is disappointing 
since the calculations predicted a temperature coeffi
cient of approximately —5 x 10"^ Afc/°F for the tem
perature range of the calculation. 

Part of the discrepancy between theory and experi
ment arises from the neglect of thermal expansion 
effects in the calculations. The reactor vessel is sup
ported from above the core and is free to expand 
downward. On the other hand, the control rods are 
supported from below the core and are free to exjiand 
upward. Therefore axial thermal expansion causes 
the control rods to be withdrawn slightly from the core 
to add reactivity. If this effect were inchidcd in the 
calculations—and this is very difficult—they wniilil 
yield a smaller negative temperature coefficient, which 
reduces the discrepancy. 

Another possible source of error is in the iiiteriueta-
tion of period measurements for differential reactivity. 
Reactivity was related to period through the inhour 
equation and the use of a /J,,/ 'B'hich was obtained 
from a perturbation calculation using eight groups of 
real and adjoint fluxes appropriate for an unrodded 
system. The temperature coefficients (and boric acid 
worths) were measured with partly rodded systems 
which have real and ad.ioint flux distributions appre
ciably different from those in an unrodded system. 
For the zoned loading in EBWR, where the delayed 
neutron fractions in the plutonium zone are quite dif
ferent from those in the other zones, fi.jf is strongly de
pendent on the flux distribution. As the assumed flux 
distribution is inaccurate, Ptti, and therefore the ex
perimental reactivities, may be in error. 
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II-3. Power Operation of the Experimental Boil ing Water Reactor (EBWR) During 
the P l u t o n i u m Recycle Experiment 

P. H. KIER 

The primary objective of the EBWR Plutonium composition of the fuel as a function of exposure it is 
Recycle Program^ is to irradiate mixed plutonium- hoped that models for the calculation of burnup can 
uranium oxide fuel in an environment representative be refined and that the performance of this type of 
of a boiling-light water reactor. From the isotopic fuel in boiling water reactors can be evaluated. 

M mm 

<t3 30 

,ir-Ol ajj 

23 30 2 
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•MD 
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F I O . 11-3-1, EBWR Power Trace During the Plutonium Recycle Progra^/^66-19f)7). ANL Neg. No. lie-86S9. 
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Continuous operation of EBWR at 42 MW began 
in November 1966. During the preceding month, 
pile oscillator measurements of the reactor transfer 
function were made at several powers (5.2, 8.4, 15, 28 
and 38.5 MW) to investigate the stability of the re
actor. The power level above which instability might 
be expected can be obtained by either extrapolating 
the plot of the absolute gain versus power to a gain of 
1.0 or extrapolating the plot of the phase margin ver
sus power to a phase margin of 0 degrees. These ex
trapolations indicated that the reactor should be sta
ble to powers higher than 120 MW. 

The reactor was shutdown in February 1966, when 
the average exposure of the plutonium fuel was ap
proximately 1300 MWd/tonne. During the shutdown, 
special fuel pins (those with compositions different 
from the ordinary fuel pins I and several ordinary pins 
were removed from the reactor for subsequent isotopic 
analysis at Battelle-Pacific Northwest Laboratory 
(BNWL). Because the duration of the program had 
been curtailed, the operating power during the next 
burnup was raised to 70 MW. Prior to operation at 70 
MW, pile oscillator measurements were made at 27.5, 
40.3. 49.5, 57 and 70 MW to recheck the stability of 
the reactor. 

The reactor was shutdown again in early May 1967, 
when the average exposure ol the plutonium fuel was 
approximately 2400 MWd/tonne. During this shut
down, special and ordinary fuel pins were removed for 
subsequent isotopic analysis at BNWL, plant repairs 
were made, and cadmium-covered and bare Pu-239, 
Pu-241 and gold foils were placed in several locations 
in the core to measure^ the capture-to-fission ratio of 
Pu-239 and Pu-241 resulting from irradiation duting 
the third burnup step. 

The reactor regained power in early .June 1967 and 
was operated at 60 MW during most of the month. 
When power operation was terminated on .Itine 29, 
1967, the average exposure of the plutonium fuel was 
approximately 3000 MWd/tonne. Figure II-3-1 is a 
histogram of the operating history of EBWR during 
the current experiment. 
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II-4. M e a s u r e m e n t of Capture-to-Fiss ion Ratio of Pu-239 and Pu-241 in the 
P l u t o n i u m Loading of the Experimental BoiUng Water Reactor (EBWR) 

H. P. ISKENDERIAN ' 

Samples containing Pu-239 and Pu-241 irradiated 
in the plutonium and U-235 enriched zones of the 
EBWR"> have been removed from the core to be stud
ied. During the irradiation phase of the experiment, 
these samples were enclosed in Zircaloy jackets (Fig. 
II-4-1) which were set flush on the surface of the fuel 
rods with the aid of mounting assemblies (Fig. II-4-2). 

Calculations described in Ref. 2 were made for 40 
MW power operation. Calculations subsequently made 
for 70 MW operation indicated no temperature rises 
sufficient either to melt the cadmium covers or overheat 
the fuel rod under some adverse conditions of flow rate 
and/or gap (Table I I -4-I ) . Based on these calcula
tions, samples were irradiated at operational levels up 
to 70 MW. There were 10 test samples which contained 
plutonium capsules with cadmium covers and 14 open 
type plutonium samples. 

After the test samples were removed from the core. 

they were opened and examined. It was ascertained 
that there had been no fusion of cadmium cups and 
covers and that the cadmium pieces clearly retained 
their sharp edges. However, none of the gold foils con
tained in the cadmium covered samples were visible to 
the naked eye. Upon closer examination it was re
vealed that the gold foils had gone into a solid solu
tion in the cadmium covers, forming an intermetallic 
compound which was of lower melting point than 
either gold or cadmium. This was verified by an exami
nation of two of the cadmium covers which were ground 
and polished in a direction at right angles to the sut
face of the cover, and viewed under a microscoiie. A 
porous gold compound about 4 mil thick was seen 
(Fig. II-4-3) near the surface of the cadmium cover, 
instead of the 1 mil thick crystalline foil. A ftirther 
study of the cadmium cover with the aid of an electron 
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probe microanalyzer indicated that the gold compound 
consisted of nearly 40% An 4- 40% Cd 4- 20% 0 . 

After removal of cadmium covers with the aid of 
HNO3, all of the gold samples with and without cad
mium covers were tested for activation. All of these 
data and values of cadmium ratios are listed in Tables 
I I -4 - I I andI I -4 - I I I . 

Prior to midiing radiochemical analysis the test cap
sules are being permitted to cool in order to reduce 
the activity of (;«-l36. Mass spectrometric measure
ments will then follow, and the capture-to-fission ratio 
of plutonium will be obtained. 

MOUNTING UNIT iPERFORATEO) 
FOR SETTING TEST CAPSULES 

ON FUEL RODS 

ONE HiLF-WIDTH OF CAPSULE-0.135 SHOWN 

ZIRCALOY 

CADMIUM 

[ j PuO j IN Al CAPSULE 

( f l X l A L CROSS S E C T I O N 
OF T E S T S A M P L E ) 

0 ,001 GOLD FOIL 

i FUEL RODS SURROUNDING 
MOUNTING TUBE 

ALL DIMENSIONS IB INCHES 

Flo, II-4-2. A OroMs Section View of McMintitin As.seTiil)ly 
and Koiir Test SiieciinctiH Wilh the Latter Set in Oonlacl with 
the Four SnrniMiidiiiK I'licl Hods, A.M. \eg. .V.., Il2-ll8£.i. 

ZIRC CLAD 0 . 0 2 5 THK. 
OVER FUEL ROD 3/8D. 

NOTE: A L L DIMENSIONS 
IN INCHES 

F I G . II-4.I, Test Specimen for Use in Making " o " Measure
ments of Plutonium. ANL Neg. No. Ill-68t5 Rev. t. 

Flo, 11.4-3. Microscopic View of Cudmiuin Cover Showing 
Formation of Intermetallic Porous Cold Cadmiiiin Conipound. 
ANL Neg. No. m 904S. 
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TABl.K II-4-I. MAXIMUM TEMPERATURES OF ZIRCALOY CLAD AND CADMIUM COVERS OF T E S T U N I T FUH D I F F E R E N T Ki-nw U VIES 

COOLANT, WITH AND WITHOUT GAPS IN THE T E S T SPECIMENS 

[Ticenler line of fuel rod ^900''F at ^0 MW operation; ^n76°F al 70 MW operation)] 

I. Fall Flow Rate Around Fuel Rods and Test Specimens 
Zero gap between components of test specimen, including cladding 
0.00312 in. helium gap between outer Zircaloy wall and cadmium cover 
O.(.X>024 in. helium gap between outer Zircaloy wall and cadmium cover 
0.00^*36 in. helium gap between outer Zircaloy wall and cadmium cover 

I. 75Vr Flow Rate Around Test Specimen, Full Flow Over Remaining Area 
Zero gap between compiniRnts of test specimen, including cladding 
0.00312 in. helium gap between o\iter Zircaloy wall and cadmium cover 
O.0OG24 in. helium gap between outer Zircaloy wall and cadmium cover 
().0093() in. helium g:ip between outer Zircaloy wall and cadmium cover 

I. 5y',(, Flow Hate Around Half of Rod Covering Test Specimen, FuU Flow Over Re
maining Area 

Zero g;ip in specimen and rod 
0.(X)312 in. helium gap between outer Zircaloy wall and cadmium cover 
(l.(HKi'jl ill. lieliuni g.i|i lieLween outer Zircaloy wall and cadmium cover 
0.(X)93(1 in. heliiiiii niij) between outer Zircaloy wall and cadmium cover 

V. ;.'-5', Flnw Rail A round Half of Rud Covering Test Spccimin, Full Flow Over Re-
juaininy Arm 

Z<'rii gap in specimen and rod 
0 00312 ill. helium gup between outer Zircaloy wall and cadmium cover; 
0.00024 ill. helium gap lielween outer Zircaloy wall and cadmium cover 
0,00930 in. helium gap between outer Zircaloy wall and cadmium cover 

TCF) 

40 MW 
Power Level 

Clad 

541 
560 

— 
— 

542 
551 
556 
557 

545 
553.5 

— 
— 

551 
560 

— 
— 

Cadmium 

510 
545 

— 
— 

512 
547 
568 
563 

515 
548.5 

522 
653 

— 
— 

70 MW 
Powe 

t:lad 

672 
1114 
033 
643 

584 
018 
(130 
045 

584 
(W3 
040 
048 

694 
628 
640 
664 

Level 

('admium 

532 
5SX 
(•«l 

Iil7 

.631 

.6(10 

610 
filU 

.540 

.503 

on 
022 

662 
600 
620 
620 

T A B L K I I - 4 - I I . S.tMPLES I R R A D I A T E D I N E B W R F R O M 3 / 2 / 6 7 TO 4 / 2 9 / 6 7 

Sample 

B-1 

B l -

B-2 

B-3 ' ' 

B-4> 

678211/20 m i n 

3849/100 m i n 

0 4 , 7 3 3 / 2 0 m i n 

2119/100 m i n 

Sample lost di: 

Sample 
Weight, 

mg 

9.20 
6.91 
8,99 
4.45 

Time of Counting 

0/21/67, 1155 
7/7/67, 2146 

0/21/67, 1335 
7/7/67, 1715 

to failure for chemical separation. 

Cadmium 
Covered 

Disinteg. 
per sec per mg 

9600 
9800 
9380 
7900 

Corrected to 
This Time 

6/21/67, 1156 
6/21/07, 1145 
6/21/07, 1335 
6/21/07, 1200 

Average -

1.215 
1.240 
1.187 

1,21 

' Itadiuchemical separation performed. 
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TABLE I M - I I I , SAMPLES IRRADIATED FROM 5/13/67 TO 6/29/67 

Sample 

Pu 31 

Pu 42 

E144 

E292 

from' 

m l 
*2 
*3 
*4 

*1 
»2 
Its 
*4 

*1 
»2 
*3 
#4 

*1 
*2 
«3 
*4 

Disinteg. 
per sec. 

0.63, 10> 
7.93, 10> 

Sample 
Weight, 

mg 

7.40 
7,67 

Saved for microscopic study 
9.72, 10' 

Lost in EBWR 
6.47, 10' 
7.36, 10> 
9,11, 10' 

6,22, 10' 
6,29, 10' 

8,34 

7.49 
7.78 
7,45 

7,79 
7,67 

Saved for microscopic study 
5,28, 10' 

5.70, 10' 
6.13, 10' 
5.00, 10' 
0.59, 10' 

5,86 

7,69 
8,06 
7,16 
7,97 

Time of Counting 

8/11/67, 1616 
8/11/67, 1400 

8/11/67, 14,30 

8/11/67, 1610 
8/11/67, 1506 
8/11/67, 1435 

8/11/67, 1410 
8/11/67, 1465 

8/11/67, 1440 

8/11/67, 1460 
8/11/67, 1420 
8/11/67, 1446 
8/11/67, 1426 

Bare 

X 

X 

X 

X 

X 

X 

X 
Average of Cadmium Ratio Measurementa in Plutonium Zone = 
Average of Cadmium Ratio Mea-Murements in Enriched Zone = 

Cadmium 
Covered 

X 

X 

X 
X 

X 
X 

X 

X 

. 1,24 
1,12 

Disinteg. 
per sec per mg 

8,75, 10' 
1,06, 10' 

1.17, 10' 

8,64, 10' 
9.46, 10' 
1.22, 10' 

7,98, 10' 
6.99, 10' 

9 04, 10' 

7.41, 10' 
7.60, 10' 
6.98, 10' 
8.27, 10' 

C D R 

1.20 

1,29 

1.14 

1,025 

1,185 

• Accuracy hased on eHtiinates of error ± < 3 % . 
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II-5. Physics of P l u t o n i u m Fueled Thermal Research and Test Reactors' 

C. N. KELBER 

To date, no high flux test or research reactor has 
used a plutonium fuel except for the Materials Test
ing Reactor which had a plutonium fuel core in 
1958.'-' No outstanding operational problems were 
encountered in the MTR which operated satisfactorily 
on plutonium fuel for a total of 262 MW days. At that 
time the MTR operated normally at a maximum 
power of 30 MW. The only operational problem 
ascribed to the plutonium fuel was the change in con
trol rod drive speed necessitated by the lower value 
of the dollar of reactivity characteristic of Pu-239. As 
part of the test program with the plutonium core, flux 
maps were made and D. deBoisblanc and R. Marsden 
show that the peak thermal flux in the reflector with 
the plutonium core was about 37S^ higher than that 
observed \vith the U-235 loading normally used at 
that time. 

Until 1958, most high-power thermal research and 
test reactor designs depended on a low value of absorp
tion in the core together with a large moderating 
po\ver to attain a high value of flux per unit power. 
That is, the designs were largely quasi-homogeneous. 
Thus the high thermal neutron cross section of plu
tonium was a disadvantage. The MTR, on the con
trary, is the forerunner of a class of modern, very 
high flux research and test reactors which include the 
.\rgonne -Advanced Research Reactor. I . \ . \RR| , the 
High Flux Isotope Reactor, the High Flux Beam Re
actor, and the Advanced Test Reactor. These designs 
emphasize external moderation and highly absorbing 
cores. 

In reactors with highly absorbing cores and external 
moderation the experimenters use the flux in the ex
ternal moderator where the flux is proportional to the 

file:///vith
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leakage of source neutrons from the core per fission. 
Aa was pointed out by C. Kelber, B. Spinrad and L. 
Templin,'^' and again by B. Spinrad," ' plutonium fis
sion yields more excess neutrons per fission than U-235. 
The excess neutrons per fission is just • — (1 -h a ) , or 
more compactly, i.(., - 1)/,,. Typical values of this 
quantity for three possible fuels, U-233, U-235, and 
Pu-239, and three representative spectral conditions, 
thermal, intermediate, and fast, are given in Table 
1I-5-I. Examination of this table shows that Pu-239 
is the superior fuel in every energy range but the in
termediate, where U-233 appears to have the edge; 
and e\'en there plutonium is not at a great disadvan
tage. Most striking, however, is the marked advantage 
of Pu-239 in the intermediate energy range as com
pared with U-235, for it is in just this energy range 
that most of the fissions take place in current reactor 
designs. 

This study is concerned with the flux increment to 
be expected in three more or less realistic examples 
when plutonium fuel is used instead of uranium fuel. 

The first case is a fast, metal fueled core in spheri
cal geometry, surrounded by an iron sheath and finally 
by a thick heavy water external reflector. The iron 
sheath re|)resents a modest attempt to duplicate the ef
fort that would have to be made in a realistic case to 
prevent ;in extreme power spike at the edge of the core. 
Since neutrons born in such a power spike contribute 
heavily to the flux in the reflector, it was felt that 
some realism should be introduced into this example in 
order that differences in the spike between the pluto
nium and uranium fueled cases should not unduly in
fluence the results. This example is intended to illus
trate the effects in a system which might be suitable 
for the irradiation of truly large amounts of isotope, 
say several thousand square centimeters of absorber, 
or a reactor designed for large numbers of beam tube 
experiments. 

The second case is also a fast core, metal fueled, 
but this time in the form of a cylindrical annulus with 
a nickel outer reflector. An iron sheath is present be
tween the inner radius of the core and a light water 
island or internal thermal column. Such a system 
might, for example, be used for isotope irradiation as is 
the case with the High Flux Isotope Reactor. Here an 
attempt is made to utilize all the excess neutrons by 
capture in samples placed in the internal thermal 
column. 

The third case considered is most realistic since it 
is, in fact, a numerical duplication of a critical experi
ment done in connection with the design of AARR. 
This reactor is designed to provide room for isotope 
irradiations in an internal thermal column or island 
and also beam tube experiments located in an outer 

TABLE II-5-I. Av,\iL,\iiLK NEtrrnoNs 

Energy Range 

Thermal 
Intermediate 
Fast 

F L S S I O N [vln — l)/n] 

U-233 

1.41 
1.39 
1.60 

U-23S 

1,20 
0,96 
1,41 

Pu-239 

1 43 
1,'2,'i 
1 ,911 

TABLE II-5-II. CUKE COMPOSITIONS (nv 
VOLUME FRACTION) 

Case 

1 Spherical 
core 

2 Cylindrical 
annulus 

3 AARR mock-
up 

Material 

Fuel 

0.3 

0,3 

0.0454 

S.S. 

0.2 

0,2 

0.3952 

Na 

0.5 

0,5 

0.0 

HjO 

— 

0.5 

B 

— 

0,0069 

Al 

11,0341 

TABLE 1I-5-III. REACTOR GEOMETHY AND DIMENSION, em 

Case 1: Spherical (leonietry 
core: 0-14,18 
sheath: 14.18-19,18 (iron) 
reflector: 19,18-119.18 (D,0) 

Case 2: Cylindrical Geometry 
ITC: 0-5 (II.O) 
sheath; 5-7 (iron) 
core: 7-14,37 
reflector: 14.37-24,37 (nickel) 

Case 3: Cylindrical Geometry 
ITC: 0-6,0 (II ,0) 

sheath: 5,6 5,77 (slainlcsH si eel) 
water ga|i: 5.77 5.88 
core: 6.88 23,3 
reflector: 23.3-54,4 lliciylliinii) 

beryllium reflector. Excess neutrons in such a case 
may be absorbed either in the beryllium reflector or in 
the internal thermal column or may be divided be
tween the two. 

The core compositions for the cases considered are 
summarized in Table II-5-II, while the reactor geom
etry and dimensions used in the calculations are sum
marized in Table II-5-III . The only clearly realistic 
case is the third which is the AARR mock-up. The 
leakage characteristics of the fast cores, however, are 
such that we do not expect a sizable change in our 
fluxes should a core large enough to support :i high 
total power be introduced. 

COMPUTATIONAL METHOD 

No particular significance was attached to the use 
of any special cross section set and no attempt was 
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made to check the cross section set against a wide 
range of critical experiments. I t was, however, felt 
necessary to use an energy group breakdown sufficient 
to yield the detailed representation of the spectral 
changes between fast cores and thermal reflectors 
without complex averaging schemes. For this reason 
the Russian set or, as it is frequently referred to, the 
ABN set,'' was used, self-shielding factors being in
troduced wherever necessary. Because the fast cores 
were expected to be small, a discrete ordinate method 
of calculation was used, the order of the calcula
tion being either 4 or 8 depending on the degree of 
convergence ref|uired. When the fuel was U-235, the 
multiplication constant was adjusted to unity by 
changing the core radius in case 1 or the outer core 
radius in case 2. Case 3, the AARR mock-up, is a crit
ical system and the radius was not adjusted. The pre
dicted krif was slightly greater than unity, but it was 
not felt that the difference was large enough to war
rant further adjustments in the calculation. 

Upon substituting plutonium for uranium, atom per 
atom in the fuel, the calculated fc,„ increased. Now k 
can be restored to unity by: 

(a) changing the core radius, 
(b) increasing absorption in the core, or 
(c) increasing absorption in the experimental re

gions. 
The first method corresponds to lo^vering the core 
power in the case of operation at constant power den
sity or increasing the power density in the case of op
eration at constant power. Neither case is representa
tive for current high flux research reactor design where 
operation at maximum power density permitted by 
current technology and maximum power permitted by 
current budget is the rule. The second method of re
storing criticality operates effectively by decreasing 
the rj of plutonium, thereby losing the advantage of 
the plutonium fuel. Obviously, of course, if one is op
erating on the principle that excess neutrons should be 
used outride the core, one does not want to absorb 
them inside the core. Method 3 corresponds to increas
ing absorption in experiments. The effect of a beam 
tube can be represented as the effect of a small amount 
of black absorber in a reflector or as simply as in
creased amount of leakage from the reflector. For case 
1 criticality was restored by putting extra absorption 
into the reflector and calculating the total leakage from 
the reflector plus the increased absorption that occurs 
there; this divided by the leakage from the reflector 
for the U-235 fueled case gives the relative increase 
in effective beam tube flux or, more correctly, beam 
tube area that can be accommodated with plutonium 
fuel when it replaces U-235. In cases 2 and 3 emphasis 

was placed on computing the increase in absorption 
rate which can be accommodated in the internal 
thermal column, since this represents the possibility of 
increasing the amount of target material which can be 
placed in the island at a given effective flux level. 

RESULTS 

The first ease, a spherical fast core surrounded by a 
heavy water reflector, could not he restored to criti
cality by putting increased absorber in the outer re
flector since an infinite amount of absorber is equiva
lent to placing a black boundary at the reflector-core 
interface. A black boundary was put at the iron 
sheath-reflector interface and the leakage across this 
boundary was computed. When compared with the 
leakage plus absorptions in the outer reflector for the 
case just critical with U-235, it was found that the 
available neutrons increased by a factor of 1.75. Even 
so, the core was still somewhat super-critical and some 
of the excess neutrons had to be artificially removed 
by reducing the effective value of v for Pu-239. Thus, 
a plutonium fueled fast core in a large thermal re
flector, such as DoO, can support a considerably larger 
number of beam experiments at the same flux level 
compared with what is possible using U-235. 

In the second case, the annular cylindrical core with 
a nickel reflector, the excess neutrons tend to pile up in 
the island. Since the island is small compared with the 
remainder of the system, one can expect a large gain 
in effective capture rate in the island. This was meas
ured by using a large amount of boron distributed in 
the island to mock-up capture in a target substance. 
The increase in capture rate necessary to restore the 
system to criticality corresponded to an increase in 
reaction rate in the target by a factor of 4.9. 

In the third case, the .\.ARR mock-up. the alwitp-
tion occurs in both the internal thermal column and 
the beryllium outer reflector. For purposes of this cal
culation, only an increase in the absorption rate in 
the island was used to restore the system to criticality. 
To restore criticality the capture rate in the island had 
to be increased by a factor of 4 when plutonium was 
substituted for uranium. But this increase caused a 
change in the overall flux shape, and the absorption 
and leakage from the outer reflector decreased. Under 
these conditions it may be expected that by distribut
ing experimental absorbers, that is to say target ma
terials or beam tubes, in different ways other distribu
tions of gain might be observed. These gains in capture 
rate might range from the order of 1.4 as observed in 
the MTR experiment to nearly 4 as calculated in the 
current instance. 

Result* are summarized in Table II-5-IV. 
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TABLK II 5-IV. GAIN IN AUSOHPTIONS PER EXPERIMENT 

WHEN PLUTONIUM REPLACES URANIUM 

System 

Case 1: Kast Core 
OiO outer reflector 

Cusc 2; Fast Annular Core 
IIlO island 

Cuav. :i: "AARR" 

1.75 

4.9 

4» 

• In island only; absorptions in outer reflector are decreased. 

C O N C L U S I O N S 

The increasing supply of plutonium and the in
creasing experience with plutonium fuel fabrication 
indicate that handling plutonium fuel is not an extraor
dinary problem. The supply of plutonium fuel com
pared with the needs for fuel by research and test re
actors is so large that plutonium for research and test 
reactor purposes is not rare. The real problem is that 
associated with the hazards that occur should there be 
a hirge-scale release of fission products and fuel ma
terial from a plant. There is no denying that the bone 
dose from such biologically effective materials as 
plutonium-239 and -240 is a new and significant prob
lem in reactor hazards. Nevertheless, in the case of 
plutonium substituted for uranium, atom for atom in 
AARR, the typical hone do.se from the strontium iso
topes after ninety days of full power operation is of 
the same order as the bone dose from the plutonium 
fuel. Thus, in this case the additional hazard in the 
use of plutonium is no more than a factor of 2 greater 
than that posed by uranium fuel. Of course, for fast 
cores with a higher inventory of plutonium the factor 
may be larger. Obviously, too, the Pu-240 content 

should be low since, gram for gram, Pu-240 is (liree-
and-one-half times more biologically elTectiM' than 
Pu-239. 

Balanced against this increase in hazards is the in
crease in the effective flux by a factor of 2 to 5. Hence 
for the same total number of captures the strontium 
inventory is reduced as well as the inventory of other 
long-lived products. 

The conclusion is that a technologically sound and 
economical way to increase the neutron flux le^'el [ler 
unit power in modern research and test reactors is to 
use plutonium fuel. In this connection, it should also 
be pointed out that historically the test and research 
reactors have been the proving grounds for ad\'anced 
methods of fuel fabrication and design and for heat 
removal. Since progress in pow'er reactor technology 
is so heavily dependent on progress in these fields, 
there is an added incentive over and above the needs 
of the research reatcor user to design research and test 
reactors with plutonium fuel. 
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II-6. .4rgonne Advanced Research Reactor Critical Experiments—Mockup 
Experiments And Critical Experiments With Stainless Steel Core 

K. E. PLUMLEE, J. W. DAUGHTRY, T . W . JOHNSON, W . R . ROBINSON, R . A. SCHULTZ and G. S. STANFORD 

Physics experiments performed in support of the 
design effort for the Argonne Advanced Research Re
actor (AARR) included tests with mockups of internal 
thermal columns ( ITC's) ; various control and safety 
elements; a graded or power-flattened fuel loading; 
modifietl beryllium reflector; beam tubes; aluminum 
shroud; and a section of pressure vessel. The critical 

experiment used a fairly detailed mockup of a densely 
loaded stainless steel clad core design for AARR (Fig. 
II-6-1). 

The AARR design was changed recently to make 
use of the aluminum clad cores already being intmu-
factured for the High Flux Isotope Reactor (TIFIR) 
located at Oak Ridge National Laboratory. I t is still 

http://do.se
file:///uclrar
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Fic . II-6-1. Plan View of Critical Facility, ANL Neg. No. lll-9tS8. 

a possibility that the stainless steel core design will 
be considered for development as an advanced core 
to be used in future upgrading of AARR. Because of 
the rather short cycle time when using an HFIR type 
core, modifications of the core might be made during 
preparation and installation of replacement cores, 
without further interruption of reactor operation. The 
densely loaded stainless steel clad core is one of several 
altematives which might be studied in selecting an ad
vanced design. The critical experiment provided in
formation which will be essential in evaluating advan
tages and disadvantages of the stainless steel clad core 
relative to other designs. 

Three basic core assemblies (4a, 4b, and 5) were 
used while taking the data discussed in this report. Re
sults obtained with Assemblies 1, 2a, 2b, and 3, as 
well as some information for 4a and 4b, have already 
been published.^' -• ^ The fuel loadings are given in 
Table II-6-I. The assemblies were reloaded to use 
more fuel as it became available. Thus Assembly 1 
used 315 standard fuel strips and Assembly 4a used 
1215 standard fuel strips (as described in Table II-6-
I I ) , and 1620 boron-stainless steel (B-SSi poison 
strips to compensate for the increased fuel loading. 
Assembly 4b was similar to 4a except that enlarge
ment of the ITC necessitated removal of 42 fuel posi-
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tions (7 from each of 6 adjacent fuel sub-assemblies) 
and replacement of some boron-stainless steel by plain 
stainless steel strips, for reactivity compensation. As
sembly 5 was power-flattened by substituting thinner 
fuel foils for some of the standard thickness foils, thus 
reducing the peak power density. This graded fuel 
loading was a test of a physics reference design result
ing from calculated flux and power distributions.' Com
pared with the uniformily loaded Assembly 4b, the 
graded loading involved reduced fuel composition 
around the ITC and also at the periphery of the fuel 
region. Stating nominal foil thicknesses as fractions of 
the standard 0.011 cm (0.0044 in.) thickness, the first 
eight fuel positions in each of the six sub-assemblies 
adjacent to the ITC were loaded with foils of the fol
lowing thickness fractions, starting next to the I T C : 
0.22, 0.28, 0.37, 0.47, 0.60, 0.75, 0.91 and 1.0. At the 
periphery only three toils were thinner than nominal, 
and starting with the outermost foil, the fuel positions 
were loaded as follows: 0.42, 0.57, 0.78 and 1.0. Typi
cally there were 64 standard thickness foils along a row 
reaching between the regions having reduced foil 
thickness. The stainless steel envelopes containing the 
fuel foils were of compensating thickness so that the 
combined thickness of a foil and an envelope was the 
same (0.025 cm) for every foil thickness used. 

There were several minor loading changes of short 
duration which were of concern only for a specific ex
periment. All of the loadings involved the same metal-
to-water volume ratio, with changes being restricted 
to interchangeable parts of fuel positions. 

The fuel region consisted of 45 rhombic subassem-

TABLE I1-6-I, B,\sic CORE LOADINGS 

TABLE II 0 II , AARR F U E L F O I L DESOKIPTION 

Assembly No. 

1 
2a 
2h 
3 
4a 
4b 
5 

U-235 Loading', 
kg 

16.07 
31.40 
31.40 
41.37 
61.49 
59.37 
.57 31 

Boron Loading, 
g 

0 
220 
220 
426 
850 
707 
572 

Measured 
Reactivity, 

% 

0.4'-
3.6'' 
4.8 
2.7 
2.2 ' 
3.6« 
4.3-' 

° Fuel loading esliniates inrlnde final values for fuel enrich
ment and wei(^h1. 

^ Reflector for Assemblies 1 and 2a was 10% Plexiglas by 
volume. Plexiglas was in 1.12 cm thick horizontal layers sepa
rated by 10.2 cm thick beryllium layers. 

« Measureriitints with Assembly 4 were with beryllium filled 
aliiniiniim beam tubes installed in the reflector; a loss of reac-
livity of about 0.3',7, was caused by the aluminum beam tube 
wails mid the m-cew-sarily incomplete herylliuni filling. 

"" Meaeureinents with Assembly 5 were with a tangential 
beam tube located 5.1 cm from the fuel zone, resulting in a loss 
of reactivity of about 0.2%. 

Uranium 
Weight, 

g 

Nominal 
Numlier 
in Fuel 

Assembly 

Standard Fuel Foil 
54.32 I 18.0 X 2.234 X 0.0(M4 | 

Thin Fuel Foil 
51.14 
47.54 
40,68 
29,65 
26,23 
20.60 
16.41 
11.32 
9.16 
6 .9 ' 

18,0 X 2,234 X 0,0041 
18,0 X 2,234 X 0,0039 
18,0 X 2.234 X 0.0033 
18.0 X 2.234 X 0.0026 
18.0 X 2.234 X 0.0020 
18.0 X 2,234 X 0,0010 
18.0 X 2,234 X 0,0012 
18.0 X 2.234 X 0.00O9 
18.0 X 2,234 X 0.0007 
18.0 X 2.234 X 0.00065 

9 
61 
36 
36 
15 
36 
9 

15 
9 

15 

llcplarc 
lieavier 
foils 

' Except adjoining large ITC. 
I* Estimated. 

WEIGHT, q 

Flu. II.6-2. Foil Weight Distribution for 0,011 cm N'..ininal 
Thickness Foils. ANL Neg. No. 111-9035. 

blies each of which contained 27 fuel plates except 
where the enlarged ITC limited the space available for 
the six surrounding subassemblies, restricting them to 
20 plates each. Plate thickness was 0.10 cm, including 
up to 0.011 cm of highly enriched uranium metal. The 
remainder was composed of boron-stainless steel and 
stainless steel. Water content was deterniined mostly 
by the 0.10 cm spacing between fuel plates; however, 
there were local variations from the one-to-one metal-
to-water ratio. Variations occurred near the ITC, near 
control blades, and near the top and bottom of the 
core. 

The fuel region was approximately aiimihir, en-
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closing a hexagonal ITC of 4.8 or 7.3 liter volume. The 
six peripheral safety blades formed the outer boundary 
of the fuel zone. The fuel region volume was roughly 
77 liters, including the ITC and six interior control 
blade channels (0.55 liter volume each). The six pe
ripheral safety blade channels (0.76 liter volume each) 
are excluded from the total of 77 liters. The control 
and safety blades were equipped with aluminum fol
lowers, and the blades were generally 0.51 cm thick, 
with two thin (0.38 cm) blades and followers being 
installed in the interior set and two in the peripheral 
set during loadings 4 and 5, for use as safety blades. 

The thin blades were obtained to assure shutdown af
ter it was found that the thick blades were rubbing in 
the 0.64 cm wide channels during temperature coeffi
cient tests. 

The following summary is given as an indication of 
the limitations encountered in fuel fabrication; these 
limitations have caused localized variations within the 
assemblies described in Table II-6-I. Thickness toler
ances were ±0.00051 cm for the thicker toils, and 
±0.0003 cm for the thinnest foils; the thinnest foils 
were prepared by Argonne National Laboratory, j\Iet-
allurgy Division, rolling sandwiched foils. .Among the 

SOURCE TUBE 

Flo. 11-65. Plan \ie\t at Critical Facility With Detailed Reflector Mockup RP-1-MM8-E. ANL Neg. No. tlS-HIOIi. 
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chemical purity requirements were limits on the in
crease in impurities during fabrication steps, including 
iron-150 ppm; carbon-300 ppm; and all others com-
bined-400 ppm. Although some elements were given 

individual limits, no difficulty was encountered there
with, other than iron and carbon. The following ele
ments occurred frequently with 100 ppm or greater 
concentrations: aluminum, copper, silicon, chromium. 
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FIG. II-6 6a. ITC Arrangement, ANL Neg. No. Ili-l 
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tungsten, nickel, magnesium and calcium in order of 
decreasing concentrations. 

Of 1,485 fuel foils of 0.011 cm nominal thickness, 
210 were judged to be out of tolerance on thickness 
alone; 87 more were out of tolerance for both dimen
sional and chemical limits; and 263 more were out of 
chemical tolerances alone. There were 916 foils which 
w'ere not questioned and 9 more which passed inspec
tion in a thinner category than intended. The weight 
distribution for those foils is indicated by Fig. II-6-2. 
The sharp drop below 53.0 g is the result of transfer 
into the ad.iacent thinner foil category having an 
average weight of 51.1 g. The 0.011 cm nominal thick
ness category declined from an a\'erage weight of 54.6 
g in early receipts to 54.32 g, overall. General use in 
the fuel assemblies was limited to a range of 53.0 to 
56.0 g. This range was the result of an early estimate 
that foil weights would average 54.5 g with a standard 
deviation of ±1.5 g. The final average was 54.32 g 
with a root-mean-square deviation of 1.0 g. Because of 
the retention of previously loaded fuel in each new 
loading the limits were not changed. 

The radial beryllium reflector used with Assemblies 
1 through 5 is indicated in Figs. II-6-1 and II-6-3. The 
minimum radial thickness of beryllium was 30.5 cm. 
During experiments with Assemblies 1 and 2a, there 
were horizontal layers of Plexiglas in the reflector to 
provide a hydrogen content comparable to 10 v/o HjO 
coolant. The beryllium was in 10.2 cm-thick layers 
which were separated by 1.12 cm Plexiglas sheets. Nu
merous penetrations and modifications were made in 
the reflector. The 2.9 cm o.d. guide tube for the startup 
source permitted source insertion to a position sepa
rated from the fuel region by a 5.1 cm thickness of 
beryllium. Several beam tubes have been installed and 
removed at various times; this is also true of instru
ment thimbles, foil holders and water gaps. (Personnel 
involved in prolonged handling of beryllium metal 
were required to wear filter type breathing equipment 
to avoid inhalation of beryllium contaminated air. The 
Argonne National Laboratory Industrial Hygiene and 

Safety Division monitored airborne beryllium levels 
during periods of beryllium handling). 

A fairly detailed reflector mockup (Figs. II-6-4 and 
II-6-5) was prepared representing all AARR hori
zontal beam tubes and vertical facilities involving the 
beryllium reflector. The horizontal beam tubes were of 
square cross section to ease the difficulty of fitting 
beryllium reflector blocks around the beam tubes. The 
vertical openings were cylindrical. The purpose of the 
mockup was to permit measurements of reactivity re
sulting from the coolant, aluminum, and void volumes 
taken up by the penetrations into the reflector, ami to 
allow measurements of neutron yields and spectral in
dices for representative positions. 

The dimensions and some details of the structure of 
both the large and the small ITC are given by Fig. 
II-6-6, Fuel around the ITC is in a steep flux gradient, 
consequently its worth varies radically with radius, 
and the boundary about the ITC must be stable to 
avoid reactivity variations. Moreover, since a reactor 
accident might be severe enough to expel fuel into the 
ITC, thus complicating the accident, brace rings were 
in.stalled which strengthened the walls of the ITC sub
stantially. The brace rings were temporarily replaced 
by other components during a few experiments requir
ing access to the entire volume of the ITC. These ex
periments included the beryllium ITC liners and the 
large void reactivity measurements. 
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II-7. Argonne Advanced Research Reactor Critical Exper iments -
Thermal Flux in the I n t e m a l Thermal Co lumn 

0 . S. ST.\NFORD and W. R. ROBINSOX 

-Absolute Peak 

INTRODUCTION 

Measurements of the thermal flux at the center of 
the Internal Thermal Column (ITC), per watt of core 
power, for four of the AARR critical-assembly load

ings are reported. Machine-calculated spectra were 
used to determine flux-averaged cross sections for the 
gold and uranium foils that were irradiated in the in-
tM-nal thermal columns; measured corrections for the 
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difference between the fission rate in fuel and in adja
cent foil were applied; and in determining the actual 
operating power, consideration was given to the local 
reduction in fission rate caused by inserted and par
tially inserted control blades. 

The measurements were for Cores 3, 4a, 4b (uni-
forml, and 5 (graded). Core 1 was included in the ef
fective-cross-section calculations, although an accurate 
power measurement was not made in that core. 

EFFECTIVE THERMAL CROSS SECTION.S FOR GOLD 

AND T'RANIUM IN THE ITC 

The cadmium-ratio measurements were made using 
20-mil cadmium coders, for which the cutoff energy for 
a l/^• detector is approximately 0.55 eV. Thus, in using 
the 16-gioup computer-calculated spectra for determin
ing the effective thermal absorption cross sections, it is 
necessary to consider the energy groups G16 (0 to 0.1 
eV), G15 (0,1 to 0.4 eV), and part of G14 (0.4 to 1.0 
eV). The partial group will he designated G14p (0.4 
to 0.55 eV). 

On the assumption (amply accurate for this pur
pose! that the G14 flux is 1/E, it is easily calculated 
that the flux ratio 'pn,..'<l>n is 0.347. The resulting 
group fluxes arc listed in Table II-7-I, which also in
dicates the computer code used to calculate them. 

For groups 15 and 16, the flux-averaged group cross 
sections used were those provided by T H E R M 0 S cal
culations,' for a l./v absorber at the center of the ITC. 
These were one-dimensional calculations of the space-
dependent spectrum in cylindrical geometry, with cell 
boundary conditions imposed midway through the fuel 
region. For the three loadings calculated in this way 
(Cores 1, 3 and 4a), the two cross sections were vir
tually invariant at 0.434 and 0.935 barns (per barn of 
2200 m/^ec cross section), respectively. It was assumed 
that these values also apply to loadings 4b and 5. On 
the basis of an a.ssumed 1/E flux in G14p, the effective 
1/v cross section for that group was calculated to be 
0.236 b. 

The curve in BNL-325 was used to estimate the ef
fect of deviation from l / v for the gold cross section, 
for G14p and 015. The corrections used were respec
tively (47 ± 3 )% and (18 ± 3)%. Table II-7-II fists 
the group cross sections used. 

The effective thermal absorption cross sections, u,,,, 
can now be calculated, using 

"rlt 
cro 

(1) 

where <T, is the flux-averaged group cross section (rela
tive to ô o, flic 2200 m/sec cross section) for the tth 
energy group, from Table I I -7-I I ; and (#>, is the normal
ized group flux from Table II-7-I. The results are 

As
sem
ble 
Nn. 

1 
3 
4B 
4b 
6 

TABLH 

Loading' 

315/000 
810/810 

1215/1620" 
1173/1347 
1173/1089 

II-7-I. 

ITC 
Radius, 

cm 

5.9 
5.9 
5.9 
7,2 
7,2 

C,\I.C01,,V I'ED I T C Vl.VKt 

Normalized Grouji Flu,\rs 

G14, 

xio-« 

2.437 
2.614 
2.704 
2,10(i 
2,038 

b 
* x 
o 

8,40 
9,07 
9,39 
7.31 
7.07 

G15 

0.2402 
0.2501 
0,2547 
0,2143 
0,2101 

G16 

1.0000 
1.0000 
l.OOOO 
l.OIKK) 
1.001)0 

Cidc 

1!10.\ 
liiO.V 
liHX 
.MACII 1 
.MACIl 1 

» The two numbers given are respectively Ihe iiiiinlici nf fuel 
plates and the ntimber of boron-poisoned stainless SI(M1 si tips. 

^ Calculations actually done for 1215/2000 loading, 'MII ef
fect I'f 380 extra boron-poiaoiied strips would be stnttll. 

TABLE II-7-II. EFFECTIVE CiRoup Cuoss SEC i 
FOR ITC 

Group 

16 
15 
14p 

Energy, 
eV 

0-0.1 
0.1-0,4 
0.4-0.55 

<7I, 'V/TO 

0,9347 
0,4343 
0.236 

..../<,. 

0.9317 
0.512 ± 11.013 
0.347 ± 11,1)07 

TABLE n -7 - I I I . EFFECTIVE THERMVL Ansniu'rn 
SECTIONS IN THE ITC OK A A H K L<)\I>INI; 

Assembly 
No. 

1 
3 
4a 
4b 
5 

auy/ffo 

0,8337 
0,8303 
0.8287 
0.8427 
0.8443 

CTAu/ffo 

0.8494 
0.8466 
0.8452 
0.8572 
0,8584 

(T2S (fission), 
b 

481 
479 
478 
480 
487 

b 

83.9 
83,6 
83,5 
,S4,7 
84,8 

given in Table II-7-I11. The uncertainties listed in 
Table II-7-II in the cross sections for G15 and G14p 
lead to an error of < 'A% in cr,./,. I t is arbitrarily as
sumed that the cross sections in Table II-7-I1I are 
good to ±2%. 

CORRECTIONS FOR CAOMIUM COVERS 

Let CdR be the observed cadmium ratio in the ITC, 
and let CR be the "ideal" cadmium ratio—which would 
be observed if the cadmium were a perfect filter chang
ing from black to transparent at 0.55 eV. Also let A,, be 
the specific activation of a bare foil, and let A,, and 
Ae be respectively the sub-cadmium and epi-cadmium 
components of Ai,. Then Cii! = Ai/Ac = (A, -+• .4 , ) / 
A, and 

CR 1 
CR (2) 

It can be seen from Eq. (2) that the calculated value 
of the subcadmium activation Ag is not sensitive to er-
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rors in the measured cadmium ratio, provided CdR 
» 1. For the two values of the gold CdR involved in 
these measurements—7.42 and 9.11—a 10% error in 
CdR leads to errors of less than 1.8% and 1.4%, re
spectively, in A,. In the case of the fission-product 
activity from lj-235, where the cadmium ratios are 60 
to 90, the corresponding errors are very much smaller. 

I t can also be shown that in calculating A, in these 
cases the effects of transmission of subcadmium neu
trons by the cadmium can be neglected, along with the 
epicadmium absorption by the cadmium. Therefore, 
for these measurements, the cadmium can be considered 
to be a perfect filter with a sharp cutoff at 0.55 eV, and 
Eq. (2) is valid. 

SELF-SHIELDING AND OUTER FLUX DEPRESSION 

In 1-mil gold, there is, of course, a large amount of 
self-shielding at the 4.9 eV resonance. However, this 
does not pertain to the present determination of ther
mal flux, since it is the subcadmium component of the 
bare-foil activation that is used for the flux determina
tion. 

In the thermal-energy region, the effects of both self-
shielding and outer flux depression are covered by the 
well-known equation:^ 

(3) 

where / I , and <t>u are the unperturbed thermal activa
tion and flux, 0 is the thermal fltix averaged over the 
volume of the foil, r is the optical thickness tXa of the 
foil, and £3(7) is the third-order exponential integral. 
The factor g is a function of the foil diameter, foil 
thickness and medium surrounding the foil. The gold 

A, 

A,. <t>u ' 

[M - E,(r)]/T 

l - b [ « -Es(r)]g' 

and uranium foils used in these experiments were 0.28 
cm in diam. For those foils, in a water medium, g is 
approximately 1.4. 

Using an effective <x„ of 84 b for gold, T for a 1.1-mil 
foil is 0.0139, leading to G = 0.946. 

In the case of the enriched (93.2%) uranium foils, 
the self-shielding and flux-depression factor G is to be 
calculated using the total absorption cross section (693 
b at 2200 m/sec), multiplied by the value of ou,/(ro 
from Table II-7-III . The resulting values of G are 
0.824 and 0.694, respectively, for the 1-mil foils used 
in Core 3 and the 2-mil foils used in Core 4c. 

FLUX DETERMINATIONS 

The unperturbed subcadmium flux 1̂ , at the location 
of the foil is given by: 

*. = ^ , (4) 
£\a,ffG 

where A, is the subcadmium saturated activation per 
gram of foil, p is the density of the foil material, G is 
the correction factor for self-shielding and flux de
pression, N is the number of atoms per cm^ of foil and 
(Ttff is the spectrum-averaged subcadmium absorption 
cross section from Table II-7-III . The calculated 
fluxes for the seven runs that were made are listed in 
Table II-7-IV. 

In Core 5 toils of both uranium (2 mil) and gold 
were used in the ITC, on three separate occasions. As 
can be seen from Table II-7-IV, there is good agree
ment between the gold and uranium results. The first 
measurement in Core 5 (run No. 53-1) was combined 
with an experiment which involved having several 
anomalously heavy fuel plates in the graded region 

3 
4a 

4b, Run 50-161 
Run 60-166 

5, Run 53-1 

6, Run 64-5 

5, Run 64-6 

Foil 

Au 
Au 
Au 
Au 
Au 
U-235 
Au 
U-236 
Au 
U-235 

TABLE II-7-IV. CAU:eLATiON 

CdR 
± 1 0 % 

7.42 
7.42 
9.11 
9.11 
9.11 

90 
9 11 

90 
9.11 

90 

CdR- 1/Cd R 
± 2 % 

0.887 
0.887 
0.890 
0.890 
0.890 
0.9m'' 
0.890 
0.989'' 
0,890 
0,989' 

or ITC FLOX 

Saturated Activations, 
sec-' g- ' X 10" 

At 
± 3 % ' 

2.41 
15.91 
7.28 

38.2 
27.8 
27,6« 
38,9 
46,4" 
27,7 
46,2" 

A. (Eq. 2) 
±4rc 

2.14 
14.11 
6.4S 

34.4 
24.7 
27.2" 
34.6 
44.9" 
24.6 
45,7" 

(from Table 
II-7-III), 

b 

83.6 
83.5 
84.7 
84.7 
84.8 

487 
84.8 

487 
84.8 

487 

cm"' sec*' X 
10» 

±5% 

8-85 
58,4 
26,4 

140,3 
100,9 
102.3 
141.0 
142,8 
100,2 
105,7 

• Ab ia the saturated specific activation of the bare foil. 
>• ±0.2%. 
• FiBSions/g X 10". 
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near the ITC. As in the other eases, the calculation 
was performed for the core as it was when the run was 
made. In run No. 54-56, the measurement was repeated 
with the regular graded loading. The results are seen 
to agree within experimental precision. 

ABSOLUTE DETERMINATION OF CORE POWER 

General Considerations 

The reactor power was determined by absolute 
counting of uranium foils or fuel samples (specifically, 
by absolute determination of Mo-99). The determina
tion was performed by the Radiochemical Laboratory, 
Argonne National Laboratory. Using the known reac
tor running time, the fission rate during the run could 
then be determined for the sample or samples analyzed. 
.Although there are some uncertainties and ambiguities 
m converting such a number to total core power, it is 
possible to get numbers which are meaningful within 
stated limits. 

The principal uncertainty lies in the process of 
numerical integration over the core volume. The most 
clear-cut case occurs when all blades are withdrawn 
and criticality is controlled by water level, in which 
case the radial and vertical fission-product traverses 
taken under the same conditions can be used directly 
to determine the actual power at which the reactor 
was running. (However, relating such results to the 
fully-reflected operation of the power reactor becomes 
somewhat tenuous.) The measurements in Core 4b, 
and one in Core 5, were done in that manner. In Core 
3, the measurement was made with full top reflector, 
and with criticality controlled by a cluster of three 
blades. In this case, it is necessary to consider, in do
ing the numerical integration, the power depression in 
the vicinity of the control blades. Since a certain 
amount of guessing is inherently involved, the uncer
tainty limits are consequently larger. The same sort 
of problem arises for the measurement made in Core 
4a, where criticality was controlled by means of two 
partially inserted blades on opposite sides of the core. 

Note that none of the above-mentioned operating 
conditions corresponds to the anticipated operating 
configuration in AARR, which is with peripheral blades 
banked somewhat below the top of the fuel, and in
ternal blades banked at whatever position is required. 
Consequently, measurements were made in the graded 
loading (Core 5) with both water-level critical and 
banked-blade configurations. For the latter, the periph
eral blades were banked with their tips 2.5 cm below 
the top of the fuel, and criticality was obtained with 
the internal-blade tips approximately 5 cm below the 
midplane of the core. 

The ITC fluxes reported in this paixir are per watt 
of core power, for the actual operating configuration 
of the critical assembly. 

Numerical Integration 

The fission-rate determinations were made at loca
tions near the midplane of the core and near the center 
of a 27-plate fuel assembly. The fission foil was re
tained in a 40-mil thick aluminum spear, which was 
inserted into the selected water channel. Experiments 
involving analysis of fuel-plate samples were done in 
Assembly 4b to investigate the relationship of these 
water-channel measurements to the actual fission rate 
in the fuel. 

In doing a numerical integration to determine the 
total core power from such a single-point measure
ment, there are about five steps to be followed; 

1. Since the fission rate is not constant across the 
width of a fuel plate, a factor consisting of the ratio 
of the average fission rate across the fuel plate to the 
fission rate at the center of the plate should be used. 
On the basis of the above-mentioned fuel-sampling ex
periments in Core 4b, plus wire-activation measure
ments,^ the value 1.03 ± 0.01 has been used. 

2. A multiplying factor is needed to convert the 
fission rate observed for a foil in an aluminuni .spear 
between the fuel plates to the fission rate in the fuel. 
From the experiments in Core 4b, this factor was 
found to be 1.16 ± 0.02. Such a measurement was not 
made in Core 3, but the factor would be expecteil to be 
somewhat smaller in that core, since the lighter fuel 
loading should lead to less shielding of the fission foil 
by the fuel. Consequently, for Core 3 the arbitrary 
factor 1.12 ± 0.04 has been used. 

3. A factor for vertical averaging can be obtained 
by numerical integration of vertical fission-product 
traverses in the fuel region. For the blade criticals in 
Cores 3 and 4a, the factor is 0.77 ± 0.04. For Core 4b, 
water-level critical, the factor was 0.65 ± 0.03. (This 
factor is for the entire fuel region, including the jitirt 
not covered by the water.) The factors for Core 5 
were obtained similarly. 

4. A factor for radial averaging can be obtained 
from the radial traverses. However, because of the 
very steep gradients at both the inner and outer 
boundaries of the fuel zone, and because of the gen
erally nonhoinogeneous nature of the core, the uncer
tainty in the result (as estimated by varying some of 
the input quantities) is of the order of ±8%, The radial 
factors used for Cores 3, 4a and 4b were respecti\ely 
1.06,1.18 and 1.11, each with an assigned error of ±8 ' ' ; . 
For Core 5 the fact that that the loading was graded 
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made the result less sensitive to the values at the inner 
and outer boundaries of the core; the error assigned in 
that case was ± 5 % . 

5. For the runs that were made with some of the 
control blades inserted, the reduction in fission rate 
near the inserted control blades must be taken into 
account. Data are not available to permit this factor 
to be much better than a rough estimate, but for the 
case of Core 3 some guidance can be had from Figs. 
11-12-17 and 11-12-18 of Ref. 3. From those figures it 
can be seen that the flux is depressed by a factor of 
about two, over something like a quarter of the core 
volume, .\veraged over the core, this amounts to, say, 
a reduction of (12 ± 4)%, leading to a multiplying 
factor of 0,88 ± 0.04. For Core 4a, two peripheral 

blades were approximately Vs inserted, inducing a 
perturbation estimated to be approximately Vi as large 
as that for the case of Core 3. Thus the blade-perturba
tion factor used for Core 4a was 0.91 ± 0.05. 

In the absence of detailed three-dimensional fission-
rate surveys for the banked-blade configuration, the 
blade-perturbation factor for the two runs in Core 5 
which were made with that configuration is even less 
certain. However, some relevant information can be 
gleaned from Fig. 11-12-26 of Ref. 3, which shows 
vertical activation traverses made near a half-iii.serted 
control blade. The uranium foils for the power meas
urements were slightly below the level of the tips of 
the interior blades, and in the middle of an adjacent 
fuel assembly. Thus it can be inferred that the flux at 

T.\BLE II-7-V. CALCULATIO.N OF REACTOR POWER AND OF ITC THERMAL NEUTRON FLU.X PER WATT 

Core No. 

Run No. 

Criticality controlled by 

Reactor running time, sec 

Fissions/g at test point, X 
10'" 

Correction Factors 
(1) Average across fuel 

plate 
(2) Rate in fuel/rate in 

channel 
(3) Vertical average 
(4} Radial average 
(5) Blade perturbation 

Composite factor: 

Reaction rate, averaged 
over core, fis/g/sec X 
10' 

Uranium present, kg 

Core power, W 

Flux in ITC, cm- ' aec^i X 
10" (from Table II-7-
IV) 

Flux/W of core power, 
cm"' sec"' w~' X 10' 

3 

blades 

676 

1,24 ± 6% 

1,03 ± 1% 

1,12 ± 4% 

0.77 ± 6% 
1.06 ± 8% 
0.88 ± 5% 

0.83 ± 11% 

1.62 ± 13% 

44.4 

21.8 ± 13% 

8-86 ± 6% 

4,2 ± 0,6 

4a 

blades 

960 

7.04 ± 5% 

1,03 ± 1% 

1.16 ± 2% 

0.77 ± 5% 
1,18 ± 8%, 
0.91 ± 5% 

0.99 ± 11% 

7.24 ± 12%, 

66.0 

164 ± 12% 

58,4 ± 5% 

3.8 ± 0.5 

4b 

50-151 

water level'' 

985 

4.18 ± 5%" 

1.03 ± 1% 

0.66 ± 6% 
1.11 ± 8% 

I 

0.74 ± 9.5% 

3.15 ± 11%, 

63.7 

64.8 ± 11% 

26.4 ± 5% 

4.1 ± 0.5 

4b 

50-166 

water level'' 

1900 

39,8 ± 5 % ' 

1.03 ± 1% 

0.65 ± 6% 
1.11 ± 8% 

0.74 ± 9 .5% 

15.56 ± 11% 

63.7 

320 ± 11% 

140.3 ± 5% 

4.4 ± 0.6 

5 

53-1-

banked 
blades" 

329 

4.64 ± 5% 

1.03 ± 1% 

1,16 ± 2% 

0,76 ± 5% 

1.04 ± 5% 
0,85 ± 12''c 

0.80 ± 14% 

11.31 ± 16% 

61.0-

224 ± 15% 

101.6 ± 4%,' 

4,53 ± 0,70 

5 

64-5 

water level"' 

389 

8.29 ± 5% 

1,03 ± 1% 

1,16 ± 2% 

0.57 ± 5% 
1.03 ± 5% 

f 

0.70 ± 8% 

14.93 ± 9% 

61.5 

297 ± 9% 

141.9 ± 4%« 

4,8 ± 0.5 

-o 

54-0 

banked 
blades" 

635 

7,97 ± 5% 

1,03 ± 1% 

1,10 ± 2% 

0.76 ± 6%: 
1.03 ± 6% 
0.85 ± 12% 

0,80 ± 14% 

11.84 ± 15% 

61.5 

235 ± 15% 

103,0 ± 4%> 

4,39 ± 0,70 

• For Run 53-1, there were four extra-thick fuel plates in the graded region near the ITC. 
*> 85% of fuel was flooded. 
<^ Internal blades banked with tips --̂ 5 cm below midplane of core; peripheral blades banked with tips ^2 .5 cm beli 
** 779(: of fuel was flooded. 
• Analysis of sample punched from center of fuel plate. 
' Runs were made with water-level control. 
' Average of gold and uranium results. 

w top uf fuel. 

file:///veraged
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the foil position was approximately 5% less than the 
asymptotic value. 

Some apjiroxiniate averaging over the volume of the 
core, on the basis of the above-mentioned figure, leads 
to an estimated blade-perturbation factor of 0.85 ± 
0.10, incluiling the 5% allowance for the foil position. 

RESULTS AND DISCUSSION 

The data are summarized in Table II-7-V, which 
gi\'es the calculated power for each of the runs, and 
also the calculated flux per watt of core power. 

It can be seen from Table II-7-V that, considering 
the (rather-broad) error limits, the peak flux in the 
ITC per watt of core power is roughly the same for 
all of the run.s—which include two ITC sizes, several 
blade-reflector configurations and several fuel con
figurations. .\U of the values lie within 15% of the 
average value, which is 4.2 X 10' cm~^ sec~' W~ ' . 
The experimental precision is not sufficient to confirm 
the slight dependence on loading density that is indi
cated by theoretical calculations, which predict a 10% 
reduction in going from Core 1 to Core 4a . ' " 

The measurements indicate that the peak flux at 

100 MW would be approximately 4 X 10'= n cm-, sec, 
and at 240 MW would have been within about 20'.' ol 
10'" n/cm-'-sec. Although most of the iiieasuirments 
were made with critical-assembly operating condilicuis 
different from the probable operating conditions of 
the design reactor, the error limits are bro.ad enough 
that they are likely to encomiiass just about all jinssi-
ble blade-reflector configurations. 

Appreciable reduction of the error limits would re
quire a detailed program of three-dimensional fission-
rate mapping in the fuel region. 
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H-8. Argonne Advanced Research Reactor Critical Exper iments -
Power Distr ibut ion Measurements 

-Activation and 

W. R . ROBINSO.N and G. S. STANFORD 

Foil activation traverses and power distribution 
measurements were made in the AARR critical ex
periment (Assembly 4b) to measure the effect of 
beryllium on the peak thermal-neutron flux in the in
temal thermal column (ITC) per unit reactor power; 
to locate and measure power peaks and flux perturba
tions throughout the core; and in Assembly 5 to de
termine the effect of grading the fuel in the vicinity of 
the inner and outer radial core boundaries on the peak 
fluxes in the ITC and in the beryllium. The AARR 
critical experiments utilized a stainle.ss steel core. Ex
perimental methods involved both disk-shaped foils 
and wires of uranium-aluminum alloy and have been 
reported in previous annual reports.'- ^ The composi
tions of Assemblies 4b and 5 are given in Paper II-6. 

RESULTS 

EFFECT OF BERYLLIUM ON THE PEAK THEHM.AL NEUTRON 

FLUX IX THE ITC 

Beryllium is being considered for inserts in static-

irradiation tubes in the ITC, when these tubes are not 

to be used during all or part of a core cycle. Introduc
tion of a full length 2.5 x 2.5 cm beryllium column at 
the axis of the enlarged 7.2 cm area-equivalent radius 
stainless steel ITC increased the reactivity by 0.26%. 
A 5 X 5 cm column was worth 0.94%. Radial distribu
tions in the presence of these axial columns were re
ported earlier;- they show flattened flux inside the 
beryllium regions, as would be expected because of the 
small slowing-down power and absorption cross sec
tion of beryllium. Inside the 5 x 5 cm column, the rel
ative activity is approximately 10% lower than for 
the 100% water-filled ITC. 

Recently, measurements were made with beryllium 
liners in the enlarged, aluminum-walled ITC. Radial 
distribution with U-235 fission detectors through these 
liners again show that as the amount of beryllium in
creases, the ratio of the peak-ITC to average-fuel-
zone activity decreases. Figure II-8-1 shows the ti;i-
verses and the thickness of the beryllium liiieis. 'I'MI.II. 
II-8-I summarizes the water levels for criticality for 
various ITC loadings ind indicates that as Ihe aiiicmnt 

file:///ilianccd
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• 
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1 1 
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DISTANCE FROM CENTER OF ITC, cm 

Ful, II 8 1, Radial Traverses of U 235 Fission Activity of 

Bare Foils through Beryllium Liners in the Large ITC. ANL 

Neg. No. msltl. 

of beryllium increases in the ITC, the total reactivity 
of the system also increases. 

COMPARISON OF STAINLESS STEEL AND ALUMINUM ITC 

Comparison of the relative gain in reactivity from 
the 100% water-stainless steel ITC to the 100% water-
aluminum ITC may be seen from the corresponding 
critical water levels in Table II-8-I. Radial U-235-
fission distribution curves for the 100% water-filled 
ITC show the aluminum ITC peak value to be about 
5% higher than that of the stainless steel ITC, with 
both curves normalized to common values in the fuel 
zone. 

POWER DENSITY MEASUREMENTS IN THE GRADED FUEL 

REGION WITH UHANIUM-ALU.MINUM WIRES 

Uranium-aluminum wires provide the fine spatial 
resolution needed to measure power peaks and flux 
perturbations. Detailed mappings near control blades 
have been presented earlier;^ they show the flux peak
ing due to the water channels beside interior control 
blade followers. The measurements indicated that the 
azimuthal power peaking in the fuel near control-
blade followers is little affected by the use of a stain
less steel rather than aluminum followers. The power 
peaking was most pronounced within the first Vi cm of 
fuel at the control channel. The azimuthal maximum-
to-average power ratio near the control blade follower 
was approximately 1.25. 

The fuel in Assembly 5 was graded near the beryl
lium reflector and near the ITC. Assemblies 4b and 5 
both contained the enlarged 7.2 cm area-equivalent 
radius aluminum ITC. Grading of fuel in the vicinity 
of the inner and outer radial core boundaries is re
quired, in a practical reactor design, to reduce the 
peaks in power density which result from the steep 
gradients of thermal neutron flux near the edges of a 
heavily absorbing core with highly moderating reflec
tors. 

These activations were made with all blades with
drawn, and criticality controlled by water level. The 
wire segments were located approximately 3 cm below 
the core midplane, at the positions shown in Figs, 11-
8-2 and II-8-3. Two irradiations were made, with nor
malizing points located in Region 1 (Fig. II-8-2). 

The results are presented in Figs. II-8-4 through 11-
8-7, where the activation data are plotted as open 

T.\BLE II-8T. E F F E C T OF BERYLLIUM I,\ THE I.VTEK.VAL 

THERMAL COLUMN 

Note: Both the beryllium columns and the liners were full length. 
The columns were centered at the axis of the ITC. 
The lop of the active fuel zone nominally is al ISS.i cm. 
The level of Ihe foils for Ihe radial traverse was at 106.S cm. 

Condition of the ITC 

100% water ' 
2.5-cm-8quare column of Be* 
5.1-cm-Bquare column of Be" 
100% waterb 
1.3-cm-thick Be liner'' 
1.9-cm-thick Be liner'' 
2.5-cni-thick Be liner'' 

Water Level 
at Criticality, 

cm 

120.72 
120.36 
118,70 
119.31 
115.22 
113.75 
112 (14 

Relative 
Reactivity 

Change, 
/C 

0.0 
0.20 
0.94 

• Htainlcse s led shrninl mi i lip intcrnjil llicnuiil cohiiii 
*• Aluminum shroud on IIH' iniorniil ttierrmil column. 
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points, normalized to unity at the innermost point of 
Region 3 (Figs. II-8-2 and II-8-6). In interpreting the 
graphs, it is necessary to refer to Figs. II-8-2 and I I -
8-3, where the symbols used in plotting are correlated 
with location in the core. For Regions 1, 3 and 4, the 
data permitted interpolation to determine the activa
tion rate that would have been observed at the edges 
of some of the fuel plates. Those interpolations are 
plotted as open diamonds in Figs. II-8-4, 11-8-6 and 
II-8-7. 

To determine the relative power density, the smooth 
curves drawn through the activation data were used; 
the ordinate at the location of each fuel plate was 
multiplied by the weight of the fuel plate. The filled-
in points in Figs. II-8-4 through II-8-7 result from that 
operation. Each such point indicates a fuel plate, al
though not all fuel-plate locations have been explicitly 
shown outside the graded zones. The normalization is 
consistent from curve to cur\'e and figure to figure, per
mitting direct comparison of the relative power density 
at all locations investigated. 

Figure II-8-4 (Region 1) shows the distribution in 
the graded region, eight plates deep, near the ITC. 
Figure II-8-5 (Region 2) shows the distribution in a 

UNGRADED FUEL-
ASSEMBLY 

Flo, 118-2. Wire Loratio 
^l.\7. Neg. No. 111-8994. 

ALUMINUM SUPPORT FOR 
THE INTERNAL THERMAL 

COLUMN (ITC) 

NTERIOR CONTROL 
BLADE CHANNEL 

Near Ihe ITC-(A8sembly 5). 

GRADED SECTION 

PERIPHERAL CONTROL BLADE CHANNEL-
C I S " THICK ALUMINUM FOLLOI«ER 

PERIPHERAL CONTROL BLADE CHANNELS 

Flo. II-8-3. Peripheral Subassemblies, Showing Wire Lo
cations—(Assembly 5). ANL Neg. No. 111-9004 Rev. 1. 

graded assembly (graded region four plates deep) near 
the beryllium reflector, .Also shown is a traverse taken 
earlier through a uniformly loaded subassembly. Figure 
II-8-6 (Region 3) shows the area around one of the 
three re-entrant corners at the ITC where ungraded 
fuel protrudes. Figure II-8-7 (Region 4) shows the 
distribution at the outer corner of the core where the 
graded fuel meets the reflector edge-on. The traverse 
points indicated by ( < ^ 3 ) on Figs. II-8-2 and II-8-3 
were obtained by taping the wire segments to the edge 
of the fuel subassembly so that the center of the wires 
was approximately 0.08 in. outside the plane of the 
edge of the fuel foils (Figs. II-8-8). 

RADIAL TRAVERSES OF U - 2 3 5 FISSION ACTIVITY WITH DISK-

SHAPED U - 2 3 5 — A L U M I N U M DETECTOR FOILS 

Bare and cadmium-covered radial traverses of U-235 
fission activity through the graded fuel sections were 
obtained with disk-shaped U-235-aluminum detector 
foils. Lucite foil holders were used for the blaeked-in 
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Fio, 11.8-4. U-235 Fission Distribution and Power Density 
for Region 1 (Fig. II-8-2) as Measured with Wires through the 
Graded Section of Assembly 5. ANL Neg. No. 112-8998. 

0 0 4 0 8 1,2 l,G 
DISTANCE FROM EDGE OF FUEL ASSEMBLY, in. 

Flo. II-8-6, U-235 Fission Distributicm and Power Density 
for Region 3 {Fig. 11-8-2) as Measured with Wires in Assembly 
6. ANL Neg. No. 111-9001. 
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0 TRAVERSE THROUGH GRADED 

LOADING (ASSEMBLY 5) 

\ a TRAVERSE THROUGH UNGRADED 
\ LOADING (ASSEMBLY 4a) 

_ 13 • POWER DENSITY (UNGRADED) 

s \ ® POWER DENSITY (GRADED) 

\ \ . -POINT OF NORMALIZATION 

- \ ^^^^^=^V^^ ' 

* ® « ® ® 

1 1 , 1 1 1 , 

-

-

* -

1 
1 

1 

0 0 4 0,8 1,2 16 
DISTANCE FROM EDGE OF FUEL ASSEMBLY, in . 

Fiu. II-8-5. U-235 Fission Distribution and Power Density 
for Region 2 (Fig. II-8-3) as Measured with Wires through the 
Graded .Section of Assembly 5, Compared with Data from 
Assembly 4a. ANL Neg. No. I1S-900S. 

0 0,4 0 8 1.2 1,6 
DISTANCE FROM EDGE OF FUEL ASSEMBLY, in 

F I G . II-8-7. U-235 Fission L^istribution aiul Power Density 
for Region 4 (Fig. 118-3) as Measured with Wires through the 
t-iraded Section of Assembly 5. ANL Neg. No. 112-9000. 
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data points at 7.6 cm and 8.2 cm in Figs. II-8-9 and 
II-8-10 to maintain the metal-to-water ratio among 
the graded fuel foils. Previous measurements indicated 
that uranium-aluminum foils in Lucite and aluminum 
foil holders yield the same fission rates. To minimize 
control blade perturbation, criticality was adjusted by 
the water height with all control blades fully with
drawn. 

HYPODERMIC NEEDLE 
0 036 0 D 

U-AI WIRE 0021 ^ F U E L PLATE 

ALL DIMENSIONS IN INCHES 

Fl... II 8-8. Channel and Wiir Locations Near Fuel-Foil 
lidges, ANL Neg. No. 112-8980. 

BERYLLIUM REFLECTOR 

PERIPHERAL CONTROL 
BLADE 

IN-CORE 
CONTROL BLADE 

• GRADED FUEL REGIONS 

^ , 0 OTHER REGIONS 

— PLANE OF FUEL PLATES 

Flo II-8.'J. Locations rif Foils for Hadial Traverses of 
Activity, Graded Lrjading wilh au Oversized Alniniiitun ITC, 
Assembly 5. .4A7, Neg. Xo. 112-8991. 

DISTANCE FROM ITC AXIS, Cm 

Fio. 11-8-10. Radial Activation Traverses of (1-23,'') Fission 
of Bare and Cadniiiiin-Covercd Foils for Assembly 5, Graded 
Loading and Oversized Aluiuimim ITC. For Foil Local ions, see 
Fig. II-8-9. ANL Neg. No. 112-8996. 

Results'show that the bare traverse in the iliiTctioii 
of the fuel grading has a more gradual slope than (lie 
traverse into an ungraded corner fuel assembly near the 
ITC. The bare traverses give the relative fission activ
ity per atom of U-235, and it therefore appears that 
the reduced neutron blackness of the graded fuel zone 
is reflected in a less steep gradient of thermal and near-
thermal neutron flux. Comparison of these tra\-erses 
with similar ones made in the ungraded system indicate 
that the peak fluxes in the ITC and in the beryllium, 
per unit reactor power, are little affected by the fuel 
grading. This had been predicted earlier.-' 

DETERMINATION OF A FAULTY FUEL LOADING 

An experiment was performed to determine whether 
the mistaken insertion of an anomalously loaded fuel 
plate in place of one of the graded plates could be 
easily detected by an activation measurement. The six 
fuel subassemblies facing the ITC were used. Two of 
the six remained as reference subassemblies with un
changed graded loadings. Four subassemblies under
went fuel jilate .sub.stitutions at either plate position 1 
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TAHLK II-8-II. F\i,-LTY FUEL FOIL EXPERIMENT 

U-Al Foil I'oHitir)n Kelativc 
Activity 

U-Al 
Relative 
Activity 

Nor
malized" 

Fuel Foil 
Weight; 

Approximate 
TnicknesB of 
Anomalous 
Fuel Foil, 

mil 

Anomalous fnel foil in plate position 1 

Between 
ITC shroud and 

1st fuel foil 
Ist and 2iid fuel 

foils 

ITC shroud and 
1st fnel foil 

lat and 2nd fnel 
foils 

ITC shroud and 
Ist fuel foil 

Ist and 2nd fuel 
foils 

1.00 

0.(i7 

0,93 

0,54 

0,85 

0.46 

1,00 

1,00 

0.93 

0,81 

0,85 

0.69 

11,89 

29.13 

52.63 

0.9 (Reference 
Graded Foil) 

2.5 

4.4 

Anoma 

Between 
2nd and 3rd fuel 

foils 
3rd and 4th fuel 

foils 

2nd and 3rd fuel 
foils 

3rd and 4th fuel 
foils 

2nd and 3rd fuel 
foils 

3rd and 41 h fuel 
foils 

OUS fuel 

0,44 

0.30 

0,41 

0,28 

0.39 

0-20 

foil in p 

1.00 

1.00 

0.93 

0.91 

0.89 

0.86 

ate position 3 

20.21 

38.80 

52.69 

1,6 (Reference 
Graded Foil) 

3,3 

4,4 

•Each foil position independently normalized to the ac
tivity of the reference foil. 

or 3, counting from the aluminum ITC shroud. Ura
nium-aluminum foils on aluminum spears were placed 
on either side of the fuel foil in question. The results 

are shown in Table II-8-II. The activity iierturbations 
are seen to range from 7% to 31%, for the cases 
studied. The activity of the foil on the core side of the 
anomalous fuel plate was more sensitive to the anom
aly than was the activity of the foil on the ITC 
side. 

CHECK OF POWER DENSITY DISTRIBUTIONS 

A spot check experiment was performed to confirm 
the assumption that the fission rate distributions as 
measured with wires located between the fuel plates 
were in fact indicative of the actual fission rate distri
butions in the fuel. A sample was punched from the 
middle of one of the 1.2 mil fuel plates in the graded 
region, approximately 3 cm below the midplane, and 
the same was done for one of the regular 4.4 mil fuel 
plates located deeper in the core. The actual fuel foil 
locations were respectively 0.14 in. and 1.34 in. from 
the inner edge of a graded fuel assembly adjacent to 
the ITC. 

Radiochemical analysis of the fission rate of the 
thin fuel foil punching to the standard fuel foil punch
ing yielded a ratio of 5.7. The smooth curve values 
(ol of Fig. II-8-4 indicate a ratio of 6.1 between the 
same two points. Both irradiations were obtained with 
all blades fully withdrawn and with criticality eon-
trolled by adjusting the water level. The agreement 
was considered satisfactory. 
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II-9. Argonne Advanced Research Reactor Critical Experiments—Neutron 
Temperature in the I n t e m a l Thermal C o l u m n And Reactivity 

Worths of Samples and Voids 

K. E. PLUMLEE, W . R . ROBINSON and T. W. JOHNSON 

INTRODUCTION 

The measurements reported in this paper relate 
directly to the internal thermal column (ITC). The 
high flux in the ITC, approximately 4 X 10" neutrons/ 
cm^-sec at 100 MW, is expected to be used primarily 
in support of research in the field of nuclear chemistry, 
and especially for production of transuranic isotopes. 
Measurements described in this report include the 
neutron teniiierature, the worth of beryllium, the re
activity coefficient for small fractional voiding as a 
function of the presence of beryllium, and the reac
tivity worth of large partial voiding of the ITC. These 
data are needed for ITC design, for accident analysis, 
and for luediction of safe operating limits for install
ing and removing samples during operation of the 
Argonne Advanced Research Reactor (AARR). 

NEUTRON TEMPEH.ATURE MEASUREMENTS 

The thermal neutron temperature in the internal 
thennal column (ITC) of the . \ARR Critical Experi
ment was measured from 50 to 60°C by cadmium 
ratios of various pairs of activated foils. Reasonably 
consistent results were obtained; however, examina
tion of tlie equations used showed the existence of 
serious limitations on the accuracy of the method in
volving cadmium ratios. Errors in cross sections were 
also found. 

A diflSculty (discussed below) involving cadmium 
ratios may have affected the reported temperature 
measurement, although there is no convenient way of 
estimating the magnitude of such error at this time. 
Other errors include a ±5°C uncertainity because of 
computational and associated errors in Westeott's co
efficients;' possibly ±2°C error arising from correction 
for the cadmium cut-off energy which appears in the 
equations used; and an unknown error inherent in cor
rection of observed cadmium ratios to infinite dilution 
as implied in the cross section equations. Effort was 
limited to use of available tables and approximations. 

DISCUSSION OF THE METHOD REQUIKING CADMIUM 

RATIO MEASUREMENTS 

A flux-averaged cross section ia is calculated by 
Eq. (1), using Westeott's nomenclature.' 

o. = <r„22(» VWTWiT \g(T) + rS(T)l (1) 

The foregoing terms include the 2200 m/sec neutron 

absorption cross section; the neutron temperature (7'o) 
associated therewith; the thermal neutron temperature 
(T) of the environment in which da applies; a ratio r 
between epithermal and thermal flux compiuients; 
the ratio g(T) between thermal activation of the par
ticular isotope for which d,, applies and tliat of a l /v 
absorber having the same Oa^im ; and a term S(T) 
relating non-l/v epithermal absorption to thermal 
absorption in a flux having temperature T and epi
thermal flux magnitude r relative to thermal flux. 
Note that g(T) = 1.0 for a pure l /v absorber, ;md 
S(T) = 0.0. If resonances are present, S(T) ^ 0.0. 
Some materials have l /v thermal cross .sections and 
g(T) = 1.0 even though S(T) ?t o.O. 

Tables of g(T) and S(T) are readily available for 
several materials. These have been tabulated fur 
Maxwellian thermal neutron energy distribution func
tions arbitrarily joined with a \IE epithermal flux 
component. The tabulated values do not apply under 
conditions which distort the flux distribution. An 
obvious example for which the.y do not apjjly would be 
a plutonium fueled zone. 

The equation for cadniiuni ratio of a tiialci i.il ;it 
infinite dilution is typically writttjii as in V.i\. (2). 
The numerator is the average cross sectinii deliiieil by 
Eq. (1) and the denominator is a flux-aveiageil ejii-
cadmium cross section. Application of West col Cs 
terminologv' is not accurate for isotopes having reso
nances in the vicinity of the cadmium cutoff energy 
because the g(T) term is determined mostly by activa
tion rate below a 4.95 kT joining region. The iicti\-:itinii 
in the range of energy between 4.95 kT ;md 18 l;T, 
the latter being roughly the cadmium cutoff energy, 
must be eliminated trom the cross section used in the 
denominator of Eq. (2): 

CdR 
g(T) -t- nS(7') 

r[S(T) -b P(T)\ 

g(T) 

1 -b 
g(i) 

rS(T) 
PjT) 
S{T) 

(2) 

13) CdR[S(T) + P(T)] - S(T)' 

The term P(T) is a function of cadmium cuioff 
energy which is adjusted as needed to account for non-
resonance activation in the epicadmium energy range. 
The value for a pure l / v material in a 1/E flux energy 
distribution is readily calculated, noting that S(T) =Q 
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O INDIUM 
D GOLD 
O U-235 FISSION 

O LU-175 

0015 0017 Q0I9 0021 0,023 
TRIAL VALUE OF I D 

Flo, 119 1, Plot of Trial (/•) for Determination of Neiitroi 
Temperature in AARlt Large ITC, AXL Xeg. No. 112-9099. 

3.xtd g(T) = 1 tor such a material: 

1 + rO [Cd «l„v 

' - •" - ( i?;y 

1 
Q + r\P(T)h,. r\P(T)]^i„ 

A" m-"& 
The term A' and the approximation A' ^ 2 are West

eott's terminology, but the approximation is limited to 
room temperature moderator and ~0,02 in. thick cad
mium covers. 

Solution of Eqs, (2) or (3), the latter being a re
written form of Eq. (2), requires two or more meas
ured cadmium ratios. Typically, trial values of T are 
chosen and a consistent value of T is found by plot
ting or iteration, such that the value of r from Eq. 
(3) is the same for both materials. As may be seen by 
Fig. II-9-1, the trial values of r for Lu-176 cut sharply 
across the other plots and give reproducible tempera
ture determinations. If error limits were assigned to 
gold and indium, the two would overlap and no tem
perature determination could be made therefrom. On 
the other hand, the manganese and Lu-175 plots are 
too far removed from the others, except for Lu-176, 
to find any temperature which would reconcile the 
measurements. 

The discrepancy between gold, indium and U-235 

fission on one hand and manganese and Lu-175 on 
the other might indicate a distortion in the neutron 
energy distribution. This was found in the fuel region^ 
but is not expected in the ITC. However, the use of 
S(T) values from Westeott's tabulation for indium 
would place the r values for indium in excellent agree
ment with the manganese results. The Westcott values 
of S(T) for indium were from absorption resonance 
integral measurements and they apply to reactivity 
but not to activation measurements. U.«e of the acti
vation resonance integral in determining SiT) for 
indium placed the plot in excellent agreement with 
gold, which is the accepted standard. Thus the man
ganese and Lu-175 values appear questionable. 

This results in a different outlook than was previ
ously expressed by other workers who generally re
ported manganese and indium measurements, using 
Westeott's tabulation, and give little credence to gold 
and U-235 measurements. Other authors have reported 
the use of S(T} values for manganese and indium 
which were different from those tabulated by Westcott 
but apparently they failed to find the simple explana
tion applicable to indium. No explanation was found 
for the discrepancy with manganese or Lu-175, even 
though several possibilities were explored. 

DISCUSSION OF A SECOND PROCEDURE USING BARE 

AND CADMIUM C O V E R E D F O I L S ( T W O I S O T O P E S ) 

Equations (4) and (5) are forms similar to that 
used by L. Schmid and W. Stinson,' for use of relative 
activities .\^ and .\y for isotopes x and y: 

Ar _ gA T I njoU^M 
Ay gu(T) nyoliim 

1 -1-

1 -b 

SAT)' 
' HAT), 

S.iT)' 
'' aAT)j 

14) 

1 -I-I- SAT) CdR, 
gAT) CdR, - aAT)' 

Schmid and Stinson tabulated values of a(T) for 
lutetium isotopes. It is easily shown through Eqs. 12) 
and (5) that Westeott's terms have the following rela
tions to a(T): 

l'(T) 
S(T) 

i(7') 

1 a(T) 
a(T) 

(6) 

1 

1 -b 
'S(T} 

Intercomparison of S"<'{T) and a " « ( r ) from the 
two tabulations indicates significant disagreement. 
Still, the use of such methods appears to have gi\'en 
reasonable results in several measurements. The fol-
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lowing development indicates that errors in a(T) or 
.S(r) may have little effect if the cadmium ratio is 
large compared with a(T). Substitution of Eq. (2) 
and Eq. (5) into Eq. (1) results in Eq. (7a) or (7b), 
respectively, tor the activation ratio of materials x and 
y. However, the available data does not satisfy 
Eq. (7b): 

g„i T) _ A, »,(r̂ 2ioo (Cd R), 
gAT) -U rti/o-feiKi (Cd fl)„ 

1 -b 

1 + 

P(T)' 
SAT)_ 

P(T) 
SAT)] 

( 0 / R ) „ ^ l - b ^ ^ ) - 1 (7a 

(CdR). Yi + ^^^l 
V^ SAT)) 

and 

gAT) A,ny<i'a-nix(Cdi 
(7b) 

Irradiation of foils in a thermal column permits sub
stitution of relative count rates for relative activation 
measurements, as shown in Eq. (8): 

g,(T) gAth) ^ C^Cj^ (Cd R), 
gATJgAth) CI C','(CdR), 

1 -b 
l'(T)' 
SAT), 

(CdR) 

(Cd R) 

, ( l + 

. ( , . 

SAT) J 
P(T)\_^ 
SAT)/ J 

I S ) 

P(T) 
K(T). 

FAILURE OF EQUATIONS FOR NEUTRON 

TEMPERATURE MEASUREMENT 

Casual examination of Eq. (3) does not indicate a 
region where the mathematical .solution fails since it is 
obvious that r is a small well-behaved term greater 
than zero. Thus one might conclude that the denomi
nator on the right hand side does not go to zero. The 
denominator goes to zero if the following occurs : 

.S'(7') CdR ^ 
S(T) -b P(T) 

aiT). (9) 

If Eq. (9) is satisfied, Westeott's definition of Cd R, 
Eq. (2), is violated because g(T) > 0 for any material 
having a finite cross section for thermal absorption: 

CdR 
g(T) -b rS(T) 

rS(T) •^rP(T) 

g(T) 
S(T) 

110) 

0 + S(T) 
S(T) -b P[T) S(T) -b P(T) 

Foil Material 

V2.b% Lu-Al 
Lu-176 
Lu-175 

90C/; Mn-Cu 

m'^ Mn-Cu 
Au 

17';i U-Al 

49;, Dy-Al 

In 

TABLI'- II-D-l. C.M>Miu[n R. \TIOS AND 

F 

Thickness 

O.WO 

0.0064 

0.0102 
0,0025 

0.0051 

0,0660 

0,0203 

0 0030 
0,0127 

lit Size, 
cm 

Width 

2.54 (a(|) 

0,817 (<liaiu) 

0,559 (diam) 
1.0 (SI,) 

0 817 (diam) 

0.599 (diam) 

0,559 (diam) 

0,818 (diam) 
0,559 (diam) 

Uncorr. Cd R 
AARR I T C 

131.41 (L) 
2,52 (L) 

44 (S) 
50 (L) 

— 
7,42 (S) 
9,11 (L) 

60 d= 12 (S) 
90 ± 9 (L) 

— 
— 

— 
— 

8.2 (L) 

CORRECTION TO INFINITE Dii.irioN 

AHFR I T C 

— 
— 
— 
— 

55 (C-1 and C-2) 
10.5 (C-1) 
9,4 (C-2) 

— 
— 

72 ± 14 (C-1) 
31 ± 1 (C-2) 

312 ± 80 (C-1) 
290 ± 30 (C-2) 

_ 
14,7 ± 0,6 (C-1) 
13,5 ± 0.2 (C-2) 

Correction Factor" 

~ 1 . 0 
0,9.56 

1,00 

1.007 
0.390 
0.390 

1,055 
1,0,55 
1,082 
1,082 

1,006 
1,006 

0.464 
0,443 
0,413 

Inf. Dil C d K 

AARR i n ; 

131,41 (L) 
2.40 (L) 

44 (S) 
50 (L) 

2.89 (S) 
3,55 (L) 

63,3 (S) 
95,0 (L) 

— 

4,34 (L) 

AMFRIIC 

_. 
-

55 
4.10 
3.67 

77,9 
33.5 

314 
292 

7 117 

6 ."il 

" (S) ftiui (L) distinguish l>etween large mid small flux trap. 
*• (C-1) and (C'-2) are two different core loadings (see Ref. 1). 
^ Data from DP-608 (G. M. Jacks)* or DP-817 (N. P . Baumann). ' ' This factor inchides thermal flux depression, ("uim 

ness and infinite dilution corrections. The correction for Lu-176 would reduce the measured neutron tcmperu.lurr by : 
however, it was oniitled pending a revised value which is nearer unity, per N. P. Baumann. ' 
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TABLE II-9-II. U S E or ACTIVATION CADMIUM RATIOS IN 
DETERMINATION OF NEUTRON TEMPERATURE (Tn) AND 

EPITHERMAL INDEX (r) 

Isotope 

In-115 

Au 

U ' " fie-
sion 

Lu-176 

Lu.175 

Mn 

Assumed 
Temper

ature. 
»C 

20 
40 
60 
80 

100 

20 
40 
60 
80 

100 

20 
40 
60 
80 

100 

20 
40 
60 
80 

100 

20 
40 
60 
80 

20 
40 
60 
80 

100 

SiT) 

1.0192 
1.0231 
1.0271 
1,0310 
1,0350 

1.0053 
1.0064 
1.O075 
1,0086 
1,0097 

0-9759 
0.9711 
0.9665 
0,9662 
0.9681 

1.7011 
1.8373 
1.9769 
2,1175 
2,2576 

1,00 
1,00 
1,00 
1,00 

1,00 
1,00 
1.00 
1,00 
'lOO 

SiT) 

13,04'' 
13,47' 
13,90-
14,30" 
14.71' 

17,30 
17,88 
18,44 
18,98 
19,51 

-0,0502 
-0.0410 
-0,0324 
-0,0244 
-0,0169 

1,669 
1,218 
0,757 
0,303 

-0 ,130 

~ 3 9 ' 
~ 4 1 ' 
~42,6" 
^44" 

0.666 
0,689 
0,710 
0,731 
0,752 

PiT) 

0,482 
0,497 
0,512 
0.528 
0.662 

0,482 
0,497 
0,512 
0.528 
0.562 

0.482 
0.497 
0.512 
0.528 
0.562 

^o.iogi" 
~0,174>> 
-0,1791' 
-0,186' ' 
- O . W ? ' 

0.482 
0.497 
0.512 
0.528 

0.482 
0.497 
0,512 
0,528 
0,562 

Denom
inator 
of Eq, 

(3) 

45.645 
47,147 
48,648 
50,054 
51.670 

45,826 
47,358 
48,840 
50,273 
61,746 

41.071 
43,361 
45,594 
47.866 
51.801 

183.326 
138,887 
93.451 
49.117 
6.874 

55.767 
58,693 
60.869 
62,867 

66,734 
68,611 
60.390 
62,219 
64,948 

Epi
thermal 
Index 

0,0223 
0.0217 
0,0211 
0,0200 
0,0201 

0,0219 
0 0213 
0-0206 
0,0201 
0,0195 

0,0238 
0,0224 
0,0212 
0,0201 
0,0186 

0,0093 
0,0132 
0,0212 
0,0431 
0.3284 

0,0179 
0,0171 
0.0164 
0,0169 

0,0176 
0,0171 
0,0166 
0,0161 
0,0154 

' For ln-115 activation, the activation resonance integral is 
used as listed hy Itef, 8, Westeott's listing' for In appears to 
use the ahsorptiwn resonance integral which is —35% larger, 
•Selection depends on application to activation or reactivity 
measurements. 

'' At the cadmium cutoff energy the Lu-176 cross section is 
—0,35 as large as that calculated from Lu-176 02500 for ( l /v) 
cross section Thus 0,35 uf the l /v value of PiT) was used as 
an approximation or upper bound of P(T) for Lu-176. 

" Only approximate values were found for Lu-175; see Fig, 
15,2,7b of Ref. 9. Similar values were obtained from resonance 
integral and cross section data supplied hy Ref, 7. 

Another constraint is that Cd R > 1 so that 

\g(T) -b rSiT) \ > \rS(T) -b rP(3') | , 

and 

g(T) > \rP(T) \, 

by necessity. 

Nevertheless it seems likely, on inspection of West
eott's tabulated values,' that most of the materials for 
which negative values of S(T} are listed will indeed 
satisfy Eq. (9) at some point on the temperature scale. 
These include gadolinium, Lu-176, possibly U-235 fis
sion, Pu-239 and Pu-241. It does not appear that the 
tabulated a(T)'s by Schmid and Stinson' would en
counter such difficulty; however, these are limited to 
two isotopes of lutetium and failed to give reasonable 
results for the data taken in the AARR Critical Ex
periment. 

Referring to Tables II-9-I and II-9-II , it may be 
noted that the estimates of PiT) should be different 
for a non-l /v material such as Lu-176, than for the 
l /v materials. Setting PiT) = 0 for Lu-176 would 
move the line down in Fig. II-9-1. The resulting esti
mate of neutron temperature would be about 5°C lower 
than shown. This uncertainty is a limiting factor in 
the accuracy of the method followed, which was limited 
to the use of readily available tables and approxima
tions. Presumably it would be possible to tabulate the 
exact P(T) terms along with giT) and SiT) for 
materials such as Lu-176, thus making possible a 
substantial improvement in the accuracy of the re
sults obtained by a user of Westeott's tables. 

In addition to errors arising from estimation of 
P l D , it is estimated that there is about ±5°C error in 
neutron temperature measurements because of compu
tational errors,' If this is typical for a denominator of 
unity, then the overall errors would be inversely pro
portional to the denominator, or worse, of the trial 
values. 

DATA EVALUATION 

A tabulation of ITC cadmium ratios for both .\.ARR 
and AHFRi«» is given in Table II-9-I. The AHFR cote 
was aluminum and the fuel density was much lower 
than that of the AARR experiment, .\lthougli no neu
tron temperature evaluation was made of .MIFU 
data, it is evident that the ITC data for the large 
A.-iRR correspond closely with the ITC data for 
AHFR. Table II-9-II and Fig. II-9-1 indicate neutron 
temperatures from 50 to 60°C, 

WORTH OF BERYLLIUM AND THE EFFECT ON THE VOID 

COEFFICIENT OF REACTIVITY DUE TO THE RADIAL 

DISTRIBUTION OF BERYLLIUM IN THE ITC 

Beryllium is being considered for inserts in static-
irradiation tubes in the ITC, when these tubes are not 
intended for use during all or part of a given core 
cycle. Introduction of a full length 2,5 x 2.5 cm 
beryllium parallelepiped at the axis of the enlarged 
7.2 cm area-equivalent radius stainless steel ITC 
increased reactivity by 0.26%. A 5 x 5 cm paral-
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TAHLE II-9- i l I . llEAcriviTY COEFFICIENTS OF 

Case No. 

Reference 
B e l 
He-2 
IVfuii' 

Tet'on'' 
Teflon" 

Beryllium 

6.4 
25.8 

6,4 
25,8 

Plan Areas (cm*) 
H,0 + Teflon 

162.3 
146.9 
126.6 
152 3 
146,9 
126,6 

BERYLLIUM AND 

Teflon 

10.4 
6.0 
6,0 

TEFLON IN THE 

Reactivity 
Change, 

7o 

0.26'' 
0.94'' 
0,36 
0,24 
0.24 

STAINLESS STEEL ITC. ASSEMHI.I HI 

Reactivity Coefficient, 

displaced) 

0.062'" 
0,056'' 

0,053 ± 0,005 
0,054 ± 0,005 
0-047 ± 0 005 

Reactivity Coeflicient, 
%/(%ofrTCvol . ) 

0,06'2'' 
0,0.56' 

0,0.53 ± 0 005 
0,055 ± 1) 1)05 
0,055 ± 1) tX)5 

" No beryllium present, 
'• 2,6 X 2,5 cm sq, column of beryllium at axis of ITC, 
" 5 X 5 cm sij, column of beryllium at axis of ITC, 
'' The reactivity worth of beryllium was measured as the difference in critical configurations hetween a reference run and other 

runs. It is much less accurately measured than for Teflon, where samples were withdrawn by remote methods during rearlnr opera. 
tion, with compensation by a calibrated control blade. 

lelepiped was worth 0.94%. As shown by Table II-9-
III, this is roughly equal to Teflon, on a volume basis. 

Theoretical analysis has predicted that the reactiv
ity coefficient of voiding water in the ITC is essentially 
independent of the radial distribution of beryllium, but 
does depend primarily upon the volume of ITC water 
displaced.'" To measure this effect, part to the ITC 
water was replaced with Tefion during three different 
loadings of the ITC: 

(a) 100% water, 
(b) 2.5 X 2.5 cm s(|. column of beryllium at the axis 

of the ITC, 
Ic) 5 X 5 cm sq. column of beryllium at the axis of 

the ITC. 
Carbon, one of the constituents of Teflon, is a neu

tron moderator. Taking the carbon content into ac
count, it has been calculated that the reactivity coef
ficient of air void in the water in the reactor core is 
approximately 1.1 times the reactivity coefficient of 
displacement of core water by Teflon. In the ITC, the 
correction factor is not as large and thus Tefion is al
most, but not quite, equivalent to a gas void," Figure 
II-9-2 shows the locations of the five cylinders and 
two rectangular columns of Tefion used. In Case (a) 
all seven pieces of Teflon were present for a total water 
displacement of 6.8%o. For Cases (b) and (c) only the 
two rectangular columns and the two outermost rods 
of Teflon were present. Table II-9-III summarizes 
the compositions and the results. In similar experi
ments with the 5.9 cm ITC (no beryllium), only the 
five rods of Teflon were used. As may be seen from 
Table 1I-9-III, the reactivity changes due to the 
small volumes of Teflon are almost independent of the 
beryllium content of the ITC, within the ranges 
studied. The reactivity increase was proportional to 
the volume of the Teflon in the ITC; that is, the re
activity coefficient upon displacing water by Teflon, 
in units of %/cm2 Teflon, was almost constant. 

FIG. II-9-2. Location of Full-Length Cobunus of Teflon 
in Ihe Two ITC's ANL Neg. No. 112-9046. Legend: Region 
bordered by daehed line: Small ITC (6.9-cm-radius). Region 
bordered by solid line: Oversized ITC (7.2-cm-radiiis). 

REACTIVITY WORTHS OF LARGE PARTIAL VOIDINGS 

OF THE ITC 

An important factor in accident analysis is a risk 
of steam void formation because of the high flux of 
neutrons and gamma radiation in the ITC samples. 
If the coolant flow fails, high flux will cau.se steam 
void formation around the samples. Another possibility 
for gaining reactivity is by the displacement of a 
large amount of water in the ITC during sample load
ing. A major constraint on the detailed ITC design, 
and on the samples to be inserted, is the minimiza
tion of the risk inherent in water loss from the ITC, 
Void worth measurements for small voids | 1 ' , to (i'; | 
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5 TEFLON RODS 

REMOVED BY 

BLADE NO. 7 

DRIVE UNIT 

FIG. II 9-3. Void Location in the Enlarged 7.2 cm Area Equivalent Radius ITC. .iXL Neg. No. 112-9101. 

3 0 4 0 5 0 6 0 

P E R C E N T A G E OF \JZ VOIDED 

FIG. II-9-4. Reactivity Effect of Large Partial Voidings in 
Core 4. ANL Neg. No. IH^SSIS. 

have been reported for loadings 1 to 4 in previous pa
pers. Void worth measurements for large voids with 
the 5.9 cm area-equivalent radius ITC in cores 3 and 
4a have been reported previously.^° Core 4b had the 
large ITC of 7.2 cm area-equivalent radius which was 
expected to minimize the flux depression in the ITC 
when representative samples were introduced. To fa
cilitate the ITC change, it was necessary to remove 
seven fuel plate positions from the inner edge of each 

of the subassemblies bordering the ITC. The remain
ing subassembhes were not modified although portions 
of fuel plates extended into the reentrant corners of 
the ITC. 

In order to measure the reactivity gained by the 
displacement of a large amount of water from the 
ITC, a large void was simulated by voided Lucite 
tubes and Teflon rods as shown in Fig. II-9-3. Each 
tube or rod ran the full length of the 46 cm high ''ac
tive" portion of the ITC. Reactivity effect was meas
ured by removing the void incrementally and observ
ing the change in a calibrated control blade. Results 
of the experiment are shown in Fig. II-9-4 (upper 
curve). The maximum measured reactivity gain was 
approximately Z'vc at approximately 7 0 ^ void. The 
lower curve in Fig. II-9-4 shows the results of the large 
void experiment for the same core loading density but 
with the smaller 5.9 cm area-equivalent radius ITC. 
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11-10. . \ rgonne . \dvanced Research Reactor Critical Experiments—Reactivity Worlh:^ 
Obtained by Traversing Small Samples in the Critical Facility 

J. W. DAUGHTRY 

INTRODUCTION 

The Argonne Advanced Research Reactor (AARR) 
Critical Facility has been described in several earlier 
r e p o r t s . ' - ' ' During the course of experimentation with 
this facility, four uniform loadings and one graded 
loading were assembled. The five core loadings and 
vtirious modifications to each have been described in 
the two previous annual reports^-* and in this annual 
report (see Paper 11-6). The measurements reported 
herein were performed in loading 47. This was the origi
nal fourth core, referred to as the full uniform core 
loading, consisting of 1215 fuel foils, giving a total of 
61,5 kg of U-235, and 1620 boron-stainless steel poison 
plates, having a total of 850 grams of natural boron. 
This loading had the unmodified (4.8 literj hexagonal 
internal thermal column (ITC). 

The reactivity worths of an assortment of small 
sampli's were measured at the midplane of the hexago
nal annular fuel region in each of the first four cores.''° 
This information has been extended by the present se
ries of measurements to include the worths of a num
ber of materials as a function of their axial distance 
from the midplane. The measurements were made for 
com)iarison with calculations, to provide additional in
formation on burnup rates of fuel and burnable poison 
and to compare materials under consideration as con
trol rod constituents. Other commonly used absorbing 
materials were included for comparison, since little in
formation was available from nuclear reactor measure
ments involving a similar neutron spectrum. 

The set of .space-dependent worth measurements re
ported here was obtained using a sample traversing sys-

TABLE II-IO-I. SAMPLES VSED FOR ItEArTiviTV 
TRAVERSES 

Sample Description 

Boral (B^C-aluminum) 
(22,2 w/o B) 

Boron-stainless steel 
(1,01 w/o,B) 

Cadmiiun 

Dysprosium 
lAiropium oxide-stainless 

steel (31 w/o ¥M) 
Hafnium-zirconium (97,5 

w/o Hf) 
Uranium-aluminum [17.44 

w / o U (93.17 a/o U-235)) 

Sample 
Weight, 

g 

17.86 

53.90 

02.70 
31.35 
3.00 

43,30 

55,13 
92,27 
19,91 

Sample 
Thickness, 

cm 

0,508 

0.508 

0,508 
0,254 
0,025 
0,390 

0.3(12 
0.508 
0,402 

Miilplanc 
Worth of 
Sample. 

10-' .1* / / ; 

by tra
versal 

- 5 , 9 9 

- 2 , 2 1 

-2 ,S9 
- 2 , 1 2 
- 1 39 
- 0 , 0 7 

-4,.^i9 
- 0 12 
-)-0,50 

by 
period" 

- 5 , 9 6 

- 2 , 2 1 

- 2 , 8 0 
-2 ,09 
- l , 3 S 
-0,.^>6 

- l . ( i 4 
- 0 , 0 8 
-(-0.54 

•* See Reference 5, 

tern with "on-line" computer processing of the data.'' 
Starting with the reactor critical, samples W'crc moved 
vertically between the midplane of the core and a po
sition below the reactor. The samples were traversed 
in both directions to reduce the probability of sy.stc-
matic error. The resulting change of the neutron flux 
level in the reactor was detected by an ion chtuubcr 
and transmitted to the computer by means of an elec
trometer and voltage-to-frequency converter system. 
The sample position and neutron flux data were re
ceived simutaneously by the computer which was 
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11-10 1, Vertical Reactivity Worth Traverses of Small Samples in the AARR Critical Facility, . l . \7 , Neg. .\o. 112-8585. 

equipped with on-line data input scalers. The reactiv
ity was calculated by the computer from the flux data 
using a set of one-energy-group spaced-independent 
kinetic equations.^ The results were presented in the 
form of plots of reactivity versus sample position. 

EXPERIMENTAL DETAILS 

Table II-IO-I lists the materials for which useful 
worth traverses were obtained. The samples were held 
in dummy control blade-sample holders. The sample 
holders had the same dimensions as the standard inte
rior control blades of the AARR critical facility and 
were made of 2S aluminum. With the sample holders 
fully inserted into the reactor the sample positions were 
approximately 58 cm below the midplane of the reac
tor. Three sample holes, 2.18 x 2.18 cm, were in a hori
zontal row across the width of each sample holder. The 
sample holders were inserted in one of the three radial 
control blade slots (7, 9 or 11). This placed the centers 
of the three sample positions at radii of 9.5, 15.7, and 
21.9 cm from the centerline of the reactor. The data in 
Fig. II-lO-l and Table II-IO-I were obtained with 
samples in all three positions. The sample weights 
given in Table II-IO-I are for three samples, each 

2.18 X 2.18 cm, with thicknesses as shown in the table. 
For cases in which the sample thickness was less than 
the thickness of the sample holder (0.508 cm), the re
maining volume of the sample hole was filled with an 
aluminum spacer to bring the total thickness to 0.508 
cm. The immediate environment of the samples con
sisted of the aluminum sample holders which moved in 
control blade slots approximately 0.635 cm thick. The 
region within the slots not occupied by the sample 
holders was filled with water during reactor operation. 
This provided a 0,064 cm water gap between the sam
ples and the fuel assemblies. The samples were tra
versed from their positions below the core to the mid
plane, or in the reverse direction, using the standard 
control blade drive mechanism, which employs a step
ping motor. The stepping pulses provided a convenient 
source of sample position information for use by the 
computer. Each pulse corresponded to a sample posi
tion increment of 0.01 cm. 

A boron lined ion chamber was placed at the center-
line of the reactor, just above the ITC, to detect 
changes in the neutron flux. The ion chamber current 
was transmitted to an electrometer which provided a 
0-10 volt signal proportional to the input current. The 
voltage signals were converted to a train of pulses by 
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means of a voltage-to-frequency converter. The pulses 
were summed by a data input scaler at the computer. 

With the reactor critical at a sufficiently high power 
level and with the computer program and delayed neu
tron parameters loaded, data taking was initiated and 
the computer began receiving flux level and sample po
sition information. The samples were traversed at ap
proximately 0.3 cm/sec. A time interval of 0.5 sec was 
selected for storing data. As the flux data were accumu
lated the reactivity change was computed. At the end 
of the run the resulting curve of reactivity versus sam
ple position was plotted by the computer. Figure I I -
10-1 shows four representative traverse plots. The zero 
sample position is the midplane of the core. The half 
length of the fuel plates is 22.85 cm. The uranium-
aluminum sample worth has a peak at about 4 cm from 
the edge of the fuel region which exceeds the midplane 
worth of this sample. The uncertainties in the traverse 
data are not well established; how'ever, a comparison 
with results obtained by period measurements, as 
shown in Table II-IO-I, indicates that the two methods 
provide comparable accuracy, since the errors in the 
period results have been estimated to be about 1 X 
10-'> (Afc/fc). 
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11-11. Argonne Advanced Research Reactor Critical Experiments-
Control and Safety E n h a n c e m e n t Devices 

Measurements of 

K. E. PLUMLEE, T . W . JOHNSON, F . H . MARTENS and W. R. ROBINSON 

INTRODUCTION 

Several measurements were made to obtain compari
sons between components which might be used for con
trol or safety absorbers in .\ARR. The effective neutron 
absorption cross sections are quite small fur in-core 
control blades because of the very hardened neutron 
energy distribution associated with the high fuel load
ing density of the AARR stainless steel core. Design of 
safety and control devices is further complicated by the 
compact nature of a high flux reactor core, by rapid 
burnup of absorber atoms, and by high heat flux. Meas
urements with coupons of .several materials of interest 
in control,'.safety absorber studies, and comparisons of 
Eu203-8tainless steel control blades with hafnium 
blades were reported earlier' and continued work ie 
described in Paper 11-10. 

This paper leports the control and safety blade cali
brations for Assemblies 4b and 5; the reactivity effect 
of thickening a full size hafnium safety blade from the 

0.38 cm standard thickness for the critical cxiteriment 
to 0.51 cm; the reactivity controlled by a removable 
Internal Thermal Column (ITC) safety liner intended 
for increased shutdown margin during shipment, stor
age, and loading of a packaged core; and the reactivity 
effects to be expected from attachment of a section of 
temporary beryllium reflector to the follower of a 
safety blade, for greater shutdown margin. 

CONTROL AND SAFETY BLADE WORTHS IN 

ASSEMBLIES 4a AND 4b 

Removal of the small ITC (Assembly 4a) and instal
lation of the large ITC (Assembly 4b) resulted in re
moval of 42 fuel positions, and a compensating removal 
of boron-stainless steel throughout the core. One each 
of the four geometrically dissimilar types of blades was 
calibrated, specifically Nos. 5, 6, 9 and 10, before and 
after the change in ITC dimensions. 

The blade worths are given in Table I I - l l - I . The 
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TABLE II- l l - I , CONTROL BLAUE WORTHS IN 
ASSEMBLIES 4a AND 4b 

Uladc Positions 

1, 3, 5 
2, 4, 6 
7, 9, 11 
8, 10, 12 

Worth in 
-Assembly 4a, 

% 

1.12 
1,20 
1,01 
1,07 

Worth in 
Assembly 4b, 

% 
1.44 
1,51 
1.14 
1,18 

TABLE II - l l - I I . COMPARISON OF BLADE WORTHS IN 
NON-GRADED AND GRADED LOADINGS 4b AND 5 

and Type" 

1-3-5 
2-4-6 

2 (thin) 
6 (thick) 
7 (thin) 
8-10-12 

Worth in Graded 
Loading 5, 

% 

1.15-1.23 
1.19-1-21 

1.13 (banked) 
0.93 
1.34 

1.1-1.47 
1.09-1.20 

Worth in 
Non-Graded 
Loading 4b, 

% 
1.44 
1.51 
1,44 
M S ' 
1,43'' 
1,22 
1,182 

Ratio of 
Graded-to-Non-

Graded 
Loading 

0.80-0.85 
0.79-0.80 

0.78 
0,79 
0,94 

0,9-1,2 
0,9-1,0 

" Unless designated thick or thin, the blades contain 0,3S 
cm thickness of hafnium metal and 0,13 cm thickness stainless 
ateel, with 0.51 cin aluminum followers. Thin blades arc 0.3K 
cm thick hiifnium wilh 0,:)8 aluminuni follower. Thick blades 
are 0,61 cm thick hafnium with standard aluminum followers. 
Blades 1-6 arc peripheral (19,1 X 6t»,7 cm hiifniuin dimensions). 
Blades 7-12 are in-core (16,5 x 66.7 cm hafnium dimensions). 

'' In slightly different configuration with more shadowing 
than in A.s.sembly 5. 

worths increased by a factor of approximately 1.27 in 
the safety (peripheral) positions Nos. 1 through 6, and 
approximately 1.12 in the control (in-core) positions 
Nos. 7 through 12. Control blade descriptions are given 
with Table I I - l l - I I . I t should be noted that all cali
brations described in this paper are for control/safety 
blades with aluminum followers, whereas earlier work 
was generally with stainless steel followers. The alu
minum followers were more representative of the cross 
section of zirconium followers normally used with haf
nium, than were the stainless steel followers. 

CONTROL AND SAFETY BLADE WORTHS AT ROOM 

TEMPERATURE IN ASSEMBLIES 4b AND 5 

The localized reduction in fuel loading which was 
made in changing Assembly 4b to the graded loading 
(or power-flattened) Assembly 5 resulted in about 20% 
loss in worths of the peripheral blades, which are lo
cated at the outer boundary of the fuel region. The in-
core blade worths were only slightly affected even 
though the boron-stainless steel content was reduced 
throughout the core to compensate for the partial re

moval of fuel from the graded region. Experience with 
uniformly loaded cores indicated that control blade 
worths increased as fuel loading decreased. 

Since during the early part of the core cycle the 
graded portions will deplete more rapidly than the re
mainder of the fuel region, because of the higher flux 
level therein, the blade worths may fall below their 
initial values. 

Blades were calibrated by rising periods following in
cremental withdrawal of blades from critical configura
tions. A compensating blade was used to reestablish 
criticality after each rising period. Interdependence was 
noted between various blades, with individual worths 
ranging down to 0.7 of their highest values, when heav
ily shadowed by surrounding blades. To be valid in-
tercomparisons must be made using similar configura
tions. 

The ratios of individual blade worth measurements 
in Assemblies 4b and 5 are given in Table I I - l l - I I . 

INCREASE IN CONTROL BLADE WORTHS DURING 

TEMPERATLTIE COEFFICIENT TEST IN 

ASSE.MBLY 5 

It was noted during a temperature coefficient test in 
Assembly 5 that control blade configurations w'ere not 
in agreement W'ith critical water height measurements. 
The control (in-core) blades were rccalibrtited at 65°C, 
showing their reactivity worths to be about 1.07 times 
as great as at 26*C. Correction for the calibration 
change brought the temperature coefficient result into 
reasonable agreement as indicated by Fig. I I - U - l . .\ 
calibration from banked configuration is show-n by Fig. 
II-11-2. Blade No. 8 was withdrawn incrementally, for 
rising period measurements of worth and blade No. 10 
was used for compensation. Blades Nos. 7 through 12 
were banked initially at the two starting points (25.83 
and 25.70 cm). 

More than half of the apparent temperature coeffi
cient indicated by the plot based on the 26°C blade 
calibration is caused by a calibration change as a func
tion of temperature. 

MEASUREMENT OF WORTH OF A THICK HAFNIUM 

SAFETY BLADE 

Since hafnium control and safety blades generally 
are not clad, any comparison with another absorber 
material requiring cladding rai.ses the following ques
tion. How significant is the added thickness of hafnium 
if the hafnium blade is made equal in thickness to a 
clad blade? I t has been estimated' from earlier in-core 
measurements with small coupons of hafnium^ that an 
increase of 0.13 cm in the hafnium thickness (from 0.38 
to 0.51 cm) would increase the worth by less than a 
factor of 1.1. 
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Experiments with full size hafnium safety (periph
eral) blades of 19.1 x 66.7 cm gave a measured im
provement by a factor of 1.06, which is consistent with 
the preceding estimat*. Measurements were done 
partly by rod-drop techniques, using on-line data anal
ysis by a small computer.' In the first (blade No. 6) 
position tested the measured blade worth changed 
from 1.331% reactivity to 1.426%, or a factor of 1.07, 
when thickened. Tests in a second position (No. 2) 
gave worths of 1.449% and 1.509%, or a factor of 1.04 
improvement. 

More accurate measurements of the reactivity dif
ferences were obtained by use of a calibrated control 
blade which indicated a change of critical position 
measuring 0.090%c in reactivity between the two thick
nesses of hafnium when fully inserted in the first loca
tion, and 0.084%, in the second location. These dif
ferences correspond with factors of 1.068 and 1.058 
improvement in worth. 

The added thickness of hafnium was achieved by re
placing an 0.13 cm thick stainless steel backing sheet 
with 0.13 to 0.14 cm thick hafnium, resulting in a com-
binerl hafnium thickness of 0.51 cm for the blade being 
tested, with little or no change in local metal or water 
volumes. 

EXPERIMENTS WITH AN ITC SAFETY LINER MOCKUP 

A large shutdown margin would be needed during 
shipment if an AARR stainless steel core were to be 
received and loaded into the reactor as a packaged 
unit, containing about 60 kg of highly enriched ura
nium. The use of a removable ITC safety liner for in
creased shutdown margin appeared feasible, and a 
measurement was made of the reactivity worth of such 
a mockup in Assembly 5. Although a thick heavily ab
sorbing liner might otherwise have been tested, the 
available .supply of hafnium was limited to an 0.13 cm 
thick liner which would replace the 0.16 cm thick stain
less steel wall of the small ITC or 80% of the perimeter 
of the large ITC. (The ITC's are indicated in Fig. I I -
6-6 of Paper I I -6) . Since there were consistent thick
ness data from tests with small coupons^ and from 
safety blade experiments, it seemed reasonable to 
measure the worth of the thin hafnium liner and to use 
that measurement as a basis for an estimate of the 
worth of a thick liner. Furthermore, the excess reac
tivity of the available core loading 5 equaled the an
ticipated worth of the thin liner; thus this experiment 
would not rc'iuire reloading of the reactor. A thicker 
liner would require either reloading or resort to sub-
critical measurements which are not veiy accurate. 

After a reference run, the six 6.0 cm wide, 0.16 cm 
thick stainless steel sides of the large ITC were re
placed by 0.13 cm thick hafnium, but the reentrant 

" . 4 . 5 
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BLADE BANK MEAS, 
26 "C CALIBf)AT10N 

38 46 64 
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F I O . I I - l l - l . Reactivity Versus Temperature, Gradcil Core. 
ANL Neg. No. 112S9S8. 

2 o.e 

BLADE WITHDRAWN, cm 

F I G . 11-11-2, Blade Worths at 26°C and 05°C, l.V/, Xeg. 

No. 112-8820. 

corners were not changed. This resulted in 80% of the 
ITC perimeter being hafnium and 20% being stainles.s 
steel. This partial ITC liner controlled 3.16% reac
tivity, as measured by control blade calibration based 
on rising periods, in the reference condition. 

Cadmium sheet 0.093 cm thick was shaped to fit the 
reentrant corners and was then inserted between the 
ITC and the adjacent fuel. This composite ITC liner 
controlled 3.93%, reactivity which was the difference 
between the reference fcc, and a remainder of 0.25%. 
The reactivity ratio between the cadmium portion and 
the hafnium portion of the ITC liner was 0.77/3.16 = 
0.24 as compared with the area ratio 0.20/0.80 = 0.25. 
Since the cadmium was fitted into corners, its geometiy 
was less favorable than that of the hafnium, and this 
measurement underestimates cadmium worth relative 
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to hafnium. Compared with the nearest control blades 
(0.38 cm thick hafnium), the 0.13 cm thick hafnium in 
the ITC liner was 1.13 times as effective per unit area, 

.ludging by the hafnium coupon data, one would ex
pect a thick hafnium ITC liner to control up to twice 
as much reacti ' ily as the thin liner. There are other 
factors to be considered, however. During an experi
ment involving partial removal of the beryllium radial 
reflector, it was shown that control blade calibrations 
were reduced throughout the reactor. This characteris
tic will be discussed in the next few paragraphs. A 
precise measurement would be possible only with mock-
ups of the .shipping and loading arrangements, antici
pated during those operations requiring an ITC safety 
liner. This is particularly true when the temporary 
beryllium is included. 

MEASUREMENTS RELATED TO ATTACHMENT OF 

BERYLLIUM REFLECTOR TO SAFETY 

BLADE FOLLOWER 

-A suggestion that safety blade worths might be in
creased by attachment of sections of beryllium reflector 
to the followers resulted in a few measurements of this 
effect. Rather than construct a detailed mockup, a 5.1 
cm thick slab of beryllium reflector blocks alongside 
one safety blade was removed. This allowed a measure
ment corresponding roughly to attachment of a sixth 
of the temporary beryllium reflector to a safety blade 
follower. However, a two-step procedure was needed. 
The critical configurations were measured first with the 
beryllium in place and safety blade No. 3 driven all the 
way out, and then all the way in. The procedure was 

repeated with the 5.1 x 25.4 x 48.3 cm beryllium slab 
removed and the space filled by water. 

The loss of reactivity attributed to beryllium re
moval was 1.8 ± 0.2%. RecaUbration of safety blade 
No. 3 by rising periods indicated a worth of -0 .54%, 
compared with -1 .44% initially. Since the blade is 
only three-fourths as wide as the beryllium removed, 
a combination with beryllium would yield (0.54 -(-
0.75 X 1.8) = 1.9%, which is 1.31 times the worth of 
the safety blade with beryllium remaining in the re
flector. During review of the data it was noted that 
both adjacent peripheral blades were somewhat shad
owed (by about 0.1% in reactivity) after removal of 
beryllium. If this is mutual, the worth of a safety blade 
with beryllium attached to the followed would be re
duced to 1.7% if the neighboring blades were similar in 
design. Under the foregoing assumption of mutual 
shadowing, the improvement in reactivity control using 
reflector attachment to six safety blade followers ap
pears to be a factor of 1.7/1.44, or about 1.18. 
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11-12. Argonne Advanced Research Reactor Critical Experinients-
and Reactivity Worth Measurements 

Beam Tube Yield 

T. W. JOHNSON and K. E. PLUMLEE 

BEAM TUBE OPTIMIZATION 

The Argonne Advanced Research Reactor beam 
tubes should provide a maximum yield of thermal neu
trons as well as high ratios of themial to epithermal 
and fast neutron fractions. The epithermal and fast 
fractions of the emerging beam will result in undesira
ble radiation damage and in competing reactions which 
may interfere with some of the proposed uses. It was 
expected that a blanket of water between the beam 
tube tips .ind the surrounding radial beryllium reflector 
would increase the thermal neutron yield without in

creasing the yield of higher energy neutrons. Experi
ments were conducted to indicate what thickness of 
water would be optimal, and how sensitive the neutron 
yield might be to variations in dimensions. Dimen
sional variations are the result of construction toler
ances, which must be specified. 

The experimental arrangements are shown in Figs. 
II-12-1 and II-12-2. The "compound collimator" is a 
cadmium box filled by a blend of borax and paraffin. 
The axial collimator hole is lined with cadmium. A 
BFs-filled counter tube about 5 cm long was used. The 
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collimated counting arrangement appeared fairly im
mune to uncoUimated neutrons, with the count rate 

PROPORTIONAL COUNTER .̂  

COMPOUND COLLIMATOR-̂  
ALL DIMENSIONS 

IN INCHES 

REACTOR 
CORE 

s a j 

/ 

SECTION A-A 

PARTIAL TOP VIEW 

Flo. II12-1. Configuration for .Measuring Yield in a Verti
cal Beam Tube. .4A'7- Neg. No. 112-8887. ^ 

dropping to about 8% of the maximum level when the 
beryllium filler blocks in the through-tube were backed 
out about 61 cm from the position shown in Fig. II-
12-2, inside an extended through-tube. 

The aluminum beam tubes used for this measurciiicnt 
were 10.1 x 10.1 cm outside dimensions and 0,32 cm 
thick walls. The vertical tube was positioned with its 
tip at the same radius and elevation as was the hori
zontal tube, resulting in apparently identical yields. .\ 
through-tube was also used as a tangential tube by 
partial filling with beryllium as shown in Fig. II-I2-2. 

A broad maximum in neutron yield was obser\'ed 
near 2 cm (~0.8 in.) H2O thickness in tbe vertical 
tube, as indicated in Fig. II-12-3. The BF., count rtite 
was recorded while operating the reactor at a fixed flux 
level. Each count was followed by an incremental ad
dition of water using a solenoid valve and an interval 
timer until approximately 9 cm of HoO had been added. 
Finally there was a measurement of the yield with ;ind 
without a 0.95 cm thick layer of plastic at the tip of tbe 
tube, for comparison with water. 

Similar results were obtained with plastic filler in 
the through-tube, which was used as a tangential tube 
by partially filling the tube with beryllium as shown in 
Fig. II-12-2. The plastic was pulled up into position 
facing the collimator, one piece at a time, without in
terruption of reactor operation. The resulting relative 
neutron yield versus plastic thickness is shown in p'ig. 
II-12-4. Displacement of the maximum yield at a 
thickness of plastic slightly greater (Fig. II-12-4) than 
that of H2O (Fig. II-I2-3) would disappear if the 

STRINGS-

ALL DIMENSIONS IN INCHES 

Flo, 11-12 2, Configuration for Measuring Beam Tube Yield in a Tangential Beam Tiilie. .\NL Neg. No. 112-8817. 
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thicknesses were adjusted for the hydrogen contents of 
the materials. 

Since AARR design beam tubes are rounded off at 
the tips, the water space will be dished. A crude test of 
dished moderator geometry was attempted by use of a 
nested pair of plastic boxes, for comparison with the 
slabs of plastic described above. The larger box was 
9.2 X 9.2 X 9.2 cm, and the smaller was a slip-fit into 
the larger. The wall thickness of each was 0.635 cm. 
Both were open on the side toward the collimator. The 
collimation was thought to discriminate heavily against 
neutrons from the edges of the plastic. 

The larger box increased the count rate by approxi
mately 16% and the nested pair by approximately 22% 
above the level found with beryllium alone at the tip of 

a simulated tangential beam tube. The 0.635 cm thick 
walled box resulted in an increased yield roughly equal 
to 0.06% per gram of lucite. The nested pair 11.27 cm 
thick) increased the yield by approximately 0.05% per 
gram. For comparison, a 1,09 cm thick slab gave ap
proximately 0.04% increase per gram. .4n additional 
difference is that the maximum yield occurred at about 
4 cm deeper penetration into the beryllium when the 
plastic boxes were used than with the plastic slabs. 

The foregoing discussion of neutron yields is for 
measurements with the bare, collimated BF3 detector. 
Measurements with a cadmium cover over the detector 
consistently gave larger cadmium ratios (Cd R) as the 
thickness of lucite was increased. At the penetrations 
giving the greatest count rates, the Cd R was 18.5 for 
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beryllium, but 18.7 for beryllium plus 0.64 cm lucite, 
and 23 for beryllium plus 0.95 cm lucite. The nested 
pair of boxes (1.27 cm thick) resulted in a Cd R of 24. 
The epicadmium yield diminished more quickly than 
did the thermal yield with increasing radius, and higher 
cadmium ratios (up to approximately 100) were ob
tained with shallow penetration of beam tubes into the 
beryllium reflector. A Cd i i of approximately 1(X) is 
obtainable at a loss of 25%j to 50% in yield. 

It must be admitted that reproducibility was poor 
during the yield measurements. One factor was a mis
leading failure of the detector preamphfier at roughly 
the inid-i)oiiit of the measurements, causing some data 
to be discarded. Secondly, it would be desirable to po
sition the moderator outside rather than inside the 
beam tube, to mockup the AARR design more faith
fully than was done during these measurements. Al
though the general trends have been explored, much 
higher precision might be obtained by a more detailed 
exjieriment. 

REACTIVITY WORTHS OF BEAM TUBES 

A limited amount of reactivity data was obtained 
from installation and removal of beam tubes in Assem
bly 5. Two sizes were involved, namely 10.1 x 10.1 cm 
and 15.2 x 15.2 cm cross sections. 

A large empty through-tube reduced reactivity by 
1.14% when adjacent to the fuel zone. Filling the tube 

with beryllium recovered all but 0.15 to 0.22% of the 
reactivity. (The beryllium filler blocks did not fit per
fectly in the tube). Placement at 10.1 cm distance from 
the fuel zone reduced the worth by roughly a factor of 
five. A large radial tube worth was measured at about 
0.28 ± 0.05% when 10.1 cm of beryllium separated it 
from the fuel zone. This measurement was complicated 
by a preceding temperature coefficient test which af
fected the reference conditions. 

The combined worth of a small radial and a small 
through-tube was 0.52%. The measured reactivity ra
tio between large and small tubes was therefore ap
proximately 2.7 as compared to a volume ratio of ap
proximately 2.3. Moving a small through-tube to a 
position 10.1 cm from the fuel zone reco\'ered 0.12% or 
0.16% reactivity (two measurements), indicating a sig
nificantly smaller dependence on radial location than 
in the case of the large tube. 

Comparison with data reported earlier for Assembly 
4a shows that the reactivity worths of 10.1 x 10.1 cm 
beam tubes are smaller by at least one third in Assem
bly 5. 
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11-13. Argonne Advanced Research Reactor Critical Experiments—Neutron Flu.x 
Dis tr ibut ion Measurements With Mocked-Up Pressure Vessel, B e a m 

Tube , and Shroud 

K. E. PLUMLEE, J. W. ARMSTRONG and R. A. SCHULTZ 

Unavoidable leakage of neutrons from beam tubes 
results in locally increased radiation exposure of com
ponents through which these tubes pass. A number of 
traverses were made using a travelling BF3 neutron 
counter to indicate the neutron distribution near a 10.2 
cm square beam tube and other components perturbing 
the flux. The geometry of the region is indicated by Fig. 
11-13-1. The aluminum shroud mockup was not in
stalled during the traverses illustrated in Figs. II-13-2 
through 11-13-6, but was present for those of Figs. I I -
13-7 through II-13-9. The armor plate was present only 
during the mea.surement shown in Fig. II-13-5. 

Figure II-13-2, upper curve, shows the count rate 
along a F-direction traverse which passed close by the 
two alun.inum braces (1.27 x 6.35 cm) attached to the 

0.64 thick aluminum retainer for the reflector blocks. 
The lower curve was made under identical comlitions 
except that the braces were removed. The twin peaks 
of the upper curve were attributed to streaming of 
neutrons through the braces, which nearly doubled the 
count rate in comparison with the unperturbed tra
verse. 

A perturbation near the beam tube is observable in 
Figs. II-13-2 and II-13-3. These traverses were made 
in planes above or below the beam tube, which was lo
cated at the midplane of the core (Z = 0) . The beam 
tube was retracted during these traverses and filled 
with beryllium to the edge of the reflector. F'illing was 
only about 80%, complete because the selection of filler 
blocks was limited. 
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Traverses in the vertical (Z) direction are given in 
Figs, II-13-4 and II-13-5. The traverse at 67 cm radius 
conesponds with the center of Figs. II-13-2 and I I -
13-3. The traverse at 135 cm radius was just outside 
the iirnior plate which is 70 cm high, 91 cm wide, and 
11.75 cm thick. The armor plate roughly simulated a 
seel or of 244 cm i.d. pressure vessel for traverses shown 
in Fig. 11-13-5. The shift downward in the peak flux 
indicated by Fig. II-13-5 was attributed to leakage of 
neutrons streaming along the 1.27 cm. thick base plate 
which supported core, reflector, shroud, and armor 
plate. Another flux distortion resulted from room-scat
tered neutrons, which were much more intense than in 
the H2O radial reflector at 135 cm radius. Thus the 
hiehest count rate observed took place with the de
tector raised above the water level, during that tra
verse. Room-scattered neutrons were thought to result 
mostly from leakage through the nuclear instrument 
thimbles, which are designated by Roman numerals in 
Fig. II-13-1. The water level was raised an additional 
90 cm during subsequent experiments, to reduce the 
leakage of neutrons into the reactor room and to fur
ther shield the regions being traversed. 

" T T 
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(BRACES IN PLACE) 

I I I 

Fio. 11-13-2, 
Spatial Distribu 

20 10 0 10 20 
DISTANCE FROM CENTER,cm 

Effect of Aluminum Braces on Neutron 
tion, ANL Neg. No. 112-8985. 

' 1 ' I ' I 
BE-FILLEDBEAM 

'TUBE (RETRACTED) 

I ! 

4 0 30 20 10 0 10 20 30 4 0 
DISTANCE FROM CENTER, Cm 

Fio. II-13-3. Traverse in Plane Above Beam Tube, .l.V/, 
Neg. No. 112-8981. 

Figures II-13-3, II-13-4 and II-13-6 show traverses 
taken before installation of the aluminuni shroud sec
tor, and the effect of this 45,7 x 45.7 by 20.3 cm 
thick aluminum slab is shown by the curves of Figs. 
II-13-7 and II-13-8 labeled Run 50-114. 

Figures 7 and 8 also show the effect of extending and 
partially voiding the through-tube to provide a 10.1 x 
10.1 cm square tangential beam tube. -A very conven
ient aspect of the traverse at x = 79.3 cm is the flat 
(within a few percent) portion extending from the 
beam tube to about 37 cm away. This made it feasible 
to plot Fig. II-13-9 as a family of curves commencing 
at approximately the same flux level, when traversing 
in the x-direction rather than in the 7/-direction. The 
traverses of Fig. II-13-8 (x = 82 cm) indicate that the 
beam tube is a major source of the neutrons detected 
in this vicinity. In this traverse the perturbation is no
ticeable as far as approximately 40 cm from the beam 
tubes. 

The traverses of F'ig. II-13-9 were in the midplane 
(Z = 0) parallel to the beam tube. Five traverses wi>rc 
almost identical, at distances of 27 to 37 cm from (he 
tube, and these are shown as a smoothed curve. Within 
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an accuracy of a few percent, the traverses taken closer 
to the beam tube than 27 cm formed a family of curves 
branching off the smoothed curve. Traverses taken 
farther than 37 cm from the beam tube dispersed from 
the pattern shown in Fig. II-13-9, apparently because: 

(a) the starting point was no longer consistent, 
lb) the traverse direction was noticeably off the ra

dial direction, 
(c) the edge of the aluminum slab was near enough 

to affect the flux distribution in that direction. 
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The data presented in this paper are sufficient for 
estimation of flux perturbations around beam tubes of 
the geometry tested. Because of the strong dependence 
on details of geometry, the results shown here shoulil 
be used with caution in relating to other situations. 
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11-14. Argonne -Advanced Research Reactor Critical Exper iments—Determinat ion of 
G a m m a - R a y Heat ing By T h e r m o l u m i n e s c e n t Dos imetry 

G. S. STANFORD and T. W. JOHNSON 

To design a high-jiower reactor, knowledge of the 
gamma-ray heating is needed both for determining 
cooling requirements and for predicting where thermal 
stresses will be important. Thermoluminescent dosime
try (TLD)^'- has been applied to the measurement of 
gamma-ray heating in the critical assembly for the 
Argonne .\dvanced liesearch Reactor (AARR), where, 
because of its inherently low power (<300 W), a di
rect calorimetric measurement of heating rates (which 
are of the order of 10~^ °C/hr) would be very difficult. 
This paper presents a brief summary of the measure
ments; a detailed discussion will be contained in a sep
arate report.^ 

.\ description of the AARR critical facility has been 
published.* The phosphor used for the TLD meas
urements was manganese-activated calcium fluoride 
(CaF2.Mn), which, as was confirmed by experiments 
in the course of this work, yielded results that were not 
significantly perturbed by any effects due to either slow 
or fast reactor neutrons. The irradiations were per
formed with the powdered phosphor in thin layers, sur
rounded only by the material in which gamma-ray 
heating was to be measured. The Bragg-Gray theory 
of cavity ionization"*'' was used in analyzing the data. 

The absolute dose rates were determined by com
paring the TLD samples with standards composed of 
phosphor from the same batch, exposed in a calibrated 
gamma-ray irradiation facility. 

A correction factor is needed to allow for the differ
ence in gamma-ray spectra between the calibration fa
cility and the critical assembly. The correction was de
termined empirically, for a position in the beryllium 
reflector 10 cm from the core, in an experiment in which 
the response of TLD samples was compared with that 
of an ion current chamber, in the Co-60 irradiation fa
cility and in the critical assembly. For the position at 
which the measurement was made, the factor amounted 
to 1.20 ± 10%. All TLD measurements in the reactor 
were corrected by this factor, although it would be ex
pected to vary somewhat with the point of measure
ment; the magnitude of the change is not known, but 
the uncertainty in this correction does not contribute 
greatly to the overall experimental error. The factor 
thus determined would also correct for any sensitivity 
to neutrons, but on the basis of calculations and other 
experiments it was concluded that any sensitivity is 
small. 

The result of the above experiment indicated that 

the gamma spectrum in the beryllium reflector of the 
reactor near the core had an appreciable low-energy 
component,* in qualitative agreement with calcula
tions. Other experiments indicated that local heating 
in the beryllium near the core was a function of the 
nearby fuel-plate orientation, presumably because of 
gamma-ray streaming in the water channels. 

As one of the major experimental precautions, it 
was found necessary to avoid exposing the phosphor to 
humidity; therefore, the practice of baking the phos
phor for a few hours at about 400°C shortly before use 
was adopted. Also, for irradiation the powder was en
closed in capsules of the material under investigation, 
with 0-ring seals. 

-4mong the heating-rate measurements that were 
made in the critical assembly were the following: ra
dial traverses outward from the core; traverses along 
the walls of beam tubes; vertical traverses in the in
ternal thermal column; and heating rates and gradients 
at the planned location of the wall of the pressure ves
sel. 

Relative measurements were typically roiuoducible 
to within 5 or 10%. The absolute measurements were 
subject to an additional uncertainty of ±15% in the 
determination of the reactor power, and there was also 
the uncertainty in the spectrum correction factor, 
amounting to ±10% at the point where the factor was 
measured. The experimental program was discontinued 
before this factor was determined more accurately or 
at more locations. Combining the errors quadratically, 
the net uncertainty in the absolute measurements 
ranged from ~20% near the core to 35% or so at a 
48-in. radius. Further improvements in the TLD tech
nique could reduce these uncertainties somewhat, but 
the principal source of error—the power calibrat ion-
was unrelated to TLD. 

In applying the results of these measurements to the 
design of the AARR. an additional uncertainty arises 
from the fact that an aluminum HFIR-typc core wilh 
about 17-in. of beryllium for a reflector is to be used, 
rather than the heavily loaded stainless steel design, 
with 12 in. of beryllium, that had been mocked up in 
the critical experiments. 

Some calculations of the gamma-ray heating rates 
to be expected in the critical facility were made by 
A, E, McArthy and D. H. Shaftman," using simplified 
geometrv' and the computer program MAC. A homoge
neous core with a flat power distribution was assumed. 

file:///dvanced
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The calculated heating rate as a function of radial dis
tance from the outer edge of the fuel is plotted in Fig. 
II-14-1, along with the results of some of the measure
ments. The details of the measurements will be found 
in Ref. 3. 

The experimental errors indicated in Fig. II-14-1 
represent the estimated reproducibility of the TLD 
measurements. The experimental curve is also subject 
to a systematic calibration and spectrum-correction 
uncertainty, as mentioned above, amounting to ±20% 
or so. Thus there is some indication of disagreement 
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between calculation and experiment in the beryllium 
region; the discrepancy is worse for the water outside 
the beryllium. However, as this report is going to press 
the heating rates as calculated liy some other codes are 
becoming available, with indications that the MAC 
results are too high and otherwise inconsistent." Thus 
the significance of the calculated curve in Fig. II-14-1 
is questionable. Also, the entire experimental curve is 
based on a single power calibration. Time diil not per
mit more experiments to confirm the results. Indicative 
of what might have been found are the two extra points 
plotted at the position of the pressure-vessel wall, 
which came from two different, independently caU
brated measurements. Although the consistency of the 
three measurements at that position is not as good as 
one would like, the scatter is not incompatible with the 
experimental calibration uncertainties—and it is also 
true that the three measurements were made at differ
ent azimuthal locations; how much difference this 
would make is not known. 
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11-15. Argonne Advanced Research Reactor Critical Experiments—Rossi-Alpha and 
Pulsed Neutron Measurements 

J. W. DAUOHTUY 

INTRODUCTION 

The Rossi-alpha experiment provides a method for 
determining the prompt neutron lifetime of a critical 
system. It can also be used to measure small reactivi
ties near critical. Experience with the Experimental 
Boiling Water Reactor indicates that the Ro.ssi-alpha 
experiment does not give useful data with plutonium 
fueled, H2O systems due to the inherent neutron source 
from spontaneous fission. The effect of these spontane
ous fission neutrons is to produce a large number of 
overlapping neutron chains causing the time-correlated 
events to be lost in the random background. 

The pulsed neutron source method will yield the 
same information as the Rossi-alpha method, and is 
faster and more accurate. Furthermore, the pulsed 
source method can be used in situations where the 
high uncorrelated neutron background would make the 
Rossi-alpha method ineffective. The Rossi-alpha 
method is most useful near critical. The pulsed neutron 
method has been used to measure relatively large sub-
critical reactivities. 

The prompt neutron lifetime of a nuclear reactor is 
important for safety considerations, since the period of 
the exponential increase in the reactor power is pro
portional to the prompt neutron lifetime when the ex
cess multiplication is very large. 

During the program of critical experiments to assist 
in the design of a stainless steel core for the Argonne 
.Advanced Research Reactor (AARR), a number of 
reactor cores were assembled. Table II-6-I gives the 

TABLK II-15-I. .SUMMARY I^F PROMPT NEUTRON 
LIFETIME MEASUREME.NTS I.\ THE AARR 

CRITICAL FACILITY 

.Assembly No. I 
ftM<" 

1 
21) 
3 
411 
41) 
5 
5 

0.00727 
0,00721 
0.00718 
0.007121" 
0.00712*' 
0.00712'' 
0.00712'' 

Prompt Neutron 
Lifetime, 

psec 

39,5 ± 1,0 
33,0 ± 2,0 
31,9 ± 2,0 
2().7 ± 1,0 
27,8 ± 2.0 
33,7 ± 2.0 
22,3 ± 2 0 

Number and Type 
of Control Blades 
Inserted During 

Experiment 

0,3 interior 
2,5 peripheral 
2,3 peripheral 
2,0 peripheral 
2,3 peripheral 
3.1) interior 
3 3 peripheral 

• lief. 3. 
' 'Assumed to be equivalent to 1215/2000 loading of Ref, 3, 

designations for the various core loadings. For more de
tailed information on specific cores sec Kefs. 1, 2 and 3. 

Prompt neutron lifetimes, deduced from Rossi-alpha 
experiments, were reported for Assemblies 1, 2b, 3 and 
4a in Ref. 4. To obtain the prompt neutron lifetime 
from the Rossi-alpha one needs to know the ' ffcctive 
delayed neutron fraction, /3c//. Table II-17-III in Ref. 
3 shows that the calculated value of fi,it decreases 
slightly with increasing fuel loading. Previously re
ported prompt neutron lifetimes for the A.\RR critical 
assemblies were ba.sed on a single calculated value of 
0.00726 for /3,/ / . Although the effect is small, the re
vised values for the prompt neutron lifetime with the 
appropriate calculated fief/ have been included in Table 
II-15-I. 

The results of Rossi-alpha measurements in Assem
blies 4B and 5 are reported in this paper. .\l^o included 
is a summary of pulsed neutron source experiments in 
the AARR Critical Facility. 

ROSSI-ALPHA EXPERIME.NTS 

L.IRGE ITC 

In order to obtain information on the optimum size 
for the internal thermal column (ITC), the critical fa
cility was modified by enlarging the ITC from 4.8 
liters to 7 liters. The modification involved the removal 
of a number of fuel foils and boron-stainless steel poi
son strips. The resulting assembly, 4b, had 1173 fuel 
foils, containing 59.37 kg of U-235, and 1347 poison 
strips, containing 707 g of boron. The shape of the 
modified ITC is indicated in Fig. II-15-1. 

Rossi-alpha experiments were performed in this as
sembly using two BF3 proportional counters placed 
horizontally on top of the core. Other dct.-iil^ of the 
experimental technique are identical (o tlio-r' <lc -iiibi<| 
in Ref. 4. Control blades 2 and 5 were Inlly in^i-rlid, 
blade number 6 was approximately SOS; iiiscrled, and 
all other blades were fully withdrawn. Control blade 
locations are indicated by number in Fig. II-15-1. 
.Assuming a value of 0.00712 for / i , / , , the prompt neu
tron lifetime was found to be 27.8 ± 2.0 /<sec (Table 
II-15-I). 

GRADED LOADING 

The Argonne Advanced Research Reactor will have 
a heavily absorbing core with an H ; 0 internal thermal 
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column and a beryllium reflector. This design tends to 
produce steep gradients in the thermal neutron fiux dis
tribution at the inner and outer boundaries of the an
nular core, which in turn produce sharp peaks in the 
power density. To reduce these peaks the fuel density 
can be reduced in the regions of the core that would be 
subiect to power jieaking. In the critical facility this 
was accomplished by a graded loading in which thinner 
fuel foils were substituted for the standard fuel foils 
near the core boundaries. The fuel grading did not 
change the total number of fuel foils in the assembly; 
however, the amount of U-235 was reduced to 57.31 kg. 
To compensate for the loss of reactivity due to the re
moval of fuel, a total of 258 boron-stainless steel poi
son strips was removed. This left 1089 poison strips, 
containing 572 g of boron. Other details of Assembly 5, 
the graded loading with the 7 liter ITC, are given in 
Ref. 5 aiitl in Paper II-6. 

Ros.M-alpha measurements in Assembly 5 were made 
with two control blade configurations. In one configura
tion blades 7, 9 and 11 were fully inserted and 12 was 
approximately 60',; inserted; all others were fully with
drawn. In the other configuration blades 1, 3 and 5 
were fully inserted and 6 was approximately 30% in-
.sertcd; all other blades were withdrawn. The results 
of these measurements have been included in Table 
II-15-I. The large difference in the lifetimes for the 
two configurtitions indicates that the beryllium reflec
tor has a large effect on the average lifetime of prompt 
neutrons in the reactor. With over three peripheral 
blades inserted, the beryllium reflector is to a large 
extent cut off from the fuel region by the strongly ab-
soriiin;.' hafnium. Control blade slots 7, 9, 11 and 12 
are all in the fuel zone and do not hinder the return 
of neutrons from the beiyllium reflector. Beryllium 
lengthens the average life of neutrons in the reactor. 

The rc.^iilts rejiorted in the previous paragraph raise 
the (]uestion of the control blade configuration during 
Ros.si-.ilpha experiments in other assemblies. The num
ber and type of control blades inserted during the 
Rossi-al|j|ia experiments have been included in Table 
II-15-I. The sensitivity of the measured prompt neu-
t)on lifetime to the control blatle configuration tends 
to complicate the interpretation of the results. How
ever, the configuration for Assemblies 2b, 3, 4a and 4b 
were sufficiently similar to permit direct intercompari
son of re>ull-i. 

There are no plans at this time for additional Rossi-
alpha experiments in stainless steel cores for the 
.^.^RR. If experiments of this type are resumed at some 
future time, effort should initially be concentrated in 
two areas. Fir.-t, an attempt should be made to isolate 
and leiluce the rather large uncertainties in the experi-
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Fiu, II-15-1, Top View of AARli Crilii-al Ka.'iliiy ,L\Y, 
Neg. No. 122-9157. 

mental values for the prompt neutron lifetimes oli-
tained from Rossi-alpha measurements. Second, the 
relationship between the prompt neutron lifetime and 
the control blade configuration should be investigatetl 
more thoroughly. 

PULSED NEUTRON MEASUREMENTS 

A pulsed neutron generator was installe<l in the 
ZPR-5 cell for a series of experiments with the A.\RR 
Critical Facility. Figure II-15-2 shows its loctition on 
the main support platform directly above the critical 
facility. Measurements were made with the target ,iust 
above the core, as shown in Fig II-16-2, and with the 
target inserted into the ITC to the midplane of the core 
by using a longer drift tube. With minor modifications 
the generator could be removed from its position above 
the reactor and set up for oi)eration in a hoiizontal 
position. 

The neutron generator operates at potentials up to 
150 kV. It uses an rf type ion source. With a dciilcion 
beam and a tritium target neutrons are pioikicid wilh 
energies of apjjroximately 14 MeV. The maximum 
beam current at the target with a distance of lO'/s feet 
from the end of the accelerating tube to the target is 
ajiproximately 0.5 mA. The neutron yield at 150 kV 
and 0.5 mA is estimated to be 5 X IO" neutrons per 
sec. The neutron generator is equipped with pre- and 
post-acceleration pulsing, providing a very low be-
tween-pulse neutron production rate. The width of the 
beam pulses is continuously variable from one micro
second to five seconds, compatible with a pulse repe-
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Fio. 11-15-2, Sectional View of AARR Critical Facility 
Showing Reactor and Pulsed Neutron Generator. ANL Neg. 
No. 112-9164-

tition rate continuously variable from 5 X 10° pulses 
per sec. to one pulse every ten seconds and a maximum 
duty cycle of 90% in pulsed operation. There is also 
provision for external triggering of the pulsing system, 
thus permitting non-periodic pulsing which would be 
of value for pseudo-random impulse response studies, 
for example. 

Figure II-15-3 is a block diagram of the pulsing and 
time analysis system. The pre- and post-acceleration 
pulsing systems operate simultaneously to minimize 
the beam current between pulses. The deuteron beam is 
allowed to reach the tritium target during the time in
terval between the initital and final pulses from the 
Timing Pulse Generator. The final pulse was also used 
as the start signal for the time analyzer. Signals from 
a neutron detector in the reactor were analyzed in time 
relative to this start signal which coincided with the 
trailing edge of the accelerator beam pulse. A 400-
channel analyzer provided memory and readout equip
ment. The time interval covered by a "sweep" of the 
analyzer is equal to the product of the number of chan
nels (400) and the preselected channel width. For this 
set of experiments, channel widths of 16, 20, 40 and 80 
(usec were used. 

The initial phase of operation was directed toward 
familiarization and de-bugging. This was followed by 
a series of exploratory measurements. The first of these 
was to determine which combinations of pulse width, 
repetition rate, beam current and generator voltage 
would be compatible with normal reactor operation. 
Different detector types were compared and the effect 
of detector location was studied. A search for funda
mental modes was made with different critical configu
rations. The magnitude of higher order modes was de
termined in different locations in order to ascertain the 
optimum detector location for different measurements. 
Data analysis programs were developed concurrently. 

Four types of neutron detectors were used in the 
pulsed measurements: 

1.) BF3 proportional counter, 1 in. diam, 2 in, active 
length, 65 cm Hg filling pressure; 

2.) BF3 proportional counter, 1 in, diam, 15 in. ac
tive length, 120 cm Hg filling pressure; 

3.) BF3 proportional counter, >/2 in. diam, 6 in. ac
tive length, 140 cm Hg filling pressure; 

4.) U-235 fission chamber, 'A in. diam, 1 in. active 
length. 

Although the detection efficiency varied over a wide 
range, there was no indication that any of the results 
were dependent on detector type. 

Figure II-15-4 shows the decay of the neutron popu
lation at three locations in the reactor. Curve 4a was 
obtained with the neutron detector at the center of the 
ITC, 4b was obtained with the detector at the flux peak 
in the beryllium reflector and 4c was obtained with the 
detector at the outer edge of the beryllium. These loca
tions are shown as A, B and C in Fig. II-15-1. For 
these three runs control blades 1 through 6 were fully 
withdrawn and blades 7 through 12 were fully inserted. 
The tritium target was at the centerline of the reactor 
14 in. above the midplane of the core. 

The solid lines in Fig. II-15-4 represent least squares 
fits to the experimental data, assuming a single expo
nential decay after an appropriate waiting time. The 
decay constants were found to be the same within 1%. 
The transient response, on the other hand, is signifi
cantly different in the three locations. A detector loca
tion near " B " seems to be desirable for fundamental 
mode measurements because of the small contribution 
of transients to the decay in this region. 

In most runs, after the subtraction of background 
(predominantly delayed neutrons), the resulting data 
indicated an asymptotic exponential decay. For the far 
subcritical case in which all control rods were inserted, 
the existence of a pure exponential decay was not defi
nitely established. 

As observed in the Rossi-alpha experiments, decay 
constants were more sensitive to nerinheral control 
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blade position than to interior control blade position. 
Again, this is attributed to the fact that neutrons re
turning to the fuel region from the beryllium reflector 
tend to have relatively long lifetimes and thus tend to 
increase the average prompt neutron lifetime of the 
reactor. Contml elements that preferentially remove 
"older" neutrons from the reactor have a strong in
fluence on the rate of decay of the neutron population 
in the reactor. 

Digital computer programs were developed to cor
rect the time analyzer data for dead time losses and to 
estimate and subtract background. Final data fitting 
was done with PHY-141 which uses the variable metric 
method for minimization*' in performing least squares 
fitting to one or more exponentials plus background. 
Subroutine FCN of PHY-141 was modified to include 
a channel dropping option. This option permits one to 
successively drop any number of data channels from 
the beginning of the decay curve and then refit the data 
to an exponential decay. Such an option is useful for 
eliminating errors in the evaluation of the asymptotic 
decay constant by detecting the presence of transients. 
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11-16. Argonne Advanced Research Reactor Critical Experiments—Improved Neutron 
Cross Section for Format ion of 60 Day Half-Life Sb-124 

K. E. PLUMLEE 

INTRODUCTION 

Sb-124 is frequently used in physics experiments be
cause of its ease of preparation by irradiation of 
natural antimony. Yield per disintegration of Sb-124 
includes 0.48 and 0.07 fractions having energies of ap
proximately 1.69 and 2.1 MeV, respectively. These 
energies are sufficient to obtain photo-neutrons by 
(y,n) reaction with Be-9, for which the threshold 
energy is about 1.67 MeV. Consequently, Sb'^^-Be 
sources are widely used. 

Antimony is commonly encountered by reactor 
physicists for three different reasons, all of which in
volve cross section and yield data, 

1. The preparation of Sb-124 usually requires pre
dictions of sample size, neutron flux level, and irradia
tion time necessary to obtain an Sb-124 source of de
sired intensity. 

2. Antimony-beryllium sources are sometimes in
stalled in nuclear reactors to provide a detectable 
neutron flux during startup. One variation of this use 
involves regeneration, in which the source remains 
semi-permanently installed at a location which is satis

factory for startup needs as well as to replenish the 
Sb-124 during reactor operation. 

3. Antimony is present in lead shielding because of 
its use in hardening lead. Hard lead purchased for 
gamma shielding may contain several percent of anti
mony. Scrap or remelted lead often contains antimony 
from automobile storage battery plates. Shot manu
factured for use in ammunition contains antimony, and 
as a result, antimony finds its way into shot-filled 
shielding plugs. 

Levels of Sb-124 gamma emission as high as 100 R,/ 
hr have been measured at the surface of lead bricks 
shielding CP-5 Reactor experimental facilities. One 
piece of shot weighing 0.064 g emitted 15R hr when re
trieved from a CP-5 through-tube after rupture of a 
shot-filled shielding plug. Chemical analysis indicated 
3.7% antimony content for the shot, which is typical 
of ammunition grade. That is 1,850 times the limit for 
antimony content specified for common liesilverized 
lead or other ASTM grades (ASTM B29-55I, which 
are re.adily available, 

A recommendation has been submitted to tlic AXS 
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Standard- ('luimiiltee for standardization of lead pur
ity reipiiiements in reactor shielding. Color coding or 
other iilentilication is reeonimended for all lead bricks 
and similrii shielding which might be salvaged for 
eventual reuse. Otherwise standard and non-standard 
iii;iterijd might be mixed in storage or handling. 

A measurement of startup instrument response us
ing an aiitimony-bei-yllium source in the Argonne 
.\dvanced Research Reactor (AARR) Critical Ex
periment was performed to determine startup source 
requirements for the AARR. Semi-permanent installa
tion was being considered for the AARR and a selec
tion of source size and location involved two con
flicting factors. First the source must be small enough 
;md far enough from the fuel zone that it would not 
be damaged during reactor operation. On the other 
hand, it should be of reasonable intensity (thus, a 
iea>oiial)le sample size, during regeneration) and close 
enough to the fuel zone, for satisfactory results during 
startuj). 

There wa> no clear indication of the correct cross sec
tion for preparation of Sb-124 by neutron irradiation. 
The BNL-325 value of (2.5 ± 0.5) b for Sb-123 was 
quite old. The fJeneral Electric Chart of the Nuclides 
had jirogres.^icd up to 3.3 b, over a number of editions. 
The Handbook ot Cheinhstry and Physics had rounded 
to 3 b. W. H. Walker indicated 3.7 b in Ref. 1. None of 
those sources referenccHl to reports giving actual data 
which could be reevaluated. 

It was noted that a comparison between irradiation 
data and gamma yield from the Sb-124 source used in 
tlie critical experiment was not consistent with a cross 
section of less than 3,1 b, but fairly large errors were 
possible ill that determination." There is significant 
variation in rejiorted gamma yields for Sb-124, for 
example. 

SUMMARY 

The neutron cross section has been remeasured for 
the formation of 60-day half-life Sb-124 by irradia
tion of natural antimony. Disagreement between cross 
sections listed in standard references made remeasure-
inent necessary to improve the accuracy of an experi
ment with an Sb-124 source. 

The cross section for Sb-123 (n,y) Sb-124 was meas
ured at (4.0 ± 0,8) b. This is to be compared with a 
referenced measurement of (2.5 ± 0.5) b reported in 
Ref. 3, and to more recent listings of 3, 3.3, and 3.7 b, 
which may have been deduced from the original meas
urement on the basis of improved information on beta 
yield from Sb-124. 

The measurement reported in this paper commenced 
with the simultaneous irradiation of antimony and 
gold samples. The subsequent gamma yields were 

comparetl, using an Nal(TI) detector and a PUIM-
height analyzer. The gold cross .section and yield WIIT 
taken as standards. 

CROSS SECTION MEASUREMENT BV COMI'ARISO.V OF 

GAMMA COUNTS OF ANTIMONY AND COLD 

Simultaneous irradiations were made of bare and 
cadmium-covered antimony pills (0.25 in. dia. and 0.1 
in. thick), 0.0011 in. thick gold foils, and 0.0025 m. 
thick 90% manganese-copper foils. These materials 
were attached to a rotating disc for uniform exposure 
during a 30 min. irradiation in the Argonne Thermal 
Source Reactor (ATSR) graphite thermal column. 
(Similar irradiations are described in Paper V-2). Four 
inches of graphite intervened between the reactor 
source and the disc. 

A number ot gamma counts were made using ;i 400 
channel pulse height analyzer and a 3 in. dia. by 3 in. 
thick Nal(TI) detector positioned 3 cm or 10 cm below 
the samples. Tables II-16-I and II-16-II compare 
several such counts on an arbitrary basis. These show 
a difference of approximately 5% in the 1.69 MeV 
gamma peak, depending on which side of the pill was 
down. The arrows in Table II-16-I corres|)ond to the 
orientation of the foils relative to the detector. The 
side toward the reactor during irradiation was also 
turned toward the detector during irradiation during 
counts indicated by the arrow pointing toward the top 
of the page. 

As expected, the cadmium ratio for the 1.69 and 2.1 
MeV peaks and the decay of those peaks were charac
teristic of Sb-124 having a 60-day half-life. Tlie short 
half-life activity present on March 3, 1967 seems to 
have had a cadmium ratio iCd R) which is charac
teristic of Sb-122 activity. About 43.5% of the activity 
in channels corresponding to 1.29-1.45 MeV was ot 
approximately 2.8-day half-life and Cd R of approxi
mately 6.1, and 56.5% was of 60-d.ay half-life and Cd 
R of approximately 8.8. 

A much different result was found on examination of 
integral counting data shown by Figs. II-16-1 and I I -
16-2. The high discriminator level was intended to 
count activity of 0.8 MeV and higher, and this setting 
was checked by counting Mn-64 (0.84 MeV y) and 
Cs-137 (0.66 MeV y) standards sequentially with the 
antimony, gold, and manganese foils. The low dis
criminator level permitted integral counting of practi
cally all incoming pulses distinguishable from noise. 
A 2 in. diam by 2 in. thick Nal (Tl) detector was used 
for integral counting. 

About 72% of the initial activity counted using the 
high discriminator setting decayed with a half-life 
of about 2.3 days, and gave a CJ i? of approximatelv 
8.4. Thus, most of this short half-life acti^-ity may have 
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TABLE II-16-I. MULTICHANNEL ANALYZEH DATA SUMMARY 

{Note: Bare Sb wl. = 62Sg: Cd-covered Sb int. = 5S2g) 

Channel Levels, 
MeV 

2.04-2,18 

1.63-1,79 

1,29-1,45 

Distance to 
Detector, 

cm 

3 
10 
3 

10 
3 

10 

Counts on 3/15/67 (10 min) 

17:14 Cd 
Covered! 

182 

— 
1459 

— 
2164 

— 

17:58 
Barei 

272 

— 
2741 

— 
2322 

18:18 
Barei 

1669 

— 
12352 

~ 
14834 

— 

18:40 
BarcT 

— 
288 

— 
2874 

— 
2511 

Counts 

16:45 Cd 
Covered i 

142 

— 
1147 

— 
809 

— 

on 4/6/67 

16:27 
BareT 

1279 

— 
10033 

~ 
6613 

— 

Ratios t vs i 

18:40 
17:58 

_ 
1,058 

— 
1,048 

— 
1,081 

16:27 
18:18 

1,057' 

— 
1.047' 

— 
0,565-

' Decay corrected for 60-dtty half-life only. The ratios in the 1.29-1.45 MeV channels are affected by short half-life activity. 

TABLE I1-1()-II. MuLTicHANNEi- ANALYZER DATA COMPARISON 

MeV 

2,04-2,18 

1.63-1,79 

1.29-1,45 

Distance, 
cm 

3 
10 
3 

10 
3 

10 

Integral' 
Count Eff. 

0,069 
0,0145 
0,073 
0,0155 
0,079 
0,0165 

Peak/Total Ratio 

0.24+ 
0,246 
0,29-
0,29+ 
0,336 
0,34+ 

Activities (cps/mg) corrected to 17:30, 3/15/67*' 

17:14Cd 
Covered 

0.0394 

— 
0.245 

— 
0.293 

17:58 
Bare 

0,268 

— 
2,12 

— 
1,44 

18:18 
Bare 

0,344 

— 
2,11 

— 
2.05 

— 

18:40 
Bare 

0.268 

— 
2,10 

^ 
1,37 

16:45 Cd 
Covered 

0.0397 

— 
0.248 

_ 

16:27 
Bare 

0,344 

— 
2,11 

0,141 1.10 

— -
' Masa absorption curves fur counting efficiency of 3 in. diam by 3-in. thick NaI(TI} detector. 
^ Decay corrected for tlO-day half-life only. Activities have been corrected for counting efficiency and peak/total ratio. All data 

from Table II-16-I with symbol (1) were multiplied by 1-05 to correct to condition where most active side (reactor side) of foil is 
toward detector. A 4% increase was made to adjust for self-absorption of gamma by Sb at 1.69 and 2.1 MeV, and 4 ^ % at 1.35 MeV. 
A 4% increase was made in the 3 cm data because of finite pill thickness (curves were for 3 cm, pills were at 3.0 to 3.3 cm i. 

S '00 k 

~ I I M I I I I I I I I I I I I M i I I I I IJ 

LOW DISCRIMINATOR SETTING 

Cd-COVERED Sb.lO 

BARE Sb 

HIGH DISCRIMINATOR SETTING 

Cd-COVERED SbilO 

BARE Sb 

I I 

Fio. II-16-1. Integral Counting Data Using Bare and Cd-
Covered .Sb. .4JVi Neg. No. 1I2-8SSI. 

been from an isotope other than Sb-122. The remainder 
of the activity counted using the high discriminator ap
peared to be 60-day half-life Sb-124. A review of the 
available multi-channel analyzer data indicated that 
the short half-life activity had a Cd fi of approxi

mately 6.1 in all channels. Thus there is nothing in 
the multi-channel analyzer data to confirm the high 
discriminator counting. If this discrepancy had been 
foreseen, more data would have been taken with the 
multi-channel counter. However, there was no inter
ference at energies above the threshold energy of ap
proximately 1.67 meV for beryllium (y,7i) reaction. 

The multi-channel analyzer data from April 6, 1967 
were processed using ANL computer code RP-296'-" 
which fits a Gaussian curve to a data peak and com
putes the area under the curve. The foil activities (de
cay corrected to time of scram, and stated in cps/mg) 
were as follows for 1.69 MeV gamma radiation of Sb-
124 and for 0.41 MeV of Au-198. Bare antimony ac
tivity was 1.882 and cadmium-covered activity was 
0.2067, leaving a net subcadmium activity of 1.62. Ad
justments to be applied to the foregoing results include 
an increase of 4% for self-absorption of y radiation in 
the antimony pill; and a 0.7% increase (which later 
cancels a similar adjustment for gold) to change ther
mal activation to C. Westcott notation." A 4% adjust
ment to counting efficiency was made because of the 
0.25 cm antimony thickness which is S% as great as 
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the 3 cm separation between pill and detector during 
counting. This adjustment improved the agreement for 
1.69 .MeV (but not for 2.1 MeV) data taken at 3 cm 
and at 10 cm. The adjusted thermal activation was 
1.77 yiiio/s per mg of antimony. 

The bare and cadmium-covered gold activations 
were 3,200 and 343.0 y„ ,,/,s-mg corrected to time of 
scram. .\n adjustment of 0.290 was made for gold de
cay during irradiation, O.BS't for self-absorption of 
0.41 .MeV y in 0.0011-in. thick gold, and 0.7% to change 
to Westcott notation thermal activation. The adjusted 
thermal :ictivation of gold was 2,900 yo.ii/s-mg. 

The number of atoms ,V of an isotope are related to 
the yield Y, decay constant A and activity A as follows: 

Nl^^l 1,69 — — r ^1,69 

= 7.48 X 10' ^ , , s , 

3.366 X 10= .4o,4i = J > 1 9 8 ' 0 41 

= 1.32 X lO'/mg, 

9.76 X lOVmg. 

The neutron cross section cr of Sb (nat.) for forma
tion of Sb-124 is related to that of Au-197 as follows: 

^ ni9i <rm iVm ^ 122 1.32 X lO' Ko.i 
"" ' rish A'l.s 197 9.76 X 10« r , , , , ' " " ' 

Using a thermal flux depression correction factor of 
0,963 for gold, ai„7 = 98.8 X 0.963 = 95.1 b. Assuming 
}'o,,i = 0.956 and K,.mj = 0,48 gives (T»b(nat.) =(1.58 
± 0.16) b. This result must be corrected for thermal 
flux depression in the antimony pill (—0.93) and the 
fraction of Sb-123 in natural antimony. The measured 
2200 m/s neutron cross section of .Sb-123 yielding Sb-
124 IS then (4.0 ± 0.8) b, with half the error limit be
ing attributed to experimental measurements and half 
to uncertainties in the cross section of gold, yields of 
yo,4i and yi,s9, and in various adjustments for fiux 
depression, etc. 

DET.\IL.S OF CORRECTIONS APPLIED TO ACTIVATIONS 

HELATIO.V O F THERMAL TO SUBCADMIUM ACTIVATION 

Using Westeott's notation the ratio of thermal to 
total activation for an irradiated material is given in 
terms ol g(T), a ratio of effective cross section to ideal 
(l /v) cross section in a Maxwellian thermal velocity 
distribution of neutrons; r, a ratio of epithermal to 
thermal flux intensities; and S(T), a ratio of effective 
resonance to thermal cross sections weighted accord
ing to a prescribed energy distribution: 

Thermal Activation _ g(T) 
T o t a l Activation ~ g(T) -{• rS(T) " 

The Cd R is al.so related to g(T), r, and SiT) but 
by Use of a term PcJT) « 0.48 \/T7¥„ for gold or 
antimonv cross sections: 

C d R - 1 
CdR 

(T) -rPcAT) 
l(T) -^rS(T) 

g(T) rPrAT) 
g(T)+rS(T) g(T) -\-rS(T) 

Thermal Activation Cd R — 1 
Total Activation CdR + 

Pr^iT) 
lg(T)/r\ + S(T)-

(Cd R - 1)/Cd R = 0.887 for Sb-124 and 0.890 for 
gold. Assuming a neutron temperature T of ~60°C 
(333°K), P,.iiT) « 0.512. Unfortunately g(T} and 
S(T) for Sb-123 were not accurately known; however, 
for either gold or antimony the corrections are quite 
small and nearly cancel in the final result. For gold, 
g(T) = 1.008 and SiT) = 18,44. For Sb-123, giT) « 
1 and S(T) ^ 33. Finally, r was estimated from the 
Cd R = 54 of manganese in the same location, for 
which g ( r ) = 1.00 and SiT) =0 .710: 

gAT) 
(CdR)ASAT) +P.AT)] -SAT) 

= 1/65.2S, 

Pci(T) 
[g(T)/rl + S(T) 

0.006 (for gold); 

or ~ 0.005 (for Sb-123). 

The thermal activation yielding Sb-124 was thereby 
estimated to be (0.887 -h 0.005) X total activation, 
which is 0.6% greater than that obtained by subtrac
tion of epicadmium foil activation from bare foil ticti-
vation, for both Sb-124 and for gold. 

This correction effectively canceled out of the cal
culation of cross section. The underlying reasons are: 
(a) a choioe of antimony pill thickness which gave a 

J I I I I I I I I I I I I 

Cd-COVERED aCTIV lTY x 
LOW DISCRIMINATOR 

BARE ACTIV ITY 
LOW DISCRIMINATOR 

Cd-COVERED ACTIVITY » 
HIGH DISCRIMINATOR 

-—BARE ACTIVITY i 10 
HIGH DISCRIMINATOR 

FIO. II-16-2. Integral Connling D.ilii Less 6(1 .liiy Ihih lilV 
Activity. ANL Neg. No. 112-8830. 
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Cd R nearly as large as that found using the gold foil; 
and (b) a fairly small value of r in the thermal col-

EQUATIONS HELATINd CROSS SECTION OF Sb-123 TO GOLD 

Since antimony and gold were irradiated on a ro
tating disc to obtain uniform exposure, the ratio of 
atoms activated is 

/ / . Thermal Reactor Physics 

N^n n^nO.!, 

n/,„Ngi,.nt 
oab = jf î Au . 

nshAiAu 

Both cross sections still must be corrected for ther
mal fiux depressions or self-shielding. 

DESCRIPTIO.V OF EQUIPMENT 

Counting was done with a 3 in. diam. by 3-in. thick 
Nal(TI) detector inside a heavy shield of lead lined 
with copper. Attenuation (i.e. integral) curves were 
used ill conjunction with peak-to-total ratio curves to 
estimate counting efficiencies for peaks at various 
energies. 

The analyzer accommodated pulses corresponding to 
values between zero and 4 Mev in 400 channels. Dead-
time was 4 to 5% for the cadmium-covered measure
ment and initially ~ 2 5 % for the bare antimony meas
urement with 3 cm distance between pill and detector. 
The preset live time circuitry functioned quite well 
during these experiments as shown by the decay ad
justed data of Table II-16-II. 

DIRECTIONAL FLUX DURINO IRRADIATION 

A 5% difference in 2.1 MeV and 1.69 MeV count 
rates resulted from inverting the antimony pills. This 
is thought to be a con.sequencc of irradiation in a di
rectional flux in the ATSR thermal column. The 5% 
difference significantly exceeds the estimate based on 
thermal flux and is attributed mostly to resonance 
activation. Since there may have been complicated 
decay in progress at lower energies, it was not de
termined whether the Sb-122 activity had similar 
properties. 

EXISTENCE OF UNCO.MPLICATED 60-DAV H.\LF-L1FE IN 2.1 

AND 1.69 M e V GAMMA PEAKS 

Comparison of decay-corrected data in Table 11-16-
II indicates no short half-life activation in the 2.1 and 
1.69 MeV peaks. The 60-day half-life accounted for 
about 56.5% of the activity in channels corresponding 
to 1.29 to 1.45 MeV. The remainder agreed in Cd R and 
in half-life with Sl)-122 decay. 
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11-17. Argonne Advanced Research Reactor Calculations Preface 

D. H. SHAFTMAN 

In the preceding Annual Report,' the papers on 
theoretical reactor physics studies for the Argonne Ad
vanced Research Reactor (AARR) were concerned 
with analyses for a system which included a heavily-
loaded intermediate-spectrum reactor core. Late in 
calendar-year 1966, Argonne National Laboratory 
discontinued its development effort for this system and, 
instead, elected to adopt the design of the reactor core 
of the High-Flux Isotope Reactor (HFIR) of Oak 
Ridge National Laboratory.- The basis for selection of 
the HFIR core design for the A.\RR was the necessity 

to effect substantial cost reductions in the research 
and development program for the .\.ARR. 

The HFIR core was a particularly suitable alterna
tive because it too is designed to provide a small, thin 
fuel zone, from which a large fraction of the neutrons 
produced could leak into zones containing experimen
ters' facilities. Moreover, cores of this design have 
operated quite successfully at 100 MW, in the HFIR. 
The HFIR design incluties a central zone for an in
ternal flux trap (ITC) of thermalized neutrons, and 
the size of this zone is approximatelv the same as the 
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size of the earlier reference AARR system. The active 
height (20 in.) of the HFIR fuel is only a little larger 
than the active height (18 in.) of the earlier reference 
.\.ARR fuel. The coolant for the ITC, the core, and 
the reflector of the HFIR is water (HoO), which was 
the reference coolant for the AARR. 

The adoption of the H F I R core design was extended 
al.̂ o to the duplication of the HFIR control-rod system 
and the removable portions of the outer radial beryl
lium reflector. However, the so-called "permanent" 
herjdlium zone of the AARR is quite different from 
that of the HFIR ; it is thicker, and it contains a much 
larger number of experimenters' facilities. Indeed, to 
the extent feasible, the earlier reference designs of the 
zones containing the experimenters' facilities were re
tained as the reference system to be incorporated with 
the chosen duplicates of HFIR zones. The purposes of 
the AARR are unchanged, namely, to provide high 
thermal neutron fluxes in a variety of experimenters' 
facilities, for basic research. In particular, the Internal 
Thermal Column (ITC) of the AARH is intended for 
research-type irradiations by high-intensity fluxes of 
thermalized neutrons, in contradistinction to larger 
scale fixed production of certain transplutonium iso
topes for which the HFIR was designed. Accordingly, 
it is intended that the ITC of the AARR will have 
lighter loadings of target tubes and targets than the 
JIFIK, and a variety of rabbit tubes and static irra
diation facilities will be included. 

.\s a consequence of these changes in the AARR 
design, the reactor physics research and development 
work for the AARR has been redirected. The critical-
ity-experiments jirogram was terminated, and the 
A.\RR Criticality Facility has been closed down. The 
scheduled programs of theoretical reactor physics 
studies have been revised to take into account the fact 
of existing designs for important portions of the reac
tor, and to make use of the data available from the 
reactor physics studies and the power operation of the 
HFIR. To this pur])Ose, closer contacts have been es
tablished with the HFIR staffs of reactor design and 
operation. Oak Ridge National Laboratory, notably 
with: R. D. Cheverton and H. C. Claiborne, on reactor 
physics design; H. C Claiborne and H. A. McLain, on 
the design of the radiation shieldim; of the plant; A. L. 
Boch and T. E. Cole, on the general plant design; and 
R. V. McCord, on the reactor operation. 

Because there are important differences in the de
sign of the ITC and of the permanent beryllium re
flector, because there are important differences in the 
purposes of reactor operation, and because there are 
significant differences in the overall plant design, a con
tinuing reactor physics research and development effort 

is essential for the AARR. This effort is divided iiilii 
a number of categories: 

1. reactor physics studies leading to opiiiin/.i'd de
signs of experimenters' facilities in the ITC ami in llic 
beryllium reflector, within the constraints of; a lixid 
design of the reactor core, the I T ( ' size, the control-
rod configuration, and the removable-beryllium Z(in(•^; 
required number, sizes, and variety of cxiK'iimcntrrs' 
facilities; financial budget; and schcduh' of design .-11111 
construction; 

2. studies intended to provide an independent aiial_\-
sis of certain outstanding problems of reactor jthysics 
analysis, e.g., the prediction of the reactivity life of a 
new core as a function of the total irradiation history 
of the beryllium reflectors; and analyses to provide 
additional data upon which criteria of operation may 
be based, e.g., reactivity effects of target cajisiiles to 
be introduced into exjierimenters' facilities; 

3. collaboration with Project engineers and with the 
Architect-Engineer in establishing the radiation-shield
ing design of the plant; collaboration with Project 
engineers and AARR Users in resolving rtitliation-
shielding and heating-analysis problems in the exjieri-
menters' facilities; 

4. collaboration with other Project iier.-otmcl m 
safety analyses, with the ultimate purposes of desit;!!-
ing a safe ]ilant and of denionstr.-iting this in (lie final 
Safety Analysis Report for the AARH; 

5. general project-jihysics suiiporl for other aspn-ls 
of the design work. 

Each of the abovementioned activities has bren 
given considerable reactor physics effort in FY-1907. 

Paper No' 11-18 reports on certain analyses of the 
critical experiments on simulations of the earlier 
reference core. This pajier is brief because of the pres
sures of budgeted cost and manpower, and because of 
the choice of a different reference core early in FY-
1967. 

Paper No. 11-19 reviews the status of the general 
reactor physics design analysis of the reactoi core and 
the beryllium reflector, Pajier No. 11-20 is coucerneil 
with detailed reactor physics analysis of the space and 
energy distributions of thermal neutron fluxes in the 
Internal Thermal Column, for the fresh reactor. 

Paper No. 11-21 summarizes the present status of 
work of a shield-design nature. 

Paper Nos. 11-22 and 11-23 discuss certain aspects 
of the safety analysis of the revised AARR. In FY'-
1967, as a result of changes in the reactor core and in 
the models of release of contaminated airborne mate
rial outside the Reactor Containment Building, addi
tional analyses were performed, and the Preliminary 
Safety .Analysis Report for the AARR was rewritten. 
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These two jiapers respectively summarize accident 
analyses and analyses of radiation doses to people off 
the AARR site as a consequence of a postulated maxi
mum credible reactor accident. 

In some cases, the activities involved substantial 
participation by personnel from other divisions of 
.\rgonne National Laboratory. The authorship of the 
papers is intended to reflect this participation. Of 
course, in project physics work others contribute also, 
including personnel of the Reactor Physics Division 
and of other divisions. Unfortunately, it has not been 

feasible to acknowledge all of the other contributions 
in the six papers that follow. 
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11-18. Argonne Advanced Research Reactor Calcidations—Analysis of Critical 
Experiments wi th the In termedia te -Spec trum Core 

R . P . SAVIO* and D. H. SHAFTMAN 

INTRODUCTION 

As a result of the selection of the lightly-loaded 
HFIR-type reactor core for the ,\ARR (see Paper II-
17) to reduce research and development costs of the 
AARR, the program of critical experiments with in
termediate-spectrum cores was terminated in calendar-
year 1967. The final measurements included a fore
shortened version of the planned loadings of graded 
fuel, and thermoluminescent-dosimetry measurements 
of heating rates in the reflector. Most of the previously 
unreported experiments have been summarized in Pa
pers II-6 to 11-16. 

There have been extensive reportings on theoretical 
reactor physics analyses of the critical experiments in 
Rcfs. 1, 2 and 3. Also, there have been reports on the 
reactor physics design analyses for the AARi{, with the 
earlier, intermediate-spectrum core.'" The reporting 
in the present paper reflects the shift in the theoretical 
effort toward analyses of the modified AARR, with the 
HFIR-type reactor core. The contents of this paper 
are essentially limited to: 

1. comparison of the calculated kcf/s, for the various 
fuel loadings, with fcr,,'s inferred from measurements 
of control rod positions for criticality and measured 
differential reactivity worths of the control rods; 

2. multigroup two-dimensional calculations of the 
reactivity gain which would occur in the event of a 
massive partial voiding of water in the ITC; ITC's of 
two different sizes were studied; 

3. comparisons of calculated and measured data on 

' Reactor Operations Divisi(m, Argonne National Lahora-

peak absolute thermal neutron fluxes in the ITC's per 
watt of fission power; 

4, comparisons of calculated and measured radial 
distributions of fission power in the single graded-fuel 
loading on which critical experiments were performed. 

METHODS AND PARAMETERS OF RE.\CTOR 

PHYSICS ANALYSIS 

Discussions of the models of reactor physics analy
sis are presented in Papers 11-19 and 11-20, and the 
reader is referred to them for details. As indicated in 
these papers, 16-group one-dimensional calculations 
and associated 6-group two-dimensional calculations 
were made in the context of diffusion theory. The 6-
group cross sections for the 100%-Hot) ITC were used 
also for the axial water reflectors. 

The 16-group and 6-group sets were compared by 
calculating identical systems in one-dimensional geom
etry. Consistently, the 6-group reactivities were smal
ler than the 16-group reactivities. This reactivity bias, 
0.3%, is considered to be an inadequacy of the group-
synthesis procedure, in reducing the number of groups 
from 16 to 6. Therefore all reactivities inferred from 
2-D calculations have been increased by 0,3% to at
tempt to minimize the reactivity change due to the use 
of only six groups rather than sixteen. The 2-D 6-
group calculations, with the CANDID2D program" on 
Argonne's CDC-3600, converged very slowly, and it 
was not feasible to perform the 2-D analysis with the 
16-group set, in view of the monetary costs of such cal
culations. 

All calculations were performed for idealized cases 
where the control rods were fully withdrawn and the 

file:///rgonne
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TABLE II-18-I. REACTIVITY DATA FOB CRITICAL ASSEMBLIES WITH STAINLESS STEEL-WATER-URANEIM CORES 

Assembly No. 

1 

2li 

2b 

3 

4a 

4b 

5 
(Graded Loading) 

U-235 Loading, 
kg 

16.1 

16.1 

31.4 

31,4 

31,4 
31,4 

41 4 
41.4 

61,5 
61,5 

59,4 

57,3 

Boron Loading, 
g 

0 

0 

220 

0 

220 
0 

425 
0 

850 
0 

821 

572 

Composition of the 
Beryllium 
Reflector, 

v/o 

10% Plexiglas 
90% Be 

Be 

10% Plexiglas 
90% Be 
10%, Plexiglas 
90% Be 

Be 
Be 

Be 
Be 

Be 
Be 

Be 

Be 

Measured 
Reactivity, 

% 

0.4 

3.6 

4,8 

— 
2.7 

— 
2,5° 

— 
3.8" 

4.5" 

Calculated 
Reactivity 
16 energy 

groups; 1-D 
diffusion 
theory 

% 

1.6" 

3.0" 

4,5 

15,5 

5,6 
• 16,5 

3,9 
18,9 

3.6 
21,3 

3,6 

.3,8 

Calculated'' 
Reactivity 

r 6 energy 
groups; 2-1) 

diltusion 
L theory 

/(, 

0.9 

-

3.2 

— 
1,2 

~ 
2,6 

— 
-
— 

' This includes a correction I—3^;) for the reactivity efTects of the gross spatial inhomogeneities of fuel loading, 
'• These values of reactivity include a correction (-HO.3%) for the reactivity effect of using the li-group rather Ihan the 16 group 

cross sections. 
'Measurements with Assemlil.v No. 4 were made with berylliuin-filled aluminum beam tubes installed in the reflector. A dilTcr-

ential reactivity of 0,3';^ has been added to correct for this, 
" Mea.suremenls with Assembly No, 5 included a tangential beam tube located 5.1 cm from the fuel zone. A differential reactivity 

of 0.2% has been added lo correct for this. • 

water level was high. This corresponds to the philos
ophy of the measurements from which ke/,'s were 
deduced. However, the computation of neutron flux 
and fission power distributions did not duplicate meas
ured conditions wherein criticality was attained by 
insertions of control rods. For some experiments, criti
cality was achieved by adjusting the water level, and 
control rods were fully withdrawn. No attempt has 
been made to analyze these particular experiments. 

All 16-group calculations were performed in cylin
drical geometry, with a fixed bare-equivalent height of 
60 cm assigned to all regions of all critical assemblies. 

COMPARISON OF MEASURED AND COMPUTED 

VALUES OF k,,,, 

Table II-18-I lists the measured and computed data 
of k,„ for various loadings of fuel and boron and for 
two ITC sizes. I t has been calculated" that the hetero
geneities of the distributions of fuel foils in Assembly 
No. I reduces reactivity by approximately 3%. As

semblies Nos. 2a and 2b are also subject to an effect 
of this type but of lesser magnitude. 

Referring to Table II-18-I, note that the biased 2-D 
calculations all yield values of kc/f smaller than those 
predicted by the 16-group 1-D calculations. The 6-
group krfi's are smaller than the measured data, when 
the latter are corrected for heterogeneity effects, for 
Assemblies Nos. 1-3. The 6-group k,i, for Assembly 
No. 4a is a little larger than the measured value. On 
the whole, for Assembbes Nos. 1-3 the 16-group (1-D) 
kefi's are closer to the experimentally determined kcn . 

COMPARISONS OF MEASURED AND COMPUTED VALUES 

OF THE REACTIVITY EFFECTS OF UNIFORM 

PARTIAL VOIDINGS OF ITC WATER 

In Fig. II-18-1, one-dimensional 16-group computa
tions of reactivity effects of uniformly voiding some of 
the ITC water are compared with measurement. The 
curve for the measured values in Assembly No. 4b 
probably is somewhat distorted by non-uniformity of 
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2 0 4 0 6 0 
PERCENTAGE OF ITC WATER VOIDED 

Fici. 11-18-1. Comparison Between Measured and Calcu
lated Ueacaivity Kffecls Resulting from the Partial Voidings of 
ITC Water in AARR Critical Assemblies. ANL Neg. No. 
llS-9408. 

TABLK 1I-18-II. REACTIVITY EFFECT OF VOIDING 
50',^ OF THE WATER IN THE 6-cm ITC 

Assembly 
No. 

la 
2b 
3 
4a 

U-235 
Loading, 

kg 

16.1 
31.4 
41.4 
lil.5 

Boron 
Loading, 

g 

0 
220 
425 
850 

Reactivily Effect of Voiding, 
cr ro 

Measured 

1.5 
1.4 

Calculated 

16 groups; 
one space 
dimension 

1,17 
0.98 
0.93 
0.84 

6 groups; 
two space 

dimen
sions 

1.43 
1.58 

voiding at smaller percentages of void. The 1-D calcu
lations underestimate the void percentage at which 
the peak reactivity gain occurs, and they underestimate 
the peak reactivity gain. There is an increase in the 
axial reflector savings when voids are introduced into 
the active portion of the ITC, and this is accounted for 
by the 2-D analysis but not by the 1-D analysis. This 
results in a larger reactivity gain for a given void 
fraction in the ITC water. 

Table II-18-II summarizes experimental data and 
1-D and 2-D calculations for voidings of 50% of the 
ITC water in various critical assemblies. The 2-D re

sults agree more clo.sely with measured data for the 
two cases of measurement. 

Another effect that has not been included in the 
analysis is an increased reactivity-control worth of the 
ITC when control rods are partially inserted at the 
outer radial boundary of the core. There is a corre
spondingly larger change in the control worth of the 
ITC when voids are present. 

PEAK THERMAL NEUTRON FLUX IN THE ITC 

In Paper II-7, values are reported of the absolute 
peak thermal m^utron flux in the ITC, as inferred 
from measurements in the ITC's of the various critical 
assemblies. In some of the experiments, reactivity was 
controlled by adjustment of reactor water level. In 
other cases, criticality was achieved with control-rod 
positioning. There are substantial uncertainties in 
extrapolating measured data of power distributions to 
estimate absolute power, and there are other uncertain
ties of theory and measurement in estimating the value 
of the peak thermal neutron flux per unit jiower. 
Nevertheless, there is some interest in the comparison 
of measured and computed values of the jieak flux per 
unit power, and Table II-18-III is a mixed b:ig of such 
comparisons. The experiments wherein criticality was 
attained by varying reactor water level are included 
although admittedly this control procedure does not 
match the design reference control by positioning of 
control rods. 

All fcf,/ calculations were performed for the idealized 
reactor state wdierein all control rods were withdrawn 
fully. Table II-18-III lists also the values of the peak 
thermal neutron flux in the bcrsdiium reflector (groups 
Nos. 15 plus 16; l>-0,4 eVi. .As discussed in Paper 11-20, 
however, listings of integrated flux alone do not permit 
an experimenter to determine neutron absorjition rates 
in dilute samples, since the details of the spectra are 
important. Although, in general, agreement hetween 
calculation and measurement appears to be good, there 
IS no intent here to conclude that such is indeed the 
case. 

In these critical assemblies, the beryllium reflector 
did not contain water. At the time of the termination 
of the critical-experiment work, fabrication of a new 
reflector had been completed for improved simulation 
of the AARR design reflector, but it was not feasible 
to use this reflector in the final measurements. The 
calculated peak thermal neutron flux per unit fission 
power is smaller in the design reactor, app;irently be
cause a larger fraction of the total power is produced 
near the beryllium reflector of tbe design reactor. In
deed, the graded-fuel loading simulated in the final 
critical experiments is based upon calculations of the 
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TABLE II-18-in. Aiison'TK TIIEUMAI, NEUTRON Fi.uxEa IN C R I ' I K A L ASSEMMMES WIIII SIAINI.KS 
STBEL-WATER-URANIUM ( 'ORES 

(( 

Assembly No. 

1 

2a 

2b 

3 

l!i 

lb'-

5'' 
ladoil Loading) 

U-235 Loading, 
kg 

10,1 

10,1 

31,4 

31.4 

31.4 
31,4 

41,4 
41,4 

1)1.5 
01.5 

59 1 

57.3 

Boron Loading, 
g 

0 

0 

220 

0 

220 
0 

425 
0 

850 
0 

821 

572 

Composition of the 
Beryllium Reflector, 

v/o 

10% Plexiglas 
00% Be 

Be 

10% Plexiglas 
90% Be 
lOC/i Plexiglas 
90% Be 

Be 
Be 

Be 
Be 

Be 
Be 

Be 

Be 

Peak Thermal Neutron Flux in 
the ITC at 1(K) MW, 

U)u.J^rfV 
cm '̂-sec 

Measured 

— 

-

— 

4,2 ± 0,0" 

3,8 ± 0,5" 

4,1 ± 0,5-1'• 
4,4 ± 0.5 ' ' " 

4.5 ± 0.7"" 
4.8 ± 0.5'i 
4,4 ± 0.7"" 

Calculated' 
(0-0.4 eV) 

4 50 

4 47 

4,20 

4.29 

4,25 
4,40 

4,12 
4,18 

3,91 
4,01 

4,02 

3.93 

IVilk llictnial 
Nculron l'lii\ iu 
llie Ucrylliu.ii 

too MU , 
10,. _"-_"!_ 

cnr-sec 

Calculated" 
(0-0.4 cV) 

1,10 

0,92 

1,(15 

1,08 

0.94 
0 <I5 

0 9(1 
0,92 

O.SI 
0 84 

0 91 

0,S9 

I theory calculations. Xhe equivalci 
emblies had 0-cm-radius ITC's, 

heighl ' Tlir,s(' arc (he results of lO-group one dimensional diltusion 
' Tliesf ;issciiiblies lKid7-cin-radlos lT( ' ' s ; the other five as.sen 
"Criticality controlled b;' positioning of control lods, 
'' Criticality controlled by water level, 
" For .X.-^seiidilies 4b and 5. more than one run was made for fixed conditions of reactivity control. The parameters varied were 

tolal running time and jiower level, (See Paper 11-20.) 

nieiit, and to Fig. II-18-3, which shows agreement be
tween measured and computed power distributions in 
this zone. In Fig. II-18-3, the measured and comimted 
distributions are normalized to coincide at the mini
mum in the power curve near the outer boundary. 

In the calculations, the graded-fuel regions were 
represented as separate homogenized fuel-foil cells, 
grouping the fuel foil and the as.sociated stcil and 
water. The calculated distribution should be smoothed 
by fitting a curve to the midpoint values in the fuel-foil 
cells. 

Fig. II-18-3 indicates that computation and meas
urement (Fig. II-18-4) diverge at the inner boundary 
of the fuel zone. The margin of disagreement indiciites 
that additional measurements and more detailed calcu
lations are in order. Po.ssibly, partitioning of the ther-

de.sign reactor, and the power distribution calculated 
for the design reactor is flatter than the power distribu
tion measured in that loading. 

RADIAL DISTRIBUTION OF FISSION POWER DENSITY 

IN THE GRADED-FUEL LOADING 

Because of the required termination of the program 
of critical rxperiments with SS-U-H2O cores, measure
ment of fission power density was made in only one 
graded-fuel loading (see Paper II-8I . I t was possible 
to perfojni "clean" measurements in one fuel assembly 
at the outei- boundary of the reactor core, and a com
parison is presented between measured and calculated 
fission-power distributions in the graded-fuel zone at 
this boundary. Reference is made to Fig. II-18-2, which 
shows the positioning of U-Al wires in the measure-
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mal neutron energy range into a larger number of 
groups would help to resolve the disagreement. At this 
time of reporting, there has been insufficient time avail
able to investigate the discrepancy further. Measure
ments appear to be out of the question for the predict-

GRADED SECTION 

PERIPHERAL CONTROL BLADE CHANNEL-
O.I5'TH(CK ALUMINUM FOLLOWER 

F I G . II-18-2. Locations of Uranium-Aluminum Wires for 
Measurement of Radial Fission-Power Distribution Near 
Beryllium Reflector of Graded Fuel Loading. ANL Neg. No. 
12-9004 Rev. 1. 

u. — 

S 

"T" ~r T" -r 

able future. The data therefore are presented for the 
sake of completeness rather than because there is a real 
and unresolvable disagreement between sophisticated 
computation and sophisticated measurement. 

INTERNAL THERMAL 
COLUMN 

GRADED 
SECTION 

ALUMINUM SUPPORT FOR 
THE INTERNAL THERMAL 

COLUMN ( (TO 

NTERIOR CONTROL 
ROD CHANNEL 

FIG, II-18-4, Locations of Uranium-Aluminum Wires for 
Measurement of Radial Fission-Power Distribution Near 
ITC of Graded Fuel Loading, .\NL Neg. No. 112-9433. 

-r T T T" 

• CALCULATED 

• FITS TO EXPERIMENTAL DATA 

5 10 15 20 25 
RADIAL DISTANCE FROM THE CENTER OF THE ITC, Cm 

F I G . II-18-3. Comparison Between Measured and Calctdated Fission Power Distribution in the Graded AARH Critical .As3eml)ly. 
ANL Neg. No. 112-9411. 
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11-19. .4rgonne Advanced Research Reactor Calculations—General Reactor Physics 
Design Analysis 

D . H . SHAFTMAN and R. P. SAVIO* 

For budgetary reasons which are noted in the Pref
ace to these p;ipers on the AARR calculations, in 
Fiscal-Year 19()7 the HFIR designs of the reactor 
core, control rods, and removable-beryllium reflector 
zones were adopted by Argonne National Laboratory 
in place of the corresponding zones of the earlier de
sign A.^RR with an intermediate-spectrum reactor 
core. The HFIR cores have operated quite successfully 
at 100 MW in the HFIR, and there have been exten
sive reactor physics studies by Oak Ridge National 
Laboratory (ORNL) scientists on flux-trap reactors 
with cores of approximately this composition. (See Ap
pendix C, Ref. 1, for bibliographies of ORNL and other 
reports on high-flux reactors, and of ORNI^ reports on 
the HFIR reactor). Nevertheless there are important 
justifications for independent detailed studies by Ar
gonne National Laboratory on the reactor physics 
characteristics of the new reference AARR. 

The purpose of the AARR plant has not changed, 
namely, to supply a versatile research reactor for 
many basic studies involving irradiations or bombard
ments of materials with high-intensity fluxes of ther
mal neutrons. The experimental facilities of the AARR 
include: a central H20-moderated flux trap or In
temal Thermal Column (ITC), containing static ir
radiation facilities, hydraulic-rabbit tubes, and gas-
cooled rabbit tubes; a total of 6 blind beam tubes which 
are tangential to the reactor fuel zone, and two through 
tubes, all in the radial beryllium reflector; and a large 
number of vertical irradiation facilities in the beryl
lium reflector. The ITC of the AARR will be more 

• Reactor Operations Division, Argimne National Labora

tory. 

lightly loaded than the flux-trap zone of the HFIR, 
and the AARR permanent-beryllium reflector will be 
thicker and will include more experimental facilities. 
Therefore, the ITC and the permanent-beryllium re
flector of the AARR will be quite different from the 
corresponding zones of the HFIR, and the operation of 
the reactor perforce will be different from that of the 
HFIR. For these reasons alone, an independent study 
by Argonne National Laboratory is essential. 

Another motivation for these reactor physics stiulies 
of the AARR is that certain physics characteristics of 
the HFIR interred from measurement have proved to 
be difficult to calculate. One such characteristic is the 
reactivity variation of the system during reactor ojiera-
tion. The cores have endured somewhat longer than 
the calculated reactivity life, and perhaps this is re
lated to uncertainties in the calculated net buildup of 
neutron poisons in the beryllium reflector during reac
tor operation. Hopefully, the independent analyses by 
Argonne scientists will be helpful in resolving these 
computational uncertainties. In any event, the methods 
of reactor physics analysis and the neutron cro.ss .sec
tions used by Argonne are sufficiently different that 
independent studies are essential to establish levels of 
confidence in the results of the reactor physics statics 
and dynamics analyses. 

The present paper summarizes reactor-statics cal
culations of: 

1. excess reactivity ot the fresh unpoisoned rciictoc; 
2. reactivity coefficients of partial voidings of wtiter 

in the reactor fuel zone and in the ITC; 
3. reactivity effects of neutron poisoning, and of 

partial displacement of ITC water by aluminum; 
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FIG, II-19-1, Reactor Vessel Horizontal Section, .ANL Neg. .\'o. 112-9437. 

4. effects of neutron poisoning of the beryllium re
flector on reactivity and on thermal neutron flux; 

5. effects of control-rod insertion on neutron flux; 
6. radial and axial distributions of fission power; 
7. reactivity worths of soluble neutron poisons in 

the reactor water; 
8. the effective delayed-neutron fraction, /?,//, and 

the mean prompt neutron lifetime, P. 
Paper 11-20 discusses in some detail the space de

pendence and energy dependence of the thermal neu
tron fluxes in the ITC. Paper 11-22 includes a tabula
tion of calculated gross reductions in reactivity which 
would obtain in the event of a massive partial voiding 
of water in the fuel zone. 

METHODS AND PARAMETERS OF THE 

REACTOR PHYSICS ANALYSES 

Reference 1 contains detailed figures and descrip
tions of the two involute-plate fuel-element annuli 
that comprise the reactor fuel zone, and the reader is 

directed to this reference for additional details. For 
convenience, however. Fig. II-19-1 is included here to 
give a plan view of the A.ARR reactor core and its in
ternal and external flux-trap zones. Figure II-20-1 of 
Paper 11-20 is a plan view of the reference ITC core 
assembly. 

The majority of the analyses reported in the present 
paper are based upon multigroup diffusion theory cal
culations of neutron statics in one and two (r,z) space 
dimensions. The methods of analysis and the choice of 
group cross sections have been described in other re-
ports^'^ and additional detail is given in Paper 11-20. 
One principal model of diffusion theory calculations 
involves a 16-group partition of the neutron energy 
range, namely, the Hansen-and-Roach partition.' For 
this model, the cross sections for groups Nos. 1-14 are 
based on the Hansen-and-Roach prescriptions, and the 
cross sections for thermal groups Nos. 15-16 have been 
obtained from T H E R M O S ' " analyses plus a calcula
tion of net-downscatter of neutrons from group No. 15 
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(0,1-0.4 eV) to group No. 16 (0-0.1 eVi (see Paper 
11-20). 

The second principal model of diffusion theory calcu
lations utilizes a 6-group synthesis of the 16-group set, 
with reactor multigroup fluxes providing the weighting 
factors Isee Table II-19-I) . The two thermal groups 
I Nos. 1.5 and 16) of the 16-group set are retained in 
the 6-group set. The 6-group set was develoiied for two-
dimensional ir.z\ calculations because even one 6-
group calculation with the CANDID2D program has 
required hours of machine time on the CDC-3600 com-
jiuter at Argonne National Laboratory. To compare 
6-gi'oup and 16-group results which one might expect, 
one-dimensional calcul.itions of the AARR have been 
lierformed with tlie two sets of cross sections. For ideal
ized calculations wherein the aluminum control-rod 
followers were assumed to be fully inserted into the 
active-core zone, it was found that the 6-group k.n 
was slightly lower than the 16-group k,„ . The reactiv
ity difference is 0.3%. 

With a correction for the abovementioned bias noted 
in the one-dimensional comiiutations, jtn equivalent 
b:ire height of 69.7 cm, was inferred for /v',.//-equivalent 
one-dimensional calculations with the 16-group set. 

The fresh reactor fuel elements nominally are azi-
muthally symmetric. However, there is a degree of 
azimuthal a-ymmetry in the reference ITC core assem
bly (see Fig. II-20-1 of Paper 11-20), and there is con
siderable azimuthal asymnietrj' in the permanent-
beryllium reflector. Also, there is vertical asymmetry 
in the permanent beryllium. For the oiie-dimensional 
calculations, the permanent-beryllium zone has been 
partitioned into three radial annuli and into four 
azimuthal sectors. Average volume fractions of ma
terials in each annulus and azimuthal sector have been 
computed by averaging locally over elevations corre-
spomling to the top and bottom boundaries of the 20-
in.-high active-fuel zone. Similarly, the ITC and the 
fuel zone have been partitioned into a number of radial 
annuli, for detailed multiregion, multigroup analyses. 
The gas-cooled rabbit tubes in the ITC have been 
ignored in the present analyses; they occupy a small 
fraction of the target-tube volume in the ITC, and the 
emphasis in the reactor physics studies has been on 
flu.xes in the water-cooled target tubes. Table II-19-II 
sunnnarizes the spatial partitions of the reactor which 
were chosen for the multiregion computations, and it 
lists the computed region compositions. 

CALCULATED VALUES OF AVAILABLE 

E.xcESS REACTIVITY 

One-dimensional, 16-gioup-theory calculations of 
available excess reactivity for tbe fresh reactor, at 
operating temperatures but without xenon, indicate an 

TABLi: n-19-I. Mni.TloRoec PAin'iTii)\s 
NEUrHUN-I'lNKItOY RANOK 

A. Sixteen-Group ParlUion 

Neutron Energy 
Group 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
I I 
12 
13 
14 
15 
Ifi 

Neutron-Energy Range 

3- =c MeV 
1.4-3 MeV 
0,9-1,4 MeV 
0,4-0,9 MeV 
0,1-0,4 MeV 

17-100 keV 
:!-17 keV 

0,55-3 keV 
100-560 eV 
:iO-100 eV 
lfr30 eV 
3-10 cV 
1-3 cV 

0,4 1 cV 
0 1 0,4 I'V 

0 0,1 cV 

B. Six-tlroup 

Neutron 
Energy 
Group 

1 
•2 
3 
4 
5 
(i 

Neutron-Knergy 
Range 

0 ,9 -« MeV 
17-900 keV 

0.03-17 keV 
0,4-30 eV 
0,1-0.4 eV 

0-0.1 eV 

Normalized l'"ission-
Spectrum I'anilion 

Partition 

Normalized 
Fission 

Spectrum 

0,710 
0,284 

0 
0 
0 
0 

0,'2(I4 
0,:t41 
OKiS 
0,180 
0,(190 
0 (114 

0 
0 
0 
0 
0 
0 
0 
II 
0 
0 

Synthe.sized 
Groups of the 
Sixteen-Group 

Set 

1 (,> 3 
4 lo i; 
7 lo 1(1 

11 lo 11 
15 
ICi 

available excess reactivity of: 6.7%, for the reactor 
with a 100%-HoO ITC; and 7.1%, for the reactor with 
a fully loaded reference ITC core assembly (Tyjie-C 
ITC; see Paper 11-20) containing additional target 
neutron absorption equivalent to 0.5 g boron in the 
ITC. These reactivities are based upon au a.ssumed 
equivalent bare core height of 66.0 cm. 

Two-dimensional ir.z) 6-group diffusion theory cal
culations yielded $.1% and 8.6%, respectively, for the 
two cases listed above. These values include coricc-
tions of -1-0.3% reactivity for the difference between 
16-group one-dimensional computations and 6-groui) 
one-dimensional computations. The reactivity diller-
encc, 1.5%, between the 2-D and 1-D calculations 
would be compensated by an increase in the eiiuivalent 
bare height of the reactor to 69.7 cm, in the lO-group 
1-D analysis. 

CALCULATED REACTIVITY EFFECTS OF PARTIAL 

VOIDINGS OF REACTOR WATER 

For small percentages of uniformly dispersed \oids 

in the water in various zones of the reactor, one-

file:///oids
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TABLE II-19-II. EQUIVALENT CYLINDRICAL GEOMETRY FOR THE AARR CORE 

Description 

ITC RECION 
Region 1 

Central (hydraulic-
rabbit) tube 

Region 2 
Water 

Region 3 
Static basket tubes 

hydraulic-rabbit 
tubes, and gas-rab 
bit tubes 

Region 4 
Water 

Region 5" 
ITC shroud and por

tion of inner fue 
element side plate 
and associated 
water 

INNER FUEL REGIONS 
Region 6 
Region 7 
Region 8 
Region 9 
Region 10 
Region 11 
Region 12 
Region 13 

WATER-ALUMINUM 
REGION 

Region 14 
Portions of inner and 

outer fuel element 
side plates, and 
coolant gap 

OUTER FUEL REGIONS 
Region 15 
Region 16 
Region 17 
Region 18 
Region 19 
Region 20 
Region 21 

CONTROL ROD REGION 
Region 22 

Portions of outer fuel 
element side plate, 
and control rod 
channels 

REMOVABLE BERYL
LIUM REGIONS 

Region 23 I 
Region 24 1 
Region 25 
Region 26 

Outer radius,' 

cm 

0,9525 

2,0638 

5,2388 

6,0744 

7,1450 

7.3203 
7.8019 
8.4305 
9.1755 

10.0096 
11.3861 
12.3647 
12.5885 

15,1308 

15,4206 
16.2763 
18.1943 
18.9669 
19.7985 
20.6786 
20,9347 

24,1275 

25,1165 
30,1170 
30,3.327 
33.3376 

H 

1 0,01671 

0.06574 

0,05142 

0-06574 

0,02027 

0,03287 
0,03287 
0.03287 
0.03287 
0,03287 
0.03287 
0,03287 
0,03287 

0,02712 

0,03287 
0,03287 
0,03287 
0.03287 
0.03287 
0.03287 
0.03287 

0,02117 

— 
0,001538 
0,06574 
0,000771 

0 

0,00786 

0,03287 

0,02571 

0,03287 

0,01014 

0,016840 
0,017101 
0,017272 
0.017468 
0,017650 
0,017742 
0,017593 
0.017446 

0,01356 

0.017645 
0.017961 
0,018330 
0,018119 
0,017747 
0,017406 
0,017173 

0 01058 

_ 
0,000769 
0,03287 
0,000386 

Atom density,' 10** atoms/cm' 

Al 

0,04589 

— 
0,01313 

— 
0,04170 

0,02944 
0,02931 
0,02910 
0.02885 
0,02862 
0,02851 
0.02869 
0.02888 

0.03543 

0,02863 
0.02823 
0,02777 
0.02804 
0,02847 
0,02893 
0,02922 

0,04088 

— 
_ 
__ 
' 

Be 

— 

— 
— 

_ 
_ 

_ 
— 
— 
— 
— 
— 
— 
— 

_ 
— 
^ 
— 
— 
— 

0,12-29 
0.1200 

0.1215 

jjiii 

— 

— 
— 

— 
_ 

I.973E-4 
2.340E-4 
2.937E-1 
3.620E-4 
4.254E-4 
4,577E-4 
4,057E-4 
3,545E-4 

4.238E-4 
5,341E-4 
6,627E-4 
S,891E.4 
4.690E-4 
3.4(ME-4 
2,593E-4 

_ 

U " 

— 

— 
— 

— 
_ 

0.I485E-4 
0.1761E-4 
0.2211E-1 
0.2724E-4 
0.3202E4 
0,3445E-t 
0 3053E-4 
0,2668E-4 

0.3I90E-4 
0,4020E-4 
0.4988E-1 
0.4434 E-4 
0.3530E-4 
0.2562E-4 
0.1951E-4 

-

Natural 
Boron 

27,46E-6'' 

—. 
6 44E-6 

_ 

0,9720E-4 
0.8733E4 
0.7123E-4 
0.5284E4 
0.3574E-4 
0,2702£-4 
0,4I06E4 
0,5484E4 

_ 
_ 
_ 

-
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Description 

PERMANENT BERYL
UUM REGIONS 

Region 27~ 
Region 28 
Region 29_ 
Region 27" 
Region 28 
Region 29_ 
Region 27 
Region 28 
Region 29_ 

Vertical-
facilities 
sector 
Blirid-t>eam 
tubes sec
tor 
Through-
tubes see-
tor 

OUTER WATER 
REGIONS 

Region 30 
Region 31 

(Note: Region 31 also 

Outer radius,' 

cm 

40,9575 
53,6575 
06,0400 
40,9575 
53,6575 
66.0400 
40.9575 
53,6575 
66,0400 

68,58 
113,03 

includes .Vpe = 

TABLE n-19-II . Conlinued 

H 

0.005186 
0,003497 
0,002150 
0,003050 
0,003077 
0,003017 
0.000953 
0,005489 
0.0(H372 

0,03491 
0,05953 

),000862, .VN, 

0 

0,002593 
0,001749 
0.001075 
0,001525 
0.001538 
0.001509 
0.C0O476 
0,002744 
0.002185 

0.01745 
0,02976 

= 0,000226, 

Atom density,' 10*' atoms/cm 

Al 

0.001989 
0,001628 
0,000844 
0,003557 
0,003956 
0,004179 
0,0007296 
0 007556 
0,006126 

0,02195 
0,001429 

Be 

0.10914 
0,11304 
0.11716 
0,10201 
0,09643 
0,09434 
0,11963 
0,07111 
0,08108 

_ 
_ 

Vc, = 0,000143) 

LI>" 

— 
— 
— 
— 
— 
— 
— 
— 
— 

— 
— 

l l"» 

— 
— 
— 
_ 
— 
— 
_ 
— 
— 

— 
_ 

N a l u r a l 
Koron 

— 
— 
— 
— 
,-
— 
— 
^ 
— 

— 
— 

• The numbers tabulated are the input values in the computations. There is no implication intended that these values arc abso
lutely meaningful to this number of decimal places, 

^ The notation 27.46E-6 is used as a more ccmvenient form for 27.46 X I0~*. This type of notation is used throughout this (able. 
' For a case in which the ITC insert has been removed, the outer radius of Region No, 4 is 6,4.351 cm and the composition of Re

gion No. 5 is as follows: 
An = 0.01222 
A'o - 0.00611 

A'AI = 0.04910 

dimensional calculations of reactivity change have 
agreed closely with two-dimensional analyses. A uni
form voiding of 10% of the water in the fuel zone cor
responds to a reactivity loss of 2.4%.; voiding 20% of 
the water is calculated to reduce reactivity by 5.1%, 
thus demonstrating that there is a typical non-
linearity in the curve of the differential reactivity 
worth of partial voiding of fuel-zone water. 

For small percentages of uniformly dispersed voids 
in all of the ITC water up to the inner fuel element, 
there is a net reactivity gain. This region will be 
spoken of as the ITC. If there were no aluminum in 
the ITC, the calculated differential reactivity effect 
would be ~0 .05%/% void. For a fully-loaded ITC, 
the differential reactivity gain of voids in the water in 
the ITC is calculated to be ~0.04% per percent void 
in the water. The difference can be explained by noting 
that a 1% void in the water of the loaded ITC dis
places a smaller volume of water than does a 1% void 
in the water in the ITC when there are no target tubes. 
Perhajis a better definition of tbe differential reac
tivity effect would be % per unit void volume in the 
ITC. 

For larger percentages of voids which are limited 
to the water in the 20-in.-high active-portion of the 
ITC, two-dimensional calculations are needed to ac

count for the increased reactivity worth of tbe ;ixial 
reflectors above and below the active portion of the 
ITC. Figure II-19-2 summarizes 1-D and 2-D calcu
lations of the reactivity effects of uniform voidings 
in the water inside the ITC. Two cases have been 
examined: a Type-A (100%-H::O) ITC; and a Type-
C ITC (fully loaded reference ITC core assembly I, 
with a total additional neutron absorption area in the 
ITC equivalent to the absorption area of 0..5 g boron. 
For both ITC types, the 1-D reactivity change peaks 
at a fractional void of 0.5, and the 2-D reactivity 
change has a higher peak value, at a larger fractional 
void (~0.7). As noted, the 2-D curve for the Type-A 
ITC is not quite comparable to the other curves of 
Fig. II-19-2; for these 2-D calculations, it was as
sumed that the portions of the ITC which are axially 
beyond the active portion also have the same ]ier-
centage void in the water. A single 2-D calculation has 
been made for the case where a 70% void is con
tinued above and below a Type-C ITC containing 0.5 
g boron; the calculated reactivity gain was lowered by 
0.2%, as compared with the case of a 70% void in the 
ITC water but only in the 20-in.-high active portion of 
the ITC. It is estimated that if a 70%-voidiiig of a 
Type-A ITC were not continued above and below the 
active ITC the reactivity gain would be ~0.1%. higher. 
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1,0 

0,5 
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- /// 

- / 

1 I 1 1 

1 1 2-D, TYPE- A ITC 
y"^ (VOIDS EXTEMDING 

/ BEYOND ACTIVE ITC) 

>'~^<-^^'"N2-0, TYPE-C ITC; 
/ / \ 0.5g BORON 
/ \ (VOIDS IN ACTIVE ITC) 

' \ — l - D | TYPE-A ITC 

' \ 1-D; TYPE-C ITC; 
0,5g BORON 

1 1 1 1 1 

-

_ 

-

-

-
-

0 20 4 0 60 80 
PERCENTAGE VOID IN ITC WATER 

F I G , U-19-2. Calculated Reactivity Gain for Uniform 
Partial Voidings ot Water in the ITC. .4A'L Neg. No. 112-9413. 

REACTIVITY EFFECTS OF ALUMINUM AND I/D-TAHGET 

POISONING IN THE ITC 

Starting with a 100%-H2O ITC, displacement of a 
small fraction of the ITC water by aluminum is cal
culated to increase reactivity. Table II-19-III sum
marizes reacti^•ity changes as the ITC comjiosition is 
changed from Type-A toward Type-C. Also tabulated 
is the reactivity effect of additional neutron poisoning 
by target material, assumed to be distributed uni
formly over the target-tube regions of the ITC (re
gions Nos. 1 and3 , TableII-19-II) . 

PERTURBATIONS OF REACTIVITY AND THERMAL 

NEUTRON FLUX BY NEUTRON POISONS IN 

THE BERYLLIUM R E F L E C T O R 

Neutron poisonings of the beryllium reflector are 
anticipatetl due to the inclusion of chemical impurities 
in the beryllium, within the specifications established. 
Part or all of the beryllium may be affected. The 
reference specifications for chemical impurities in the 
beryllium permit very small percentages (several 
ppm) of some rare-earth isotopes with very high cap
ture cross sections for thennal and near-thermal neu
trons. Sixteen-group calculations of the reactivity and 
flux perturbations of allowed levels of chemical im
purities in the beryllium zones considered also low-
cross-section and intermediate-cross-section neutron 
absorbers. 

In these one-dimensional calculations, the beryllium 
region compositions chosen are those representative 
of the azimuthal sector containing the bulk of the 
vertical irradiation facilities in the reflector. All im

purities other than gadolinium and europium are re
placed by an equivalent neutron absorption by natural 
boron. The actual gadolinium and europium contents 
of the beryllium are expected to be much lower, and 
these high-cross section impurities will burn out 
rapidly during reactor operation. The results are 
summarized in Table II-19-IV. 

Table II-19-IV does not include data of thermal 
neutron fluxes far out in the permanent beryllium 
reflector because the present model of multigroup cal
culations yields group-16 neutron fluxes which are con
siderably too high near the outer boundary of the 
beryllium. The cause of this error is the use of a net-
downscatter cross section from group No. 15 to group 
No. 16, discussed earlier in this paper. In deleting a 
term of removal from group No. 16, corresponding to 
upscattering to higher-energy groups, the total re
moval cross section in group No. 16 is reduced, and the 
migration area (L,',) for group-16 neutrons is over
estimated. Thus, there is an overestimate in the diffu
sion of group-16 neutrons from regions in the beryllium 
•«-here the group-16 flux is high, and this results in 
large overestimates of the group-16 flux farther out, 
in the permanent-beryllium zone. To retain the fea
ture of having more than one thermal group, it will 
also be necessary to retain neutron upscattering, in 
future calculations of the thermal neutron flux in the 
permanent beryllium. 

FLUX PEHTURBATION.S BY CONTROL RODS 

Paper 11-20 includes a detailed discussion of prob
lems of calculating idealized cases where the aluminum 

T A B L E I I - 1 9 - I I 1 , R E , \ ( T I V I T Y J ' > F E C T S O F -\LtMINCM 
AND 1 / V - T A R O E T P O I S O N I N G I N T H E I T C 

ITC Description 

Type A ' 
Type B ' 
Type C" 

Is K boron 
K g boron 
•iji g boron 
}2 g boron 
a^ g boron 

1 g boron 

I ̂ '2 K boron 

Reactivity Change,' 
( • ' , o 

- 0 , 7 5 
0 

- 0 09 
-0 ,17 
- 0 , 2 5 
- 0 , 3 2 
- 0 , 4 6 
- 0 , 5 9 
- 0 82 

" AH reactivity chimges ure nurniahzt'd lo zero ie;ictivity 
change for the Type-B ITC. 

" This ITC is lOO't water. 
•̂  This ITC cuntains the reference ITC core assembly fully 

loaded with dummy ahimimiin target capsules. 
<" The ITC contains the reference ITC core assembly fully 

loaded with dummy alumiiumi target capsules containing 
additional poison evenly distributed over the sample vohmie. 

file://-/LtMINCM
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TABU': II-19-I\ ' . 1'KKTURHATIONS OF UKACTIVITY AND THERMAL NEUTRON FI-UX BY NEUTRON POISONS IN THE 
BERYLLIUM REFLECTOR' 

Case Number 

1 
(Uefcrrnce case) 

2 
3 
4 
5 

0 

Heryllium Zones 
Poisoned 

None 

Ueinovable 
UemoviiVile 
Ueinovable 
Permanent 

Ueinovable and 
Pcrinaneiil 

Poisoning 

2 ppm B 
3 ppm tid 
3 ppm Ku 

12 ppm B 
3 ppm (,ld 
3 ppm Eu 

12 ppm B 
3 ppm Gd 
3 ppm Kii 

Reactivity EDect, 

% 

0 

- 0 . 0 7 
- 0 , 3 3 
- 0 , 0 4 
- 0 , 3 0 

- 1 , 0 0 

Thermal Neutron 
10 

Peak I'lux 

Radial 
Position of 
Peak Flux, 

cm 

29,8 

29,8 
•29,8 
•29,8 
28,8 

28,8 

Group-16 
Flux 

1,28 

1,20 
1,21 
1.27 
1,19 

1,05 

Fluxes in Beryllium Kel 
' n-cm/cm'-sec 

Group-l.S 
Flux 

0.30 

0.30 
0,30 
0,30 
0,32 

0,31 

Fluxes 
Surface of 

llcryl 

Croup 16 

1.19 

1-18 
1,13 
1.18 
1.0.5 

0,9.') 

c'Clor, 

t lini,-r 
VriiKUienl 
ium' ' 

Croup I.S 

0-22 

l),'23 
(1 22 
(1 -23 
0,22 

0 22 

" The iH'ryllinni icgioii compositions are representative i 
the verticid irradiation facilities {see Tabic 11-19-11), 

1' These values an ' close lo the Hlixes at the tips of the hi 

if the azimuthal sector in the beryllium 

iiul beam tubes. The radial position is ; 

followers or the "black" portions of the control rods 
are in the active-core zone. For these cases. Paper 
11-20 describes the perturbations of thermal neutron 
fluxes in the IT(,'. Similarly, there are perturbations 
of the thernuil neutron flux in the berjdliuni. The 
idealized change from aluminum followers to black 
absorbers in the active-core zone results in a reduction 
of ~50% in the peak group-16 flux in the beryllium, 
and a reduction of —50% in the peak group-15 fiux. 

RADIAL A.\D AXIAL DISTRIBUTIONS OF FISSION-

NEUTRON PRODUCTION RATE 

Figures II-19-3a and Il-19-3b present radial dis
tributions of fission-neutron production rate, at core 
niidheight, for two idealized cases of control rod posi
tioning: all rods fully inserted into the reactor core 
iFig. II-19-3a); or all rods fully withdrawn, leaving 
aluminum followers in the active-core zone (Fig. I I -
19-3bl. These distributions are absolute rates, nor
malized to 100 MW. The corresponding distributions 
of fissioii-powev density are obtained by applying the 
factor 0.41. There is actually a smooth variation in the 
fuel content of each plate as a function of radial 
distance from the center of the ITC. The computer 
program used limits the total number of regions to 35, 
and it was necessary to approximate to this continuous 
fuel grading by a rather coarse multiregion partition 
of the fuel zones. In each region, the material com
positions were volume averaged. Thus, the distribu

tions shown in Figs. ll-19-3a and ll-lO-ifb have iiiiteal 
step-function discontinuities at intet'\'al biuiinhtt ios. 

Figure II-19-4 presents a typical axial disi libtil ion 
of power density, at the radial location of Ihc center 
of the outer fuel element in the fresh reactor, as in
ferred from a 6-group 2-D computation. The luiwer 
density is normalized to unity at core niidheight. 

For FigS. II-19-3 and lf-19-4, the aluminum rod 
followers were assumed to be in the active-core zone. A 
Type-C ITC was assumed, with 0.5 g boron. 

REACTIVITY WORTHS OF SOLUBLE NEUTRON 

POISONS IN THE REACTOR WATER 

The control effectiveness of dissolved boron or cad
mium as a soluble neutron poison in the reactor water 
was determined by one-dimensional 16-group diffusion 
theory computations. Figure II-19-5 summarizes these 
computations, which were made to assess the relative 
merits of a slow-acting secondary system of reactivity 
control utilizing a soluble neutron poison. Cadmium 
has been designated as the reference soluble jioison for 
the HFIR and also for the AARR, in the form of a 
highly concentrated solution of cadmium nitrate which 
is pumped into the primary system. 

REACTOR KINETICS PARAMETERS: /S,,/ AND I" 

Computations have been made of the effective de
layed-neutron fraction, /Jrn, and the mean imimpt 
neutron lifetime, l", in the fresh reactor, as a function 
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F I O . II-19-3. Radial Distributions of Fission-Neutron 
Production Rate in the Fresh Reactor. ANL Neg. No. IIB-Om. 
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F'lo. 11-19-1, Normalized Axial Distribution of Fission-
Power Density in the Fresh Ueaetor, .4jVL Neg. No. 112-9436. 

of the idealized positions of the reactor control rods 
and for various characterizations of the ITC and of 
the permanent-beryllium reflector. The values of ft,, 
are essentially independent of variations in the ITC 
and of variations in the permanent beryllium over the 
various azimuthal sectors. 

For the idealized extreme wherein the control rods 
were withdrawn fully, /3,„ = 0.0075; with control rods 
inserted fully, /3„„ = 0.0076. 

As expected, the calculated mean prompt neutron 
lifetime is strongly influenced by the degree of return 
of neutrons from the beryllium reflector. For the 
case where control rods are fully withdrawn, I' a ; 60 
p.sec. The neutron lifetime drops to a calculated value 
of ~25 psec when the control rods are inserted fully. 
These calculations are based upon a crude diffusion 
theory treatment of the control-rod effectiveness, and 
they must be regarded as preliminary. 

UNCERTAINTIES IN NEUTRON-FLUX DISTRIBUTIONS 

IN IDEALIZED CALCULATIO.NS OF O F F -

CRITICAL REACTORS 

The 1-D and 2-D calculations described in this 
paper typically are k.,,, calculations for off-critical 
systems, i.e., /Ce„ ^ 1. The space and energy distribu
tions of neutron flux are distorted, and therefore also 
power distributions are idealized and distorted from 
reality. The distributions of the power density now are 
determined principally by the distributions of thermal 
neutron flux in the AARR, which has become a thermal 
reactor. I t must be recognized that these sins of com
mission are openly stated, and the purpose of these 
particular computations is to determine differential 
effects resulting from shifts from one idealized extreme 
of control-rod insertion to the other. For the most 
part, the calculated differential effects are small enough 

20 
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5 

/ ^ 
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1 1 

> ^ Co*tii«»n 
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Concntrotion ol Boron or Cadmiuni in Rndor Woltr, g/l it ir 

FIO. II-19-5. Reactivity-control Worths of Soluble Poisons 
in the AARR (Fully Loaded ITC). .4.VL Neg. No. UB-9S91. 
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that the indicated 
uncertainty. 

'ffects may be assigneil values of 
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11-20. Argonne Advanced Research Reactor Calculations—Spatial and Energy 
Dis tr ibut ions of Thermal Neutron Flux in the Internal Thermal C o l u m n 

R. P. SAVIO,* D . H . SHAFTMAN and L. K. VOLODKA 

INTRODUCTION 

The Internal Thermal Column (ITC) of the AARR 
will be used for research-type neutron irradiations of 
a variety of target isotopes, especially transplutonium 
isotopes. For these irradiations, high-inten.sity fluxes 
of neutrons of low energy are essential. In general, it 
is expected that the production rate will be maximized 
if the thermal neutron flux in the target is maximized, 
but there arc indications that neutron capture at 
luw-ipitbermal energies will be impiirtant in some of 
the iiradiiition chains. At present, the design emphasis 
is to obtain high target neitl ton fluxes in the range from 
zero to ajiproximately '/2 e\. To accomplish this pur
pose, and yet to provide space for a number of targets, 
the reference ITC core assembly (Fig. II-20-1) leaves 
a large volume fraction of neutron moderator (H2O) 
as bulk ITC fluid around rings of individual target 
tubes. It is anticipated that there might be some special 
irradiation cycles with special ITC core assemblies 
containing fewer target tubes, to provide still higher 
levels of thermal neutron flux. For this reason, prelimi
nary analyses have been made of the safety of operat
ing with larger volume fractions of water in the ITC, 
to the idealized extreme of 100% H2O (see Paper I I -
22). Ultimately, the range of admissible ITC core as
semblies and the range of admissible targets will be 
determined fir.st by safety considerations and then by 
program requirements. The present calculations are 
for ITC core assemblies with water contents ranging 
up to a 100%-H20ITC. 

REACTOR PHYSICS MODELS OF ITC TYPES 

The design of the present reference ITC core assem
bly (Fig. II-20-1) includes hydraulic-rabbit tubes, 
static irradiation facilities, and also gas-cooled rabbit 
tubes. Small capsules will be injected for short-period 
irradiations in the gas-cooled tubes. The other ITC ir
radiation facilities will have the capability of irrtidi-
ating strings of target capsules, with a lotal string 
length corresponding to the height, of Ihc acli\i ' fue! 
zone. 

The target capsules will have one nr moii' encapsu
lating (containment) shells; probably (he I'ticapsulat-
ing material will be aluminum. The target zone of a 
capsule typically will consist of aluminum diluent and 
uniformly dispersed target isotope(s). In the calcula-

s-i 
S T A T I C B A S K E T TUBE) 

0.0 K 0 ,620 I, D, 

HR-I 
(HYDRAULIC RABBIT TUBE) 
0,750 O.D, X 0 6 2 0 I D 

OCR 
(GAS COOLED RABBIT 
TUBE) 0 , 5 0 0 C D , x 
0.370 I, D, 

(FAST GAS RABBIT TUBE) 
0 ,750 0, D X 0 . 5 3 2 I D. 

* Reactor Operations Division, Argonne National Labora
tory. 

ALL DIMENSIONS IN INCHES 

F I O . II-20-1. ITC Core Assembly. ANL Neg. No. 112 9.1911. 
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T.-VBLK II-'20-I. ITC VOLCME FHACTK NS OI WATER AND 

ALCMINCM KOU THE ITC ANALYSES 

ITC Description 

Type A: 100% lUO 
Type B; Peference 

ITC core assembly 
loaded with 
dummy capsules 

Type C; Reference 
ITC core assembly 
loaded with 
target capsules 

Radial Partitioning of the ITC 

Region 1 
(0-0.95 

cm) 

H,0 

1.0 
0.24 

0.24 

A
lu

 

0 
0.76 

0,76 

Region 2 
(0.95-2,06 

cm) 

H,0 

1,0 
1,0 

1,0 

m
in

um
 

A
lu

 
0 
0 

0 

Region 3 
(2,06-5,24 

cm) 

H,0 

1.0 
0,78 

0,78 

m
in

um
 

< 
0 
0.22 

0,'22 

Region 4 
(5.24-6.07 

cm) 

H,0 

1.0 
1.0 

1,0 

im
in

ur
a 

< 
0 
0 

0 

" T h e volumes of the gas-cooled rabbit tubes have been 
ignored in these analyses. 

tions discussed in the present report, it is assumed that 
the entire capsule will be essentially 100% aluminum, 
with a small volume fraction of target material. 
Throughout these analyses, l /v neutron capture by the 
targets has been assumed to be representative; in fact, 
a wide spectrum of absorbers is expected. Neutron 
fluxes at high thermal energies and low epithermal en
ergies will be important for certain irradiations. 

Very little of the target-tube volume in the fully-
loaded ITC will be gas-rabbit volume. To arrive at a 
more representative radial profile of the ITC, for one-
dimensional and two-dimensional ir.z) calculations of 
the neutron flux, the gas volumes were deleted when 
determining average compositions of regions in the 
reference ITC. 

The three ITC configurations reviewed in this report 
are (see Table II-20-I): 

1. the 100%-H2O ITC, identified here as "Type A", 
2. the present reference design ITC core assembly, 

shown in Fig. 1, fully loaded with aluminum 
"dummy" capsules ("Type B"), 

3. the reference ITC core assembly, fully loaded 
with aluminum capsules containing 1/v-absorber 
targets uniformly distributed in aluminum diluent 
("Type C"). 

The total neutron absorption area of the target nu
clides in the ITC is represented by an equivalent mass 
of natural boron. The present view of the AARR Users 
is that this total neutron absorption area for 22(K) 
m/sec neutrons will not exceed 10 cm", which corre
sponds approximately to a total target poisoning of 
!4 g boron. Data are given for cases of zero boron 

(Type-B ITC) , V2 g boron, and VA g boron, to show 
the flux-depression effects of target absorjition for a 
range of poisonings extending well beyond the present 
reference absorption area. 

Table II-20-I summarizes the 4-region partitioning 
of the interior of the ITC core assembly shown in Fig. 
II-20-1. The regions are chosen to represent the center 
target tube (region No. 1), and the annular zone (re
gion No. 3) which contains the remaining vertical irra
diation facilities in the ITC. 

MODELS FOR MULTIGROUP DIFFUSION THEORY 

ANALYSIS 

Spatial distributions of neutron flux have been calcu
lated for the fresh operating reactor, for several types 
of ITC configurations and for several idealized config
urations of reactivity-control rods. The models of ITC 
types are discussed above. A description of the reactiv
ity-control configurations and a summary of neutron 
flux calculations for idealized extremes of control-rod 
positioning and of ITC types are given in the next .sec
tion. In each case, emphasis is placed on tbe influences 
of the ITC and control-rod configurations on the ther
mal neutron flux in the ITC. 

All of these flux calculations were made with computer 
programs of multigroup diffusion theory. The basic, 
more detailed analyses are for one-dimensional (cyl
indrical) geometry, for a reactor of fixed bare-e(pii\'alcnt 
height. The Hansen-and-Roach 16-group partition of 
the neutron energy range^ was adopted for these 1-D 
computations. The 16 groups then were synthesized to 
form a 6-group .set with group parameters calculated 
b.v flux w'eighting, using the neutron fluxes of 1-D 10-
group reactor computations. The 16-group set partitions 
the thermal energy range from 0 to 0.4 e^' into two 
groups: group Xo. l.'i, 0.1 eV to 0.4 eV; and group Xii. 
16, 0 to 0.1 eV. The 0-group set retained these two 
thermal neutron groups. 

Two-dimensional (r,z) diffusion theory calcuhitioiis, 
with 6 groups of neutrons, yielded a value of /.,// fnim 
which a uniform etiuivalent bare height was interred for 
later 16-group calculations in one space dimension. The 
radial 2-D and 1-D thermal neutron flux spectra in the 
ITC are in close agreement at core niidheight, in spite 
of the coarser spatial division used in the C.VXDID-
2D'^' calculations, and in .spite of the coarser representti-
tion of the above-thermal neutrons. 

The group parameters for the thermal groups Xos. 15 
and 16 were calculated with the THERMOS program,' 
using the Nelkin scattering model for the water molecule 
and the heavy-gas model for other nuclides. Calcula
tions were made separately for cells characteristic of the 
1(X)%-H50 ITC, the average core composition, and the 
beryllium reflector, and the thermal group parameters 



w. Savio, Shaftman and Volodka 109 

were chosen accordingly. The 1-D calculations typically 
were made with a multigroup program, MACH-l" ' , 
which did not permit neutron upscattering from lower 
energy to higher energy. Therefore, cross sections for a 
net downsoatteriiig to group Xo. 16 from group Xo. 15 
were calculated in the manner described in earlier An
nual Reports.^'" Ill the ITC, the net-downscatter cross 
section for water was inferred from the small difference 
of two relatively large group-transfer rates. Therefore, 
it is .subject to uncertainties of differences between the 
THI'RMOS model and the actual situation where the 
thermal spectrum ui the ITC is influenced by the core 
antl by axial leakage. 

For the IfXlSc-HaO ITC, a macroscopic cross section 
for net downscatter by water from group No. l.'i to 
group Xo. 16 was chosen to be ^s.;,, (IH ' 16) = 0.095. 
This is slightly smaller than the value inferred from 
THF.H.\It)8 calculations for an infinite HjO medium 
with a spatially uniform source at high epithermal en
ergy; tbe tnltnite-medium value is -.".*,** (15 —* 16) = 
O.lOi), M'ire recently, using an Argonne modification of 
THKItMl )S,^ space-dependent grouji-transfer cro.ss sec
tions have been calculated for the case where the reactor 
has a 100';; -H^O ITC. At the center of the ITC, a value 
-?.'° (l-"' -^ 10) = 0.079 was inferred. 

The actual value chosen for a iiet-dowuscatter cross 
section in tbe 100%-H»O ITC is midway between the 
infinite-medium result and that inferred from the recent 
space-dependent THFjRMOS analysis. Clearly, there is 
good reason to use more than one thermal group, but it 
is also clear that there remain uncertainties in the ab
solute magnitudes of the thermal neutron fluxes and in 
the detailed thermal spectrum. In a later section of this 
report, Ciilculated data of flux level and flux spectrum 
in the ITC' are given for different values of ^s^,, 
(15 —• 16) ill the ITC, to indicate effects of the uncer
tainty in the value of the net cross .section for neutron 
downscatter from group No. 15 to group No. 10. Note, 
therefore, that all of the data presented of spatial and 
energy distributions of the thermal neutron flux have 
been obtained from calculations wherein the cross sec
tion for net downscatter to group No. 16 might be 
•Mimcwhat high. Thus, perhaps the ITC spectrum is 
harder than the curves indicate. This is discussed in 
additional detail in the later section on ITC flux spectra. 

It should be noted that the magnitudes of these effects 
of spectra hardening on the absolute rate of neutron 
capture by l /v targets in the ITC are not very large 
(see section on thermal neutron flux spectra). On the 
other hand, even a change of, say, 5". is significant to 
the production of ultra-heavy isotopes, since these 
liroductions will retiuire chains of neutron bombard
ments. What may be of greater importance in deter
mining piiidiiction rates in chains where one or more 

isotopes might be non-l/v tibsorbers is thai if the rtitio 
(group-16 flux/gr()up-15 flux) is in the iieiglibcuhnnil of 
4 rather than 7, the groiip-15 frtictioii of tbe ncul roii 
flux in the energy rtinge 0 to 0.4 eV is ^0 .2 rather than 
-^0.13, or a 50% increase. The effects of ITC flux spec
trum on production rates of ultra-heavy i.sotopes in 
AARR are yet to bo studied in detail. 

RANGE OF FLUX-PEHTUHBATION EFFECTS OF 

REACTIVITY CONTROL AND OF ITC TYI 'E 

Calculations of the .absolute tfiermtil neutron flux in 
the ITC of the operating fresh reactor have been madt! 
for two principtil idealized configurations of the reac
tivity-control rods: (1) control rods withdrawn fully, 
and aluminum rod-followers in place in and beyond the 
active core zone; and (2) poison sections of the control 
rods inserted and matched. .-VII fluxes shown are for the 
fresh reactor, without xenon, nperating at :t total fission 
power level of 100 MW. These conligiiialioiis .'ire ideal
ized in the sense that this system wmdd be siipei'ci'itic.'il 
with all control rods withdrawn, and siibciil ical with 
the black portions of till control rods inserttnl. 

The reference control rods of the AARR are identical 
to the HFIR rods.^ There are four arcs, essentially eir-

_L_ 

1 T Y P E - A ITC 

2 T Y P E - B ITC 

3 T Y P E - C ITC ; 0 ,5g BORON 

4 TYPE-C I T C ; l ,5g BORON 

I 1 
2 3 4 5 

RADIAL DISTANCE FROM THE CENTER 
OF THE I T C . c m 

F I O . II-20-2. Radial Distribiiticms of (I'cakI (In 
Neutron Fltix at Core Midheight for Power of 100 MW iu 
Reactor (Control Rods Withdrawn). ANL Neg. No. Hi -9428. 
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GROUP 15: 
0,1-0,4 aV 

1 TVPE-A ITC 

2 TYPE-B ITC 
3 TYPE-C ITC ; 0,5g BORON 
4 TYPE-C ITC ; l . 5g BORON 

_L_ _X_ _L_ _X_ 
0 1 2 3 4 5 6 

RADIAL DISTANCE FROM THE CENTER 
OF THE ITC. cm 

Pin. ll-'20-:i. Radial Distribiitiotis of (Peak) Grotlp-16 
Neulron Flux at Core Midheight for Power of 100 MW in Fresh 
Reactor (Control lioda Withdrawn). ANL Neg. No. 112-9427. 

cumscribing the reactor core at the outer boundary of 
the outer fuel element. These four control rods serve a 
dual role, for shimming of reactivity during reactor op
eration, and for rapid reactor shutdown. The fifth con
trol rod is a full cylindrical annulus just inside the 
shim-safety rods and separated from them by a water 
channel. Each shim-safety rod has a "black" section 
with europium as the neutron absorber, a short "gray" 
section below this with tantalum as the absorber, and 
then a long aluminum follower. These rods are moved 
downward to reduce reactivity. The inner control rod 
serves as a shim-regulating rod, and it is moved upward 
into the core to reduce reactivity. Except for section 
lengths, the shim-regulating rod is similar to the shim-
safety rods in its arrangement of black, gray, and alu
minum, but in reverse. 

In actual reactor operation, the four shim-safety rods 
are raised to a bank position, and the shim-regulating 
rod is lowered to a position of anti-symmetry with 
respect to core midheight. In the fresh reactor, there is 
overlapping of poison sections of the banked shim-safety 
rods and the shim-regulating rod. The extreme condi
tions of control-rod influence on thermal neutron fluxes 

in the ITC occur when: (1) the rod-foUowers are fully 
inserted (minimum average ITC fluxes); or (2) the black 
portions of the control rods are fully inserted. The 
general effect of control-rod insertion for criticality is 
to distort the radial distribution of the power density 
toward the ITC, with a resulting increase in the levels 
of the thermal neutron flux in the ITC. 

Figure II-20-2 summarizes calculated 16-group radial 
distributions of the group-16 neutron flux (0-0.1 eV) in 
the ITC of the fresh reactor at core midheight, for var
ious ITC configurations, and for the idealized case where 
the control rods are fully withdrawn. Figure II-20-3 
presents similar data, for group 15 (0.1-0.4 eV). In 
these figures and in all other figures, any neutron ab
sorption by target nuclides is assumed to be l /v in 
spectrum, and this poisoning is assumed to be uniformly 
distributed over the capsule volume. 

Figures II-20-4 and II-20-5 present curves for groups 
Nos. 16 and 15, respectively, for two ITC configurations 
and for idealized cases where the gray or black sections 
of the control rods are matched. 

Figures II-20-2 through II-20-5 present the peak 

T T T 

RADIAL DISTANCE FROM THE 
CENTER OF THEITC. cm 

FiQ. 11-20^. Radial Distributions of (Peak) Grinip-Ifi Neu
tron Flux at Core Midheight for Power of 100 MW in Fresh 
Reactor (Control-rod Poisons Inserted). ANL .Xeg. Xo. 112-
9411. 
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I I _L. _L. _L_ 
0 1 2 3 4 5 6 

R A D I A L DISTANCE FROM THE CENTER 
OF THE ITC, cm 

Flu. 11 '20-5. Radial Dintribiitions of Peak (iroiip-15 Neu
tnm Fln.\ at Core Midheight for Power of 100 MW in Fresh 
Reactor (Control-rod Poisons Inserted). ANL Neg. No. 112-
9426. 

fluxes, at core midheight. The data were obtained from 
one-dimensional calculations. In each case, a fce//-calcu-
lation was made, with the converged neutron flux nor
malized to a total fission neutron production rate cor
responding to the reactor operation at 100 MW in the 
actual active portion of the reactor core. The calculated 
fluxes result from slowing down and diffusion of these 
virgin source neutrons. It is emphasized once again that 
these are preliminary results, indicating the influences 
of the control rods on ITC fluxes. Future analyses will 
represent control rod positions more realistically, in two 
space dimensions (r,z) and for various stages of fuel 
burnup. 

Referring to Figs. II-20-2 and II-20-3, and using the 
Typc-A ITC as a standard of comparison, note that dis
placement of water by aluminum tubing and capsules 
lowers the peak and average thermal neutron flux in the 
ITC. Addition of target poisons further reduces the 
neutron fluxes in the ITC, but the present reference 
maximum neutron poisoning by target nuclides is small 
enough that this additional neutron poisoning causes 
only a small additional percentage reduction. 

THERMAL NEUTRON FLUX SPECTRA AND NEUTHON 

CAPTURE BY 1/V-TARGETS IN THE ITC 

In an earlier section, on models of the multigroup 
calculations, uncertainties in the specification of cross 
sections for net downscatter from group No. 15 to group 
NO. 16 were discussed. All of the calculations indicate 
that the thermal neutron flux in the ITC is di.storted 
from a MaxweUian spectrum. Even at the center of the 
ITC, the calculated spectrum is harder thai, the Max
wellian at ITC temperature. Indeed, it is harder than 
the thermal spectrum in an infinite medium of water 
containing a spatially uniform source of epithermal-
energy neutrons. The spectrum hardening in the ITC 
is most pronounced near the outer radius of the ITC, 
i.e., near the inner surface of the fuel zone. This state of 
affairs may prove to be useful for irradiations of some 
target nuclides. 

In view of the spectral distortion of the thermal neu
tron flux in the ITC, the spatial distributions and the 
magnitudes of the total thermal neutron flux, .say, the 
sum of the fluxes in groups X^os. 15 and 10 (0-0.4 eV) 
are of less interest and utility than are the fluxes for the 
component groups and the capture rates by target 
nuclides. 

Figures II-20-2 through 11-20-5, iiret'cdiiig, stim-

T Y P E - A ITC 

TYPE-C ITCi 0 ,5g BORON 

£ 0 10 2 0 3 0 
DISTANCE ABOVE CORE MIDHEIGHT. cm 

FlG. II-20-fi. Relative Axial Distributions of (Iroiip-ICi Xei 
tron FInx at Various Radial Locations in the ITC (Coiilrt 
Rods Withdrawn). ANL Neg. No. 112-9409. 
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TABLE II-20-II. Si'KCTiiAL VAHIATION OF RELATIVE CAI-TLRE 

RATE, AT THE CENTEH OK THE ITC, OK N E I IKONS OK 

ENEKOV I U N G E 0-0.4 e\" 

(1/r Target) 

ITC Description 

Type-A ITC 

Type-B ITC 

Type-C ITC, 0.5 g boron 

Type-C ITC, 1.6 j ; boron 

Type-A ITC 

Relative Capturi.' Rate 

0.98-

0.9fi« 

0.!)5-

0,03» 

0,9f>i' 

* These rates are normalized to vinit capture rate in an 
infinite water medium with a spatially uniform high-energy 
neutron source, and also to a fixed value of the total thermal 
neutron flux between 0 and 0.4 e\ {groups Nos. 15 plus 16), 
All values are based upon Z^^° (15 — 16) = 0.005 for the ITC 
water. 

>> This value is based upon z",^° (15 — 10) = 0,079 for the 
ITC water, 

marize calculated absolute distributions of component 

fluxes for various idealized cases. These curves are based 

upon 16-group calculations. Figures II-20-6 and II-20-7, 

for two-dimensional, 6-group calculations, display the 

calculated axial variation of the group-16 and group-15 

neutron fluxes at various radial locations in the 100^0-

H2O ITC (Type A). Each curve is normalized to unity 

at core midheight. Note that over the interior of this 

ITC assembly the two-dimensional thermal neutron 

fluxes in the fresh reactor arc almost sepiuiible info 
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simple products of the radial distributions at core mid-
height and the axial distributions at the vertical axis of 
the ITC. 

Additional calculated data of the spatial variation of 
the thermal neutron flux spectrum in the ITC are given 
in Figs. 11-20-8 and II-20-9, for Type-A and Type-C 
ITC'.s. Note the jirogressive softening of the thermal 
neutron flux spectrum toward the top and bottom of 
tlie active ITC. For a pure Maxwellian distribution of 
thermal neutron flux, the ratio of the group-16 flux to 
the group-l.T flux is ^ 7 . 

Table 11-20-11 summarizes relative capture rates by 
1/ v-absorber targets in the various ITC's. For the s.ame 
total neutron flux from 0 to 0.4 eV, the relative capture 
rates (»f neutrons in that energy range by l /v absorbers 
would be somewhat higher in tin inhnite water medium 
with a uiiiftirm source, where the ratio of group-16 flux 
to group-1.") flux is O.."). These capture rates are listed in 
Table I1-20-II, for comparison. 

To indicate the uncertainties in ITC thermal fluxes 
and flux spectrti which are due to uncertainties in group-
transfer cross sections, calculations have been made 
with a space-dependent THERMOS model' to infer 
net-downscatter cross sections in the 100%-H2O ITC. 
At the center of the ITC, THERMOS yieUled a ratio 
(grnup-lO flux/group-15 flux) = 3.96, and a net down-
scatter cross section 2.?.;7 (l.'i — 16) = 0.079. The cor
responding ratio obtained at the center of the ITC, 

when this Cross section is used in a Ki-group retii^lor 
calculation, is 3.92. (The ratio shown in I'ig. 11-20-8 is 
4.7.) For this case, the calculated value of the absolute 
group-16 flux at the center of the lOO'i-H.O 1T(' is 
'~3'^( lower than the value inferred with i;.*,;,',' (!•"> —> 
16) = 0.09."). The group-l.'i flux is higher by ~ l . " i ' ; . 
The total flux in groups Nos. l.'i plus Ui is utieliaiigcil. 
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11-21. Argonne Advanced Research Reactor Calculations—General 
Shield-Design Analysis 

A. E. MCARTHY, D . H . SHAFTMAN and I. CHARAK* 

INTRODUCTION 

The general shield-design analyses for the AARR in 
FY-1967 have included the following categories of ac
tivities: 

1. collaboration with the Architect-Engineer in es
tablishing the design of plant shielding against radia
tion sources outside the reactor pressure vessel; 

2. determination of the sources of radiation in the 
primary-coolant water, and radiation source levels at 
the outer surface of the reactor pres.sure vessel; 

3. analysis of radial and axial distributions of heat
ing rates in: (a) the beryllium reflector sectors; (b) 
experimenters' facilities within the reactor vessel; (c) 
structures supporting the reactor core and reflectors; 

• Reactor Kngineering Division, Argonne National Labora

tory. 

(d) the neutron windows; and (e) the retictor vessel 
itself; 

4. analysis of neutron flux distribulion.s: (al at the 
vessel wall, to estimate rates of radiation damaging; 
and (b) in instrument tubes located within the reac
tor vessel and in two sectors outside the reactor vessel; 

5. evaluation of the relative merits of various shield-
ing-analysis codes, in terms of accuracy of the calcu
lated neutron fluxes and gamma-ray dose rates and 
heating rates. The primary purpose of this work was 
to attempt to establish factors of uncertainty in the 
data inferred from calculations using the program 
M A C " as adapted and modified by Argonne for the 
CDC-3600 computer.- This code has been tin- basic 
working tool for analyses in categories Nos. 3 and 4 
above. A secondary jnirpose was to jiiovidc cliccks fur 
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evaluation of levels of accuracy to be expected from 
the composite of programs NRN'" ' and QAD<*', se
lected by the Architect-Engineer for the evaluation of 
heating rates and biological dose rates in regions out
side the reactor pressure vessel during reactor opera
tion at power. 

The intent of this paper is to report on the status of 
the various activities of shielding design and analysis 
at the conclusion of FY-1967, and to summarize sig
nificant conclusions of the work performed during FY-
1967. These broad activities will be continued, to var
ious degrees, in FY-1968. 

In the third quarter of FY-1967 it was discovered 
that the computations of neutron fluxes in the instru
ment-tube zones beyond the reactor pressure vessel 
were seriously in error. Also, comparisons of heating 
rates, inferred from Argonne-MAC computations and 
from computations with other programs, were begun 
late in FY-1967, and this work is continuing into FY'-
1968. Preliminary results indicate that the operating 
gamma-ray heating rates in the beryllium, inferred 
from the Argonne version of the MAC program on the 
CDC-3600 computer, may be quite conservative. 
Therefore, it has been decided to limit the present re
porting of detailed quantitative results of MAC com
putations to essential comparisons. 

DESIGN OF NEUTRON WINDOW AND NEUTRON-

DETECTOR ENVIRONMENT 

In the Reactor Physics Division Annual Report for 
FY'-1966'-''*, a report with this identical title was pre
sented on analyses performed with the Argonne-MAC 
program. .\t that time, the reference reactor design in
cluded a heavily loaded reactor core with stainless 
steel-clad cermet fuel plates. The design of the neutron 
windows was complicated by the necessity of reducing 
radiation-damage rates of the reactor pressure vessel 
which at that time was a carbon steel vessel with a 
stainless steel cladding. It was therefore essential to 
alter the spectrum and intensities of the high-energy 
neutron flux at the vessel wall, and, at the same time, 
to obtain high thermal neutron fluxes in the instru
ment-tube zones beyond the reactor vessel for purposes 
of reactor operation. To accomplish these purposes, a 
composite neutron window was designed. The window 
included a thick zone of stainless steel, to attenuate the 
high-energy neutron flux by inelastic scattering, with 
a zone of aluminum beyond the steel, to permit trans
port of above-thermal neutrons. These computations 
also indicated that there would be a significant gain 
in the thermal neutron flux in the instrument-tube zone 
if the volume fraction of water in that zone was se-
verly limited and some beryllium was introduced into 
the tube. The preliminary designs of neutron window 

and instrument-tube zone appeared to resolve the basic 
design problems. 

The Argonne-MAC program had been applied to the 
calculation of thermal neutron fluxes in a simplified 
simulation of aluminum windows in the AARR Criti
cality Facility. There was reasonable agreement be
tween measured and calculated thermal neutron fluxes, 
and this indicated that these computations should be 
adequate for the actual design of the window and 
instrument-tube details. Neither experiment nor analy
sis probed effects of water gaps needed for clearances. 
In fact, as discovered early in calendar year 1967, there 
are deficiencies in the Argonne-MAC computations of 
the window problem, and the window results presented 
in Ref. 5 are erroneous. 

The pressure-vessel material, and the reactor core 
and reflector compositions and sizes all were changed 
in FY-1967. It was decided to use a solid stainless steel 
vessel, and this has essentially eliminated concem 
about radiation-damage effects to the vessel regions 
adjacent to the neutron windows. With this constraint 
removed, it appeared that the neutron window could 
be simplified, and .\rgonne-MAC computations were 
made for windows of aluminum with a small percentage 
(l%-2%) of coolant water. The window design was 
then examined in greater detail, to investigate pertur
bations of the neutron flux in the instrument-tube zone 
when water channels were introduced for clearances in 
installing the aluminum window. Clearances were re
quired at the outside of the beryllium reflector and 
between the window and the inside wall of the reactor 
vessel. An additional water channel IVi in. thick) is 
needed at the outer surface of the reactor vessel; this 
water gap had been included in the earlier design win
dow analysis. Other refinements of the design included 
a small increase in the thickness of the lead gamma-
ray shield before the instrument-tube zone, a reduction 
in the size of the instrument tubes, and the introduction 
of a 1'/2-in,-thick lead gamma-ray shield after the in
strument tubes. 

Neutron-flux computations for these configurations 
were made with the Argonne-M.\C program in spheri
cal geometry, varying the percentage of water in the 
aluminum window. At 100 MW, sphere-geometry 
thermal neutron fluxes of ~ 1 X 10'° were indicated 
in the centers of the instrument tubes, in the absence of 
perturbations by the neutron detectors that would be 
inserted into the tubes. This level compared with a 
hoped-for value of 2 X 10', or more, for the thermal 
neutron flux in the detectors at design reactor power 
(100 MW). 

Subsequently, a more detailed investigation was 
made of the effects on the detector flux arising from 
variations in the beryllium reflector due to insertions 
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of materials into experimenters' facilities. For these 
analyses, the reflector was partitioned into a larger 
number of regions. To stay within the MAC limitation 
of 20 regions, the '/i-in.-thick water channel between 
the reactor vessel and the lead shield was deleted in 
the analysis. The result was a calculated reduction in 
the thermal neutron flux to one-tenth of the level indi
cated with th.at water channel included. Additional 
computations were made to be certain that the indi
cated reduction was not a spurious result solely due 
to not using a fine enough sjiatial partition of the water 
cliamiel and neighboring regions. To investigate this 
matter further, calculations were made with the code 
DSN"" in slab geometry, to examine the local effects 
of water channels in such an environment. The neutron 
source was a plane source at an inner boundary which 
was taken to be at a point in the aluminum window, 
some 6 in. away from the inner wall of the reactor 
vessel. The result of the DSN computations was that 
the effect of the thin water gap was small—a matter of 
— lOfr change in the thermal fluxes in the instrument-
tube zone. 

The abovementioned Argonne-MAC computations 
were made in spherical geometry. Additional calcula
tions were made in slab geometry. Except for geom
etry, the problems were identical to the sphere prob
lems. In the case of slab geometry, the calculated 
effect of introducing the '/i-in.-thick water gap was a 
doubling of the thermal neutron flux in the instru
ment tube zone. Thus, the error is smaller in slab 
geometry, but it is still unacceptably large for this 
purpose of window analysis. It has not been determined 
whether there are inadequacies in the basic formula
tion of MAC, perhaps in the numerical analysis when 
steep gradients occur, as in these gap problems. There 
may also be undetected errors in the locally generated 
subroutines which are used in curved geometry calcu
lations. In any event, the Argonne-MAC calculations 
of neutron flux yielded grossly incorrect neutron fluxes. 

In view of the uncertainties in these calculations of 
thermal neutron flux in the instrument-tube zone, 
check calculations are being made with other com
puting programs. The Architect-Engineer, for exam
ple, will use the code N R N " ' to compute neutron 
fluxes beyond the reactor vessel, and these computa
tions will also provide data of the distribution of 
thermal neutron flux in the instrument-tube zone. 

At Argonne's request, H. C. Claiborne and F. R. 
Mynatt, of Oak Ridge National Laboratory, are ap
plying the ORNL Code A N I S N ' " to obtain neutron 
flux distributions. One result, obtained early in FY-
1968, is that the presence of the abovementioned thin 
water channel at the outer .surface of the reactor vessel 
causes a reduction of ~ 2 0 % in the thermal neutron 

flux in the instrument-tube zones outside the vessel. 
Another result of the ANISN work is that there is little 
or no increase in the thermal neutron flux in the instru
ment-tube zone w'hen beryllium is introduced to fill 
a void to the extent of 40% of the volume of that 
zone. Both results are oiiposite to results obtained with 
the Argonne-MAC programlsee Ref. 5). 

The ANISN result, corrected for geometiy effects, 
is that the unperturbed thermal neutron flux in the 
instrument-tube zone is ~ 2 X 10" at 100 MW, with 
the new window design, including the effects of the 
water gap and including 2% water in the window. This 
flux is approximately five times the flux inferred from 
comparable Argonne-MAC computations which were 
made with the troublesome water gap omitted. The 
ANISN calculations were performed with an .S]o dis-
crete-ordinate partition and with Pa Legendre ex
pansions of the angular distributions of neutron scat
tering. 

Concurrently, recently developed wide-range cir
cuitry is being evaluated for possible application in 
the AARR. The intent would be to modify the nuclear 
channels associated with neutron detectors in instru
ment tubes inside the reactor vessel so as to provide 
wider-range detectors in instrument channels for de
tectors positioned in regions of higher thermal neutron 
flux. It is anticipated that an adequate margin of re
actor control would be provided if a perturbed thermal 
neutron flux of 7 X 10* could be attained in the out-of-
vessel neutron detectors. The intent is to provide an 
adequate coverage of the entire signiflcant range of 
reactor powers even if the thermal neutron flux in the 
out-of-vessel detectors proved to be somewhat lower 
than is now indicated by ANISN. Also, it is important 
to minimize the net water content between the beryl
lium reflector and the instrument-tube zone, and this 
will be considered in the design. 

It is intended that a "design critical" experiment will 
be performed in FY'-1969 or FY'-1970. At that time, 
direct measurements could be made with well simu
lated conditions of reactor design, to provide further 
confirmation of the adequacy of the neutron-window 
design. 

AARR PLANT SHIELD DESIGN 

In Fiscal Y'ear-1967, the Title-II shield design pro
ceeded for the plant. The scope of the shield-design 
work by the Architect-Engineer comprises all of the 
AARR facilities outside the reactor jiressurc vessel. 
An exception to this scope is that, in analyzing radia
tion levels at the outside surface of the bulk radial 
biological shield, streaming in penetrations bv IKUII! 
tubes and through tubes are excluded. These pcncli.i-
tions offer special problems, and the designs of Hie 
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tubes and analysis of the radiation streaming now are 
in the direct purview of the work by Argonne National 
Laboratory. 

The principal activities of the Reactor Physics Divi
sion for the shield design work in FY-1967 have been: 
refinement of the shielding criteria set for the Title-I 
work; collaboration with the Architect-Engineer in 
establishing priorities for their detailed shield-design 
effort, and in the general scoping of the significant 
problems of shield-design; review of the methods and 
computer programs proposed by the Architect-Engi
neer for shield-design analysis; setting of radiation 
source intensities in the primary-coolant water; col
laboration in establishing neutron group cross sections 
for multigroup computations of neutron flux distribu
tions; and continuing review of the results of the 
shield-design analysis, in terms of the degrees of ac
curacy which are to be expected from the calculations, 
the adequacy of the preliminary-design shield, and 
evaluation of design changes proposed by the Archi
tect-Engineer to resolve indicated problems of radia
tion shielding. I t is the responsibility of the Architect-
Engineer to ensure that, in developing the detailed 

TABLE II-2I-I, DESIGN DOSE H,\TES TO PERSON. \EL ' 

Location 

Outer surface of lateral biologi
cal shield'' 

Surface of Iteactor Pool, above 
the reactor 

Top surfaces tjf pools and canals, 
with "ho t " material in storage 

Top surfaces of pools and canals, 
wilh "ho t " material in transit 

Control Hod Drive Access Room 

General background on Experi
ment Floor 

Outer surface of shield wall of 
primary-demineralizer cell 

General background for limited-
access areas of Service Floor of 
Reactor Containment Building 

Design Dose Rate 

U mrem/hr, at 100 MW 

5 mrem/hr, at 100 MW 

•4 mrem/hr 

5 mrem/hr at an elevation 
of 3 ft above the surface 

25 mrem/hr, at 100 MW 

}'i mrem/hr at an eleva
tion of 3 ft above the 
floor slab, at 100 MW 

10 rem/hr, 24 hr after core 
melt 

5 mrem/hr, at 100 MW 

• The (le.siRn dose rates include radiations from all normal 
sources, unless otherwise indicated. The design dose rates 
given in this table may be exceeded where normal personnel 
access is physically impossible. 

^ Radiation streaming in beam tubes and through tubes is 
not included. Special criteria for "hot spots" , i,e,, locally high 
radiation levels, will be developed. 

design of the entire plant, the criteria of radiation 
shielding are met. This has required also a continuing 
review by Argonne staff both of the Architect-Engineer 
work on general plant design and of the work by other 
Argonne engineers on certain aspects of the plant de
sign. 

CRITERIA FOR PLANT SHIELDING OF PERSONNEL AGAINST 

RADIATION 

The criteria of allowable design radiation dose rates 
to personnel have been revised from the criteria set for 
the Title-I design. The changes reflect implications of 
the results of the Title-I work and a change in the 
philosophy of accessibility of personnel to certain 
areas of the Service Floor of the Reactor Containment 
Building. 

Equipment and iiiping runs on the Service Floor are 
being rearranged to separate the Service Floor into 
two principal zones. In general, equipment and piping 
which will contain high-intensity sources of radiation 
during reactor operation will be located on a "hot" 
(west! side of the Service Floor, which will be closed 
to personnel during reactor operation. Included in this 
category are piping runs for primary-coolant water 
coming from the reactor, primary-coolant ]iumps, and 
heat exchangers for the primary system. Demineral-
izers and filters for the primary system will be located 
in shielded compartments. On the "cold'' (east) side 
of the Service Floor will be equipment which can be 
easily shielded against radiations during reactor oper
ation, and to which controlled access is both desirable 
and feasible during normal reactor operation. An im
portant example is the Control Rod Drive .\ccess 
Room, which is below the reactor vessel and is well 
shielded against radiations from the core and other 
sources. 

Table II-21-I summarizes revised allowed design 
dose rates based on radiations from all sources. This 
tabulation constitutes direction to the .\rcliitect-
Engineer in establishing the detailed plant design, .^s 
the Title-II design proceeds, additional detailed cri
teria for shield design will be developed, and po>sihly 
there will be modifications of some of the criteria listed 
in Table II-21-I. 

The levels of radiation sources and attenuation dis
tances are determined as follows: 

1, The reactor, with a HFIR-type core, is assumed 
to have operated at 100 MW continuously for 30 full-
liower days before shutdown. 

2. I t is assumed that before normal transfer of 
spent fuel elements to storage the fuel has cooled for 
six hours after a prompt reactor shutdown from normal 
operation at full power. It is assumed that spent fuel 
elements will be transferred along paths with fixed 
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minimum distances from the fuel element to pool walls. 
It is further assumed that the freshly spent fuel ele
ment will be stored in a location in the storage rack 
so that there will be a minimum distance from fuel to 
pool walls while the fuel is decaying to levels which 
will permit later shifting to new storage locarions for 
the remaining time of its storage before transfer out 
of that pool. 

3. I t is assumed that non-defective fuel elements 
will be stored in the Spent Core Storage Pool for 8 
months after reactor shutdown, prior to their transfer 
out of the Reactor Containment Building and ship
ment for reprocessing. 

4. In the event of a reactor accident which released 
additional sources of radiation as a result of soine fuel 
melting, but which did not result in breaching of the 
primary-system containment, it is assumed that no 
personnel will enter the Service Floor for a certain 
minimum time after reactor shutdown. The design dose 
rates for such conditions will be chosen to corresjiond 
to certain cooling times and to certain assumed con
centrations of radiation sources following an accident. 
The design concentrations are established at : 0.5% 
of the total core inventory of fission products other 
than the noble gases, in the primary-coolant de-
mineralizers and filters; 0.05% of the total core in-
^'eiitory of fission products, in the pool and canal de-
mineralizers. 

ST.\TUS OF THE PLANT SHIELD DESIGN 

In FY-1967, basic analy.'^es of gamma-ray radiation 
dose rtites were performed using standard formulas^-® 
for etticuhitions of gamma-ray flux for: 

1. the water jiurification system, including the de-
niineralizers and filters for the primary-coolant sys
tem; 

2. pools and canals, during transfer of spent fuel 
from the reactor vessel to the Spent Core Storage Pool, 
and during storage of this fuel; 

3. the Service Floor and the Experiment Floor in 
the Reactor Containment Building, including effects 
of all radiations from: (a) the piping runs, pumps, and 
heat exchangers for the primary-coolant water, on the 
Service Floor; and (b) the primary-coolant water 
purification system. However, detailed calculations 
have not yet been made for radiation dose rates due 
to radiation penetrating the bulk reactor biological 
shields. 

The analyses of the shielding of the primary-coolant 
purification system have delineated details of the 
t.iicknesses of walls serving both as structural and 
shielding walls. Under normal conditions of reactor 
operation, the dominant radiation is the gamma-ray 

activity from sodium-24. ]iroduced by neutron capluie 
in the aluminum in the reactor core and in the various 
experimenters' facilities. The soiliuni-24 is ttappod by 
ion exchange in the primary coolant cation bed. Other 
activants have been considered, e.g., niagiie>iuiii-27, 
and it has been shown that the sodiuni-24 deteiiniiies 
the radiation doses from this system both liiiaiiM' of 
its level of concentration and activity and bei aii.-e of 
the relatively high penetrability of the gamma rays 
emitted by the sodium. Radiation from materials 
trapped by the filters is negligible, by comiiarisoii with 
radiation from the demininalizcrs. 

The analyses of gamma-ray dose rates fitiiii ^pi tit 
fuel, during transfer and in storage, have rosiiltrd in 
modifications of the ilesign. The gate lietwcen tlie lie-
actor Pool and the Spent Core Storage Pool has liceii 
shifted so as to be essentially centered laterally in the 
wall separating these two pools, to increase the shield
ing thickness of the pool water during tran>fi'r of 
spent fuel. The storage racks for the spent fuel, in the 
Spent Core Storage Pool, have been located to pro\iLle 
enough attenuation by the pool water to trditcr bio
logical dose rates and to satisfy dose-rate critititi. and 
also to reduce the heating rates in the walls ;ind floor 
of the pool, arising from capture of gamma-rays 
emitted by the spent fuel. I t has been decideil ;iNo tn 
stori! freshly spent fuel only in certain storage cells, 
so that thermal shielding of the pool walls will nut lie 
required. An additional '/2-ft thickness of wtitei shield
ing will be provided by lengthening the support r-iiiie-
ture of the fuel-storage racks; this will elimiinite IIK 
need for thermal shielding of the jiool floor. 

Other ]iotential problems have been discoxeit d of 
high radiation dose rates to pcrsonind timing transfer 
of spent fuel, because of certain design penetration,-
of jiool walls. The magnitudes of these dose rates, and 
solutions to the problems, will be investigated in F^'-
1968, 

The dominant radiation sourct^ in the pritiiaty-
coolant piping runs, pumps, and heat exchaiisers is 
N-16, produced by 0 '*(n,plN" ' reactions in the re
actor water during power operation. N-16 has ;t >liort 
half life (~7 sec), and it emits high-energy gaiiima-
rays (6-7 MeV) wdiich are highly penetrating in shield 
materials. To protect personnel on the Experiment 
Floor in the area above the "hot" side of the Service 
Floor, a floor slab thickness of 6 ft of ordinary concrete 
is retiuired. Actually, this floor-slab thickness is de
termined by structural and load-support requirements, 
and coincidentally it is calculated that with this thick
ness of concrete the relevant dose rate criteria (Table 
II-21-I) are met. 

These jireliminary Title-II dose-rate analyses have 
been reviewed by Argonii(> National Ltiboratoty. and 
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milestone reports by the Architect-Engineer are being 
prepared. 

Scoping calculations have been made to estimate 
the radiation dose rates at the outside surface of the 
reactor bulk lateral biological shield. To provide ac
cess to beam-tube facilities, the inner radius of the 
concrete biological shield has been increased by 1 ft, 
and the thickness of the shield has been reduced ac
cordingly, from 8 ft to 7 ft. The scoping analysis has 
indicated that the revised shield should be conserva
tively adequate. 

For detailed calculation of neutron flux distributions 
in the lateral and axial shields during reactor opera
tion, it has been decided to use the computing program 
NRN.'^* These calculated neutron fluxes will be used 
to generate capture-gamma source distributions for 
detailed calculations of gamma-ray fluxes with the 
computing program QAD.'*' QAD is a kernel-integra
tion code programmed by scientists of the Los Alamos 
Scientific Laboratory. The QAD analysis will also ac
count for the other gamma-ray sources, including 
gamma rays generated during fission, by decay of 
fission products, and by various other reactions of 
neutrons with matter. In preparation for the NRN 
analysis, the Architect-Engineer is testing the various 
routines in the NRN code. The NRN library of neu
tron cross sections is being revised to incorporate more 
recent measurements, with guidance by Argonne scien
tists as to suitable sources of neutron cross section 
data. 

When the NRN/QAD package is readied, calcula
tions will he made of radiation-dose-rate distributions 
along various ray paths emanating from the reactor 
core. Paths chosen will be representative of radial, 
axial, and slant directions of significance to the evalu
ation of the design shielding of radiations from zones 
within the reactor pressure vessel. 

Studies will be made of radiation dose rates to per
sonnel inside the Laboratory and Office Building or 
in the Active Material Handling Building, following 
a postulated maximum credible accident. Scoping cal
culations were reported previously (see Ref. 5). The 
new calculations will be more detailed, and doses at 
other locations will be evaluated. 

MISCELLANEOUS CALCULATIONS 

Reactor Physics Division work has included also: 
analyses of the preliminary design shields within the 
reactor pressure vessel; and heating rates in the beryl
lium reflector, in neutron windows, and in the reactor 
pressure vessel. 

For the most part, the calculations of gamma-ray 
dose rates and heating rates have been made with the 
Argonne-MAC program. The calculated gamma-ray 

heating rate at the inside surface of the beryllium re
flector is much larger than the gamma-ray heating rate 
obtained by scientists of Oak Ridge National Labora
tory for the HFIR.'"" Indeed, the values obtained 
with .Argonne-MAC are approximately 60% higher, 
for a case where the differences between the 'AARR 
and the HFIR are considered to be insignificant. The 
Argonne-MAC calculations were perforce made in slab 
geometry, and the effect of this approximation of 
geometry should be to yield somewhat higher heating 
rates. Toward the end of FY'-1967, neutron-flux cal
culations were begun with the ANISN program; these 
calculations are being made by scientists of ORNL, 
with the cooperation of H. C. Claiborne and F. R. 
Mynatt (ORNL). Preliminary results were obtained 
early in FY'-1968 which conflrm the HFIR results and 
imply that the Argonne-MAC data of gamma-ray 
heating rates in the radial beryllium reflector near the 
reactor core are quite conservative—approximately 
twice as high as the ANISN data. The ANISN com
putations were made in cylindrical geometry. Addi
tional computations will be made, to investigate the 
effects of the slab-geometry approximation in the 
Argonne-MAC analyses, and to include capture-
gamma production in the beryllium reflector. 

In FY'-1968, it is intended also that the NRN/QAD 
package will be applied to calculations of gamma-ray 
dose rates and heating rates in various regions within 
the reactor pressure vessel. 

In view of the jiresent uncertainties regarding heat
ing-rate calculations based on .\rgonne-MAC output, 
no detailed heating rates will be presented here. The 
heating rates in the beryllium reflector drop off rapidly 
with increasing radial distance from the reactor core. 
Close to the reactor core, the heating rates in the 
AARR will be essentially the same as the heating 
rates in the HFIR beryllium, because the fuel, control 
rods, and the removable-beryllium sections will dupli
cate the HFIR sy.-ifem. However, there is much more 
neutron-capturing material in the permanent-beryl
lium zone of the . \ . \RR, because there are many more 
experimenters' facilities in the AARR reflector. Also, 
the A.ARR beryllium reflector is much thicker. There
fore, there will be differences in the gamma-ray flux 
and heating-rate distributions in the AARR reflector, 
and additional analyses are judged to be required, in 
spite of the fact that the HFIR has operated at full 
power (100 MWl without any apparent problems 
about cooling of the beryllium reflector during reactor 
operation and after reactor shutdown. 

Other analyses of the AARR have estimated the 
streaming of gamma-rays in thermocouple tubes which 
penetrate the axial shield below the reactor core. 
These analyses indicate that there will be highly looal-
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ized gamma-ray streaming which would yield no more 
than a few mr/hr at the bottom surface of the bottom 
head of the reactor pressure vessel. The analyses are 
for streaming in long, thin, water-filled tubes pene
trating highly-attenuating zones of steel. They are 
therefore subject to the usual uncertainties of such 
difficult problems. Nevertheless such streaming is not 
considered to be a problem, especially since there do 
not appear to be high gamma-ray dose rates at the 
bottom head of the HFIR vessel having similar pene
trations. 

REFERENCES 

1. E. (1. Peterson, MAC-A Bulk Shielding Code, HW-7338I 
(April 1902). 

2. A. E. McArthy and H. Yamanouchi, Revision of the Bulk 
Shielding Code MAC for the CDC-3600 Computer, Reactor 
Physics Division Annual Report. July I, 1965 to June 30, 
I960, ANL-7210. pp. 39fi-399. 

3. L. Hj&rne, et al., A User's Manual for the NRN Shield 
Design Method. AE-145 (June 1904), 

4. R, E. Malenfant, Q.\D—A Series of Point-Kernel General-
Purpose Shielding Programs. LA-3573 (April 1907). 

5. A. E. McArthy and 1). H. .Shaftman, .Argonne .Advanced 
Research Reactor Calculations—Shield-Design .Analyses, 
Reactor Physics Division Annual Report, July 1, 1905 
lo June 30, 1900, ANL-7210, pp. 100-104. 

6. B, Carlson, C, Lee and J. Worltoii, The DSN and TDC 
Neulron Transport Codes. LAM.S-2.34(1 (October 196'J), 

7. W, W. Engle, Jr., A User's Manual for ANISN-A One 
Dimensional Discrete Ordinates Transport Code leith 
Anisotropic Scattering. K-l(i93 (Marc4i 1907). 

8. T, Rockwell I I I , Ed., Reactor Shielding Design Manual. 
(D. Van Nostrand Company, Inc. , Princeton, . \ . J., 
1956), 

9. E. P. Blizard, Ed., Reactor Handbook. Volume III. Port B, 
Shielding. Second Edition (Interscience Publishers, 
1902). 

10. D. R. A'ondy, unpublished Oak Itidge National Laboratory 
internal memorandum. 

11-22. Argonne Advanced Research Reactor Calculations—Analyses of Acc idents 
Associated wi th Major Reactivity Insert ions 

D. H. SHAFTMAN and J. H. TESSIER* 

INTRODUCTION 

The Reactor Physics Division Annual Report for 
July 1, 1965 to June 30, 1966'" includes a summary of 
analyses of specific postulated reactivity accidents 
which appeared in an unpublished Preliminary Safety 
Analysis Report (PSAR) for the earlier AARR. For 
that system, the design reactor power level was 100 
MW, and a heavily loaded, intermediate-spectrum 
reactor core was designated as the reference core. Sub
sequently, a budgetary decision was made to adopt the 
designs of the core, reactivity-control rods and control-
rod drives, and removable beryllium reflectors of the 
High-Flux Isotope Reactor tHFIR)" of Oak Ridge 
National Laboratory (ORNL). The PSAR for the 
AARR has been revised to reflect these changes in the 
plant. In some cases, analyses of specific postulated 
reactivity accidents simply have been copied from the 
final accident analysis report and supplements and 
addenda for the HFIR . ' With the cooperation of 
scientists of ORNL, additional safety analyses have 
been performed with the H F I R analog network at 
ORNL. Specific postulated reactivity accidents were 
evaluated, with parameters appropriate to AARR con
ditions, including a cold-water accident, and massive 

• Reactor Engineering Division, Argonne National Labora-

partial voidings of coolant (H^O) in the Internal 
Thermal Column (ITC). The ITC of the Argomie re
actor is intended for research-type neutron irradiations 
rather thaia for larger scale production of specific 
isotopes, which is the case for the HFIR. The designs 
of the ITC insert are sufficiently different from the 
HFIR design that separate analysis is required. 

The postulated cold-water accident would result in 
the addition of apiiroximately one dollar in reactivity, 
with the reactor operating initially at 100 MW and 
with conservative assumptions of gross reactivity co
efficients of temperature. Massive partial voidings of 
water in the ITC would result in reactivity insertions 
ranging up to 4'/2 dollars (3.2%,). Therefore, these 
postulated accidents are associated with major reac
tivity insertions, and they are reviewed in the present 
paper. The conclusions are: (1) with normal response 
of the safety system, the excursions would be limited 
without any melting of reactor fuel; and (2) even 
without safety-system response, the consequences of 
such accidents are not severe enough to rupture the 
primary-coolant containment. 

Two simplified models of reactor response to hypo
thetical rapid reactivity insertions of several dollars or 
more are presented in the final section of this paper, 
and computational results are given for step-function 
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and short-period-ramp injections of one to seven 
dollars in reactivity, with the reactor operating ini
tially at 100 MW. The intent of this preliminary 
analysis is to demonstrate that even without safety-
system response there would not be a prompt massive 
metal-water renetion of the fuel plates, which is an 
important consideration in the evaluation of the sur
vival potential of the containment boundary of the 
primary coolant. 

The HFIR accident analysis report (Ref. 3) sum
marizes hypothetical major reactivity additions stem
ming from control-rod accidents where: (1) all 5 
control rods are driven out at the maximum speeds of 
their drives; or (2) the shim-regulating control rod is 
driven out because of a mechanical failure of the 
drive mechanism. In these cases, it was shown that, 
whereas the potential total reactivity insertions are 
large, the reactivity addition rates are small enough 
that safety-system action would shut down the reactor 
without serious core damage, and, in particular, with
out any melting of fuel plates. 

MODEL OF SAFETV-SYSTE.M RESPONSE 

In the PS.\R computations of the responses of the 
reactor to the jiostulated cold-water accident and 
ITC-voiding accident, the safety-system model em
ployed was for Mode 1 operation of the HFIR. (See 
Ref. 3, pp. 73-74.) In this mode, designed for cases of 
pressurized operation, detection of either of two abnor
mal changes in operating conditions will signal for 
reactor shutdown by rapid injection of the four safety 
control rods. The two abnormalities are: (1) a high 
ratio of power level to coolant flow rate, with trip point 
set at 1.3 times the normal ratio; and (2) a high rate 
of change of power, with trip point at 20 MW/sec 
and with the proviso that the total change in reactor 
power is at least 5 MW. 

When reactor shutdown is signaled, there is a time 
delay for delatching the safety control rods. This time 
delay was assumed to be 10 msec, which is the typical 
lag for Mode 1. Once delatched, the safety rods are 
accelerated downward into the active fuel zone by a 
combination of springs, hydraulic forces of coolant flow, 
and gravity. In the analog computation the safety rods 
were assumed to have a net initial acceleration of 4 g, 
and the acceleration was reduced linearly to 1 g in the 
first 6 in. of rod travel. Thereafter, the rods were 
assumed to move in at a constant acceleration of 1 g. 
The differential reactivity control worth depends upon 
the time in the core cycle. In the computations, con
servative values of differential control rod worths were 
used. (For more details, see Ref. 3, p. 79.) 

ANALYSIS OF HYPOTHETICAL COLD-WATER 

ACCIDENT 

It is considered to be highly unlikely that a signifi
cant rapid change could occur in the temperature of 
coolant water entering the operating reactor core. 
Three separate primary-coolant heat exchangers are 
in operation at power, there are large mixing volumes 
between the heat exchangers and the core inlet, and 
primary-coolant temperatures will be monitored with 
an instrumentation system designed to )irotect the 
reactor against abnormal changes in these tempera
tures. Nevertheless, it is instructive to examine the 
consequences of a reactivity accident wherein a slug 
of cold water suddenly enters the reactor operating 
initially at 100 MW. 

Accordingly, computations were made with the 
HFIR analog code. In these analyses it was assumed 
that the coolant temperature at the inlet of the operat
ing reactor was reduced suddenly by 85°F, from 120 to 
35°F, and that this temperature reduction persisted 
indefinitely. No credit was taken for the negative 
reactivity effect of a reduction in water temperature 
in the Internal Thermal Column. For additional con-
.servatism, the reactivity changes corresponding to the 
coolant-temperature transient were calcuhited u.̂ ing 
the reactivity coefficients of temperature at the 100-
MW values rather than at the lower transient tem
peratures. Neutronic, thermal, and safety-system 
parameters were assigned values appropriate to: 111 
the fresh reactor; or (2) the end of core life. The 
maximum reactivity change was ~ 1 dollar, inserted 
at a constant rate over a period of 30 msec. -Additional 
cases were studied wherein safety-system action was 
excluded. It was conservatively assumed that thermal 
insulation would occur at the fuel-plate hot spots if 
the peak heat flux at the outer surface of the cladding 
reached 3 X 10' Btu/ft=-hr. This is the calculated 
level at which incipient boiling would occur during 
steady-state operation under normal conditions of 
coolant temperature (120°F) at the inlet to the reactor 
core. 

Principal results of the analog computations of cold-
water accidents are given in Table II-22-I. The com
putations imply that only moderate power excursions 
would occur with the safety system operating. No fuel 
melting would occur. I t is indicated that in the event 
of a complete failure of the safety system there would 
be melting at hot spots. However, in all of the calcula
tions no credit w«s taken for the added margin against 
incipient b o i l i ^ which is provided by the increased 
subcoolijJS'>^ core coolant. If this effect were included, 
it is (>y^ful that hot-spot melting would be indicated. 
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Case 
Number 

2 
:< 
4 

Safety 
System 
Action 

Yes 
No 
Yes 
No 

Time in Core 
C\cle 

Beginning 
Beginning 

lOtid 
End 

TABLE II 

Peak 
Power, 
MW 

170 
240 
140 
150 

22-1, AARR RESPONSE TO COLD-

Quasi-
Equilibrium 

Power", 
MW 

0 
200 

0 
150 

Integrated 
Power, 

MW-sec 

20 

16 

Maximum 
Hot-Spot 

Metal Temp., 

400 
>Melting 

700 
>Melting 

VATER AeeinE.MT 

Maximum 
Average 

Metal 
Temp.i', 

°F 

230 
270 
250 
250 

Maximum 
Hot-Spot 

Heat Flux, 
Btu/ft'-hr 

2.9 X 10" 
>:i X 10" 
2,0 X 10" 
>:! X 10" 

Maximum 
Net Positive 
Reactivilv, 

Ai/k 

0.004 
0,005 
0,0025 
(I,0(l:i5 

Time of 
I'cak 

Power, 
msec 

1(1 
on 
III 
0(1 

" The reactor power level is defined here to be "in quasi-equilibrium" whenever its rate of change is stnai! compared to the tiier
mal rcspfinse times of the reactor. For this accident, this condition is achieved immediately following the initial rapid ri.^e in power 
level subse(|uent to the cold water insertion, 

'• This is the peak transient value of the axially and radially averaged temperature of the average fnel ]>late. 

ANALY.SES OF HYPOTHETICAL REACTIVITY ACCIDENTS 

STEMMINU FROM PARTIAL VOIDINGS OF WATER 

IN THE I.VTEHNAL THERMAL COLUMN 

The Internal Thermal Column tITC) basically is a 
large flux-trap zone where high-energy neutrons leak
ing from the reactor core are thermalized to provide 
a high thermal neutron flux for research-type irradia
tions. In the planned ITC core assembly (Fig. 11-22-
1), approximately two-thirds of the ITC volume is 
water, and it is the water that moderates the neutrons 
to thermal energies. Most of the remaining volume of 
the ITC consists of aluminum, in the form of struc
tural material and encapsulating and diluent material 
for the irradiation targets. There is a small void frac
tion, consisting of the internal volume of the active 
portion of the gas-rabbit tubes. 

Thus, the ITC is a large sink of neutrons. Displace
ment of some of the ITC water by voids would lower 
its reactivity control effectiveness and there would be 
an increase in reactivity. Also, when capsules are in
serted into the hydraulic-rabbit tubes, the displace
ment of water is calculated to yield a small net reac
tivity gain. However, the largest hydraulic-rabbit tube 
planned for the ITC has an i.d. of 0.620 in., and the 
corresponding interior plan area of this tube represents 
only VM/c of the total cross-sectional area of the 
ITC. Even if the tube were initially filled with water, 
complete voiding of one such target tube would cause 
a reactivity gain of less than 0.1%. A reactivity gain 
of 0.1% would be managed easily by the safety sys
tem, and no damage would occur. 

The hypothetical voiding accidents of greater con
cern are those wherein large fractions of the bulk 
ITC water, outside the target tubes, might be dis
placed by voids. The present design ITC core assembly 
includes a number of target tubes, but the safety 
analyses must also consider the implications of a 
possible future interest in optimizing the peak thermal 

s-i 
(STATIC BASKET TUBE) 

O.D X 0 6 2 0 I, D, 

HR-I 
(HYDRAULIC RABBIT TUBE) 
0,750 0, D, X 0 620 I, D 

OCR 
(GAS COOLED RABBIT 
TUBE) 0 , 5 0 0 C D X 
0.370 I D , 

HR-2 

FOR X 
^ ' ' (FAST GAS RABBIT TUBE) 

0 ,750 0 , 0 X 0 , 5 3 2 I.D, 

ALL DIMENSIONS IN INCHES 

F I G II-22-1. ITC Core A.sseml)ly. ANL Neg. Na. 113-9398. 

neutron flux in the ITC for a special high-flux irradia
tion. For the reference ITC size, the peak thermal 
neutron flux would be obtained in an essentially 100%-
water ITC, with a minimum volume of vertical irra
diation facilities. With nothing but water initially in 
the ITC, the measured maximum reactivity gain re
sulting from uniform partial voiding of the active 
portion of the ITC is 3.2%. The void fraction associ
ated with the peak reactivity gain is approximately 
0.7. With the reference ITC core assembly and a full 
loading of irradiation capsules, the maximum change 
in reactivity would be reduced. 

Computations have been performed at ORNL with 
the HFIR analog code, to study postulated reactivity 
accidents resulting from accidental partial \'oiding of 
water in a 100%-H20 ITC of the AARR. The AARR 
values of the flow rate (4 ft/sec) of bulk water in the 
ITC and the positive reactivity effect of such a voiding 
were used. Conservative values were chosen for ther
mal conditions, the response time of the safety system, 
control-rod reactivity worths, and reacti\'ity coefli-
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TABLK ll-22-ll . REBULTB OF ANALOG CALCULATIONS FOR ITC VOIDING ACCIDENTS" 

Case 
Number 

I 
2 
3 
4 

Time in Core 
Cycle 

Beginning 
Beginning 

End 
End 

Input 
Reactivity, 

%/»cc 

4.2 
8,4 
4,2 
8,4 

Peak Power, 
MW 

120 
126 
130 
170 

Integrated 
Power, 

MW-sec 

15 
18 

Maximum 
Hot-Spot 

Metal 
Temp., 

°F 

420 
430 
085 
780 

Maximum 
Average 

Metal 
Temp.i', 

240 
240 
260 
285 

Maximum 
Average 
Coolant 
Temp.', 

160 
im 
165 
1-0 

Maximum 
Hot-Spot 

Heat Flux, 
Btu/ft'-hr 

2.2 X 10" 
2.3 X 10' 
2.4 X 10' 
2,8 X 10« 

Maximum 
Net Positive 
Reactivity, 

Ak/k 

0 002 
0,004 

Time of 
Peak 

Power, 
msec 

50 
:io 
60 

" Safety-system action is assumed, 
'' This is tlie peak transient vaiue of the axially and radially averaged temperature of the average fuel plate, 
^ This is the peak transient value of the axially averaged temperature of bulk coolant in the average fuel-plate channel 

cients of temperature. The reactivity effect of voiding 
the ITC was taken to be a ramp of 8.4%/sec for % 
sec, which is the total time for the bulk fluid to 
traverse the 20-in.-high active portion of the ITC 
under normal flow conditions. 

One model is that voids are swept into the ITC 
from above, to the extent of eventually voiding 70% 
of the active volume of the ITC. In this event, reac
tivity would be added at a time-dependent rate cor
responding to the net reactivity worth of partial void
ing of an upper portion of the active ITC. Moreover, 
there would be a variation in the net speed of the 
bulk fluid in the ITC because of the opposite effects of 
a reduction in the average mass of the ITC fluid (tend
ing to increase the speed) and the effects of the 
buoyancy of the voids (tending to decrease the 
speed). Thus, these results mu.st be considered to be 
appropriate to the purpose of preliminary safety 
analysis. More detailed studies will be made for the 
Final Safety Analysis Report of the AARR. 

The total reactivity added in this postulated acci
dent was 3.2%. However, with normal response of the 
safety system the calculated maximum net reactivity 
was only 0.4%, well below prompt criticality (~0.7%). 
Calculated fuel-plate temperatures remained well 
below the melting point, and the hot-spot heat flux 
did not reach 3 X 10" Btu/ft=-hr, assumed to be the 
level at which local thermal insulation would occur. 

In Table II-22-II, calculated results are given for 4 
cases: (1) beginning of core life: 2 cases; and (2) 
end of core life: 2 cases. The other two cases studied 
corresponded to insertion of reactivity at one-half of 
the reference rate, with a total insertion of 1.6% in 
reactivity. 

A.ssuming complete failure of the reactor safety sys
tems, the calculations indicate that the average fuel-
plate temperature might exceed the postulated point of 
incipient boiling. Bulk-boiling might occur in the 
coolant channels of the average fuel plate, and a major 
coolant-flow reduction might result. I t is conceivable 

that under these conditions core disassembly would 
occur. However, it has been calculated that the con
sequences of such an accident would not be so severe 
as to cause a breach of the containment boundary 
of the primary-coolant system. 

ANALYSES OF HYPOTHETICAL MAJOR 

REACTIVITY ACCIDENTS 

In the PSAR for the AARR, analyses were presented 
of models of the respon.se of the operating reactor to 
hypothetical rapid injections of positive reactivity of 
as much as 7 dollars. The intent was to demonstrate 
that the inherent shutdown capability of the operating 
system would be effective hi limiting the damage effects 
of rapidly introduced positive-reactivity far in excess of 
prompt-criticality levels. In particular, it wast shown 
that even for a step reactivity addition of as much as 
k„la,,f = 7 there should not be a prompt massive 
metal-water reaction of the fuel plates. This conclusion 
is important to the evaluation of consequences of reac
tivity accidents, for example, whether the primary-
coolant containment provided by the reactor pressure 
vessel and other components would survive such an ex
cursion. It must be emphasized that these are parame
ter studies only, to indicate margins of reactor safety. 

Two models of reactivity feedback have been consid
ered for the preliminary safety analysis of the AARR. 
In each model, it is assumed that thermal expansion of 
the fuel is compensated by buckling of the fuel plates 
and ejection of some coolant from the fuel zone. Model 
"A" postulates that, in response to a rapid rise in reac
tivity to well abo\e ]irompt criticality, the extra heat 
would be stored in the fuel plates, and the corresponding 
volumetric thermal expansion of the plate would eject 
the same volume of water from the fuel zone without a 
change in the spatial dimensions of the fuel zone. Since 
the reactor fuel zone is already undermoderated, this 
further increase m the metal-to-water ratio would result 
in a large reactivity loss. Moreover, conduction of heat 
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to the water would reduce reactivity further in a short-
period transient. 

In Model " B " , it is assumed that the lateral thermal 
expiuisions of the fuel plates buckle the plates and 
thereby increase the metal-to-water ratio in the fuel 
zone. The fuel zone is assumed to retain its original total 
lateral area. Longitudinal thermal expansion is assumed 
to occur to the extent of one-third of the total volumet
ric plate expansion. Other negative-reactivity effects, 
which have not been included in Model B, are: (1) 
thermal conduction from the fuel plates to the coolant 
water would result in rapid local heating of water, with 
the probable formation of steam bubbles; and (2) sub
stantial elongations of the fuel plates would extend a 
fraction of the fuel beyond the vertical extent of the 
beryllium reflector and into regions where the "black" 
portions of the control rods are effective. 

TABLE 1I-22-II1- CALCCLATED CHANGE IN k,ff DUE TO 
Ft EL-PLATE EXPANSION" 

! *„/|3.,/'" 
Percentage Expansion 

30 
60 
80 

Model A 

- 1 0 . 0 
- 2 5 . 4 
- 3 9 . 0 

Model B 

- 6 , 0 
- 1 0 . 8 
- 1 5 . 4 

• Normalized to A,// = 1 for zero fuel-plate expansion. 
•> The value of 0,// ia 0.0071. Note that k„ = k.// - 1 is not 

the change in "react ivi ty" , as it is usually defined, namely, 
p = (k,ff — l)/k,//. These values of k„/0e// do not include 
effects of higher fuel-plate temperature other than fuel-plate 
expansion. 

Table 11-22-111 summarizes the computed feediuick 
component of k,x as a function of the assumed miiform 
volumetric expansion of the fuel plates for Models A 
and B. The fractional volumetric expansion of tiie fuel 
plate, AV/VO, was approximated by linear functions of 
the incremental heat stored iu the plate, All. In the S()lid 
phase, [ A F / T O ] = 8.8 X 10"^ AH, where AH is in units 
of Watt-sec/gram. In the transition phase, the addi
tional thermal expansion of the metal is [AT/To] = 
1.9 X 10-* A^, where AH = AH - (A//)i is the heat 
of fusion of the fuel plate. This linear relationship is a 
good approximation in the liquid phase, as well: 
[ A F / F O ] = 1.9 X 10-* AH, where A ^ is the heat added 
to the molten fuel. 

With these models of reactivity feedback, thi- [icak 
reactor power and total energy released in the liy|H)-
thetical excursion were obtained with a digital-cumpulei-
program. Table n-22-IV summarizes the computed 
response of the reactor for total inputs of 4 to 7 in 
kfx/^eff f as steps or ramps.* The reactor is assumed to 
be operating at 100 MW at the time of the reaeti\ity 
injection. It may be seen that for this range of excur
sions the total incremental energy release to the time of 
reactor shutdown is almost the same for the step and 
for the 10-msec ramp. 

In both models, A and B, it was assumed that every 
fuel plate receives the same incremental thermal energy. 
Both models ignore the loss of heat due to thermal con
duction from the cladding surface into the coolant 
water. In view of the high thermal conductivity and 
small thermal time constant of the fuel plates, this re
sults in an underestimation of reactivity feedback. The 

TABLE II-22-IV. Si MMABv OF REACTOR RESPONSES TO REACTIVITY TRANSIENTS, ASSUMING ONLY FUEL-PLAIE-I '^XIV 

FEEDBACK OF REACTIVITY 

Total Change in k„/g„, 

Total lime for ramp reactivity inser
tion, msec 

4 

0 10 .30 

5 

0 10 30 

6 

0 10 30 

7 

0 10 30 

Maximum percentage expansion of 
average fuel plate 

Total incremental energy release, 
MW-sec 

Hatio of peak power to initial power 
of 100 .MW 

MODEL A (FIXED REACTOR CORE VOLUME) 

21 

100 

200 

21 

99 

194 

IS 

87 

111 

27 

122 

321 

27 

121 

309 

— 

— 
— 

33 

143 

463 

32 

142 

442 

— 

— 
~ 

38 

163 

625 

37 

100 

583 

24 

112 

210 

Maximum percentage expansion of 
average fuel plate 

Total incremental energy release, 

MW-sec 
Katio of peal< power lo initial power 

ol 100 MW 

MODEL B 

40 

172 

323 

40 

171 

317 

(FIXED LATERAL CORE AREA) 

35 

153 

201 

51 

214 

524 

— —' 62 

254 

766 

— — 

1 

72 

293 

1051 

71 

290 

1009 

49 

205 

377 
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reactivity coefiicient for partial voiding of coolant water 
in the fuel zone is negative and large (— ^4 %/% void). 
The conduction of heat to the water also would lower the 
fuel temperature, and possibly the reactor would be 
shut down without ignition of the metal in the presence 
of steam. 

If the reactivity excursion were large enough, it is 
conceivable that an effect similar to the SL-1 fuel-plate 
eruption might occur. In the SL-1 accident, it appeared 
that molten fuel was injected into the water and a 
steam explosion occurred which disrupted the core and 
shut down the reactor. The problem for the AARR is 
more complicated because certain motions of fuel 
could result in an increase of reactivity. However, 
it is reasonable to expect that a rapid disassembly of 
metal fuel plates would result also in an ejection of 
water, and this negative reactivity effect should be con
siderably larger in magnitude. The SL-1 fuel plate was 
more than twice as thick (120 mils) as the 50-mil-thiclt 
AARR fuel plate, with a cladding thickness more than 

three times as large as that of the AARR plate. The 
thermal time constant of the A.\RR fuel plate is much 
smaller. Note that in the case of the SL-1 reactor, the 
destructive excursion resulted in the melting of approxi
mately 50% of the plate area of the core but only 
'^lj^'2% of the core aluminum participated in a metal-
water reaction.' 
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11-23. Argonne Advanced Research Reactor Calculations—Analysis of Biological Doses 
from M a x i m u m Credible Accident 

D. H. SHAFTMAN and H. MosEs* 

INTRODUCTION 

In the preceding Annual Report of the Reactor 
Physics Division,^ a summary wa.̂  given of calculated 
radiation doses to receptors outside the Reactor Con
tainment Building (RGB) of the AARR in the event 
of a postulated maximum credible accident (MC.\) . 
The calculations were for a reactor with a heavily 
loaded, intermediate-spectrum core, operated con
tinuously for 90 days at a reactor power level of 100 
MW. As a result of the budgetary decision to use a 
reactor core of the type designed for tlie High-Flux 
Isotope Reactor (HFIR) , ' the analysis of MCA radia
tion doses has been revised. With the HFIR-type 
core, the fuel cycle is greatly shortened at the same 
power level (100 MW). 

If core life were the only difference in the MCA 
model, the MCA radiation doses would be no larger 
than those calculated for the longer-lived, heavily 
loaded core. However, it was decided also to increase 
the postulated reference leakage rate of air from the 
ROB to the guaranteed maximum leakage rate of 

• Radiological Physics Division, Argonne National Labora
tory. 

1.0%/day at building design overpressure (7.5 psig), 
although the design air leakage rate is still O.lSo/day 
at that overpressure. Of course, this large increase in 
postulated leakage rate alone corresponds to a factor 
of 10 multiplication of short-period inhalation doses 
to the thyroid, since the important radioactive iodines 
essentially saturate to the same levels after ~20 days 
of operation as after 90 days of operation. Therefore, 
the MCA model was made less conservati\'e in other 
respects, to account more realistically for certain re
ductions in the average level of iodine contamination 
of air inhaled by a fixed receptor, namely, the effects 
of meandering of the leakage plume, and the effects 
of dilution by air turbulence in the lee of the RGB 
(building-wake dilution). 

An important factor of conservatism that was left 
unchanged in the calculation of 30-day radiation doses 
is the composite assumption of fixed atmospheric-
stability condition (Category E) , con.stant wind speed, 
and a constant wind direction toward the fixed recep
tor. To assess the degree of conservatism of this com
posite assumption, calculations have been made of 
inhalation dose to the thyroid of a fixed receptor, as 
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Dose Period 

2 hours'' 

30 days" 

/Reference case: NoRCIlX 
\ refrigeration / 

30 days ' 

(Refrigeration case) 

TAB Lie 

Distance, 
m 

100 
200 
600 

1000 
1500 
2000 
5000 

200 
500 

1000 
1500 
2000 
5000 

10000 

200 
SOO 

1000 

1500 

2000 

SOOO 

10000 

11-23-1. RADIATION JOSES FOLLOWINll AN 

Whole-Body Doses, 
rem 

Direct 
Dose from 

RCB" 

16. 
3 . 
0.1 

— 

— 
21. 
0.9 

— 
— 
— 

21. 
0-9 

— 
-

— 

Total 
Plume 
Dose 

KM. 
32. 
6.8 
2.1 
1.0 
0.0 
0.15 

127. 
25. 
7.7 
4,0 
2.5 

< I . 
< I . 

50. 
11. 
3.4 
1.8 

< 1 
<1 
< 1 

Total 

120. 
35. 
6.9 
2.1 
1.0 
0,6 
0.15 

148. 
26. 
7.7 
4.0 
2.5 

< 1 . 
< 1 . 

77. 
12. 
3.4 
1.8 

< 1 . 
< 1 . 
<1 

MCA 

Bone Doses, 
rem 

Direct 
Dose from 

RGB" 

16. 
3 . 
0.1 

— 

— 
21. 
0.9 

— 
— 
— 

21. 
0,9 

~ 
-

— 

Total 
Plume 
Dose 

290. 
85. 
16.5 
4.9 
2,5 
1.5 
0.35 

1150. 
225. 

68. 
35. 
22. 
6.8 
2.3 

3.30. 
64. 
20. 
10.2 
6.5 
1.7 

< 1 . 

Tolal 

306. 
88. 
16.6 
4,9 
2.5 
1,6 
0.35 

1171. 
226. 

68. 
.35. 
22. 
5,8 
2.3 

351. 
65. 
20. 
10.2 
6.5 
1.7 

< 1 . 

Inhalaliori ll..sc 
to Ihc I'luroid, 

rem 

.3.34. 

315 , 

221). 

105. 

6 3 . 

13. 

12. 

ii
ii
 

11(1. 

115. 

45. 

3II1II. 

1211(1. 

49(1. 
2,S(I, 

195. 

21. 

" The tabvilulion of VHIUCH for tlio direct done from the RCB are bused on very detailed calculations, includinj^ I he hiijie ; 
tion l)y the walls nf tlie RCB, for the case of a reactor operation at 100 MW for 90 days. The iitteiuialed direct dose from t 
is a small fraction of the total dose, and this conservative approximation is admissible. 

'' AH 2-hour dr»ses are based on: a constant RCB leak rate of O.TS'/c/day; Category-F meteorological conditions; cniista 
wind direction; and wind speed of 1 m/sec. The inhalation dose to the thyroid is the calculated maximum for all 2-hour di 
ndfi following the initiation of the MCA. The plume doses to the body and to th# bone have not been modified for: buildi 
dilution; plume meander; or plume travel time. 

'Al l 30-day doses are based on; appropriate time-dependent leak rate from the RCB; Category-l-j meteorological con 
constant grttss wind directi<»ri; and wind speed of 2 m/sec. The inhalation dose to the thyroid has been corrected for buildi 
dilution and plume meander; it is the infinite-time dose, ignoring "breathing" effects of the RCB after ihe overpressure is i 

ISC |>( 

ng-w. 

d i l i o 

iig-w.-

Hillin 

ke 

I S ; 

kc 
cd. 

a function of: (1) the direction of the receptor rela
tive to a fixed point source; (2) the distance of the 
receptor from the source; and (3) the duration of 
the time period of exposure. The nunieiical results 
apply to the Argonne National Laboratory site, and 
they are based upon detailed measurements, over 
periods of 4-5 years, of such meteorological data as 
wind direction, wind speed, and air temperature at 
two fixed elevations. Some of the significant conclu
sions are summarized in the present paper. For more 
details, the reader is directed to Ref. 3. 

CONCLUSIONS ABOUT SITING OF THK AARR 

The Code of Federal Regulations, Title 10, Part 
100'" provides criteria for siting of nuclear power 
reactors. These criteria define emergency radiation 
doses to the off-site public for specific dose periods 
following a reactor accident, which, in turn, set mini

mum distances from the reactor, for an "exclusion 
area," a "low population zone,'' and a "population cen
ter distance." The exclusion area, low po]nilation zone, 
and population center distance for the A.\1!H have 
been established with consideration for the physical 
area controlled by the I>aboratory, and the popuUition 
distribution and the coniniunications and transpoita-
tion facilities available for warning and evacuation of 
people in the surrounding area. The radii established, 
namely: 1500 m, for the radius of the exclusion 
area; 5000 m, for the outer radius of the low popula
tion zone; and 7000 m, for the population center dis
tance, are much larger than the minimum distances, 
as defined in the Code nf Federal Regulations and 
inferred from the calculated radiation doses MIIII-
marized in Table II-23-I of the present paper. 

These mininiuni distances arc determined by the 
doses to the thyroid, principally the inhalation ilnses. 
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For this reason, the calculations of inhalation dose to 
the thyroid are emphasized in the present paper. 

DiSCfSSION OF THE M C A MODEL 

The MC.\ is assumed to be an accident occurring 
during reactor operation at 100 MW near the end of 
core life, after 2000 MWd of continuous operation. 
The accident is assumed to result in a rapid massive 
rupture of the primary-coolant containment and in a 
rapid melt of 100% of the reactor fuel with an immedi
ate dispersal of fission products uniformly into the 
RCB. Of the fission products in the fuel, it is postu
lated that 100% of the noble gases, 50% of the 
halogens, and 1% of the solids are so dispersed. Half 
of the escaping halogens are assumed to deposit on 
walls and other surfaces, and this material is not 
available for leakage from the RCB. 

It is considered to be incredible that the contain
ment of the RCB would be breached coincidentally 
with the occurrence of an MCA. There remain two 
avenues of escape of fission products from the RCB: 
(1) through the 250-ft-high stack, before closure of the 
containment-isolation valves; and (2) through the 
walls of the RCB, by leakage. In this paper, an 
analysis is given of the incremental radiation doses 
which might result from release of fission products 
before the containment-isolation valves are fully 
closed and the RCB is isolated. The calculated in
cremental doses are small by comparison with doses 
calculated to result from leakage of air from the RCB 
following isolation. 

The RCB ventilation ducts and other RCB penetra
tions open to the building air are sealed automatically 
by isolation valves upon sensing of high radiation 
levels. However, as a result of injection of heat and 
water vapor into the air of the RCB following the 
initiation of the MCA, the normally negative RCB 
air pressure increases to a calculated maximum over
pressure of 4.4 psig. The postulated sources of over
pressure are: (1) ejected primary coolant water; (2) 
metal-water reaction and thermite reaction of all 
of the aluminum in the reactor core, and ignition of 
the evolved hydrogen; and (3) decay heat from the 
reactor core. At a given time after the initiation of the 
MCA, and after isolation of the RCB, the rate of leak
age of contaminated air from the RCB is taken to be 
proportional to the square root of the RCB air pres
sure, with a reference leakage rate of 1.0% of the 
building air mass per day at design overpressure (7.5 
psig). The leakage is assumed to be through one small 
area of the RCB; in the analysis of radiation doses 
to receptors outside the RCB, it is assumed that the 
leakage corresponds to a point source at ground level. 

This model is conservative in a number of respects. 

It is assumed that all of the fuel melts, although none 
of the various postulated specific accidents analyzed 
indicates that 100% of the core would melt. Fission 
product dispersal might be slow enough for peak RCB 
overpressure to occur before the RCB air contamina
tion peaks. The design leakage rate at design over
pressure is only one-tenth of the postulated reference 
(guaranteed maximum) leakage rate. The RCB air 
overpressure was calculated with very conservative 
assumptions of the supply of heat and water vapor 
to the RCB air. The leakage rate from the RCB is 
conservatively assumed to be proportional to the 
square root of the building overpressure, and to leak at 
one point at ground level. Probably, the air leakage 
would occur at a number of points around the outer 
wall of the RCB, and at ^•arious elevations. 

The Title-I design includes a 5000-cfm air-exhaust 
line, with an efficient air filtration system. This com
ponent of the RCB ventilation system could be used 
to rapidly reduce air-activity levels in the RCB, by 
recirculation of air within the isolated building. The 
effectiveness of this system for this |iurposc will be 
evaluated in Title-II design. In the present com]iiitii-
tions of radiation doses to receptors outside the HCH, 
cleanup of RCB contamination is not included. 

In the design reference PS.\R analysis, no credit is 
taken for reduction in o^•erpressure by operation of 
auxiliary devices, e.g., an air refrigeration system. In 
Title-II design, various systems which would be effec
tive in limiting the escape of fission products from the 
RCB will be evaluated. Therefore, for illustrative pur
poses, a comparison study is presented of the com
puted radiation doses for two cases: (1) the "refer
ence" model, wherein only natural heat losses are 
assumed; and 2) a model wherein an air refrigeration 
system is operative. Indeed, it is conservatively as
sumed that only one half of the full refrigeration 
capacity is in use. This second model will be referred 
to as the "refrigeration case." 

Short-period doses, e.g., for the first two hours, arc 
essentially unaffected by the air cooling. The calriilii-
tions of radiation dose were simplified by the con
servative step-function approximations to the calcu
lated time-dependent leak rates from the RCB. Thc^c 
fittings are shown in Figs. II-23-1 and II-23-2. 

CALCULATIONS WITH THE REACTOR-SITING 

PROGRAM A I S I T E - I I 

A digital-computer program, AISITE-II,'^> has 
been employed for the basic computations of radiation 
doses to various organs of the body, as a function of 
total time of exposure and as a function of distance. 
The program is based upon: (1) the model of J. .1. Di 
Nunno, et al. (TID-14844),<«' in computing the isotope 
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inhalation dose to an organ; (21 the model of WASH-
740,'"' in computing the direct dose from the escape 
plume; and (31 the formulation by F. Pasquill' of 
categories of transport and diffusion characteristics of 
the plume. 

The AISITE-II program includes a correction for 
decay of fission products in the leakage plume from the 
RCB during the time of travel of the plume front to 
the location of the receptor. However, it does not 
correct for the reduction in actual exposure during a 
given time interval due to the plume travel time; for 
example, with an assumed wind speed of 1 m/sec, for 
the first 25 min a receptor at 1500 m would receive 
essentially zero plume-inlialation dose, and the dose 
for the first two hours following the accident thereby 
would be reduced. 

In calculating the net plume-inhalation doses to the 
thyroid, additional correction factors were applied for: 
(1) the dilution of the plume by the turbulence 
generated in the lee of the RCB (the "building-wake 
factor"!; and (2l the meandering of the plume, 
thereby presenting average plume concentrations to 
the receptor during significant time intervals (15 min 
or more). Conservatively, neither of these two correc
tion terms was applied to the calculated radiation 
doses to the whole liody or to the bone, because signifi
cant fractions of these doses are due to non-inhalation 
doses from the plume. A detailed discussion of these 
two correction terms is given later in this paper. 

The AISITE-II output separately lists the direct 
dose from the RCB and the total dose (sum of the 
plume dose and the direct dose from the RCB). No 
provision is included for time-dependence of leakage 
rate. Therefore, the plume dose rate as a function of 
time was determined from AISITE by appropriate 
calculation of incremental doses, and correction fac
tors were applied to account for the variation in leak
age rate as the RCB overpressure varies with time. 

AISITE-II does not calculate the very significant 
attenuation of the direct gamma rays from the RCB 
by the thick steel and concrete building wall. I t is 
computed that the direct gamma-ray dose rate from 
the Reactor Containment Building is reduced by fac
tors of from 185 to 600 with a shield-equivalent of a 
24-in. thickness of ordinary concrete. The actual value 
of the attenuation factor within this range depends 
upon the length of time after the fuel melt and upon 
the distance to the receptor. These detailed calcula
tions were performed earlier, for a case of operation at 
100 MW for a period of 90 days. ' Comparison calcu
lations for cases of 20-day operation and 90-day 
operation, with AISITE-II , indicate that the 2-hour 
direct doses from the RCB are almost identical in 
magnitude. The total direct doses from the RCB which 
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F I G . II-23-1. Step-Function Approximation to Time-lJc-
pendent Leakage Rate from Iteactor Containment Building 
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would result from exposure of receptors for 30 days 
differ by approximately 25% at distances close to 
the RCB, and the fractional error lessens with in
creasing distance. Since the attenuated direct do.se is 
a small fraction of the total dose to the body organs, 
except perhaps within the first few hundred meters, 
the conservative values of the direct dose as deter
mined for the 90-day case are listed. In these calcu
lations it is assumed conservatively that the entire 
fission product inventory is dispersed in the above-
grade portions of the RCB. 

CHOICE OF ATMOSPHERIC-DISPERSION 

PARAMETERS 

In computing the 2-hour radiation doses, it was 
assumed that the dispersion parameters of Category 
F (moderately-stable conditions) apply, with an aver
age wind speed of 1 m/sec. 
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In computing the total radiation dose exposures for 
periods of one day or longer, it was assumed that 
meteorological Category E (slightly-stable conditions) 
applies for the entire time, with an average wind speed 
of 2 m/sec. No account was taken of reductions in 
|ilume-concentrations from: rainstorms; gravity dep
osition of solids; or gross dispersion of the radiation 
plume by large variations in wind direction, higher 
wind speeds, and diurnal variation of atmospheric 
stability. (Typically, less stable conditions occur dur
ing daylight hours.) As shown later in this paper, the 
reductions in total dose because of such variations in 
meteorological conditions are substantial. The actual 
doses which would be receiv'ed over long periods of 
time would be much smaller than the doses computed 
for the assumed constant conditions (Category E; 
wind of constant direction; and average wind speed of 
2 m/sec). 

It is difficult to compare average weather data 
measured at Argonne National Laboratory with the 
meteorological conditions characterized by Categories 
E and F. These conditions typically occur at night, in 
conjunction with surface wind velocities of 1 m/sec 
to 5 m/sec, and with certain parameters of cloud cover. 
Cloudiness is not recorded at Argonne, but other data 
of ntiiiospheric stability are available, namely, a joint 
frequency distribution of wind speed (at an elevation 
of 1.50 ft) and the teiniierature difference between 
elevations of 5'/2 ft and 144 ft. Stable atmospheres are 
characterized by the existence of higher temperatures 
above ground level than at ground level. Category-D 
conditions, which apply to less-stable atmospheres 
than those in Categories E or F, are characterized by 
Meade and Pasquill as "neutral". The detailed mete
orological data indicate that temperature-inversion 
conditions occur at Argonne approximately 45% of 
the time." Insofar as effects of ground-level leakage 
are concerned, it seems reasonable to assume that the 
radiation plume travels at a speed represented by the 
data available for wind speed at an elevation of 19 ft. 
I t is estimated that atmospheric conditions which are 
more unfavorable than Category F plus a wind speed 
of 1 m/sec would occur less than 10% of the time, and 
that even the degree of atmospheric stability assumed 
for the computation of the 30-day doses (Category E, 
with a wind speed of 2 m/sec I would be expected 
appreciably less than 20% of the time. 

Therefore, the atmospheric-stability models em
ployed in the calculation of the 2-hour doses (Cate
gory F ; 1 m/sec), and of the long-period doses (Cate
gory E; 2 m/sec) appear to be reasonable. 

The reference reporf^ for the AISITE program lists 
meteorological parameters for only one category—the 
Pasquill Category F. The code has been modified at 

ANL to allow for the optional use of Category-E 
meteorological data as well.' 

BUILDING-WAKE FACTOR AND PLUME JSIEANDER 

When air flows around a large obstruction such as 
the Reactor Containment Building, a turbulent wake 
is produced on the lee side. Because of the rapid mix
ing in this region, materials leaking from the RCB are 
diffused quickly. According to J. J. Fuquay ," the 
material leaking in one second is diluted into a volume 
given numerically by the product: 

DB = cAu, 

where 
A is the cross sectional area of the building normal 

to the direction of the wind, m-
u is the wind speed, m/sec 
c is a diffusion coefficient, with values in the range 

1/2 to 2. 
In the analyses for the AARR, the conservative value 
c = V2 has been used. 

In calculating the concentration of materials at 
points downwind from the building, the building-wake-
dilution volume. Do = cAu. is incorporated in the fol
lowing manner: 

Q r Ii' zn 
: A ''"P ~ .',2 - 77! \, 

',,0, -j- e.\u [_ 2(!„ -V..J 
where 

X is the concentration, in j or C per cubic meter 
Q is the emission rate of the material, in g or C 

per sec 
y, z are the lateral and vertical coordinates of the 

receptor, respectively 
and 

oy, a- are the standard deviations of concentration 
according to the Pasquill-Gifford diagram." 

The "building-wake factor", R, is defined by: 

R = 
irffytTi -\- cA 

Thus R is the ratio of the material concentration, with 
building-wake dilution included, to the concentration 
which would exist if there were no building-wake ef
fects. The variation of the building-wake factor with 
distance from the RCB is given in Fig. II-23-3, for 
meteorological Categories E and F. It is applied 
directly as a distance-dependent correction factor to 
the plume-inhalation dose to the thyroid which is in
ferred from the AISITE-II output. 

In the AISITE-II analyses, the receptor is assumed 
to be positioned at the centerline of the plume. As a 
result of the eddy diffusion process, the concentration 
of material in the plume resulting from building leak-
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Fio. II-2;j-;j. Building-Wake Factors for Meatle.PaBquill Meteorological Categories E and F. A.M. Neg. No. 112-9368. 

age is distributed according to a Gaussian function, 
i.e., the concentrations in any section perpendicular to 
the centerline may be represented by a bivariate nor
mal distribution. For wind speeds of 1 m/sec or 
greater, the atmosphere is usually turbulent and the 
plume nearly always exhibits a degree of meander. 
The concentration experienced by a receptor at a fixed 
point therefore is represented by an average of the 
concentrations. Assuming that the edges of the plume 
are truncated at a value of one-tenth of the maximum 
concentration, the average concentration is 0.57 times 
the maximum. Therefore, a correction factor of 0.6 
has been applied directly to the plume-inhalation dose 
to the thyroid inferred from AISITE. 

JICA RADIATION DOSES TO PERSONS OUTSIDE THE 

REACTOR CONTAINMENT BUILDING, EXCLUSIVE 

OF E F F E C T S O F LEAKAGE FROM T H E STACK 

BEFORE RCB ISOLATION 

Calculated radiation doses from direct gamma-ray 
radiation from the RCB and trom radiation effects of 
the plume from ground-level leakage are summarized 
in Table II-23-I and in Figs. II-23-4 through II-23-8. 
All distances are measured from the center of the 
Reactor Containment Building. This is equivalent to 
the approximation that all direct radiation is emitted 
from a point source at the center of the RCB, and 
that the leakage plume arises from leakage at this 
point. This approximation does not lead to significant 
error at distances large in comparison with 20 m, 
which is approximately the value of the radius of this 
building in horizontal plan view. Care must be taken 
in extrapolating the tabulated data to points closer to 
the RCB. 

Figure II-23-4 includes the distance dependent 2-
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F I O . II-23-5. MCA. Plume-Inhalation Dose to the Thyroid 
as Function of Time of Initiation of Two-Hour Do8e Period 
(Constant Leak Rate; 0.757(i/day, Cat. F; Wind Speed: Im/sec). 
ANL Neg. No. 112-9410. 
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hour plume doses to the body and the bone, and the 
maximum 2-hour plume-inhalation dose to the thyroid 
calculated with this model, the maximum being taken 
over all 2-hour dose periods following the initiation 
of the MCA. This maximum dose to the thyroid is 
presented in Table II-23-I as the "2-hour dose", 
rather than the usual value of dose in the first two 
hours. The difference, of course, arises from the time 
required for the plume to travel to the position of the 
receptor. In Fig. II-23-5, the 2-hour inhalation dose to 
the thyroid is graphed as a function of the initial time 
of the 2-hour dose period. Two distances have been 
chosen: 800 m, and 1500 m, to illustrate the effect of 
plume-travel time. The effect of the plume lag is quite 

large, at large distances from the RCB. At 5000 m, for 
example, with an as.sumed wind speed of 1 m/sec, 83 
min of the first two hours are consumed by the plume 
travel time. Of course, the infinite-time doses are little 
affected by plume travel times; nevertheless, this 
effect has been included in the calculation ot the in
finite-time inhalation dose to the thyroid. Note that 
a constant RCB leak rate of 0.75%/day has been 
assumed for the calculations of 2-hour doses, whether 
or not an air-refrigeration system is in operation fol
lowing the MCA fuel melt. 

In these analyses, the refrigeration system which is 
conceived is assumed to be operative at only half 
capacity. Figure II-23-6 shows the accumulated MCA 
inhalation dose to the thyroid at each of 3 distances 
from the RCB: 1500, 2000, and 5000 in, as a function 
of the total number of days of continuous cxfiosure to 
the passing plume. Curves are presented both for the 
reference case (no air refrigeration) and for the case 
of RCB air refrigeration at one half of refrigeration 
capacity. For the reference case, at 5000 m, which is 
the designated distance to the low-population zone, 
the constant-conditions value of the infinite-time dose 
to the thyroid is approximately 115 rem. This con-
servati^'cly computed dose in only slightly more than 
Vi of the value of the emergency dose (300 rem). The 
effect of half-capacity RCB air refrigeration would be 
to reduce the dose to the thyroid by another .50%. (See 
also Table II-23-I.) 

Figures II-23-7 and II-23-8 include other graphs of 
various radiation doses of particular importance in 
the analysis of site acceptability. The doses given are 
for the reference case, and, for comparison, also for 
the refrigeration case; the curves show the rate of 
dropoff in dose level with increasing distance from the 
Reactor Containment Building. 

MAXIMUM (MCA) INH.4L,\TION DOSE CO.NTRIBVTION TO 

THE T H Y R O I D OF R E C E P T O R S O L T S I D E THE 

REACTOR CONTAINMENT BUILDING DUE 

TO STACK RELEASE PRIOR TO CON

TAINMENT ISOLATION OF THE 

BUILDING 

Following the fuel melt postulated in the MCA 
model, there will be some dispersal of fission products 
into the bulk air volume of the Reactor Containment 
Building. It is expected that the increase in air con
tamination would be slow enough that the radiation 
monitors in the building-ventilation system would 
detect a potentially dangerous level of activity and 
there would be a rapid automatic actuation of isola
tion valves to close off the RCB from the stack long 
before the activity of the air in the exhaust line 
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reached the level postulated for the MCA. In this 
realistic case, the stack release would be a negligible 
contribution to the total radiation dose to people out
side the RCB—much less than an inhalation dose of 
1 rem to the thyroid, at any distance. For conserv
atism, it is assumed, however, that the rate of release 
of activity following an MCA-type melt is extremely 
rapid, and that not even seconds of time elapse before 
the RCB air is massively contaminated. I t is assumed 
further that a total of 25% of the reactor inventory of 
each iodine isotope is dispersed uniformly into the 
bulk air volume (~1.2 X 10» ft=) of the RCB. With 
the present design of radiation monitoring and isola
tion valving, within two seconds after this contami
nated air reaches the radiation monitors in the build
ing ventilation system there is a signal to isolate the 
RCB from the stack. Within two seconds after this, 
the RCB is isolated. In the following analysis, it is 
assumed that the total stack release of unfiltered air 
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corresponds to 3 sec of full flow at 15,000 cfm. This is 
a total volume of 750 ft^ or 0.06%, of the total air 
volume oJ the RCB, containing 0.015% of the total 
reactor inventories of the iodines. 

The calculation of the atmospheric dispersion of 
activity resulting from release of 750 ft̂  of air was 
based on the generalized Gaussian plume formula for 
a continuous point source, for a total release time of 
3 sec. No one standard meteorological category is 
worst for all distances. Therefore, at each distance a 
category was selected which yielded the largest radia
tion dose. Of the various categories. Category A is 
worst for short distances from the RCB. In the range 
from 1500 to 4000 m, Category D appears to be the 
most pessimistic. Beyond that distance, until roughly 
10,000 m, Category E is worst; and, beyond that, 
Category F is worst. All of these statements are based 
on an assumed effective stack height of 76.4 m (2.50 
ft), and a wind speed of 1 m/sec. 

Postulating Category-A condition, the maxiinuni air 
concentration (C/m-') at ground level occurs at ~3(K» 
m. There, numerically, it is ~3Vo x IO-" times Ihc 
stack radiation-release rate (in units of C/secl. The 
corresponding total plume inhalation doM' to tlir 
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thyroid was calculated on the basis of the tabulation 
of infinite-time dose to the thyroid per iodine curie 
inhaled, in TID-14844. '" For these conditions, the 
maximum incremental inhalation dose to the thyroid 
is 11 rem. This is the maximum dose within the range 
to 1500 m, rei-'.ardless of the choice of meteorological 
category. Between 1500 m, the largest incremental in
halation dose to the thyroid is 5 rem (Category D) . 
Beyond 50(X) m, the largest incremental dose is 2 rem 
(Category F) . 

DISTRIBUTIONS OF INHALATION DOSES, BASED ON 

STATISTICAL TREATMENT OF OBSERVED 

METEOROLOGICAL CONDITIONS 

Over a period of years, Argonne National Labora
tory has amassed detailed records of wind direction, 
wind speed, and atmospheric stability on the Labora
tory's DuPage County, Ilhnois, site. Because plume-
inhalation doses, and especially the thyroid dose, would 
be the most significant radiation doses to receptors 

Flo. II-23-9. lBoplelh8 Showing Minimum Distances at which the 24-hour Dose is Equal to or Less Than 75 Rem 90 qs QS 
1(» Percent of the Time. ANL Neg. No. 112-9365. ' ' ' ' 
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C = 38% I " ' ' 
D = lOOjt • ' . • . ; 

Fill. 11-23-10. Isopleths Showing Minimum Distances at which the 24-hoiir Dose is Equal to or Less Than 300 Hem 90, 9.5, 98 ( 
100 Percent of Ihe Time. ANL Neg. No. 112-9386. 

outside the RCB following an MCA, a digital computer 
program has lieen written to apply the meteorological 
data to obtain statistical distributions of plume-inhala
tion doses. This program has been applied to the case 
of the inhalation do.se to the thyroid from the fission-
product iodines, for the special case of a constant leak
age rate of 1.0% of the RCB air mass per day. Deple
tion and decay of the individual fission-product iodine 
isotopes are included, but no correction is made for the 

time required for the plume to travel to the rece|itor. or 
for the dilution effects of turbulent air conditions in 
the lee of the RCB (building wake). The calculations 
are based on the methods of TID-14844.<«> 

The radiation plume is assumed to originate from 
a point source at a fixed location. The entire circle 
with center at the point source is divided into eighteen 
20-degree sectors. In determining the statistical 30-dav 
inhalation dose to the thyroid for a receptor in a gi\en 
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sector, the recorded meteorological data have been 
applied as follows; 

1. All sequences of 720 consecutive hourly exposures 
(30 days, total) were calculated, beginning with each 
hour of a five-year period of measurements. If, in a 
given period of one hour, the wind direction was re
corded as being outside the given sector, zero inhala
tion dose was assigned. The total dose accumulated 
during a given 720-hour (30-day) period was calcu
lated as the sum of the individual hourly doses. 

2. The actual wind speed, measured hourly, was 
included in the manner of Ref. 6. 

3. Plume-dispersion parameters were selected for 
each hourly dose, based on Pasquill's atmospheric-
stability categories, C, D, or F. 

The characterization of relative stability was deter
mined by the value, Ar , of the temperature differ
ence: air temperature at a height of 144 ft minus air 
temperature at 5.5 ft. If ^T g -2 .0°F , Category C 
was selected; if 0 g AT > -2 .0°F , Category D : if 
^T > 0°F, Category F. 

Statistical analyses of this type have been carried 
out for: each of the eighteen 20-degree sectors; each of 
9 distances: 100, 300, 500, 800, 1500, 2000, 4800, 8000, 

FIG. II-23-I1. Isopleths Showing Minimnm Distances at which the 30-day Dose is Equal to or I^ss Than the Indicated \'alne 90, 
95, 98 or lOO Percent of the Time. ANL Neg. No. 122-9367. 
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and 20,000 ni; and for 1 day and 3 days. The computed 
data have been processed to determine, 5, 10, 20, 40, 
,50, 70, 80, 90, 95, 98, 99, and 100(/i-percentile values 
for the plume-inhalation dose to the thyroid in each 
of the eighteen 20-degree sectors at each distance. 

Figures II-23-9 through III-23-11 present isopleths 
of inhalation dose to the thyroid, for various cases of 
particular interest in the evaluation of site accepta
bility. Note again that these figures are for the hypo
thetical case where the leakage rate is assumed to be 
constant, at 1.0%- 'day. They are included to indicate 
the degree of conservatism of the calculations de-
scrilied earlier in this jiaper, and to indicate the 
directional distribution of doses which might be antic
ipated in the event of an MCA. The effect of plume 
meandering has been included. 

These special calculations also provide a compari
son with dose calculations wherein gross variations in 
wind direction, wind speed, and atmospheric-stability 
conditions are not included. .\ separate set of calcula
tions has been jierformed for the hypothetical case of 
constant wind direction, wind speed (2 m/sec), and 
atmosiiheric stability (Category E) . Table II-23-II 
supplies ratios of the statistical inhalation doses to 
the ('ateg(iry-E dose, at a distance of 4800 m from the 
RCB, for the special case where the half-life of the 
inhaled fission-product isotope is long by comparison 
with the total time of exposure of the plume. I t may 
be observed that if 95(A-percentile ratios are used the 
effect of the expected gross variations in meteorological 
conditions is to reduce the inhalation-dose contribu
tions of these isotopes by 75% or more. Some of the 
important bone seekers (e.g., Sr-90 and Ce-144) fall 
into this category. 

The maximum 720-hour inhalation dose to the 
thyroid from fission-product iodines has been deter
mined to be 61 rem at 4800 m. This value is the 
absolute maximum over all radial sectors, and over a 
period of 5 years of recorded data. The maximum 
95(A-percentile value is 28 rem. For this same case of 
a constant RCB leakage rate of 1.0%/day, but con
stant conditions of wind direction, wind speed (2 
m/sec), and atmospheric stability (Category E) , the 
AISITE-II result for the inhalation dose to the thyroid 
is at least three times as large as the abovementioned 
absolute maximum, and it is at least six times as large 
as the maximum 95(A-percentile value. 

Additional details of this analysis are given in Ref. 
3. 

TABLE II-23-II. RATIOS OF STATISTICAL MAXIMI 

INHALATION D O S E TO CONSTANT-CONOITIONS 

DOSE, A T A DISTANCE OF 480O METEHS FROM 

THE REACTOR CONTAINMENT BUILDINO" 

100 
98 
95 
90 

I 

1.71 
0.66 
0.50 
0.35 

Total Time of Exposure 

2 

1.37 
0.53 
0.40 
0.31 

4 

0.74 
0.44 
0.32 
0.26 

8 

0.58 
0.33 
0.26 
0.21 

days 

16 

0.42 
0.27 
0.22 
0.18 

30 

0.33 
0.23 
0.20 
0.17 

» These ratios apply for isotopes with half-life long by com
parison with the total time of exposure. The ratios listed are 
the maximum of all values in the eighteen 20-degree seclors. 

By "constant-conditions" is meant; Category K; wind speed 
of 2 m/sec; and constant wind direction. 
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Section III 

Fast Reactor Physics 

Section III describes analytical and experimental work related to fast power 
breeder reactor development. The first five papers are concerned with the Doppler 
effect; the next paper treats physics parameters for a uranium-carbide core; and the 
following two discussions are on zoned-core studies. Neutron spectrum studies fol
low hi the next several papers, and then three papers describe work on sodium voids. 
]''our papers are devoted to EBR-II and two papers to the Fast Fuel Test Facility. 
The remaining five papers treat a miscellany of topics. 





I H - l . Analysis of Small-Sample Doppler-Efifect Measurements 

R. A. LEWIS and C. E. T ILL 

Measurements of the reactivity Doppler effect of 
U-238, U-235 and plutonium in fast reactor critical 
mockups, by the technique in which small heated sam
ples of these materials are oscillated in and out of the 
core center, have been made extensively at Argonne^ 
and elsewhere. A perspective view of the oscillator 
equipment used in the ZPR-6 and -9 measurements is 
shown in Fig. l U - l - l . The Zero Power Reactor (ZPR) 
assemblies use mixtures of small plates of fertile, fis
sile and diluent materials to reproduce the homoge
nized compositions of the fast reactor cores under 
study. Typically, the small plates are loaded into 
stainless steel drawers, nominally 2 in. square by 24 
in. long, which are in turn loaded into the stainless 
steel matrix tubes of the ZPR facility. Normally, there 
is a pattern of a few drawer types repeated periodi
cally throughout the assembly. In the Doppler meas
urements, the central core drawer is replaced by the 
oscillator assembly which then runs axially through 
the reactor core. 

There has been continuing theoretical discussion^' ̂  
of the interpretation of such measurements which are 
complicated by the effect of interaction between the 
heated sample and the unheated reactor medium sur
rounding the sample. In general, unheated resonance 
material of the sample is present, in the surrounding 
reactor where it affects the microstructure of the neu
tron flux incident on the sample and is, in turn, af
fected by changes in the sample temperature. These 
effects are particularly pronounced in the case of 
U-238 samples because of the high concentration of 
this isotope in the reactor cores of interest. 

The calculational results discussed in this paper 
were obtained as a result of a re-analysis of the meas
urements of the Doppler effect of U-238, in UOj and 
uranium-metal samples of various sizes, in the dilute, 
carbide, uranium-fueled Assembly 4Z'' ' of ZPR-6. A 
preliminary analysis of the Assembly 4Z measure
ments based upon equivalence theory in which the 
samples were considered isolated and the room tem
perature resonances in the core ignored, was reason
ably successful in predicting the magnitude of the 
Doppler effect in the 1 in. diam UO2 standard sam
ples. However, the technique was unsuccessful in pre
dicting the relative magnitudes of the Doppler effect 
in samples of var>-ing size and composition; i.e., sam
ples with varying core-sample interaction. 

The re-analysis of the measurements specifically in
cluded the core-sample resonance interaction effects 
through the application of the RABBLE' '" code to the 
configuration of the measurements. The RAHBLT^ 
code is designed to perform a detailed resonance ab
sorption calculation in multiregion reactor cells and 
to generate region-dependent group cross sections. In 
the calculation, the cell is divided spatially into sev
eral concentric regions and the encrgj' range of interest 
is subdivided into many extremely narrow groups. The 
calculation obtains regional reaction rates and fluxes, 
as a function of energy, from the regional slowing-
down sources and first-flight escape and transmission 
probabilities. The code allows arbitrary compositions, 
containing mixtures of reasonance and non-resonance 
materials at different temperatures, in the various re
gions of the cell. Probably the most serious limitation 
of the code is the assumption of cosine interface cur
rents, between regions, in the calculation of trans
mission probabilities. Within this approximation the 
escape and transmission probabilities are exact and 
no rational approximation is used. 

The configuration of the immediate sample environ
ment in the ZPR-6 measurement is shown in cross sec
tion (normal to the core axis) in Fig. I1I-1-2. The 
sample is shown inside its double-containment canning 
and oscillator drawer. The core-drawer pattern 
shown* is repeated vertically and horizontally around 
the sample. In the calculations, the configuration was 
simplified to three concentric zones; the sample, a re
duced-density stainless steel zone (to mockup the 
sample can, oscillator drawer and adjacent matrix 
material) and the homogenized core. Each of these 
zones was subdivided in the calculation to improve 
spatial resolution. 

In order to illustrate the magnitude and trend of 
the core-sample interaction effects calculated by the 
RABBLE code for the lonfigiiration of the measure
ments, it is useful to consider individual resonances 
spaced throughout the Doppler range. Table I I I - l - I 
summarizes the results of such calculations for aver
age U-238 s-wave resonances at 4.50, 2000 and 20,000 
eV for the case of the 1 in. diam natural UO;; sample. 
This sample is of the standard size and density of the 
Doppler samples normally used at Argonne. The eiirr-

* The three drawers shown are left-to-right, Types I. 2 and 
3, The numbers in the figure represent similar drawer tyjies. 

139 
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F I O . I l l - I - I . Doppler Equipment in ZPn-6. ylA'L Neg. No. 112-3834 T-l. 

FIG. III-I-2, Doppler Sample Environment in ZPR-6 
Assembly 4Z. ANL Neg. No. 112SS64. 

gies were chosen because they are approximately the 
10, 50 and 90% points of the flux and adjoint-weighted 
integral of the reactivity Doppler effect in this partic
ular core. The cross sections listed are regional U-238 
absorption rates, divided by the flux integrals, taken 

over a sufficient energ\' interval to include all of the 
resonance integrals and Doppler changes. The sample 
and core cross section changes are listed per U-238 
atom in the sample. Subscript 1 refers to the sample 
region; subscript 2 to the core region. The tempera
tures 293°K and 1100°K refer to the room temperature 
cross section in the sample region and Doppler changes 
in the sample and core U-238 absorption cross sections 
to 1100°K. 

Calculational results in Table I I I - l - I are listed for 
five assumed sample environments. The first column, 
labelled "core w/o resonances." gives the results with
out U-238 resonances in the core. The .second column, 
labelled "core," is the case in which the core (with 
U-238 resonances) begins at the surface of the samfile. 
Column three, labelled "SS zone, core," is the config
uration of the measurements in which a zone of re
duced-density stainless steel is interposed between the 
core (with U-238 resonances) and the sample. Col
umns four and five are included as a comment on the 
problem of determining the amount of error introduced 
by homogenizing the heterogeneous plate structure of 
the core. In these two cases, the eight drawers adjacent 
to the sample position have been considered as a sepa
rate zone interposed between the stainless steel zone 
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TABLE I I I - l - I . CALCULATED U-238 ABSORPTION CROSS SECTIONS, 1 IN 

Resonance Energy, 
eV 

460 

2000 

20,000 

U-238 Absorption 
Cross Section" 

b 

,.,(293) 
6.71 (IIUO) 
8».(II00) 
Sum 5ff 

,7,(293) 
J,7,(II0O) 
SffidlOO) 
Sum &<T 

,7,(293) 
«o-,(IIOO) 
S,7!(II00) 
Sum ia 

DlAMKTKK N.VTUKAL UO SAMTLE 

Sample Environment 

Core 
(w/o Res.) 

0.943 
0.467 
0.000 
0.457 

0.619 
0.213 
0.000 
0.213 

0.06954 
0.00402 
0.00000 
0.00402 

Core 

0.597 
0.434 

-0 .048 
0.386 

0.429 
0.226 
0.005 
0.231 

0.06197 
0.00660 
0.00200 
0.00860 

SS Zone, 
Core'* 

0.784 
0.447 

-0 .022 
0.425 

0.514 
0.220 
0.004 
0.224 

0.06453 
0.00573 
0.00139 
0.00712 

Adjacent 8 -U-2.f8 

Outside 

0.9IG 
0.455 

-0 .006 
0.449 

0.603 
0.214 
0.000 
0.214 

0.06759 
0.00469 
0.000.58 
0.00527 

Inside 

0.7.̂ ,7 
0.444 

-0 .053 
0.391 

0.474 
0.220 

- 0 . 0 0 5 
0.215 

0.00089 
0.00697 
0.00212 
0.IW909 

» 1, sample; 2, core. 
'' Configuration of measurement. 

TABLE I I I - l - I I . CALCULATED U-238 ABSORPTION CROSS SECTIONS, 1 IN. DiAMETEit 1_)EPLETED MEP.VL S.\.\n'LE 

Resonance Energy, 
eV 

460 

2,000 

20,000 

U-238 .absorption 
Cross Section" 

1) 

a, (293) 
JaidlOO) 
5,72(1100) 
Sum 6ff 

,7,(293) 
Ja,(II00) 
{,7j(II0O) 
Sum 5ff 

,7,(293) 
S»,(IIOO) 
8,71(1100) 
Sun, ho 

Core 
(w/o Res.) 

0.587 
0.2G2 
0.000 
0.262 

0.407 
0.187 
0.000 
0.187 

0.06205 
0.00725 
0.00000 
0.00725 

Sam 

Core 

0.4:)4 
0.253 
0.017 
0.236 

0.315 
0.187 
0.000 
0.187 

0.05679 
0.00880 
0.00115 
0.00995 

3le Environment 

SS Zone. 
Core'' 

0.517 
0.258 

-0.0O7 
0.251 

0.356 
0.187 
0.000 
0.187 

0.05857 
0.00828 
0.00081 
0.00909 

Adjacent 

Outside 

0.575 
0.262 

-0 .002 
0.260 

0.399 
0.187 
0.000 
0.187 

0.00070 
0.00765 

-0.00024 
0.00741 

8—U-238 

Inside 

0.501 
0.258 

-0 .021 
0.237 

0.335 
0.187 

-0 .004 
0.183 

0.06602 
0.00904 
0.00124 
0.01028 

» 1, sample; 2, core. 
i" Configuration of measurement. 

and the homogenized core (with U-238 resonances). In 
column four, the U-238 in the adjacent eight drawers 
has been concentrated, at metal density, along the out
side of an annular region having the same volume as 
the eight drawers; the other materials in these drawers 
were concentrated, in the inner portion of the annulus. 
Column five shows the results for the inverse case with 
the U-238 inside next to the stainless steel zone. These 
cases represent extreme variations with respect to the 
simple homogenization scheme. In all cases, except 

where the core-sample interaction is small anil 
changing signs, the homogenized core case (column 3) 
falls between, and nearly at the average, of these two 
extreme cases. This would tend to support the homoge
nization assumption. 

The general trend in Table III-l-I in comparing the 
measurement configuration (column 3) with the case 
without core resonances (column 1), is an enhance
ment of the Doppler effect at high energies (about 
-1-77% at 20,000 eV), a small enhancement at intei-
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TABLE I I I - l - I H . CALCULATED U-238 ABSORPTION CHOSS SECTIONS, H IN. DIAMETER NATURAL UOi SAMPLE 

Resonance iCnergy, 
eV 

450 

2,000 

20,000 

Cross Section' 
b 

»,(293) 
Jff,(1100) 
8,7,(1100) 
Sum 5ff 

»i(293) 
&7,(II0O) 
8,71(1100) 
Sum ic 

.,(293) 
5»,(1I00) 
8,7.(1100) 
Sinn 5<r 

Core 
(w/o Res.) 

1.342 
0.626 
0.000 
0.626 

0.806 
0.191 
0.000 
0.191 

0.07397 
0.00235 
0.00000 
0.00235 

Sample Environment 

Core 

0.626 
0.672 

-0 .092 
0.480 

0.461 
0.240 
0.013 
0.263 

0.06285 
0.00600 
0.00264 
0.00864 

SS Zone. 
Corel-

1.018 
0.601 

-0 .046 
0.555 

0.616 
0.218 
0.014 
0,232 

0.06603 
0.00485 
0.00198 
0.00683 

Adjacent 

Outside 

1.289 
0.620 

-0 .013 
0.606 

0.776 
0.196 
0.002 
0.197 

0.07028 
0.00332 
0.00089 
0.00421 

8—U-23S 

Inside 

0.970 
0.689 

-0 .098 
0.491 

0.547 
0.221 
0.002 
0.223 

0.06094 
0.00668 
0.00291 
0.00959 

' 1, sample; 2, core. 
' Configuration of measurement. 

TABLE III- l - IV. CiMPARiaoN WITH MEASUREMENTS OK 
U-2.38 IiE.\CTiviTy EFFECT CALCI LATED BY E R I C - I I 

AND RABBLE CODES, (293 to 1100°K) 

E l i lC- I I 
RABBLE 
Measured 

Reactivity Ratios 

J^ in. Natural 
UOi 

I in. Depleted 
Metal 

1.01 
1.18 

1.25 ± 0.06 

I in. Natural 
UOi 

1 in. Depleted 
Metal 

Doppler Effect 
Magnitude I in. 

Natural UO, 
Ih/ltg U-238 

1.04 
1.12 

1.12 ± 0 02 

-0 .214 
-0.264 

-0.288 ± 0,( 

m e d i a t e energies ( a b o u t -1-5% a t 2000 eV) a n d a re 

duc t ion a t low energies ( - 7 % a t 4 5 0 e V ) . * 

T a b l e s I I I - l - I I a n d I I I - 1 - I I I conta in the resu l t s 

of s imi la r t h r ee - r e sonance ca lcu la t ions for samples 

specifically chosen in the m e a s u r e m e n t s to emphas i ze 

a n y co re - sample in te rac t ion effects. T a b l e I I I - l - I I 

shows t he resul ts for a 1 in. d i am deple ted u r a n i u m 

m e t a l s a m p l e which depends re la t ive ly less on t he sur 

r o u n d i n g core for resonance energy neu t rons t h a n 

does the s t a n d a r d 1 in. d i a m n a t u r a l UO2 sample . I n 

th is case t h e e n h a n c e m e n t s a re sma l l e r ; -1-25% a t 

20,000 eV, 0 % a t 2000 eV and - 4 % a t 450 eV. T a b l e 

I I I - 1 - I I I l ists s imi la r resu l t s for a '/2-in. d ia . n a t u r a l 

UO2 s a m p l e which i l lus t ra tes the sens i t iv i ty of smal l 

s amples due to the i r s t rong dependence on t he core for 

• For the five columns of Table I I I - I - I : 20,000, 0%, -1-114%,, 
-1-77%, 4-31%, -H26%; 2000, 0%, +S%. -\-6%, 0%, 0%; 46o' 
0%, - 1 6 % , - 7 % , - 2 % , - 1 4 % . 

resonance energy neu t rons . I n th i s case, t he e n h a n c e 

m e n t s a re l a rge r ; -1-191% a t 20,000 eV, -1-21% at 2000 

eV; a n d - 1 1 % a t 450 eV. 

These same t r e n d s were found in t h e app l i ca t i on of 

the R A B B L E ana lys i s t o t h e full D o p p l e r r ange for 

the th ree s amples in T a b l e s I I I - l - I , I I I - l - I I a n d 

I I I - 1 - I I I . T h e resul ts of th i s ana lys i s a re s u m m a r i z e d 

in T a b l e I I I - l - I V for t he conf igurat ion of t h e m e a s 

u r e m e n t s ; i.e., sample , s ta in less steel zone, a n d core 

(wi th U-238 r e sonances ) . T h e ca lcu la t ions used t he 

J . S c h m i d t ' p a r a m e t e r compi l a t ion for resolved .and 

unreso lved U-238 resonances . F l u x - w e i g h t e d regional 

absorp t ion cross sect ions a n d cross sect ion changes 

were ca lcu la ted wi th R A B B L E for eleven coarse 

energy groups over the r ange 40,000 to 30 eV. T h e re 

ac t iv i t ies were ca lcu la t ed us ing a diffusion t h e o r y 

p e r t u r b a t i o n ca lcu la t ion (checked by S„ c a l c u l a t i o n s ) . 

T h e resul ts in t he t ab les label led " E R I C - I U " ' " a re 

the ear l ie r ca lcu la t ions in which t he r a t i o n a l app rox i 

m a t i o n w a s used and the core - sample in t e rac t ion ef

fects ignored. 

T h e resul ts of T a b l e I I I - I - I V for the R A B B L E 

ana lys i s show a s ignif icant i m p r o v e m e n t c o m p a r e d 

wi th t h e m e a s u r e m e n t s , ove r t he E R I C - I I a n a l y s i s 

both in t he m a g n i t u d e of t he r e a c t i v i t y D o p p l e r effect 

a n d in the re l a t ive D o p p l e r effect a m o n g t he th ree 

samples . T h e R A B B L E ana lys i s ind ica tes t h a t in the 

spec t rum of Z P R - 6 Assembly 4Z the ca l cu l a t ed re 

ac t iv i ty D o p p l e r effect for t h e s t a n d a r d 1 in. d i a m 

n a t u r a l UOo s a m p l e h a s been e n h a n c e d by a b o u t 2 0 % 

over t h a t ca l cu la t ed by t he E R I C - I I a n a l y s i s . T h e 

e n h a n c e m e n t is due p a r t l y to a n i m p r o v e d s a m p l e -
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flux-depression calculation and partly due to the 
inclusion of core-sample interaction effects. Rough cal
culations indicate that about 80 to 85%, of the calcu
lated enhancement over the ERIC-II results is due to 
the core-sample interaction effects in the natural UOj 
samples; about 70 to 75% of the enhancement is core-
sample interaction in the depleted metal sample. Thus, 
there is, approximately, a 17% interaction effect in the 
standard 1 in. diam natural UO2 sample. 

The RABBLE analysis leads to a calculated reac
tivity Doppler effect about 8% lower than measured. 
It should be pointed out, however, that an agreement 
in magnitude is mainly dependent on the correct
ness of the low-energy fission and capture cross sec
tions used in the calculation of the gross flux in the core 
in the Doppler-energy range. These cross sections are 
uncertain for many reasons. For example, the uncer
tainty in the effective U-238 absorption cross sections 
at Doppler energies due to the heterogeneous plate 
structure of the core in itself introduces an uncertainty 
of the order of the 8% deviation. 
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III-2. Fissile Doppler Effect Measurement and the Effects of Thermal Expansion 

C. E. T ILL 

Measurement of the Doppler effect of a fissile ma
terial by measuring the reactivity change as a func
tion of temperature presents a variety of problems, but 
the most im[ ortant is the separation of the reactivity 
effects due to resonance broadening—the true Doppler 
effects—from those due to thermal expansion. Most of 
the problems involved in reactivity Doppler effect meas
urements are enhanced somewhat when the material is 
fissile. This is due in general to the high reactivity worth 
of the material itself, and a correspondingly lower ratio 
of Doppler reactivity change to overall worth. This is 
reflected in a necessity for increased control over experi
mental conditions generally, and decreased tolerances in 
positioning, etc. The signals in this t>T3e of measurement 
are not large at any time, and in general are smaller for 
for fissile than fertile materials. 

Techniques have been developed that allow the reac
tivity measurements to be made to adequate precision, 
and it has proven possible to design and construct 
equipment to sufficiently fine tolerances that positionmg 
and dimensional uncertainties are not felt to represent 
a problem. (The two Laboratories in the U.S. that have 
substantial Doppler effect measurement programs, 

Atomics International and Argonne National Labora
tory (ANL), have taken slightly different approaches to 
the reactivity measurement problem. Both approaches, 
however, are based on the oscillation of the Doppler 
sample in and out of the critical assembly, taking ad
vantage of the capability that this allows for separation 
of the oscillatory reactivity change from reactor drifts. 
The Atomics International method involves analysis of 
the power trace, whereas the ANL method uses a cali
brated servo-rod. In theory, the two methods are equiv
alent—both are ultimately limited in precision by the 
reactor statistics, as reflected in tbe total number of fis
sions in the measurement period. Proponents of cither 
system can advance arguments favoring their choice, 
but the quoted results of both indicate that both achieve 
precisions approaching the theoretical limit, and the 
choice between the two is probably a rather subjective 
one.) 

The problem that remains, however, and that will 
continue to remain with measurements of this kind, is 
the thermal expansion problem. The problem arises 
because the reactivity effect of expansion of a fissile 
material is typically of the same order as the Doppler 
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effect to be measured. Depending on the experimental 
arrangement, the expansion effects can be very consid
erably larger than the Doppler effect, or can be made 
less than the Doppler effect. However, if the experi
menter wishes to leave some latitude in the range of 
variables affectui the Doppler effect, he must deal with 
expansion effects that are usually of the same order of 
magnitude as the Doppler effect he is trying to measure. 
The problem is a continuing one because each new reac
tor enviriiiinient, and each new Doppler-effect sample 
material and configuration, causes a different split in the 
reactivity effects due to expansion and Doppler broad
ening. 

The earliest experimental evidence of the degree to 
which expansion effects can mask the Doppler effects 
arose in the first Atomic International attempts to 
measure the U-235 Doppler effect.' The result on heat
ing a sample of U-235 metal in a fast spectrum showed 
a small negative reactivity effect, initially tentatively 
identified as a negative Doppler effect. Later work at 
both AI and ANL showed the initial interpretation was 
not correct, and that in fact a large negative expansion 
effect was swamping the positive Doppler effect of the 
material in this spectrum. But the result served to 
stimulate an attack on the expansion problem at both 
Laboratories. The Atomics International approach has 
been to use subsidiary experiments to evaluate the 
effect of expansion, and then to subtract the reactivity 
effect .so deterniined from the total reactivity effect 
measured iiiion sample heating. The subsidiary meas
urements involved measurements of the differences in 
reactivity between samples artificially expanded to 
simulate the effects of thermal expansion. The thermal 
expansion simulation measurements have been done 
using a variety of different methods of expanding the 
material to allow a cross check between various meth
ods, and over a range of spectra as well. Expanded solid 
U-235 metal, expanding foils, and measurements of the 
reactivity change at the phase change in uranium metal 
have all been done for U-235 and the results look quite 
consistent. 

The ANL approach to the expansion problem took a 
somewhat different du-ection. It is based on the use of 
reduced density samples, with advantage taken of the 
decreased reactivity coefficient of expansion attendant 
upon reduction in sample density. The residual expan
sion effect is evaluated through the use of differing sam
ple types, in which the expansion is physically con
strained in various ways. The method allows a rather 
direct experimental separation of the effects of expan
sion from Doppler broadening—the expansion effects 
are evaluated using the same samples from which the 
Doppler effect data are derived. 

This paper discusses the major factors involved in the 
reactivity effects of expansion of a fissile material. Two 
companion papers give experimental information; the 
first gives a description of the techniques and equipment 
used at ANL for evaluation of expansion effects and a 
summary of the experimental data obtained on several 
dilute carbide fast reactor mockups, and the second 
gives data from a series of cores designed explicitly to 
investigate the systematics of the U-235 I.)opi)ler effect 
(see Papers III-3, III-4). 

T H E REACTIVITY EFFECTS OF EXPANSION OF A 

SAMPLE OF FISSILE MATERIAL 

The effects are broadly of two types. The first is a 
macroscopic effect due to sample expansion into regions 
of different reactivity worth, which is related to the 
overall macroscopic reactor flux and adjoint profiles in 
which the sample finds itself. In the usual t\-pe of 
Doppler measurement in which a cylindrical sample of 
material is heated at the center of a Zero Power Reactor, 
this can be considered to be an axial expansion effect. 
I t can be minimized by positioning the sample in a re
gion where the axial profiles are reasonably flat, and in 
general this effect is not felt to present much of a prob
lem. The second type of effect may be thought of as a 
microscopic effect, related to the changes in the sample 
collision probabilities as the dimensions and density 
change. With cylindrical samples, this is mainly a radial 
expansion effect. This latter effect is the one that pre
sents the major problem to fissile Doppler effect ine:is-
urements, and it is to this effect that this paper is ad
dressed. 

The effects are broadly analogous to the hetero
geneity effects in a thermal reactor caused by lumping 
of the fuel: as the lump expands, there is a decrease in 
the self-multiplication at high energy and a correspond
ing decrease in the self-shielding at lower energies. At 
high energies the expansion effects therefore cause nega
tive reactivity changes, and at low energies the reac
tivity changes are positive. The net effect of expansion 
is a balance of the two effects, and is dependent on the 
particular reactor flux and adjoint spectrum. 

The reactivity worth of a Doppler sample, and 
changes in its worth caused by expansion, are usually 
described by some form of perturbation expression. 
Each of the various forms of the group-diffusion theory 
perturbation expressions is based on the usual expression 
for the worth of a sample of material relative to void: 

f = ^ E«: z (X7-.2/. + 2,-7) 0* - r,*r, (1) 

where 
V, = sample volume 
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/« Ex,*,* E*.".-/,<»' 
0, s average perturbed flitx in group i in the 

sample 
<(), s unperturhed reactor flux in group j 
*, s unperturbed reactor adjoint flux in group j 
Xj = fraction of fission neutrons born in group.;' 
>,, = number of neutrons per fission in group i 

2/j s macroscopic fission cross section in group i 
2,-.j = mticroscopic transfer cross section from group 

J t o j 
S( = total cross section in group i. 

As written, the expressions include in-group scattering, 
<),2,-., , but one could equally well exclude 2,.., from 
the J summation and define S,, excluding 2j , i as well. 
Within the group-diffusion theory context, Eq. (1) is 
exact. If we write Eq. (1) in terms of the cross sections 
per fissile atom in the sample, m = 2,AV/, and note 
that N, = .VJU./AV, , (No = 6.03 X lO", M, = 
sample mass, A = atomic weight), 

k 
NoM. 

AD E «; E (x,ficu + f.-,) «,* - 'x„4,*. (2) 

The term in front of the summations is independent 
of volume changes, as are the cross sections written in 
this form, so the changes in worth due to expansion are 
all contained in the changes of ,̂ i as the sample expands. 
It is in the calculation of (t> that approximations enter. 
Various ajiproximatioiis have been made. 

At ANL, ill the work being reported here, the per
turbed flux calculation was based on an expression of 
neutron balance; 

'''o2,,,*). = PiXiVo E (St—o -I- X,>'i-S/„),<)i)j 
k 

+ Pio.Ui E (2*-., + X.i-tS/i,)*!. , 
(3) 

where 
<t>n, = <t>i = the perturbed flux in the sample 

Poo. = probability of a neutron bom in the 
sample in the ith group making its first 
collision in the sample 

Pw, = probability of a neutron born in the 
reactor in the tth group making its first 
collision in the sample. 

The subscripts 0 and 1 refer to the sample and reactor 
respectively. 

The collision probabilities are taken to be flat-source 
probabilities so that application of reciprocity 

(PioFi2„ = [1 - P<K,]I'o2„) 

and rearrangement of Eq. (3) gives 

P«, E (2i-,„ -I- x.i-i^,,,)*!, 

2,., - P«,,(2„,. + ^.hJ 

(1 - Poo,l2,», E (2 . - , , -I- x.H^-,,Mn 
(4) 

+ ' 2.„|2.., - ^V(2,-,. -I- x,^2/.,)l 
The solution is iterative, but converges rapidl.y. 

A reasonably a(;curate siniplification results from 
equating the source in any group to the reaction rale 
in the group in the reactor term of Eij. (4); that is, 

E (2*-.-, + x.i'tS/M)** ~ 2,,,*,, (5) 
k 

and if this substitution is made in Kq. (4), the perturbed 
flux in the sample is given in terms of the sample cross 
sections only: 

^0, = Poo,- 2-1 

. (2t„-. -f x,»'i.2/„),»ot -F (1 - Po..)2,„,0i, ^"^ 

2,. , - Pi«,,(2,„. -I- x.i',2/.,) 

The flat-source collision probabilities for a cylindrical 

rod are calculated from Poo = 1 — P , , where 

P. = |S„.;2[2Jif,(2j7i(2J + A-o(2.)/o(2j| - 1] 

A',(S,.)A(2J 

- Ko(2J/,(2J -I- A',(2.)/„(2.) 

(7) 

as given by K. Case et al.' (a = sample radius.) 
In order to examine the major variables upon which 

the expansion effects depend, let us introduce some 
approximations in Eqs. (2) and (6): 

a.) At low energies 
X, = 0 and 2t-.j —• 0, i; ?̂  i, for heavy elements. For 

any group i. Eq. (6) becomes 

,, _ . ,^ (1 - Po<i)2,„,»i (1 - P„o)0, 

2, . - Poo2,,,„ 

for small Poo, 

.!>' K 1 

or with expansion, 

1 - Poo 

Pm<t>i 

H' = - y - Y^)*i«^oo« - ^ -^^0,5P„ 

Introducing the rational approximation for P„„ = 
( 2 , 0 / ( 1 -{- S,l), I = mean chord length, then again 
for small Poo, 
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5<t>' -(l -^)aMNl) 

= - (c, - i7.)S(Nl)it>i -irMNl)<t>i. 

l'l(|iiatioii (2), under the same simplifying assumptions, 
for group i, reduces to 

At 
k 

^ » ^ ^ ' A ' ( A * ~Tfy <P,\9l''i''h <'<;<t>i ) , 

where <t>f = reactor fission neutron adjoint. Taking 
(7/ a ; ,7; , for small expansions 

(8) 

' 0 l ( VOf — Oa )ffa^Nl 

AD 

NoM. 
AD 

NeM, «,(U - ll,r, - a.,)(a, + o,)6(Nl) 

(9) 

AD 
4,i([v - \W,)h(m). 

At low energies, therefore, the expansion effects are 
approximately proportional to (i, — 1) ,7/for the particu
lar isotope. Secondly, Nl = (N,M,/AV)(iV/S) = 
iNoMJAS, where V is the volume of sample and S 
is the surface area. So J(,V!) = ( 4 J V O M , M ) S ( 1 / S ) , and 
as the sample expands .S' increases, so {(1/5) is nega
tive. The reactivity effect of sample expansion in the 
energy range below the fission threshold therefore, is 
positive, as expected. 

b.) At high energies, where significant numbers of 
neutrons are born in the fission process: 

foO, E X.>'l:2/„,<>0j -I- (1 — PM,)2|,i ,(ll ; 

<^0i = 

:,..[• (2,.. . + x.>.2/..,)"| 

for 'jmall Poo 

so at high energies 

NJil. 
Ski'. 

Ski 

AD 
Xiinxiipd'f/i — irai)S(Nl) 

• TD- ''•*^<" 
\)o)i(Nl) 

(9) 

(10) 

As b(Nl) is negative, the expansion effect is negative 
at high energies, and in any energy group i, the magni
tude is proportional to the x> ^or the group. Overall, 
the expansion effect is approximately proportional to 
1,(1, — l)ff/ in this energy region. 

.\s these considerations indicate, differences in v 
and Of among the various fissile isotopes cause considera
ble differences in the magnitude of their expansion 
effects. Further, the relative magnitudes of the expan
sion effects in different fissile isotopes will vary from 
reactor to reactor as the real flux and adjoint spectra 
change. For Assembly 5 of ZPR-6, for example, which 
has a spectrum typical of a large dilute fast reactor (see 
Paper III-6), the fluxes and adjoints are such that the 
(negative) high energy effect in U-235 is about double 
the (positive) low energy effect and the net expansion 
effect in U-235 is therefore negative. 

As an illustration of the way in which variations in 
values of v and <r/ for various isotopes influence their 
expansion effects. Table III-2-I gives the approxinmtc 
ratios at high and low energies for U-233, Pu-2.'i!) and 
Pu-241, each relative to U-235. To give the net effect 
in any given spectrum, the relative weighting of the 
high and low energy effects must also be specified. The 
ratios for the isotopes other than U-235 are quoted in 
the table relative to U-235 itself, and taking Assembly 
5 as a reference, where the high energy effect is about 
twice the low energy effect, a rough normalization for 
the other isotopes can be effected. The net effect is 
shown in the last column of Table III-2-I. As shown. 

• ^ o , '. 

. ^ X,''*2/„«o. -H (1 - Poo,)2,.,,A,, -t- Poo, ( 2 , „ -I- x.-.'.2/.,) 

, x,i'2/<>Poo, -I- 2 , , , ^ , 
2,. , 

for small expansions. 

Again, 

j ^ , ^ Xi^ ;2^ jp^_^_ ,^^^5(^ ; )^ 

Ik ?» (voi — OalOrt) , (8) 

the net effect is negative in this spectrum for all the 
isotopes and considerably larger for the isotopes other 
than U-235 than for U-235 itself. These very rough 
considerations predict the relative magnitudes of the 
expansion effect in the various isotopes reasonably well, 
as a comparison to the more exact calculations given 
in the next section will show. The approximate rela
tionships clearly illustrate the main reasons for the 
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differences in the expansion effects between various 
isotopes. 

EXPANSION EFFECTS IN VARIOUS FISSILE ISOTOPES 

Figure III-2-1 shows the results of calculations of the 
reactivity effect of expansion for various fissile isotopes 
as a function of sample density, for a nominal 1 in. diam 
sample at the center of ZPR-6 Assembly 5. The calcula
tions used Eq. (6) for the perturbed flux in the sample, 
the collision probabilities given by Eq. (7), and the 
sample worth given by Eq. (2). The expansion effect 
was obtained from the difference between two reactivity 
worth calculations, one for the sample at a nominal 
density and the second for the sample slightly expanded, 
both calculations utilizing Eq. (2). (The expansion 
effect is sufficiently linear in sample density over limited 
ranges, that typically the calculation was done for a 
nominal 1 % decrease in optical path.) The results in 
Fig. III-2-1 are quoted in terms of Ih/kg of heavy 

TABLE III-2-I. Apput,xiMATE RELATIVE MAONITCDES OF 
EXPANSION EFFECT IN A TYPICAL FAST SPECrnuM 

TABLE III-2-II . HEACTIVITV WOUTHS AND KXPANSOIN 
EFFECTS IN ZPU-ti ASSEMULY 6 

Fissile Isotope 

U-235 
U-233 
Pu-239 
Pu-241 

High Energies 

e(y - I) 
ffj Ratio 

I 
3 
3 
4 

X ( -2 ) 

- 2 
- 6 
- 6 
- 8 

Low 
Energies 

(>•- I) 
ffj Ratio 

I 
2 
'A 
3 

Net Effect 

- 1 
- 4 
- 6 
- 5 

Isotope 

U-235 
U-233 
Pu-239 
Pii-241 

Measured 
Worth 

50 
83 
70 

Calcu
lated 

Worth, 
Dilute 

56.6 
100 
76 

132 

Ih/lig Met 

Calcu
lated 

Worth, 
1 in. diam 

Metal 

61.5 
120 
106 
165 

a) 

Calcu
lated 

Excess 
Worth 
Due tn 

Lumping 

4.9 
20 
30 
33 

Expan
sion 

Effect of 
10-» in./ 

in. 

0,016 
0,077 
0,108 
0.r-'2 

isotope for 10~^ in. per in. of linear expansion. That 
is, the sample was assumed to freely expand in three 
dimensions, as it would with the temperature change 
without constraint of any kind. (As discussed in another 
paper (see Paper III-3), the results differ if some form 
of constraint is present). 

The fluxes and adjoints, and the c<irrespoiidiiij; per
turbation normalization, were obtained from a dilfusiou 
theory calculation for the unjjerturbed core, using cross 
sections generated largely by MC^, as described in Ref. 
3. The absolute magnitudes of the expansion effects are 
therefore dependent on this normalization, but the 
relative magnitudes are insensitive to it. The worths 
of three of the fissile materials shown were measured in 
Assembly 5, and a comparison of the measured worths 
with the calculated worths indicate that the fluxes and 
normalization are probably fairly good, so that the ab-

-0.12 

-0.10 

-0 08 

-0.06 

-0.04 

-0.02 

0 
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-

-

1 1 

P u " ' 

P u " ' 
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^- u-233 

.U-235 
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/ -

-
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^ -

I I I I 

ATOM DENSITY N x 10*̂  
Fia . III-2-1. Expansion Effects for a 1 in. dia cylinder in Assembly 5, ZPR-6. ANL Neg. No. 112-9416 Rev. 1 
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solute magnitudes should be reasonably close as well. 
Colunms 2 and 3 in Table 111-2-11 compare the worths 
calculated using the methods described above with the 
measured worths (see Paper 111-6). As can be seen, the 
U-23o and Pu-239 worths are reasonably well predicted; 
the U-235 agreement is somewhat poorer, perhaps a re
flection on the particular cross sections used for U-233 
in this study. The calculated worths in Column 3 are for 
materials dilute only in the sense that no additional 
heterogeneity effects are taken nito account over those 
impUcit in the choice of a, in the resonance region. The 
resonance region cross sections correspond to a o-p 
typically in the range of a 100 b; no particular effort 
was made to make the ffp for the sample correspond to 
the actual sample size. Disagreements of the order 
shown, therefore, are not unexpected. 

Table III-2-II also lists the calculated worths of a 1 
in. diam fully dense metal sample, and the difference in 
the worth per kg of the 1 in. metal sample and the dilute 
sample—a measure of the difference in worth due to 
lumping. The expansion effect for the 1 in. metal sample 
is given in the final column. The table illustrates that 
the expansion effects are approximately proportional to 
the total worth difference due to lumping, as might be 
expected, and not to the worth of the material itself. 

Figure III-2-1 and Table III-2-II show the large 
differences in the expansion effect between various fissile 
isotopes, which were expected on the basis of the sim
plified considerations of the previous section. Figure 
III-2-1, however, also shows that the shape of the ex
pansion reactivity versus sample density curve differs 
from isotope to isotope. In particular, Pu-239 in this 
spectnun has a larger expansion effect than Pu-241 at 
low densities but the Pu-241 expansion effect increases 
more rapidly with the sample density, until at metal 
densities the Pu-241 effect is con.'iiderably higher. The 
reason for the difference can be understood on the basis 
of the simplified discussions of the previous section. 
Pu-239 has a very small (positive) contribution from 
the low energj' range, relative to the other fissile iso
topes. The reason is that a/ for Pu-239 is considerably 
smaller than the other isotopes over the energy range 
from 100 keV down. As shown in the previous section, 
the expansion effect is approximately proportional to 
aj in this region. Pu-241, on the other hand, has a 
relatively large (positive) contribution in the low energy 
range because of its higher cross section. As the density 
increases, the flux in the sample in the keV region be
comes small and changes in the flux due to expansion 
becomes correspondingly small as well. The positive 
contribution is therefore suppressed. This is smaU in 
Pu-239 in any case, but in Pu-241 where it is quite 
significant at low densities, the progressive decrease in 
its importance relative to the high energy contribution 

causes the net expansion effect to increase more rapidly 
with density. The result is a crossing of the two curves 
at a density somewhat less than the density of PuO^. 

T H E EFFECT OF FLUX AND ADJOINT SPECTRUM 

CLLWGES ON THE EXPANSION COEFFICIENT 

The expansion coefficients of the various isotopes are 
sensitive in varying degrees to both the flux and adjoint 
spectrum. Quite realistic changes in the material com
positions ofthe reactor can change the magnitude uf the 
expansion coefficient very significantly, and in .some 
cases can even cause it to change sign. To give a basis 
for the discussion of these effects, calculated expansion 
effects for the various isotopes are compiired be
tween ZPR-6 Assembly 5, and ZPR-9 As.soinbIies 14 
and 17. The compositions and characteristics of the 
latter two assemblies are listed in Paper III-4. Both 
assemblies have considerably softer spectra than As-
.sembly 5, and the variation in the adjoint flux with 
energ>" is considerably different between the two. Com
parisons of the calculated flux and adjoint spectra at 
the center of the three assemblies are given in Figs. 
III-2-2 and III-2-3 respectively. 

The changes in material compositions between the 
three assemblies are related in the following way. Start
ing with the Assembly 5 composition, Assembly 14 was 
constructed by removing a fraction of the U-23S and 
replacing it with polyethylene and graphite t(» sub
stantially soften the original spectrum. For As.sembly 
17, the remainder of the V'2'AS plates was removed and 
replaced with graphite which further softened the flux 
spectrum soniewhat, but more importantly, consid
erably altered the shape of the adjoint function at 
fission energies. 

Figures III-2-4 and III-2-5 shi>w calculated expan
sion effects for the various isotopes, as a function of 
sample density, in Assemblies 14 and 17, resi)ectively. 
Again the calculations are for a nominal 1 in. diam sam
ple, with free expansion of the sample. 

The figures may be compared directly with Fig. 
III-2-1 which gave the comparable results for Assembly 
5. (The abscissa in all three figures are easily generalized 
to other sample diameters, as it is the product of the 
atom density, A ,̂ and the mean chord length, /, that is 
meaningful.) 

Some of the changes in magnitude shown in the fig
ures are due to the changes in the perturbation normali
zation from assembly to assembly, as the assemblies 
became progressively smaller. Table I1I-2-II1 slxows the 
calculated worths of the various isotopes m the three 
assemblies, and the expansion effect for free expansion 
of 10~^ in. per inch in a nominal 1 in. diam 70',' den.se 
oxide sample (a tj-pical density for ANL Doppler 
samples). 
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Where quantities were measured, they are quoted in 
the table in parentheses. The calculations were done only 
to illustrate the effects under discussion, and they tend 
to be rather rough, but they are felt to be sufficiently 
precise to reasonably represent the physical situation. 

Comparison of the measured and calculated worths 
illustrates that the fluxes, adjoints and normalization 
used in the calculations are probably reasonable, and 
comparison of the worths of the fissile materials between 
the various assemblies gives a fair idea of the differences 
in the magnitude of the expansion effects that are due 
to normalization changes from assembly to assembly. 

Figures III-2-1, III-2-4 and III-2-5 show the very 
different behavior of the expansion effects iu the three 
assemblies. Not only does the expanison effect of several 
of the isotopes change sign between assemblies, but they 
also change sign as the sample density changes within a 
given assembly. 

The explanation of the sign changes as a function of 
sample density in the two softer spectrum assemblies is 
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TABLE III-2-III . COMPARISON OF THE REACTIVITY WOHTHH AND EXPANSION EFFECTS IN ZPR-6 

ASSEMBLY 5, AND ZPR-9 ASSEMBLIES 14 AND 17 

Isotope 

U-235 
U-233 
Pu-239 
Pu-240 
Pu-241 

Ih/kg Meta 

Worth, 
Dilute 

5 

57 (50) 
100 (83) 
76 (70) 

-1-3.4 
132 

14 

152 (148) 
262 
158 

-106 
410 

17 

161 (145) 
304 
192 (237) 

-366 
665 

1 

1 in. diam Oxide (70'/, T,D,)" 
Expansion Effect for 10"' in,/in. 

5 

-0 .003 
-0 .012 
-0 .020 

-0 .019 

14 

+0.023 
+0.023 
-0 .036 
-0 .033 
+0,061 

17 

-0 ,007 
-0 ,013 
-0 .086 
-0 .072 
+ 0,057 

' T.D. ^ Theoretical density. 

the following: In those isotopes with high cross sec
tions is the low energy region, the very substantial shift 
of flux to low energies can cause the positive reactivity 
effects ill the low energy region to overbalance the nega
tive effects at high energy, resulting in a net positive 
expansion effect. As the density of the sample increases, 
however, the large low-energy flux depressions in the 
sample cause the positive contribution to lessen in com
parison to the high energy self-multiplication contribu
tions. The result is a change in sign from positive to 
negative as the density increases. 

The behavior of the expansion coefficients of the two 
uranium isotopes, in changing sign from Assembly 4Z 
to Assembly 14 at oxide densities, and reversing sign 
again in Assembly 17, is to be understood on the follow
ing basis: The major change from Assembly 5 to Assem
bly 14 was a very substantial softening of the real flux 
spectrum. The removal of a fraction of the U-238 also 
changed the reactor fission cross section somewhat at 
high energies and the reactor absorption cross section at 
low energies, but the adjoint spectrum has the same 
general shape in Assembly 14 as it had in Assembly 5. 
The very substantial shift in flux to low energies caused 
the positive reactivity effects in the low energy region 
to overbalance the negative effects at high energy, re
sulting in a net positive expansion effect. When the 
remainder of the U-23S was removed in going to As
sembly 17 (a small amount of 11-238 actually remained, 
due to the 7 % or so present in the enriched uranium 
fuel) the removal of fission in U-238 at high energies, 
and the removal of absorption at low energies, as well 
as a general increase in leakage due to the smaller as
sembly, caused the adjoint function to become a mono
tonically decreasing function of energy. The effect of 
this on the expansion corrections can be understood by 
reference to Eq. (2). This equation shows that the flux 
change in any energy group is weighted by the algebraic 
sum of three terms—the self-multiplication term which 

is weighted by the fission neutron adjoint, the removal 
term which is weighted by the adjoints at energies be
low those of the group under consideration, and the ab
sorption term which is weighted by the adjoint of the 
group itself. .At the highest energies then, the effect of a 
monotonically decreasing adjoint flux with energy is to 
increase the self-multiplication term somewhat, and 
increase the removal term somewhat as well, in compari
son to the absorption term. Thus a gi\-en flux change in 
the high energy region is weighted somewhat more 
heavily, and the negative reactivity effect of expansion 
is therefore increased. The reverse is t rue at low energies. 
The self-multiplication term is decreased relative to the 
absorption term, and the removal term is small com
pared to the other two terms. The result is a decrease in 
weighting given to any flux changes at lower energies, 
and therefore a decrease in the positive contributions to 
the expansion effect. The calculated changes in the 
fluxes and adjoints in the three assemblies chosen for il
lustration, are sufficient to cause the sign changes. 

With Pu-239, however, although the same considera
tions apply, the positive contributions at low energy are 
sufficiently small in any case that the coefficient remains 
negative in all three assemblies. This stability in sign 
should be characteristic of this material—only an ex
tremely soft spectrum with a very low fission neutron 
adjoint might give a sign change. 

For Pu-241, the substantial increase in low energy 
flux in Assembly 14 causes the coefficient to change 
sign, and the decrease in the high energy adjoint in .As
sembly 17 is not sufficient to cause it to reverse sign 
again. 

With regard to Pu-240, the calculated expansion ef
fect increases sharply in magnitude in Assemblies 14 
and 17. This is due to the increase in low energy flux as 
well as to the changes in the adjoint weighting, both 
tending to increase the magnitude of the negative ex
pansion coefficient. 
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CONCLUSIONS 

The foregoing considerations illustrate the sensitivity 
of the expansion effect to reactor fluxes and adjoints, 
and illustrate the necessity for experimental verification 
of expansion corrections. Secondly, however, they also 
illustrate the possibility of utilizing the very different 
behavior of the expansion effect in the various isotopes 
with changes in fluxes and adjoints, to aid in the evalua
tion of the expansion effects themselves. Thirdly, the 
effects predicted for U-233 and the plutonium isotopes 
in fast spectra demonstrate the need for caution in iden
tifying measured reactivity effects due to heating as 
Doppler effects until a thorough evaluation of the ex
pansion effects has been made. I-'inally, the magnitude 

of these effects, particularly in the plutonium isotopes 
suggests that they may play a useful part in some reac
tor power coefficients. 
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III-3. U-235 Doppler Effect Measurement Data and Techniques 

C. E. TILL, R . A. LEWIS and E. F. GROH 

The ANL approach to the problem of separation of 
thermal expansion effects from Doppler effect in fissile 
element Doppler effect meausrements is based on the 
use of constrained-expansion reduced-density samples 
(see Paper III-2). The expansion effect decreases much 
more rapidly with reduction in sample density than 
does the Doppler effect, and advantage is taken of this 
in the sample design. The residual expansion effects are 
evaluated by the use of three different element types, 
each with approximately the same sample density—one 
type in which the sample is allowed to expand freely, a 
second in which axial expansion is not allowed, and a 
third in which axial expansion is not allowed and the 
radial expansion is constrained as well. A fourth element 
type, containing U-23.5 metal, has also been used to 
check the results. The proof of the method, therefore, 
must lie in the consistency of the results given by the 
various element types, when the known differences in 
expansion properties are taken into account. 

Experimental data have been obtained for U-235 in 
four different assemblies, each designed to have the same 
central spectrum (where the Doppler element is posi
tioned). The assemblies were Assembly 5 and Assembly 
4Z on ZPR-6, and Assemblies 11 and 12 on ZPR-9. 
The assemblies are mockups of a large dilute carbide 
fast reactor, and are described elsewhere (see Papers 
III-6, III-8, III-U). This paper describes the experi
mental techniques, assembles the experimental data 
obtained on each assembly, and gives a consistent in
tercomparison of the data from the various element 
types on the different assemblies, so that some judgment 

can be made of the consistency and reliability of the 
U-235 Doppler effect data. 

EQUIPMENT AND TECHNIQUES 

Reference 1 gives a more complete description of the 
equipment and techniques used, but in brief, the tech
nique was to oscillate a Doppler sample repetitivel.N' in 
and out of the critical assembly while a small servo-
controlled calibrated boron rod held the reactor critical. 
The difference in the average position of the calibrated 
rod, sample-in minus sample-out, gave the reactivity 
worth of the sample relative to the reference sample-out 
configuration. Repeating this procedure with the sample 
at various temperatures traced out the reactivity change 
of the sample with increasing temperature. 

Figure III-3-1 shows a cut-away view of the oscillator 
and drawer in the ZPR-6 reactor. The oscillator unit 
consists of an equipment table and an attached drawer 
assembly which runs through the reactor matrix. The 
drawer has positions for a Doppler sample and a dummy 
sample. Separation of the sample positions is such that 
when one sample is at the core center the other is out
side the reactor. Tbe table carries the equipment nec
essary to maintain vacuum, heat the elements, monitor 
the temperature, air cool the outer sheath of the element 
to the reactor temperature, and detect leaks in the sys
tem. During a measurement a master-timer auto
matically controls the sequence of oscillator movement 
and servo-rod averaging. Data analysis is done by the 
method of E. Bennett and R. Long,' which allows elimi
nation of first and second order reactivity drifts. This 
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Fio. I1I-3-1. Dopper Equipment in ZPIi-O. ANL Neg. No. 112-Bm Tl. 

FIG. III-3-2. Type 2 Element (Expansion Constrained). 
ANL Neg. No. 112-6967. 

system gives a precision of about 0.(X)25 Ih for 80 min 
of reactor operation at about 20 W. 

Measurements were made with four basically differ
ent types of samples, each with different thermal expan
sion properties. Three of these samples types used 
reduced density UOa and the expansion was variously 

constrained axially and radially. The fourth type con
tained uranium metal, much more strongly shielded, 
which although not directly comparable to the others, 
W'Ould be expected to give results consistent with the 
others when the known differences are taken into ac-
comit. 

The samples in which the expansion was controlled 
had the following characteristics in common. They con
sisted of a cylindrical VO2 sample, about 1 in. diam and 
12 in. long, enclosed in a 50-mil thick nickel-alloy heater 
tube, which in turn was suspended in a 50-mil SS outer 
container. (Vacuum w.is maintained in a 95-niil annulus 
between the heater tube and the outer container to 
minimize heat loss from the element.) .\ typical element 
is showTi in Fig. 111-3-2. In the tables and graiihs in this 
paper, the expansion properties of the element are de
noted as FE (freely expanding), XE (no axial cx|iiiii-
sion), or NNE (no axial expansion and limited radial 
expansion). 

In the F E elements the heater tube material was 
Inconel and the sample was made up of twelve 1.043 in. 
diam x 1.0 in. long UO; pellets of approximately 70% 
theoretical density. In the NE elements, the heater tube 
was also Inconel but instead of being sealed with welded 
end caps at each end, the pellet stack was held by a 
piston at each end. As the heater tube increased in tem
perature, it expanded over the piston at each end, and 
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the expansion was taken up by bellows that completed 
the seal. The dimension between the pistons, in which 
the pellet stack was constrained, was held constant. 
When this element is heated, the axial constraint causes 
the low density pellets to deform inelastically, allowing 
a fixed length to be held. The design of the NNE element 
was identical to the NE element except that the heater 
tube material was Invar. A vibratory compaction 
process was used to fill this clement so that zero clear
ance could be maintained between the ITO2 and the 
Invar containing tube. Invar has an essentially zero ex
pansion coelficieiit over a range from room temperature 
to about 200°C. Thus over this range the UO2 sample 
was constrained both axially and radially. Above 2(X)°C 
the Invar expansion coefficient almost parallels that of 
Inconel, and the element then acts very similarly to NE 
elements. 

The elements containing other than the 1-in. diam 
U02 samples were all of the freely expanding type. The 
uranium metal element consisted of ten 1-in. diam, 1-in. 
long uranium pellets in an Inconel heater tube. One 
pellet from the nominal number of 12 was removed from 
each end and replaced by a 1-in. long quartz dummy 
pellet. This was done to keep the axial temperature 
profile along the pellet stack as flat as possible, so that 
when the element temperature was taken through the 
alpha-beta pha.se change in the metal all the material in 
the sample passed through the phase change at the same 
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time. The discontinuous change in volume through the 
alpha-beta phase change in the metal was used to cali
brate the effect of expansion on this clement. 

The expansion characteristics of the Doppler eli iiiciit 
materials are shown in I'igs. TII-3-3 and HI-3-4. Figure 
III-3-3 compares the expansion characteristics of In
conel and Invar, illustrating the different radial expan
sion characteristics of the NE and NNFl elements. Fig
ure III-3-4 gives the expansion characteristics of the 
UO2 pellets and the uranium metal, both taken from 
quartz dilatometer measurements of material with a 
metallurgical history identical to the material used in 
the elements, and shows the Inconel expansion charac
teristic for comparison. 

As discussed in another paper (see Paper III-2), the 
reactivity effects of expansion are related through the 
flux changes to the quantity 2a(2 s total macroscopic 
cross section, a = sample radius). 

Defining additionally, 
I = sample length 

a s linear coefficient of expansion 
AT s! temperature change 

V = sample volume 
2 s total macroscopic cross section 

M = sample mass 
A = atomic weight. 

Consider the way in which expansion .affects Zn in 
the different types of elements: 

http://pha.se
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F R E E L Y E X P A N D I N G E L E M E N T S 

At any temperature T, the volume of the sample is 

V(T) = Fo(l + a.AT)' = r,alk(l + a.AT)\ 

where the subscript s refers to the sample material. 
Also, 

0.603 
2 a ( r ) 

and for a,AT « 1, 

S a ( r ) 

M _ 0.603 and + a,AT) 
y ° ~ A 7o(l + a , A r ) » " 

MTo) -2a AT. 
^a(T„) 

AXIALLY CONSTRAINED ELEMENTS 

The sample volume at temperature T remains 

V(T) = Fo(l + a.AT)" = F„(l + a,„AT)\ 

as l(T) = lo and a,// becomes the effective expansion 
coefficient in the radial direction. 

Also, 

^ ,„> 0.603 M 1 + a , A r " ' 
v a ( r ) = _ - . _ a o i ^ , _ ^ r . , 

and for a.AT « 1, 

^a(T) laTa - 3 
ZaTo 

a.AT. 

AXIALLY AND RADIALLY CONSTRAINED ELEMENTS 

The sample volume is now given by 

V(T) = 7roS(l + a,AT)\, 

where a; is the expansion coefficient of the Invar heater 
tube. 

Also, 

.̂  , „ , 0.603 M 1 + a,AT 

and for a,AT « 1, 

Za(T) - ZaT, 
ZaTo 

-a,AT. 

EXPANSION CALCULATIONS 

The reactivity effect of expansion of the various 
elements were calculated using the procedures described 
in another paper in this report (see Paper III-2). The 
expansion effects were calculated as a function of Nl 
for the sample (A'' = atoms/cc, I = mean chord length) 
for each of the four assemblies. The fluxes, adjoints, 
and perturbation normalization were taken from 
MACH-I calculations for each assembly using MC -
derived cross sections appropriate to the test zone 
composition of each assembly. 

A typical result is show^n in Fig. III-3-5, for Assem
blies 4Z and 5 of ZPR-6. (The calculated fluxes and 
normalizations are so close to being equal in these two 
assemblies that the calculated reactivity effects of 
expansion are also equal.) The figure shows the reac
tivity change in Ih/kg of U-235 for 10~^ in. per inch 
free expansion of the sample as a function of N'l. The 
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main relationship shown is for a typical 1 in. diam 
reduced density oxide sample with an equivalent po
tential scattering cross section in the resonance region 
of 53 b. .Also shown on the figure is the calculated result 
for a uranium metal sample of 1 in. diam, which cor
responds to an equivalent potential scattering cross 
section of 23 b. Further, as an index of the sensitivity of 
the results to the choice of op^^ (equivalent potential 
scattering cross section) in the resonance region, results 
are also shown for oxide samples with CTJ,^^ of 23 b and 
150 b. I t is seen that the results are not very sensitive 
to the choice of <rp,j. 

I t might be suspected that the calculational pro
cedure would be weakest in the resonance region where, 
in effect, broad-group averaged cross sections are 
defined in the resonance region, and the flux change due 
to expansion is calculated based on the group averaged 
cross sections. It is not clear that the flux changes so 
calculated need necessarily correspond to the actual 
case where the cross sections retain the rapid fluctuation 
with energy characteristic of the resonance region. 
However, it is possible to check this method of handling 
the low energy region through the direct use of the 
RABBLE code, which describes the situation directly 
without recourse to group-averaged cross sections. (For 
a typical usage of the R.\BBLE code see, for example. 
Paper III- l . ) Initial comparisons of the results given 
by the two methods indicate that the typical difference 
between the two is unlikely to be more than 10% in 
this spectrum. 

EXPERIMENTAL RESULTS 

The experimental results for each of the U-235 sam
ples in each of the four assemblies are given in Table 
III-3-I. In the first column, the assembly and sample 
are listed, and in parentheses the sample expansion 
properties, the percentage of U-235, and the weight of 
U-235 contained in the sample are listed. The third col
umn of the table gives the experimental result, directly 
as measured, divided by the amount of U-235 isotope 
in the sample; no other corrections have been applied. 
The standard deviation listed in the third column is the 
experimental uncertainty in Ih/kg and it reflects the 
reactor statistics. Columns 4 and 5 detail the corrections 
for U-238 content in the samples and for expansion. 
The final column gives the corrected U-235 Doppler 
effect. 

The correction for U-238 was taken from experimental 
results for this isotope which were obtained in com
panion experiments to those described in this paper. 
The U-23S results were for 1 in. diam, 70% theoretical 
density, depleted UO2 samples. Because the U-238 is 
present only in dilute amounts in these predominantly 
U-235 samples, the l'-23S Doppler effect may be con

siderably smaller than the values taken directly from a 
proration of the results for the U-238 1-in. rods. How
ever, because the U-238 is present in such small 
amounts, uncertainty in the magnitude of the U-23S 
correction does not lead to significant error in any case. 
Further, the other uraniimi isotopes, U-234 and U-230, 
are also present in quantities comparable to the U-23S 
(U-234 = 1.0 w/o, U-23G = 0.2 w/o, U-238 = 1.1 in 
the 9.7 w/o U-235 samples). No correction has been 
made to account for their presence simply because their 
Doppler effects are unknown. As the amount of U-238 
in the sample and the sample density increases, the ac
curacy of the value used for the Doppler effect of U-238 
improves. The metal sample is the only one that had a 
significant amount of U-238 in it, and for this sample 
the correction is probably quite accurate. 

The expansion corrections were taken from calcula
tions as outlined in the previous section, but with the 
following rather minor adjustment. The discontinuous 
reactivity change observed as the metal clement tem
perature passes through its alpha-beta phase change 
gives a direct measurement of the expansion effect in 
this element. Figure III-3-6 shows the uncorrected ex
perimental results for each of the various eleinents 
measured in Assembly 4Z. lYom this figure, the ob
served reactivity change through the phase change ]K'r 
kilogram of U-235 was -(0.104 - 0.0735) = -0,030.'^i 
Ih. Figure III-3-4 shows the dilatometer result for a 
sample with the same metallurigcal history, which gave 
a discontinuous expansion increase of 1.85 mil, resulting 
in a reactivity effect of -0.0305/1.85 = -0.0105 Ih / 
mil of expansion per kilogram of U-235. 

The calculated expansion effect for the metal element, 
from Fig. III-3-5 was —0.01425 Ih/kg-mil expansion. 
There is therefore a 15% difference between the calcu
lated and measured expansion effects in the metal ele
ment. (This is about half the discrepancy reported in 
Ref. 1. The difference is that the calculations of the ex
pansion effect reported in this paper have been redone 
with more up-to-date cross section values.) The calcu
lated expansion effects for the other elements were ad
justed by this amount as well, on the basis that this was 
not a large difference, and the knowledge of the fluxes, 
adjoints, and normalizations, as well as the approxima
tions in the calculational technique itself, is certainly 
not better than the 15 %> difference. As will be noted in 
Table III-3-I, the expansion corrections for the oxide 
elements vary from 1.5-30% of the Doppler effect, and 
uncertainties of the order of 157c in the correction il.self 
would not affect the inferred Doppler effect very much. 
In the metal element, where the correction is large, Ihe 
result is direct. 

Figure III-3-7 gives the Assembly 4Z results fur the 
U-235 Doppler effect, correct for expansion, as incas-
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TABLE III-3-I ExpEKiMENTAL RESULTS 

Assembly and Sample T>'pe 

Assembly 5 ZPR-6: Sample HE-8 
(KE, 97.7%, 892.3 g U-236) 

Assembly 5 ZPR-6: Sample HE-10 
(NNE, 97.7%, 788,6 g U-23o) 

Assembly 4Z ZPR-6: Sample HE-1 
(FE, 97.7%, 942.2 g U-235) 

Assembly 4Z ZPR-6: Sample HE-2 
(NE, 97.7%, 980,9 g U-236) 

Assembly 4Z ZPR-6: Sample HE-5 
(NNE, 97,7%, 696.0 g U-236) 

Assembly 4Z ZPR-6: Sample HE-4 
(FE, 97.6%, 236.1 g U-235) 

Assembly 4Z ZPR-6: Sample HE-3 
(Metal, 93.1%, 2206.3 g U-235) 

Assembly II ZPR-9: Sample HE-2 
(NE, 97.7%, 980.8 g U-235) 

Assembly 11 ZPR.9: Sample HE-6 
(NNE, 97.7%, 696.0 g U-235) 

Assembly 12 ZPR-9: Sample HE-5 
(NNE, 97.7%, 695.0 g U-235) 

Sample 
Temperature, 

»K 

428 
612 
839 

1058 

339 
370 
395 
428 
469 
486 
578 
774 
958 

480 
659 
851 

1051 

319 
356 
362 
410 
466 
689 
783 

1011 

329 
364 
417 
447 
479 
734 
936 

488 
1048 

474 
706 
899 
969 

1020 

331 
377 
424 
472 
616 
808 

1064 

343 
378 
443 
494 
628 
820 

1032 

326 
364 
426 
479 
664 
847 

Measured Ih/kg 
of U-235 

0,021 
0,040 
0,049 
0.060 

0.010 
0.014 
0.020 
0.025 
0.030 
0.034 
0.041 
0.064 
0.061 

0.032 
0.046 
0.066 
0.061 

0.006 
0.016 
0.011 
0.022 
0.028 
0.044 
0.068 
0.065 

0,013 
0,026 
0.033 
0.037 
0.(M2 
0.062 
0.069 

0.016 
0.036 

-0 .001 
-0 .028 
-0 .066 
-0 .111 
-0 .123 

0.011 
0.018 
0.040 
0.048 
0.076 
0.092 
0.112 

0.007 
0.017 
0.036 
0.046 
0.060 
0.091 
0.113 

4-0.032 
4-0.039 
4-0.054 
4-0.062 
4-0.079 
4-0.079 

Std. Dev. 

0.001 

0.001 

0.001 

0.001 

0.003 

0.003 

0.003 

0.003 

0.003 

0.003 

0.007 
0.007 

0.002 

0.002 

0.0O4 

0.004 

0.004 

0.004 

0.005 

0,006 

Correction 
for U-238, 

n / k g of U-235 

4-0,001 
4-0,002 
-1-0,002 
4-0.003 

0 
0 

-1-0.001 
4-0,001 
-1-0,001 
-1-0,001 
-1-0.002 
-(-0.002 
4-0.003 

4-0,001 
4-0,002 
4-0,002 
4-0,003 

0 
0 
0 

4-0,001 
4-0,001 
4-0,002 
4-0,002 
4-0,003 

0 
0 

4-0,001 
4-0,001 
4-0,001 
4-0,002 
4-0,003 

+0.001 
+0.003 

+0.005 
+0.010 
+0.013 
+0.014 
+0,015 

0 
+0.0O1 
+0.001 
+0.001 
+0.002 
+0.003 
+0.004 

0 
+0.001 
+0,001 
+0.001 
+0.002 
+0.003 
+0.004 

0 
+0.001 
+0.001 
+0,001 
+0,002 
+0,003 

Correction 
for Expansion, 
Ih/kg of U-235 

+0.004 
+0.009 
+0.017 
+0,023 

0 
0 
0 
0 
0 • 
0 

+0,001 
+0.006 
+0.010 

+0.006 
+0.012 
+0,019 
+0,026 

+0,001 
+0,002 
+0,002 
+0,003 
+0,004 
+0,007 
+0,013 
+0.017 

0 
0 
0 
0 
0 

+0.004 
+0.009 

+0.002 
+0,008 

+0,040 
+0,098 
+0,157 
+0,209 
+0,226 

+0.001 
+0.001 
+0.004 
+0.006 
+0.012 
+0.020 
+0.030 

0 
0 
0 

+0.001 
+0.003 
+0.009 
+0,015 

0 
0 
0 

+0,001 
+0,004 
+0,013 

Doppler Eflect, 
Ih, kg of U-235 

0,020 
0,051 
0,0(18 
0,070 

0,010 
0,014 
0.021 
0,026 
0,031 
0,036 
0.044 
0,062 
0,074 

0.0.39 
0.060 
0.076 
0.089 

0 007 
0.018 
0.013 
0.026 
0.033 
0.053 
0,073 
0,085 

0,013 
0,026 
0.034 
0.038 
0,044 
0,068 
0,081 

0,019 
0,046 

+0,044 
+0,0.S0 
+0,104 
+0,112 
+0,11S 

0,012 
0,02(1 
0,045 
0,0.5.5 
0,089 
0,115 
0.146 

0,007 
0.018 
0.0:i7 
0.047 
0.065 
O.io:! 
0.1:12 

0.032 
0,040 
0.065 
0.064 
0.086 
0.095 
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ured by the five different types of elements. I t can be 
seen that the corrections for expansion bring the 1 in. 
diam UO. results for the three elements with differing 
expansion properties into agreement. The metal result 
is somewhat higher, and the half-inch oxide result con
siderably lower,'as theory predicts. 

D1SCU.SS10N OF R E S U L T S 

Figures III-3-8, III-3-9, and III-3-10 show the results 
for the 1 in. diam UO2 samples for each of the four as
semblies. Each figure shows the uncorrected experi-

Lewis and Groh 
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ASSEMBLY 12 
NNE ELEMENT 
ASSEMBLY II 
FE ELEMENT 
ASSEMBLY II 
NNE ELEMENT 

U-235 REACTIVITY CHANGE ON HEATING 
(UNCORRECTED EXPERIMENTAL DATA) 

300 400 500 600 700 BOO 9 0 0 

TEMPERATURE, "K 

FIG. III-3-I0. Assemblies II and 12, ZPR-9, I in. dia U " ' 0 , 
samples. ANL Neg. No. 112.9417. 

mental data in the lower portion of the figure, and the 
Doppler effect, corrected for expansion, in the upper 
portion. The purpose of display mg the results in this 
form is to demonstrate the degree of consistency of the 
data in the various assemblies. 

The Assembly 5 data, shown in Fig. III-3-S, are the 
most precise of the data taken on the four assemblies 
and should be weighted most heavily. Assembly 5 was 
the full-scale version of the carbide mockup, and very 
considerable care was taken with the measurement prep
aration, and the integrated power levels at which the 
measurements were done were increased to give the high 
precisions showTi. The expansion effects are sufficiently 
small in these reduced density oxide samples that only 
in this assembly are the differences between the con
strained expansion samples and the freely expanding 
sample unambiguously outside statistics. The figure 
shows the way that the expansion corrections bring the 

results of the two different types of elements precisely 
into line. 

Figure III-3-9, showing the Assembly 4Z results, also 
demonstrates the consistency of the results given by the 
various types of elements, although the precisions on 
these measurements were somewhat less. 

The results from Assemblies ]1 and 12 of ZPK-9, 
shown in Fig. III-3-10, show considerably more scatter. 
Assemblies 11 and 12 were small zone assemblies in 
which it is knowTi that complete spectral equilibration 
was not achieved, and one may conclude from the re
sults that they are reasonably consistent with the more 
precise results from the .assemblies on ZPR-(5, but the 
precisions are poor enough that no very precise conclu
sions may be drawn. 

The lines drawn through the experimental data in the 
upper portions of Figs. III-3-9 and III-3-10 have been 
draw n with the same temperature dependence given by 
the precise data in Assembly 5. This was done to show 
that the Assembly 4Z data are consistent with a similar 
temperature dependence. Assembly 11 and .Assembly 
12 data do not allow a positive conclusion to be drawn, 
but are at least not inconsistent with the assumption of 
the same temperature dependence. 

There is about a 10'< difference in magnitude be
tween the Assembly 5 and .\ssenibly 4Z results (which 
was not found for U-238 Doppler measurements, for 
example). To compare the results for the two assem
blies, the statistics on the elevated temperature points 
as well as the normalization point at 293°K must be 
taken into account. When this is done, the difference 
still lies somewhat outside the known experimental er
ror, but not greatly, and the comparison between the 
results in two different assemblies involve many other 
possibilities for s.vstematic error that are not present in 
comparing results given by different elements in the 
same assembly. 

It is concluded that the precise data of .\ssembly 5, 
and the overall consistency of the data on the other as
semblies, particularly that on Assembly 4Z, demon
strate that the expansion effects in the assemblies for 
the reduced densit.v oxide samples are relativcl.v small, 
and that their magnitude has been accurately estab
lished. The set of experiments therefore represent a re
liable reference against which calculations of the U-235 
Doppler effect for spectra typical of large dilute power 
reactors can be checked. 
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I I I - 4 . D o p p l e r E f f e c t M e a s u r e m e n t s i n C H z - S o f t e n e d S p e c t r a ; 
Z P R - 9 A s s e m b l i e s 13 -17 

R. POND and C. E. TILL 

INTRODUCTION 

Assemblies 13-17 comprised a series of zoned cores 
with progressively softer spectra, designed primarily 
to investigate the systematics of the Doppler effect 
of U-235. Previous measurements done in spectra 
typical of large dilute power reactors had shown the 
l'-235 Doppler effect to be a factor of two or three 
less than theory predicted.* The measurements had 
been done in several different assemblies with approxi
mately the same spectra, and while some discrepancies 
exist between the various measurements, the disagree
ment with theory is far outside the measurement 
precision. A discussion of the general problems of 
fissile Doppler effect measurements and the data from 
the large dilute fast reactor mockups are given in 
other papers in this report (see Papers III-2 and I I I -
3), and comparisons with theory are discussed in 
Ref. 1. 

Assemblies 13-17 were designed to have the follow
ing characteristics: (a) A large fraction of the U-235 
Doppler effect came from the energy range in which 
the U-235 resonances are resolved. The contribution 
to the Doppler effect from the unresolved resonance 
range stayed almost constant from core to core, 
whereas large changes took place in the resolved range 
itself. The intent was to focus experimental attention 
on the resolved resonance region, to reduce interpre-
tational uncertainty accompanying statistical aver
aging techniques, (b) The Doppler effect was very 
sensitive to the relative magnitudes of the source and 
sink terms making up the fissile element Doppler ef
fect. The source and sink terms in these assemblies 
were almost equal, and the net Doppler effect in each 
assembly was therefore very sensitive to the precise 
balance. The intent was to make the measurements a 
sensitive test of how well the balance is being calcu
lated, and to allow a reasonable attempt at identifica
tion of the area in which the calculational error lies, 
(c) The signal was very substantially increased due to 
the overall softening of the spectrum, so that changes 
in the Doppler effect from core to core were large com
pared with the statistics, (d) The magnitude of the 
Doppler effect was large compared with the expansion 
effect. The systematics of the reactivity effect of sample 
expansion are such that increasing the Doppler energy 
fluxes and adjoints in these assemblies reduces the ex
pansion effect overall, and reduces it very substantially 
relative to the Doppler effect itself. 

In addition to the information on the U-235 Doppler 
effect, measurements of the Doppler effect of U-238 
were done, giving further information on this effect, 
and in particular, showing the changes in the tempera
ture dependence of the U-238 Doppler coefficient as 
the spectrum softens. The measurements on each as
sembly included reactivity worths of a range of mate
rials, as well as the critical mass information which is 
automatically provided. 

This paper describes the assemblies and the experi
mental data only, since analysis of the experiments is 
not complete. 

DESCRIPTION OF ASSEMBLIES 13-17 

The first of these assemblies. Assembly 13, was a 
relatively simple modification of Assembly 12. The 
latter assembly was the last of the zoned versions of 
the full-scale mockup of a large dilute carbide fast 
jiower reactor. Assembly 5 of ZPR-6. (For a descrip
tion of Assembly 12 see Paper I I I - U and for Assem
bly 5 of ZPR-6 see Paper III-6.) The modification of 
A.ssembly 12 to convert to Assembly 13 was an addi
tion of 8.7 volume percent of polyethylene to the test 
zone. (Some graphite and depicted uranium making up 
the 8.7 volume percent was removed to make room for 
the polyethylene.) Assemblies 14-17 in turn were mod
ifications of Assembly 13, in which graphite was .•sys
tematically substituted for depleted uranium in the 
test zone, keeping all other compositions constant. The 
buffer, driver and reflector zone compositions were 
identical to Assembly 12 in .Assemblies 13-16. Assem
bly 15 was constructed briefly in the process of building 
Assembly 16 but no measurements were made on it. 
Assembly 17 was built in two versions, denoted 17 and 
17Z. Assembly 17 was a uniform core assembly, with
out driver or buffer regions. -Assembly 17Z was a small 
zoned version, in which the composition of As.sembly 
17 was present only in a 15.57 cm radius zone at the 
center. In turn, this was surrounded by Assembly 16 
test zone composition material out to a radius of 25.87 
cm, and the driver, buffer and reflector compositions 
were identical to the previous assemblies. Table III-4-
I gives the material compositions for each of the as
semblies and Table III-4-II lists the dimensions and 
measured critical masses. 

EXPERIMENTAL DETAIL 

The Doppler measurement methods and techniques 
were generally similar to those described in Ref. 1 (see 
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TABLE 111-4-1. MATKHIAL COMPOSITIONS FOB 

Type of Zone Material 

Core of .\s8y. 12 
Core of Assy. 13 
Core of Assy. 14 
Core of Assy. 15 
Core of Assy. 16 
Core of Assy. 17 
Buffer 
Driver 
Depleted reflector 
Steel reflector 

ZPll-9 ASSEMBLIES N O S 12-17 INCCUSIVKI.Y 

Atom Densities, 
(atoms/cm') X 10" 

Fe 

1 

0,009080 

0,008829 
0.010643 
0.004256 
0.077772 

Ni 

' 0.001148 

0,001116 
0,001346 
0,000638 
0,000891 

Cr 

0.002693 

0.002620 
0.003038 
0.001216 
0.002036 

Na 

0.009028 

0.003917 
0.007833 

— 
— 

C 

0.012986 
0.014920 
0.016363 
0.017806 
0.019249 
0.027906 
0.034630 
0.012986 

— 
— 

U-235 

0.001547 
0.001541 
0.001639 
0.001637 
0.001536 
0.001525 
0,000020 
0,006784 
0.000083 

— 

U-238 

0.010633 
0.007389 
0.006680 
0.005771 
0.004963 
OOOOIIO 
0,009704 
0,005335 
0,040034 

~ 

H 

— 
1 
( 0,006764 

J — 
— 
— 
— 

TABLE 1114-11. REACTon D 

Assembly 
No. 

12 
13 
14 
16 
16 
17Z 

17 

IMENSIUNS FOR 

ASSEMBLIES NOS, 12-17 INCLUSIVELY 

Zone Radius, 
cm 

Core' 

26,87 
25,87 
25,87 
25,87 
25,87 
15,57, 
25,87 
27,46 

Buffer 

] 

32.61 

J — 
— 

Driver 

40.83 
37,85 
37.36 
36.97 
36.62 
36.16 

— 

De
pleted 

Re
flector 

62.43 

Steel 
Re

flector 

80.00 

ZPR-9 

Mass, 
kg 

579.6 
402.8 
374.1 
362.9 
333.1 
250.8 

126.7 

"Nominal 116 kg U-236 in 26.87 cm core region. 

also Paper I I I -3) . In the U-235 measurements re
ported here two types of samples were used, both UO2, 
one in which the expansion was constrained and the 
other in which free expansion was allowed. The U-238 
sample was freely expanding. The reactivity measure
ment technique was similar to that described in Ref. 1, 
involving the use of a calibrated auto rod. The rod 
used in this work differs somewhat from that used for 
the work described in Ref. 1; in this work the rod was 
a tapered boron-filled rod extending through both 
halves of the reactor, designed for linearity over its 
full travel. 

The reactivity worth measurements on various ma
terials were made using a sample changer and repeated 
period measurements similar to the work reported in 
Ref. 2. 

RESULTS 

The results of the Doppler measurements are given 
in Table III-4-III and the reactivity worth measure

ments are given in Table III-4-IV. To illustrate the 
progressive change in the Doppler effect from assem
bly to assembly, the U-238 Doppler effect measure
ments are plotted for each of the assemblies in Fig. 
III-4-1, and the U-235 Doppler effect, as measured by 
the freely expanding sample, in Fig. III-4-2. The re
sults shown in Fig. III-4-2 are not corrected for expan
sion effects, but as perusal of the data in Table III-4-
III will show, expansion effects in these assemblies are 
a small fraction of the total reactivity change due to 
heating. 

The effects of the systematic changes from assembly 
to assembly are to reduce the reactor absorption in the 
Doppler energy range, causing both the flux and ad
joint to increase in this energy region. The effect of 
this on the Doppler coefficients is to increase the U-238 
Doppler coefficient and to decrease the U-235 coeffi
cient. The latter effect arises because the increase in 
the Doppler energy adjoint weights the absorption 
term in the fission-absorption balance more heavily, 
outweighing the increase in the flux itself, and leading 
to a decrease in the U-235 Doppler coefficient from as
sembly to assembly. 

The increase in the U-238 Doppler effect shown in 
Fig. III-4-1, acts as a monitor of the increase in the 
Doppler energy flux because the flux changes are con
siderably larger than the adjoint changes. The in
creases shown in Fig. III-4-1 are not entirely due to 
flux and adjoint charges however because the pertur
bation normalization also changes from assembly to 
assembly. Change in this quantity leads to changes in 
the measured U-238 Doppler effect in the same direc
tion as that due to increased Doppler energy fluxes, 
and this factor is also present in Fig. III-4-1. 

The progressive decrease in the U-235 coefiicient 
shown in Fig. III-4-2 demonstrates the way the in
creased adjoint outweighs the effect of the increased 
Doppler fluxes. The results shown in Fig. III-4-2 also 



.\ssembl\* 

13 

13 

13 

14 

14 

14 

16 

16 

16 

17Z 

17 

17 

17 

Element'' 

N l 

IIE-8 

HE-9 

NI 

HE-8 

HE-9 

NI 

N l 

HE-8 

HE-8 

IIE-8 

HE-10 

Nl 

(Type)-

(FE) 

(FE) 

(NNE) 

(FE) 

(FE) 

(NNE) 

(FE) 

(FE) 

(FE) 

(FE) 

(FE) 

(NNE) 

(FE) 

»K 

293 
877 

294 
881 

293 
590 

288 
898 

291 
899 

292 
589 

292 

291 
1079 

291 
710 

292 
1089 

293 
709 

293 
609 

294 
755 

TABLE II1-4-I11. E.XPERIMENTAL DoPPLER R E S U I . T S 

.Average Temperature, .\\erage Reactivity Worth, Standard Deviation of 1 

Ih/kgU« 

0.0 
-1 .618 

0.0 
4-0.601 

0.0 
4-0.283 

0.0 
-1 ,710 

0.0 
4-0.652 

0.0 
4-0.286 

0.0 

0.0 
-2 ,314 

0,0 
4-0.281 

0.0 
-0 .702 

0.0 
-0 .483 

0.0 
-0 .467 

0.0 
-2 .605 

irlh/kgU^ 

0.010 
0.005 

O.OOI 
0.002 

0,004 
0.003 

0.005 
0.003 

0.004 
0.002 

0.005 
0.003 

0.002 

0.003 
0,004 

0,004 
0.003 

0.006 
0.003 

0.003 
0.005 

0.007 
0.007 

0.003 
0.005 

"K Ih/kgU' 

393 - 0 276 
1076 -1 .916 

420 -1-0.131 
1074 -t-0.765 

.389 • 4-0.084 
692 -1-0.386 

390 -0 .365 
1073 • -2 .082 

428 i -1-0.159 
1078 : -1-0.672 

397 -1-0,116 
703 j 4-0,382 

380 -0 ,365 

458 j -0 ,640 

409 -1-0.082 
903 ; 4-0.386 

429 [ -0 .200 

405 
898 

402 
747 

386 
902 

-0 .176 
-0 .612 

-0.20O 
-0 .693 

-0 .634 
-3 .251 

±Ih /kgU ' 

0.009 
0.010 

0.006 
0.005 

0.003 
O.0O4 

0.005 
0.002 

0.002 
0.003 

O.OW 
0.007 

0.006 

0.003 

0.002 
0.003 

O.OOl 

0.003 
0.003 

0.0O7 
0.008 

0.002 
0.008 

°K 

498 

517 

443 
893 

499 

516 
378 

466 
911 

480 

693 

601 
1076 

592 

495 
1091 

472 
900 

497 
1067 

Ih/kgU' 

-0 .590 

+0.247 

4-0.141 
4-0,632 

-0 .716 

4-0.238 
-fO.106 

-fO.160 
4-0.613 

-0 .730 

-1 .072 

4-0.153 
4-0.474 

-0 .361 

-0 .283 
-0 .732 

-0 .310 
-0 .707 

-1 .302 
-3 .936 

l̂e .\verage Reactivity 

±Ih/kgU" 

O.OIO 

0,003 

0,003 
0.004 

0.004 

0.004 
0.006 

O.OW 
O.OW 

0.009 

0.002 

0.004 
0.002 

0.0O4 

0.003 
O.0O5 

0.007 
0.009 

O.OCM 
0.008 

"K 

715 

008 

488 
1070 

681 

668 

507 
1057 

688 

882 

688 

813 

596 

521 
1048 

016 

Worth 

Ih/kgU' 

-1 .160 

4-0.407 

4-0.181 
4-0,634 

-1 ,217 

4-0,375 

4-0.211 
4-0.601 

-1 .368 

-1 .856 

4-0.212 

-0 .526 

-0.3&I 

-0 .379 
-0 .796 

-1 .937 

i l h / k g U ' 

0.009 

0,002 

0.003 
0.007 

O.OO! 

0.003 

0.004 
0.004 

0 004 

0.005 

0.002 

0.005 

0.004 

0.007 
0.010 

0.007 

• Assembly 13: 1',, i*-/*- = 437.85 Ih, 
Assembly 14: 1% Ak/k = 435,69 Ih, 
Assembly 16: 1% Ak/k = 428,07 Ih. 
Assembly I7Z: 1% Ak/k = 415.19 Ih. 
Assembly 17: 1% Ak/k = 391.78 Ih. 

' N l : 1.26629 kg DO,; 1.11623 kg U; 1.10818 kg U-238i 0.00799 kg U-23o. 
HE-8: 1,03768 kg UOi; 0.91328 kg U; 0.01012 kg U-238; 0.89187 kg U-2:i5. 
HE-9: 0.91219 kg UO.; 0.80119 kg U; 0.00891 kg U-238; 0.78534 kg U-2.35. 
llE-10: 0.91560 kg UO.; 0.80710 kg U; 0,00894 kg U-238; 0,78818 kg U-2:i5, 
HE elements w/o U: U-234, 1,026%; U-236, 97.656%, U-236, 0.209%,; U-238, 1.108%. 
Nl elements w/o U: U-234, O.C057% ; U-235. 0.7158%; U-238, 99.2785%. 
I ' '—Iiihonrs per kg of predominate titanium isotope. 

" YV.: Freely expanding UO2 element 1 X 12 in. pellet cylinder. 
NNI']: Non expanding UO2 element 1 X 12 in. powder cylinder (total axi;d Constr;iint and limited radial constraint). 

file:////erage
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Ml) 

Ni 
Fe 
Be 
C 
Al 
Na 
W 
Ta 
B 
Poly 
Poly 
SS 

Sample 

SS can 
B,C 
Depl ;ted uranium 
AI can 
Enric 
Enric 
Enric 
Pu 

Pu 

hed uranium 
bed uranium 
hed uranium 

Weight, 
g 

598.8 
546.1 
484.3 
114.3 

TABLE III-4-IV. REACTIVITY WORTH MEASUREMENTS 

Can Weight, 
8 

102.0 1 
167.1 
61,39 

1108, 
924,7 

75,2 
58,988 
13,70 

481,0 
72,38 
59.62 

1166, 
26,36 
18,II« 
18,24« 
18.17« 

119,241 

121.55' 

56.42 

27.54 
20.6 

72.32 

64.70 

72.38 
72.34 
72.34 
22.27 
6.85 

19.77 
7.05 

(SS) 

(SS) 
(SS) 

(SS) 

(SS) 

(SS) 
(SS) 
(SS) 
(SS) 
(Al) 
(SS) 
(Al) 

Assembly 12'", 
NetIh/kg 

-8 .069 ± 0,017 
-2 .992 ± 0.018 
-2 .110 ± 0,021 

4-12,20 ± 0,09 
4-1,578 ± 0,109 
-2 ,661 ± 0,060 
-1 ,376 ± 0,200 
-7 .340 ± 0.009 

-17,982 ± 0,016 

— 
4-443,40 ± 0,25 

— 
-2 .364 ± 0.021 
-2 .642 ± 0.138 

— 
-4 .674 ± 0.009 

— 
4-70,12 ± 0,881' 

— 
— 

4-93.05 ± 1.68' 

Assembly 13'°', 
NetIh/kg 

-19 .41 ± 0.06 
-11 .80 ± 0.03 
-6 .186 ± 0,03 
4-39,20 ± 0,06 
4-10,62 ± 0,04 
-1 ,143 ± 0,160 
-1 .323 ± 0.720 
-23.07 ± 0,32 
-49 ,04 ± 0,38 
-824 . ± 6. 

4-436.65 ± 0.08 
4-469.0 ± 3.1 
-7 .968 ± 0.029 
-8 .994 ± 0.041 
-713 .2 ± 6.9 
-8 .610 ± 0.006 

— 
— 

4-134.6 ± 0.5'' 

— 
~-

Assembly 14''i', 
NetIh/kg 

-20 .28 ± 0,00 
-11 ,99 ± 0,02 
-6 ,084 ± 0.016 
4-46.13 ± 0.11 
4-13.66 ± 0,08 
-0 .325 ± 0,006 
4-0,108 ± 0,(M9 
-27 ,63 ± 0,32 
-57 .58 ± 0.38 
- 9 7 6 . ± 3. 

4-487.39 ± 5,93 
4-512,2 ± 3.1 
-8 ,059 ± 0,004 
-9 ,600 ± 0,034 
-767 ,0 ± 6,9 
-8 ,911 ± 0.012 

— 
— 
— 

4-137.4 ± 0.3' ' 

Assembly 16*"', 
Net 

-21,43 
-12,79 
-6 ,040 
4-66,89 
4-17,74 
4-0,993 
4-1,693 
-30 ,01 
-62 .16 
-1090 

+488.2 
+660.1 
-8 .281 
-9 ,837 
-837 ,1 
-9 ,191 
+ 1.328 

+ 143,6 

— 
— |4-199,0 

Ih/kg 

± 0,01 
± 0,00 
± 0,002 
± 0,03 
± 0,01 

Assembly 17'", 
NetIh/kg 

-24 ,87 ± 0.12 
-14 .44 ± 0.01 
-3 .494 ± 0.008 

+128.69 ± 0.03 
+48.81 ± 0.31 

± 0,000' +10.64 ± 0.04 
± 0,078 +13.90 ± 0..33 
± 0.32 
± 0.38 
± 6 
± 3,9 
± 0,9 
± 0,019 
± O.l l l 
± 6.9 
± 0.001 
± 0,076 

— 
— 
± 0,0'' 

— 

-42 ,19 ± 0,32 
-89 ,23 ± 0.38 
-1660 ± 6 

+707.8 ± 4,2 
+905,7 ± 1,3 
-7 ,029 ± 0.023 
-8 .635 ± 0,290 
-1295, ± 6, 
-11 ,88 ± 0.04 
+ 10.85 ± 0.27 

— 
— 

+ 135,0 ± 0,7'' 

_ 
± 2,0' I +228,1 ± 2.2' 

1 

' All samples are nominal 1 x 2 x 2 in. except the enriched uranium which is He t 
'' Assembly No. 12: 1% Ak/k = 451.2 Ih, 
• Assembly No, 13: 1%, Ak/k = 438,86 Ih, 
•> Assembly No. 14: 1% Ak/k = 435,69 Ih. 
• Assembly No. 16: \% Ak/k = 428.07 Ih, 
' Assembly No, 17F: 1% Ak/k = 391.78 Ih. 
• 93.2 w/o U.236. 
1' Uranium mixture. 
I O.OI w/o Pu-238; 95.05 w/o Pu-239; 4,48 w/o Pu-240; 0,45 w/o Pu-241; 0.01 w/o Pu-242 
1 Plutonium mixture. 

X 2 ill, and the Pu which is '4' x 2 x 2 i 

- 4 0 

SIZE OF DATA POINTS 
NDICATES EXPERIMENTAL 

PRECISION 

200 

+ 0,8 

400 600 800 1000 

SAMPLE TEMPERATURE. 'K 

Fio. III-4-1. U-238 Doppler EfTect Measurements on As
semblies 13, 14, 16, and 17, ZPR-9. ANL Neg. No. 112-9394. 

SIZE OF DATA POINTS 
INDICATES EXPERIMENTAL 
PRECISION 

400 600 800 1000 
SAMPLE TEMPERATURE, 'K 

F I O . III-4-2, U-236 Doppler Effect Measurements on As, 
semblies 13, 14, 16 and 17 of ZPR-9, .iNL Neg. No. 112-9396. 
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include the change in the perturbation normalization. 
The effect of this factor in this case is to decrease the 
apparent change in the Doppler effect from assembly 
to assembly where the Doppler effect remains positive, 
and to exaggerate the magnitude of the change some
what in the assemblies where the U-235 Doppler co
efficient turned negative. (Approximate ratios of the 
perturbation denominators relative to Assembly 13 are 
1.028, 1.097, 1.400 for Assemblies 14, 16 and 17, re
spectively. 

The effect of including this factor would be to shift 
the curves somewhat relative to one another but not to 
change the general characteristics of the results. 

The results demonstrate very clearly the sensitivity 
of fissile element Doppler effects to the reactor adjoint 

spectrum. The increase in the Doppler energy flux, for 
example, from Assembly 13 to Assembly 17 was only 
fractional, -while the U-235 Doppler coefficient reversed 
sign, changing from strongly positive in the first as
sembly to strongly negative in the final one. 
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III-5. Comparison and Analysis of Theoretical Doppler Coefficient 
Resul ts For Fast Reactors' 

R . N . HWANG and K. OTT* 

INTRODUCTION 

During the past few years there has been a great deal 
of theoretical work done on Doppler effect studies for 
large fast reactors. Refined methods of calculating the 
Doppler coefficient of a fast system have been de
veloped. Simultaneously, our knowledge of resonance 
data has been significantly improved. Thus, good agree
ment among the Doppler coefficients a.s calculated by 
different laboratories for identical reactor systems has 
been realized. An extensive comparison proposed by D. 
Okrent' was presented in 19()5. Ten different labora
tories contributed their independentl.v calculated Dop
pler coefficients for various systems. Comparisons of the 
Doppler coefficient results showed surprisingly large dis
crepancies. The discrepancies were the differences be
tween the respective results and the median value de
fined as the average over the results obtained by all 
laboratories. The discrepancies ranged from about 
— 85% to + 6 0 % of the median value. Such disagree
ment was certainly unsatisfactory and demanded fur
ther consideration. 

These comparisons were based on the Doppler coeffi
cients at a given temperature. Undoubtedly, still larger 
dis<:repancies will be expected at other temperatures of 
practical iniptirtance. Kor fivst reactor studies, the tem-

• On leave from Kerforschuiigszeiil nun, Karlsruhe, (ler-
many, within Ihc framework of the USAEC-EUliATOM Sci
entist Exchange Program. 

perature range of practicjil interest varies from room 
temperature to about 3f)00°K. The Doppler coefficienl, 
may vary by a factor of 30 or more within this tempera
ture range, especially when a sharp rise in temperature 
is accompanied by loss of sodium. Hence, the incorrect 
prediction of the temperature behavior of the Doppler 
coefficient in the normal operating temperature range 
may lead to much more serious errors in the event of a 
power excursion. For this reason, R. Froelich, et al.' 
have carried out a more detailed comparison in which 
not only the magnitude but also the temperature be
havior of the Doppler coefficients as obtained by two 
independent calculations was considered. The latter 
comparison, however, led only to preliminary conclu
sions. In recent experiments,*' the temperature be
havior of the Doppler reactivity has been under serious 
consideration. However, l/T fitting for the U-238 
Doppler coefficient was used exclusively. The use of 
l/T fitting is believed to be inconclusive since the 
temperature behavior of the Doppler coefficient is 
characterized by the spectrum of a particular system 
under consideration. Furthermore, a different tempera
ture distribution, ( 1 / 7 ) ' ' for instance, may give just 
as good a fit to the nie;i.sured values as i/T, within 
the limit of experinientul errors and the liniilcil (oni-
perature range considered. 

The purpose of this paper is to extend the riini|i:in 
son of at least two independent results into i;r(';iici-
detail. In this comparison the temperature, cnert;.\, 
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TABLE III-5-I, .\TnMir CoNri:.NTnAriON8, atoms/cc 

Case 

1 
2 
3 
4 

y 

9,0 
7,0 
5,0 
2,5 

Pu-239 

0,00072 
0,00090 
0,0012 
1.00206 

U-238 

0.00648 
0.0063 
0.0060 
0.00514 

Na 

0,0123 
0,0123 
0,0123 
0,0123 

SS 

0,011 
0,011 
0,011 
0,011 

0 

0.0144 
0.0144 
0.0144 
0,0144 

and eiiriohnieut dependence of the Doppler coefficient 
has been carefully examined. It is believed that the 
results of this comparison will give some indication of 
possible causes responsible for the large discrepancies 
mentioned previously. In particular, it will be 8hoi\'n 
that two independent calculations with the best avail
able data and methods as carried out at Argonne Na
tional Laboratory and Kernforschungszentrum, Karls
ruhe, give excellent agreement. 

GENERAL DESCRIPTION OF THE COMPARISON 

For convenience, some bare systems typical of fast 
reactor compositions as proposed by Okrent^ were 
again used in the present work. To further simplify 
the probleni, the simplest cases with no Pu-240 and no 
fission jjnjducts present were chosen for the reactor 
composition. Table I I I -5J gives the concentrations in 
atoms per cc for the constituents of the systems under 
consideration. The fertile-to-fissile ratios y were taken 
to be 9.0, 7.0, 5.0 and 2.5, respectively. 

In the present work, a much more detailed compari
son of the Doppler coefficients of these four bare sys
tems calculated independently at Argonne National 
Laboratory and at Karlsruhe are given. In addition, 
two other results calculated in the following manner 
are presented along with ANL and KFK results: 

(1) Calculations were based directly on ABN group 
constants,^ using original ABX self-shielding factors. 

(2) Spectra were based on ABN group constants 
but the temperature derivatives of reaction cross sec
tions dZf/<)T and d'ZjdT calculated with the Karlsruhe 
Doppler Program were used. The ABN set is used with 
original \/E weighting in all groups. The former will 
be referred t<) as ABN results whereas the latter will 
be referred to as ABN-KFK results in the later dis
cussions. 

RESULTS AND CONCLUSIONS 

Tables III-5-II through III-S-IV sum up the nu
merical results obtained at ANL and KFK, respec
tively, using group constants of three different origins. 
Both accidental and the self-overlap effect of resonance 
of fis.sile and fertile isotopes were taken into account in 
all three calculations. Tables IIL5-III and III-5-IV 
show values of dk/dT at 300°K and 900°K, respectively, 
for four different systems. Excellent agreement be

tween ANL and KFK values was observed for all cases 
considered. ABN-KFK values were generally higher 
than both ANL and KFK values. 

Figure III-5-1 shows the variations of a:-valucs as a 
function of the fertile-to-fissile ratio y, with x being 
defined as the exponent in the temperature law; that is, 

dj<^ 

dT 
C_ 

The quantity x is a measure of the temperature be
havior of the Doppler coefficient. I t has been shown 
in Ref. 2 that the .r-values calculated at various labora
tories are generally in poor agreement. A small error in 
either the Doppler broadened cross sections or the 
Doppler reactivity change may significantly affect the 
3:-values. In other words, good agreement in 5k or 
dk/dT at a given temperature may not insure that the 
a:-values will agree. Poor agreement in the j;-values 
implies that the calculated Doppler coefficient for 
extremely high temperatures will be considerably 
different.^ 

Agreement in 3:-values between ANL and KFK re
sults is generally good, but certainly not as good as 
those in dk/dT. For comparison, x-values calculated 
from ABN spectra and ABN reaction cro.ss sections 

TABLE III-5-II. Sk V.̂ LL-ES CALCULATED AT ANL 

Case 

1 
2 
3 
4 

y 

9,0 
7,0 
5,0 
2,5 

ek, 
75O-30O°K 

-0.01494 
-0,009578 
-0,005073 
- 0 001092 

Sk, 
IIOO-750°K 

-0,006062 
- 0 003906 
- 0 002022 
-1), 000406 

TABLi: i n - 5 - l I l 
\dT/ .»."K 

Case 

1 
2 
3 
4 

y 

9,0 
7,0 
5,0 
2.6 

ANL, 
I0« 

-17 ,13 
-10 ,99 
- 5 , 8 2 
- 1 , 1 8 

KFK, 
10' 

-16,.59 
-10 .89 

- 5 , 8 3 
- l , 2 r , 

ABN-KFK, 
10' 

-18,89 
- 1 2 ri3 
- 6 . 9 2 
- 1 6(1 

TABLE III-6-1V. ^ IV. f * ) 
\dTj '"'K 

1 

2 
3 
4 

9.0 
7.0 
6.0 
2.6 

ANL, 
10* 

-54 .92 
-35,21 
-19 ,25 

- 4 , 3 7 

KFK. 
10' 

-63..30 
-.36,70 
-19 ,80 

- 4 55 

ABN-KFK, 
10' 

-61 ,78 
-42,,58 
-24.37 
- 6 24 

file:///TnMir
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are also included in Fig. III-5-1. Significant di.screp-
ancies, not only in magnitude but also in the general 
variation of i-values, are found when ABN results are 
considered. If one asstinies that two independent cal
culations give identical values of dk/dT at room tem
perature, the discrepancy of 0.5 in the x-value implies 
a deviation of (10)° ' = 3.16 in dk/dT at SOOCK be
tween the two calculations. It is interesting to note 
that X is also extremely sensitive to small effects, such 
as p-wave contributions and overlap effect of U-238 
resonances. These effects will not only significantly 
change the magnitude of x but also change the slope 
of X with respect to y as indicated in Fig. 1II-5-1. I t is 
believed that the differences in Pu-2.39 resonance 
parameters which determines the relative contribution 

1.40 

1.30 

1.20 

I.IO 

1.00 

0.90 

0.80 

-

— 

: 

1 1 1 1 1 1 1 1 1 

A B N - K F K 

ANL (P-WAVE AND OVERLAP) 

-!i>;::rrr---
ANL (NO P-WAVE AND NO 

OVERLAP) 

1 1 1 1 1 1 1 1 , 

2 4 6 8 10 
FERTILE-TO-FISSILE RATIO, y 

Flo. III-6-1. X versus Fertile-to-Fi.ssile Katio. ANL Neg. 
No. 112-7669 Rev. 1. 

''IT 

- ,-

r 
r 1 
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J 

1 
1 

1 l l l l l l l 

y - 9 0 

T=900 'K 

dk _ r.)k|u,T) 

dT J dT 

ANL 
- - - KFK 

- - ABN-KFK 

\z:i-

1 1 1 1 1 1 1 1 

— 

du 

., 

' ^ \ - n T r 

'9 4 

100 
ENERGY, kev 

F I Q . III-5-3. Group-wise Doppler Coellicieiit at 900°K 
for y - 2.5. ANL Neg. No. 112-7511. 

ENERGY, k e v 

FIG, 1II-5-2, (Iroiip-wise Doppler Coeliieient at 900°K 
for ;/ = 9,0, .4.'V/, Neg. No. 112-7610. 

F I G . 111-54. Group-wise Dojipler Coefiicient at 300°K 
for ,1/ = 0.0. ANL Neg. No. 112-7676 Rev. 1. 
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FIG. I1I-5-6. Group-wise Doppler Coefficient at 300°K for 
y = 2.5. ANL Neg. No. 112-7176 Rev. 1. 

of the positive component may also cause discrep
ancies in x-values. 

The excellent agreement between ANL and KFK re
sults in total dk/dT may be somewhat deceiving be
cause larger discrepancies in the "localized" values of 
dk(u,T)/dT might compensate one another over the 
large energy span under consideration. In order to 
investigate the question further, a detailed study of 
the calculated Doppler coefficients has been carried 
out on a group-wise basis. 

Tw ô extreme cases with y = 2.5 and y = 9.0, re
spectively, were examined. Since the multigroup energy 
boundaries used at ANL and KFK are entirely differ
ent, the following comparison is made of dk(u,T)/dT 
per group lethargy width. Figures III-5-2 and III-5-3 
show the variations of (dk(u,T)/dT)aoo°K per unit 
lethargy for y = 9.0 and 2.5, respectively. The total 
dk(u)/dT is equal to the area under the histogram. 
The agreement between the ANL and KFK results 
is exceedingly good for all energy groups. Small dis
crepancies in each energy group may be attributed to 
the differences in the localized flux and adjoint flux, 
and also in the relative magnitude of Pu-239 contri
bution. Relatively larger discrepancies were found 
when ABN-KFK values were considered. The devia
tions of ABN-KFK from both ANL and KFK values 
are remarkably higher for the case oi y — 2.5. Figures 
III-5-4 and III-5-5 show the variations of dk(u,T)/dT 
at 300°K. KFK values are not available for this tem

perature. Again much larger discrepancies (Figs. III-5-2 
through III-5-5) seem to suggest that the Pu-239 
component of dk(u,T)/ST in ANL values may have 
been higher than the KFK values below 1 keV. Better 
agreement would have been possible if the same set of 
plutonium parameters were used in both calculations. 

From the results discussed in the preceding section, 
one is led to the following conclusions: 

1. Excellent agreement between ANL and KFK re
sults was observed in 

(a) criticality calculations 
(b) spectra 
(c) toi&\ dk(T)/dT 
(d) temperature dependence of dk/dT (in terms 

of X values) 
for all systems under consideration. IVIaximum dis
crepancies in the critical bucklings and the total dk/dT 
for all systems under consideration are 8.39% and 
6.5%, respectively. Agreement in the spectra calcula
tions are equally good except for the energy region at 
and near the sodium resonance, due to the difference 
in treatment of the resonance shielding effect for light 
scatterers. 

2. Reasonably good agreement between ANL and 
KFK results were found also in group-wise dk(u,T)/dT 
for all systems. Small discrepancies in x and dk(u,T)/dT 
were believed to be attributed to the difference in 
Pu-239 contributions and the "localized" difference in 
flux and adjoint flux. Better agreement might be pos
sible if the same Pu-239 resonance parameters had 
been used. 

For two completely independent calculations of this 
type, the agreement between all ANL and KFK re
sults, in general, may be considered to be exceedingly 
good. The authors are inclined to believe that such 
good agreement is not at all coincidental, but rather is 
a consequence of the use of the best available data and 
w êll developed computational techniques. In our opin
ion, the discrepancies in the previous comparisons may 
be caused by the use of older data or less accurate com
putational methods in preparing group constants as 
well as the manner in which the Doppler broadening 
of the reaction cross sections was treated. 
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III-6. Measured Physics Parameters in a Large Uranium Carbide Fast Core, 
Assembly 5 ZPR-6 

R. A. KARAM, L . R . DATES, E . GROH, W . Y . KATO, R . A. LEWIS, 

G. MAIN, J. E. MARSHALL, G . K . RUSCH and C. TILL 

INTRODUCTION 

Assembly o of ZPR-6 wa.s a 2600-liter uranium car
bide core. It was the reference assembly for the zoned 
cores [Assembly 4Z of ZPR-6'" and Assemblies 11 and 
12 of ZPR-9 (Ref. 2 and Paper III-8)] that have been 
built. Two objectives were associated with Assembly 5; 
namely, to obtain integral data which are characteristic 
of large carbide systems and which provide important 
checks on the theoretical methods used to analyze such 
systems and to verify the zoned core concepts by com
paring predicted physics parameters for Assembly 5 
from measurements in the zoned cores. 

The experimental program consisted of measuring 
the following parameters: 

1. critical mass, 
2. heterogeneity effects, 
3. sodium-void effects, 

a. effect of sodium removal on the absolute fission 
rates in U-235 and U-238 and absolute capture 
rates in U-238, 

b. loading pattern effects on and traverses of the 
sodium-void cofficient, 

c. streaming effects on the sodium-void coefficient, 
d. effect of varying the concentration of U-238 on 

the sodium-void coefficient, 
e. heterogeneity effects on the sodium-void coeffi

cients, 
4. Doppler effects, 
5. central worth measurements, 
6. spatial distribution of the importance of fission 

neutrons and the normalization integral of the 
perturbation expression, 

7. determination of the decay constants of the 
prompt neutron chains by pulsing the assembly 
with a neutron source generator, 

8. noise analysis with polarity correlation for deter
mining Rossi-a. 

Measurements of the neutron spectrum, die-away 
with pulsed experiments, and noise analysis are reported 
elsewhere (see Papers III-9, IIMO, III-Ki, V-12) and 
will not be considered further in this report. At the time 
of reporting the analysis of the data was not completed 
and therefore all calculations reported here should be 
considered preliminary. Verifications of zoned cores 
have been reported previously' ^ 

SPECIFICATIONS OF ASSEMBLY 5 

Assembly 5 of ZPR-6 was a relatively large, dihite 
uranium carbide core. It was essentially a simple two-
region system with cylindrical configuration, l-igure 
III-6-1 is a schematic diagram of Asseml)ly 5 with all 
appropriate dimensions. The radial dimension of the 
core. Re, and the total radial dimension of th(; core and 
reflector, Rt, were those of circles whose areas are 
equivalent to the cross sectional areas of the core and 
the core and reflector. 

The presence of the gap, shown in Fig. HI-6-1 in the 
axial reflector, is due to a safety feature of the ZPR-6 
and -9 facilities^ which retiuires that a space be provided 
at the end of the drawers for the expansion of the f\iel 
plates in case of a minor excursion. This space in As
sembly 5 was 1.07 cm. The materials in a drawer are 
held toward the front (mid-section of the split table 
facility) by the action of a steel spring. 

The concentrations of the various materials in As
sembly 5 are given in Table III-6-I. The concentration 
of U-235 shown in Table III-6-I is based on the use of 
}ie-m. (0.159 cm) thick plates having enrichment of 
93%. The supply of such plates available was not 
enough for Assembly 5 and, therefore, double columns 
of 3̂ 32-111. (0.079 cm) and 0.026-in. (0.066 cm) thick 
plates were used in some of the drawers near the periph
ery of the core. The use of such plates resulted in a 
lower concentration of U-235 by 7 7o. Figure III-6-2 
shows a cross-sectional view of Assembly 5 as loaded. 
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TABLK IU-6-I. ATOMIC DENSITIES I.N ASSEMBLY 5 

Material 

0-235 
U-238 
Na 
C 
Fe 
Ni 
Cr 

Concentrations, 
atoms/cc X W 

Region 

Core 

O.OOIM 
0.01066 
0,00920 
0.01293 
0.00904 
0.00113 
0.002386 

Reflector 

0.000081 
0.03993 
0.0000 
0.0000 
0.004322 
0.00054 
0.00114 

Gap for Spring 

0.0000 
0.0000 
OOOOO 

0 .0000 

0 .010982 

0.0009100 

0 .001953 

Concentration of U-235 in the central region was the 
same as that given in Table III-6-I and the concentra
tion of U-235 in Region 2 was 1.442 X 10=̂  atoms/cc. 
Concentrations of the other materials are given in 
Table III-6-I. Regions 1 and 2 of Fig. 111-6-2 had 
equivalent outer radii of 62.73 and 77.86 cm, respec
tively. 

Assembly 5 was loaded with a three-drawer cell pat
tern which was similar to the loading pattern of Assem
bly 4Z.^*' Figure III-6-3 shows the pattern of the three-
drawer cell of the core regions of Assembly 5. This 
pattern was slightly different from the pattern of Assem
bly 4Z, the difference being that in the latter the first 
and eighth columns of the second-drawer of Ihc three-
drawer cell were j-iQ-yn. (0.159 cm) thick plates of de
pleted uranium. These two columns were replaced in As
sembly 5 with one \g-\n. (0.318 cm) thick cohmiri of th(r 
same material. This modification in the loadings of tlie 
two assemblies was dictated by the insufficient inven
tory of 3^6-in. (0.159 cm) thick plates. Tlio loading 
pattern shown in Fig. III-6-3 will henceforth be re
ferred to as "normal pattern". 

CRITICAL MASS 

The measured critical mass of Assembly 5 for tlie 
loading shown in Fig. III-6-2, corrected for excess reac
tivity only, was 1583 kg of U-235. The relative reactiv
ity of a drawer in region 2 (Fig. III-6-2) to that of a 
drawer in region 1 was measured as a function of posi
tion with few drawers. The results from these m(;asni-e-
ments were used to obtain the critical mass of a core 
that had the same U-235 concentration in reM,ioris I ;Liid 
2. The critical mass of such a core was 1564 kg of ( '235. 
The extrapolation of the critical mass to one region in 
the core is a first-order correction; however, it is siifli-

E] D.P. CONTROL ROD 

C INSERTION SAFETY ROD 

FIG. n i -6-2 . Cross Sectional View of Assembly 5 of ZPR-6. 
ANL Neg. No. 112-9161. 
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TABLE III-O-II. CALCULATED' VALUES OF THE CRITICAL MASS OF ASSEMULV 5 OK Zl'II 0 

Cross Section Set 

224" 
801'' 
801 
801 

ZPR.6-6" 
ZPR-6^ 
ZPR-6-5 
ZPK-6-5 
ZPR-0-5 

No. of Core 
Regions 

2 
2 
2 
2 
2 
2 
2 
2 
1 

[Comments 

Calculateti aa loaded (Fig. 111-6-2) 
Calculated as loaded 

Calculated with region 2 having same 
U-235 atom density as region 1 of 
the core (Fig. 111-6-2) 

<r„ of U-238 and U-235, 

Core 

U-238 

40 
40 
40 
35 
35 
35 
25 
15 
35 

U.23S 

200 
200 

70 
78 
78 
78 
78 
78 
78 

Reflector'' 

U-238 

40 
40 
40 
15 
35 
15 
15 
15 
35 

U-235 

200 
20O 
70 
78 
78 
78 
78 
78 
78 

Crillcal Mass, 
kK 1-23,̂  

1.589 
1477 
1004 
loliU 

1545 

1539 

1454 

1300 

1.53(1 

• C a l c u l a t e d w i t h one d i m e n s i o n a l d i f fus ion C o d e 9. 

•• T h e re f l ec to r is d e p l e t e d u r a n i u m w h i c h c o n t a i n e d 0 . 2 % U-235 . 

" C r o s s s e c t i o n s e t 224 is a " w o r k h o r s e " t y p e s e t ' w h i c h w a s E l m o e a v e r a g e d for t y p i c a l l a r g e c a r b i d e c o r e s . 

•̂  C r o s s S e c t i o n se t 801 is a 2 5 - g r o u p E l m o e a v e r a g e d s e t for A s s e m b l y 5 of Z P R - 6 ( c e n t r a l r e g i o n o n l y ) . 

" Z P r t - 6 - 5 c ro s s s e c t i o n s e t w a s g e n e r a t e d b y t h e MC^ code* for A s s e m b l y 5 {cen t r a l r e g i o n o n l y ) b y R . A . L e w i s . 

ciently accurate, because the magnitude of the correc
tion is not large. 

HETEROGENEITY EFFECTS 

Table III-6-II lists some calculated values of the 
critical mass. I t is seen from Table III-6-II that the 
effective potential scattering cross sections of U-235 
and U-238 strongly influence the critical mass value. 
This effect is understandable since the effective reso
nance absorption integral is proportional to the po
tential scattering cross section, op. The accuracy with 
which tTp can be calculated for the complicated and 
hcterogeneously loaded plate-type unit cells of Assembly 
5 has never been ascertained and R. Lewis^ and D. 
Meneghetti'" have attempted to calculate Vp for U-235 
and U-238 in Assembly 5 by the equivalence relation'^ 
for the loading pattern shown in Fig. III-f>-3. Both ob
tained values (jp̂ " = 25 b and a" ' = 78 b. The calcu
lated critical mass with these <Tp values was 1454 kg of 
U-235, as may be seen from Table 111-6-11. This value 
of the critical mass is about 8 % lower than the measured 
value. The critical mass value obtained with cross sec
tion Set 224 is in best agreement with the measured 
value. This agreement, however, is fortuitous because 
the fission cross sections in Set 224 (isotope Nos. 1 and 
4) are known to be in error.'^ It is apparent, therefore, 
that the strong dependence of the critical mass on the 
potential scattering cross sections of U-235 and U-238 
requires that the limitations and validity of the equiv
alence relation should be verified. Accurate considera
tion of resonance absorption is quite important, espe

cially in the large carbide or oxide cores where tlie 
neutron spectrum is relatively soft. 

The equivalence relation, at least in principle, ac
counts for self-shielding and resonance absorption in 
materials of a unit cell. Another heterogeneity effect 
which influences the critical mass is the fast fission 
factor. This factor may be defined as the gain in reac
tivity due to neutrons whose spectrum is harder than 
the asymptotic or equilibrium spectrum. The factor 
depends on three things: (1) the physical shape of the 
fissile material, i.e., thickness and length of column; (2) 
the enrichment of the fissile material; and (3) the physi
cal separation between fissile and fertile materials. The 
thickness of the plate of fissile material contributes to 
the reactivity of the system through an increase hi the 
yield of neutrons per fission duo to fission neutrons that 
never leave the plate before causing another fission, and 
to neutrons that leave the plate and return to cause fis
sions with a spectrum that is still harder than the 
equilibrium spectrum. The length of the plate affects 
the reactivity of the system in a similar manner. An
other effect which counteracts the increase in reactivity 
due to self-multiplication is self-shielding. This effect 
depletes the low-energy neutrons in the vicinity of the 
fissile plates and thus causes a decrease in reactivity. 
Presumably this effect can be accounted for by the 
equivalence relation. Experimentally, as will be shown 
later, the reactivity of the fissile material as a function 
of thickness is a straight line indicating that the self-
shielding and self-multiplication reactivity effects cancel 
each other in Assembly 5 of ZPR-6. The calculated 
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F I O . III-6-3. Normal Loading Patterns of Three-Drawer 
Cell in Assembly 5 of ZPR-6. ANL Neg. No. 112-9277. 

values of the critical mass (Table III-6-II) should in 
principle account for the self-shielding but not the self-
multiplication effects. For this reason the calculated 
critical mass value should be slightly higher than the 
measured value. 

The fast fission factor is also affected by the increase 
or decrease in the total fissions of U-238 in the het
erogeneous system over that of the homogeneous sys
tem. In Assembly 5 the fissile material was metallic 
U-235 with an enrichment of 93%. The fertile material 
was metallic U-238 (0.2% enrichment). The graphite 
was in plate form and all three materials simulate 
uranium monocarbide fuel with an enrichment of 12.7 %. 
The number of fissions in U-238 is obviously dependent 
on the exposure of U-238 to fission neutrons and neu

trons harder than those of the equilibrium spectrum. 
Therefore, the fission in U-238 is affected by the physical 
separation between the U-235 and U-238 plates. The 
enrichment of the U-235 plates also affects the total 
fissions in U-238 because in such plates the exposure of 
U-238 to fission neutrons is maximum. Thus the increase 
or decrease in U-238 fissions because of heterogeneity is 
the quantity of interest and the magnitude of this quan
tity depends on the loading pattern. 

The problems of accounting for the various heteroge
neity effects quantitatively are not trivial. Meneghetti's 
method^^ for treating the heterogeneity effects on the 
sodium-void coefficient is a considerable step forward. 
The dependence of this method on the validity of the 
equivalence relation is decreased considerably because 
the equivalence relation is used to obtain relative and 
not absolute values of Cp . If uncertainties in the evalua
tion of <jp can be eliminated or minimized there remains 
the problem of obtaining the group dependent cross sec
tions as a function Op. This problem however is 
dependent on the basic cross section and the resonance 
parameters. Comparison (jf measurements with theory 
would then reflect or perhaps point out the problem 
areas with the basic data. 

Three different types of experiments designed to yield 
pertinent data on the heterogeneity effects were con
ducted on Assembly 5 of ZPR-6. The first type of ex
periment was designed to vary a'^p^. The second type 
consisted of cylindrical fuel elements (pellets of UC 
with proper enrichment) in type 304 stainless steel tubes 
which were surrounded with sodium. The third type 
consisted of homogeneous samples in which the UC and 
sodium and, in some cases type 304 stainless steel pow
der, were mixed together and housed in a type 304 
stainless steel can. The last two types of experiments 
feature simple geometries with which the eciuivalence 
relation can be applied with more confidence than with 
the heterogeneous plate-type loading pattern (Fig. 
III-6-3). 

VARIATION OF &^p^ 

The potential scattering cross sections of U-238 were 
varied in Assembly 5 of ZPR-6 in order to study the 
following four related effects: 

1. effect of decreasing Cp on the critical mass, 
2. environmental effects as a result of bunching U-238 

plates, 
3. effect of Cp on the absolute fission rates of U-235 

and U-238 and absolute capture rate of U-238 as 
a function of position in the three-drawer cell, 

4. effect of decreasing Op on the sodium-void coeffi
cient. 

The effect of decreasing <Xp on the sodium-void coefficient 
is discussed in the section on Sodmm-Void Effects. 
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The variation in a, , achieved by bunching the I'-238 
plates, was performed in two steps. First, the normal 
three-drawer cell loading (Fig. III-6-3) was reloaded as 
shown in Fig. III-ti-4. This step was deemed necessary 
so that the bunching of U-238, shown in Fig. III-6-.5, 
would not require any shifting in position of either the 
U-23.') plates or the sodium cans. Thus, the loading pat
tern shown in Fig. III-6-4 was the reference case for the 
loading pattern .shown in Fig. III-0-5. It should be noted 
that the spacing between the U-235 plates in the three-
drawer cell is essentially equidistant. The region in 
which the loading patterns was changed was a square 
comprising the central 9 by 9 drawers (49.72 cm) in each 
half of the reactor. At a radius of about 20 cm from 
the center of this region there were four control rods 
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FIG. 111-6-4. Reference Loading Patterns of Three-Drawer 
Cell for Bunching U-238 in Assembly 5 of ZPR-6. ANL Neg. No. 
112-9123. 

U238 
U235 
U238 

FIG. III-6-5. Bunched U-238 Loading Patterns in Three-
Drawer Cell of Assembly 5 of ZPR-6. ANL Neg. No. 112-9278. 

per half (Fig. III-6-2), etiually spaced about the center. 
The loading pattern of these control rods (or drawers) 
was the same as that of the central drawer shown in 
Fig. II1-6-3 and this pattern was maintained in all ex
periments. The number of drawers in which the loading 
patterns were changed was 77 per half. 

T H E E F F E C T OF VARYING Op ON CRITICAL MASS 

The reactivity change in the system due to the change 
in the loading pattern shown in Fig. III-(i-3 to that 
shown in Fig. III-6-4 was ( -13.4 ± 0.4) Ih for the l.'i4 
drawers involved in both halves. This reacti\'ity de
crease may be due to either a slight increase in al" 
relative to the normal loading pattern of I'ig. III-0-3 or 
an increase in the streaming through the light density 
channels of sodium. 
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TABLE l I I - 6 - i n . KE.VCTIVITY CHANGE DUE TO 

BUNCHING U 238 IN ASSEMBLY .5 OF ZPR-6 

Ri - R«<-'. 
cm 

0.0-9.35 
9.35-15.85 

15,85-21.95 
21.1)6-28,45 

No. of Drawers 

18 
32 
41 
03 

Reactivity Change*', 
Ih 

-t-17.6 ± 0.4 
-+-30.0 ± 0.4 
4-33.6 ± 0.4 
4-49.9 ± 0.4 

•/?i and R„ tin: the oqiiivalent inner and outer radii of 
cylindrical rings. 

^ The bunching in a ring was performed around a bunched 
region. 1% Ak/k = 476 Ih. 

The change in loading pattern from the reference 
case (Fig. 111-6-4) to the bunched case (Fig. III-6-5) 
was carried out in steps. The first step was a change of 
the loading pattern in the 9 central drawers per half (a 
total of 18 drawers). The second and subsetiuent steps 
were bunching the L'-238 in rings around the central 
9 drawers per half. Table 111-6-111 summarizes the ex
perimental results. The total increase in reactivity in 
this region was +131.6 Ih (0.275% Ak/k). The experi
mentally determined decrease in the critical mass 
equivalent to this reactivity increase was 51.6 kg of 
U-23o. 

The data shown in Table III-6-III are compared with 
Jl{2.40r/>r/R) distribution in Fig. III-6-6. R is the 
extrapolated radius of the system. The reactivity worth 
of a sample as a function of the radial dimension in 
cylindrical coordinates is proportional to yo(2.405r/^) 
distribution in bare reactors. I t is seen that the fit is 
reasonable over the range of measurements. If it is as
sumed that the Jo distribution is reasonable for the 
entire core then the extrapolated increase in reactivity 
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in Assembly 6 of ZPR 6. .4A'L Neg. No. 112-916S. 

due to bunching of U-238 is 218 Ih. This increase in 
reactivity corresponds to 5.6% decrease in the critical 
mass (87.2 kg). 

ENVIRONMENTAL EFFECT ON THE BUNCHIN<i OF I ' 2 3 8 

PLATES 

The environmental effect, vphich is primarily due to 
the Dancroff interaction, was investigated by: (1) 
measuring the reactivity change associated with bunch
ing the U-238 in only the central drawer of each half 
when the environment had the loading pattern shown 
in Fig. III-6-4; (2) repeating the same measurement 
with the bunched U-238 m the surrounding 8-drawer 
square ring per half, and (3) performing the same meas
urement once again with the surrounding 8 drawers un-
bunched but with a square ring (16 drawers per half) 
adjacent to the 8 drawer ring with bunched U-238. This 
square ring was one drawer away from the central 
drawer. The reactivity change due to the hunching of 

TABLP] III-6-IV. DESCRIPTION OF S.\MPLES USED IN HETEROGENEITY EFFECTS S T C I 

Sample No. 

1 
2 
3 
4 
5 
6 
7 
8 

Physical Description 

Heterogeneous* 
Heterogeneous 
Homogeneous 
Homogeneous 
Homogeneous 
Homogeneous 
Pellets 
Pellets 

U-235 

82.95 
82.95 

107.31 
108.96 
86.63 
87.86 
86.73 
87.38 

U-238 

636.78 
636.78 
739.68 
751.01 
697.08 
606.59 
597.83 
602.30 

Composition 
S 

C 

26.00 
25.00 
45.05 
45.74 
36.36 
36.88 
33.47 
33.71 

Na 

0.00 
48.00 

0.00 
34.36 
0,00 

44.44 
0.00 
42.29 

Stainless Steel 

Powder' 

49.51'< 
49.65'' 
0.00 
0.00 

60.14 
61.01 
59.96« 
59.90" 

Canb 

Z3.74 
23.74 
24.46 
43.37 
30.08 
29.08 
54.52 
54.56 

• Some samples had S8 powder (type 304) mixed with the UC and sodium, 
*> All samples were canned in SS (type 304). 
0 These samples were 1.875 x 1.875 x 1.875 in, 
•1 This quantity of SS was in the form of cans (2 x 2 x J-̂  in.) some of which were filled with sodium. 
• The SS tubes weigh about 60 g; it is not powder. 
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the two central drawers alone was (+l..')(i ± 0.08) Ih. 
The reactivity change that resulted from bunching the 
two central drawers when the .surrounding eight drawers 
per half were bunched was (+2.02 ± 0.07) Ih. The 
reactivity change that resulted from the last case was 
(+1.54 ± 0.07) Ih. These results show that the effect 
of bunching the U-238 in the eight drawers per half 
square ring adjacent to the central drawers increased 
the reactivity due to the bunching in the two central 
drawers by about 25 %. Such an etfect was totally absent 
when the l)unching was in the ring that was one drawer 
away from the central drawers. 

T H E E F F E C T OF a"' ON FISSION AND CAPTtIRE HATES 

The effect of varying Op on the capture and fission 
in U-238 and fission in I,T-235 was investigated by meas
uring these ijuantities in the loading patterns of Figs. 
III-6-4 and III-6-5. Depleted uranium foils, 5 mils thick 
by ^8 in. diam, were placed in such a manner that there 
was a foil next to every side of every plate in the three-
drawer cell. The foils were positioned at an axial dis
tance of 2 in. from the center of the core in one half of 
the assembly. The bottom edges of the foils were touch
ing the stainless steel drawers. Similarly, the U-235 
foils, 5 mils thick by ?« in. diam, were placed in the 
other half of the as,sembly at a comparable position with 
respect to the U 238 foils from the center of the core. 
The foils w-ere irradiated for one hour at about 50 W. 
Five hours after irradiation the activities of the U-238 
foils were counted as a function of time for fission frag
ments (counting gamma rays with energy above 0.41 
MeV) and for capture by counting the 106 keV gamma 
rays from excited Pu-239 in coincidence with x-rays 
protluced by internal K conversion electrons. The five-
hour waiting period was necessary to allow sufhcient 
time for the buildup of Np-239 from U-239. The U-236 
foils were counted as a function of time for fission frag
ments. After the counting, a few foils were radiochem-
ically analyzed fur the absolute number of fissions in 
the U-235 foils and the absolute number of fissions and 
captures in the U-238 foils. The radiochemical results 
were used in conjunction with the results from the 
counting techniques to obtain efficiency factors to con
vert the rest of the data to absolute numbers. The re
sults obtained with the loading pattern of Fig. III-6-5 
(bunched case) are reported in Figs. III-6-7 through 

in-6-u. 
Figure 1II-6-7 shows the ab.solute fission rates per 

gram of U-235 as a function of position in the three 
drawiT cells. The relative uncertainty in each point 
due to the inherent counting statistics is 0.2%. The 
absolute uncertainty which is based on the statistics of 
the radiochemical analysis is about 2%. It is noted 
from Fig. III-6-7 that there are more fissions in the 
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graphite regions than anywhere else and tliat the 
fission rates in the bunched U-238 are at a minimum. 

Figure III-6-8 shows the fission rates in U-238 as a 
function of position. The peaks occur in the vicinity 
of U-235 fuel plates. 

Figure III-6-9 .show.s the absolute capture rates jier 
gram of U-238. The size of the flag on the data is due 
to the error in the absolute measurements. The relative 
error is typically 0.2 7o. It may be noted from Fig. 
III-6-9 that there are considerable dips ui the cajiture 
rates within the bunched U-238. 

Figures III-6-10 and III-6-11 show the ratios of 
U-238 captures to U-235 fissions and of U-23S fissions 
to U-235 fissions as a function of position, respectively. 
It is noted that these ratios vary as much as 30% 
within the three-drawer cell. 

The fission rates of U-235 and U-238 and captuio 
rates of U-238 hi the reference loading of the three-
drawer cell (unbunched case, Fig. I1I-6-4) are given 
in Figs. III-6-12 through IH-O-U. It may be seen from 
Fig. III-6-14 that there is a decrease in c:i,pture in 
foils Nos. 7 and 31. These foils were placed between 
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F I G . III-6-13. Absolute Fission Rates Per Gram of U-238 
in Unbunched U-238 Case of Assembly 5 of ZPR-6. ANL Neg. 
No. 112-9236 Rev. 1. 
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Fia. III-6-11. Absolute U-238 Fission Per U-235 Fission in 
Bunched U-238 Case of Assembly S of ZPR-6. ANL Neg. No. 
112-92VI. 

F I O . III-6-14. Absolute Capture Rates Per Gram ol U-238 
in Unbunched U-238 Case ot Assembly 5 of ZPR-6. ANL Neg. 
No. 111-9237. 
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1^6 in. and }4 in- U-238 plates. This indicates that 
self-shielding within these plates is significant. 

RELATIVE REACTIVITIES OF HOMOGENEOUS AND 

HETEROGENEOL'S SAMPLES 

The heterogeneity effects were also studied by 
comparing the reactivity worths of homogeneous 
samples with those of plate type and pellet-type hetero
geneous samples. Figure III-6-15 shows the arrange
ment of materials in the plate-type heterogeneous 
sample and Fig. III-6-16 shows the pellet-type hetero
geneous sample. The homogeneous samples consisted 
of a mixture of UC powder and sodium and in some 
cases UC powder, sodium and stainless steel powder. 
The powder and pellet forms of the UC had an en
richment of 12.7 ^i which was the same as that of the 
plate-type heterogeneous samples. The stainless steel 
powder was added to the mixture of UC and sodium 
in amounts equivalent to the stainless steel in the tubes 
of the pellet-type heterogeneous samples (Fig. III-6-
16). Tables III-6-IV lists the composition of each 
sample used. 

The reactivities of the samples were measured using 
the period and the oscillator methods. Samples whose 
worths were greater than an inhour were measured 
by the period method relative to void. This was neces
sary because the total worth of the linear auto-rod 
used with the oscillator was 1.1 Ih. The reactivity 
worth of sodium, stainless steel in the form of cans, and 
the relative worth of two samples such as one homo
geneous and one heterogeneous sample having es
sentially the same material concentrations, or two 
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SS - 3 0 4 CAN) 

SODIUM 1=1 /2 
(INCLUDING 0 . 0 3 0 
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ANL Neg. No. 111-9244-
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F I Q . ni-6-16. Pellet Sample Loading Pattern. ANL Neg. 
No. 112-9276. 

homogeneous samples one with and one without sodium, 
were measured by the oscillation technitiue. All samples 
were measured at the center of the core. 

The samples were measured in two surroundings: 
(1) the normal loading pattern of Fig. III-()-3 ;ind (2) 
the bunched loading pattern of I'ig. II1-0-5. The 
bunched loading pattern was used in 8 drawers per 
half around the sample changer oscillator drawer 
which .extended in both halves of the ZPR-(i machine. 
The bunched pattern was also used in 8 in. (20.32 cm) 
sections around the sample in the oscillator dr.awer. 
The results are given in Table III-G-V. 

The values of the reactivity worths of UC/kg listed 
in the third and fourth columns of Table Ill-ti-V are 
based on the difference between the tolal worth of the 
samples which contained no sodium and the worth of 
stainless steel. In most cases, minor adjustments in 
the worth of a sample had to be made because there 
were minor differences in the proportions of the various 
materials (Table III-6-IV). The same type of ad
justment was applied to the values listed in the fifth 
and sixth columns. 

The following conclusions may be maile on the bases 
of the results shown in Table III-6-V: 

1. The effect of changing the surrounding from the 
normal (Fig. III-6-3) to the bunched (Fig. I II-
6-5) loading is about 1-2% of the worth of the 
sample. 

2. The reactivity worth of UC only in a plate-type 
heterogeneous sample is about 13% greater than 
that of an equivalent homogeneous sample. 
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TABLE III-6-V. MEASURED HETEROGENEITY EFFECTS AT THE CENTER OF THE ASSEMBLY 5 OF ZPR-6 

Sample Xo.' 

1 
2 
3 
5 
6 
7 
8 

Description of Samples 

Heterogeneous without Nal^loading Pat tern of 
Heterogeneous with Na / Fig. III-6-15 
Homogeneous without Na 
Homogeneous with SS powder and Na 
Homogeneous with SS powder and no Na 
UC pellets in SS assembly without Na 
UC pellets in SS assembly with Na 

Worth of U C , 
Ih/kg 

Loading of Surrounding 

Normal"* 

3.436 ± 0.070 

3.027 ± 0.007 

2.991 ± 0.011 
2.970 ± 0.009 

Bunched' 

3.391 ± 0.009 

2.982 ± 0.007 

2.932 ± 0.012 

Worth of (UC -1- Na 4- SS)' Mix, 
Ih/lig 

Loading of Surrounding 

Normal 

2.698 ± 0.010 

2.234 ± 0.006 

2.227 ± 0.007 

Bunched 

2.644 ± 0.008 

2.221 ± 0.008 

' See Table 111-0-IV for further description of the composition of the samples. 
*> Reactivity worth adjusted relative to sample 6. 
« Reactivity worth adjusted relative to sample 5. 
*• Loading of surroundings shown in Fig. III-6-3. 
• Loading of surroundings shown in Fig. III-6-5. 

3. The reactivity worth of a plate-type heteroge
neous sample composed of UC, sodium, and 
stainless steel is about 20% greater than an 
equivalent homogeneous-sample. 

4. Tbe difference in the reactivity worths of a peUet-
type heterogeneous sample and that of an equiv
alent homogeneous sample is within 1 % and may 
be negligible. 

If it is assumed that the effect of the surrounding on 
the worth of the sample is neghgible and the reactiv
ity dif!erence between the plate-type heterogeneous 
and the homogeneous samples is extrapolated with 
JI (2.405)/7?) dependence radially and cos^(ir/i/2H) 
axially then the heterogeneity effect on the critical 
mass of Assembly 5 would be 75 kg of U-235 to be 
distributed uniformly in the system. The symbol H 
is the extrapolated half-height of the system. 

SoDiuM-Vom EFFECTS 

-\n extensive series of experiments designed to 
study different aspects of the sodium-void effects were 
performed on Assembly 5 of ZPR-6. These experi
ments dealt with the following effects: 

1. the effect of sodium removal on the absolute 
• fission rates in U-235 and U-238 and absolute 

capture rates in U-238, 
2. loading pattern effects on and traverses of the 

sodium-void coefficient, 
3. streaming effects on the sodium-void coefficient, 
4. the effect of varying the concentration of U-238 

on the sodium-void coefficient, 
the heterogeneity effects on the sodium-void 
coefficient. 

5. 

T H E E F F E C T OF SODIUM RE.MOVAL ON FISSION AND 

CAPTURE R. iTES 

The effects of sodium voiding on the hssion densities 
in U-235 and U-238 and the capture density in I'-238 
were investigated in Assembly 5. Enriched and depleted 
uranium foils (93% and 0.2%, respectively) were 
irradiated in the central drawer of Assembly 5. Two 
irradiations were performed: one with the sodium 
"in" and another with the sodium "out" from a central 
region of 25 cm in radius. The sodium was removed 
from the entire axial height of the core. The foils were 
placed at intervals of two inches along the axial length 
at approximately the mid-section of the central drawer. 
The materials adjacent to the foils were }g in. thick 
depleted uranium plate on one side and a J2 in. thick 
sodium can in the case of sodium "in", or a '2 in. 
thick empty stainless steel can in the ease of sodium 
"out", on the other side. The depleted foils were 
placed in one half of the reactor and the enriched 
foils were placed in the other half. In each irradiation 
a l'-235 monitor foil was placed at the radial core-
reflector interface away from the perturbed region. 
The relative activities of the fission products were 
determined by scintillation counting. Coincidence 
counting was used to determine the relative captures 
in U-238. Absolute determination of the number of 
fissions in U-238 and U-235 and capture in U-238 was 
also made on a few foils by the radiochemical techniques 
described earlier. The results from the radiochemical 
measurements were used to normalize the results 
obtained from scintillation counting. The results are 
shown in Table III-6-VI. The uncertainty in each of 
the numbers in Table III-6-VI is about 2%. 

The results show: (1) Fissions per gram of U-238 
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are not affected by the removal of sodium. (2) Captures 
per unit weight of 1-238 decrease by about 15% when 
the sodium is voided. (3) Fissions in U 235 also decrease 
by about \2% upon removal of the sodium. 

The captures in U 238 and the fissions in U-235 
are plotted as a function of the axial distance for the 
two cases in Figs. III-G-I7 and III-6-18. The results 
shown in Figs. III-G-17 and III-6-18 have been nor
malized to the values obtained at the center with the 
sodium "in". I t is noted that the reflector saving in 
the axial direction increases by about 5% when the 
sodium is removed. 

TRAVERSES OF AND LOADING PATTERN EFFECTS ON THE 

SODIUM-VOID COEFFICIENT 

The sodium-void coefhcient was measured as a 

TABLE III-G-VI. T H E EFFECTS OF SODIUM VOIDING ON THE 

ABSOLUTE FISSION D E N S I T I E S IN U-238 AND U-235 

AND THE CAPTURE DENSITY IN U-238 

2, 
cm 

0.00 
5.08 

10.IG 
15.24 
20.32 
25.40 
30.48 
35.56 
40.64 
45.72 
50.80 

.w.ss 
(iO.Od 
lili.tH 

Foil No. 

1 
2 
;i 
4 
5 
0 
7 
8 
9 

10 
11 
12 
13 
14 

Absolute 
Fissions/g 

U-238 

with 
Na, 
10» 

3.00 
3.64 
3.(i4 
3..57 
3.40 
3.37 
3.09 
3.08 
2.72 
2.70 
2.22 
l.il2 
l.li5 
1.29 

w/o 
Na, 
10» 

3.09 
3.67 
3.08 
3.61 
3.41 
3.31 
3.18 
2.99 
2.76 
2.51 
2.26 
1.98 
1.62 

— 

Absolute 
Captures/g 

U-238 

with 
Na, 
10" 

1.92 
1.92 
1.88 
1.84 
1.80 
1.74 
1.66 
1.01 
1.47 
1.32 
1.21 
1.07 
0.93 
0.76 

w/o 
Na, 
I0'« 

1.63 
1.61 
1.59 
1.57 
1.51 
1.45 
1.40 
1.31 
1.22 
1.14 
1.03 
0.91 
0.81 

— 

Absolute 
Fissions/g 

U-235 

with 
Na, 
10" 

1,489 
1.474 
1.477 
1.448 
1.389 
1.337 
1.280 
1.208 
1.122 
1.046 
0.931 
0.909 
0,710 

— 

w/o 
Na, 
10" 

1.298 
1.297 
1.291 
1.271 
1.225 
1.190 
1.120 
1.072 
0.994 
0.912 
0.823 
0.733 

— 
— 

CORE REFLECTOR 
INTERFACE 

AXIAL DISTANCE, cm 

FIG. III-6-17. The Distribution of Captures in U-238 as a 
Function of the Axial Distance with and without Sodium. ANL 
Neg. No. 112-921,6. 

CORE REFLECTOR 
INTERFACE 

30 40 50 60 
AXIAL DISTANCE, cm 

90 

F I O . III-6-18. The Distribution of Fissi.iiis in U SW :i.s a 
Function of the Axial Distance witli and without Sodium. .IA'/, 
Neg. No. 112-9247. 

TABLE III-6-Vir. SouioM-VoiD CoEFFiriE.VT AS A 
FUNCTION OF THE AXI. \L DIHECTIO.\ 

Section Voided" 

A 
B 

C 
D 
E 
F 
G 
II 

1! -H C 
B - l - C - l - D - l - E - l -

F -1- G -1- H 

Measured 
Worth, 

Ih 

1.02 
1.98 

-i-l,90 
-1-0.85 
- 0 , 4 0 
- I i ()0 
- 2 , 6 4 
- 3 , 0 0 
-1-4.69 
- 3 . 9 5 

Na Weight, 
kg 

0.880 
1.772 
1.955 
1.955 
1.955 
1.955 
1,955 
1 ,055 
3,727 

13.502 

Specific 
Worth'', 
Ih/kg 

1.15 
1.12 
0.97 
0.44 

- 0 . 2 0 
- 1 . 0 2 
- l . : i 5 
-l.M 
-1-1.2(1 
-(),2'.)3 

" See Fig. 111-6-19 for explanation of seclion.s. 
'' 1% Mc/k = 476 Ih. 

function of the axitil and raditil directions in Assembly 
5 with the normal loading paltern of Vifr. |[|-(i-:;. Tlie 
measurements in the axial direction consisU'd of ileler-
mining the reactivity worth of sodium filled cans in 
sections 4 in. (lO.lG cm) long in each half of the reactor 
relative to empty cans which were the same as the 
sodium containers. The sodium-void effect was meas
ured in 9 central drawers per half (equivalent outer 
radius of 9.37 cm). The results are given in Table III-
6-VII. The physical location of each section referred 
to in Table III-6-VII is defined in Fig. III-6-19. The 
uncertainty in the values listed in Table III-6-VH is 
about 0.1 Ih. Radial sodium-void coefficient measure
ments were made by voiding the sodium from the 
front 8 in. (20.32 cm) of tliree drawers in each reactor 
half at five different radial positions. The centers of 
the drawers were located along a horizontal radius and 
were 0, 4, 7, 10 and 14 drawer locations from the 
center of the reactor. The results are given in Table 
III-6-VIII. Some of the values shown in Ttiblo Ill-fi-
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1/2 A 1/2 B 1/2 C 
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ALL DIMENSIONS IN INCHES 

FIG. III-6-19. Sections where Sodium waa Removed at Center of Assembly 5 of ZPR-6. ANL Neg. No. U2-i 

TABLE I I I - 6 - \ ' i n . SoDiuM-\"oiD COEFFICIENT AS 
FUNCTION OF THE RADIAL DIRECTION 

Section Voided 
(drawers from 
reactor center) 

0 
0 
4 
4 
7 

10 
10 
10 
14 
14 

• 1% Ak/k = 47e 

Na Weight, 
kg 

1.242 
1.242 
2.585 
2.685 
2.685 
2.686 
2,686 
2,585 
2,585 
2,585 

Ih. 

Specific Worth', 
Ih/kg 

+1 .10 
+1 .08 
+0 .65 
+0.64 
- 0 . 1 6 
- 0 . 7 9 
- 0 . 8 3 
- 0 . 7 7 
- 0 . 7 6 
- 0 . 7 7 

VIII were taken on different days, which may be 
interpreted as an indication of reproducibility. 

The sodium-void coefficient was also measured in 
the central 18 drawers with the loading patterns shown 
in Figs. III-6-3, 111-6-4, III-6-5 and III-6-20. In each 
case the sodium was removed from the front 4 in., 
from the front 8 in., and from the entire axial length 
(28 in.) in each half of the reactor. The difference 
between the loading patterns in Figs. III-6-5 and III-
6-20 is simply that the bunched U-238 was moved 
away from the sodium cans by inserting a l^ in. plate 
of graphite hetween these two materials. The results 
are given in Table n i -6- IX. It may be noted that the 
difference in the sodium-void coefficient obtained with 
the loading patterns of Figs. III-6-4 and III-6-5 is 
mainly due to the decrea.se in <7p". It is not expected 
that dp of the loading pattern in Fig. III-6-4 would be 
lower than that of the normal loading. It is conceivable 
however that the streaming effect in the reference 
ca.se is more prominent than in the normal loading 
because the sodium cans in all three drawers of the 
reference case are bunched. The study of the streaming 

t 
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U 
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F I Q . III.6-20. Position Effects of Bunched U-238 Loading 
Patterns on Na-Void Coefficient. ANL Neg. No. 112-9222. 
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TABLE 111 6-lX. iSoDiuM-VoiD COEFFICIENT DBPENDENCB ON LoAniNii P.M-IEHN 

Section Voided, 
kg 

Front 4 in. (1.772) 

(1.956) 

(1.965) 

(1,966) 

F'ront 8 in. (3.727) 
(3.91) 
(3.91) 

28 in. (13.50) 
(13.62) 
(13.62) 
(13.62) 

Loading Pattern 

Normal Loading (Fig. III-6-3)'' 
SdCEDCDSDCD CEDSDSDCECD CDSdCDCEDSD 

Ret. Case (Fig. III-6-4) 
DCSESdDCDCD DCESSDCDECD DCSSEdDCDCD 

Bunched Case (Fig. Ill-6-5) 
CCSESdDDDDC CCESSDDDEDC CCSSEdDDDDC 

Position effect of bunching (Fig. III-6-20) 
CCSESCdDDDD CCESSCDDEDD CCSSECdDDDD 

Normal Loading (Fig. III-0-3) 
Ref. Case (Fig, III-6 4) 
Bunched Case (Fig, III-6-5) 

Normal Loading (Fig. I l l (1-3) 
Ref. Case (Fig. III-6 4) 
Bunched Case (Fig. III-6-5) 

Position effect of bunching (Fig. III-6-20) 

Reactivity Effect" of Sample, 
Ih 

+ 1.98 

+ 1.51 

-0 ,017 

+0 .10 

+4.11 
+ 2,70 
+0 .13 

- 3 . 9 5 
-10 .17 
-16 ,97 
-17 ,11 

± 0,20 

± O.IO 

± 0,.30 

± 0.30 

± 0,20' 
± 0,24 
± 0,20 

± 0,20 
± 0,02 
± 0.03 
± O-.W 

• 1% Ak/k = 476 Ih, 
' ' K e y r C = }i in. thick graphite. 

S = 3^ in. thick Na can. 
el = He t°- thick depleted uranium (0.2% enrichment). 

D = J^ in. thick depleted uranium (0.2% enrichment). 
E = Ke i"- thick enriched uranium (93% enrichment). 

" This number is the sum of two adjacent 4 in. sections. 

effect on the sodium-void coefficient discussed below 
will substantiate this point. 

There was no significant effect on the sodium-void 
coefficient when the loading pattern of IMg. III-6-5 
was replaced by that shown in Fig. III-6-20. 

A number of other measurements were also made to 
investigate heterogeneity effects and/or the influence 
of the relative position of the U-238 plates on sodium-
void coefficients. These measurements were performed 
in the central 18 drawers (9 in each half). In one set of 
measurements the central 8 in. of sodium in each half 
of the core were voided, and in another the entire 28 
in. of sodium in each half of the core were voided. 
Measurements were made for the following configura
tions: 

1. normal drawer loading (Fig. III-6-3), 
2. uniform loading using }i in. (0.635 cm) sodium 

cans instead of the }•> in. (1.27 cm) cans used in 
the normal loading (Fig. III-6-21), 

3. a loading which retained the basic Assembly 5 
composition but bunched the sodium in a 1-inch 
wide column in the center of the drawer (P"ig. 
III-6-22), 

4. a loading which bunched the carbon in one half 
of the drawer and the depleted uranium in the 
other half. Sodium was then selectively voided 

from either the carbon region or the depleted 
uranium region (Fig. III-6-23). 

Results of these measurements are listed in Table 
III-6-X. 

Measurements with the configuration I\^ arrange
ment, which is the bunched-ctirboii, buiu^hed-deplcteil-
uranium arrangement, yielded several bits of infoi
mation. Firstly, the sodium-void coefficient for thtit 
sodium bounded by carbon was negative when the 
central 16 in. (40.64 cm) were voided, as well as when 
the entire axial height of .56 in. (142.24 cm) was voided. 
Secondly, the sodium-void coefficient for that sodium 
bounded by depleted uranium is positive when the 
entire .56 in. axial height was voided, as well as when 
the central 16 in. was voided. Thus quite different 
results were obtained from the two cases. I t is inter
esting to note that the average of the two sodium-
void coefficients, i.e. that in the carbon region and that 
in the depleted uranium region, was (1.60—0.28)/2 = 
+ 0.61 Ih/kg while the measured value was +0.65 
Ih/kg. 

STREAMING EFFECT ON THE SODIUM-VOID COEFFICIENT 

The Streaming effect on the sodium-void coefficient 
was investigated in the following manner: 

1. The drawers in each half of the matrix, loaded 
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F I G . III-0-21. Uniform Loading with ?4 in. Sodium Cans in 
Three-drawer Cell. ANL Neg. No. 112-9274. 

with the unbunched loading pattern of the central 
drawer of the three-drawer cell (middle drawer 
shown in Fig. III-6-4) were used. These drawers 
were at the center of the core and their positions 
in the matrbt were 24-23, 23-23 and 22-23 in both 
halves of the reactor. Matrix position 23-23 is 
the center of the core. 

2. The reactivity effect on the system due to the 
rotation of 180° of the materials in these drawers 
was measured. It is pointed out that the relative 
positions of the U-235 plates is not affected by 
the rotation of the materials. 

3. The sodium-void coefficients of the front 8 in. 
section and of the entire columns (28 in.) were 

measured in the three drawers per half with and 
without the rotation of 180 deg. 
The sodium-void coefficients of step No. 3 were 
measured with the second, fourth and sixth 4 
in. sections of the materials in each drawer rotated 
180 deg. The objective of this loading pattern 
shown in Fig. III-6-24, was to reduce by ap
proximately one half the width of the sodium 
channels which, because of their low density, 
may be seen as "windows" by the neutrons. The 
results are shown in Table III-6-X1. It is noted 
that the sodium-void coefficient ofthe 28 in. (71.12 
cm) columns in the three drawers per half is the 
same with or without rotation of 180 deg. \ \ i t h ]i:ir-
tial rotation (Fig. III-6-24), the sodium-void coeffi-
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F I O . III-6-22. Bunching of Na in Three-Drawer Cell. ANL 
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cient of the same amount of sodium decreased 
by (0.560 ± 0.116) Ih, or 13%. The coefficients 
of the 8 ill. (120.32 cm) columns were rather small 
and their aKsociated errors were relatively large, 
so that no conclusions based on these data can 
be made about the streaming effect. 

The reactivity effect on the system due to the com
plete rotation of 180 deg of the three drawers per half 
was (-0.384 ± 0.5r)5) Ih. The same effect with partial 
rotation was (0.129 ± 0.100) Ih. 

T H E E F F E C T O F VARYING T H E CON'CENTRATION.S O F 

U - 2 3 8 ON T H E SODIUM-VOID COEFFICIENT 

The influence of the concentration of U-238 on the 

sodium-void coefficient hi Assembly .'> of ZPlMi u;i.s 
measured. The normal mtitorial concent ml ions in 
Assembly 5 were altered for this cxpcrinient in the 
following manner: 

1. The atomic concentration of r-238 per unit 
volume was essentially halved in a region 30 cm 
in radius and throughout the axial height of the 
core (142 cm). 

2. Cans of sodium, Ii in. (0.63') cm) thick, wore 
added to fill the empty space that resulted from 
the removal of depleted uranium plates. 

3. The concentration of U-23r) was decreased by 
2r>% to counteract the increa.se in n';icti\ily of 
the system due to the removal of U-238. 

The atomic concentrations of the materials in the 
uniform and modified loadings of Assembly o nrv. 
shown in Table III-6-XII. The reflector for botii 
loadings was depleted uranium. The radial and axial 
thicknesses of the reflector were 27 and 30 cm, re
spectively. 

The measurements consisted of determining the 
reactivity worth of the sodium-filled cans in sections 
4 in. (10.16 cm) long in each half of the reactor relative 
to empty cans which were identical to the sodium 
containers. The sodium-void effect was measured in 
9 central drawers per half (equivalent outer radius of 
9.37 cm) as a function of the axial dimension. The 
results are given in Table III-6-XIII. The physical 
location of each section was defined in Fig. IIl-(l-l!). 
Uncertainties in the values of the sodivmi-void coelii
eient for the uniform loading are typically 0.1 o lli. 

Fissiftn rate traverses of U-23r) and fission and 
capture rate traverses of U-238 were measured iu both 
the uniform and modified loadings of Assembly 5. The 
purpose of these measurements was to determine the 
degree of power flattening in the modified loading and 
to make comparisons with calculations. Figure I1I-6-2.") 
shows the microscopic fission rates of U-23o as a func
tion of radius in the uniform loading. Figure III-6-26 
shows the fission rate traverse of U-23r> in the modifled 
core loading. The same data shown in Figs. III-6-25 
and III-6-26 were multiplied by the atomic concen
trations of U-235 as a function of position and the 
results are shown in Figs. III-G-27 and III-6-28 re
spectively. These curves are indicative of the power 
distributions in both cores. It is noted from Fig. III-6-28 
that a considerable amount of flattening in the power 
distribution takes place in the modified core. 

Figures III-0-29 and III-6-30 show the micro.scopic 
fission rate of U-238 in both the uniform and modified 
loadings respectively. Figure 111-0-31 shows the mi
croscopic capture rates of U-238 in the modified core 
loading. 
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TABLE III-6-X. HoDiuM-VoiD COEFFICIENT IN D I F F E R E N T ENVIKONMENTS 

Configuration 

I Normal Loading (Fig. IH-B 3) 

II Uniform loading with 1-4 in. Na 
cans (Fig. III-6-21) 

I I I 1 in. rolumn of sodium loaded 
in center of drawer (Fig. I I I -
6-12) 

1\ Drawer loadings arranged to 
bunch carbon on one side of 
drawer and depleled ura
nium on the other side of the 
drawer 

Comments 

Sodium contiguotiB to depleted 
uranium 

Sodium contiguoue to depleted 
uranium and to carbon 

Void full 1 in. width 

Void two }ri in. outside columns 

All sodium voided in region indi
cated 

Sodium bounded by carbon 
voided 

Sodium bounded by depleted 
uranium voided 

Front 8 in. void 

l i /kg 

-1-1.08 

-t-0.97 

-1-0.70 

-1-0.65 

-1-0.65 

- 0 . 2 3 

-i-1.60 

Ih 

-f4.01 
± 0 . 2 

3.36 
± 0 . 3 

2.33 
± 0 , 3 

-t-l.10 
± 0 . 3 

•i-2.18 
± 0 . 3 

- 0 . 4 8 
± 0 . 3 

-1-2.67 
± 0 . 3 

Entire 56 in. void 

Ih/kg 

- 0 . 2 9 

— 

- 0 . 7 0 

- 0 . 4 9 

— 

- 1 . 0 2 

-1-0.14 

Ih 

- 3 . 9 5 
± 0 . 3 

— 

- 9 . 6 2 
±0 .03 

- 2 . 9 0 
±0 .30 

— 

- 0 . 0 1 
± 0 . 3 

+0 .82 
± 0 . 3 

THE HETEROGENEITY 

COEFFICIENT 

EFFECTS ON THE SODIUM-VOID 

- ^ 

p S M 

AXIAL 
BLANKET 

; • • : 

• • CARBON EZ3 ENRICHED URANIUM 

I I DEPLETED URANIUM [ ^ SODIUM CAN 

FIG. 1II-6-24. Rotation of .Second, Fourth and Sixth 4 in. 
.Sections of 180 deg. ANL Neg. No. 112-9241. 

The heterogeneity effects on the sodium-void coetii-

cient were investigated by comparing the reactivity 

worths of sodium in homogeneous samples to those in 

heterogeneous samples. The samples used in the.se 

measurements are the same samples described earlier, 

(Table III-6-IV). In addition to those samples, two 

depleted uranium carbide {0.306 ^'t enrichment) 

samples, one with and one without sodium, were used. 

The material compositions of the depleted uranium 

samples are given in Table III-6-XIV. The material 

arrangement of the depleted uranium heterogeneous 

samples is shown in Fig. III-6-32. The results are given 

in Table III-6-XV. 

It is seen from the results in Table III-6-X\' that 

the effect of the environment on the sodium-void co

efficient is about 70 T;. It is further seen that the het-

TABLE 1II-6-XI. STREAMING EFFECT ON SODIL'M-\'OID COEFFICIENTS 

Section Voided, (kg of Na) 

Front 8 in., (0.326) 
(0.326) 
(0.326) 

Entire Column, (2.270) 
(28 in.) 

(2.270) 
(2.270) 

Remarks on Loading Pattern 

Not rotated 
Rotated 180 deg throughout drawer 
Partial rotation of 180 deg (Fig. III-6-23) 
Not rotated 

Rotated 180 deg throughovit drawer 
Partial rotation of 180 deg (Fig. III-6-23) 

Reactivity F.ffeci of 
Sodium Sample, 

Ih 

-1-0.507 ± 0.136 
-1-0.416 ± 0.312 
-t-0.511 ± O.Ub 
-4 .385 ± 0.136 

-4 .232 ± 0.100 
-3 .749 ± 0.137 
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TABLE III-6-X1I. MATERIAL CONCENTRATIONS IN THE 

UNIFORM AND MODIFIED LO.IDINGS OF ASSEMBLY 5 

OF ZPR-6 

Material in Core 

U-235 
U-238 
Na 
Fe 
Ni 
Cr 
C 

Concentrations, 
atoms/c< 

Uniform Loading 

O.OOIM 
0.01056 
0.00920 
0.009(M 
0.00113 
0.002386 
0.01293 

X 10" 

Modified Loading' 

0.00115 
0.00615 
0.0112O 
0.00992 
0.00126 
0.00264 
0.01293 

' The modified loading comprised a region 30 cm in radius 
and 142 cm long about the center of the core. The rest of the 
core had the aource compoBition as the uniform loading. This 
region extended to 76 cm radially. 

F IG. III-6-26. Measured and Calculated Microscopic Fis
sion Rates of U-235 in Modified Loading of Assembly 5, ZPR-6. 
ANL Neg. No. 112-9243. 

TABLE i n - 6 X I I I . CoMPAKisoN OF MEASURED N A - V O I D 
COEFFICIENTS IN UNIFORM AND MODIFIED LO.VDINGS 

OF ASSEMBLY 5 OF ZPR-6 

Section Voided" 

A 
B 
C 
D 
E 
F 
H 

B - H 

Measured Worth'*. 

Uniform Loading 

1.15 
1.12 
0.97 
0.44 

- 0 . 2 0 
- 1 . 0 2 
- 1 . 5 4 
-0 .293 

Ih/kg 

Modihed Loading 

-0 .221 ± 0.070 
-0 .281 ± 0.044 
-0 .585 ± 0.127 
-1 .029 ± 0.127 
-1 .264 ± 0.024 
-1 .967 ± 0.054 
-1 .195 ± 0.008 

' For the position of each section see Fig. II1-6-19. 
*• 1% Ak/k = 476 Ih. 
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F I O . 1116-25. Measured and Calculated Microscopic Fis
sion Rates of U.235 in Uniform Loading of Assembly 5 of 
ZPR 6. ANL Neg. No. UI 9229. 

F I O . III-6 28. Measured and Calculated Macroscopic Kis 
sion Hates of U-235 in Modified Loading of Assemhiy 5, ZPIi t i 
ANL Neg. No. 112-9227. 
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F I G . III-6-29. Measured and Calculated Microscopic Fission 
Hates of U-238 in Uniform Loading of Assembly 6, ZPR-6. ANL 
Neg. No. 112-922S. 

F I G . III-6-30. Measured and Calculated Microscopic Fis
sion Rates of U-238 in Modified Loading of Assembly 5, ZPR-6. 
ANL Neg. No. 112-9230. 

erogeneity effect within the sample is also about 70 9J. 
The reactivity worth of the sodium in Sample 8 was 

measured without the I 'C pellets in the assembly. The 
reactivity worth of the sodium was (O.e.lS ± 0.0378) 
Ih/kg. 

DOPPLER EFFECTS 

Four Doppler samples were measured in the oscil
lator assembly which was inserted in the center drawer 

of Assembly 5. These were a natural UO2 sample, two 
enriched UO2 samples, and a Pu02 sample. The data 
obtained are listed in Table III-6-XVI. 

Two different sample types, distinguished by their 
expansion characteristics, were used in the mea.s
urements. In the freely expanding sample tyiie (VIL), 
the 1 in. diam x 12 in. long sample column was allowed 
to expand freely as the sample was heated. In the other 
sample type (NNE) the sample column was constrained 
both axially and radially to about .iOCK and then was 
axially constrained above this temperature. In the 
fissile samples, where the expansion reactivity effect 
is significant in comparison with the Doppler effect, 
the two sample types gave different reactivity-tem
perature profiles which may be used to separate the 
expansion and Doppler effects. 

The primary purpose of the r-2.38 and l'-23.j Doppler 
measurements was to provide reference measurements 
for comparison with similar zfined core measurements. 
The plutonium result was the first attempt to make this 
measurement with controlled thermal expansion. The 
plutonium results have not been confirmed by repeated 
measurements so that they should be regarded as 
tentative. 
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FIG, III-6-31. Measured and Calculated Micruscnpic Cap
ture Rates of U-238 in Modified Loading of Assembly 5, ZPi;-6. 
ANL Neg. No. 112-9226. 

TABLE I[I-0-XI\ ' . DESCRIPTION OF SAMPLES USED IN HETEROGENEITY EFFECTS STUDY 

Sample No.* 

9 
10 
11 
12 

Pliysical Description 

Homogeneous 
Homogeneous 
Heterogeneous 
Heterogeneous 

Composition 

U-235 

2.09 
2.08 
1.40 
1.40 

U-238 

680.24 
679.69 
700.02 
700.02 

C 

36.26 
36.22 
25.00 
25.00 

Na 

0.00 
47.74 
48.00 
0.000 

Stainless Steel 

Powder 

0.00 
0.00 

Can 

71.68 
69.40 
73.25 
73.25 

• These samples were 1.876 x 1.875 x 1.875 in. 



Karam, Dates, Groh, Kalo, Lewis, Main, Marshall, Rusch and Till 185 

CENTRAL-WORTH MEASUREMENTS 

The reactivity worths of a large number of samples 
were measured at the center of Assembly 5 by the 
technicjue described in Ref. 1. The worth'? of these 
samples were measured relative to void. The results 
are given in Table III-O-XVII. 

Some of the samples listed in Table III-6-XVIII 
were also measured at 16.5 cm radially from the center. 
The results are given in Table III-6-XVIII. 

The worths of U-235, U-238, and Pu as a function 
of sample size is given in Table III-6-XIX. It is seen 
from Table III-6-XIX that the worth of U-235 as a 
function of thickness is essentially constant up to a 
thickness of ^2 in- (0.237 cm). The worth of U-235 
in I4 in. (0.035 cm) thick plate (288.03 g) is slightly 
higher than the others. The worth of U-238 decreased 
as the thickness of the sample increased. This is of 
course, the effect of self-shielding. 

NEUTRON SPECTRUM, FISSION RATIOS, AND 

FISSION RATES 

The neutron spectrum was measured by the proton 
recoil technitiue at the center of Assembly 5 with the 
sodium in the core and again when the sodium was 
removed from a region about 20 cm in radius. The 
results and conclusions are reported in Papers III-9 and 
III-IO. 

Fission ratios of U-234, U-238 and Pu-239 to U-235 
were measured at the center of Assembly 5 by the 
techniiiue described by Karam et al.' The results are 
shown in Table III-6-XX. Included in Table III-6-XX 
are fission ratios measured in Assembly 4Z of ZPR-6*" 
and Assembly 11 of ZPR-9 (see Paper III-8). The 
fission ratio measurements conducted on Assembly 
4Z showed that the orientation of the solid state counter 
with respect to the center of the core, i.e. whether the 

TOP VIEW 

DEPLETED U t = 1/8 

CARBON 1 
DEPLETED U t 

SODIUM t 
(INCLUDING 0 0 3 0 
SS-304 CAN) 

= 1/8 
= 1/8 

- 1/2 

SODIUM t 
(INCLUDING 0.030 
ss-304 CAN) 

DEPLETED U 1 
CARBON t 

1/2 

1/8 
1/8 

DEPLETED U I = 1/16 

DEPLETED U t 
DEPLETED U t 

1/16 
1/16 

DEPLETED U 1= 1/16 
ALL DIMENSIONS IN INCHES 

ALL PLATE MATERIALS 1 7 / 8 X 1 7/8 X t 
PLACED IN A I 7/8 X I 7 /8 X I 7/8 X 0 010 
"TOPLESS" SS CAN 

F I G . III-6-32. Depleted Uranium Heterogeneous Loading 
Pattern. ANL Neg. No. 112-9241. 

counter is facing the center from the radial or axial 
directions, affected the results. This effect, it was 
believed, was caused by a depleted uranium spacer 
(1.27 X 5.08 cm) that was used to hold the core material 
plates iii position about the guide tube of the solid 
state detector (see Ref. 1 for detailed drawings). It is 
seen from Table III-6-XX that the depleted uranium 
spacer had little if any effect on the measurements in 
Assembly 5. Independent measurements in which 
1^-235,and U-238 foils were irradiated as a function of 
position in the axial direction (the foils were placed 
between the }/g in. U-238 plate tmd one ot the two 
adjacent sodium cans shown in Fig. III-6-3) and in 
which the absolute number of fissions in the foils were 
determined by the radio-chemical technique, ga\'e a 

TABLE III-6-XV. HETEROGENEITY EFFECTS ON THE SODIUM-VOID COEFFICIENT 

Samples Used in 
Measurement 

1 & 2 
3 & 4 
5 & 6 
7 & 8 
9 & 10 

11 & 12 

Description of Sample' 

Enriched heterogeneoiis 
Enriched homogeneous 
Enriched homogeneous with SS Powder 
Pellets in SS assembly 
1 )epleted homogeneous 
Depleted heterogeneous 

Worth of Na*', 
Ih/kg 

Loading of Surrounding 

Normal^ 

1.108 ± 0.046 
1.717 ± 0.070 
1.697 ± 0.038 
1.026 ± 0.043 
2.514 ± 0.073 
1.2a3 ± 0.050 

Bunched^ 

1.148 ± 0.052 
1.059 ± 0.079 
1.168 ± 0.059 

• See Tables Ill-fi-IV and IIT-fi-XIV for further description of samples. 
i* 1% Ak/k = 470 Ih. 
= Loading of surrounding is shuwn in Fig. III-C-3. 
'' Loading of surrounding is shown in Fig. III-G-5. 
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Sample No." 

Nl 

11K8 

IIEIO 

PuINV2 

TABLE 

Material 

UO, 

UO, 

UO, 

PuO, 

II-6-XVI. KESULTS OF DOPPLER MEASUREMENTS IN ASSEMBLY 5 OF ZPR-6 

Enrichment 

Natural 

97.7 

97.7 

88,6 w/o 239 

Total Mass, 
kg 

1.116 

0.9133 

0.8071 

0.9347 

Sample Type' 

FE 

FE 

NNE 

NNE 

Measured Reactivity Change versus Temperature"''. 
IhAg-U or Pu(-K) 

0.000(293), -0.109(492), -0.184(687), 4-0.001(293), 
-0.241(878), -0.29111061) 

0.000(293), -i-0.021(428), -1-0.039(612), +0.048(839), 
4-0.049(1058) 

0.000(293), -(-0.010(339), 4-0.014(370), 4-0.020(395), 
4-0.025(428), -(-0.029(469) 

-f0.035(486), 4-0,040(578), 4-0.053(774), 4-0,OliO(968) 
0.000(311), -0.010(353), -0.021(398), -0,030(426), 

-0.028(457), -0,034(483) 
-0.039(522), -0.050(595), -0.060(717), -0,086(857) 

" All s^iunples wrn> 1 in. diam and 12 in. long, 
'' VK freely oxpanding; NNK—constrained axially and radially. 
*• J'lxpcriincninl precision wiia 0.001 Ih/kg in all samples. 
'' Data normalized to 0.000 Ih/kg at nominal room temperature and uncorrected for expansion 

TABLE ni-f)-XVir. CENTRAL WOHTH MEASUREMENTS IN ASSEMBLY 5 OF Z P R - ( ; 

Sample 

Be 
C 
Ni 
V 
Li 
Zr 
Mo 
Al 
B-10 
B.C 
POLY 
Nb 
W 
Ta 
Na 
SS.304 
Fe 
F e , 0 , 
lie 
Zrll 
Cr 
Ti 
Hf 
Eu 
U-233 

Pu 

Sample Wt,, 
g 

114,308 
103.0 
646.0 
183.67 
28.30 

406,0 
699,0 
166,90 
29,29 
69,62 
58,08 

481,2 
1108,2 
924,70 
51,38 

499,6 
488.0 
296.4 

1266.9 
93.7 

220,73 
90.42 

806.0 
100,92 
146.708 
97,16% U-233 

122,67 
4,50% Pu-240 

95,60% Pu-239 

Can Wt., 
g 

Bare 
Bare 
Bare 

55.30 (SS) 
57.03 (SS) 

Bare 
Bare 
Bare 

56.73 (SS) 
64.70 (SS) 

Bare 
30.10 (SS) 

Bare 
27.64 (SS) 
66.42 (SS) 

Bare 
Bare 
Bare 
Bare 

20.30 (Al) 
56.30 (SS) 
66.88 (SS) 

Bare 
Bare 

5.286 (Al) 
19.977 (SS) 
7,093 (Al) 

20,06 (SS) 

Gross Worth, 
Ih 

-H.143 ± 0.048 
4-0.183 ± 0.022 
-1 .134 ± 0.015 
-0 ,246 ± 0,010 
-0 ,790 ± 0,010 
-0 ,671 ± 0,020 
-3 ,416 ± 0.016 
-0 .300 ± 0.017 

-23.298 ± 0.030 
-6 .258 ± 0.010 

4-19,122 ± 0,010 
-3 ,888 ± 0,010 
-6 ,792 ± 0.02O 

-11.955 ± 0,010 
-0,144 ± 0,008 
-0 ,851 ± 0,020 
-0 ,737 ± 0,005 
-0 ,356 ± 0,010 

-20,977 ± 0.020 
4-3.700 ± 0.010 
-0 ,440 ± 0,020 
-0 ,117 ± 0.020 
-9 .079 ± 0.020 
-7 .249 ± 0.200 

4-12.188 ± 0,200 

4-8,639 ± 0,200 

Net Worth. 
Ih 

-H.143 ± 0.048 
4-0,183 ± 0,022 
-1 ,134 ± 0,015 
-0 ,136 ± 0,014 
-0 ,677 ± 0,015 
-0 ,671 ± 0,020 
-3 ,416 ± 0,015 
-0 ,300 ± 0.017 

-23,196 ± 0,033 
-6 ,137 ± 0,015 

4-19.122 ± 0,010 
-3,8.37 ± 0,015 
-5 .792 ± 0.020 

-11.909 ± 0.015 
-0 .041 ± 0,010 
-0,851 ± 0,020 
-0,7.37 ± 0,005 
-0 ,356 ± 0,010 

-20,977 ± 0,020 
4-3,736 ± 0,012 
- 0 339 ± 0,022 
-0 ,016 ± 0,022 
-9 ,079 ± 0.020 
-7 .249 ± 0.200 

4-12,217 ± 0.200 

4-8,575 ± 0.200 

Worth, 
Ih/kg 

4-9.956 ± 0.420 
4-1.777 ± 0.214 
-2 ,077 ± 0,027 
-0 .740 ± 0,076 

-23,922 ± 0,630 
-1 ,652 ± 0,049 
-5 ,703 ± 0,025 
-1 ,797 ± 0,102 

-791,94 ± 1,13 
-102,94 ± 0,252 
4-324,21 ± 0,170 

-7 .974 ± 0,031 
-5 .227 ± 0,018 

-12,879 ± OOli; 
-0 ,799 ± 0,195 
-1 ,703 ± 0,040 
-1 ,610 ± 0,010 
-1 ,201 ± 0,034 

-16,568 ± 0,016 
4-39,872 ± 0.128 

-1 .536 ± 0,100 
-0 .177 ± 0.243 

-11,264 ± 0,025 
-71,829 ± 1,982 
4-83.274 ± 1.370 

4-69,899 ± 1,630 

U-238 to V-2'^r, fission ratio of 0.0246 with an un

certainty of 0%'. This ratio was constant as a function 

of the axial distance from .W cm to the center of the 

core. The results from the radio-chemical technique 

are in agreement with the measurements made in 

Assembly r> and the radial measurements made in 

Assemblies 4Z and 11. The axial measurements in 

Assembly 4Z appear to be erroneous for unknown 

reasons. 

Fission rate traverses with V-2'ifi and U-238 foils 

were measured in both the radial and axial directions. 

The radial fission rate traverses are shown in I'igs. 

III-6-33 and III-6-34. The calculated rates are also 

shown for comparison. The calculations were done with 
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TABLE I I I - 6 W I U . WORTH MEASUREMENTS AT 16.5 cm FROM C 

Sample 

Na 
Be 
Fe 
Zr 
C 
Nb 
W 
B-10 
B.C 
Mo 

Enriched U 
93,1% U-235 

Depleted U 
0.2% U-235 

Sample Wt., 
g 

51.38 
114,308 
488,0 
406,0 
103,0 
481,2 

1108,0 
29,29 
59,02 
69.90 
13.860 
27,719 
04,183 

1163,6 

Can Wt., 
g 

66.42 (SS) 
Bare 
Bare 
Bare 
Bare 

30.10 (SS) 
Bare 

56.73 (SS) 
64.70 (SS) 

Bare 
48.968 (SS) 
47.30 (SS) 
47.30 (SS) 

Bare 

Gross Worth, 
Ih 

-0 .127 ± 0.008 
4-1.104 ± 0,010 
-0 ,645 ± 0,010 
-0 ,565 ± 0.010 
4-0.212 ± 0.010 
-3 .612 ± 0.012 
-6 .289 ± 0.010 

-21.390 ± 0.010 
-5 .464 ± 0,010 
-3 .120 ± 0,015 
4-0.630 ± 0.005 
4-1.098 ± 0.005 
4-2.099 ± 0.005 
-3 ,533 ± 0,010 

ENTER OF ASSEMBLY 5 

Net Worth, 
Ih 

-0 .035 ± 0.010 
4-1.104 ± 0.010 
-0 .645 ± 0.010 
-0 .565 ± 0.010 
4-0.212 ± 0.010 
-3 .482 ± 0.015 
-5 .289 ± 0.010 

-21.300 ± 0.015 
-6 .374 ± 0,015 
-3 ,120 ± 0,016 
4-0,622 ± 0,010 
+ 1.200 ± 0,010 
4-2.801 ± 0,010 
-3 ,533 ± 0.010 

OF ZPR Ii 

Worth/kg. 
Ih/kR 

-0 .681 ± Olll-'i 
4-9.658 ± 0,0,'i7 
-1 .322 ± 0.0211 
-1 .392 ± 0.025 
+ 2.058 ± 0,097 
-7 .236 ± 0.031 
-4 ,773 ± 0,0(19 

-727,21 ± 0,51 
-90.138 ± 0.252 
-5 .209 ± 0,025 

+44,848 ± 0,721 
+43,291 ± 0,361 
+43,641 ± 0,156 

-3 ,063 ± 0,(K19 

TABLE I I I -6- . \ lX 

Material 

U.235 (93.1% 
enrichment) 

U-238 (0.2% 
enrichment) 

Pu 72.2 w/o 239 

Pu 22.3 w/o 240 

Material 
Size, 
in. 

2 X 2 X 0.005 
2 X 2 X 0.005 
2 X 2 X 0.005 
2 X 2 X 0.005 
2 X 2 X 0,005 

2 X 2 X ,>s 

2 X 2 X 0.005 
2 X 2 X 0,005 
2 X 2 X 0,005 

2 X 2 \ H 

2 x 2 x 1 

1.83 X 1.68 X 
0.05 

1.83 X 1.83 X 
0.08 

Won 

No. in 
Sample 

1 
3 
9 

14 
23 

2 

I 
3 

12 

1 

1 

I 

1 

H OF U-235, U-238 AND P U AS FUNCTION OF THICKNESS ,\T COKE CE.VTEK 

Total 
Material, 

g 

4.511 
13.894 
41,443 
64,184 

106.711 

288.03 

5.356 
16.949 
64.086 

140.643 

1153.6 

36.40 

67.57 

Sample', 
g 

20.907 
30.200 
57.852 

111.483 
105.711 

288.03 

21.810 
32.255 
80.482 

140.643 

1163.6 

65.486 

58.276 

Gross Worth'', 
Ih 

0.2067 ± 0.0021 
0.6646 ± 0,0023 

1,886 ± 0.0030 
2.951 ± O.OIO 
4.943 ± O.OIO 

14.595 ± 0.100 

-0.0258 ± 0.0019 
-0.0602 ± 0.0022 
-0.2349 ± 0.0021 

-0 .505 ± 0.004 

-3 .869 ± 0.010 

2,066 ± 0,0116 

3,340 ± 0,0095 

Net Worth, 
Ih 

0,2067 ± 0,0021 
0,6546 ± 0.0023 

1.924 ± 0.0C37 
3,058 ± 0,012 
4,943 ± 0,010 

14,595 ± 0,100 

-0.0258 ± 0.0019 
,-0,0602 ± 0.0022 
-0,2349 ± 0,0021 

-0 ,505 ± 0,004 

-3 ,869 ± 0.010 

2,102 ± 0.0117 

3.370 ± 0.0096 

Material Worth, 
Ih/kg 

45.821 ± 0.466 
47.114 ± 0.166 
46.425 ± 0.098 
47.598 ± 0.187 
46.760 ± 0.096 

50.672 ± 0.347 

-4 .817 ± 0.355 
-3 .774 ± 0.138 
-3 .622 ± 0.033 

-3 .601 ± 0,028 

-3 .353 ± 0,009 

57.756 ± 0.321 

58.043 ± 0.167 

Isotopic Worth. 
Ih/kg 

49.571 ± 0.500 
50.877 ± 0.180 
50.127 ± 0.096 
51.393 ± 0.201 
50.484 ± 0.102 

54.686 ± 0.373 

-4 .827 ± 0.0019 
-3 .876 ± 0.138 
-3 .774 ± 0.033 

-3 ,698 ± 0,(128 

-3 ,461 ± 0.009 

• Foils in 2 X 2 X J-g in, SS cans. 
^ Some measurements were made relative to a SS can; thus the net worth is measured directl.v. 
" For ENl ! U samples, this column is Ih /kg U-235 using a U-238 worthAg commensurate with the U-238 weight in the sample 

For UEP U samples, this column is Ih /kg U-238 using a constant U-235 worth/kg of +50,0, 

TABLE 11I-6-XX, CENTR.VL FISSION RATIOS MEASURED IN ZPR-6 AND -9 AssEMnuiES 

Fission Ratio 

U-2.38/U-235 
U 234/U-235 

PU-239/U-235 

ZPR-6 Assembly 5 

Radial 
(No Spacer)" 

0.0238 ± 0.0008 
0.166 ± 0.004 
0.968 ± 0.025 

Axial 

0.0223 ± 0,0009 
0.169 ± 0.0O5 
0.949 ± 0.026 

Radial 
(Spacer)" 

0.0234 ± 0.0007 
0.163 ± 0.004 
0.963 ± 0.024 

ZPR-9 Assembly 11 

Radial 
(No Spacer)' 

0.0238 ± 0.0007 
0,175 ± 0.004 
0,986 ± 0,026 

ZPR-6 Assembly 4Z 

Radial 
(Spacer)' 

0,0238 ± 0.0007 
0.172 ± 0.004 
0.907 ± 0.025 

.\xiat 

0.0267 ± 0,0008 
0.203 ± 0.005 
0.949 ± 0.025 

- Spacer consists of l^-m.-^hick U-238 plate located in front drawers only when radial traverse measurements were made. 

file:///xiat
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SPATIAL DISTRIBUTION OF THE IMPOKTANCE OF FISSION 

NEUTRONS AND THE NORMALIZATION INTEGRAL 

OF THE P E R T U R B A T I O N E X P R E S S I O N 

The spatial distribution of the importaiice of fission 
neutrons as a function of the radial position was meas
ured in Assembly ,'i with the Cf-2.i2 source technique 
described by Karam et al.' The results are shown in Fig. 
111-6-35 together with the calculated distribution which 
was obtained with the M.\CH 1 Code and ZPR-6-5 
Cross Section Set (Table III-6-II). 

The normalization integral of the perturbation 
expression was also measured in Assembly 5 by the 
Cf-252 source technitjue.' The measured normalization 
integral when the quantities ^ , X:<t>* and T^, (iiZ/),itii 
are normalized to unity at the center of the reactor, 
was 6.645 X 10^. The uncertainty in this measurement 
is about 5%. 
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III-7. Note on Worth Ratios in Zoned Versus Full Size Critical Assembl ies 

D. A. MENELEY 

Several authors (for example, Refs. 1, 2, 3) have 
compared the ratio of material worths in zoned and 
full-size critical assemblies by comparison of nor
malization integrals or perturbation denominators in 
the two assemblies. Howc\'er, as is shown below, a 
rather different factor from the perturbation denom
inator must be used to mainlain consistency. Define 

W, 
PN, 
PD, 

(1) 

as the first-order perturbation worth in as.sembly i, 
in 6k/k units. P.W denotes the u.sual i)erfurbation 
numerator and I'D the denominator. The computed 
worth ratio in two assemblies i and j is given by 

(2) 
W, PN, ' PD, • 

By appropriate flux normalization the first ratio on 
the right may be set equal to 1.0. 

The measurements are reportctl in inhour unit^ 
(which are almost independent of delayed ptirameters) 
The number of inhours per unit 5/./// is given by 

HI. 

3600 "*" V 1 + 3000 X, ; ) " • • 
( 3 ) 

where pih is the reactivity corresponding to one inhour, 
A is the prompt generation time and y3/ and X/ arc, 
respectively, the effective delayed fraction atid decay 
constant for delayed family / . 

Recalling the definition of /3/,,: 

(3/., 

/ [ Z X/,.*:(r)] |i:[E^/.™.': ' ,-.„,(r)].<..(r) | dr 

¥Di 
DNi.i 

PD, 
(4) 
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where the g summations are taken over the neutroii 
energy groups, x/,» is the delayed neutron emission 
spectrum for family / , i^*(r) and </>B(r) are respectively 
the adjoint and real fluxes in group g at position r, 
the m summation extends over all fissionable materials 
at r, and §i .^vZi ,„,,, is the yield of delayed neutrons 
per fission in ntaterial m, in energy group g. 
Also, 

/^>)C1 « , ( r ) d r 

PDi 
LN, 
PDi 

Wc can now write 

(i). PD.C^^-^ + Z 
\3600 / I + 3600 

•f 3600 X// 

(5) 

(6) 

Rewriting the computed worth ratio from Eq. (2) 
ill inhour units after normaUzation to ehminate the 
first factor, we find 

Wi \3600 / 1 + 3600 X// / 

f ^ + Z 
\360O y \ + 3600 

+ 3600 \,) ' 

(7) 

The summation term is dominant in fast .systems 
due to the high neutroii velocities, so that the value 
of the ratio depends mainly on the DN/ terms. 

Due to the variation of delayed yields in the dift'erent 
regions of the zoned and full size cores, the integrands 
of the DNi terms may have quite different spatial 
distributions than that of the perturbation denom
inator. Also, any uncertainty in relative delayed neutron 
yields between different fissiotiing isotopes in the two 
cores is directly reflected in uncertainty of the com
puted worth ratio. 

REFERENCES 

1. G, J. Fischer and A. Travelli, Studies of Analgtical Problems 
in Interpretation of Zone-Loading Experiments, and Jiasic 
Considerations in Zone-Loaded Core Design. Proc, Inter
national Conference on Fast Critical Kxperinienls and 
Their Analysis, October 10-13, 1966, ANL-7.320, pp. 421-
428. 

2. A. Travelli and G.Fischer, .{nalysis of the Vncertainlies in the 
Inlerprelalion of Zone Loaded Experiments. Ueaetor Physics 
Division Annual Report, July I, 1966 to June 30, 1966, 
ANL-7210, pp, 154-159, 

3. R, A, Karam and L, G, LeSage, Zoned Core Concepts. Trans. 
Am. Nucl. Soc. 10, 270 (1967), 

I I I - 8 . Z P R - 9 A s s e m b l i e s 11 a n d 1 2 — T w o S m a l l Z o n e d V e r s i o n s o f t h e 2 6 0 0 - L i t e r 
A s s e m b l y 5 Z P R - 6 

R. A. LEWIS, L . G . LESAGE and R. A. KARA.M 

GENERAL DESCRIPTION, ASSEMBLIES U 

AND 12 OF Z P R - 9 

A series of three progressively smaller zoned as
semblies have been built, each of which uses the same 
central core composition as the reference, full-size, 
As.sembly 5 of ZPR-6 (see Paper III-6). Assembly 5 
was a large dilute uranium-carbide fast power reactor 
mockup. Iii order of decreasing size, the zoned as
semblies were ZPR-6 Assembly 4Z,"' ZPR-9 Assembly 
12 and ZPR-9 Assembly 11. 

The purpose of the series of zoned cores was to test 
the effectiveness of these as.semblies in reproducing 
the central core spectra of the comparable fuU-sized 
assembly and therefore the environment for measure
ments sensitive primarily to the central spectra (see 
Paper III-l l) discusses the results of comparisons 
between the zoned and full-sized assemblies of this 
series. 

The design of zoned assemblies generally proceeds 

from the desire to produce a real and adjoint sp ectra 
match to some reference reactor over as large a region 
of the central zone as pos.sible within the limitation of 
available materials. This has led to design concepts 
involving a central zone of the same composition as 
the reference reactor, a highly enriched dri\'er region 
and a buffer region between the two to aid in spectral 
equilibration. This ziiite pattern was used in each oi 
the three zoned assemblies. In the cases of .\ssemblies 
11 and 12 the most important design limitation w:is on 
critical mass: 500 kg for Assembly 11 and 6(X) kg for 
Assembly 12. 

Design calculations were performed using one-
dimensional diffusion theory and various cross section 
sets. Although the calculated central spectra for the 
reference and zoned cores vary with the cross section 
set, the group-by-group matching of spectra was not 
particularly sensitive to the cross section .set usetl when 
the reference and zone were compared tin the basis of 
the same set. This was taken as an indication that the 

file:///3600
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11 Core 
12 Core 

11 Buffer 
12 Buffer 

11 Driver 
12 Driver 

11 Reflector 
12 Reflector 
12 Reflector 

Outer Radius, 
cm 

20.89 
25.88 

28.04 
32.52 

39.47 
40.75 

80.02 
54.52 
80,75 

Fe 

0,009086 
0.009086 

0.009086 
0.008826 

0.007014 
0,010638 

0.077772 
0.004322 
0.077772 

Ni 

0.001148 
0.001148 

0.001148 
0.001116 

0.01887 
0.001346 

0.000891 
0.00064 
0.000891 

Cr 

0.002593 
0.002593 

0.002593 
0.002620 

0.002002 
0.003038 

0.02036 
0.00114 
0.02036 

Atom Dens 

Na 

0.009028 
0.009028 

0.009028 
0,003917 

0,007833 

— 
— 

lies X 10-" 

C 

0.012986 
0.012986 

0.009413 
0.034636 

0.M329 
0.012986 

— 
— 

U-238 

0.010633 
0.010633 

0.012145 
0.009708 

0.000321 
0.005381 

0.03990 

— 

U-235 

0.001547 
0.001547 

0.000026 
0.000020 

0.004498 
0,006876 

0.000081 

B 

— 
— 

0.00.3023 

— 

— 
— 

matching was perhaps better than the uncertainties 
in the calculations. 

Table III-8-I lists the regional sizes and homogenized 
compositions used in Assemblies 11 and 12. The loading 
configuration of the ZPR facilities consists of thin 
plates of mockup materials in nominally 2 in. x 2 in. 
drawers, of a length depending on the assembly, loaded 
into a rectangular stainless steel matrix. Drawer and 
assembly loading patterns for Assemblies 11 and 12 
are shown in Figs. III-8-1, III-8-2 and III-8-3. 

Table 1II-8TI shows a comparison of the calculated 
real and adjoint spectra of Assemblies 11 and 12 with 
that of the reference Assembly 5. Table III-8-III lists 
a few significant measured and calculated parameters. 
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FIG. III-8-2, Assembly Loading Pattern ZPR-9, Assembly 
n. ANL Neg. No. 112-9032. 

SUMMARY OF MEA.SUREMENTS IN ZPR-9 ASSEMBLY U 

The measurements made on A.ssembly 11 were a 
central real spectrum measurement (see Paper III-IO), 
central reactivity worth measurements on small samples 
of various materials, central small-sample retictivity 
Doppler effect measurements, central fission ralio 
measurements (see Paper I I I - l l ) , measurcmi'iit of 
the spatial distribution of the importance of fission 
neutrons, measurement of the perturbation-theory 
normalization integral, and foil measurements of the 
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KlG, 111-8-3. Assembly Loading Pattern ZPR-9, Assembly 
12. ANL Neg. No. 112-9033. 

radial and axial U-2.38 and U-235 fission rate distri
butions.' The spectrum measurement and the fission 
ratio measurement data are given in the referenced 
papers. 

Assembly 11 central worth measurement data are 
summarized in Table III-8-IV. The measurement was 
accomplished by comparing the reactor period with 
and without the sample in place in a small cavity at 
the center of the assembly. 

Table III-8-VI summarizes the results of the Doppler 
measurements performed on As.sembly 11. The meas
urements were made at the core center with the ;is-
sembly loading pattern of I'ig. III-8-2 modified by 
inserting an oscillator assembly into the central core 
tube. Four different sample types were used. The FE, 
XE and NNE types are distinguished by their ex
pansion characteristics.^ The essential features are 
that the FE sample type allows free axial and radial 
expansion of the UO2 column with temperature; the 
NE sample type allows no axial expansion while al
lowing radial expansion; and the NNE sample type 
allows no axial expansion and, using Invar, constrains 
radial expansion over the first 2-40 to SCWC above rottm 
temperature. The high temperature, HT, sample type 
is one of several sample types under development to 

TABLE III-8-II . CoMP.^ltisoN OF C.\LCULATED R E . \ L AND ADJOINT CENTEHLI.VE FLUXES 

FOB ZPR-6 ASSEMBLY 6 AND ZPR-9 AesEMBLiES 11 AND 12* 

Group 

1 
2 
3 
4 
6 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Group Lower 
Energy Limit, 

keV 

3679 
2231 
1363 
821 
600 
302 
183 
111 
67.4 
40.9 
24.8 
15.0 
9,12 
4,31 
2,61 
2,03 
1.23 
0.961 
0.683 
0.275 
0.101 
0.0290 
0.0137 
0.00.306 
0.00068 

Centerline Flux, 
ZPR-6 

Assembly 5 

1.48 
2,81 
4,81 
7,39 

10,28 
12.68 
12.72 
11.36 
9.67 
7.85 
5.96 
4,71 
3,30 
2,40 
0.441 
0.539 
0.825 
0.268 
0.287 
0.172 
0.0467 
0.0043 
0.0002 

— 
— 

Centerline Flux, 
ZPR-9 

Assembly 11 

1.45 
2.76 
4,77 
7,47 

10.60 
12.91 
12.84 
11.38 
9.65 
7.80 
6.90 
4.61 
3,20 
2,31 
0.436 
0.517 
0.776 
0.243 
0.271 
0.165 
0.0464 
0,0042 
0,0002 

— 
— 

Centerline Flux, 
ZPR-9 

Assembly 12 

1,48 
2,82 
4,83 
7,46 

10,39 
12,76 
12.75 
11.34 
9.64 
7.81 
5.92 
4.66 
3.26 
2,36 
0,446 
0.531 
0.798 
0.260 
0.277 
0.168 
0.0462 
0.0044 
0,0002 

— 
— 

Centerline 
.\djoint Flux, 

ZPR-6 
.Assembly 5 

4.86 
4.61 
4.23 
3,67 
3,64 
3,67 
3.68 
3.66 
3.64 
3.64 
3.66 
3.70 
3.76 
3.78 
3.83 
3.88 
3.96 
4.01 
4.32 
4.52 
4.19 
4.09 
3.02 
2.64 
7.33 

Centerline 
Adjoint Flux, 

ZPR-9 
Assembly 11 

4.88 
4.66 
4.31 
3.75 
3.73 
3.75 
3.71 
3.65 
3.61 
3.68 
3.58 
3,62 
3,67 
3,73 
3,78 
3.8.3 
3.91 
3.97 
4,29 
4,51 
4,12 
4,12 
3,06 
2,67 
7.43 

Centerline 
.\djnint Flux, 

ZPR-9 
Assembly 12 

4,84 
4,60 
4,23 
3.68 
3.66 
3,70 
3,70 
3,6S 
3,65 
3,64 
3,65 
3,69 
3,74 
3.77 
3.82 
3.87 
3.95 
4,00 
4.31 
4,52 
4,19 
4,0',! 
3,02 
2,64 
7,33 

» The spectra were computed in cylindrical geometry by the MACH-1 code* using the 801 cross section set. The 801 
erated by the ELMOE code.* The values were normalized such that 2Z*i = 100, X * i = 100. 

set was gen-

file:///djoint
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achieve the goal of Doppler measurements to 2000°K. 
The particular sample used in these measurements 
was constructed of an alumina inner can with a bare 
tantalum heater wire. Table III-8-VI includes a meas
urement of the reactivity signal of an empty can of 
this design as a function of temperature. There is a 
significant signal from the empty can, probably coming 
from the tantalum wire. Measurements in ZPR-6 
A.ssembly 4Z" ' indicated no significant reactivity 
signals from empty cans of the FE, NE or NNE types. 
Outgassing from the structure of this HT sample 

TABLE III-8-III . L IST OF MEASURED AND CVLCULATED 
PARAIWETEILS FOR ASSEMBLIES U AND 12 

Measured critical mass, kg 
Calculated critical mass (MACII-

1, 801 set), kg 
Calctdated critical mass (MACII-

1, MCCset) ,! ' kg 
Mass of U-235 in central core, kg 
Tolal volume (excluding re-

fleclor), liter 
\'olume of central core, liter 
C<ire height (excluding re

flector), cm 
Axial reflector thickness, cm 

Iteflector savings used in calcula
tion, cm 

Calculated effective delayed neu
tron fraction 

Calculated prompt neutron life
time, sec 

Calculated l h / % reactivity (Ih/ 
% ik/k) 

Calculated perturbation (ienoini-
natT)r,'' sec"' 

Number of dual purpose (fviel) 
control rods; 

Measured worth/rod, % &k/k 
Calctdated worth/rod, % ik/k 

Number of boron safety rods 
Measured worth/rod, % Sk/k 
Calculated worth/rod, % Sk/k 

Calculated Doppler coefficient for 
U-235 heating (300°K to 
1200°K), ISk/k)/'C 

Calculated U-235 Temperature 
Expansion Coefiicient i&k/k)/ 

°C 

Assembly 

11 

480 
472 

461 

76 
448 

126 
91.4 

Fe-33 

core: 20 
driver: 9.2 

7.12 X 10-» 

3.55 X 10-' 

428.2 

3,67 X 10' 

10 

0,23 
0.250 
2 
0.23 
0.364 

4-6.0 X 10-' 

- 4 . 3 X I 0 - ' 

12 

679 
682 

569 

116 
477 

192 
91.4 

U-238-12.7; 
Fe-20,3 

16,1 

7.20 X 10-> 

1,88 X 10-' 

451,2 

4,18 X 10- ' 

10 

0.25-0.28 
0.266 

1 

— 
0.146 

4-4.8 X 10-' 

- 6 . 9 X 10-* 

' The calculated values were computed by the MACH-1 
code* using the 801 cross section set, except as noted in the 
table. 

** The MCC cross section set was generated hy the MCC 
code.' 

" The valupB are normalized such that ^ t (i>^/)i<t>i = I and 
Z-i Xi<t>' = 1 at the rcnier of t he core. 

_CENTflAL_ 
ZONE 

_L 

REFLECTOR 
TO 79 

10 40 50 20 30 

RADIUS, cm 

FIG. n i -8-4 . Distribution of Iniportunce uf Fission Neu
trons in Assembly 11 of ZPK-9. ANL Neg. No. 112-8931. 

prevented measurements higher than 1500°K. The 
temperatures listed in Table III-8-VI are average 
sample temperatures, based upon centerline tempera
tures at the sample ends and center, together with 
previously measured typical temperature profiles. Tlie 
samples are heated on their outer surfaces. 

The normaUzation integral (denominator of the 
standard perturbation expression) for Assembly 11 
was measured by a method utilizing a Cf-2r)2 spon
taneous neutron source.* The value measured was 
(4.22 i t 0.2) X 10^ sec-' and was obtained by normal
izing the quantities ^ , (j'2/),(^i = l a n d ^,Xi<i>i = 1 
at the center of the core. The measured spatial dis
tribution of the importance of fission neutrons is 
shown in Fig. III-8-4. 

SUMMARY OF MEASUREMENTS IN ZPR-9 ASSEMBLY 12 

The measurements made in Assembly 12 were central 
real spectrum measurements (see Paper III-IO), central 
reactivity worth measurements on small samples of 
various materials, central small-sample reactivity 
Doppler effect measurements, measurement of the 
spatial distribution of the importance of fissidn neu
trons, measurement of the perturbation theory nor
malization integral and a sodium-void reactivity 
measurement. ZPR-9 Assembly 18, which was installed 
in June of 1967, is identical to ZPR-9 Assembly 12. The 
experimental results from Assembly 18 are not included 
in this paper. 

The results from the Assembly 12 central worth 
measurements are given in Table IU-8-V. The worth 
samples and the measurement technique were the 
same as those used for Assembly 11. 

The results of the Assembly 12 Doppler measure
ments are listed in Table I1I-8-VII. Sample types are 
the same as those used for the Assembly 11 measure-
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TABLE III-8-IV. CENTRAL WORTH ME.^SUEEMENTB IN ZPR-9 ASSEIWBLY 11 

Sample 

Be 
C 
Ni 
V 
Li 
Zr 
Mo 
Al 
B-10 
B.C 

Polvethylene 
Nb 
W 
Ta 
U-238 
U-235 
U-235 
Na 
SS-304 
Pu 

U-233 (97,16% U-233) 

Weight of Sample, 
g 

114.308 
103.0 
646,0 
183,67 
28.30 

406.0 
699.0 
160.90 
29.29 
69.02 
68,98 

481,2 
1108,0 
924,70 

1153,80 
27,719 
64,183 
51,38 

499,6 
117,157 

146,708 

Weight of Can, 
g 

Bare 
Bare 
Bare 

66.30 (SS) 
67.03 (SS) 

Bare 
Bare 
Bare 

66.73 (8S) 
64.70 (SS) 

Bare 
30.10 (SS) 

Bare 
27.54 (SS) 

Bare 
47.30 (SS) 
47.30 (SS) 
56.42 (SS) 

Bare 
7.093 (Al) 

20.06 (SS) 
5.286 (Al) 

19,977 (SS) 

Gross Worth", 
Ih 

4-0.671 ± 0,057 
-0 ,220 ± 0,057 
-1 ,973 ± 0,C57 
-0 ,498 ± 0,057 
-1 ,378 ± 0,023 
-1 .136 ± 0,023 
-5 ,293 ± 0,023 
-0 ,518 ± 0.023 

-36,676 ± 0,030 
-9 .876 ± 0,028 

4-28.652 ± 0,028 
-5 ,900 ± 0,048 
-8 ,928 ± 0,030 
-18 ,30 ± 0,10 
-5 .908 ± 0,010 
4-1,946 ± 0,025 
4-4,827 ± 0,050 
-0 ,282 ± 0,015 
-1 ,401 ± 0,040 

4-13,714 ± 0,050 

4-20,987 ± 0,200 

Net Worth, 
Ih 

4-0,671 ± 0.057 
-0 ,220 ± 0,057 
-1 ,973 ± 0,057 
-0 ,334 ± 0,060 
-1 ,208 ± 0,029 
-1 ,136 ± 0.023 
-5 ,243 ± 0,023 
-0 ,518 ± 0,023 

-35,520 ± 0,0.35 
-9 ,684 ± 0,034 

4-28,652 ± 0,028 
-5 ,811 ± 0.051 
-8 .928 ± 0,a30 
-18 ,22 ± 0,10 
- 6 , 9 0 8 ± 0.010 

1.833 ± 0,028 
4-4.714 ± 0.053 
-0 .114 ± 0,035 
-1 ,401 ± 0,040 

4-13.795 ± 0.055 

4-21.0<i7 ± 0,200 

' \%Ak/k = 428,2 Ih, 

Sample 

Polyeth
ylene 

Polyeth
ylene 

Be 
B-10 
C 
Na 
Al 
Fe 
SS 
SS can 
Ni 
Nb 
Mo 
Ta 
W 

Weight of 
Sample, 

g 

23.973 

58,98 

114.308 
29.29 

102.01 
51.38 

166,9 
488,0 
480.98 
72.378 

646.0 
481.2 
599.0 
924.7 

1108,0 

TABLE III -8- \ 

Weight of 
Can, 

g 

Bare 

Bare 

Bare 
55,73 (SS) 

Bare 
54,52 (SS) 

Bare 
Bare 
Bare 
Bare 
Bare 

30,10 (SS) 
Bare 

27,54 (SS) 
Bare 

Gross 
Worth', 

Ih 

4-9,539 

4-26,155 

4-1,395 
-32,731 
4-0,161 
-0 ,210 
-0 ,428 
-1 .022 
-1 ,137 
-0 ,184 
-1 ,634 
-5 .406 
-4 ,826 

-16,698 
-8 ,133 

CKNTHAL WORTH McAauREMENTS IN ZPR-9 A8SEMHL\ 

Net Worth, 
Ih 

4-9,539 ± 0,010 

4-26,155 r t 0,015 

4-1,395 ± 0,010 
-32,589 ± 0,015 
4-0,161 ± 0,011 

-0.0707 ± 0.0103 
-0 .428 ± 0,010 
-1 ,022 ± 0,010 
-1 .137 ± 0.010 
-0 ,184 ± 0,010 
-1 ,634 ± 0,010 
-6 ,329 ± 0,015 
-4 .826 ± 0,010 

-16.628 ± 0.015 
-8 .133 ± 0.010 

1 

Sample 

U-236 

U-235 

U-238 
Pu 

W'eight of 
Sample, 

g 

18.11 
(Total) 

16.87 
(U-236) 

69.40 
(Total) 

55.32 
(U-235) 

1153.8 
148,36 
(Total) 
113.34 

(Pu-239) 
5.34 

(Pu-240) 
0.54 

(Pu-241) 

Weight of 
Can, 

K 

72.378 (SS) 

55,44 (SS) 

Bare 
22,27 (SS) 

6,85 (Al) 

12 

Gross 
Worht, 
tt 

4-0.993 

4-3.526 

-6 .398 
4-11.019 

Net Worth. 
Ih 

4-1.183 ± 0.016 

4-3,691 ± 0,015 

-5 .398 ± 0.010 
4-11.094 ± 0.20 

'l%Ak/k = 461,2 Ih, 



8. Lewis, LeSage and Karam 195 

Date of 
Meas. 

8/1/66 

8/2/66 

8/24/66 

10/6/66 

10/7/66 

8/10/66 

9/6/66 

9/13/66 

Sample 
No. 

N16 

N16 

Nl 

N19 

empty 
can 

HE6 

HE2 

HE6 

Nominal 
Diam. 

and 
Length, 

in. 

H X 12 

H X 12 

1 X 12 

1 X 12 

1 X 12 

H X 12 

1 X 12 

1 X 12 

TABLE III-8-VI, R 

Mate
rial 

UOi 

UO, 

UO, 

UOi 

~ 
UO, 

UO, 

UO, 

% 
Enrich
ment 

natural 

natural 

natural 

natural 

~ 
97.6 

97.7 

97.7 

Total 
U 

Mass, 
kg 

0.244 

0.244 

1.116 

0.716 

^ 
0.240 

1.004 

0.712 

ESULTS 

Sample 
Type 

FE 

FE 

FE 

HT 

H T 

FE 

NE 

NNE 

OF ASSEMBLY 11 

Sample 
Environ

ment 

Regular 
Core 
Regular 
Core 
Regular 
Core 
Regular 
Core 

Regular 
Core 
Regular 
Core 
Regular 
Core 

Regular 
Core 

Experi
mental 

Precision 
a. 

Ih/kg-U 

0.009 

0.009 

0.003 

0.007 

0.008 

0.010 

0.003 

0.003 

DOPPLER MEASUREMENTS 

Measured Reactivity Change vs. Temp." 
Temp,, -K; 

(Reactivity, Ih/l<g-U) 

1061 
(-0,397) 

497 
(-0,154) 

496 
(-0.145) 

639 
(-0.256) 

1207 
(-0.659) 

540 
(-0.045) 

503 
(4-0.048) 

331 
(4-0.011) 

616 
(4-0.073) 

343 
(4-0.007) 

628 
(4-0.059) 

773 
(-0,296) 

689 
(-0,251) 

560 
(-0,293) 

1513 
(-0,610) 

722 
(-0.066) 

684" 
(4-0,077) 

377 
(4-0.018) 

808 
(4-0.090) 

378 
(4-0.017) 

820 
(4-0.089) 

1054 
(-0,390) 

878 
(-0,320) 

747 
(-0,380) 

1009 
(-0,109)"' 

875 
(4-0,065) 

424 
(4-0,039) 

1064 
(4-0,109) 

443 
(4-0,035) 

1032 
(4-0,110) 

1064 
(-0.389) 

1013 
(-0,482) 

lOOS'i 
(4-0,072) 

472 
(4-0,047) 

494 
(4-0,044) 

" 428 Ih = 1% 6k/k. Data are normalized to 0.000 Ih/kg-U at 293''K and uncorrected for expansion. 
'• Per kg uranium in N19. 
•ff = 0.015 Ih/kg-U. 
••ff = 0.005 IhAg-U-

Date of 
Meas. 

12/16/66 

12/20/66 

1/9/67 

1/3/67 

Sample 
No. 

Nl 

Nl 

Nl 

HE5 

Nominal 
Diam. 

and 
Length, 

in. 

1 X 12 

1 X 12 

1 X 12 

1 X 12 

TABLE III-8-VII. 

Mate
rial 

UO 

UO 

UO 

UO 

% 
Enrich
ment 

natural 

natural 

natural 

97.7 

Total 
U 

Mass, 
kg 

1.116 

1.116 

1.116 

0.712 

RESULTS OF ASSEMBLY 12 DOPPLER M E , 

Sample 
Type 

FE 

FE 

FE 

NNE 

Sample 
Environ

ment 

Regular 
Core 
Min, Het. 

Min. Het. 

Min. Het. 

Experi
mental 

Precision 

tt/kg-U 

0.004 

0.002 

0.003 

0.005 

SUREMENTS 

Measured Reactivity Change vs. Temp." 
Temp., °K; 

(Reactivity, Ih/kg-U) 

335 
(-0 .036) 

620 
(-0.153) 

854 
(-0.306) 

326 
(4-0.032) 

664 
(4-0.077) 

614 678 867 
(-0.147) (-0.216) (^0,294) 

682 867'' 1062 
(-0,231) ( -0 ,291) ( -0 ,361) 

364 425 479 
(4-0,038) (4-0,053) (4-0,060) 

847 
(4-0,077) 

' 451 Ih = 1% dk/k. Data are normalized to 0.000 Ih/kg-U at 293°K and uncorrected for expansion. 
*ff = 0.011 I h A g uranium. 
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Fi(i, III-8-5, Dietributiou of Importance of Fission Neu
trons in Assembly 12 of ZPR-9, .ANL Neg. No. 112-8932. 

meuts. Measuremeiits were performed iii aii oscillator 
installed in the central core drawer. The sample en
vironment listed in Table III-S-VII as "Mhi. Het." 
was aii arrangement in which the eight drawers im
mediately adjacent to the .sample locatioii were rear
ranged to minimize the plate heterogeiieity around the 
sample. This was the arrangement used routinely iii 
the ZPH-f) Assembly 4Z measurement.s.* This ar
rangement caused a small change in the local com
position, as well as heterogeneity, as compared with 
the cii.se where the regular core loading, with its vertical 
plate structure, was merely changed by removing the 
center drawer to allow sample access; the latter ar
rangement is the "Regular Core" of Table III-8-VII. 
It is significant that there is no measureable difference 
between the two environment configurations as shown 

by the December I(i and December 20, liKKi meas
urements of Table III-8-VII. 

The spatial distribution of the importance of fission 
neutrons is shown in l''ig. III-8-.'). The normalization 
integral for .\ssembly 12 was measured to be (4.47 ± 
0.2) X 10' sec-'. The technique was the same as that 
described previously for the As.sembly 11 meiuiurement. 

The reactivity effect of voiding the sodium in the 
front two inches of the nine center drawers in each 
half was measured. The amount of sodium removed 
was 0.88() kg. The worth \alues were obtained from 
period mea.suremeiits made both with the normal 
sudhim loading and with the sodium cans in this region 
replaced by empty can.s. The result was + 1.8.') ± 0.07 
Ih/kg of sodium voided. 

U. C. Doerner was the physicist responsible for the 
.supervision of ZPR-9 during the periods that .\s-
semblies 11 and 12 were installed and operating. 
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III-9. The Eflfect of Sodium Voiding on the Spectrum of ZPR-6 Assembly 5 

E. F. BENNETT 

During the series of measurements described in (Pa
per III-IO), the spectrum at the center of Assembly 5 
was measured with a cylindrical volume of the reactor 
voided of sodium; the radius of the voided volume 
was 20 cm. Sodium is one of the principal constituents 
of ZPR-6 anil ZPR-9 cores and its expulsion can con

tribute substantially to multiplication changes ]ierti-
nent to the safety analysis of these cores. 

The normal atom densities of all core materials are 
listed in Table III-9-I. The voiding process consisted 
of removing all of the sodium cans from a 20-cm 
radius central region and then adding a sufficient 
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aiiiount of steel to restore material concentrations to 
values listed in the table. 

Details of the measurement were identical with 
those in Paper 111-10. The absence of sodium pro
duced a 25-Ih reduction in reactivity. Measurements 
in the "normal" core were made with the reactor sub-
critical by 170 Ih; therefore the void caused reactiv
ity to decrease to —195 Ih with respect to the "normal" 
core. 

In order to compare the effect upon the spectrum 
of the sodium void, both spectra were averaged over 
the energy group structure of the ANL-801 cross sec
tion set (after normalizing to equal integrated flux) 
and group by group differences taken in the same 
manner in which the zoned core comparison was made. 
In Fig. III-9-1 a plot of these differences (normal 
S])ectrum minus voided spectrum) is shown as a func
tion of energy. The differences are normalized to the 
integral flux (identical for both spectra by choice of 
normalization I. Figure III-9-I also contains a calcu
lated group histogram of the deviations. The calcu
lation was made using the MACH-1 code and the 
ANL-801 cross section set. General trends of the cal
culated and measured results agree, in particular the 
large deviations predicted at 3 keV and near 800 
keV are observed. The predicted deviations are not, 
however, generally within experimental errors and no 
explanation can be pi'ovided at present. 

Improvements in experimental technique, including 
a method for treating wall-and-end effect distortion 
at the higher energies, are being developed; these may 
alter somewhat the results near 1 MeV. Effects of 
homogeneity of the environment near the detector are 
not easily resolved. Past measurements and calcula-

TABLE III-9-I. ATOM D E N S I T I E S OF ASSEMBLY 5 

Material 

Fe 
Ni 
Cr 
Na 
C 
U-238 
U-235 

Atom Densi 
X 10-" cm 

0,009080 
0,001148 
0.002593 
0.009028 
0.012986 
0.010633 
0,001547 
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F I G , III-9-1. Group Comparison of Voided and Normal 
Central Spectra in Assembly 5. .ANL Neg. No. 112-8444. 

tions designed to test these effects indicate that they 
should have relatively little influenee on an intercom
parison of the kind described here. 

One obvious defect in the intercomparison i.s the 
arbitrary normalization of the two spectra (to equal 
integrated flux from about 1 keV to about 3 MeV). 
Since the extent of subcriticality of each mcasurciiient 
is known, an improved calculation taking this into ac
count could eliminate this arbitrariness. 

In summary, sodium voiding of the central region 
of Assembly 5 produces easily observed changes in 
the spectrum which are in qualitative agreement with 
calculation over the energy region above about 2 keV. 
The measured (and calculated) changes over tliis re
gion are not large, however. Below 3 keV, and as en
ergy decreases, sodium voiding produces a large in
crease in neutron flux (three or four times according 
to calculation). This increase is partially obscured by 
a sodium resonance near 3 keV, which is close to the 
lower extremity of proton-recoil measurements. The 
substantial softening at low energies will influence 
certain experiments inordinately, especially Doppler 
and l / v weighted results such as neutron lifetime 
where the sub-keV flux may account for a large frac
tion of the effect. The effect of voiding will not, how
ever, be very impressive over the energy region ac
cessible to proton-recoil experiments. 
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III-IO. Experimental Neutron Spectrum Comparison of a Zoned and a H o m o g e n e o u s 
Fast Critical Assembly 

E. F. BENNETT 

Zoned reactors allow a substantial reduction in 
material inventory relative to reactors of the same 
central composition liut homogeneous throughout. The 
usefulness of zoned reactors as a substitute for 
homogeneous reactors can be judged relative to the 
ease with which measurements can be referred to the 
homogeneous case. 

An approximate equivalence of central neutron 
.s|iectia in both configurations will simplify consider
ably any intercomparison of reactivity effects and 
zoned reactors are generally designed to reproduce the 
reference central spectrum rather closely. 

Experimental spectrum measurements using proton-
recoil techniques''^ have been made on both Assembly 
5 (homogeneous) and Assembly 12 (zoned) as con
structed at the ZPR-6 and ZPR-9 facilities at Ar
gonne. The composition of the homogeneous reactor 
simulates that of a large dilute uranium carbide power 
reactor. Details of these cores can be found in Ref. 3. 
The zoned reactor has a central region (radius = 26 
cm) with the composition of the homogeneous reactor 
and a concentric annulus with a high concentration of 
fissionable material. 

Figure III-lO-l depicts the spectrum as measured in 
the reference core (Assembly 5). Resolution is ap
proximately 10% iF.W.H.M.) except at the lower en
ergies where it worsens because of statistics in [irotoii 
ionization. The spectrum contains recognizable fea
tures. The large sodium resonance at 3 keV depletes 
the flux severely as do resonances in the lighter ele
ments in the core at various energies across the spec-
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trum from the Reference Spectrum Versus Energy. .ANL Neg. 
No. 112-7866. 

trum. The result in Fig. III-lO-l is similar to an older 
measurement- except that in this measurement an im
proved energy calibration was available, a correction 
for a non-Gaussian component in the detector re
sponse function (due to finite detector size) was made, 
and the resolution was improved. 

A group histogram from the MCC code'' is also 
shown in Fig. I I I - lO-l ; normalization is arbitrary. 
There is general agreement as to shape. Data below 
."> keV are probably subject to systematic errors in 
excess of statistics and some of the reasons for this 
are discussed in Refs. 1 and 2. 

The spectra above 1 MeV are subject to a sizeable 
correction for wall and end effects. These corrections 
have not been made but they should not greatly in
fluence a comparison of spectra from the two as
semblies. 

Figure III-10-2 is a plot of the jtercentage de\'iatioii 
of the zoned assembly from the homogeneous assem
bly versus energy. The measured spectrum for both 
cases was averaged over lethargy intervals of the 
same width (0.25) as the histogram in Fig. III-lO-l. 
The spectrum for the zoned assembly was noriiialized 
(by area) to the reference spectrum. Except at low 
energies (below 5 keV) the deviations observed were, 
for the most part, within estimated statistical errors. 

Below 5 keV, differences in the spectra were gen
erally in excess of statistics. These deviations are 
probably not real, however. Reproduciiiility of spectra 
at low energies has generally not been within sta-
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tistics; Ihc explanation appears to be insti-uinental in 
chariicter and iiiiproved counting ajiparatus run be 
cxiH'cteil to reiluce these sources of systematic error 
substantially. 

In summary, the refei-ence core and the zoned core 
spectra agree within about 2'/2% for energies from 
about 5 keV to about 2 MeV. From 1.5 to 5 keV the 
siiertra agree within about 20%; this number includes 
systematic errors, however, and the real discrepancy 
is probably less. 
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I I I - l l . A Review of Data Pertaining to Spectral Equil ibration 
and Spectral Match ing in Zoned Cores 

L. O. LESAGE, R . A. KARAM, R . A. LEWIS, E . F . BENNETT and G. W. MAIN 

INTRODUCTION 

There is a considerable advantage in using a zoned 
critical assembly rather than a full-sized assembly for 
certain types of fast reactor physics measurements. 
The zoned assembly lias the following advantages. 
The fuel rei|iiii'en>eiit is gieally reduced, it can he 
consti-ueted moi'e easily and rapidly, the personnel 
radiation exposui'e is genei-ally reduced and, for 
reactivity ineasureinents, the signal is usually larger. 
In order that measui'enieiits made in a zoned assembly 
are interpretable in terms of a full-size reference 
system, it is necessary that both the real and the 
adjoint spectra in the zone be well matched to the ref
erence spectra. The actual degree of matching re-
(luircil depends to some extent, however, on the meas
urements planned for the zone. For example, Doppler 
effect measurements generally do not require as ac
curate a match as worth measurements that involve 
scattering materials. The matching of the zone spec
trum to the reference spectrum is one of the primary 
objectives in the zoned assembly design calculations. 
A number of different measurements have been per
formed on the zoned Assemblies 11, 12 and 4Z and on 
the reference core. Assembly 5, which tend to ex
perimentally confirm the adequacy of the spectra in 
these zoned cores. These include the direct spectrum 
measurements using the proton recoil counter, cen
tral material worth measurements, fission ratios and 
Doppler effect measureinents. Part of these experi-
tncntal results have been reported elsewhere.^-^ It is 
the purpose of this paper to present and discuss all 
the experimental data relating to the spectra in the 
series of zoned assemblies matched to ZPR-6, As
sembly 5. 

PROTON RECOIL COUNTER RESULTS 

A comparison of the real fluxes in Asseiiiblies 5 and 
12 lias been made in Ref. 1, and it was concluded that 
there was agreement to within about ±2.5% foi' en
ergies fi-om 5 keV to 2 MeV. Figiiie I l l - l l - l , which is 
from lief. 1, is a plot of the jierccntagi' ile\'iatiiiii oi 
tile spectrum froiii the reference sped rum. Tlir inoliiii 
recoil counter results thus confirm uiipioxiiiiale real 
.spectrum matching and lule out the ])0.ssibility of 
gross spectral liiisniatch between the zone and the 
rcfeiience. These measurements ai'e valuable in that 
they are the only measurements which directly com
pare the energy-dependent real spectra. All the other 
measurements, which will be discussed in the follow
ing sections, are integral index type measurements. 
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The proton recoil nieasurcments do not go low enough 
in energy to [irovide information on the spectral 
matching in most of the Doppler region, which extends 
froni about 25 keV down into the eV range. 

CENTRAL WORTH MEA.SUREMENTS 

The central reactivity worths of aiiproximately 
twenty materials were measured in each of the zoned 
cores and the full-size reference core. These meaBure
ments yield essentially no absolute spectral infor
mation, but tliey do contain considerable information 
regarding the iiiatcliing between assemblies of both the 
real and the adjoint fluxes. The worth and the Dopp
ler measureinents are the only measurements that 
provide information on the adjoint fluxes. Consider the 
following equation which is a perturbation expression 
for the ratio of the central worth of a material in one 
assembly, designated x, to the worth of the same ma
terial in another assembly, designated y. 

lifted 

1̂ * ̂  adjoint fiux 
J 

- * v-> * 
<t>i = 2 ^ Xi<t>, 

j - i 
J ^ number of groups 

j.k ^ group numbers 
X, ^ fraction of fission neutrons emit 

group j 
C = (Ih/%,)/(5*:/A-) 
D ^ perturbation denominator 

The integration is over the volume of (he worth 
sample. If the real and the adjoint flirxes ure perfectly 
matched in the two assemblies, the ratio of the central 
worth of a matenal in Assembly x to its worth in Assem
bly y is CDJCyD^ and this ratio has the .same value 
for each material. For convenience, we will call this 
term the inverse denominator ratio remembering, of 
course, that the calculated (Ih/%)/(tt//i-) terms are 
also included. If the fluxes are not matched, the central 
worth ratios are not the same for each material. In the 

Ap(Ih), ^C_ __ 
Ap(Ih), CyD: 

•. Dy ]_ 

7 
.1-1 \ t - i + i / _ 

zJ yt'iii" 'tl >i't>i^<H-/, + 't'i 
l - l + l «r))' 

dV, 
(1) 

dVy 

where 
2;̂ +/ ^ capture plus fission cross section 

2 / ^ fission cross section 
2jt ^^ cross section for scattering from group j 

to group k 
V ̂  iiuiiibcr of neutrons per fission 

Ap(Ih) 55i reactivity change in inhours 
ifi ^^ real flax 

dilute U-23o carbide cores, such as ZPR-fi, .\ssemblies 
4Z and 5, and ZPR-9, Ascsiiiblies 11 and 12, the ad
joint flu-x is nearly constant with energ>' over the energy 
range from 40 keV to 1.4 MeV, which covers the peak 
of the real fiux spectrum (see Fig. III-11-2). The values 
of ^,+1 — 0, ill Eq. 1 are small compared with <t>i or 
i^i+i, so that small errors in <>, or <t>,+i can result in large 
percentage errors in their difference. Materials with 
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TAIiLlO l I I - l l - I . MEAMUHEU ANU CALCI'LATEU RATIOS OF THE CENTKAL Woitms i.\ 

ASHEMHLIES 4Z, 11 AND 12 TO THOSE IN ASSEMBLY 5 

ljani]>te Weight , 

P 

I ' l i lyc l l iy lc i i c (S'.l.ilS) 

He (114,: i l) 

1)"» (2'.I.2<.1) 

C (102.0) 

Ni l (51.38) 

.\1 (lC(i.90) 

.•̂ S (480.98) 

.Ni (540.0) 

-Nb (481,2) 

M o (.M'JO) 

T n (924.7) 

W (1108.0) 

U-235 (13 .87) ' 

U-2.38 (1153 .8) ' 

I 'll (117,16) ' 

Avetii^e^ 

I h i n 

I h i n 

Measuremen t 

1.031 ± 0 ,001 

0.1179 ± 0 . 0 4 3 

0 .997 ± 0 ,009 

1,032 ± 0 , 1 3 8 

1,190 ± O S I S ' 

0 ,990 ± 0 ,070 

0 , 9 9 8 ± 0 ,026 

1,012 ± 0-016 

0 ,988 ± 0 ,005 

1,000 ± 0 006 

0 ,992 ± 0 ,017 

0 ,990 ± 0 ,004 

0 ,943 ± 0 , 0 3 5 

0 ,997 ± 0 ,004 

0 , 9 8 5 ± 0 ,033 

0 ,990 ± 0 .018 

4Z 

5 

Calcula ted" 

801 Set 

— 
1,002 

0 ,963 

1,001 

1 004 

1,009 

1,001 

— 
1,003 

— 
— 

1,001 

1,003 

— 
1,003 

ML'C 

— 
0 . 9 7 5 

0 .984 

1.009 

0 .982 

0 . 9 7 8 

0 .971 

— 
— 
— 
— 

0 .974 

0 .976 

— 
0 . 9 7 5 

I h i n 

I h i n 

Measuremen t 

1.308 ± 0 .001 

1.236 ± 0 . 0 5 5 

1,393 ± 0 ,004 

0 , 8 8 8 ± 0 ,129 

1,713 ± 0 ,487 

1,427 ± 0 ,087 

1.389 ± 0 , 0 3 5 

1,441 ± 0 ,021 

1,389 ± 0 , 0 0 8 

1.413 ± 0 , 0 0 8 

1.380 ± 0 ,003 

1.404 ± 0 . 0 0 5 

1.399 ± 0 , 0 2 8 

1,398 ± 0 , 0 0 5 

1,3,36 ± 0 ,007 

1,395 ± 0 ,030 

12 

5 

Calculated" 

801 Set 

— 
1,444 

1.842 

1,470 

1.451 

1,434 

1,452 

— 
1.430 

— 
— 

1.412 

1.434 

— 
1,432 

IVICC 

— 
-

1,384 

1.121 

1,940 

1,432 

1.381 

1.437 

— 
1.372 

— 
— 

1.386 

1.364 

— 
1.387 

I h i i 

Ih in 

Measuremen t 

1.498 ± 0.0(1! 

0 .594 ± O.O.'ili 

1.538 ± 0 . 0 0 0 

1,202 ± 0,.347 

3 .781 ± 0 .932 

1.727 ± 0 . 1 3 3 

1.646 ± 0 .057 

1.740 ± 0 . 0 5 5 

1.514 ± 0 .017 

1.535 ± 0 .010 

1.518 ± 11.009 

1.541 ± 0 . 0 0 8 

1.415 ± 0.0.32 

1.527 ± 0 . 0 0 5 

1,609 ± 0 ,040 

1,558 ± 0 ,090 

11 

5 

Ciilcu 

801 Sel 

1,711 

4 ,3s ; i 

2 . 3 0 5 

1.9,52 

1.710 

1.750 

1.719 

-
-

1.781 

1.720 

1,728 

a l e d ' 

M C C 

1,4,57 

0 , 1 8 3 

5 . 5 9 9 

1,840 

1,541 

1,006 

1,542 

1 .-152 

" Caleiilaiiiiiis were done wilh the (ine-dimeiisioiial diffusion code MACH-l'** using two difTereiil cross scelion si 
WHS KCDcrutcil iiy the MLMOIO eodc' and llic .set marked MCC was generated by the MCC code.* 

^ HiiliHi'i|UiMit inciisiiriMiieiils wil h Itirj^er Hiiiuplcs gave a value of 1.00 for this ratio. 
'• U-235siiniiili' was 9:1*,',' enriehiMl. U-238 sanipli' colli ained 0.2% U-235 and pliltonilini siiinple was 95',i, I'll 2.'i9 ami 
•I The Heal Icriiig liiHli'lials, He, C, Na, AI and Polyethylene, were e.xeliided from Ihe averaging. 

Is. The Sill set 

significant values of l.j , such as sodium or carbon, are 
quite sensitive to .small errors in the adjoint flux. 
Therefore, the scatterers provide a good test of the 
adjoint flux malching in these particular assemblies. 

Table I l l -U-I , which is from Ref. 2, lists the worth 
ratios between the zoned a,sseniblies and the full-size 
core. The ratio between As.seniblies 4Z and .') is nearly 
the same for each material indicating that very good 
spectral matching was achieved in Assembly 4Z. The 
worth ratios between Assemblies 11 and 5 and between 
Assemblies 12 and Ir are nearly constant except for the 
primarily scattering materials such as carbon, beryllium 
and sodium. The matching in Assembly 12 appears to 
be somewhat better than in the smaller zone, Assembly 
11. The worth ratios predicted by the DEI. routine 
of the MACH-1 one-dimensional diffusion code' are 
also shown in Table I I I - l l - I . Values were calculated 
both with the 801 cross section set and with a .set gener
ated using the MCC code.' The calculations predict 
fairly well which of the worth ratios are well matched 
and which are not, although the prediction of the value 
of the ratio is not so good for the materials that are not 
well matched. The calculations do, however, indicate 
the approximate degree of spectral misiiiatch necessary 
to produce the measured worth ratios. The calculated 
real and adjoint spectra in Assemblies 11 and 12 are 

matched to the reforence within ± ( ( lo 2) percent, or 
better, in each grouj) of the 2.")-gr(iup 801 cross-section 
set, except for the very low energy groups. The match
ing «ias slightly better for Assembly 12. The calcula
tions indicate that the fluxes in Assembly 4Z are 
matched to .Vssembly !i to within a few tenths of one 
percent. Most of the calculations were reiieated using 
the MCC generated cross section set (see Talile I I I-
l l - I ) . The worth ratios were predicted somewhat belter, 
but the general conclusions are the same. 

The constancy of the measured worth ratios for the 
absorbing and fissioning materials is an indication of the 
approximate matching of both the real and adjoint 
fluxes over the entire energy range. These ratios are not 
sensitive to small spectrum errors, however. Therefore, 
provided the real flux is reasonably well matched, their 
average worth ratio is a good measure of the iiiver.se 
denominator ratio. The values are also iiidicaled in 
Table I I I - l l - I . 

In summary, then, it should be noted that for a gen-
I'ral material containing absorption and scattering (and 
possibly even fission), the expression for the worth 
[Eq. (1)1 is rather complicaied. One has little hope of 
reconstructing the real and adjoint flux sliapes from a 
number of worth measvirements. The u.sefiiliicss of these 
measurements lies in comparing the worths measured in 

http://iiiver.se


202 / / / . Fast Reactor Physics 

different assemblies, since different materials are sensi
tive to the spectra in different ways. 

DOPPLER EFFECT MEASUREMENTS 

A comparison of the Doppler measurements in the 
as.seinblies piovides a check of the low energy real and 
adjoint spectral inatching. Nearly all of the Doppler 
effect in these cores is between 100 eV and 25 keV. 
The Doppler ratio between two assemblies, x and y, 
for tiie same sample, is given by 

Ap(Ih), ^ C,W, 
Ap(Ih), Cy D. 

j Z «;«'a(i'S/l, - 4>,4'U^,+i,\ 

{^ 

dV, ( 2 ) 

*,<<>/5 ( " 2 / ) , — ipjit>,h^c-ef, dVy 

The summation is only over the groups in the Doppler 
energy range, and the integration is over the volume 
of the sample. For the heavy nuclides, the Doppler 
effect due to resonance scattering is negligible. 

As was the case for the central worths, the Doppler 
effect ratios between assemblies will be equal to the 
inverse denominator ratio if the spectra are well 
matched. Because there is no appreciable scattering 
term, the Doppler ratios are not sensitive to very 
small spectral mismatches in the Doppler region. 
Agreement between the measured Doppler effect ra
tios and the inverse denominator ratio indicates that 
the ratio of the gross low energj' fluxes to the total 
fluxes is approximately the same for the two assem
blies. The measured Doppler ratios are compared in 

Table III-11-II with the inverse denominator ratios 
determined from the central worth measurements, 
from direct measurement^'* and from calculation. The 
most accurately measured Doppler effect ratios are 
those for the natural UO2 samples. The values are in 
fairly good agreement with the measured inverse de
nominator ratios, although the measured Doppler 
ratios for 11/5, 12/5 and 11/4Z are slightly low. If 
one uses the calculated centerline fluxes for Assem
blies 5, 11 and 12 (see Paper III-8) to make a spec
tral correction of the type indicated by Eq. (2), then 
the Doppler ratio and the inverse denominator ratio 
for 11/5 and 11/4Z are brought into agreement. The 
Doppler measurements seem to confirm that the 
Doppler energy range flux in Assembly 11 is a few-
percent low as indicated by the spectrum calculations. 
When the spectral correction is applied to the 12/5 
ratio the value reduces from 1.36 a: 0.03 to 1.33 ± 
0,03 which is still not quite in agreement with the 
natural UO2 element ratio of 1,24 ± 0.02. A recent 
measurement of the natural UO2 Doppler element in 
Assembly 12 indicated a value somewhat higher, 
which would tend to bring the 12/5 ratio into agree
ment with the inverse denominator ratio. The cause 
of the disagreement in the Assenibly 12 measure
ments has not been isolated, however. 

The measured Doppler ratios for the enriched ele
ments are also in agreement with the inverse de
nominator ratios except in the case of the NNE ratio 
for 4Z/5, where the NNE elements used were not 
identical. When the differences between the two NNE 
elements are taken into account, the discrepancy be
tween the NNE and FE ratios disappear, but the ratio 

TABLE 111-11-11, CuMPARlsu.N OF MEASURED DOPPLER EFFECT RATIOS TO MEASURED AND CALCULATED PERTURBATION 

DENOMINATOR RATIOS FOR ASSEMBLIES 11, 13, 4Z A.VD 5 

Katio 
Assembly x 
Assembly y 

11/5 
12/5 
4Z/5 
11/12 
11/4Z 

Measured Doppler Ratios, Ih/Ih 

1 in, Nat, UOi 
FE-

1,36 ± 0,02 
1,'24 ± 0.03'i 
0.95 ± 0.03 
1,09 ± 0,03 
1,42 ± 0,03 

1 in. Enriched UOi 

FE>| 

1,43 ± 0.35 

1,12 ± 0,16 

N E ' 

1.48 ± 0.19 

NNE>' 

1,48 ± 0.16 
1.24 ± 0.07 

C,D,/C,D,' 

From Central 
Worth Meas, 

1,52 ± 0,09 
1,36 ± 0,03 
0,98 ± 0,02 
1.13 ± 0,06 
1,54 ± 0,09 

From D Meas, 

1,03 ± 0,07 

From Multi 
Group C a l c 

801 

1.68 
1.39 
1.00 
1 20 
1,68 

MCC 

1,48 
1,30 
0,97 
1,08 
1,52 

• In order to make the ratios in this section of the table comparable to the measured Doppler ratios, a correction has been applied 
to tlie values to account for the fact that the axial flux shapes in the assemblies are different due to different assembly heights. Since 
the Doppler samples are \'2 in. long, they are sensitive to the axial flux shape. 

'' The symbols FE , NE and NNE designate Doppler elements which are freely expanding, constrained to axiat expansion and 
constrained to both axial and radial expansion, respectively. 

^ Refer to note (a) of Table I I M l - I . 
^ Recent rerun of the Assembly 12 Nat. VO2 Doppler indicates a preliminary value 5-8% higher. 
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of the U-235 Doppler effect in Assemblies 4Z and 5 
is soniewliat outside the known experimental error (see 
Paper I I I -3) . 

FISSION AND B F J COU.NTER RESULTS 

The measured and calculated fission ratios for the 
four assemblies are given in Table I I I - U - I I I . The 
ratios are generally in good agreement among the 
assemblies, and they tend to confirm the real flux 
spectral nirttcliing indicated by the other measure
ments. Comiiarison with iimltigroup calculations in
dicates, however, that the fission ratios are not very 
sensitive to small spectrum changes. Large spectral 

TABLK l lI-11-lII . CENTRAL FISSION HATIOB 

As
sem
bly 

5 
4Z 
11 
12 

Measured 

U-238/U-235 

0-0238 ± .0008 
0,0-238 ± .0007 
0.0'238 d= .0008 
0.0232 ± .OOOSfc 

PU-239/U-235 

0,968 ± ,026 
0,967 ± .026 
0.980 ± .026 

U-234/U-235 

0.166 ± 0.005 
0.172 ± 0.004 
0,176 ± 0 , 0 0 4 

Calc.' 

U-238/ 
U-235 

0,0261 
0,0'2rfl 
0,0'259 
0,0263 

• Caleulations were done with the one-dimensional diffusion 
code MACH-1'*' using a eroes section set generated by the 
MCC code,' 

*' This nieaaiirement was aeliially made in ZPR-9, Assembly 
18, which is an assenibly identical to Zl*H-9, Assembly 12. 

0 5 10 15 20 25 30 35 4 0 
RADIUS, cm 

Flo. III.11-3, Measured and Calculated Ratios of U-238 
Fission Counter to BFj Counter V^ersiis Radial Position for 
ZPIi-9, Assembly 12 (Normalized tii 1.0 at r = 0). ANL Neg. 
No. 112-9001. 
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ZPR-9, 
No. 112-9093. 

mismatches at the higher energy end of tlie spectriiiii 
will be indicated by the ratio of the 11-238 fission 
detector to either the U-235 or Pu-239 fission detec
tors, since the U-238 detector reacts only to neutrons 
above its fission threshold of apiiroximately 1.1 MeV. 
The fission detectors yield little infoiniation on the 
Doppler energy flux. 

U-235 fission, U-238 fission and BP\ couiiler meas
urements were also made on Assembly 12 along the 
radius through the central zone, liuft'er and diiA-er. 
The ratios of the results for these three counters as 
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a fiinction of radial position are given in Figs. I I I -
11-3, 111-11-4 and III-11-5, The ratios are all nor
malized to 1,0 at r = 0. The BF;, counter is more 
sensitive to the low energy real flux so that the ratio 
('-238 fission counter is an index related to the ratio 
of the high energy flux and the low energy flux. The 
I'atios remain very close to unity tlirougiiout the cen
tral zone but show large deviations in the buffer and 
driver, indicating the expected large changes in the 
real spectrum in these regions. These results confirm 
that the fission counter and BF,i counter results are 
sensitive to large .specti'um changes. The smaller spec
trum inismatch near the boundary ol the central zone 
is not shown very clearly, however. 

CONCLUSION 

A considerable number of experimental results re-
lathig to the spectral matching in the zones of As
semblies 11, 12 and 4Z is available. The results from 
the proton recoil counter, the fission and BF3 counters, 
the Doppler measurements and the central worth 
measurements, for most of the materials, all tend to 
confirm reasonable spectral matching at the centers 
of the zones. The exception is the data from the cen
tral worth measurements for the predominantly scat
tering materials, which indicate tiiat the intergroup 
adjoint flux differences in -Assemblies 11 and 12 are 
large enough to significantly affect the sodium worth. 
The Assembly 12 matching is somewhat better than 
that in Assembly 11. 

It should be noted that none of the measurements 
jirovide a sensitive test of the real flux spectral match
ing. This is not of great concern, since none of the 
measurements which have been made in the zones, or 
ale anticipated, are particularly sensitive to small 
mismatches in the real flux. Good inatching of the 
adjoint flux can be considered as evidence of real flux 
matching, however. One may consider the flux in the 
central region as composed of an asymptotic part and 
spatial transient components which originate at the 
boundarj' of the zone and decay toward the center. 
The decay constants for the transients are the same 
for both the real and the adjoint flux, and, if the mis

match at the boundary is about the same for both 
the real and the adjoint fluxes, then one would ex|)ect 
about the same degree of matching at the center. 
Therefore one would, for example, expect the real flux 
to be very well matched in Assembly 4Z. 

Good adjoint flux matching is necessary if the 
zones are to be used for sodium void measurements. 
The central worth data from Assemblies 11 and 12 
indicate that the adjoint spectrum is proliably not 
good enough to do accurate sodium void measure
ments in the small zones. Small zones are, however, 
not too suitable for off-center sodium void measure
ments, because the spatial flux shape (and conse
quently the leakage! is generally changed consider
ably by the high enrichment driver. 

On the other hand, the data indicate that the 
spectral matching is adequate for Doppler measure
ments in any of the assemblies, and it seems that it 
will be possible to do Dojipler measurements in even 
smaller zones. 
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III-12. A S imple F lux-Synthes i s Method for the Calculat ion of the Sodium-Void 
Effect in Reflected Single-Zone Fast Breeder Reactors' 

A. TRAVELLI 

INTIUUHICTION 

Multidinu'iirtioiiiil ooni])»itations of the sodium-void 
etTrct will often Ite nccost^ary for fonii)licated geome
tries in the development of the large sodium-cooled fast 
breeder reactor. However, the high cost of these com
putations makes the more economical approximate 
techniques based on fiux synthesis very attractive for 
simple geometries. 

This paper deals with a test of a synthesis prescrip
tion which appears to be adequate for large single-
zone reflected reactors. The procedure is applied to the 
analysis of the sodium-void effect in Assemblies No. 
2 ' - ' and 3*'" of ZPR-6. The results are compared with 
multidimensional computations. 

PROCKDURE 

For cylindrical reactors, the adopted synthesis tech-
ni(|\ie assumes that both the real and the adjoint fluxes 
be separable, in a certain sense, in tbe radial and axial 
directiotiH ov<'r (fie whdle reactor. 

One-dinienHiorial <'alculatioiis in r- and z-geometry are 
run through a fast-converging iteration scheme by 
modifying the transverse bucklings to obtain a pair of 
consistent calculations yielding the same value of the 
efTective multiplication constant and transverse buck-
hngs adding up to the corresponding material buckling. 
A bloc diagram indicating the steps involved in the 
iterating procedure is shown in Fig. III-12-1. They may 
be summarized as follows: 

(a) A guess is made for the radial buckling, B^ • 
(b) An axial calculation is run with radial buckling 

ecjual to Bl to detennine the corresponding ef
fective multiplication constant, kziB^). 

(c) The material buckhng corresponding to the ob
tained efTective multiplication constant, B^{ki), 
is found. 

(d) The axial buckling is obtained as the difference 
between the material and the radial bucklings, 
B] = B' - Bl . 

(e) A radial calculation is run with an axial buckling 
ecjual to B] to determine the corresponding ef
fective nmltiplication constant, fcn{Bl). 

(f) The material buckling which corresponds to the 
(•btained value of the effective multipHcatioQ 
constant, B'^ikn), is found. 

(g) The radial buckling for the next iteration is ob
tained as the difference between the material and 
the axial bucklings, Bl = B' ~ B] . 

When all steps from (a) to (g) have been ((unplcleil, I he 
calcidation may resume from step (b). 'I'he procedure 
can be repeated indefinitely, until two successive values 
of the effective inultiplication constant are found to b(̂  
closer, in absolute value, than a prefixed convergence 
parameter S. 

The flux <t>{r,E) obtained in radial geometry and the 
flux 4f{z,E) obtained in axial geometry are then com
bined to yield the synthetic two-dimensional flux 
^{r,z,E), according to the prescription 

4>(r,2,£) = <t>{r,E)^iz,E)4>7^{E), (1) 

where <i>/m{E) is the spectrum of the fundamental mode. 
An analogous expression is used for the adjoint flux and 
the corresponding space-dependent sodium-void effect 
is obtained by means of a two-dimensional first-order 
perturbation calculation. 

A satisfactory mathenKitical justification for Kt\. (1) 
and for the defiiution of consistent ealctdations may be 
derive<l from perturbation theory. The melliod offers, 
among other advantages, tbe obviovis advanlage of 
insuringthe separability ofthe fliLX in the various spat ial 
coordinates when the spectrum is constant, a eontiilioii 
which is known to hold over a wide region of the core. 
It also provides the correct spectrum at the center of 
the reactor whenever at least one of the two dimensions 
is large. 

The convergence rate of the iteration procedure is 
very fast, and by introducing some simple simplifying 
assumptions it can be shown that at every iteration the 
error in k^// is multiplied approximately by the factor 
e;.tR , where 

'' \dBl}/ \dB'-)' 

The derivatives are calculated at the point to whicli the 
iteration converges. On the basis of perturbation theory 
it can be sho\vn that e^ and ê  are much smaller than 
unity whenever the perturbation introduced by the 
axial or radial reflector, respectively, is small. Two 
iterations were found to be ample in all the tests run iu 
connection with this work. The computing time needed 
to perfonn a full iteration is greatly reduceil b.\' Ihe fact 
that the onl.y .search needed in the iteration concerns the 
determination of the material buckling, which is uh-
taiiied in a space-independent calculation. 
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TAHLE UI-12-I. CnMrosrriuN.s OK ZFR-6 AssEMnLlKB No. 2 
AND 3 (atoms/em') X 10" 

Isotope 

U-235 
U-238 
C 
N B 
Fe 
Cr 
Xl 

Core 

0,002285 
0,009853 
0,012900 
0,007910 
0.010380 
0,00'2983 
0,001390 

Blanl<ct 

0,000081 
0.039930 

— 
— 

0,004223 
0,001214 
0,000566 

ITERATION PROCEDURE 

Bl >J/(Z,E! Xz 

B ^ B ^ < 

B'{H„) 

B ' ( K 2 ) 

BI-B'-BI 

•^(R.E),Kp 

F I G . III-12-1, Iteration Procedure for Consistent Calcu-
latione. ANL Neg. No. 1J2-9030. 

TABLE III-12-II. COMPARISON OF SYNTHESIS WITH 
Two-UlMENSIONAL C A L C V L A T I O N S 

*-.// 
fR 

t . 

Total .N'a-void effect 
(10-= ik/k) 

Central Xa-void ef
fect (lO-'MV/t/kg) 

Pertiirliation normal
ization integral. 
H(cm') 

Assembly No. 2 

Synthesis 

0.9990 
~O.0O33 
~0,0017 
-1 ,998 

-5 ,573 

357,4 

2-D 

0,9980 

— 
— 

-2 .032 

Assembly No, 3 

Synthesis 

0,9976 
~0,050 
~0,0015 
-1 ,682 

-5 .684 • -3 ,374 

355,5 532,2 

2-D 

0.9%5 

— 
— 

-1 .714 

-3 ,459 

527,1 

Xo iteration is needed for the calculation of the ad-
jouit fluxes, because the same values of the transverse 
bucklings and of the effective multiplication constant 
that satisfy the requirements for a consistent pair of 
real calculations satisfy also the requirements for a 
consistent pair of adjoint calculations. 

APPLICATION 

The synthesis method described in this paper was 
applied to the calculation of the sodium-void effect in 
Assemblies No. 2 and 3 of ZPR-fi. Calculations of the 
sodium-void effect in the two assemblies have been 
previously reported.' 

Both cores are cylindrical in shape, have the same 
composition fueled by U-23S, and are reflected axially 
and radially by the same type of depleted-uranium 
blanket. The homogenized core and blanket composi
tions are given in Table III-12-I. The reactors have 
very different length-to-diameter ratios, approximately 
equal to unity in Assembly No. 2 ( i « £» ̂  92 cm) and 
to 1/3 m Assembly No. 3 (L = 50.8 cm, D = L55 cm). 
The shape affects considerably both the sodium worth 
at any point in a reactor and its critical size. The ex
perimental critical volume is close to CIO liters for 
Assembly No. 2 and to 9.55 liters for Assembly No. 3. 
The blanket thickness is 30 cm in both reactors and in 
both directions. 

Two-dimensional calculations of the sodium-void ef
fect in both assemblies were made in r,z geometry by 
using the two-dimensional diffusion theory code CAN
D I D " ' combined with the two-dimensional diffusion 
perturbation code PERC,'^' 

The unperturbed cross sections were derived from the 
Argonne Set 224" , taking into account the data re
ported by P. White' for L'-235 and by .f. (iarg et al.' 
for U-238. The elastic downscatteriiig and transport 
cross sections of the light materials (carbon, sodium, 
iron, chromium and nickel) were calculated by the 
E L M O E ' code and averaged over the spectrum of the 
fundamental mode. The perturbed cross sections were 
obtained with an analogous procedure, for a core com
position from which sodium had been entirely removed. 
Non-linear effects of sodium voiding on the perturbed 
cross sections were found to be negligible. The use of 
these cross sections has in the past given very good 
agreement between calculated and measured values of 
the sodiiun void coefficient in Assemblies Xo. 2 and 3 . " ' 

The iterations leading to a consistent pair of real cal
culations were made for both assemblies according to 
the iteration procedure described in Fig. III-12-1. In 
order to minimize any spurious effect that might distort 
the comparison between the results of these calculations 
and the corresponding results of the two-dimensional 
calculations, the same CANDID code, and the same 
reactor sizes, cross sections, mesh distributions, and 
tight convergence criteria were used as in the two-
dimensional calculations. In both assemblies any itera
tion was found to reduce the error in k by at least four 
orders of magnitude, and two iterations were found to 
be amply sufficient to meet the most stringent conver
gence criteria. 

The two-dimensional real and adjoint fluxes were then 
synthesized according to Eq. 1 and the result was used 
to calculate the space-dependent sodium void effect in 
first-order diffusion perturbation theory by means of 
the PERC code. 

The main resuhs of the calculations are given in Ta
ble III-12-II, where H represents the normalization 
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integral ofthe [lerturbation expression, defined by; 

H 

/ * / / « / , , dE' <t>*(E,r,z)x(K)i'ME')<t>(E',r,z) 

j dv f dE ( dE'<t>*(E,r,z)<l,(E',i ,2) 

The values of tn and c;, which determine the con
vergence rate of the iteration procedure, are very 
small in both reactors. Accordingly, the convergence 
rate found in the actual calculations was found to be 
very fast and in good agreement with the predicted 
convergence rate. 

fiXIAl 1 [ AKCOMC 

NO VOID 

7PB e. A55Y UQ.2 

N O f l M . A I L t N T E R 

SPECTTIflL COMP 

No-VOlO 

Z P R - 6 . fiSSY. N 0 . 2 

NORM AT CENTER 

— - SYNTHESIS 

2 - D 

KK;. JJl-12-2. SpiUial Ucpeiuienci' of ihe Spectral Coin-
puneiil of the Sodium-void I'̂ fTect. in ZPH-6 Assembly No. 2. 
(Full Lilies CorrespoiKl to SynlheHis Calculations, Dotted 
Lines to Two-ditnensioiuil Ciikiiljilinns.) ANL Neg. No. 112-
8957. 

RfiDIAL L E A K COMP 

NO-VOlO 
ZPR-6 , ASSY. N 0 . 2 

FKJ. I U - 1 2 - 3 . Spatial Dependence of Radial Leakage 
Component of the Sodium-void EITect in ZPR-(i Aesenibly 
No. 2. (Full Lines Correspond to Synthesis Calculations, 
Dotled Lines to Two-dimensional Calculations.) ANL Neg. 
No. 112-8963. 

F I O . III-12-4. Spatial Dependence of (he Axial U^akage 
Component of the Sodium-void EfTect in ZPU-6 Assetnbly 
No. 2. (Full Lines Correspond to Synthesis Calculations, 
Dotled Lines to Two-dimensional Calculations.) ANL Neg. 
No. 112-8962. 

Fill. I IM2-5 . Spatial Dependence of the Tohil Sodium-
void Effect in ZPK-6 Assembly No. 2. (Full Lines Correspond 
to Synthesis Calculations, Dotted Lines to Two dimensional 
Calculations.) ANL Neg. No. 112-8004. 

The effective multiplication constant appears to be 
consistently underestimated by only 0.1% by the 
synthesis calculations. 

The reactivity effect due to total removal of sodium 
from the core is also consistently underestimated by 
approximately 2%, and an error of approximately the 
same magnitude and in the same direction is found for 
the central value of the sodium worth. Approxinmtely 
half of the error found in the calculation of these so
dium-void effects is due to the fact that H is oAcr-
estimated by approximately 1%. The value of / / is 
probably affected by the calculation of the llux in the 
blanket, which cannot be predicted very accurately 
hy the synthesis in the region which is close to the 
corners of the core. 
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F I G . ni-12-6. Spatial Dependence of the Spectral Com
ponent of the Sodium-void Effect in ZPR-6 Assembly No. 3. 
(Full Lines Correspond to Synthesis Calculations, Dotted 
Lines to Two-dimensional Calculations.) ANL Neg. No. 112-
8966. 

F I G . 1II-12-7, Spatial Dependence of the Radial Lealtage 
Component of the ,Sodium-void Effect in ZPIt-6 Assembly 
No. 3. (Full Lines Correspond to Synthesis Calculations, 
Dotted Lines to Two-dimensional Calculations.) ANL Neg. 
No. 112-8954. 

A comparison more significant in pointing out the 
agreement or disagreement between synthesis and 
two-dimensional calculations with little danger of 
compensating errors concerns the spatial dependence 
of the sodium-void effect. The results obtained by the 
PERC code in every mesh interval with both methods, 
for both reactors, and for every component of the 
sodium-void effect, were normalized to the central 
value of the sodium-void effect and interpolated para-
bolically in two dimensions.^^ The corresponding iso-
curves were then plotted automatically by means of a 
computer code using the PLOT"^ ' routine. The results 
are shown in Figs. III-12-2 through III-12-9, where 

continuous curves represent the result of syntnesi 
calculations and dotted curves represent the result ot 
two-dimensional calculations. 

The agreement between the two sets of curves is 
strikingly good in all cases. Of particular interest is 
the match of the spectral components, whose spatial 
dependence is caused exclusively by the presence of 
the reflector. The various leakage components are also 
accurately calculated at all points which are not ex
tremely close to the reflector and, as a result, an ex
cellent agreement between synthesis and two-dimen
sional calculations is found even in the comparison ot 
the somewhat bizarre shapes that represent the iso-
curves for the total sodium-void effect. 

F I G . 111-12-8. Spatial Dependence of the Axial Leakage 
Component of the Sodium-void Effect in ZPR-O Awsenilily 
No. 3. (Full Lines Correspond to Synthesis Calculations, 
Dotted Lines to Two-dimensional Calculations.) .'l.V/, Neg. 
No. 112-8968. 

F I G . III-12-9. Spatial Dependence of Ihe Tolal .^odium-
void Effect in ZPR (i Assembly No. 3. (Full Lines Correspond 
to Synthesis Calculations, Dotted Lines lo Two-dimensional 
Calculations.) ANL Neg. .No. 111-8966. 
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The fact that the agreement is approximately as 
good lor .\ssembly No. 3 as for Assembly No. 2 con
firms the fact that the method requires only one of the 
two reactor dimensions to be large in order to give 
satisfactoi'.v results. 

CONCLUSION 

The synthesis method which has been outlined in 
this work appears to be adequate for the calculation 
of the sodium-void effect in large single-zone reflected 
fast breeder reactors with an accuracy of 2-3%. The 
computing time needed for the synthesis calculations 
of Assemblies No. 2 and 3 was approximately 400 
times shorter than the time required by the two-
dimensional calculations used in the comparison and 
apiiroximately 100 times shorter than two-dimen
sional calculations yielding results of comparable ac
curacy.''' Thus, the method could be particularly use
ful in programs concerning the evaluation of the 
sotlitim-void effect on a survey basis. 
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ni-13. rwo-Dimcnssional S ludy of Voiding of Sodium 
Kasl Keaclor Core With Zoned Enrichnienl 

*rom A 

V. Z. .lANKUii a n d H . H . H I ' M M E L 

Evidence is accumulating that many important 
characteristics of large fast reactors can be calculated 
well by rather simple prescriiitions for the neutronics 
calculations. Some years ago it was noted' that, for 
large uniform cores the spectral component of the so
dium void effect, which is essentially dependent only 
on core spectrum, could be rather accurately calcu
lated by use of a fundamental mode flux. The same is 
true of the Doppler effect for a uniform core, which 
also dejienils es.sentially on core spectrum (compare, 
for example, the bare and reflected core cases in Ref. 
2). It would natuially be expected that as a reactor 
core becomes larger, the fundamental mode spectrum 
would be increasingly valid for calculation of spec
trum-dependent quantities, particularly those which 
are most important at the center of the core. It is also 

to he exjiected that as core sizes increase, separability 
of solutions for various dimensions will become more 
valid, since reflector effects become decreasingly im
portant. The extent to which this seems to be true as 
shown in recent studies'* is surprising, howe\'er. "NMiat 
.seems most surprising is how well the leakage com
ponent of the sodium void effect, which depeinls on the 
gradient of the flux, is given by a product of one-
dimensional solutions. Good results seem to be ob
tained even for a "chopped" bare core solution in a 
refleclcd core. 

The study in Ref. 3 -ivas for a uniform core. It 
.seemed to be of interest to see how well the ii>c ol 
separable .solutions worked in calculating the sodium 
void effect in a core with zoned enrichment. The re
actor selected for this study -ivas the Combustion Kii-

file:///ssembly
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:^ 

F I O . III-13-1. Regions for Sodium Void Calculation in C E . 
1000 MWe Carbide Reactor. ANL Neg. No. 112-8939. 

TABLE in-13- I . MATERIAL DENSITY IN THE FOUR ZONES 

OF THE REACTOR, 10" a/cc 

Material 

U ' 
Pu(2)i> 
Pu(3)" 
SS" 
Na 
C 
F P 

Fissile atom 

Inner Core 

0.006421 
0.001364 

— 
0.006655 
0.014630 
0.008443 
0.000480 

6,61 

Core 

0.006108 

— 
0,001770 
0,006665 
0,14630 
0,008443 
0.000480 

5.07 

Blanket 

0.015683 

— 
— 

0,010109 
0,009460 
0,014841 

— 
— 

Blanket 

0,007784 

— 
— 

0,006655 
0,014630 
0.008443 

— 
— 

• 99.7 a/o U-238, 0.3 a/o U-236. 
' 69.3 a/o PU-i39, 25.6 a/o PU-240, 4.1 a/o PU-241, 1,0 a/o 

PU-242. 
• 08.1 a/o PU-239, 26.6 a/o PU-240, 4,2 a/o PU-241, 1,1 a/o 

PU-242. 
J 69.44 a/o Fe. 8,62 a/o Ni, 20.53 a/o Cr, 1.03 a/o Mo, 0.38 

a/o W. 

gineering (CE.) carbide-fueled 1000 MWe design."'" 
This case was of special interest because it represented 
a design in which no compromise was made to make 
the sodium void effect less positive. The core is some
what pancaked, so that it might be expected that 
axial leakage effects would be large enough to cause 
difficulties in a one-dimensional cylindrical calcula
tion designed to take account of the radial enrichment 
zoning. Difficulties were in fact encountered in this 
type of calculation when group-dependent axial buck
lings obtained from an independent calculation with 
different cross sections for the same geometry were 
used.'^ In the present calculations a group-independent 
axial buckling, adjusted to make the system critical, 
was used in the one-dimensional cylindrical calcula
tion. 

A two-dimensional diffusion theory calculation in 
22 groups was first performed with the CANDID 
code," using the geometrical layout in Fig. III-13-1. 
The dimensions are those of the C E . design. The core 

(Regions 1-12 in Fig. III-13-1) has a height of 76 cm 
and a diameter of 220 cm. The thickness of the axia 
blanket (Region 14) is 45 cm and that of the radial 
blanket (Region 13) is 42 cm. The core has two en
richment zones of approximately equal volume, the 
radius of the inner zone being 78 cm. 

Using as a guide the data given in Refs. 4 and 5 for 
masses and compositions of various materials at 
equilibrium concentration, atom densities were de
termined for the various regions. The reactor was 
simulated with four homogenized compositions (plu
tonium was neglected in the blankets), and a critical
ity search was performed using CANDID by varying 
the plutonium fraction in the fuel. Final concentra
tions of materials are given in Table III-13-I. Pre
sumably because of differences in cross section sets 
and to a lesser extent because of the omission of 
plutonium in the blanket, the total fertile-to-fissile 
atom ratio obtained in the inner core was 6.61 and in 
the outer core was 5.07, as compared to ratios of 8,61 
for the inner core and 6,56 for the outer core obtained 
by C E , A difference in calculation method may have 
also had some influence since C E . used an iteration 
between one-dimensional radial and axial calculations, 
using group-dependent bucklings. 

For the calculation of the sodium void effect the 
reactor core was subdivided into 12 regions, with the 
finest divisions at the edges of the core. The size and 
designation of the regions is displayed in the scale 
drawing. Fig. III-13-1. Sodium void calculations were 
performed using the two-dimensional perturbation 
code P E R C The void coefficient was separated into 
two components: capture plus scattering (elastic plus 
inelastic I and leakage. The results are given in Table 
III-13-II, 

Using the compositions obtained in the two-dimen
sional calculations, a one-dimensional radial calcula
tion and a one-dimensional axial calculation for the 
inner core enrichment zone were carried out. In each 
case an energy independent transverse buckling was 
used which was varied to obtain criticality. This buck
ling was 7.489 X 10~ ' cm~^ for the radial case ami 
1.865 X 10~* cm~- for the axial case. For the radial 
case the axial flux was assumed to be a "chopped" 
cosine, while in the axial case a "chopped" J., function 
was used. Perturbation calculations of the sodium void 
effect were done using the M.4CH 1 Program.* Results 
of the radial calculations are compared with the two-
dimensional calculations in Tables III-13-II and III-
13-III. Disagreement between the two sets of I'esults 
for the removal plus scattering component is signifi
cant only near the core-reflector interface and in the 
corners, as would be expected. For tlie leakage com
ponent, agreement is surprisingly good throughout the 
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core. Agreenient for voiding the whole core is quite 
close for liotli components. The consistent disagree
ment in the case of the axial calculation is probably 
due to an inaccurate evaluation of the denominator of 
the jierturbation expression. This denominator was 
based on a Jo flux for a radially bare reactor. 

A significant result from the above comparison is 
that even in the case of zoned enrichment quite good 
results are obtained with the use of separable flux 
solutions. Also, the use of groiiji-ilependcnt bucklings 
or of ail.ioiiit weiglitiiig of transveise leakage does not 
appear to lie necessary for accuiate calculation of the 
.^oiliiim void effect in the core. 

A. Travelli and F. Helur' have obtained excellent 
agreement between two-dimensional calculations for 
sodium void coefficient in a uniform core and calcula
tions based on a simple flux synthesis. I t is assumed 
in the latter case that the flux (and adjoint) in the 
core is adequately represented by a product of fluxes 
obtained in separate radial and axial calculations 
divided (somewhat arbitrarily) by the spectrum of the 
fiinilaiiiental mode: 

(/>lr,z,El = H i r . E l • Z ( z , E ) / * ( E ) . 

I^se of this synthetic flux leads to a better overall 
agreement with results of two-dimensional calcula
tions than u.se of each of the component fluxes taken 
separately multiiilicd by a "chopjied" bare core solu
tion. For the sake ol expediency we could try this 
idea also for our /.oiii'il cole using axial fimctions anil 
flllHlametilal mode spectra appropi'iatr ior racii zone. 
The results of llie calculations may leiitiii'e applica
tion of a slightly ililTereiil nornialization factor in 
eaili zone. To be really useful tliis synthesis method, 
however, still needs a prescription for determination 
of the criticality of a zoned core. 

The need of a suiiplenientary prescription for the 
synthetic flux is obviated if one determines criticality 
by a pioccdure based upon the synthesis of the two-
dimensional flux (and adjoint) from functions ob
tained in one-dimensional calculations. One such sini-
j)le methotl is basetl ujion an assumption that the flux 
in each energy group, i, is adequately represented by a 
jiroduct of a radial function, Ri(r), and an axial 
function Ztiz). Invocation of the variational princi
ple shows that each of these one-dimensional fluxes 
should be determined from a one-dimensional diffusion 
calculation" twith incident energy dependent fission 
spectnmil. Every cross section used in the calculation 
is an average of the cross sections in the transverse 
direction bilinearly weighted with the fluxes obtained 
in the transverse calculation. The solution of such 
coupled diffusion theory calculations should require 
less than twice the machine time presently needed for 

TAHLE I I M 3 - n , COMPONENTS of SDUIIM A'l.iii llEArriviTV 
(lOO-Ak/k) FROM Twn-DiMENsioNAL AMI KAIIIAI. 

C A U 1'I.A'IIONS 

Region 

r, 

7 
8 
i) 

10 
11 
12 

Total 

Two-Dimensional 

Removal 
and scat. 

3.432 
0.209 
0.2'25 
0,420 
Oil'ti 
0,027 
o,o;)3 
0.049 
0,041 
0,209 
0.010 
0.013 

5,306 

Leakage 

-0 .900 
-0 .334 
-0 ,415 
-0 ,219 
-0,11.53 
-OIH'iO 
- 0 , 0 ! 13 
-0 ,105 
-0 .110 
-0 ,470 
-0 ,040 
-0 .043 

- 3 . 5 1 8 

Radial Calculation 

Removal 
and scat. 

3.433 
0,234 
0,174 
Il,f25 
0,li2!l 
ll,0'22 
0,o:i9 
0.044 
0.032 
0,213 
0,015 
0 Oil 

5.271 

Leakage 

-1 .007 
- 0 . 3 5 8 
-0 .4IX 
-0 ,215 
-0 ,051 
-OIIOI 
- 0 lit lli 
-11,107 

-0 ,111 
-0 ,409 
-0 .048 
-0 .044 

-3.,5SS 

Radial 
leakage 

-o . i : i 7 
-0 .009 
-0 ,007 
-0 ,093 
-0 ,000 

0 (H15 
0 517 

-Il,0:i5 
-Illl 'iO 
-0 ,421 
-0 ,029 
-0 .021 

-1 .300 

TABLE m - 1 3 - I I I . CoKitECTioNAi- FACToits F(.K S O L U M 
VOID IIEACTIVITY CUMI-ONENTS OBTAINEH IN SIMIM.E 

ONEJ)IMENSI<)NAL CALCI'LATIONS 

Region 

1 
2 

:( 
. 4 

6 
Ii 
7 
8 
9 

10 
11 
12 

Radial Calculation 

Removal 
and scat. 

1,(H1 
1,15 
l,:io 
(l,9tl 
1,14 
1,23 
0,'.I9 
1,11 
1,28 
0.98 
1.07 
1,18 

Leakage 

0,95 
0,93 
0 tl',1 
t.02 
0,98 
l.OK 
I.IK) 
0,98 
1.04 
1.00 
0.96 
0.9S 

Axial Calculation 

Removal 
and seal. 

t.2t 
I'JO 
t 'JO 

— 
— 
— 
— 

Leakage 

1,19 
1 \x 
1 2S 

— 
— 
— 

determination of criticality based upon the e(|uality of 
the sum of transverse bucklings to the material buck
ling. I t would provide a synthetic flux in Travelli's 
form without the need of a supplementary prescription, 
and would be directly applicable also to the zoned 
cores, albeit with diminished accuracy. 

The total reactivity effect for complete voiding of 
sodium from the core obtained in the present calcula
tions, assuming linearity with sodium content, is 
-1-1.9% fc, which is lower than the value estimateil in 
COO-285.'>"i This difference is probably due more to 
the round-about method used in Ref. 10 than to a dif
ference in cross sections. Uncertainty in the Pu-239 
fission cross section is probably the most important 
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TABLE III-13-IV, Pu-239 FISSION CHOBS SECTIONS, barns 

1 
Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Ee 

3.68 MeV 
2.27 

1.351 
0.820 
0.498 
0.302 
0.183 
0.110 
0.0674 
0.(M09 
0.0248 

16.0 keV 
9.12 
4.31 
2.61 
2.03 
1.23 
0.961 
0,583 
0,276 
0,101 
0,029 

L'sed In 
Present Work 

1.90 
1.96 
1.97 
1.82 
1.64 
1.54 
1.54 
1.52 
1.48 
1.46 
1.61 
1.78 
1.88 
2.36 
2.98 
3.64 
4.33 
5.10 
6.90 
7.55 

10.4 
9,60 

Proposed For 
ENDF/B 

1.95 
2,01 
1,92 
1.76 
1,62 
1,49 
1,48 
1.52 
1.51 
1,48 
1,62 
1.83 
2.10 
2.51 
3.01 
3,76 
4,63 
5,80 
7,72 

11,8 
17.3 

—" 
" Not available, 

single cause of uncertainty in sodium void effect cal
culations. Values of this cross-section used in the 
present calculation are compared with values based 
on parameters proposed for the E N D F / B compila
t ion" in Table III-13-IV. The differences are rela
tively small except in the energy region below about 1 
keV, in which the proposed E N D F / B values are higher. 
I t is estimated that this variation in cross sections 
would correspond to a lowering of the positive sodium 

void effect for complete voiding of the core by 

0.5%fc. 

about 
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III-14. Calculational Studies of Sodium-Void Reactivity Variations 
Due to Heterogeneit ies in Fast Critical Assemblies 

D. MENEGHETTI 

INTRODUCTION 

Fast critical systems studied on the Argonne Zero 
Power Reactors ZPR-3, 6 and 9 are constructed of 
draweis containing plates of various basic materials: 
for example, enriched uranium, depleted uranium, 
steel, aluminum, sodium contained in steel cans, and 
graphite. The plates simulating the composition of 
interest are placed in some sequence relative to each 
other within drawers as shown in Fig. III-14-1, a 
schematic top view of a drawer. These heterogeneities 

cause variations in such parameters as critical masses 
and sodium-void reactivity values. Previously reported 
calculations of critical mass corrections relative to 
homogeneous values have shown that in terms of ex
cess reactivity such heterogeneities represent effects 
of the order of tenths of a percent to a few percent 
in t . ' Bare core scoping studies"-' with simple hetero
geneous cell configurations indicated that the effects 
of such heterogeneities upon the nonleakage reactivity 
component of sodium-voiding may lie increments of 

file:///nniial
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the order of tenths of ]iercent in k. These increments, 
moreover, may represent large fractional changes in 
the sodium-void value for the honiogeneous case. 

CI. Rusch and F. Helm'' have reported a series of 
measurements of sodium-void reactivity effects for 
various intra-drawer loading patterns for Assembly 3 
of ZPR-6. The reference heterogeneous plate arrange
ment is that shown in Fig. III-14-2. (The depleted 
uranium on the right is the axial reflector poi'tion of 
the drawer. I Some effects of heterogeneities upon the 
spectral component of the sodium-void effect for 
equivalent bale cores for this series have been pre
viously reported.''' The calculations to he describeil 
were made in an attempt to analyze the series of re
ported experinientul plate-loading arrangements in 
order to gain a Iietter imderstaiiding of the component 
effects res[ionsitile for the variations in the sodium-
void effect and to test the efficacy of the methods em
ployed here to calculate these effects. The present 
analyses'* included considerations of the different 
resonance self-shielding effects of the fertile (and fis
sile! isotopes in the different configurations, the dif
ferent advantage and disadvantage factors due to 

PERFORATtD FUEL DRAWER 

Flo. i n 14-1. Ciil-away \ icw of a Core Drawer Showing 
IViHllioMiliK of I'lulcM ill lliiiwiT, ANL Neg. No. 112-71. 

flux spatial-fine-structui'es, and two-iliitieiisional gi 
etry effects. 

CALCULATIONAL ORIENTATION 

The heterogeneous /r-values k/,,'', for sodiuiii-iii, 
k'Ju^i, for sodium-out, situations are shown in IM|. 
and Eq. (2) respectively. They are given by 

, he fr I ham , . i hr tf , . , he tr 

A'.n = k,„ -\- AA',„ -I- AA-,„ 
y he tf I hofn I ^ t he if \ . > hp tr 

k„ut = k„, -+- AA-„„, -I- AA-„„, , 

and 
(1) 

(1) 

(2) 

where k^^r and ko'Tt are CDrrespoiiding hujiiDgciieouK A-
values and the other terms are correction increnieiils. 
The first increment Ak'"'^ i.s the cnrreclidii due In Ihc 
Hux variations over the cell. Tlie Ihix varialinn ;>ivc.-̂  a 
spatial increase of the hipih energy Muxes and :i decrease 
of the lower energy fluxes in the fuel regions. The secdnd 
correction increment AA'"'"' accounts for Ihe differeiiees 
in resonance self-shielding for the heavy isotopes for 
homogeneous and heterogeneous sil nat ions. The change 
in k due to sodiimi removal is shown in Eq. (3) as equal 
to the sum of a homogeneous value, a flux variation 
correction temi, and a resonance self-shielding correc
tion; 

+ {AktV/ ~ Akt") + (AA-t̂ r Ak'::n. 
Ci) 

If was convenient in Eqs. (1) and (2) to use the same 
resonance cross section for k'lT and k'.',Tt , and AA',".," and 
AkoV/ are defined on this basis. Therefore, in t)rder to 
obtain the true homogeneous sodium-void effect, k'',""''^ — 
A'„"T, a correction term giving the contribnt ion lo the 
Hodium-void effect due to changes in iT.soii;incc sclf-

DEPLETED UR*NIUM - 0 .125 ( 0 . 3 1 7 ) 

t.'- ' . ; : ' / 1 SODIUM-FILLED CANS - 0.2S0 ( 0 . 6 3 5 ) 

m i J I I H GRAPHITE -

X//////A ENRICHED URANIUM - 0 .0625 ( 0 . 1 5 9 ) DIMENSIONS IH INCHES (CEHTIHETERS) 

F I G . I1I-14-2- Nnrmal Drawer Loading for ZTit-l) Assembly Nn. 3 Core. .l.V/. Neg. Nn. 112-4427. 
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F'iG. 111-14-4. Relative Changes of U-238 Group-caplure 
Cross Sections as Functions of Potential Scattering. ANL 
Neg. No. 112-6950. 

shielding in the honiogeneous core must be added: 

k's' - k'.T = (kl:: - A-;r) 

+ ( M j : : ' -AkiT). 

HETEROGENEOUS CONFIGURATIONS 

Some of the core-drawer plate-sequences experi
mentally reported were calculated. Figure III-14-3 is 
a schematic drawing of the configurations which are 
calculated. Cases D, E and F are identical sequences 
with sodium in. The three drawings for these cases 
show specific regions of voiding in the sodium-out 
situations, because in D and E only two sodium-plate 
regions are removed, whereas all four are removed in 

F. Furthermore, all of the top sequences have four A 
in. thick sodium-regions. The two bottom sequences 
have two 'A in. and one 1 in. sodium regions per 
drawer, respectively. 

Assembly No. 3 " "' of ZPR-6 had a reflected pan
cake-shaped cylindrical core of axial dimension 50.8 
cm and 155 cm diam. The gross region of core-voiding 
consisted of a centrally-located cylindrical region hav
ing 30.5 cm axial length and 28 cm diam. 

METHOD OF CALCULATION 

Perturbation analy.ses employing 22-group real and 
adjoint fluxes from two-dimensional R-Z diffusion 
theory solutions were used to determine the various 
Afc values in the previously defined correction terms. 
Direct two-dimensional diffusion theory calculations 
using the CANDID"" program were used to olitain 
both the reference homogeneous sodium-in and so
dium-out values of k. Perturbations to obtain Ak,„ 
quantities used the flux and adjoint of the homo
geneous sodium-in solution; and the At„,„ quantities 
used the flux and adjoint of the homogeneous sodium-
out solution. This procedure circumvents the errors 
otherwise introduced if perturbation analysis is used 
in going from a sodium-in to a sodium-out situation. 

The incremental changes to the composition-homo
genized multigroup cross sections reriuired to re]ireseiit 
the reactivity elTects due to fine-spatial \'ariations 
of the multigrouji fluxes across a heterogeneous cell 
were obtained by intra-cell regional flux weightings. 
The flux variations for each intracell configuration 
(both with and without sodium I were obtained using 
the Argonne discrete Sn code-SNARG.""' For these 
thin-region cells a 14-angle quadrature of a modified-
single-Gaussian type" was used. 

Effects in the SN,\RG cell caleulations of group 
leakages into and out of the gross core region which 
was voided were simulated by group-dependent ali-
sor|>tion cross-sections. These were equal to the ratios of 
group net leakage to group integral flux. The integral 
(|uantities were those obtained from the nuiUigroiip 
two-dimensional solutions for the homogeneous so
dium-in and sodium-out situations, respectively. 

Incremental changes in cross sections reiiuired to 
evaluate the effects of differences in resonance self-
shielding upon sodium-void were derived from calcu
lated curves giving group cross sections for capture ami 
fission, in case of U-235 as a function of potential scat
tering. The curves of Fig. III-14-4 show these frac
tional changes for U-238. The curves for the various 
group energies have been arbitrarily normalized to 
unity at 80 b in order to compare the curvatures in the 
various energy groups. The curves for Groups 12, 13 
and 14 were obtained by statistical calculation,'- while 
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those for Groups 15 to 22 were obtained hy using the 
known resonance parameters.' ' ' 

Vahies of potential scattering cross section per U-
238 atom for homogeneous sodiuni-in and sodium-out 
situations are hsted in Table I1I-14-I for a few groups. 
Smaher values are obtained for the sodiuni-out case, 
esjieeially in Group 15 which contains the strong so
dium scattering resonance, where the change is most 
noted. 

The e(iuivalencc relation for lattices''* was applied 
for heterogeneous cell configurations. Under the hetero
geneous Case B listed in Table I three values are given 
for sodium-in and three values for sodium-out. These 
three cases correspond to estimated differences in 
Dancoff shielding due to differences of U-238 plate 
thickness and differences in intervening adjacent ma
terials. The sodium-out has smaller values than the 
sodium-in for the corresjionding U-238 plate regions. 
Especially noticeable is the fact that the sodium-in to 
sodium-out for Group 15 is much more pronounced in 
the homogeneous case. 

HKSVLTS AND DISCUSSION 

Table III-14-II summarizes the values of the cor
rection terms to be ai)plied to the reference homo
geneous sodium-void AA: values. The corrections are 
very small. Furthermore, foi this series the corrections 
affect essentially only the nonleakage component of 
sodium-voiding. The first column lists the configura
tion case. In Cases D and E only half the sodium is 
removed. The negative corrections in the second 
column correspond to differences in spatial fine-flux 
weightings. The corrections are negative in these cases 
because the heterogeneity effects for sodium-in are 
larger than those for cot responding sodium-out situa
tions. The next two colunms list separately the correc
tions due to resonance self-shielding difTerences. For 
these cases the U-238 is the more important. The last 
colunm gives the sum of these corrections; they are to 
be added to the reference homogeneous sodium re
moval values to obtain corrected heterogeneous sodium 
removal values. 

Corrections to the homogeneous sodium-void values 
to account for the differences in resonance self-shield
ing between homogeneous sodium-in and sodium-out 
are given in Table III-14-III. The U-238 contribution 
again predominates; moreover, these effects require 
larger corrections than the previous heterogeneous 
cases. 

Graphical comparison of the heterogeneous calcu
lated reactivity values for sodium voiding with ex
perimental values are shown in Fig. III-14-5. The 
solid horizontal lines indicate the resonance corrected 
homogeneous values. For comparison it may be noted 

TABLE III-14-I. EFFECTIVE POTENTTAI. ScAT-rEniNc Cuoss 
SECTIONS IN BAKNS TEU lI-2liK ArdM 

Group 
j 

12 
14 

15 (res.) 
20 

Homogeneous 

Na-in 

29.2 
41.8 

192.0 
38.0 

Na-
out 

25.6 
34.6 
31.3 
33.5 

Vs in. 

28.5 
33.7 
40.7 
31.6 

lk•lĉ o ;̂̂ •lH•()us (Case Hi 

Na-in 

' 4 in. 

15.5 
18.2 
28.0 
10,1) 

,' s in-

26,0 
31.0 
46.H 
29,1 

^ 

Jiiin. 

26.4 
30.9 
29.5 
.30.4 

Ja-iHil 

'.1 in. 

15.0 
lli.4 
15.9 
Hi, 2 

'.1 in. 

•23.7 
28,4 
'26,9 
'27,9 

TABLE II1-14-II. SoDiUM-\'()iu HEiEn(»aENEiiv CdiMiEc-
TIONS AND U E T E H O G E N E O I ' S REACTIVITIES FOR \ ' A I { I ( ) 1 S 

CELL CONFIGURATIONS OF ZPR-O AWSEMJII-V 3 

Case 

A 
Ii 
C 
D 
E 
F 
0 
II 

A*;;'/ - At,*.'", 

- 0 . 5 2 
- 0 . 9 7 
- 0 . 4 0 
- 0 , 2 
- 0 , 4 
-OliO 
- 0 . 3 4 
- 0 . 8 9 

At*;',' - AiJ,;" 

Ih 

U™ 

-Fl.OO 
-f0,32 
4-0,55 
-1-0,6 
- 0 , 1 
-1-0,51 
-1-0.53 
-0-11 

U™ 

-1-0,07 
-1-11,07 
-f0.08 

0.0 
0.0 

4-0,08 
-1-0,08 
-1-0,08 

Sum of 
corrections. 

-FO,.^ 
- O . . ^ 
4-0,23 
4-0,1 
- 0 , 5 
- 0 , 0 1 
4-0,27 
- 0 , 9 2 

TABLE II1-14-III. REKONANrE SELK-SIMKLI. 
ConRECTIONa KOU T H E IIOMCKiENEors 

« RoDieM-Voii) REACTIVITY 

Case 

Total sodium removal 
One-half sodium removal 

At*,;;"' - At;;;-", 

Ih 

U"" 

4-2,85 
4 -11 

Usji 

- 0 . 0 2 
0,0 

Sum of 
corrections, 

4-2.83 
4-1,1 

that the corresponding homogeneous value, assuming 
invariance of resonance self-shielding upon removal of 
sodium, would be closer in value to the heterogeneous 
values, that is, negative 7.8 Ih and negative 3,8 Ih. 
This is because changes in effective potential scatter
ing cross sections per absorber atom are smaller in the 
heterogeneous case than in the homogeneous case, as 
was noted in Table III-14-I. 

The variations of the calculated heterogeneous re
activities shown here for Cases A, B, C, I) and F 
correlate well with the experimental values. For 
Cases G and H the more negative ex]ierimental values 
suggest a perceptible heterogeneous leakage coiiipo-
nent (streaming). Correction for this effect is not in
cluded in these analyses. Cases G and H contained 
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CONFIGURATIONS 
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FIG, III-14-5, Comparisons of Reported Experimental 
Na-void Keactivity Values for Various Intracell Plate Cou-
figuratiuns in ZPR-6, Assembly 3, .4iVL Neg. No. 112-6943. 
Rev. 1. 

two separated '/s in. sodium regions and one 1 in. 

sodium region, respectively, in a drawer, whereas all 

of the other configurations contained four separated 

VA in. sodium regions. 

The reason for the comparatively less satisfactory 

correlation in (Jasc E is not clear. Experimentally the 

sum of the values of the sodium-void reactivity for 

Cases D and E differ from F by 1.4 Ih, whereas by 

calculation the sum is much closer to the calculated 

value of F. 

It should be noted that the calculated correction 

increments in this series are very small. They do, how

ever, represent sizeable fractional corrections to the 

sodium-void effect values because this effect is quite 

small in the cases studied. 
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n i - 1 5 . Heterogeneity Effects on the Reactivity of ZPR-6 Assenibly No. 3 

D. MENEGHETTI 

Effects of thin-slab heterogeneities upon the critical 

masses of Zero Power critical as.sembhes have often 

been estimated by employing infinite, periodic slab-cell 

calculations using group absorptions (derived from nor

mal-mode analysis) to simulate overall leakages out of 

the system.''^' The calculations therefore considered 

only the effects of the fine spatial variations of the flux 

across the cell and the computed reactivities applied to 

the case of an equivalent bare core; that is, a simulated 

heterogeneous bare core multiplication is compared with 

a homogeneous bare core multiplication. Furthermore, 

the fine spatial variations of flux were assumed not to 
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affect signihcantly the average transport cross sections; 
that is, the hnmogeneous leakage absorptions were re
tained also in the heterogeneous cell calculations. 

lM)r the case of ZPK-li Assembly No. ;̂ **''̂ ''' the calcu
lated bare cure reactivity ostiinate has been compared 
with a ciilculated reflected-core value. Since the spec
trum of this assembly, which simulates a carbide-fueled 
reactor, contains non-negligible flux in some of the 
energ>' groups in which resonance self-shielding effects 
(especially in l'-238) ma\' be significant, estimates of 
these effects have also been calculated. 

In the reflected case the analysis eniployed the same 
regional cross-section perturbations described in the 
summary concerning sodium-void heterogeneity effects 
for the computationM!'; '^ Ak'lV/ (U-238), and M-;'^ (U-
235) (see Paper III-14). Possible variations of these 
spectral heterogeneity effects in core regions close to the 
reflector are not included. This more detailed consider
ation may be important for analyses of the sodium-void 
heterogeneity effects in peripheral regions. The refer
ence sodium-in two-dimensit>nal real and adjoint fluxes 
were used in the perturbation calculations. 

T.\Ui,l'; 111-15-1. I IE I KICIUJENKIIY llEACTEVrTV (̂ fmUECTIONS 
Kii( Zl'l{-\ 'l AssKMiii.v No. H ('iii'iicAL MASSES 

Case 

A 
B 
C 
K 
G 
II 

Normal Mode 

-1-0,48 
-1-0.55 
-1-0.49 
-t-0.58 
-HO.66 
-1-0,91 

•(-0.42 
-1-0.49 
-t-0.45 
-1-0.53 
-(-0,62 
-(•0,89 

Kellccleii 

Ai 

U " 

-1-0,17 
•fO.22 
-1-0.'20 
-fO.20 
4-0.18 
-1-0.22 

,k 

V' 

- 0 . 0 1 
- 0 , 0 1 
- 0 , 0 1 
- 0 . 0 1 
- 0 . 0 1 
- 0 . 0 1 

Total 
Correction 
(Reflected), 

%* 

-1-0.58 
-(-0.70 
-1-0.64 
-(-0.72 
-1-0,79 
-1-1,10 

Results are given in Table lll-l.^i-l for the hetero
geneous reference loading Case A and for as-^iiiiied en
tire core loadings represented b.>' eonfiguralinns H, C, 
r', CI, and H, respectively (sec Paper 111-14). 

Vahies for the noriiial-mode (bare core) .'iii:il\sis 
method differ by approximately 10*/<- from the eorre-
sponding reflected values for A/r,"„' , except for Ca.ses 
G and H which had the thicker .sodium regions. These 
differ from the other cases because the fine spatial 
averagings of the group transport cross sections differ 
more from the homogeneous values than those used in 
configurations A, B, C, and F. For Case H, about 
4-0.07 7,/,: of the 4-0.89%t value of Ak",',!' represents 
this transport perturbation. Consideration of the reso
nance self-shielding increases the heterogeiieit,\' correc
tions by about 4-0.2 %k. 
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i n - 1 6 . Pulsed Neutron Measurements on ZPR-6, Assembly No. 5 

F. H. HELM 

It 

INTRODUCTION 

recent years considerable interest has developed 
in neutron die-away analyses and measurements in 
fast niultiplying media. This paper describes results 
of such measurements made on a very large dilute fast 
breeder assembly. Analyses of the measurements in
dicate that the kinetics of the system are essentially 
those of a bare fundamental mode reactor. 

DE.SCRIPTION OF THE APPARATUS 

Pulsed neutron die-away experiments were carried 
out on ZPR-6, Assembly No. 5, ivhich with the Kaiiian 
Nuclear neutron generator. This machine is a 200 keV 
deuteron accelerator having a drift tube which ctin be 
made as long as 8 feet. A refrigerated tritium target 
is used to produce essentially isotropic 14 WeV neu
trons from the TtD,n\iiv* reaction. Pulsing is ae-
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MOVABLE HALF D P ROD 
SAFETY BLADE 
STARTUP SOURCE 

5 10 15 20 23 25 30 35 40 

F I G . II1-16-1. Outline of Assembly 5 Showing Various 
Source Locations. ANL Neg. No. 112-8990. 

complished by an electrostatic deflection system lo
cated between the source and a strong focusing lens. 
The drift tube was inserted axially into the reactor 
through tile central matrix tube of the stationary half 
so that the target was located at the center of the core. 

Standard tenth-microsecond circuitry was used 
throughout the measurements. .\. General Radio pulser 
triggered the high voltage pulser in the deflection 
system of the accelerator as well as the sweep cycle of 
a 1024 channel time-of-flight analyzer. Pulse height 
discrimination was used on the detected pulses before 
time analysis to eliminate counter noise and rf pickup 
from the accelerator. 

U-235 and U-238 fission chambers containing 1.7 
grains of enriched uranium and 1.68 grams of depleted 
uranium, respectively, were used as detectors. These 
chambers are 2 in. diam and about 10 in. long and 
W'ere located at various radial positions near the core 
midplane. Measurements were made at the radial 
locations shown in Fig. III-16-1. .\ survey of the most 
important data is given in Table 111-16-1; Runs num
ber 1 through 10 and 14 through 35 were made to 
compare the prompt neutron decay at different re
activities as a function of detector location in the re
actor. The response of different detector materials and 
their varying spectral sensitivity were studied in Runs 
18 thorugh 33. Runs 37 through 43 were made with 
much shorter pulses (150 nsec) in order to observe the 
decay immediately after the pulse with a higher de
gree of accuracy than was possible with the '/z /isec 
wide pulse. Finally, a preliminary attempt was made 
in Runs 11 through 13 to measure the time dependence 
of the spectrum using a protron recoil spectrometer. 
Run 36 was a measurement designed to determine the 
source intensity when a beam hole was created in the 

matrix by removing four core drawers, rather than 

the usual single drawer. 

ALPHA VERSUS REACTIVITY 

In all cases shown in Table III-16-I, it was possible 
to fit at least one exi.onential to the observed data. 1 he 
decay rate for this exponential is listed as alpha in 
Table III-16-I. The various levels of subcritically 
listed in Table 111-16-1 were determined from jire-
viously calibrated rod worths and fuel worths. A plot 
of the fundamental decay constant versus reactivity 
is shown in Fig. III-16-2. It can be seen that this re
lationship is essentially linear and extrapolates to 
4-$1.00 for prompt critical. This is in good agreenient 
with point reactor theory but is a different behavior 
from that observed hy G, Branson and R. Huber.' who 
found a non-linear relationship for a number of fast 
reflected assemblies. In this case, however, the linear 
relationship is probably due to the very large >ize of 
the core in which the reflector is in a region of rela
tively low importance and the system has kinetics 
similar to those of a bare reactor. 

An extrapolation of the measured prompt decay 
constants to delayed critical yields an intercept at 
a,, = ;8/ip which is equal to 1.92 X 10'' sec"". Calcu
lated values for /3/(, with various cross section sets 
lie between 2.2 X 10* and 2.5 X 10'' sec^ ' . Ii is the 
delayed neutron fraction and i, is prompt neutron 
lifetime, 

REACTUITV MEASURE.ME.NTS 

One of the most important applications of pulsed 
neutron measuring techniques is the determination 
of large negative reactivities. There are basically two 
different approaches used to measure the reactivity of 
far sub-critical assemblies. One, which was first de
scribed by B. Simmons and .1. King,- compares the 
prompt fundamental decay constant, a, at a given 
condition of the reactor to the prompt decay at critical, 
etc. Following point reactor theory, a linear relation
ship between a and reactivity, p, is assumed which 
immediately leads to the relationship 

p($) = 'LJl^'. t l ) 

This is equivalent to finding the ab.'^cissa for all points 
in Fig. III-16-2 by demanding that they lie on a 
straight line which intercepts the horizontal axis at 
p = -(-$1.00. For general work this method has two 
disadvantages. The first is that the system must be 
made critical to determine a,. ; and the second is that 
in smaller reflected assemblies it does not account for 
the higher space modes. 

A second approach to reacti-iity measurements by 



Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

Detector 

Loca
tion 

2923 
2923 
2923 
2923 
2923 
2923 
2923 
2923 
2923 
2923 

Runs 

3723 
3723 
3723 
3723 
3723 

4023 
4023 
4023 
4023 
4023 
2523 
2523 
2523 
2523 
2523 
2523 
2523 
25-23 
2523 
2523 
4023 
4023 
Runs 
2523 
2523 
2523 
2523 
3723 
3723 
3723 

Type 

U ' " 
U ' " 
U ' " 
U ' " 
U ' " 
U ' " 
UIIS 
U " ' 
U"s 
Jjiis 

11-13 

U " ' 
XJiis 
U ' " 
U " ' 
U ' " 

0!IS 

U ' " 
U>!S 

U ' " 
U ' " 
U " ' 
U"> 
U " ' 
Xjsas 
U"" 
U"« 
U"> 
U"« 
0!«1 
Xjiii 
U"» 
U"» 

under 
JJIJS 
JJISS 
U " ' 
l-,,, 
U ' " 
U " ' 
XJIJS 

Table 
Separa

tion 
cm 

150 
7.65 
2.0 
2.0 
0 
0 
0 
0 
0 
0 

are time-

0 
0 
0 
0 
0 

0 
0 
0 
2.0 
7.5 
0 
7.6 
2,0 
0 
0 
0 
0 
0 
2.0 
7.5 
0 
0 

No. 36 y. 
ISO 

7.5 
0 
0 
7.5 
0 

TABLE III 

DP Rods Fully 
In-

none 
3, 8 
3, 8 
3, 8 
3 , 8 

2, 3, 4, 6, 8, 10 
2, 3, 4 , 6 , 8, 10 

all except 1 
all except 1 

all 

Suliscrit-
icality'' 

$ 

4.1 
1.73 
1.73 
0.982 
0.552 
0.552 
0,224 
0.224 
0 115 
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Pulse 
Fre

quency 
kc 

3 
3 
3 
3 
3 
3 
1 
1 
1 
1 

dependent spectra measurements 

all except 6 
2, 3, 4, 8, 10 
2, 3, 4, 8, 10 

3, 8 
3 , 8 

all except 6 
2, 3, 4, 8, 10 

3 ,8 
3, 8 
3, 8 

all except 6 
3, 8 
3, 8 
3, 8 

all except 6 
all except 6 
2, 3 ,4 , 8, 10 

3 ,8 
3 , 8 
3 , 8 
3 , 8 

all except 6 
ere intensity m 

none 
3, 8 
3 ,8 

all except 6 
3, 8 
3 , 8 

all except 6 

0 224 
0.661 
0.661 
1.06 
3.18 

0.224 
0.661 
1.05 
1.79 
4.16 
0,224 
4,12 
1.75 
1.01 
0.224 
0.224 
0.661 
0.982 
1.73 
4.1 
0.982 
0.224 

easuremen 

4.1 
0,982 
0,224 
4.1 
0.982 
0,224 

1 
1 
3 
3 
3 

1 
1 
3 
3 
3 
1 
3 
3 
3 
1 
1 
1 
3 
3 
3 

10 
3 

ts with 
3 
3 
3 
3 
3 
3 
3 

Pulse 
Width 
^sec 

1 5 
1,5 
1,5 
1,5 
1.5 
1.5 
1.5 
1,5 
1,5 
1,5 

1.5 
1.5 
1.5 
1.5 
1.5 

1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
I S 
I S 
1.5 
1.5 
1.5 
1.5 
1 5 
1.5 
1.5 

a beamh 
O.IS 
0,15 
0.15 
0.15 
0.15 
0.15 
0.15 

' E I T R U \ 

Channel 
Width 
^sec 

0.125 
0.25 
0.25 
0,25 
0,25 
0.25 
0.5 
0.5 
1.0 
1.0 

1,0 
1,0 
0.25 
0.25 
0.25 

1.0 
1.0 
0.25 
0.25 
0.25 
1.0 
0,25 
0,25 
0,25 
0.5 
0.125 
0.5 
0.25 
0.25 
0.25 
0.5 
1.0 

ole in the 
0,125 
0,125 
0,125 
0,125 
0,12S 
0,125 
0.125 

\ 1 E ^.-^UREMENTS U.N .\SSEM111.V 5 

.No. ol 
Channels 

1»24 
1024 
1024 
1024 
10-24 
1024 
10-24 
1024 
512 
512 

512 
512 

1024 
1024 
1024 

512 
512 

10-24 
1024 
1024 
512 

1024 
1024 
1024 
1024 
1024 
1024 
1024 
1024 
1024 
256 
256 

assenibl 
1024 
1024 
1024 
1024 
1024 
1024 
1024 

Channel 4 
Indication" 

0.16 X 10-' 
0.32 X 10-' 
0,85 X I 0 - " 
0.15 X 10-' 
0.3 X I O ' 

0.68 X 1 0 ' " 
0.142 X 10-» 
0.43 X 10-" 
0.63 X 10-'» 

0.12 X 10-' 
0.425 X 10-'« 
0.235 X 10-' 
0.15 X 10-' 
0,75 X 10-'» 

0.544 X 10-' 
0,175 X 10-' 
0.68 X 10-' 

0,378 X 10-' 
0,188 X 10-' 
0.71 X 10-'» 
0,31 X 10-'» 

0,595 X 10-' 
0.302 X 10-' 
0.145 X 10-» 
0.145 X 10-' 
0,498 X 10-' 
0.98 X 10-' 

0.555 X 10-' 
0.266 X 10-' 
0.383 X 10-' 
0.490 X I0- ' 

• . 

0.51 X 10-" 
0,115 X 10-'« 
0,31 X 10-'« 

0,115 X 10-' 
0.106 X lO-i" 
0.32 X 10-'" 
0.13 X 10-' 

Count 
Time 
min 

10 
S 
5 
5 
5 
S 

10 
10 
10 
10 

10 
15 
10 
10 
10 

15 
15 
5 

10 
10 
10 
10 
5 
5 

20 
10 
20 
10 
10 
20 
30 
20 

50 
15 
15 
15 
30 
60 
45 

• F ZPH-6 

Measured a"* 
sec-' 

1.062 X 10> 
5.295 X 10< 

5.5 X I O " 
3.81 X 1 0 " 
2.97 X 10' 
2.87 X 10' • 

2.364 X 10' 
2.42 X 1 0 " 
2.12 X 10' 

2.33 X 10' 
3.16 X 1 0 " 
3.20 X 1 0 " 
3.91 X 10' 
5.87 X 10' • 

2.39 X 10' 
3.23 X 10 ' • 

3.684 X 10' 
5.12 X 1 0 " 

1,024 X 10' 
2.40 X 10' 
1.05 X 10> • 
5.32 X 10' ' 
3.76 X 10< 

3,80 X 10' 

1.16 X 10' 
3.92 X 10' 
2.37 X 10' 
1.15 X 10' 

2.32 X 10' 

Remarks 

R o d e on 15.1 
same 
same 

B-10 rods No, 1, 2, 
5, 9, 10, 12 in 

Rod 6 on 20.0 
same 

Drawer 1923 out 

Rod 6 on 40.8 

Rod 6 on 40.8 
same 
same 
same 
same 
same 

Rod 6 on 191Drawer 1923 out 
same / 

Rod 0 on 40,8 
same 
same 

Rod 6 on 15) 
same iDrawer 19'23 out 
same J 

a: 

" All other diiiil purpose rods are fully out except as shown under Remarks. The adjustments indicated in the Remarks column were generally made in order to main
tain comparable reactivities for different counter locations. 

*> Subcriticality values were calculated from rod and fuel drawer worths, referencing to a critical loading, for all cases with the halves together. P'or the case.-s wirli 
the halves separated the values were estimated—very roughly—from the observed source multiplication. 

•̂  These data are given as an indication of the relative average neutron flux during the measurement. 
'^ This column gives the observed fundamental decay constant. 
" These values were found by graphical extrapolation. All other a values given were found by a least squares ht. 

file:///SSEM111.V
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Flu. III-16-2. Prompt Decay Constant for Diflferent Reactivity Conditions at Different Core Locations, .ANL Neg No. 112-8999. 

pulse neutrons was originally developed by N. Sjos-
trand.^ It consists essentially of comparing the prompt 
multiplication with the total multiplication, including 
the delayed neutrons. I t has the advantage over the 
Simmons and King method in that it does not require 
a measurement at delayed critical. If the time-depend
ent neutron flux is described as a series of pulses 
superimposed on an essentially constant background, 
the time decay behavior of the pulses is determined 
by the kinetic response of the system to fast neutrons 
while the amplitude of the background is a measure 
of the average delayed neutron intensity. 

If .4p is the area under the pulse and A^ is the area 
of the background, the relationship between neutron 
intensity and multiplication, k, and multiplication by 
prompt neutrons alone, k„, is 

1 
(2) 

Pi$), (3) 

Ap 4- Ad 

which can be written as 

A, ^ 1 _ -
Ai fi 

where /? is the delayed neutron fraction. This method 
presupposes that only the fundamental mode contrib
utes to the integrals since for higher modes the ratio 
between prompt and delayed multiplication would be 
different. I t is also assumed that the detector is located 
at a place where the slight difference in the spatial 
distribution of the prompt and delayed flux does not 
affect the result of the measurement. This so-called 
area method was used with square pulses and a duty 
cycle of about 0.5. 

T. Gozani' adopted this technique for shorter pulses 

and eliminated the higher harmonics from the prompt 
contribution by disregarding the initial part of the 
decay curve. Instead, the decay curve measured after 
a certain waiting time (t„.) when the higher modes 
have decayed, is extrapolated back to the time of the 
source pulse. For the reactivity in this case one ob
tains the relationship 

Pi!p) (4) 
B,„F 
oBj ' 

where B„ , is the extrapolated amplitude of the funda
mental decay exponential to zero time; F is the pulsing 
frequency, a the fundamental decay constant and Bj 
the amplitude of the delayed background, 

E, Garelis and J. Russell'' have found a method that 
combines the two approaches described above. Their 
technique also eliminates the necessity of making a 
measurement at critical. It also eliminates the effects 
of prompt and delayed higher modes. The time de
pendence of the sub-critical prompt and delayed fluxes 
is used to determine kfi'l = a, by the relationship 

N,e''"dt 0 .Vp dt = A l (.5) 

which can be solved by iteration techni(|ues. ( is the 
neutron lifetime, A, is the time dependent prompt flux 
and Nj is the (constant) delayed flux determined near 
the end of the measurement interval, 1 'F sec. In 
analyzing the data to be presented in this paper by 
the Garelis-Russell method, the prompt flux was di
vided into two parts. The first was the area uinler the 
measured curve at short times following the pulse, 
where the exponential decay was clearly established, 
and the second was an assumed decay of the prompt 
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flux with the fuiidanK'ntal oxitoncntial when the flux 
approached the hackground level. After û . is found 
the reactivity is calculated using Eq. (1). 

Tahle III-16-II shows the values of reactivity de
termined by the three different methods for a number 
of experimental runs, and the corrcs])onding measure
ment made with calibrated control rods and fuel 
worths. The agreement is best at the intermediate sub-
eriticalities (about 1 dollar) while at higher and lower 
reactivities, there are larger deviations. The Garelis-
Russell and the Gozani methods appear to systemati
cally depart from the measured data in going from 
the core center to the blanket, which is probably due 
to the difference in distribution of the ])rompt and de
layed flux modes. They also tend toward negative de
viations at small subcriticalities and positive devia
tions at large subcriticalities. The Simmons and King 
analysis showed no such systematic behavior. 

It should he noted that the data in Table III-16-II 
cannot be used to Judge the achievable accuracy by 
the various techniques because of the very large size 
of Assembly 5. There is a parasitic background which 
is not related to the delayed flux but which was in
cluded as a ]iart of the delayed neutron density in the 
analysis. Then too, there is some (luestion of the 
proper weighting techniques to be used in the least 
s()uares fitting process for tliose points in whieli the 
background is veiy low. 

An attempt to analyze the data in runs 38 through 
43 (very short jmlses) liy the Gozani method con
sistently yieMed k,// values which were al)0ut 50% 

T A H I J O I I M l l - I I , C^OMl'AIUSON OK K K A C M V I T V 
M K A S T K K M K N rs ( I ' l i i sc W i d t h = 1.5 finer) 

Kun .No

lo 
24 
8 

H 
1(1 
6 

27 
31 
17 
21 
26 
3 
2 

23 

Counter 
Position 

2923 

2523 

292:1 

3723 

4023 

2923 

2523 

2623 

3723 

4023 

2523 

2923 

•2923 

4023 

mp 
( l l O l l -

pulsc-il 
tcch-

nitjues), 
$ 

0.115 
0.-2-24 
0.224 
0,-2-24 
0.2-24 
0,5.52 
1,01 
0,982 
1.06 
1.06 

(1.75)" 
(1.73) 
(4.09) 
(4.16) 

p 
Simmons 
& King, 

$ 

0.104 
0.250 
0.-231 
0,214 
0,-245 
0,547 
0.958 
0.979 
1,04 
0,918 

1,75 
4,53 
4.33 

p 
Gozani, 

s 

0.07.39 
0.177 
0.189 
0.197 
0.203 
0.5-25 
0,901 
1,00 
1,05 
1,13 

1,68 
4.67 
5,02 

p 
Garelis & 
Russel. 

S 

0,0749 
0,182 
0,195 
0.203 
0.198 
0.555 
1.08 
1.15 
1.17 
1.29 

1,-24 
6,79 
7.12 

COUNTER LOCATION 
2523 

IO' " — 

O 0.224 J 

A 0 .922 $ 

g o o 

& d 6 

COUNTER LOCATION 

O 

A 

3723 

0,224 

0,982 
i 
i 

ViG. n 
t Two C. 

I-ir.-3. The Time Dependence uf llii^lier il;i 
ire Lucatiuns. ANL Neg. No. 112-8995. 

" Niinihers in pHrcnthesPs ure very approxim.'ile cslimates 
only. 

too small. A satisfactory solution to this prol)IctH has 
not yet? been found but may reside in the parasitic 
l)ackground which is more important at the v n y low 
counting rates. 

HlflHKK H A R M O N M C S 

The last measurements made in this serius were with 
very short pulses (150 usee) in order to observe any 
fast transient decay innuediately followinp; tlie pulse. 
Results at two different positions (one in the coic and 
one in the reflector) and for two diflereiit le\'els of 
sul)criticality are shown \n Fig. ITT-16-3. ileiv, tlie 
constant backgrounrl and the fundamental (lecay com
ponent have been removed. Ft should l»e noted that 
near the core center the amplitude of the transient is 
positive while near the core blanket boundary it is 
negative. 

An attempt w-as made to a]»proximate the decay of 
the transients by a series of exponentials using least 
squares fitting techniques. Resulting decay constants 
were on the order of 10" sec^^ However the exact 
values depended strongly on the time after the pulse 
which was chosen as the starting point for the fit as 
well as on the counter position. I t was not |)ossihU' 
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to detei'iiiine a single higher decay mode which could 
be completely isolated from the fundamental. 

.\ (lualitative comparison was made between the 
observed decay constant of the initial transient and 
the calculated,decay of the first symmetrical spatial 
harmonic of the flux. In order to find this harmonic, 
the coi-e was replaced by an eiiuivalent bare core 
whose radius was located at the first zero of the 
second harmonic of the real core. In R-Z geometry 
two such etiuivalent cores can be found. One has a 
fiindaiiieiital distribution in the axial direction and a 
reduced radial dimension. The other has a fundamen
tal distribution in the radial direction and a reduced 
length. Flux distributions for both cases were deter
mined by a multi-group one-dimensional diffusion 
code" with options of either calculating the k of the 
assenibly or the value of alpha which makes the as
sembly critical with prompt neutrons only. Both op
tions were used to calculate the decay constant, \, 
from the relationships 

1 

and 

a,*i + - *j 

(6) 

(7) 

where j is a group index, and n is the usual diffusion 
operator containing diffusion, fission, absorption and 
scattering terms, Vj is the group averaged velocity and 
ip is the jirompt neutron lifetime. A value for \ ob
tained from the data of Fig. III-I6-3 by the first 
method [E<i. (61) was 1.7 x 10"" sec" ' and is in ap
proximate agreement with the experiments. A values 
deterniined from Eq. (7) however gave results which 
were very sensitive to the lowest energy group in
cluded in the calculation. For these calculations the 
ANL cross section set No. 224, in which the lowest 
group cuts off at 29 eV, was used. Although the flux 
distributions in the higher groups were very similar 
for both calculations there was a tendency in the lat
ter for pile-up in the lowest group. The decay constant 
in this case (2 X 10^ sec~M is almost entirely deter
mined by the parameters of this group. Since there 
are so few neutrons at these low energies in the initial 
transient the calculation was repeated for neutrons 
only to the keV region. The result gave a value of 
2 X 10" see" ' , but still showed sensitivity to the 
lowest group. Both the calculation and the experiment 
showed that although some qualitative evidence exists 
for the first spatial harmonic in the initial transient, a 
clear identification of this hannonic is not possible. 

TIME DEPENDENCE OF THE NEUTRON SPECTBUM 

Recent developments in proton recoil spectrometers 
by E, Bennett ' make it possible to deterinme the 
time dependence of the spectrum from several MeV 
to the low keV region with about a one micro-second 
time resolution. In these measurements, each pulse 
must be analyzed with respect to amplitude and its 
time of arrival at the detector, as well as pulse shape, 
in order to suppress gamma background. The pre
liminary experiments performed here used only the 
time and height analysis. Counter voltages were rela
tively high (3100 volts) so that the energy resolution 
did not include the gamma-sensitive lower keV region. 
,\ multi-channel analyzer was used for pulse height 
analysis. Time analysis was performed by delayed 
gating of the input to the analyzer allowing it to re
ceive pulses only after a fixed time interval following 
the neutron burst. Two scries of measurements were 
made. In the first the pulse height analyzer was gati-d 
on for 10 /isec during each sweep starting 10. 30, tiO, 
90 and 136 fisec after the pulse. In the second series, 
the gating-on time was 3 /isec starting 0, 2.5, 7.5 and 
12.5 /xsec after the jiulse. Results of these experiments 
did not show any significant difference in the pulse-
height spectra in any of the measurements. Only a 
slight shift toward the higher pulses (a harder spec
trum) was noted for the measurements when the 
analyzer was gated on during the source pulse itself. 
More significant results might be obtained if the time 
resolution could he reduced by about one order of 
magnitude. Then too, a small jitter exists between the 
triggering signal from the General Radio pulser and the 
actual neutron burst at the target. I t is this jitter that 
precludes a measurement of the propagation time of 
the pulse to the different radial positions in the as
sembly. 
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III-17. Nuclear Analysis Methods Development for EBK-II 

D. KUCERA, J. T. MADELL and P. J. PEKSIANI 

223 

This physics analysis jirograin is in sujiport of EBR-
II design, operation, and plant improvement, particu
larly with respect to improving the test-fuel irradia
tion capability. The general objective of the effort is 
to obtain a detailed understanding of the actual sys
tem neutronics under a variety of anticipated oper
ating conditions and configurations. 

The preliminary computations for checking and 
debugging of the burn-up cycle code, PYRO, have 
been successfuly completed. PYRO is a CDC-3600 
code which calculates the isotopic burnup in a two-
dimensional X, y configuration as a function of time. 
It is structured to be used in conjunction with the 
transport SNARG 2D code. A series of test- and 
driver-fuel irradiation and replacement steps are be
ing planned in .support of the current EBR-II test-
fuel irradiation program as well as in support of the 
I'^BR-II Improved Driver Fuel program. 

An option included in the PYRO code is the printout 
of the geometrically fine regional reaction rate distri
bution. This allows I'eaction rate studies to be com-
jiared with experimental distributions determined 
from wire foil irradiation. A comparison has been 

made of the 11-235 and (1-238 fission rale dislribiitioiis 
between measurements made in Run 25 and those 
computed using a 2D SNARO S-4 in .r, y geometry. 
The preliminary computations assumed a 4-fold sym
metry of the Run 25 loading and utilized the EBR-II 6 
group cross section set 23606. The computcil U-235 
fission rates were found to agree to within 20 percent 
of the experimental values near and in the reflector 
region. Agreement in the central core region was found 
to be within 10 percent. The U-238 fission rates were 
in general predicted to within 10 percent of the meas
urements. The computed values used in the compari
sons are rates averaged over a quarter-region repre
sentation of EBR-II subassemblies. 

Improvement in the reaction rate distribution is ex
pected in subsequent studies. A two-fold symmetry of 
the core and reflector configuration would account for 
the local effects resulting from the non-uniform distri
bution of driver fuel and test assemblies. Another fac
tor which is expected to improve agreement is the 
addition of reflector-averaged cross sections to the 6-
grouji set currently being used for EBR-II studies. Ef
forts in these areas of study have been initiated. 

III-18. Mult igroup Cross Sect ion Sets for Neutronic Calculations of EBR-H 

J. T. MADELL 

Three multigroup cross section sets have been de
veloped to carry out a general reactor analysis pro
gram for EBR-II . 

.\ 22 group set was de\eloped first and served as the 
basis for six and five group sets. The 22 group set, 
designated Set 236, was produced by the MC^ Code.' 
Two MC- calculations, one using the core and the 
other the blanket composition of EBR-II , were per
formed assuming zero buckling but taking account of 
the heterogeneities in the core and blanket design. 
The cross sections for nine additional nuclides 
were obtained from Set 224, a 22 group set weighted 
by a neutron spectrum softer than that used in gener
ating Set 236. The Set 224 cross sections are considered 
sufficiently accurate for the jiresent. As more accurate 
data become available, primarily from the Evaluated 

Nuclear Data File/B (ENDF/B) , new cross sections 
will be added to Set 236. A description of Set 236 is 
given in Tables III-18-Ia and III-18-Ib. 

Using the 22 group structure of Set 236, five and six 
group sets were generated by the group collapsing 
routine of the MACH 1 code.- The group structure of 
the collapsed sets was deti-rmined by coiii])ai'iiig i-aleii-
lations performed with various five and six group 
structures to tho.se using Set 236 and then .selecting 
the group structure producing the best coniiiarison. 

The real and adjoint flux sjiectia at the reactor 
center and the reactivity worths of selected nuclides 
in the EBR-II core were the (|u.antities compared in 
the study. The reactivity worths were obtained in 
three regions of the spherical core: in Ring ^ 1 (cen
ter), in Rings iV2 through *4 , and in Ring ^ 5 (outer). 

http://tho.se
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TABLK !ll-18-la. DESCRIPTION OF C ^ O S S 

SECTION SET 2:j(i 

Energy Group 

1 
2 
3 
4 
6 
(1 
7 
8 

!) 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Lower Energy Limit, 
eV 

3,68 
2,23 
1.35 
8,21 
4.98 
3.02 
1.83 
111 
6.74 
4,09 
2,48 
1,50 
9.12 
4,31 
2.62 
2.03 
1.23 
9,61 
5.83 
2.75 
1.01 
2.90 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

10' 
10" 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10" 
10" 
10' 
10" 
10" 
10' 
10' 
10' 
10' 
101 

Upper Lethargy 
Limit 

1.0 
1.5 
2.0 
2.6 
3.0 
3.6 
4.0 
4.6 
6.0 
6.6 
6,0 
6.5 
7,0 
7,75 
8,26 
8,60 
9,0 
9,26 
9,76 

10,6 
11,5 
12,76 

TABLE ]II-I8-Ib, DESCRII'TION OF CROSS 

SKCTION SET 23<) 

Nuclide 
Numlier 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
16 
16 
17 
18 
19 
20 
21 
22 
23 
24 

(I-'235 
l'ii-'239 
II--238 
l-'n 
Ni 
Cr 
Nu 

Kiss. Prod. 
Pairs 

U-236 
Pu-239 
U-23S 
Fe 
Ni 
Cr 
Na 
Mo 
Nb 
Zr 

B(NAT) 
C 
O 

w 
Ta 

B-10 

Remarks 

I'IBll-ll ('oro Spectrum Weighted 

KBR-II 

Set -224 

Set -2-24 
Set 2-24 
Set 224 
Set 224 
Set 224, 

" 
.. 
" 

Blanket Spectrum Weighted 

" 
" 
" 
" 
" 
" 

Large Carbide/Oxide Spectrum 

" 
" 
'-

W. B, Loewenstein Data 
Large Carbide Spectrum 
Large Carbide/Oxide Spectrum 
Large Ciirbide/Oxide Spectrum 
S. A, Cox et, al.. Data 

five and six group sets selected from the study ate 

given in Tables III-18-IIb and III-18-IIa and the 

flux spectra and reactivity worths obtained from these 

sets are given in Figs. III-18-1 and III-18-2 and Table 

I I I -18- in , respectively. The five group set is desig

nated as Set 23605 and the six group set as Set 23606. 

TABLE III-18-IIa, liKSCKIl-riON OF CROSS 
SECTION SEC 23(>0<) 

The worths were calculated by the perturbation 

method and were based on a 1% decrease in the atom 

density of the nuclides. The group structure of the 

Energy Group 

1 
2 
3 
4 
5 
6 

Corresponding 
Set 236 Groups 

1, 2 
3, 4 
5, 6 
7, 8 
9, 10 

11 through 22 

Nuclide Number 

1 
2 
3 
4 
6 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Lower Energy Upper 
Limit, 

cV 

2.23 X 10" 
8,21 X 10' 
3,02 X IO' 
1,11 X 10' 
4.09 X 10' 
2.90 X 10' 

Nuclide 

U-235 
Pu-239 
U-238 

Fe 
Ni 
Cr 
Na 

Fiss. Prod 
U-235 

Pii-'239 
U-238 

Fc 
Ni 
Cr 
Na 
Mo 
Nb 
Zr 

Pairs 

B(NAT) 
C 
O 
W 
Ta 

B-10 
KBR-II C< 
EBR- l l UI 

re 

Lethargy 
Limit 

1.6 
2,6 
3,5 
4,6 
5,6 

12,75 

Weighting Spectrum 

EBR-II Core 

EBU-Il lilankcl 

HHR-II Con-

~ 
anket i — 

TABLE III-18-Ilb, DESCRIPTION OK CROS.S 

SECTION SE T 23605-

Energy Group 

1 
2 
3 
4 
6 

Corresponding 
Set 236 Groups 

1, 2, 3 
4, 5 
6, 7 
8, 9 

10 through 22 

Lower Energy 
Limit, 

eV 

1.35 X 10' 
4,98 X 10' 
1.83 X 10' 
6.74 X 10' 
2,90 X 10' 

Upper 
Lethargy 

Limit 

2,0 
3,11 
4.0 
5.0 

12.75 

'Nucl ide number, name, and rurrespuiidiiig weighting 
spectrum for Set 23605 are the same as those for Set 23600. 
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FIG. III-18 1. Comparison ot the Heal and Adjoint Flux Spectra Generated from Sets 236 and 23605. ANL Neg. No. 112-8816. 

The real and adjoint flux spectra generated from 
Sets 23605 and 23606 agree well with those from Set 
236. The overall values of reactivity of EBR-II are 
in clo.se agreement for all sets: k = l.(XX) for Set 236, 
k = 1.0014 for Set 23606 and k = 1.0045 for Set 23605. 
With only one exception, the reactivity worths (^k/k/ 

AT) calculated for the 8 nuclides using Set 23606 agree 
within 10% with those calculated using Set 236. The 
one exception is the worth of sodium in Region ;*1 
(Ring ^ 1 ) . The discrepancy arises from the elastic 
plus inelastic scattering term in the iiertiirliation 
analysis. In fact, the greatest discrepancies for all 
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FKJ. III-18-2, Comparison of Real and Adjoint Flux Spectra Generated from Seta 236 and 23606. .ANL Neg. .\o. 112-8816. 

the nuclides usually occur in this term rather than in 
the source, absorption, or leakage terms. 

The results of the reactivity worth calculations us
ing Set 23605 are also given in Table III-18-III. 
Again the major difficulty arises in trying to predict 
the worth due to elastic and inelastic scattering. Com
parison -ft'itli the scattering term and total worth cal
culated from Set 236 are generally better for Set 

23606 than for Set 23605. Oddly enough. Set 23605 
gives close agreement for sodium whereas the agree
ment for Set 23606 is poor. Rearrangement of the 
group structure for the five group set improved the 
comparison for particular nuclides but resulted in a 
poorer overall comparison. It was concluded that Set 
23605 resulted in the best comparison for a cross sec
tion set limited to only five groups. 



TABLE III-18-III, REACTIVITY WORTHS OF E I G H T XCCLIDES IN THE T H R E E CORE REGIONS CALCULATED nv THE T H R E E CROSS SECTION SETS 

Nuclide 

U-235 

U-238 

Fe 

Ni 

Cr 

Na 

Carbon 

Oxygen 

A*/t/Ar 
Terms 

Source 
C -i- F' 
Leakage 
Scattering 
Total 

%' 
Source 
C 4- f • 
Leakage 
Scattering 
Total 
%>• 

a + F' 
Leakage 
Scattering 
Total 
/C 

C -1- f • 
Leakage 
Scattering 
Total 

%" 
C + F' 
Leakage 
Scattering 
Total 

%' 
C -1- f • 
Leakage 
Scattering 
Total 
%" 
C + F-
Leakage 
Scattering 
Total 

%' 
C -t- F 
Leakage 
Scattering 
Total 

236 

- 2 . 9 1 X 
1.40 X 

- 1 . 3 3 X 
-2..'14 X 
- 1 . 6 3 X 

- 2 . 2 2 X 
2.00 X 

- 1 . 2 4 X 
- 4 . 7 4 X 
- 2 . 7 4 X 

— 
9.10 X 

- 9 . 4 4 X 
1.62 X 
9.77 X 

— 
7.71 X 

- 1 , 7 3 X 
- 1 . 2 2 X 

6.32 X 

— 
2.38 X 

- 2 . 9 0 X 
1.35 X 
3.44 X 

1,40 X 
- 1 , 1 6 X 
- 2 , 6 9 X 
- 2 . 6 7 X 

0 
- 2 . 3 6 X 
- 1 , 1 2 X 
- 1 , 1 4 X 

— 
0 

- 4 , 3 4 X 
- 1 , 5 7 X 
- 1 , 6 1 X 

10-' 
10^' 
10-1' 
io-> 
10-' 

10-' 
10-' 
10-1" 
10-10 
10-' 

10-1" 
10-" 
10-•» 
10-1" 

10-1" 
lO-i" 
io-'» 
io-i« 

10-1" 
10-" 
10-'" 
io-'» 

io-'« 
10-1" 
10-' 
io-» 

10-1" 
10-' 
10-" 

10-'» 
10-" 
io-» 

Region 1 

23605 

- 2 . 9 3 X 10-' 
1,41 X 10-' 

- 1 . 3 3 X 10-'» 
- 1 . 8 9 X 10-' 
- 1 . 5 1 X 10-' 

-1-0.6 

- 2 . 2 2 X 10-« 
2,02 X 10-' 

- 1 . 2 5 X 10-'» 
- 0 . 9 7 X 10-'» 
- 2 . 2 6 X 10-' 

- 1 7 . 4 

9.16 X 10 '• 
- 9 . 4 8 X 10-" 
- 0 , 9 8 X 10-'» 

7,23 X 10-'« 
- 2 6 , 1 

7,63 X 10-i» 
- 1 . 7 4 X 10-'" 
- 1 . 0 7 X 10-'" 

6.38 X 10-'" 
-1-0,8 

2.40 X 10-'" 
- 2 . 8 6 X 10-" 

0.09 X 10-'" 
2.20 X 10-'" 

- 3 6 . 0 

1.39 X 10-'" 
- 1 . 1 7 X 10-'" 
- 2 . 4 9 X 10~' 
- 2 . 4 7 X 10-' 

- 7 . 3 

0 
- 2 , 3 7 X 10-'" 
- 1 . 0 0 X 10-' 
- 1 . 0 2 X 10-' 

- 1 0 . 1 

0 
- 4 . 1 5 X 1 0 ' " 
- 0 . 9 7 X 10-' 
- 1 . 0 1 X 10-' 

— 

23606 

- 2 . 9 3 X 10-' 
1.41 X 10^' 

-1 .34 X 10-' 
- 2 . 1 7 X 10-' 
- 1 . 5 4 X 10-' 

-1-0.6 

- 2 . 2 1 X 10-' 
2.01 X 10-> 

- 1 . 2 6 X 10-" 
- 7 . 3 4 X 10-" 
- 2 . 9 2 X 10-' 

-t-6.6 

9.17 X 10-" 
- 9 . 4 9 X 10-" 

1.83 X 10-" 
10.05 X 10-" 

-1-2,8 

7.72 X 10-" 
- 1 . 7 5 X 10-" 
- 1 . 0 9 X 10-" 

6.46 X 10-" 
-1-2,2 

2,40 X 10-" 
- 2 . 9 5 X 10-," 

1.10 X 10-" 
3.21 X 1 0 - " 

- 6 . 7 

1.41 X 10-" 
- 1 . 1 6 X I 0 - " 
- 2 , 2 6 X 10-' 
- 2 , 2 4 X 10-' 

- 1 6 , 1 

0 
- 2 . 3 9 X 10-' ' 
- 1 . 0 5 X 10-' 
- 1 . 0 8 X 10-' 

- 6 . 3 

0 
- 4 . 4 6 X lO-i-
- 1 . 7 3 X 10-' 
- 1 , 7 7 X 10-' 

4-9,9 

236 

- 1 . 9 8 X 
9.51 X 

- 3 . 8 6 X 
- 1 . 0 3 X 
- 1 . 0 8 X 

— 
- 1 . 4 3 X 

1.35 X 
- 3 . 6 0 X 

2.19 X 
- 4 . 2 3 X 

— 
6.31 X 

- 2 . 7 6 X 
4.02 X 

- 1 . 7 2 X 

— 
5,08 X 

- 4 . 9 6 X 
- 4 . 4 4 X 
- 3 . 1 8 X 

— 
1.63 X 

- 8 , 4 6 X 
1.71 X 

- 6 , 1 2 X 

— 
9.58 X 

- 3 . 3 4 X 
- 1 . 4 7 X 
- 4 . 7 1 X 

— 
0 

- 6 . 8 1 X 
- 6 , 6 8 X 
- 1 , 3 5 X 

— 
0 

- 1 , 2 6 X 
- 9 , 2 0 X 
- 2 , 1 7 X 

10-' 
10-' 
10-' 
10-' 
10-' 

10-' 
10-' 
ID-' 
10-1" 
10-' 

10-1" 
10-' 
10-'" 
10-' 

10-'" 
10-'" 
10-" 
10-" 

10-1" 
10-'" 
10-'" 
10-'" 

10-" 
10-' 
10-' 
10-' 

10-' 
10-' 
1 0 ' 

IO" 
10-' 
io-< 

Region 2 

23605 

- 1 , 9 9 X 10-' 
9.56 X 10-' 

- 3 . 8 6 X 10-' 
0.77 X 1 0 ' 

- 1 . 0 8 X 10-' 
0.0 

- 1 . 4 3 X 10-' 
1.35 X 10-' 

- 3 . 6 1 X 10-' 
4.35 X 10-'" 

- 3 , 9 6 X 10-' 
- 6 . 7 

6.32 X 10-'« 
- 2 . 7 6 X 10-' 

2.13 X 10-'" 
- 1 . 9 2 X 10-' 

-1-11.3 

4,99 X 10-" 
- 4 . 9 8 X 10-" 
- 3 . 1 3 X 10-" 
- 2 , 9 9 X 10-" 

- 6 , 0 

1.64 X 10-'» 
- 8 . 3 5 X 10-'° 

0.85 X 10-1" 
- 6 , 8 6 X 10-'" 

-H4.2 

9.49 X 10-" 
- 3 . 4 0 X 10-' 
- 1 . 3 4 X 10-' 
- 4 , 6 6 X 10-' 

- 1 . 7 

0 
- 6 , 8 6 X 10-' 
- 5 . 8 0 X 10-' 
- 1 , 2 7 X 10-' 

- 0 , 3 

0 
- 1 . 2 0 X 10-' 
- 5 . 4 9 X 10-' 
- 1 . 7 5 X 10-' 

- 1 9 . 3 

23606 

- 1 . 9 9 X 10-' 
9 67 X 10-' 

-3 -90 X 10-' 
- 0 , 9 5 X 10-' 
- 1 , 0 9 X 10-' 

-1-0.9 

- 1 . 4 3 X 10-' 
1,34 X 10-' 

- 3 , 6 4 X 10-' 
- 0 . 0 3 X 10-'" 
- 4 . 4 6 X 10-' 

-1-5.4 

6.34 X 10-'" 
- 2 . 7 7 X 10-' 

3.84 X 10-'» 
- 1 , 7 6 X 10-' 

-1-1,7 

6,08 X IO-'» 
- 6 , 0 3 X 1 0 ' " 
- 3 . 3 9 X 10-" 
- 2 . 9 4 X 1 0 " 

- 8 . 2 

1,65 X 10-'" 
- 8 . 6 3 X 10-'" 

1.45 X 10-'" 
- 5 , 6 3 X 10-'" 

4-8,0 

9.60 X 10-" 
- 3 . 3 7 X 10-' 
- 1 . 1 5 X 10-' 
- 4 . 4 1 X 10-' 

- 6 . 4 

0 
- 6 , 9 3 X 10-' 
- 6 . 1 0 X 10-' 
- 1 . 3 0 X 10-' 

- 3 . 7 

0 
- 1 . 3 0 X 10-" 

-10 ,00 X 10-' 
- 2 , 3 0 X 10-" 

-1-6,0 

2J6 

- 1 . 1 1 X 
5.18 X 

-6..'}4 X 
1.90 X 

- 6 . 5 3 X 

— 
- 6 . 5 7 X 

7.05 X 
- 5 . 8 9 X 

8.05 X 
- 4 . 6 0 X 

— 
3.60 X 

- 4 . 6 7 X 
5.88 X 

- 3 . 6 2 X 

— 
2.49 X 

- 7 . 9 3 X 
3.81 X 

- 5 , 0 6 X 

— 
9.22 X 

- 1 41 X 
1.93 X 

- 1 , 1 2 X 

— 
5.31 X 

- 6 . 4 8 X 
- 2 , 6 7 X 
- 5 . 6 9 X 

— 
0 

- 1 . 1 1 X 
- 1 . 9 3 X 
- 1 , 3 1 X 

— 
0 

- 2 , 0 6 \ 
- 2 , 6 2 \ 
— 2,32 V 

10-' 
10^" 
10-' 
10-'" 
10-' 

10-' 
10-' 
10-' 
10-'" 
I 0 - ' 

1 0 " 
10-' 
10-'" 
10-' 

10-"^ 
10-'° 
10-" 
10-'" 

10-" 
10-' 
10-'° 
10- ' 

10-" 
10-' 
io-'« 
10-' 

lO-s 
10-' 
io-> 

10-' 
10-' 
10-' 

Region i 

23605 

- 1 . 1 1 X 10-' 
5.17 X 10-' 

- 6 . 3 4 X 10-' 
2.65 X 10-'" 

- 6 . 5 1 X 10-' 
- 0 . 5 

- 6 . 5 4 X 10-' 
7.04 X 10-' 

- 5 . 9 1 X 10-' 
8.63 X 10-1° 

- 4 . 5 5 X 10-' 
- 1 . 3 

3.58 X 10-'" 
- 4 . 5 9 X 10-' 

4.66 X 10-'" 
- 3 , 7 7 X 1 0 ' 

4-4,1 

2,42 X 10-'" 
- 8 . 0 0 X 10-'" 

4.43 X 10-" 
- 5 , 1 4 X 10-'° 

4-1,8 

9.17 X 10-" 
- 1 . 3 9 X 10-' 

1.47 X 10-'° 
- 1 . 1 6 X 10-' 

4-2,4 

5.17 X 10-" 
- 5 . 5 9 X 10-' 
- 2 . 2 2 X 10-'° 
- 6 . 7 6 X 10-' 

4-1.6 

0 
- 1 . 1 2 X 10-' 
- 1 . 5 2 X 10-' 
- 1 , 2 7 X 10-' 

- 2 . 5 

0 
- 1 . 9 6 X 10-« 
- 1 . 2 1 X 10-' 
- 2 . 0 8 X 10-« 

- 1 0 , 3 

2J606 

- 1 . 1 1 X 10-' 
5.18 X 10"' 

- 6 . 4 2 X 10-' 
1.96 X 10-'" 

- 6 . 5 3 X 10-" 
0,0 

- 0 , 6 1 X 10-' 
7.04 X 10-' 

- 5 , 9 6 X 10-' 
6,36 X 10-1° 

- 4 . 8 9 X 10-' 
4-6.3 

3.60 X 10-" 
- 4 . 5 8 X 10 ' 

5.43 X 10-'° 
- 3 . 6 8 X 10-' 

4-1,6 

2.47 X 10-'" 
- 8 . 0 7 X 10-" 

3,77 X 10-" 
- 5 , 2 3 X 10-'" 

3,4 

9.20 X 10-" 
- 1 . 4 4 X 10-' 

1.70 X 10-1" 
- 1 . 1 7 X 10-' 

4-4.5 

5,22 X 10-" 
- 6 , 5 4 X 10-' 
- 0 , 4 9 X 10-'° 
- 5 , 6 3 X 10-' 

- 2 , 8 

0 
- 1 , 1 3 X 10-" 
- 1 . 5 2 X 10-' 
- 1 . 2 9 X 10-» 

- 1 , 5 

0 
- 2 , 1 6 X 10-" 
- 2 , 7 6 X 10-' 
- 2 , 4 3 X 10-" 

4-4,7 

' C = rapture ; F = fission. 
' ' , (1( viation of Total Ak/k/AV with respect to Total Sk/k/SV value' obtained using Set 236. 
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It is also of interest to note that the grou|i structure 
of a colla|ised set is sensitive to the real and adjoint 
flux spectra of the particular system. The use of the 
five and six energy group structures employed in the 
analysis of FA'RET gave results having rather large 
discrepancies with respect to the Set 236 results. The 
harder s|iectrum of the real Hux and the more uniform 
spectruiii of the ad.joint flux in EBR-II compared 
with tliO.se in F . \RET require that a different approach 
to group collapsing of the cross section he taken. It is, 

therefore, realized that the use of Sets 23605 and 23606 
is limited to reactors whose spectra are similar to that 
of EBR-II, Run 20. 
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III-19. Invest igat ion of the Temperature Coefficient of EBR-II , R u n 25 

J. T. MADELL 

The components of the temperature coefficient, ex
clusive of bowing and Doppler broadening effects, 
were calculated for the Run 25 configuration of EBR-
II. In Run 25, the core contained 88 subassemblies 
surrounded by two rings of stainless steel pins. De
pleted uranium subassemblies comprised the remainder 
of the reactor. This configuration differed from pre
vious configurations in that the core included all but 
three subassenibly positions in the first 6 rings, and 
stainless steel had replaced the depleted uranium pins 
in the 7th and 8th rings. The value of the power coeffi
cient ineasiired at the beginning of Run 25 was notice
ably diffei'ent from previously measured values. Since 
the temperature coefficients were last calculated for a 
67 subas.-^embly core of MARK-I design surrounded by 
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FIG, 111-19-1. liepreaentation of KBIi-IIfor Two-Dimen-
siuiial CalciilationB, wilh Region Number and Identification. 
ANL Neg. No. 112-8942. 

a depleted uranium blanket,' calculations for the pres
ent configuration of EBR-II were desired. 

The calculations were carried out using the two di
mensional SX.4RG' = ' code with a six group cross sec
tion set, *23606. The desired results were the reac
tivities for a standaid configuration of EBR-II and 
for configurations representing changes in dimension 
and density due to temperature changes. The repre
sentation of EBR-II , Run 25 for these two iliiiiiii-
sional calculations is shown in Fig. III-19-1. 

STANDARD CO.N'FIOURATIOX 

The standard configuration used as a basis for com
parison in tiiese calculations is the reactor loading for 
Run 25 of EBR-II at a uniform temperature of 700°F. 
The dimensions of the reactor, and the volume frac
tions, atom densities and temperatures of the reactor 
materials for the standard configuration and subse
quent configurations were determined from iloign 
reports and drawings of EBR-II and recent .~tatu,-
repoi'ts from .\rgonne's Idaho Division.-•'•< 

Using these compositions and dimensions, the reac
tivity of the basic configuration of EBR-II was calcu
lated with the two-dimensional SX.\RG code. The 
resulting value of k„, obtained was 1,060, This value 
is substantially higher than the expected value of 1.00. 
and the discrepancy cannot be entirely attributed to 
the uncertainty in the dimensions and the composi
tion. Investigations are being conducted to detemiine 
the cause of this discrepancy. However, ^ince for this 
study only the comparative values of A,„ were of in
terest, it was felt that it would be better to continue 
with the calculations of the teiii|)erature coefficient 
concurrent with the investigations of the discrepancy 
in the absolute value of ken . 

http://tliO.se
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CALCI'LATION OF THK TEMPP:RATI'RE COEFFICIENTS 

The eomponents of the temperature coefficients in
vestigated in this study were associated only with the 
changes in dimension and density due to changes in 
the teiniierature. No consideration was given to the 
reactivity effects due to bowing or the Doppler 
broadening. The changes in dimension and density are 
strongly depentlent, of course, on the values used for 
the linear expansion coefficients, a, of the reactor 
materials. The values used in this study are 

steel: 10.0 X 10 -V°F 

fuel: u = 9.2 X 10-V°F . 

The change of sotlium density with temperature was 
obtained from the l,ii|iiid Metals Handbook.' 

The teiniierature coefficients are given in terms of 
eitlier Ak/k jier MW or Ak/k per °C. In obtaining 
tlie.M' values, it was decided to use the value of the 
teiiiperature increase corresponding to an increase in 
reactor power from zero to 45 MW. Besides calculating 
an overall change of reactivity from zero to 45 MW 
due to dimensional and density changes, calculations 
were made of the three comjioncnts of the temjierature 
effect. These three components iiroduced the change 
in reactivity due to change in the density of the sodium 
to the expansion and change in density of the steel, 
and due to the axial expansion and change in density 
of the fuel. These three components of the temperature 
effect will be discussed separately in the following 
paragraphs. 

SODH'M EFFECT 

The reactivity change due to a change of sodium 
density with temperature was calculated in three parts. 
In the first part, the density of the sodium was changed 
in the core only; in the second part the density was 
changed in the core and upper reflector; the sodium 
density in the third part was changed throughout the 
reactor to correspond to 45 MW operation. 

AXIAL EXPA.SSION OF FUEL 

The increase in the height of the fuel was assumed 
to be uniform over the entire core and the density 
change is jiroiiortional to the change in the height of 
the core. This is true because the change in the radial 
dimension of the fuel with temperature does not 
change its density in the homogenized region. The 
temperature effect of the fuel material in the blanket 
\\as considered only in the calculation of the overall 
temperature effect. The radial expansion of the fuel 
exjicls sodium from the gap between the fuel and the 
jacket wall, resulting in an increase in the sodium 
lieight above the fuel pin. This displacement of sodium 

was ignored in the calculations because it. has been 
shown to be a small effect.' 

TEMPEHATIRE EFFECIS IN THE STAINLESS STEEL 

The temperature of the stainless steel was assimied 
to be that of the jacket (a small amount of the stain
less steel is that of the subassenibly wall which is 
approximately at the teiniierature of the sodium). It 
was assumed that the reactor expands as a rigid 
stainless steel structure in whicli no thermal sti'csses 
are |iresent. Any effect of radial clearances between 
subassemblies in reducing radial expansion feedback 
was thus not taken into account, nor are any bowing 
effects included. In order to simplify the calculations, 
it was assumed that the dimensions change according 
to the temperature profile along the axial centerline 
and radial midplane of the reactor. This is not eoin-
pletely accurate, of course, since there are \'alying 
temperature profiles in the axial direction ami aUo in 
the radial direction. Since the centerline temperatiiies 
are in the area of greatest importance, no signilicaiit 
errors were thought to be introduced with this a^Mlnl|l-
tion. 

OVERALL COEFFICIENT AT 45 MW OPERATION 

By adding the sodium, stainless steel, and fiiel ef
fects, most of the effect of the dimensional and density 
changes should be taken into account. The last calcu
lation performed was to make the appropriate dimen
sional and density changes for 45 MW; that is. to 
take into account all three coiniionents in one calcula
tion. • 

ISOTHERMAL TEMPERATURE COEFFICIENT 

In addition to calculating the change of i-eactivity 
between zero and 45 MW, it was also decided to calcu
late the isothermal temperature coefficient. The valiii' 
of the reactivity of the 1 ' ;BH-I I , Run 25 was calcuhited 
for a unifonn reactor teiiiperature of 900°F. The value 
of 900°F was selected to obtain a large enough value 
of Ak for adequate numerical accuracy. 

DISCUSSION OF THE RESULTS 

The values of the reactivity change and the power 
coefficients, where applicable, for the various reactor 
configurations considered in this study are presented 
in Table III-19-I. The results are examined in three 
areas; for internal consistency, for comparison with 
measured values, and for comparison with previously 
calculated values. 

INTERNAL CONSISTENCY 

The sum of the reactivity changes for Problems # 2 , 
# 3 and # 6 represents the total temperature effect of 
the three EBR-II components (fuel, sodium and steel I 
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with one exception. The exception is that the fuel 
temperature coefficient for the blanket is not included 
in Problem //:2, but the fuel blanket coefficient is 
small. The sum of the reactivity changes in Problems 
*2 , * 3 and ^ 6 is less negative than the total change 
calculated in Probleni *7 . The inclusion of a small, 

TABLK II1.19-I, CALCIILATEO VALUES OF 
REACTIVITY CHANOE FOR VARIOUS 

CONDITIONS o r EBR-II , RUN 25 

Prob
lem 
No. 

1 

2 

3 

4 
5 

6 

— 
7 

Problem 
Description 

Uniform 700°F 

Fuel -960°F 

Steel at tem
perature 

Na—core 
—overall 

45 MW oper
ation 

Total *2 , 3, 6 
Uniform 900°F 

-Mi/k 

-
0.000467 

0.001253 

0,000480 
0,000895 

0,002939 

0,002606 
^0.005356 

Mi/k/ 
MW 

X 10+' 

-
1.016 

2.785 

1.067 
1,989 

6.531 

— 
— 

Comment 

Basic configu
ration 

Fuel expansion 
coef. 

Structural 
expan. coef. 

— 
Sodium density 

coef. 
Overall temp, 

coef. 

— 
Isothermal coef. 

TABLK 1II-19-II. SOME T E M P E R A T I B E COEFFICIENTS FOR 
THE INITIAL AND PRESENT ARRANGEMENT OF EBR-l l 

Component 

Sodium ill core 
Fuel in core 
Structure in con 

Initial arrange
ment 

(Ref. 1) 

-Ak/k/°C X W 

Present arrange
ment 

(This Paper) 

-Mt/k/ C X W 

0.86 
0,32 

-1,30 

negative coefficient for the fuel in the blanket will 
bring the numbers into better agreement, which indi
cates the internal consistency of the problems. The re
sults also suggest that the three components of tem
perature coefficient are somewhat interdependent. 

COMFARLSON WITH MEASURED VALUES 

The total power coefficient, including bowing and 
Doppler effects, has been measured. It is difficult, how
ever, to measure separate components of the coefficient. 
One measurement has been made of the fuel coefficient, 
and the results agreed well with the calculated value. 
The calculated value of the isothermal coefficient 
(-1.15 Ih /°F) agrees fairly well with the value of 
-1.04 Ih / °F which was measured for Run 25. Compari
son of the total power coefficient will be made with the 
calculated values upon the completion of analysis of 
the bowing effects and may provide information on the 
accuracy of the calculations presented here. 

COMPARISON WITH PREVIOUSLY CALCULATED VALUES 

The various components of the temperature coeffi
cient were calculated for a 67 subassembly core of 
MARK-I design surrounded by depleted uraniuiu 
axial and radial blankets.' This arrangement of EBR-
II corresponds to that existing at the initial reactor 
start-up and differs considerably from the present 
arrangement. Even so, the calculated values of the 
temperature coefficients for some components compare 
closely (see Table III-19-II i . It should be pointed out 
that the method of calculating the coefficients (as well 
as the physical arrangement I differs considerably for 
the two cases. Because of the differences in the basis 
for the two sets of coefficients no conclusion is drawn 
from their comparison. 
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III-20. Some Effects of Iron, Molybdenum, and Nickel Reflectors Placed 
Between the Core and Blanket of EBR-II 

J. T. MADELL 

Results of recent changes in the loading of the EBR-
II core led to this study. As the number of irradiation 
subassemblies in the core has increased, the core has 
expanded from the 5th ring into the 6th ring. The 

present loading of the EBR-II core (Run 251 contains 
88 subassemblies almost filling the 6th and last 
ring of the core. 

Substituting an irradiation subassembly for a fuel 



Madell 231 

TABLE III.20-1. DESCRIPTION AND RESULTS OF COMPARATIVE STUDY OF EIGHT ARRANOEMENTS OF I ' ) B R - I I 

Composition 
Uiiigs 1-5 

6 

7 

8 

9-15 
ki/j 
"Fission" Power, MW 
Fission Density, fissions/ 

cm'-sec X 10" 
Center 
Ring 6—peak 

ave 
Ring 7—peak 

ave 
Ring 8—peak 

ave 
Ring 9—peak 
Ring 10—peak 

Run 

20 

fuel 
fuel iV 

blanket 
blanket 

blanket 

blanket 
1.00 

41.1 

21,5 
9,63 
8.41 
1,73 
1,10 
0,678 
0.449 
0.288 
0.162 

25 

fuel 
fuel 

blanket 

blanket 

blanket 
1.00 

42.2 

19,5 
13,3 
12,1 
2,17 
1,38 
0.837 
0,549 
0.348 
0,193 

25A 

fuel 
fuel 

steel 

blanket 

blanket 
1.0032 

42.2 

20.0 
13.8 
12,7 
0 
0 
1.00 
0.652 
0.410 
0.225 

25B 

fuel 
fuel 

steel 

steel 

blanket 
1.0105 

42.2 

20.1 
14.1 
13.1 
0 
0 
0 
0 
0.483 
0.264 

25C 

fuel 
fuel 

molyb
denum 

blanket 

blanket 
1,0005 

42.2 

20,3 
13.9 
12.7 
0 
0 
0.815 
0.534 
0.339 
0.188 

2SD 

fuel 
fuel 

molyb
denum 

molyb
denum 

blanket 
1.0055 

42.2 

20,5 
14,2 
13,0 
0 
0 
0 
0 
0.320 
0.179 

25E 

fuel 
fuel 

nickel 

blanket 

blanket 
1.0149 

42,2 

19,6 
14,0 
13,2 
0 
0 
0,798 
0,523 
0,331 
0.183 

25F 

furl 
fuel 

nickel 

nickel 

blanket 
1.0330 

42.2 

10,2 
14,3 
14.1 
0 
0 
0 
0 
0,355 
0,196 

subasiicnibly decreases the reactivity of EBR-II . Since 
most of the core jiositions were filled in Run 25, a means 
of compensating for this reactivity decrease by some 
manner other than adding more fuel subassemblies 
must be used. A previous study showed in a general 
fashion that the reactivity of systems similar to EBR-
II increases upon the addition of a reflector between 
the core and the blanket.' 

The purpose of this work was to predict the effects 
of substituting stainless steel, nickel and molybdenum 
pins for depleted uranium pins in the 7th ring only, 
and in both the 7th and 8th ring subassemblies. The 
effects of interest were restricted to the relative 
changes in reactivity, power density distribution from 
the center of the 10th ring and the flux level at the 
reactor vessel. I t is desirable to minimize this last 
quantity from the standpoint of radiation damage. 

The study consisted of a series of MACH 1'-' cal
culations using the latest available data on EBR-II 's 
composition and the 22 energy group cross section Set 
236 (see Paper III-18), The material composition for 
the eight calculations are described in Table III-20-I 
along with values of ken > power, and power density. 
The values of flux per megawatt at the reactor vessel 
appear in Table III-20-II by energy group for the 
last seven cases. In the calculations EBR-II was 
represented as a cylinder with region dependent ex
trapolated heights. The extrapolated heights for the 
reflector and blanket regions were equated to the 

physical height of the region. The extrapolated height 
of the EBR-II core was varied to achieve criticality in 
Runs 20 and 25. The extrapolated height of the core 
for Run 25 was useil in the remaining calculations. 

D I S C U S S I O N O F R E S U L T S 

Since these calculations are not sopliisticatctl, the 
results are to be interpreted as trends rather than as 
absolute results. 

All three reflector materials increase the reactivity, 
with nickel yielding three times the increase obtained 
for the next best material, stainless steel. The use of 
two rows of reflector material at least doubles the le-
activity increase resulting from one row. The relatively 
high scattering cross sections in the upper energy 
groups of nickel account for its good performance as 
a reflector material. 

Assuming that the total reactor power is constant* 
for all cases, the use of a reflector increases the center 
power density and decreases the ratio of maximuni-to-
average power density. The power density in the 7th. 
Sth and outer rings increased from Run 20 to Run 25. 
The addition of various reflectors in Run 25 has the 
following effects on the power densities: 

• The total reactor power in all cases is 45 M W. In I he seven 
cases of Run 25 the difference in lotal power and "Hssion" 
power ia the power due to beta and gamma ray alisorptioii. The 
difference between the "fission" power in Run 20 and linn 25 
reflects the 1.1 MW generated in the axial blanket in Run *20. 
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TABLK III-20-II, Fl,ux PER MW AT THE REACTOR VESSEL FOR SEVEN ARRANOEMEN IS OF K B R H 

F.nergy 
Group 

Number 

1 
2 
3 
4 
6 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
•20 
21 
22 

eV 

3.68 X 10* 
2.23 X 10" 
1,38 X 10' 
8.21 X 10' 
4 ,98 X 10' 
3,02 X 10' 
1,83 X 10' 
1.11 X 10' 
6.74 X 10' 
4.09 X 10< 
2,48 X 10' 
1.50 X 10' 
9.12 X 10' 
4.31 X 10' 
2.62 X 10' 
2,03 X 10» 
1,23 X 10' 
9 61 X 10' 
6,83 X 10' 
2,75 X 10' 
1.01 X 10' 
2,90 X 101 

Lethargy 
(upper) 

1.0 
1.5 
2.0 
2.5 
3,0 
3,6 
4,0 
4.6 
6.0 
6.5 
6,0 
6,7 
7.0 
7,75 
8,26 
8.50 
9.0 
9.26 
9.75 

10.60 
11.50 
12,75 

Run 

25 

2.72 X 
4.64 X 
1.53 X 
3.44 X 
6.37 X 
1.10 X 
1.81 X 
2,01 X 
3,93 X 
4,98 X 
6,16 X 
8.48 X 
1.06 X 
2.72 X 
9,13 X 
8,71 X 
1,25 X 
8.75 X 
2.87 X 
3.44 X 
1,44 X 
2,64 X 

10' 
10" 
10' 
10' 
10' 
10» 
10* 
10' 
10' 
10' 
10" 
10» 
10' 
10' 
10" 
10* 
10* 
IO" 
10' 
10' 
10'" 
101" 

25A 

3.074 X 10' 
5,131 X 10' 
1.728 X 10' 
3.923 X 10' 
7.278 X 10' 
1.363 X 10* 
2.074 X 10" 
2.983 X 10« 
4.492 X 10* 
5.686 X 10' 
7.016 X 10' 
9.666 X 10" 
1.203 X 10' 
3.090 X 10« 
1.038 X 10" 
9.893 X 10' 
1,416 X 10' 
9,934 X 10' 
3.267 X 10' 
3,904 X W 
1,630 X 10'» 
2.993 X 10i« 

25B 

3.479 X 10' 
6.812 X 10' 
1,962 X 10' 
4,483 X 10' 
8.321 X 10' 
1,569 X 10' 
2.372 X 10' 
3.411 X 10' 
5.136 X 10* 
6.496 X 10» 
8-013 X 10" 
1.102 X 10« 
1.373 X 10' 
3.526 X 10" 
1,185 X I0» 
1,129 X 10* 
1,016 X 10' 
1.133 X 10' 
3.714 X 10' 
4.452 X 10' 
1.859 X 10'" 

25C 

2.629 X 10' 
4.386 X 10' 
1.476 X 10' 
3,294 X 10' 
6.064 X 10' 
1.129 X 10' 
1.716 X 10' 
2,468 X 10" 
3,721 X 10" 
4.717 X 10* 
6,830 X IO" 
8,040 X 10" 
1,004 X 10' 
2,587 X 10' 
8,698 X 10» 
8,295 X IO* 
1,188 X 10' 
8,342 X 10' 
2.740 X 10' 
3,289 X 10' 
1,377 X 10'" 

3,415 X 101"! 2 634 X 10" 

2SD 

2.515 X 
4.196 X 
1,411 X 
3,110 X 
5,663 X 
1 051 X 
1,595 X 
2,296 X 
3,468 X 
4,405 X 
5,454 X 
7,542 X 
9,4.'i7 X 
2.442 X 
8.217 X 
7,844 X 
1,1'25 X 
7,905 X 
2.601 X 
3,128 X 
1,315 X 
2 425 X 

10' 
10' 
10' 
10' 
10' 
10* 
10" 
10" 
10" 
10-
10« 
10« 
10» 
10* 
10' 
10' 
10' 
10» 
10' 
10* 
101" 
10'" 

25E 

2,488 X 10" 
4,155 X 10' 
1 .399 X 10' 
3.192 X 10' 
5.596 X 10' 
1,118 X 10" 
1 ,702 X 10" 
2,448 X 10" 
3.684 X IO* 
4,661 X 10* 
5,751 X IO" 
7,914 X 10" 
9.859 X 10" 
2.532 X 10* 
8,511 X 10' 
8.110 X IO" 
1,161 X 10» 
8,144 X W 
2.670 X 10' 
3,202 X 10' 
1,337 X 10'" 
2 458 X 10" 

25F 

2 366 X 10' 
3,958 X 10" 
l.3.')6 X 10' 
3,101 X 10' 
r,.»-2>.) X 10' 

1,091 X 10" 
1 .6IH) X 10" 
2,380 X 10" 
3.570 X 10" 
1.501 X 10* 
5,544 X 10" 
7,611 X W 
9.463 X 10" 
2.242 X 10" 
8.144 X 10« 
7,754 X HI' 
1.109 X 10' 
7,778 X IO* 
2.547 X UP 
3,052 X IO" 
1,'274 X 10'" 
2 344 y HI'" 

(1) For a steel reflector, the power density increases 
in the blanket elements for both the one and two ring 
thick reflectors, 

(21 For a molybdenum reflector, the power density 
decreases in the blanket eleinents for both the one and 
two ring thick reflectors. 

13| For a nickel reflector, the power density in the 
blanket decreases upon the addition of one ring of 
nickel but increases upon the addition of two rings 
of nickel. 

The calculated results in Table III-20-II show that 
the value of the flux per megawatt at the reactor ves
sel increases with the addition of a steel reflector and 
decreases with the addition of either a molybdenum 
or nickel reflector. A greater change is produced by 
increasing the thickness of the reflector. 

The calculated values of reactivity change upon the 
addition of one and two rings of stainless steel reflector 
agrees with the values measured on EBH-II. A ic-
activity change was measured to be 0.51'>; for one ring 
and 1.04% for two rings. Discrepancies exist, however, 
between the measured and calculated values of U-
235 and U-238 reaction rates in the region of the re
flector and they are being investigated. 

R E F E R E . N C E S 

1. \ . Z. Jankus, Argonne National Laboratory (private 
communication). 

2. D. A. Meneley, L. C. Kvitek. and D. M. O'Shea. MACH I. 
One-Dimensional Diffusion-Theory Package, AXL-72'23 
(1966). 

III-21. Development of the Critical Experiment Program 
for the Fast Fuels Test Facility 

P. J. PERSIANI, .1. K. LONG, A. ,1. ULRICH and D. A. KUCEHA 

INTRODUCTION 

Reflector control in a fast fuel test reactor is pre
ferable to control rods in the core because there is less 
neutronic interference with test fuel and less physical 

interference between control niechanisms and test 
equipment. Calculations of the effectiveness of control 
rods in the reflector of the 70 liter core of Asseniblv 46 
have been adequately verified experimentallv The 
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application of this method of calculation to the reflec
tor control rods of the 800 liter core of F F T F was be
lieved to be uncertain without further experimental 
verification. 

The ZPR-3 Assembly 48 was sufficiently similar in 
composition to the FP'TJ" reference first core to serve 
as a good measure of computational techniques. The 
carbon in Assembly 48 had an effect which is compara
ble to the oxygen in FFTF. Assembly 46 experiments 
for FARET showed that a replacement of carbon by 
oxygen in the ratio of 0.87 to 1.0 leaves the leakage 
and scattering unchanged. 

Therefore, the objective of phase A critical experi
ments, carried out between December 1, 1966 and early 
February 1967 was primarily to provide experimental 
measurements of reflector control rod effectiveness 
for the 400 liter core of a modified form of Assembly 
48. A secondary objective was to measure material 
worth and reaction rates in configurations which are 
relatively clean and syminetrical. These measurements 
were to test calculational methods at the 400 liter 
core size and thus provide a basis for the projection 
of their use for the 800 liter core size of the FFTF. 

RI;FI.E("I'OK PHOCEHTIES 

In a fast te.̂ t reactor an inconel-sodium icflcctor is 
an improvenient over a U-238-sodium blanket because 
of increased reflector savings and lu^cause the softer 
spectrum in the I'cflector gi\'es greater worth to con
trol rods. At the same time the spectrum is not too 

soft to be comparable to I hat of a large l'a^t power 
reactor. 

In Assemhiy 48A full iclleclor pruiieiiirs ;iiiil umih 
of control rods in a full rcllecloi' could be observnl 
and measured for an iiicoiiel-sodiuni iiiixtme wllhoiil 
replacing the whole blanket by reflector. 

In Fig. III-21-1 the reflector savings for a coic of 
Assembly 48 composition is plotted against the thick
ness of an inconel-sodium reflector in spherical geome
try. The refleetoV savings approaches its inaxiinum 
value when the thickness is 30 cm. The circled point 
marks Ihe reflector savings obtained when a 20 cm 
thick reflector is backed by 10 cm of blaiiket. It is 
found that in this case the savings are greater than 
for 30 cm thick inconel-sodium reflector because of the 
U-238 source of fast neutrons. Howe^'er, it is not as 
great as the maximum reflector savings obtainable 
with an infinitely thick inconel-sorlium reflector. As a 
result reflector savings near the maximum amount can 
be obtained without replacing all of the blanket thick
ness by reflector. 

REFLEOTOli CllNTKOL lioDS 

Control rods in a rellector consisting of two oppos
ing 100 deg sectors embedded in blanket iiiatei'ial 
have a worth which is within a few peicent of that 
for the same reflector-blanket conibination eNteiiding 
360 deg around the core. This statiMiient is detailed in 
the next few paragiaphs. Seclors of 100 deg are ii.-;eil 
to provide reflector regions of large enough angular 

20 30 
DEFLECTOR THICKNESS, cm 

F I G . 111-21-1. Reflector Saving versus Reflector Thickness for ZPR-3 Assembly 
Reflector (.Spherical t ieometry). ANL Neg. No. 112-9249. 

Core Composition with Incoiiel-.'Sodiiini 
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TABLK 11121-1. ( 
REFI-ECTDR SEC' 

(see Fig, II1-21-2) 

E WITH AN (IPPOSING P A I R OF 

1.1 HMuEnuED IN B L A N K E T 

Twofold Symmetry About Center of Row 16 

(a) Reuclivity without rods 
(b) Ak/k for rod in L-10 

(also rod in L-22 by symmetry) 
(c) M-/k for rod in L-10 alone 

(assume no interaction acro.ss line of 
syniiiietry) 

(d) Ak/k for rods in L-10 and T-10 
(also rods in L-22 and T-22) 

(e) Ak/k for rods in L-10 and T-10 
(assume no interaction across line of 

symmetry) 

0,9958 
-0,0116 

-0,0058 

-0,0234 

-0.0117 

Fourfold Symmetry About Row 16 And Row P 

(f) Reactivity without rods 
(g) Ak/k for rod in L-10 

(also T-10, L-22, T-22 by aymiiietry) 
(h) Ak/k for rods in L-10, T-10 
(i) Ak/k for rod in P-9 alone 
(j) Ak/k for rods in P-9, L-10 and T-10 

0,9968 
-0,0261 

-0,0131 
-0.0074 
-0,0161 

width to allow measurement of the worth of three 
control rods in the region at the same time without 
unduly large edge effects. Two 100 deg opposing sectors 
were chosen in order to maintain flux symmetry about 
the core axis in the plane which bisects the sectors. 

It is desirable to measure the worth of three rods at 
a time to accurately evaluate the amount of reduction 
in single rod worth caused by rod interference. Con
sidering three rods as part of a complete equally 
spaced ring of rods, the interaction of the two outside 
rods with the center one can properly be termed near
est neighbor interaction, in that the ffux depression 
about the center rod due to the two adjacent rods is 
symmetrical as it actually is for a complete ring. 

Table III-21-I lists calculated reactivities and rod 
worths for the reflector-blanket combination shown in 
Fig. III-21-2. Five-group cross section sets for the 
stainless steel reflected systems of Assembly 46 were 
considered adequate and used for these preliminary 
calculations. SNARG-2D in the XY frame of refer
ence with all regions infinite in Z was used for the 
computation. A fictitious poison was added to simulate 
loss by diffusion of neutrons in the Z direction. Rod 
compositions were the 609r enriched rods of Assembly 
46. The total region of computation was either the 
right half space with proper boundary conditions for 
twofold symmetry about the center of row 16, or one 
quadrant with boundary conditions for fourfold sym
metry about row 16 and row P. 

The k,./, of the assembly without control rods is given 
by computation (a) to be 0.9958, and the reactivity 

changes in (b) to (el for twofold symmetry a'''-' " ' -
fcrred to this (Table III-21-I) . By comparing (c) * ' " ' 
(c) it may be concluded that the interaction between 
rods in L-10 and T-10 is less than about V,'>, which is 
less than the accuracy of the computation it.self. Smce 
L-22 is more remote from L-10 than is T-10, the as
sumption of no interaction between L-10 and L-22 is 
essentially correct. This means that interaction of rods 
in P-9 and P-23 can also be neglected. 

Computations Ifl through (j) use fourfold sym
metry and the reactivity changes obtained are with 
respect to the k,,, of 0.9958 in (f) for the assembly 
without rods. Changes in grid structure and boundary 
conditions alone are responsible for the differences be
tween (a) and (fl and between (e) and (hi. Computa
tion (j I of the AA- 'k for the cluster of rods in P-9, L-10, 
and T-10 should be compared with the sum of (hi and 
(i) for the same rods without interaction. The inter
action effect is found to be 0.0044 Ak/k. 

Table III-21-II lists reactivities for the same core 
with a cylindrically syinmetric reflector as shown in 
Fig. III-21-3. A comparison of Table III-21-II (A) and 
(Bl with Table III-21-I shows how closely the worth 
of rods and their interactions in a 360 deg reflector can 
be duplicated in the sectored reflector. The advantages 
of an inconel reflector can be seen from the A:,,, value, 
without rods, of 1.005419 in computation Ikl, The Ak, k 
for a rod in position P-9 in computation (11 indicates 
an increase in the value for the sectored case [computa
tion (i)] by about 5%. Computation (ml is within KI 
agreement with case (h) for rods in L-10 and T-10. 
Case In) is greater than (j I by about o'^'c. The interac
tion of a rod in P-9 with rods in L-10 and T-10 is 0.003, 

In Table III-21-II (Bl reactivities arc given for the 
same core with a full reflector which completely replaces 
the full blanket of .Assembly 48. Computation I p I shows 
that the full reflector is less reacti'i'e than the reflector-
blanket combination, as was illustrated in Fig, III-21-1, 
Comparison of (p) with (r) of Table III-21-II iCl 
shows that both of the above cases have a higher reac
tivity than the full blanket of .Assembly 48. Case (i|l 
gives the Ak/k for rods in P-9, L-10 and T-10, and dif
fers from (j) and (nl by <T~'c and l^c respectively. 

The above scoping calculations show that the worth 
of control rods in the reflector and their interactions can 
be determined to a good accuracy for confirming com
putational methods by using a sectored reflector em
bedded in a blanket as shown in Fig. III-21-2 rather 
than a 360 deg reflector backed by blanket as shown in 
Fig. III-21-3 or a reflector completely replacing the 
blanket. 

The control rod measurements in .Assembly 48 were 
therefore made in the core and in two 100 deg sectors of 
inconel-sodium reflector embedded in the U-238 
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blanket. The sectors are large enough and thick enough 
to give a neutron environment in the control rods very 
similar to that of a full reflector. 

SEQUENCE OF MEASUREMENTS 

The preliminary analysis of the experimental re-
.sults on A.sseinbly 48A is discussed in Paper III-22. 

The measurements were made in the following se
quence to give the necessary results with minimum 
work. First, the worth of each of the control rods with 
the drawer composition shown in Fig. III-21-4 was 
measured. Each of the rods was placed in the central 
column in a critical core of Assembly 48 composition, 
with canned sodium in the central column. The 
bunched B^C in the rod of Fig. III-21-4(c), when com
pared with that of Fig. I l l -21-4(b) , gave a measure 
of self-shielding. The worth of rod of Fig. III-21-4(a) 
was also evaluated with natural boron (substituted for 
enriched boron. Suberitical multiplication was used 
to determine the rod worth and is discussed later in 
this article. 

T.\BLL 111-21-11. REFLEnoH IMTH Cyi.iNiiun \ I , SVMMKIKV 
(sec Fig, 111-21-3) 

(A) 360 deg REFLECTOR BACKED BV BLANKIOT 

Fourfold symmetry about row 16 and row P 

(k) Reactivity without rods 
(1) Ak/k for rod in P-9 alone 
{m)Ak/k for rods in L-10, T-10 
(n) Ak/k for rods in P-9, L-10, T-10 

1,0064 
-0,(X)77 
- 0 0130 
-0.0169 

(B) 360 deg FULL REFLECTOR 
(Completely Replacing Blanket) 

Fourfold symmetry about row 16 and row P 

(p) Reactivity without rods 
(q) Ak/k for rods in P-9, L-10, T-10 

(C) CORE WITH FULL BLANKET 

Fourfold symmelrv about row 16 and row 

(rj Reactivity without rods 

1,0015 
-0.0171 

. 

l l , I I S i , i 4 
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Flo. III-21-3. Loading Diagram 
Thickness. ANL Neg. No. 112-9251. 

for Study Plan ZPR-3 Assembly 48A Complete 360 deg lietleclor Partial Blanket 

ENRICHED BORON MNeiDC 

n NORMAL b REFERENCE FOR BUNCHING c BUNCHED 

F I O . 111-21^. Cross-sectional View of Drawer Loading Showing B4C Arrangement in Poison Rod Mockups .\ssembly 
48A. ANL Neg. No. ID-lOS-2693. 

Fuel was again placed in the central column and two 
100 deg sectors of inconel sodium reflector 20 cm thick 
were substituted for U-238 blanket and the core size 
was decreased until criticality was reached (Fig. I I I -
21-2). Radial and axial reaction rates and small sample 
worth distributions were then measured for materials 
of interest, such as Pu-239, U-238, B-10, and tan
talum. The worth of potential control rod materials 

such as europium aiul rhenium were also compared 
with BjC at the core-reflector interface at position P-9 
(Fig. III-21-2). 

The worth of control rods, singly and in pairs and 
triplets in the reflector, was determined. The interac
tion effects, the symmetry effects, and the B-10 en
richment effects were evaluated. The greatest change 
in k,i, was determined to be less than 2% below critical 

file:///ssembly
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as expected. The measuicinents again lelied strongly 
on the suberitical technique. 

Finally, criticality was achieved witli enriched con
trol rods in positions P-9 and P-23. Radial reaction 
rate and small sample worth traverses were then made 
through these rod positions. 

SuBcRiTiCAL MULTIPLICATION TO MEASURE k,,/ 

In order to investigate the dependence of the in
verse of multiplication on A,.// for suberitical measure
ments in Assenibly 48A a scries of computations was 
performed using the MACH 1 diffusion code. The core, 
made of Assembly 48 core composition, was in the 
form of a thick spherical shell. The spherical region 
inside Ihc shell was filled with material composed of 
hoiiiogcnized empty matrix drawers and structure. The 
core was surrounded by 30 cm of the U-238 blanket 
material as used in Assembly 48, and the Assembly was 
made critical by varying the core shell thickness. 

.\ set of computations was then performed, with each 
conijiutation having a different concentration of B-10 
in the central region. A',.,/ was coiuputed for each of 
these, and the neutron flux and source distribution 
resulting from the spontaneous fission source in the 
core was determined. The neutron flux integrated over 
all 22 groups at a point in the blanket 10 em from the 
core-blanket interface was used as a number propor
tional to multiplication. This location was chosen to be 
outside the core, since a neutron detector whicli meas
ures multiplication is normally placed outside the 
core. Yet it is not close enough to the edge of the 
blanket to be disturbed by the vanishing neutron flux 
at that surface, which was introduced as a boundary 
conditiiin. 

In Fig. 111-21-5, 10'' divided by total flux, 0, is 
plotted as circled points against ken . This curve is to 
be compared with the straight dashed line drawn 
through the first computed point. From the small de
viation of the curve from the linear assumption it can 
be seen that W/'f>, or the inverse of multiplication, is 
proportional to 1 — ken within 4% at 4% suberitical. 

On the same graph another set of points is plotted 
as solid circles. These show the relation of lO'V* to 
k.ii at the same point in the blanket 10 cm from the 
core when B-10 is added uniformly in the first 5 cm of 
the blanket next to the core instead of in the central 
region. The obvious non-linearity is due to the depres
sion of the flux in the blanket by the B-10 as A,// is 
also reduceil. Of course this corresponds to the experi-
ineiita] case \\liere the neutroii flux detector is viewing 
the core through a control rod which moves during the 
sequence of suberitical measurements, or where some 
other effect disturbs the relationship between total 
flux at a given point and multiplication of the core. 

Of cour.-̂ e the above analysis is not intended lo be an 
exhaustive study of this subject, but it does indicate 
that the inverse of iiiiiltiplication is proportional to 
1 — kefi within a few percent for a core of .\sseiiibly 48 
composition which is suberitical by a few percent. 
Since one, two or three enriched B-10 control rods iu 
the reflector of Assembly 48 produce subcriticality in 
this range, the use of this multiplication method is 
adequate to measure their worth, providing the con
trol rod insertions do not distort the flux as seen by the 
external neutron counters. 

PHASE B . EXPERIMENTS 

A general outline of a second .series of critical ex
periments has been prepared as Aikleiidiiiii 1, I'linse B 
experiments to the ANL work plan. 

The FFTR split-core inverted conical drsmii is a 
geometrically complex configuration for applying the 
usual one- or two-dimensional neutronics analysis. 
The slightly oblong hexagonally-shaped core is de
signed with non-vertical fuel assemblies such that a 
30 to 35% variation in cross-sectional area occurs over 
a core height distance of approximately 100 cm. This 
axial variation in composition when coupled with the 
sizable "gap" produced by the test region imposes a 
need for developing and exploring analytical and ex
perimental synthesis techniques. 

Therefore, a primary objective of the next series of 
critical experiments (phase Bl for FFTR is to ex
perimentally verify and establish the adequacy of 
these synthesis methoils for use in the design and 
physics analysis of the reactor. In order to be able 
to apply the computational metliods determined from 
the critical experiment progi'ani directly lo the design 
of the FFTR, the experiments and analysis are 
planned to closely reflect the geometry and ciiiiiposi-
tion of the reactor. An impoi'tant and integral phase 
of this critical experiment program is the extensive 
theoretical effort required to define those expeiiments 
which critically test these analytical methods. The 
details of the experimental program must therefore be 
guided by preplanned analysis. 

A second objective is to plan those experiments 
which provide preliminary estimates of nuclear param
eters necessary for a Preliminary Safeguards Re
port and for Title I I design. The geometry and the 
axial variation in composition of the core ha\'e in
troduced some interesting features to the usual re
activity feedbacks one considers in the preliminary as
sessment of safety problems. The two more impoi'tant 
reactivity coefficients, besides the axial expansion of 
fuel and mechanical movement of fuel suba.ssemblies, 
are the prompt Doppler effect and the delayed sodium 
density and void effect. In order to better uiiderstand 
the analytical techniques derived for use on the com-

file:////liere
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FIG. ni-21-5. Relation of Reciprocal Flux (or Counts) to Reactivity for Suberitical Reactor. ANL Neg. No. 112-9248. 

plex FFTR concept, it has been proposed that four 
FFTR critical assemblies be studied. The first two 
critical experiments will be aimed at investigating the 
neutronic effects of introducing a "slotted" test region 
into a hexagonal-cylindrical core of uniform composi

tion. The purpose of the third experiment is to study 
the split-core assenibly having an axial variation in 
composition. The fourth core is included for the com
bined effects of the conical geometry, and the non
uniform composition. 

111-22. Theoretical Study of the ZPR-3 Critical Experiments 
in Support of the Fast Fuels Test Reactor Concept 

A. J. ULHICH, P . J . PERSIANI and J. C. BEITEL 

PREPARATION OF A CROSS SECTION SET 

Cross section sets in 22 groups have been prepared 
using the MC- fundamental mode spectrum program^ 
with a heterogeneous subdivision of Assembly 48 core 

material which simulates the actual fuel plate ar
rangement as closely as possible with a two region cell. 
Additional 22 group sets were prepared by MC- with 
homogenized composition and zero buckling for U-238 
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blanket material and nickel reflector material of As
sembly 48A. The cross section sets were produced for 
U-235, U-238, Pu-240, iron, nickel, cliiomiuin, sodium, 
carbon and oxygen. These are the only isotopes cur
rently available on the M ( " library tiqie. Cross sec
tions for Ii-10, alumimmi, tanlalum and miilybilinum 
were taken from the existing A NL-224 set. 

Using these cross-sections and the MACH 1 dif
fusion code, the critical radius was found for a 
spherical reactor of ZPR-3 Assenibly 48 composition-
iii both core and 30 cm blanket with a small sample-
holding region in the center. The change in k,,, was 
then computed for samples of the same mass and 
density as the actual samples used in the experiment. 
.\ solid cylindrical or cubical experiment sample was 
replaced in the computation by a solid sphere, and a 
cylindrical annular sample was replaced by a spheri
cal shell of the same thickness. 

The central core worths are compared to the Assem
bly 48 experimental values in Table III-22-I. The 
first column gives measured worth in inhours per kg 
of material (see Ref 31. The second column gives 
material worth computed with the 22-group set. The 
cxperiinental worth nnd eonipiited worth of materials 
agree to within about 30% except for Pu-240, chro-
iiiiimi, oxygen, carbon and sodium. 

Based on the 22-grouji set several six group sets ot 
cross sections were prepared using the MACH 1 
code with energy structures given in Table III-22-II. 
In constructing the six group sets the perturbed worths 
were computed with the 22-group set in three regions 
of the spherical core. The jiurpose of this was to de-
flne a coarse structure which best simulated the over
all capture, fission, scattering and leakage perturba
tion components of reactivity when compared with 
the 22-group components. The group structures of the 

TABLK 111-22-1, KxPEitlMEN'i,M. AND C'OMPCTED CENTRAL 
WORTH IN ASSEMBLY 48 

TABLE II-22-II. IIESI RII-TION OF O-CRUCI 
.S'lltcrriRES 

U.235 
U-238 
Pu-239 
Pu.240 
B-10 
SS(301) 
Fe 
Cr 
Ni 
Al 
.\a 
C 
U 
Ta 
.\lo 

Exp. 

-1-339. ± 
- 2 4 , 8 ± 
-t-445,± 

81, ± 
-8926, ± 
- 1 4 . 1 ± 
- 1 2 . 3 ± 
- 9 . 4 ± 

- 1 8 . 2 ± 
- 1 5 , 7 ± 

- 6 , 3 ± 
- 4 . 6 ± 
- 6 . 8 ± 

-164 . ± 
-43 ,4 ± 

4 
0,5 
4 
20 
80 
0,2 
0,4 
0 4 
0.2 
0,8 
0.3 
1.2 
0,9 
5 
0.4 

Set 22001 
22 Group 

-1-330. 
- 2 2 . 2 

-1-424,2 
-(-46 

-7694. 
- 1 5 . 5 
- 1 5 . 
- 1 6 
- 2 0 
- 2 0 , 1 
-11 ,33 

- 8 . 
- 1 2 , 0 

- 1 3 5 . 
- 5 5 . 

Set 22611 
6-Group 

-1-370,4 
- 2 3 , 0 

-1-467,3 
-1-28,5 

-9227. 
- 1 5 . 4 
- 1 4 . 5 
- 1 5 . 1 

- 4 . 5 
- 1 8 , 8 

- 8 , 9 6 
- 9 , 7 

- 1 3 , 6 
- 1 4 7 . 

- 5 9 . 1 

Set 22612 
6-Group 

-I-.362.9 
- 2 3 . 1 

4-455,8 
-1-36,1 

-8802. 
- 1 5 , 6 
- 1 4 , 8 
- 1 5 , 3 
- 2 2 , 3 
- 1 9 , 2 

- 8 , 9 6 
- 9 , 7 

- 1 3 , 5 
-144 . 
- 5 8 . 3 

Set 22614 
6-Group 

-1-337.4 
- 2 3 . 1 

-1-467.5 
-f23,8 

-9940. 
- 1 5 , 3 
- 1 4 , 1 
- 1 6 , 4 
- 2 2 , 4 
- 1 8 . 3 
-10 ,63 
-F0.7 
- 8 . 6 

- 1 5 7 . 
- 6 0 , 3 

Set 

22011 

•22612 

•22614 

Dislributicin of 
22-Ciroiips Aiming 

6.(:ronps 

1 3 
4 7 
8 10 

11 14 
15-20 
'21 22 

1-3 
4-7 
8-11 

12-14 
15-20 
21-22 

1-3 
4-7 
8-11 

1'2-14 
15-18 
19-'22 

Lower I'Mcrt 
.V 

1,35 X 
l.m X 
4.09 X 
4,31 X 
2,75 X 
2,90 X 
1.35 X 
1.83 X 
2,48 X 
4,31 X 
2,75 X 
2,90 X 
1,35 X 
1.83 X 
2.48 X 
4.31 X 
9.61 X 
2.90 X 

V l . i i i i i l . 

I l l " 

IO' 
10' 
10' 
10' 
10' 
10« 
IO' 
10" 
10" 
10' 
101 
10« 
10' 
10" 
10' 
10' 
10' 

collapsed sets were also based on the following condi
tions: (1) The set should reproduce the worth of ma
terials computed by llie AA',,, method within some 
acceptable margin of rno r ; (21 The general eiieigy 
dependence of the fine group real tlux and adjoint 
function should be reasonably reproduced by (lie 
coarser energy group structure. 

Worths computed with 6 groups are also recorded 
in Table III-22-I. Comparison of the worth of ma
terials cqrnputed with set 22614 and 22001 show agiee-
ment to within 20% except for Pu-240, B-10, carlion 
and oxygen. Set 22611 compares to within 20% ex
cept for Pu-240, nickel and .sodium. Finally, .set 22612 
gives material worths all of which agree with those of 
set 22001 to within 20%. 

CONTROL ROD WORTH COMPUTATIONS 

The 6-group cross-section set 22612 was used in 
computational modeling of Assembly iS.\ control rod 
worth experiments. 

The worths of boron control rods in the center of 
the core were computed to be higher than the meas
ured values by 13 to 32%. The MACH 1 diffusion code 
With 22 groups, MACH 1 with B groups, and SX.^RC-
2D transport in the S2 :i]iproximation with 6 groujis 
gave worths which differed by only a few percent. 
This indicates that the method of collapse of the 22-
group set into the 6-group set appears to be adcipiate. 
Six group (x,y) and (r.z) geometry in S-2 and S-4 
transport calculations give results which agree to 
within a few percent. This indicates that with the 6-
group cross-section set 22612, the transport effect is 
small. The transport effect with the 22-gi'oup set 22001 
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RADIUS, cm 

F I O . I1I-22-1. Hadial Profiles of B-10 Reaction Rate 
Through Assembly 48A without Mockup B.C Rods. ANL Neg. 
No. 112-9007. 
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is presently being checked in a one-dimensional 
SNARG calculation. Further, results obtained with the 
Argonne 224 set have been found to agree with re
sults obtamed with the 22001 set in a diffusion calcu
lation. 

A series of computations designed to study the 
effect of variations in axial buckling on rod worths 
showed that this is not a large enough effect to ex
plain the discrepancy between calculation and ex
periment. A similar conclusion may be stated of 
errors in cross-section or concentration of rod and so
dium channel materials other than natural boron and 
B-10. The B-10 reaction rate at this rod surface is 
maximum in the 17(A group, so that the addition of 
lower energy groups would not change rod worths 
significantly. .Self-shielding effects studies again do 
not seem to account for the large discrepancies. Fur
ther work to resolve this disagreement is planned to 
recheck and reevaluate critical atomic concentrations 
and dimensions. 

Computation of the worths of the control rods in the 

reflector section of Assembly 48A have not yet been 
possible because of an unresolved SNARG-2D code 
difficulty. The difficulty appears to be associated with 
the meshing requirement for this type of problem. 

RADIAL REACTION RATE TRAVERSE STUDY 

Radial traverses of the B-10 and plutoiiiimi reac
tion rates were measured in the P row of Assembly 
48A under two different conditions. One pair of 
traverses was done in Assembly 48A critical without 
control rods, and the other with Assembly 48.\ criti
cal with control rods in the P9 and P23 positions. 
The latter pair of traverses passed through the con
trol rod positions. Computations of B-10 capture and 
plutonium fission reaction rates as a function of radial 
position in the Assembly 48A core, reflector and 
blanket has now been done for these two cases with 22 
groups of neutron energy. One-dimensional cylindrical 
geometry was used in the MACH 1 code. 

The measured traverses are compared with the 
computed ones in Figs. III-22-1 and III-22-2 for B-10 
and Figs. III-22-3 and III-22-4 for plutonium. In the 
figures the solid curve is experimental and the dashed 
curve is computed. Figures III-22-1 and III-22-3 com
pare reaction rates without B,C rods in the reflector, 
while Figs. III-22-2 and III-22-4 compare reaction 
rates with B.C rods in the reflector. 

In Figs. III-22-3 and 111-22-4, three computed 
curves appear. All three reaction rate curves were cal
culated with the 22 group fluxes which were the solu
tion of the cylindrical MACH 1 problem. In the high
est curve, Pu-239 fission cross sections group-averaged 
in a zero buckling spectrum corresponding to the re
flector composition with a very dilute Pu-239 concen-

Fio, III--22-3. Radial Profiles of Plutonium Fission 
Rate Through Assembly 48A without MockuD R C n„H« 
ANL Neg. No. 112-9009. 
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tration were used. The cross sections therefore showed 
very little self-shielding. The middle curve is based 
on blanket averaged cross-sections and is more af
fected by self-shielding. The lowest curve is derived 
from core-averaged cross-sections and is greatly de
pressed by self-shielding. Strictly speaking, each curve 
should be plotted only in the region for which its 
cross-section input applies, but this would imply a 
neutron flux discontinuity at the boundaries between 
core and reflector and between reflector and blanket. 
Because of neutron spectrum mixing at the boundaries, 
many more than three sets of cross-sections are actu

ally needed to give a iniasi-coiitiiuioiis reaction rate 
curve. Because these refiiiements have not been al-
tempted here, each of the three curves is cxlcnilnl to 
all of the regions. Since only one ci'iiss-sectioii was 
available for B-10, only one eomputed ciirM- a|i-
pears in Figs. III-22-1 and III-22-2. 

The eases without control rods are better simulated 
by a one-dimensional cylindrical conijiutation than 
the case with control rods, since the rods grossly \'io-
late the cylindrical symmetry. For the computation 
with rods, a region was set up in the form of a sym
metrical cylindrical shell with a thickness ecjiial to 
the rod thickness and radii that caused it to exactly 
iiicliide both rods. The rod and reflector materials in 
this region were considered to be diluted unifoiiiily 
into each other. The experimental reaction rate tra
verse along the radius, on the other hand, passed 
through the control rod where the B,C was concen
trated. Because of this situation the computed reac
tion rate was not depressed in the control rod as much 
as the measured reaction rate. 
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III-23. The Critical Experiments and Prel iminary Analysis of Mult i fueled, Nonuni form 
Core Loadings' for the FARET Program 

P. J. PERSIANI, A. L. H E S S * and D. KUCERA 

A series of small, Pu-plus-U-235-fueled fast reactor 
cores with steel radial and axial reflectors were con
structed in Argonne's Zero Power Reactor I ZPR)-3 as 
part of the design program for the FARET reactor. 
These studies, designated ZPR-3 Assembly 46, were 
essentially mockups of possible loadings of the 
FARET core. The primary ob.iective of the studies 
was to confirm the physics analysis of multifueled, 
nonuniform core loadings as were envisaged for the 
FARET system. 

' Idaho Division, Argonne National Laboratory. 

A principal interest in the studies was to establish 
experimentally the predicted reactivity control af
forded by the control-rod designs for FARET. The 
agreement obtained between calculations and tlii' i'e
sults of experiments for control-rod worth was suf
ficient to establish the range of control possible in the 
FARET reactor. Of equal importance was the sub
stantiation of the neutronic behavior of a mixed core 
in FARET when subassemblies of different types of 
fuels were interchanged. Analytical calculations were 
done for all experiments, and the methods for analy
sis that were adopted are discu.s.sed in Ref. 1, The 



242 / / / . Fast Reactor Physics 

agreement of the analyses with the experimental re
sults is found to be generally good. A study of the 
mixed-core systems and the comparisons of calcula
tions with results of fuel-exchange experiments in 
three cores indicate that the behavior of a mixed-
core loading can be understood as well as that of a 
uniform core loading. 

REFERENCE 

P. J. Persiani, A. L. Hess and D. Kucera, The Critieal Ex
periments and Preliminary Anatysis of MoHifueled. Aon-
uniform Core Loadings for the FARET Program. Proc. 
International Conference on Fast Critical Experiments 
and Their Analysis, October 10-13, 1966, ANL-7320, pp. 
660-569. 

III-24. Physics Studies of Molten-Salt-Fueled Fast Reactor Systems 

D. K. BUTLER* and D. MENEGHETTI 

The physics studies of molten-salt-fueled fast re
actors previously reported^'--'^ have been completed. 
Detailed physics and engineering results are described 
in Ref. 4. 

The characteristics of three types of fast reactors 
having fuels consisting of uranium and plutonium tri
chlorides dissolved in alkali chlorides and alkaline 
earth chlorides were studied. One of the reactors was 
homogeneous and the other two were internally cooled. 
Optimization of the core sizes for a power of 1000 
MW(e) resulted in 10,000-liter core volumes. 

These reactors have the favorable characteristics 
(even for natural chlorine) of high breeding ratio, 
large negative temperature coefficients of reactivity, 
and low fuel cycle costs. The unattractive character
istics of large plutonium inventory, large volume, com-

• Liquid Metal Fast Breeder Reactor Program Office, 
Argonne National Laboratory. 

plex design, and container material problems indi
cate that a sizable program would be rerjuired to 
develop chloride-fueled reactors. 

REFERENCES 

1. D. Bulter and D. Meneghetti, Physics Studies of Some 
Molten-Salt-Fueled Fasl Reactor Systems. Reactor Physics 
Division Annual Report, July 1, 1963 to June 30. 1964. 
ANL-7010, pp, 156-159, 

2. P. A. Nelson, D. K. Butler, M. G. Chasanov and D. .Mene
ghetti, Fuel Properties and Nuclear Performance of Fast 
Reactors Fueled with .Molten Chlorides. Trans . \m. Nucl, 
S o c , 8. 153 (1965), 

3. D. K. Butler and 1). .Meneghetti, .Additional Physics Studies 
of MoHen-Salt-Fueled Font Reactor Systems, Keactor 
Physics Division Annual Report, July 1, 1964 lo June 
30, 1965, ANL-7110 pp, 189-190. 

4. P, A, Nelson, D. K. Butler, M. Cj. Chasanov and 1), Mene
ghetti, Fuel Properties and Nuclear Performance of Fast 
Reactors Fueled with Molten Chlorides. Nuclear Appl, 3, 
540 (September 1967). 

III-25. Preliminary Study of the Use of U-235 in A Fast Reactor Era 

K. A. H U B * and V. Z. JANKUS 

INTRODUCTION 

With widening geographical acceptance of water 
reactors, the price of electrical energy from new sta
tions will become reasonably uniform throughout the 
United States. This implies that within a few years 
after the fast breeder reactor (FBR) power plant is 
commercially accepted, there will be a large demand 
for such plants. To meet the anticipated demand for 

' Reactor Engineering Division, Argonne National Labora
tory. 

FBR plants, large quantities of plutonium will lie 
needed for initial core loadings. If light-water re
actor (LWR) plants, some of which operate on plu
tonium recycle, form the backbone of the nuclear 
industry when FBRs are commercially accepted, a 
plutonium shortage will exist. Because of that possi
bility an investigation has been made of the use of 
uraniuni-235, assuming it to be the significant avail
able fissile species. 

U-235 may be used in three ways: (a) for water-
type plants to generate power while at the same time 
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producing plutonium for FBR plants; (b) for the 
startup of FBR's, with a gradual change to plutonium 
as enough is produced; and (c) in specially designed 
fast converter reactor (FCR) plants that produce elec
tricity as well as plutonium for fueling new FBR's. 
To obtain background information on the use of U-
235 in these three cases, simple neutronic, thermal, and 
cost calculations were made. These preliminary in
vestigations were mainly centered on FCR plants, al
though some indicative information was developed 
pertaining to U-235 uses in FBR and LWR plants. 
The FCR plant may be .iustified while a fissile plu
tonium, Pu / , scarcity exists, causing a high Pu, 
price. 

As a first approach to the development of FCR 
systematics, one-dimensional neutronic calculations in 
a spherical system were made, using a spherical ver
sion of the General Electric Company's 16 in. high 
pancake core concept' as a reference. Oxide fuel, stain-
|i.ss-stcol cladding and structural material, and tan
talum poison material were used. Mid-cycle equilib
rium conditions at a core burnup of 50,000 MWd/ 
tonne of heavy atoms were estimated and formed a 
basis for neutronic calculations. 

The thermal-design aspects of the reactors were 
considered in setting forth the compositions for the 
various neutronic calculations. Sufficient sodium 
volume for heat transport was specified to maintain 
a reasonable pressure drop across the core and axial 
blanket. The blanket volumetric composition for neu
tronic calculations was about the same as that of the 

core in each case because the reactor model was the 
pancake concept; slight changes in blanket composi
tion were specified to account for the control material 
normally in the blankets. 

One measure of possible worth of U-235 fast con
verters is the comparison of their fuel-cycle costs 
to plutonium-fueled systems under various conditions 
of Pu; price and UjOs cost. Also, U-235 fast converter 
designs iiia.v be partially compared on an intra-class 
basis by calculating fuel-cycle costs. Unfortunately, 
the only practical method of making a number of sur
vey calculations at the present time is through the use 
of equilibrium fuel conditions, so the important startup 
effects were omitted. 

NEUTRONIC INVE.STIOATIONS 

The MACH-1 codc^ with cross-section set ANL-224 
was used for investigating the neutronic aspects of 
U-235 fast converter reactors. Eight cases using U-235 
fuel and seven cases using Pii/ fuel were calculated. 
Summaries of some of the input and output iiifoniia-
tion for the Pu/ and U-235 eases, I'espectixely. are 
given in Tables III-25-1 and 1I1-25-II 

There were five principal pieces of desired output 
information: fissile weight fraction in the fuel, core 
conversion ratio, total breeding (conversionI ratio, 
sodium void effect, and Doppler coefficient. The cases 
using plutonium as fuel will be discussed first. These 
cases were calculated mainly to provide a reference 
basis and are reported for general infoi'ination. 

TABLE 111-25-1. RESULTS OF SPHERICAL CALCULATIONS FOR A PU/ FAST BREEDER RE,M roR u ITH OXIDE F I E I , 

Case 

Input Data 
Core volume, liters 
Cure radius, cm 
Blanket thickness, cm 
Core coinpoxition, v/o 
Fuel 
Clad and structure 
BeO 
Sddium 
Pdisoii (Ta) 
Pu, 
i liner blanket, w/o of fuel 
(Juter blanket, w/o of fuel 

Onlptit Data 
Pu/ in core, w/o of fuel 
BrPcdiuK rati(» 
('ore conversion ratio 
Change in reactivity for voiding Na 

from core, '/cAk 
Doppler coef., T{^k/^T} X 10'' 

A 6 C D (B-F D) 

DJD 

38 

7.3 
36 

0.7 

2.7 

16.26 
1,004 
0,634 
0.031 

— 

38 

7.3 
36,2 

0-5 

16.90 
1.094 
0,653 
0,028 

- 6 , 5 -

45.2 

None 
.36,2 

0,6 

13,77 
1,182 
0,711 
0,33 

- 3 , 7 -

45 

None 
36,4 

0,6 

38 

7,3 
36,2 
0,5 

E 

1770 
76 

41 
17 

None 
41,5 
0,5 

F 

' 
* 

41 

None 
41,5 

0,5 

13,77 
1,319 
0.712 
0,.37 

- 3 , 3 

15,83 
1,213 
0,655 
0.11 

- 5 , 4 

11,94 
1,'281 
0,862 
1.7 

- 4 . 4 

12,52 
1.224 
0.814 

— 
- 4 . 5 

' U-238 only. 
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TABLt; 1II-25-I1, RESULTS OF SPHERICAL CALCULATIONS FOR A U-235 OXIDE FUELED FAST CONVERTER UEAcroK 

Case 

Input Data 
Core volunir, liters 
Bliinkel. em 
('ore radius, nu 
Core composition, v/o 
Fuel 
(^liiii mid .slrueture 
Bed 
Sodium 
Poison (Ta) 
Pu, w/o of fuel 
Core 
Inner blanket 

Output Data al .Mid-llfe 
U-235. w/o of fuel 
Core PDF ratio-
Keactor PDF ratio 
Change in reactivity for voidi 

from core. ' ̂ Ak 
Doppler coef.. T{Ak/AT) X 10' 

-̂ 1 46 

38 
18 
7 , 3 -

36 
0.7 

2.3 
2.3 

21.4 
0.337 
0.629 

- 1 , 8 5 

45,2 

1770 
40 
75 

4 1 -
1 7 -

42-
88-

38-
18-

••I None— 
36.2 
0.5 

1.9 
2,0 

21,3 
0,346 
0,696 

- 1 , 9 0 

-

» 

2,7 
2.8 

18,0 
0.393 
0.753 

- 1 . 5 3 

-

36.4 

1.6 
1.6 

20.0 
0.371 
0.842 

- 1 . 7 6 

- 2 . 8 

41,5 
0,5 

1,8 
1.8 

15.8 
0,491 
0.825 

- 1 , 1 3 

- 4 . 0 

41,6 
0,4-

I 43,6-

2,4-
2,7-

12,9 
0.587 
0,882 

- 0 . 1 8 

- 4 II 

13,8 
0,550 
0,W4 

- 0 . 4 8 

- 4 K 

12.5 
0.611 
0.864 

-1-0.27 

- 5 , 4 

' Fissile atoms produced per fissile atom destroyed on an instantaneous basis. 

Pl l / KUKLED CASES 

Cast? A was chosen as a 700-litcr sphere to repre-
.sent (iE's 16-in. high two-region homogenized pan
cake core. The amount of tantalum in the core and 
blanket was greater than would be required for con
trol. Ca,se B is a repeat of Case A, but with less tan
talum; the results are in reasonable agreement with 
GE's results, recognizing that the blanket was thinner 
than the 18 in. used in the GE ca.se and the plu
tonium isotopic composition was higher in Pu-240 
and Pu-242 species than that used by GE. 

Cases C and D represent the results obtained as
suming that the BeO was removed from the core and 
blanket, having been replaced by an equal volume of 
fuel and fertile material; Case D differs mainly from 
Case C in that the blanket was 50"; thicker. Thus 
with a noticeable penalty in sodium voiding and a 
large penalty in Doppler coeflicient, the BeO removal 
greatly increased the breeding gain and decreased the 
required fissile fraction in the fuel by about 10%. 

Case (B -I- D) represents the situation for BeO in 
the core (Case B) and no BeO in the blanket (Case 
D) . Cases E and F are for 1770-liter cores with Case 
F representing the influence of a Pur /Pu , ratio of 
1.25 versus the value 1.49 used in all the previous cal
culations, where Pu^ is the weight percent of total Pu 
in the fuel. The Doppler coefficient improved notice
ably with the increase in core size. 

U-235-FUELED CA.SES 

The criticality search was made only on U-235 con
tent; the Pu, concentration was estimated prior to the 

computer runs. In these calculations no I'-23(i was 
specified because of the preliminary nature ol the siii-
vey and because the cro.ss-sections were not i'iiiii|iiled. 

The neutronic performance of reactors having cores 
of small volume (Cashes A through Dl are not as 
good as that for larger cores. The ratio of fissile 
material produced to that destroyed (PDF ratio I in
creases with reactor size. .Although an insufficient num
ber of cases was calculated to express the relation
ships. Fig. III-25-1 illustrates the general trends. The 
PDF ratio for the reactor at midlife is increased if 
the fuel-and-fertile-material volume fraction is not 
significantly decreased with an increase in reactor 
size. Because the average concentration of plutoniuiii 
in the core increases with size, the better breeding 
characteristics of plutonium compared with r-23o 
tend to increase the P D F ratio. Normally for a plu
tonium-fueled breeder having a constant fuel frac
tion, a small decrease in instantaneous breeding ratio 
is expected with increase in size. 

Totally voiding the core of .sodium caiisos mgativc 
reactivity effects in reactoi's up to approxiniatcly 4000 
liters; for smaller sizes, partial voiding causes a posi
tive reactivity effect. To illustrate the effect of partial 
voiding, the change in reactivity is plotted as a func
tion of volume-fraction voided in Fig. III-25-2. 

With /i,.„ equal to about 0.6' , , the greatest change 
in reactivity due to sodium voiding produces a positive 
reactivity change of less than a dollar for core sizes 
up to about 3000 litei's; the Pn,-fueled cores meet 
this condition for sizes less than 700 liters 

.Another significant characteristic of the U-235 -ys-
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tem relates to the Doppler coefficient. Increase in 
U-238 and decrease in U-235 concentrations in the 
core as reactor size is increased causes a significant in
crease in the reactor Doppler coefficient. The coeffi
cient for a 4400-liter core with U-235 fuel (Case H 
on Table III-25-II) is about the same as that for a 
700-liter core containing BeO. Thus, somewhat similar 
safety characteristics may be expected from the Dop
pler effect for a large U-235-fueled core as for a 
small Pu,-plus-BeO core. 

Another interesting feature of large U-235-fueled 
cores is the fact that a reactor having an average core 
conversion ratio of 0.5 will have a reactivity change 
about equal to that of a Pu,-fueled breeder reactor 
with an instantaneous core conversion ratio of about 
0.65. Thus, a smaller reactivity change may be ex
pected in a large U-235-fueled system than in a small 
Pu,-fueled system. 

THERMAL DESIGN ASPECTS 

The transport of heat from the fuel and the allow
able heat generation of the fuel are entwined with the 
mechanical and safety aspects of design. To simplify 
the situation for this study, the heat transport was 
considered within a frictional pressure-drop limita
tion and the allowable heat generation was considered 
within a range of maximum kilowatts per foot of fuel. 

FRICTIONAL PRESSURE DROP 

The design for frictional pressure drop depends on 
allowed sodium velocities and temperature rises as 
well as the availability of equipment to do the pump
ing. Sodium pumps capable of developing heads equiv-
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alent to 1^0 psi are reasonably expected in the future. 
Present designs indicate that the average temperature 
rise in the reactor is about 300°F plus or minus 20%. 
Because the volume of sodium in the core ser^'cs no 
inherent purpose under steady-state conditions, the 
sodium should flow through the reactor as rapidly as 
cost permits. Safety considerations may refpiire that 
this statement be modified, but the modification will 
be reflected mainly in allowable Ap and At across 
the reactor. For a sodium velocity of 30 ft/sec, a series 
of generalized curves were developed to show the fric
tional pressure drop per foot of fuel tube versus total 
sodium fraction for various fuel-tube diameters (Fig. 
III-25-3). Because the type of fuel-element spacer 
selected significantly influences the results, the curves 
are only indicative. 

Taking into account the core, axial blanket, fission-
gas chamber, transition lengths, etc., the length of fuel 
tube will probably never be less than 5 ft. With al
lowances for pressure drops in such components as 
the distribution plenums, subassembly nose pieces, 
and external loop, the upper limit for frictional drop 
for the fuel tube will be approximately 20 psi/ft. 
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FUEL HEAT GENERATION 

For oxide fuel, the maximum allowable linear heat 
generation is about 20-22 kVV/ft. This maximum is 
slightly influenced by the diameter of the fuel pin 
(i.e., the unclad fuel I. The maximum fuel rating, 
whicli contains as a factor the core maximum-to-aver-
age ratio, is a function of design and configuration. 
Thus average fuel rating, in terms of specific power, is 
influenced strongly by the pin outer diameter; the 
cost implications of this will be discussed under fuel-
cycle costs. 

The amount of cladding, .spacer, and subassembly 
wall material required in a design, as well as the 
interchannel sodium and control volume, were in
cluded in design considerations. For these calculations, 
it was estimated that 20% of the core volume will be 
filled with material other than the fuel and the coolant 
sodium. Because there is an incentive to maintain a 
high fuel fraction (0.35 to 0.45) for neutronic per
formance, the coolant sodium fraction will probably 
be in the range of 0.32 to 0.45. 

FUEL CYCLE PERFORMANCP; 

In order to indicate relative performance, Ihe fuel 
cycle costs, UjO, requirements, and plutonium pro
duction were estimated. I t should be noted that one 
important way to use U-235, namely as startup fuel 
during a transient period, has not been investigated. 
When the detailed neutronic fuel cycle program por
tion of ARC becomes operational, this transient per
formance will be calculalcd. However, the character
istics of FCR plants are capable of illustrating a 
performance bound in fuel strategy studies. 

ASPECTS OF FUEL-CYCLE COST 

The fuel-cycle cost estimates were used in two 
ways: (1) to provide guidance in the .selection of de
sign parameters and (2) to indicate the relative per
formance of U-235 FCU's with Pu, LMFBR's, thus 
aiding the determination of the value of plutonium 
compared with the value of U-235. These two uses arc 
not independent; some iteration is needed for proper 
reactor design investigations. For first estimates in
volving core thermal performance, it was assumed 
that the U-235 was worth $12/g in FCR's and that 
fissile plutonium was worth $17,'g. In the more de
tailed fuel cycle cost estimates values were based on 
$8,/lb UsOs price and $30 kg per unit .separatory 
work. 

Fuel Cycle Costs for FCR's 

The principal cost components for fast converter re
actor fuel cycles are due to fuel fabrication, fissile in
ventory, U-235 consumption, and plutonium produc
tion. This study assumes that an average core burnup 
of 100,000 MWd/tonne of heavy atoms will be attain
able with reasonable clad thicknesses and fuel densi
ties, and thus does not include burnup variation as a 
design parameter. 

Fuel Falnication 

Based on previous work, it appears reasiinable that 
conibincd core and axial blanket fabrication costs, 
expressed on an average kilogram basis, might vary 
with fuel-pin diameter (unclad fuel) as shown in Ta
ble III-25-III. With plutonium losses and inventory 
charges during fabrication excluded, the co.sts shown 
are for oxide fuel with stainless-steel cladding in a 
fast-reactor situation that provides a large tonn;ige 
throughout for the fabrication facilities. For 100.000 
MWd/tonne burnup, a blanket-to-core weight ratio 
of 2, 90% of the power from the core, and a 41% net 
eflftciency for converting heat to electricity, the con
tribution of fabrication cost to power cost is as shown 
in the third column of Table III-25-III . 
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Fissde Inventory 

Core, blanket, and external inventory are included 
in total costs; however, a reasonable core design can 
be roughly estimated separately. For an example of 
the magnitude of core inventory costs, assume 0.13 
U-235 concentration, 0,025 Pu, concentration, 11 k W / 
ft average linear power, 0.80 annual capacity factor, 
and 0.10 annual charge rate on fissile material; then 
the core inventory costs, using the previously men
tioned U-235 and Pu, prices for the various pin sizes, 
are as shown in the fourth column of Table III-25-III. 
Thus, the core inventory costs vary appreciably with 
fuel-pin diameter and are of significant magnitude. 
Conibination of the core fissile inventory charges llast 
column of Table III-25-III) and the fabrication costs 
indicates that a niininium cost would occur with a 
fuel-pin diameter of about 0.21 in. This of course, is 
only an example, but it is indicative for the region of 
design interest. 

U-235 Consumption 

The consumption of U-235 over a fuel cycle is diffi
cult to express functionally from the cases calculated; 
values range from 0.9 to 1.1 g/MWd. In general, as 
the core becomes larger, the spectrum softens, the re
quired U-235 concentration decreases, and the Pu, 
concentration increases. If the fuel and fertile material 
volume fractions remain constant as size is increased, 
fewer grams of U-235 are destroyed per megawatt-
day. Realistically, however, the volume of sodium 
increases and the fuel fraction decreases. As indicative 
of magnitudes, a value of 0.9 g/MWd corresponds to 
1.1 mills/kWh cost for the fuel cycle. 

Pu, Production 

Pu, production increases with increasing P D F ratio 
for the reactor; there is a tendency for the PDF ratio 
to saturate as size is increased. In addition, the Pu, 
burns out more readily as the core conversion ratio 
increases. A Pu, net production rate of 0,8 g/MWd 
corresponds to 1.4 mills/kWh credit for the fuel cycle. 
Thus, the net difference between Pu, produced and 
U-235 destroyed in this idealized case is a credit of 
0.3mills/kWh. 

FUEL CYCLE CO.ST COMPARISONS 

Ideally, the cost comparisons of various concepts 
would include capital, fuel, and other production ex
penses on a year-by-year basis. In the case of the 
studies involving U-235 use, the only readily avail
able way of indicating relative performance is by 
means of fuel-cycle costs. These are limited to equilib-

TABLK 111-25 III. PARTIAL FUKI.-CTCLE COST AS A FCNC-

iioN OF FiiEi.-PiN DIAMETER 

Pin Diameter, 
m. 

0,18 
0,'20 
0,25 
0,30 

Cost 
Fabrication 

S/kg 

235 
200 
150 
120 

mills/ 
kVVh 

0,65 
0,55 
0.41 
0,33 

Inventory Cost 
for Core 

mills/kWh 

0.29 
o.:!6 
0,56 
0.81 

Combined 
Cost 

mills/kWh 

0,94 
0,91 
0 ',17 
1,11 

TABLE ni-25-IV. FUEL-CYCLE Pt;RF(iRM.\N(E KSTI \M 
FOR \ A R I ( ) L S OXIDE-FUELED N I T L E A R POWER PLANTS 

Reactor Type 

I.WR 
FBR with BeO 
FBR 
FBR U-235 
FCR 

Fuel-cy
cle Cost, 

Pu, at 
SlO/g 

1.48 
0.92 
0.74 
1.92 
1.38 

mills/ 
kVVh, 
Pu, at 
S18/g 

1.31 
1.15 
0.84 
1,44 
0,87 

U.O, 
Makeup. 
tons/20 

yr 

3500 

— 
-

3900 
3.500 

Pu, Pro
duced. 
tonnes/ 
20 yr 

3.9 
2,6 
4,6 
9,9 

10 Ii 

• Based on $8/lb UjO. nnd $30/kg sepuratory wciik. 
I'Does not include inilial or final iiivenlorica liiil oiil\ llie 

makeup reqiiirniienls, 

rium fuel performance with certain cost ad.iustiiieiits 
for initial costs. 

To provide a broad indication of relative perform
ance, the fuel-cycle costs for the following systems 
were calculated: 

1. LWR, a 1088-MW(e) light-water-reactor plant 
of assumed characteristics, 

2. FBR-BeO, a 1075-MW(e) plant with an oxide-
type plutonium-fueled fast breeder reactor and 
with BeO added to the core (design related to 
that of the previously mentioned design by the 
General Electric Company), 

3. FBR, the same general design as the FBR-BeO 
example, but with the BeO removed from the 
core and axial blankets, 

4. FBR-U-235, similar to the FBR design, but with 
U-235 fuel in place of plutonium, 

5. FCR, a 1075-MW(e) plant with a fast converter 
reactor specifically designed for U-235 fuel (core 
60% higher than for the FBR design and fuel-
pin diameter decreased slightly). 

To provide a quick preliminary comparison, the 
characteristics of nuclear plants using each of these 
reactor systems were selected without emphasis on 
details that would be required in an expanded study. 
In addition, no optimization procedures were used to 
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ad,iust plant perfoniuince to changing factors of cost, 
such as ]ilutonium price. 

Fuel cycle calculations were made with the use of 
a computer code which uses an accounting procedure 
that might be used by the utility industry in such 
survey studies. The estimated cost of uranium for 
specified concentrations is based on optimum tailing 
concentrations using the input UaOs , fluorination, and 
separatory work costs. .•̂  program option allows for 
U-235 burnup costs to be estimated based on either 
the schedule of costs for various U-235 concentrations 
or on mixing of 50 w/o U-235 to reconstitute the 
burned uji fuel. For fast converter reactors there is 
no effective cost penalty for using the mixing of 50 
w/o U-235 option. Thus the problem of activity levels 
associated with the re-introduction of spent fuel into 
the diffusion plant is obviated; however, the fabri
cation cost aspects of this mixing step were not investi
gated. The fuel cycle costs for each year during a pe
riod of twenty years is provided by the code and a 
twenty year average value is calculated. The annual 
capacity factor used was 80% for the first five years, 
75% for the next ten years and 65% for the last five 
years. The fuel-cycle cost estimate, UaOs makeup, and 
fissile plutonium production are given in Table III-25-
IV. 

The unit costs for fabrication, shipping, and proc
essing require clearer definition. A more rigorous 
cost model could be developed so that cost differentials 
between the concepts would be more meaningful. The 
reprocessing cost for the fast U-235 burners was in
creased by 25% over the FBR cost because the core 
and axial blanket cannot be mixed as is sometimes 

suggested for FBR's. Unit shipping costs should also 
be evaluated in terms of cask cooling requirements for 
axial blanket and core materials. With expected cost 
disadvantages applied to the FCR, there appears to 
be an incentive to further consider fast converters 
specifically designed for U-235 use. In addition, the 
technical and cost aspects of using U-235 as the tran
sient fuel in starting up FBR's should be developed. 

OBSERVATIONS 

Although this study was only preliminary, several 

observations can be made within the assumptions 

of the study: 
1. Cleariy, use of uranium-235 in the fast reactor 

era should be defined more rigorously. 
2. On the basis of equilibrium fuel-cycle calcula

tions, the FCR has a definite cost advantage over 
the other U-235 reactoi's studied. 

3. The FCl! and l.W'R reciuire about Ihe same 
tonnage of UliOg for fuel makeup. 

4. The FCR produces about twice as much fissile 
plutonium as LWR's. 

Thus taking design advantage of the nuclear-safety 
characteristics of U-235 compared with Pu, signifi
cantly improves fuel-cycle performance. 
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Section IV 

Fast Reactor Safety 

Analy.'-;is of the course of aocidt^nts in fiist power breeder reactor cores rci|uircs 
a hrojitl raiiKe of reactor physies information. It is necessary to know tlahiaj^j and 
failure thicsliolds of the fuel; the types of fuel and coolant motion tliat, can result, 
including acceleration and rate data; reactivity changes brought about by (he mo
tions, temperature changes, changes in neutron flux distributions throughout the 
core, etc.; and, finally, data sufficient to analyze the accident under study to its 
termination. This section also presents a paper dealing with a calculation related 
to containment. 





IV-1. Init ia l (7-Pin) EBR-II Cluster Fast Reactor Safety Integral Loop Experiments 
in the Trans ient Reactor Test (TREAT) Facil ity 

L. E. ROBINSON, C . E . DICKERMAN AND F . L . WILLIS 

The first scale-up loop experiments on meltdown of 
clusters of fast reactor fuel pins have been performed 
in TREAT, using the Mark I integral sodium loop. 
Two clusters of seven EBR-II Mark I pins were run. 
Tantalum neutron absorbers shaped the power axially 
to a maximum-to-minimum ratio of 1.3. Each central 
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Flo. IV-1-1. Transient Data from TREAT Exposure of 7 
EBR-II Mark I Pins in Flowing Sodium (Tr. 1048). ANL Neg. 
No. 112-7704. 

FIU. I V - 1 - 2 . Solidified Fuel Alloy at Uiillet of Test Seetion 
(Tr. 1048). ANL Neg. No. 112-8629. 

pin was of 9% enrichment and the six-pin rings sur
rounding the center consisted of 7% enriched pins, as 
approximate compensation for the radical neutron flux 
depression across the cluster. Measured ratio of the 
peripheral pin power to the central pin power was 0.94, 
in good agreement with Sn transport theory calcula
tions. Experimental data ai'e analyzed in Paper IV-2. 

Sodium flow was 3.3 m/see for the first cluster 
(Transient 1048). Fuel energy input during the reactor 
power peak was 928 -I/g for the internal pin and 882 
.I/g for each peripheral pin. Instrument data are shown 
in Fig. IV-1-1. Vigorous coolant accelerations, sharp-
fronted pressure spikes and excessive coolant thermo
couple readings of about 1000°C were generated at 
both inlet and outlet at the power peak. A later excur
sion to 1200°C was recorded on the outlet. Post-experi-
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iinnl ex.iiiiiniition in the ,\i'gomie Hot Laboratory 
slmwr.l biigr iiliigs of solidified fuel at the test section 
inlet and iiiillet. Fuel was also frozen onto the inner 
\\:ill of iho tost M'liiiiM, and a small amount was dis-
cu\ci'ed 111 llie reiiiiiniits oi the cladding tubes at the 
b o t t o m of the sect ion. 

Tlir Miliililird fuel at the outlet of the test section is 
shown in I''i;j;. IV-1-2. Only the central part of the 
channel is still open. More fuel was found beyond the 
outlet in the hold-down fitting above the test section. 
This was the first TREAT loop test in which such ex-
tensi^'e transport of fuel was found. Figure IV-1-3 is 
a •̂iew of the solidified fuel in the openings of the hold-
down fitting. It was found necessary to split the fuel 

F I G . I V - 1 - 3 . Solidi6ed Fuel Alloy in Openings of Hold-down 
Fitt ing Beyond Outlet (Tr. 1048). .4A'i .Neg. No. 112-8531. 

holder longitudinally in a hot lahoiatory milling ma
chine and then force it a|iart in order to inspect the 
cluster remains. Figure IV-1-4 shows that only the ex-
tri'iue top and bottom of the fuel ]iiiis reiiiaiiied identi
fiable (cf. Fig. IV-1-3). Fuel remaining inside the test 
section was found solidified against the insidr walls of 
the fuel holder pipe, although the flow chamiel was 
.severely restricted by the large deposits at the inlet 
and outlet. Severity of deposits increased toward the 
outlet. 

Pump power was off for the second cluster (Tr 
1050). Central pin energy input during the reactor 
power peak was 1048 J / g ; for each of the peripheral 
pins it was 980 J /g . Rapid expulsions were indicated 
by the inlet flow meter. High inlet and outlet thermo-
coujile outputs were recorded. One large sharp pressure 
spike was registered near the end of the transient after 
smaller pressure pulses (Fig. IV-1-51. The initial out
let thermocouple rose to about 1000°C; the corre-
sjionding rise recorded at the outlet was beyond its 
melting |)oint. When the loop body was removed from 
its sealed secondary containment, it was found that 
the thin-walled tube of the alternating curient Fara
day-type electi'omagnctic pump had been ruptured. 

.\pjiearance of the inlet and outlet to the test section 
was similar to that for Tr 1048, although indicating a 
more severe excursion. Compare Fig. IV-1-6, which is 
a \iew of the outlet from Tr 1050, with Fig. IV-1-2 
and note the severe distortion of the fuel holder and 
the upper fastening ears in Fig. IV-1-6. The experi
mental buckling of the tube, about 0.8 cm., may be 
compared with a rough estimate of about 0.7 cm. dif
ferential thermal expansion resulting from the holder 
pijje temperature excursion during the melttlown. 

.\fter the holder was milled oj^en. solidified fuel was 
found inside similar to that from Tr 1048. Severity of 
deposits increased toward the inlet. Examination of 
the deposits showed that slumping had occurred to
ward the bottom (inlet). The only identiliabh' clad
ding tube remains were found at the top, although oiio 
fuel pin bottom fitting was found frozen iipsido down 
in the mass of fuel at the inlet. Figure I \ ' - l -7 .̂ linw:! 
fuel deposits frozen against the inner wall of iho fuel 

F I C . I V - 1 - 4 . Fuel Holder Pipe After Being Split Open loK.xpose llnmagedFuel (Tr. lOAS). ANL .\'cg. .\o. 112-8627. 
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holder pipe. The wires seen in disarray in the left half 
arc remains of 0.2 cm diameter rods which locate the 
fuel elements within the holder. Note the rather uni
form but spattered coating of fuel in the right half. 

Sodium can be seen leeching out of the heavy fuel 
deposit at the inlet of Tr 1050, (Fig. IV-1-8). Though 
this woiihl seem to indicate a low density or spongy 
mass such does not, thus far, seem to be the case. Ex-
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tensive deposits of frozen fuel were inside the loop 
proper bcvond the inlet, extending through the inlet 
flowmeter and presure transducer instrumentation 
section, inside the electromagnetic pump, and beyond 
into the return flow tubes. Solidified fuel was jiacked 
solidly into the 5 cm. long iiressure transducer stand
off tube. 

Both excursions exhibited se^•ere secondary ju'essure 
pulses. In the flowing sodium case, the secondary pulse 
recorded was coiii|)arable to an initial pulse which was 
associated with the first severe flow anomaly. In the 
case of Tr 1050, the two pressure pulses preceding the 
secondary spike were of much lower severity. Because 
of the extensive coolant and fuel motion, it is quite 
possible that enough voiding occurred to insulate the 
pressure transducer sufficiently that the actual pulses 
could have been much higher than recorded. 

Coolant thermocouples were chromel-alurael 
sheathed in 0.010 cm. diam. stainless steel. Their out
put reached the limit for this type, indicating direct 
contact with molten fuel alloy, in good agreement with 
the post-experiment ob.servations of .solidified fuel. In 
Tr 1048 the coolant flow was upward. Distribiition of 
fuel remains and the higher outlet temperatui cs showed 
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the iiilliicni'c 111 the initial coolant flow su)ierimposed 
iilHin the expulsion of molten fuel away from the center 
lli the le.-t section. In Tr 1050, transient induced so
dium flow was possible, although the pump power was 
off. (liuvity appeared to predominate in this case, as 
shmvii by Ihe higher inlet thermocouple temperature 

and the extensive distribution of solid fuel bdow the 
test .section. However, tlii'theniiocoiiplc record lor I r. 
1050 (fMg. IV-1-5) indicates that tlic hist iiiovciiients 
were approximately syminetrical from the ceiiler, with 
the .subsequent gravity-induced movements orciiiring 
about 0.5 seconds after the initial exjiulsions. 

F I O . IV-1-7. Fuel Holder from Tr. 1060 Split Open lo Heveal Interior With Fuel Depusils. (Center Region). .l.V/. 
Neg. No. 112-8632. 
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Flu. lV-l-8. Fuel Dcpofsils lit Test Section Inlet Tr. 1050. White Areas are Sodium Oxide Depusitt;. ANL Neg. No. 112-8526. 

IV-2. Analyses and Significance of Initial EBR-II Mark I Cluster Fast Reactor 
Safety Integral Loop Experiments in the Transient Reactor 

Test Facility (TREAT) 

C. E. DICKERMAN', R . PURVIANCE AND A. B. COHEN 

The extensive failure of the EBR-II Mark I pins in 
the two ?;e\'en-pin cluster loop experiments (see Paper 
IV-11 are consistent with the failure thresholds de
tennined previously for single jjins in a sodium en-
viiuninont. The ratio of fuel volume inside the test 
cluster to the volume of coolant was approximately 
seven times that for the previous loop transients with 
single fuel pins surrounded by dummy pins; hence 
coolant temperature rises were higher. Figure IV-2-1 
shows the cross section of the test section used pre
viously. For the 7-pin cluster, the six peripheral posi
tions contained fuelled samples instead of dummy 
elements. Coolant thermocouples were in the channel 

between internal and perii)iieral pins. In the single-pin 
analyses reported previously, it was found that fuel 
heat losses up to approximately the time peak power 
were determined principally by heat transfer only to 
the coolant between the ctnitral pin and the |)oriphcral 
dummies.^ The heat capacity of surrounding sodium 
and steel became significant after jieak power. Thus to 
first approximation, the central pin of tlie 7-pin clus
ters had only half the heat loss to coolant as the single 
pin of the earlier experiments. Heat loss from tlie six 
peripheral pins was intermediate between the two 
cases. Although the boundary conditions of the 7-pin 
clusters still were not identical with those of an actual 
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fast leactor subassenibly, the degree of simulation 
was thus increased markedly over that of the previous 
single-pin loop experiments. 

.\fter fuel failure occurred, the ratio of volume 
available for motion to fuel and heated coolant vol
umes was much closer to a real reactor than in the ear
lier loop tests. Fuel expelled from the two single-pin 
failures was frozen in situ on the test section wall, and 
there was no evidence of appreciable secondary fuel 
movements.''2 Po.st-failure fuel behavior in the 7-pin 
cluster would more nearly be typical of that for a real 
subassembly. 

These two scale-up experiments thus provide the 
first experimental check on application to cluster ge
ometry of the fuel pin failure modelling developed in 
single pin tests. In addition, the 7-pin cluster tests 
provide the first data on post-failure secondary fuel 
and coolant movement from pin arrays. 

Analyses of the experiment consisted first of the cor
relation of data from the coolant thermocouples, test 
section inlet flowmeter, and inlet pressure transducer; 
and second, of tran.sicnt heat transfer calculations 
using I'cactor power data and ratio of sample power to 
reai'lor iiower. Models for heat transfer calculations 
were essentially the same as tho.se described in Ref. 1. 
Intact geometry is inherent in the calculations. Fol
lowing is a .summary of the information obtained on 
t he transient behavior during the ex|)criments: 

Tr 101,8 (3.25 m/sec flow). Instrument data are pre-
.sciitcil in Fig. IV-2-2. The initial outlet coolant rise 
from 270°C to about 600°C is in good agreement with 
heat transfer calculations of outlet sodium tempera
tures. This rate of rise is interrupted at approximately 

SPACER ROD 

SAMPLE FUEL 
PIN 

SPIRAL 
SPACER WIRES 

TEST SECTION 

TUBE 

Flo. IV-2-1. Sodium Loop Test Section Cross Section. For 
the 7-pin Cluster Experiments, the Six Peripheral Positions 
Contained Fueled Samples Instead of Dummy Pins. .ANL Neg. 
No. 112-5637. 

TR 1046 

-TYPICAL 120 cps 
SIGNAL lEM PUMP 
PRESSURE I 

FlG. IV-2-2. Instrumentation Da ta from 7-piii Cluster 
Experiment with 3.25 m/sec Sodium Flow (Tr. 1048). .A.\L 
Neg. No. 112-7704. 

peak power by the beginning of a rapid coolant expul
sion event and by the first pressure spike of about 3.5 
atm. The maximum expulsion rate mea.sured was in 
excess of 5 m.'sec. The break in the outlet teiiiperature 
curve and onset of abrupt expulsion coincide only with 
a small pressure anomaly. At this time the niaxitniini 
calculated cladding surface temperature is below boil
ing, but maximum central fuel pin temperature is 
1255'"C. Thus, local boiling could occur at this time 
due to molten high temperature fuel moving from the 
center of the pin through a fuel surface crack to con
tact the cladding. Such surface cracks have been found 
in pins carried to the threshold of failure. Outlet bulk 
coolant temperature was calculated (assuming no ^'a-

file:///fter
http://tho.se
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povization) to be approximately 975°C at 2.00 sec and 
about I110°C at 2.05 sec, so the first pressure spike is 
attributed to sodium vaporization. The rapid coolant 
expulsion indicated on the inlet flowmeter is also ap-
jiarent on the sotlium thermocouple record, showing 
rapid expulsion, both upward and downard, of high 
temperature sodium. The second pressure spike (6 
atm) corresponds to the time that failure of the cen
tral, hottest, pin is calculated due to vapor pressure of 
the sodium bond between fuel and cladding. The time 
spent at temperature is not sufficient for failure by 
lienetration due to the formation of fuel-cladding 
eutectic. Out-of-pile and in-pile experiments have 
yielded a time of approximately one second for pene
tration of a 0.25 mm thick steel EBR-II cladding tube 
by molten U-fissium alloy. Large amounts of eutectic 
could be formed before final solidification at the end 
of the ex|iei'iment, however. 

Voiding has grown since the inception of expulsion 
at about 2.00 sec, and by 2.15 sec the total expulsion 
recorded on the flowmeter equals the distance between 
the center of the fuel and the inlet pressure transducer. 
This is in good agreement with the disappearance of 
the 120 cps pump pressure signal at that time. Failure 
of the peripheral pins by internal sodium pressure is 
calculated to occur after the initial voiding, so that the 
jircssure transducer would not necessarily detect a 
pressure pulse from release of bond sodium from a 
peripheral pin. Evidence of secondary fuel motion is 
seen at approximately 2.6 sec on the outlet thermo
couple. The one spike of flow up into the test section 
(peaking at about 2 m/sec) correlates well with a 
small pressure spike of about 2 atm and short tempo
rary recovery of flow past the inlet flowmeter. A second 
short period of no pressure modulation occurs before 
flow is finally reestablished at a low rate. 

It should be noted that relief of bond sodium pres
sure by axial motion of molten fuel, such as that found 
for single pin loop experiments with flowing sodium,'•-
did not appear to occur. This difference can be ex-
])lained qualitatively by the flatter radial temperature 
gradients in these cluster experiments because of the 
reduced amount of heat absorber around the pins. 

Tr 1050 (no flow). Instrument data are given in Fig. 
IV-2-3. The initial coolant expulsion from the test 
section, reaching 2 m/sec, is in qualitative agreement 
with the movement calculated from pre-failure ther
mal expansion of sodium in the cluster. Cladding fail
ure is indicated experimentally by a small (2 atm) pres
sure spike associated with an increased expulsion 
peaking at 6 m/sec. A second 2 atm spike is coincident 
with another expulsion peak which reaches 9 m/sec. 
Expulsion continues beyond this time, indicating cool
ant voiding extending beyond 40 cm below the test 
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cluster inlet at the time a vigorous secondary pulse re
corded as 16 atm occurred. Because of the voiding, the 
critical pulse may have been much higher at its point 
of origin. The extensive motion of molten fuel extend
ing to ~ 4 5 cm below the test section inlet indicates 
that the final pressure pulse may actually have oc
curred in the inlet section where instrumentation and 
the pump are located, rather than in the test section 
region. 
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Because the inlet thermocouple is approximately 1 
cm from the fuel and the outlet thermocouple is 8 cm 
from the fuel top, the coolant thermocouples do not 
follow coolant temperatures directly. By 1.7 sec the 
coolant at outlet and inlet fuel sections ie calculated to 
be 605°C, although both thermocouples show little 
rise. By 1.8 sec, the inlet thermocouple is within ap
proximately 55°C of the calculated coolant tempera
ture, with the outlet lagging about 50 m/sec behind. 
Failure of the internal and peripheral pins due to 
vapor pressure of bond sodium is calculated for 1.75 
sec and approximately 1.83 sec, respectively. 

Thus these first loop cluster transient results show 
appreciably more movement of fuel and coolant than 

found previously for single fuel pins.''= They indicate 
the importance of secondary fuel movements and the 
possibility of "trapping" sodium between plugs of high 
temperature fuel inside a reactor subassembly. Fur
ther scale-up loop transients and investigation of the 
effects of axial blanket sections will be necessary for 
evaluation of these post-failure effects. 
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IV-3. Fast Reactor Safety Integral Loop Experiment on an Argon-Bonded EBR-II Pin 

C. E. DICKERMAN, F . L . WILLIS, R . SMITH .\ND A. B. COHEN 

INTRODUCTION 

One of the safety concerns for a fast reactor fueled 
with high thermal performance sodium-bonded fuel 
pins is that a pin might lose its bond sodium causing 
the fuel to overheat and melt because of the increased 
thermal resistance bond region filled with gas from the 
pin plenum. The detailed course of such an incident 
would depend on pin design, degree of burnup and the 
manner in which the bond sodium is lost. Other factors 
needed to analyze the incident include the elTective 
fuel-cladding gap conductance after loss of sodium, 
and the timing and modes of fuel slumping against the 
cladding. In order to provide experimental informa
tion for use in assessing the severity of a potential loss-
of-bond accident, a Transient Reactor Test (TREAT) 
Facility loop meltdown experiment was performed 
using an argon-bonded Mark I EBR-II pin in the 
Mark I TREAT integral sodium loop.' 

The 6% enriched sample pin was contained in a ring 
of six hollow dummy pins, on an EBR-II pitch, and 
the fuel holder was wrapped in stepped layers of tan
talum to shape the sample power axially. Coolant flow 
was 4 m/sec, and the initial coolant temperature was 
380°C. A target of 168 J /g of fuel was set for the av
erage sample power, which would require a constant 
TREAT power level of 54 MW. 

CALCULATIONS 

Calculations were performed to predict the course 
of the experiment. The ARGUS transient heat transfer 
code^ was used. An empirical value of the fuel-cladding 

gap thermal conductance was obtained by analyzing 
the cladding surface transient temperature curves from 
a special series of TRE. \T experiments performed ear
lier to study cladding penetration in which both argon-
and sodium-bonded EBR-II type pins were run in dry 
capsules with fast-response cladding surface thermo
couples.^ These pins were exposed in pairs, one of each 
kind, and the effective thermal conductance of 0.28 
W/cm--°C was deduced. A gap conductance of 56 
W/cm^-°C was used to obtain a conservative estimate 
of the rat« of heat transfer to cladding after the fuel 
was calculated to melt and contact the inner surface 
of the cladding. 

Experimental data on fuel thermal expansion^ and 
volume change upon melting^ were used to estimate 
the excess volume available inside the cladding into 
which the molten fuel could slump. A total drop of 2.7 
cm was calculated. The time for an object to fall 
freely this distance is 74 msec. The time actually used 
for the delay between melting and contact between 
fuel and cladding, a time during which the heat con
tent of the fuel continues to increase due to the initial 
low gap conductance, was 92 msec. Fig. IV-3-1 shows 
the fuel surface and fuel centerline temperatures at 
the fuel axial midplane calculated for the reference 
transient. The actual power transient was somewhat 
more severe; Fig. IV-3-2 compares the idealized power 
curve used as the reference with the TRE. \T power 
curve. Although the power excursion is not a perfect 
"flattop," it was sufficiently severe for the purposes of 
the experiment. The calculations show that fuel melt-
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ing should have occurred, but that the fuel-cladding 
interface was cooled rapidly enough after fuel slumping 
occurred that no significant cladding penetration would 
be expected. (A time of about one second is required 
under isothermal conditions for penetration of the 0.23 
mm thick steel cladding by the molten fuel alloy.') 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 
TIME IN SECONDS 

1.0 9.0 10.0 

FlQ. l\ ' -3-l . Fuel Surface (Lower Curve) and Fuel Center-
line (Upper Curve) Temperatures Calculated at Axial Mid
plane for lleference Transient on Argon-Bonded EBR-II Mark 
I Pill in Flowing Sodium. ANL Neg. No. 112-9442. 

0.0 2.0 4.0 6,0 8.0 10.0 12.0 
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FIO. IV 3-2. Reference and Actual Power Transient Curves 
for Argon-Bonded EBR-II Mark I Pin Loop Experiment. ANL 
Neg. No. 112-9434-
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F I G . lV-3-3. Post-Experiment Condition of Argon-Boiidcd 
EBR-II Pin, Prior to Removal of Cladding. ANL Neg. 
No. 112-8630. 

RESULTS 

No flow or pressure anomalies were recorded by the 
transient instrumentation. 

Following the experiment, the loop was returned to 
the Illinois site for disasseiubly and examination of 
the sample in the Argonne Hot Laboratory. The clad 
pin, shown in Fig. IV-3-3, showed no evidence of dam-
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Fui. IV-;i-4. V st-ICxperinieiit Conrlition 
112-8307. 

,,f Argon-nonilcil 1311-11 Pin, After Hemoval of Cladiliiig, ANL Nrg. No. 

age after the Iransieiit, The lack of the spiral warpage 
typical of TR1';,\T exposures is in agreement with the 
relati\'ely low transient cladding temperatures calcu
lated. Measurements showed the cladding diameter to 
be 0.439-0,441 cm., indicating no expansion of the 
cladding tube. 

At no point did the cladding stick to the fuel sur
face, anil the steel was easily peeled away from the 
fuel alloy, .^ome small surface cracks, filled with eutec
tic, were found in the fuel. In one area a small surface 
scar of (eutectic was found on the inner side of the 
cladding. .An u|iper limit of 0.001 cm was set for clad
ding penetration at this location. 

It is not clear from visual inspectitm whether the 
fuel had actually melted and flowed locally or whether 
it had merely reached the plastic state and had become 
deformed against the cladding. The ajipearance of the 
fuel is shown in Fig. IV-3-4. However, some of the 
separations and damaged areas do have the apjicar-
aiice of having been squeezed by gas bubbles while in 
a jilastic condition upon reaching the melting range. 

Some fuel sluiniiing is indicated by the growth in 
fuel diameter from 0.366 em. to a iiost-experiment 
maximum of 0,394 cm. The bottom tip of the fuel, at 
its region of contact with the lower end spade fltting, 
measures 0.368 cm., anil there is one region of reduced 

diameter near the iipiici end; but the fuel diameter is 
generally 0,389-0,394 cm. 

Discussio.v 

The experimental results support the calculations 
made for this "unbonded" EBR-II Mark I case. They 
supfily an experimental check nn the ability to (iredict 
accident behavior of this tyjie of fuel. 
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IV-4. Properties of 6a /o Burnup Oxide Fasl Reactor Fuel Pius I'rior to I'ransieiil 
Reactor Test (TREAT) Facility Exposure 

R. S T E W A H T , C . E . D I ( ' K E U M , \ . \ - , W . D O E ' A M I N . Sr.vLicAt 

INTRODUCTION 

Steady state irradiation of gas-bonded uranium di
oxide fast reactor type fuel pins pi'oduces fission prod
ucts that are retained within the UO^ structure and 
also cause changes in the fuel structure, geometry, and 
composition. The fission products that are generated 

• Remote Control Division, Argonne National Laboratory, 
t Chemical Engineering Division, Argonne National 

Laboratory. 

during tlie irradiation ]ii'ocess of the UO:.. are found in 
both gaseous and solid forms. 

For the purpose of surveying the influence of these 
effects on fuel jiin failure and fuel movement under 
accident conditions (see Paper I'V-5) a group of 
twenty half-length EBR-II type fuel pins was irradi
ated in the Materials Testing Reactor. This group of 
twenty UO; pins was divided into three subgroups ac
cording to the respective nominal burnup of each pin. 
These subgroups were: the 0.7 a/o target burnup .sub-
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group, consisting of six pins, pin 1 through pin 6; the 
3,0 a/o target burnup .subgroup, consi.sting of eight 
pins, pin 7 through pin 14; and the 6 a/o target burnup 
subgroup, consisting of six pins, pin 15 through pin 20. 
These subgroups were irradiated for 30 days, 123 days, 
and 273 days, respectively. The first fourteen pins, 
that is. the 0.7 a, o and the 3.0 ii/'o burnup pins, were 
examined thoroughly during the previous ycai', and 
the results have been published.' Therefore, this ar
ticle will be primarily concerned with the properties 
of irradiated 6 a/ o burnup UOo fuel pins. Comparisons 
with the lower burnup fuel pins will be made wherever 
appropriate. 

SPECIMENS 

The design specific power at the beginning of the 
steady state irradiation was 2.5 kW/cc of fuel. Calcu
lated surface and centerline fuel temperatures at the 
start of irradiation were 1350 and 2400°C respectively. 

Each one of the pins in the 6 a/o burnup subgroup 
consisted of a stack of 13% enriched UO2 cylinders 
13.97 cm long and 0.381 cm in diam, argon-bonded 
and sealed in a 304 stainless steel jacket of 0.396 cm 
id and 0.442 cm od. (This material was prepared by 
the Ceramics (lioiip. Metallurgy Division, ANL). 

The fuel history of the 6 a;'o burnup pins was the 
same as that of the 0.7 a/o and 3.0 a/o burnup pins.' 
The average density was 91.96% of theoretical den
sity." The ratio of oxygen to uranium was calculated 
to be 2.019 using data fioiii chemical analyses. The re
sults of a spectrochemical analysis of the fuel impuri
ties is given in Table ^^-4-1.'-*' 

Standard EBR-II cladding and end fittings were 
used, with the cladding tube shortened by 20,6 cm and 
the restrainer shortened by 1.3 cm, resulting in a half-
length EBR-II pin. Inside the cladding and above the 
fuel, there was a space approximately 5.7 cm long to 
provide a gas plenum for fission gases released during 
the steady state exposure. Each pin had a standard 
0.12 cm diam EBR-II stainless steel spacer wire spi
rally wound around the cladding. An aluminum 0.1 w/o 
cobalt alloy neutron flux monitor wire was also 
wrapjied spirally around each sample. The pins were 
then sodium bonded in standard MTR irradiation cap
sules designed for full-length EBR-II-size pins* with 
two half-length oxide pins per capsule. The even-
numbered pins were on top and the odd-numbered pins 
were on the bottom inside each MTR capsule (i.e., pin 
2 above pin \,etseq.). 

• Theoretical density of 10.9li gm/cc (obtained by x-ray 
measurementa) from Ref. 2. 

TABLE IV-4-I. SPECTROCHEMICAL ANALYSIS 
F U E L COMPOSITION 

Element 

Ag 
Al 
AS 
B 
He 
Bi 
Ca 
Co 
Cr 
Cu 
Fe 
K 
Li 
Mg 
Mn 
Mo 
Na 
Ni 
P 
Pb 
Sb 
Si 
Sn 
Ti 
Zn 

Concentration, 
ppm 

<1 
7(1 

<-Xl 
0.2 

<0.5 
<1 

<50 
<5 
40 

2 
DO 

<50 
<5 

8 
< 1 
20 

5 
50 

<100 

K?) 
<10 

50 
5 

100 
<,50 

PosT-STKAnv-S'i'A'rr: IRRADIATION ( 'ONIH I'KIN 

MACROSCOPIC CONDITION 

.•\fter 273 days of irradiation in MTR, the capsules 
containing pins 15 through 20 were returned to the 
ANL Hot Laboratories in Illinois. The ensuing opera
tions were: disassembly from their irradiation cap
sules; macroscopic and microscopic examination of the 
pins; destructive examination of a control specimen; 
and subsequent re-encapsulation for transient irradia
tion experiments in the TREAT reactor (see Paper 
I V-5). 

Inspection procedures included checks on dimen
sional changes, axial gamma scanning, photography of 
the macroscopic condition of the pins, neutron radio
graphs'* which were made using a thermal neutron beam 
from the Juggernaut reactor, x-ray radiographs, 
burnup determination by radiochemical analysis of 
the monitor wires and also by mass spectrochemical 
and radiochemical analysis of the fuel, and an analy
sis of the relative amounts of fission products by the 
laser beam vaporization technique. One pin, pin 15, 
was set aside for destructive examination which in
volved collection of released fission gases, burnup 
measurement by mass spectrometric determination of 
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uranium isotopic ratios and ceramographic examina

tions. 
Figure IV-4-1 displays the overall .surface condition 

of pins 15 through 20 after removal fi'imi Ihiir sodiiiiii 
biiniled state inside the MTU, capsules. The iiliiililying 
number of each pin is indicated at Ihe biillom "I 'he 
figure. The wire that is .spirally wound arouiid the pin 
proper and welded to it is the stainless steel s|iacer 
wire. The smaller wire which is more loosely wound and 
tied to the pin at each end is the aluminum 0.1 w/o 
cobalt monitor wire. Although surface discoloration is 
apparent on each pin, this is only external and is not 
indicative of any diametral changes. In fact, the aver
age pin diameter was 0.1740 in. (0.442 cm) as meas
ured twice at one-half-inch intervals, one measure
ment being 90 deg to the other, over the entire length 
of the pin. The dark discoloration which appears on 
each pin approximately two-thirds the way up from 
the spade end is believed to be the result of a "plating 
out" of sodium impurities in a region of temperature 
transition to the cooler cladding at tbe pin plenuiii. 
(Spectrographic analyses of the material showed iron, 
cliriimiiim, nickel, tin, and aluiiiiniiiii lo be ni.ijor cmi-
s l i l l l e l l t s . ) 

No metalliigra|illic cviilmce was finiiid lor ohiddiiig 
defects in this region. The 6 a/o buriiup pin niii in 
TREAT failed in this I'cgion (see Paper IV-5i. Such 
a failure could have occurred with "gooil" clailding. as 
a result of excessive transient thermal stresses, of me
chanical stresses resulting from the bending associated 
with the sagging observed, or from localized o\'er-
heating where the end of the fuel was thrust against 
the cladding as the cladding bent during the transient. 

The pins were gamma scanned after a five-month 
"cooling" period. The results of these axial scans ap
pear in Fig. IV-4-2. Although the gamma scanning in
dicated axial gradients in activity, there was no evi
dence of gross axial motion of fuel or fission products. 
But segregation of fission ]iroducts was found on a 
microscopic scale. (The previous report,' stating that 
no segregation occurred for the lower burnup pins in 
this series, referred only to gross effects as detectable 
by the gamma scanning technitiue.I 

.\ radiochemical analysis was made on saniplcs 
taken from the monitor wires at the top, middle, and 
bottom of each pin. In addition, se\'eral oxide samples 
from the top, center, and bottom of pin 15 were an
alyzed for burnup by means of a mass spectrochemical 
and radiochemical analysis. This analysis supplied 

. specific values for axial gradients of burnu|i within the 
oxide matrix of the pin. These values were lowest for 

FIG. I V - 4 - 1 . Post-Irradiation Condition of Pins 15-20, 
Before Remote Removal of Flux Monitor Wires. .4.VZ, Neg. 
No. 112-8623. 
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the bottom sample, with gradually increasing values 
to the highest value reported for the top-most sample. 
Integrated neutron flux values from the monitor wires 
were multiplied by 0.91 to correct for fiux depressions 
within the pins. Burnup data are shown in Table IV-
4-11 

Prior to the destructive examination of pin 15, the 
gas contained within was collected and the volume 
measured. Subsequently the sample was analyzed by 
mass spectrometer, the results of which appear in 
Table IV-4-III. 

The significance of the value reported for H2 , 

TABLE IV 4 11 

Pin No. 

15 (l)ottimil 
15 (center) 
15 Hop) 

lli 
17 
18 
10 
20 

.Vominal Burnup, 
a/o 

0.0 
0,0 
0,0 
6 0 
6.0 
6.0 
6,0 
6,0 

BCRNCP DATA 

Burnup from 
Monitor Wires, 

a/o 

6,64 
0.64 
6.64 
6.23 
7.41 
7.63 
5.64 
5,66 

Burnup from 
Mass 

Spectrometer, 
a/o 

5,4 
5,6 
6.0 

TABLE 

« 

IV- l - l I l . MAS 

Gas 

H, 
He 
C H . 
11,0 
N , 
0 . 
Ar 

Xe-131 
Xe-132 
Xe-134 
,\e-136 
Kr-83 
Kr-84 
Kr-85 
Kr-86 

s Sr H r l R O M E l E R A N . ^ I . Y S I S . ' 

Pin IS, 
% Cone. 

0.2 
<0.02 
<0.02 

0.6 
68.1 
17.8 

1.0 
0.93 
1.80 
2.62 
5.04 
0.41 
0.57 
0,07 
0,84 

Pin No. 

15 

TABLK 

Nominal 
Burnup, 

a/o 

6.0 

IV-4-1V. 0 

Measured 
Gas Volume, 

cc 

5.3 

AS YIELD 

Gas Volume 
for 100%. 

cc 

22.8 

Release, 

23 
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F I O . I V - 4 - 3 , Post-Irradiation 
16-20. .1A7. .Veg. No. 112-8497. 

X-ray Photograph of Pins 

namely 0.2%, is not entii'ely clear. I t is a factor of 2 
greater than it should be if it is due to air in-leakage. 

From the fact that the ratio of oxygen to nitrogen 

(0,261) is quite reasonable for air (0,269), vi'' lu^O' •'•<-
sume that the Oj and N^ arise from contamination of 
the analysis sample by air. The 0.6% value reported 
for Ĥ Ô is consistent with the amount of oxygen and 
nitrogen, assuming that air in-leakage did occur. 

Except for the low yield of Kr-85 and the high yield 
of Xe-136, the fission gas compositions reported are 
similar to what would be expected on the basis of total 
fission yield. 

The amount of gas release measured for pin 15 is 
given in Table IV-4-IV, along with the total amount 
expected for 100%) gas release from the oxide. Volumes 
are referred to 760 mm Hg and 25°C. Table IV-4-IV 
is valid, of course, only if the air in-leakage occurred 
after the gas volume measurement. 

Figure IV-4-3 is a composite reproduction of x-ray 
photographs of pins 15 through 20. X-ray jihotography 
was used to examine the macroscopic internal condi
tion of the pins. A close analysis of the original prints 
revealed the axial segmentation of the fuel and the 
central voids which were a result of the irradiation. In 
addition to fuel pellet interfaces and central voids. 
Fig. IV-4-3 also shows bottom end fittings and short
ened EBR-II axial restrainers which were employed 
to prevent gross mo\'ement of oxide during shipping 
and handling. 

MICROSCOPIC CONDITION 

Figure IV-4-4 is a diagrammatic reproduction of 
pin 15 showing the jiin with its end fittings and, within, 
the fi\'e stacked oxide pellets. The figure indicates spe
cific locations of the oxide interfaces with reference to 
the base line at the bottom of the fuel column. To the 
left of the diagram is shown an x-ray jibotograph of 
pin 15 which corresponds to the diagram. The labeled 
segments of the diagram (i.e., A, B, C, U) identify 
samples from three regions of pin 15 (top, central, and 
bottom), listing the specific analysis which was iier-
foiined on each sample. 

The diameter of the fuel was obtained by subtrncl-
iiig Ihe known cladding thickness plus the Ihickne.ss of 
the annulus between the fuel and cladding as measured 
oil the pholoniicrograph from the outside diaiiieler ol 
the pin after irradiation, as measured using a microm
eter. 

Figure IV-4-5 is a beta-gamma autoradiogiaph of a 
control sample exposed to fine grain positive film for 
a period of 72 hours, developed in a high contrast de
veloping solution and enlarged to a 23x magnification. 
The non-homogeneity of the initial starting fuel is 
clearly seen in this photomicrograph. 

.4 Samples 

The samples Ai , .̂ 2 , A3 from the bottom, center, and 
top, respectively, of pin 15 were chosen exclusivelv for 
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ilt*. 

' • # ; ^ ; . - , : - i . # 4 7 5 ^ 

F I G , n -4-5. IJeta-damniii Aiiloradiogrnpii of a -Sample 
Prc]iiireil from (irigiiiiil Maicrial iiiid l'sed ;is Control Speci
men. . t . \7 . .Yen. .Vo. 112-8893. 

biii-nuji determination by mass s])ecti'ochemical and 
radiochemical analysis because of their specific loca
tion along the pin's axis. The underlying reason for 
this was to determine the extent that fission product 
migration occurs along the axis of the pin from the 
center to the ends. 

The values obtained were 5.4 a/o, 5.6 a/o, and 6.0 
a/o burnup for Ai , A2 , and A:,, respectively. 

B .Samples 

Samples Bi , B - , and B3 representing the bottom, 
central, and top regions, respectively, of pin 15 were 
prepared for analysis of the elements by an electron 
probe microanalyzer. 

Figure IV-4-6a is a photomicrograph at 21 X mag
nification of Bl showing its full cross section which 
was cxjiosed to the electron probe microanalyzer. Fig
ure IV-4-6b is a beta-gamma autoradiograph of Bi at 
the same magnification, and Fig. IV-4-6c is an alpha 
autoradiograph of Bi at the same 21 X magnification. 
These autoradiographs show clearly that the porosity 
spots alone are the source for beta-gamma and alpha 
radiation, .and that this, representing the uranium 
constituent of the UO2 matrix, is non-homogeneously 
distributed throughout. 

Only half of the full cro.ss section of sample B2 re
mained after grinding and polishing. The results of 
the elect ion microprobe analysis are not yet fully com
piled and realized at this writing, but it appears that 
there is no significant dift'erencc in analysis among the 
B samples. 

.\ photomicrograph of tbe cross section of B., at a 
magnification of 21 X appears in Fig. IV-4-7a. Alpha 
and beta-gamma autoradiographs appear as Figs. 
IV-4-7I1 and IV-4-7C, respectively. These show that 
the porous areas alone produce the "hot spots near 
the perifihery. Near the center of the fuel, the activity 
becomes diffused. 

Numerous small inclusions varying from 1 /x to 15 >. 
in diameter having a metallic luster were dispersed 
throughout the UO2 matrix of all the samples ex
amined. In addition, large round porous inclusions up 
to 100 p. in diameter lthe.se show up as dark spots in 
the photomicrographs) were dispersed throughout the 
outer 'A of the radius of the fuel. A thorough analysis 
of these porous areas by N. Stalica et a l ," using an 
electron probe microanalyzer, showed that they con
tained uranium, cesium, barium, lanthanum, cerium, 
]iraseodymium, neodymium, promethium, samarium, 
europium, .strontium, yttrium, and zirconium. Small 
shiny metallic inclusions (appearing in the photomi
crographs as small white spots) within the porous 
area were stainless steel particles with no detectable 
fission products and stainless steel particles containing 
the transition metal fission products, inolybdcnura, 
ruthenium, technetium, rhodium, and palladium. 

The results of the initial data obtained by an elec
tron microprobe analysis of the " B " samples have been 
tabulatetl and may be summarized as follows: 

1. Stainless steel impurity inclusions migrated dur
ing irradiation out of the center portion of the fuel 
matrix. No stainless steel inclusions were detected to 
remain in the columnar grain-growth region. 

2. All inclusions .analyzed in the columnar grain-
growth regions of the samples contained metallic-ap
pearing alloys of molybdenum, ruthenium, technetium, 
and rhodium. The composition of the inclusion varied 
as a function of radial position. Further, it was demon
strated that these inclusions were free of uranium, in
dicating that no intcrmetallics or solid solutions of 
uranium-noble metal fission products were formed by 
reduction of the UO2 matrix. 

3. Inclusions in the peripheral areas of the fuel sam
ples were either stainless steel or stainless steel 
containing the transition metal fission products, molyb
denum, ruthenium, technetium, rhodium, and jialla-
dium. There was no consistent ratio of fission product 
distribution in the steel-containing inclusions, al
though molybdenum and ruthenium were the major 
fission products. 

4. The porous inclusions were fornied in the region 
beyond the columnar grains to the peri|iliery. At the 
periphery they appeared to project beyond the outer 
surface of the fuel causing "bubbles" which in many 
cases appeared to have burst. These porous inclusions 
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F I G . I V - 4 - 7 . Microscopic Cross Section of Pin 15, Sample Bi: (a) Hadial Cross Section of B , ; (b) Alpha Autoradiograph nf Bj ; 
(c) Beta-Gamma Autoradiograph of B | . ANL Neg. No. tlS-8898. 



FIG. lV-4-8. Microscopic Condition of Pin 15, Sample I J .T : (a) Hadial Cross Section of the Sample; (b) Enlargement of Area Indi
cated on Section; (c) Furllicr Enlargement of Area Indicated on (b). ANL Neg. No. 112-8896. 
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FIG. 1V4-10. Microscopic Conditicm of Pin 15, Sample Dn- (a) Radial Cross Section of the Sample; (b) Enlargement uf Area 
Indicated on Section; (c) Further Enlargement of the Cladding. ANL Neg. No. 112-8899. 
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a 
FIG. IV-1-12. Microscopic Condition of Pin 15, Samples D,L , IJJI,, D , L : (a) Longitudinal Section of Sample D ,L Showing Typical 

Features of the Irradiated UO; from Core to Periphery; (b) Longitudinal Section of Sample DJL ; IC) Longitudinal Section of Sample 
D.L. ANL Neg. No. 112-8901. 
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a b 
Flo. IV-4-13. Microscopic Condi I ion of Pin 15, Sample V.L. (a) Longiliidinal Section of Sample l)ji 

Core and Cliaracleristic Irradiated U02 drain Crowth from Core to Periphery; (b) Alpha-Bela .\iil( 
JVo. 112-8813. 
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were higli-lmrnup regions anil are associaterl with the 
fully enriched I'tl^ particles of the original fuel mate
rial. During the irradiation, the temperature in this 
region remained below that required to effect the iso

topic exchange of the fully enriched V0.2 and natural 
1'02 particles. All the rare earth oxides, zirconium ox
ide, etc., also remained in the areas of the fully en
riched and high-burnup UO2 particles and were esscn-
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tially undissolved by the surrounding natural uranium 
oxide matrix. However, in the columnar grain-growth 
region the formation of solid solution oxides and 
uranium isotopic exchange were liiilli virtually com
plete. .\ii examination of Ihe uranittm oxide in the 
central region showed flint zirconium and neodymium 
were uniformly distributed tlirougiiout the oxide ma
trix. Sometimes slight peaks in the concentration of 
these elements occurred at the outer edge of the cohmi-
nar grains. These were in areas of higher porosity 
than the matrix and are attributed to areas rich in 
r-235. 

C l^aniplc.^ 

The "C" samples were specifically (irepared for de
termination of the relative amounts of fission products 
by the laser vaporization technique (use of a laser 
beam to vaporize the elements). Data are not yet 
available from these samples. 

DT Samples 

The "11" samples, of which there were eight, were 
di\'ided into two categories, transverse and longitudi
nal, denoted by the siibscri|it T and T, respectively. 
The tran.sver.se " D " samples, that is, D r r , RST , 1 :̂IT , 
])iT, re|iresent areas of interest directly adjacent to 
longitudinal samples from the bottoni, center, and top 
of the pin and will here be compared against one an
other insofar as their overall apjiearance, diametric 
change, diametric growth, center core dimensions, an
nulus spacing, area ratio (void-to-expanded fuel), and 
grain growth are concerned. 

The cross section of D , T is shown in Fig. IV-4-8a at 
a 21 X magnification. The fuel, originally of 0.381 cm 
diam, has become oval with a major axis of 0.394 cm 
and a minor axis of 0.388 cm which represents an 
average dianietric growth of 1.66%. The central void 
is oval, having a major axis of 0.042 cm and a minor 
axis of 0.085 em. The minimum annulus spacing is 
0.001 cm, and the maximum is 0.008 cm. The central 
void cross sectional area is 1.84Ti that of the post-
irradiation area of the fuel. A close-up of the fuel, 
from the core to the periphery, showing the typical 
distribution of pores and inclusions which appeared 
after irradiation, is given in Fig. IV-4-8b. A higher 
magnification showing the enlarged fuel structure and 
inclusions is given in Fig. IV-4-8c. 

Figure IV-4-9a shows the full cross section of D2T 
which was changed from the pre-irradiation circle of 
0.381 cm diam to an oval of 0.381 cm minor axis, and 
0,392 cm major axis, yielding an average radial 
growth of 1.4%. The major axis of the oval void is 
0.060 em, and the minor axis is 0.042 em. The void 
cross section is 1.8% of the area occupied by the 
fuel. Annulus spacings were, for the minimum, 0.001 

cm; for the inaximuiii, 0.007 cm. P'igiue IV-4-9b |30 
.sec. etch) is an enlargement of a segnient of cross 
.section from the core to llie periphery showing the line 
dilTiise porous meas within the eohmmar grain ngioii 
which become mole conceiitrjited and develop iiilu 
s|iheres toward the periiiheiy. A further enlargement 
of an area in Fig. IV-4-9b giving a close-iip of a 
typical gray inclusion among porous spots apjiears in 
Fig. IV-4-9C. 

The cross section of D^r is shown in Fig. IV-4-10a. 
This cross section was not ty[iical of others that were 
examined since it has a negative diametric growth, 
— 3.33%. The post-irradiated fuel is oval with a major 
axis of 0.356 and a minor axis of 0.307 cm, which are 
both short of the pre-irradiated diameter of 0.381 cm. 
The central void has a mjijor axis of 0.162 cm and a 
minor axis of 0.116 cm. This yields a void-to-ex-
panded-fuel ratio of 17.36%, which is highly unusual. 
The annulus spacings are, for a minimum, 0.008 cm, 
and, for a maximum, 0.046 cm. Figures IV-4-lOb and 
IV-4-lOc show inclusions in the stainless cladding 
which arc very similar to the microstructural appear
ance of V0,2 fuel disjiersion in stainless steel reported 
by .1. Cunningham, R. Beaver and R. Waugli.' 

Figure IV-4- l la is the cross section of D4T (etched) 
whicli very clearly shows darkened ]ioi'ous areas 
(which were unseen before etching) that are within 
the columnar grain region. These are areas of partial 
isotopic exchange between the enriched and depleted 
UO2 particles. The rare earth concentrations in these 
areas were intermediate to the values found in large 
porous inclusions in the outer periphery and the major 
portion of the oxide matrix in the columnar grains. 

The diametric growth was 1.46% since its maximum 
diameter was 0.392 cm and its minimum diameter was 
0.381 cm. The central core had a minimum axis of 
0.046 cm and a major axis of 0.076 cm. The void-to-
expanded-fuel ratio is 2.0%. Annulus measurements 
yielded values of 0.001 cm for the minor axis and 
0.005 cm for the major axis. Shown in Fig. IV-4-1 lb 
is a typical core-to-periphery view showing the char
acteristic grain structure of the various regions. Fig
ure IV-4-1 Ic is a further enlargement of a cross sec
tion through a bubble at the surface (periphery) of the 
fuel. These bubbles were a characteristic of all samples 
examined, varying only in degi'ee of size. 

D,. Samples 

Du, , 1)21., D;iL , and Dji. were longitudinal sam|iles 
at pellet interfaces which show the distribution of por
ous spots along the axis, the peculiar meandering char
acteristic of the central core, and gross fissures that 
occur throughout the fuel but are predominately asso
ciated with the central core. Figure IV-4-12a, b. c shows 
DiL, D31., and D4L, respectively, and Doĵ  is shown 
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in Fig. IV-4-13a. A beta-gamma autoradiograph of 
D21. apiiears in Fig. IV-4-13b. 
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IV-5. Results from Transient Reactor Test (TREAT) Facility Fast Reactor 
Oxide Fuel Pin 

C. E. DICKERMAN AND R . STEWART 

INTRODICTION 

One of the key problems in developing the capability 
for analyzing the behavior of fast reactor oxide fuel 
pins during accidents is that of obtaining a detailed 
description of the material behavior. Hence, the first 
part of the ANL program of systematic investigation 
of fast reactor oxide accident phenomena consists of a 
]irogram of experiments on such pins performed in 
TREAT, using inert gas capsules. This type of en
vironment makes possible direct observation by means 
of high-speed color photography, fast-response thermo
couple instrumentation of cladding (which also per
mits direct checks on the magnitude and consistency 
of fuel-cladding heat transfer), and avoids possible 
changes in the fuel remains that might be caused by 
presence of a liquid coolant. Gas-bonded EBR-II size 
uranium oxide pins have been under study. The first 
experiments were conducted on unirradiated speci
mens.' Next, transients were run on half-length, nomi
nal 0.7 a/o and 3 a/o burnup specimens.- To complete 
this survey of irradiated dry UO2 accident behavior a 

TAHl.t: lV-5-1 THE.M KM-.,SI RE Co.\niTi".\s KOR PIN 16 

Transient 

1071 
1072 

Burnup, 
a/o 

n .2 
0,2 

TRi:.\T 
Integrated 

Power. 
MW-sec 

74.3 
2(17 
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Sample 
Energy, 
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1151 

Max. Temperature 
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°C 
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Upper 
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single pin of nominal 6 a/o burnup has been tested 
under conditions approximating the most severe transi
ent ever given to the lower burnup samples. Condition 
of the nominal 6 a/o burnup pins is described in ;i 
companion paper (see Paper IV-4). 
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FIG. I V - 5 - 1 . Thermocouple Data from Tr 1072 E.xposure of 
G a/o Burnup Oxide Vin. ANL Neg. No. 112-8518. 

TABLE IV-5-II- TR. \NSIENT T E M P E R . \ T I R E CAMI'L.\TK>NS 

FOR Tr 1072 

Maximum 
Fuel Temper

ature, 

Max. Fuel 
Surface Temper
ature at Time of 
Max. Fuel Tem

perature, 
°C 

Max. Radius of 
Fuel Reaching 
Melting Point 

of 2750°C, 
cm 

Total Duration 
Fuel is at 

Melting Point. 
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0.000 sec 
START 

e f g h 
0.993 1.040 1.140 1.600 

FIO. IV-5-2. Still Frames from 2000 frame/sec Record ol Tr 1072. ANL Neg. No. 112-8519. 
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t * I . 

;i5*F 

FIO. I V - 6 - 3 . (a) Macroscopic View of 6 a/o Burnup Oxide 

Neg. No. 112-8621. 

Sample After Tr 1072. (b) Closeup of Oxide Fuel After Tr 1072. AM 
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EXPERIME.VTAL CONDITIONS 

Pin No. 16 was run in a standard transparent capsule 
for irradiated specimens.' Two chromel-alumel thermo
couples were formed by spot welding the bare wires 

mm 

I mm 

F I Q . I V - 5 - 5 . (a) Closcup of O.xide Fuel From Tr 1072, 
Showing Fusion of Two Pellets, (li) Cross Section of 6 a/o 
Burnup Oxide Pin After Tr 1072. ANL Neg. No. 112-8623. 

F I G . lV-5-4. Two View.s of 0 a/o Burnup Oxide Fuel After 
Kxposiire to Maximum Temperanire ^2750°C in Tr 1072. ,4A^L 
Neg. No. 112-8622. 

to the cladding at 2.b iiii above and below the fuel 
center. TREAT exposure conditioius are given in Table 
IV-5-1. The meltdown transient 1072 was run as a 
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dujilicate of Tr 1020, in which a nominal 3 a/o burnup 
pin was given 1141 .I/g of fuel." 

Thermocoiiple data from Tr 1072 are graphed in Fig. 
n ' - 5 - l . The lower thermocouple broke away from the 
cladding at 1.05 sec, approximately 0,35 sec before 
peak powi r as reached. At the time of the break, the 
upper thermocouple read about 100°C less than the 
lower thermocouple. Although the upper thermocouple 
appears to continue as a temperature-measuring in
strument, peaking at about 1300°C, sample bowing and 
cladding failures caused interference with the upper 
thermocoujile thermal contact to the fuel at about the 
same time the upper thermocouple broke. 

Transient temperature calculations were performed 
using the .\RGUS Code,'* assuming intact geometry. 
Results of the calculations for Tr 1072 are given in 
Table IV-5-II. The radius of the central void was as
sumed to be 0.046 cm for the calculations. 

RESULTS 

A sequence of still photos taken from the 2000 
frames/sec motion picture record is shown in Fig. 
IV-5-2. In each frame, the pin is at the right and the 
image in a mirror in the capsule is at the left. During 
the first half-second, the cladding surface temperature 
rose from ambient to 1000°C, a change shown in Figs. 
IV-5-2a to 2b. At 0.74 sec, the pin began to bow, 
reaching the condition shown in IV-5-2c at 0.84 sec. At 
0.94 .sec, bowing had increased considerably, and some 
cladding had melted and begun to flow [Fig. IV-5-2d]. 
The large white spot at the top of the bowed pin in 
IV-5-2d is hot fuel showing through the breeched 
cladding. In Fig. IV-5-2e, the pin is shown at 0.99 sec, 
when a bright flash appeared and the cladding broke 
completely at the top of the fuelled section. Figs. IV-5-
2f and IV-5-2g show fragments falhng. In Fig. IV-5-2h 
the pin is shown after peak power; the oxide pellets 

had fused together and formed a lurvid rod, while 
molten cladding continued to flow downw aril. 

Figs. IV-5-3a and IV-5-3b are niaci'osi'0|)ii' views of 
the sample after TREAT exposure. The cylindrical 
geometry of the fuel was maintained aii]iroxiinately. 
Note the central fuel void. Extensive cm'erage of the 
surface by droplets was observed, as shown in the 
higher enlargement views of Figs. IV-5-4a and IV-.j-
4b. Fig. IV-.5-5a is a close-up of the area of fusion 
between two pellets. A typical cross section is shown 
in Fig. IV-5-5b. 

This transient produced no explosive release of 
trapped fission gasses or fragmentation of the oxide. 
From an examination of the post-transient sample 
condition, it appears that a model capable of adequate 
description of steady state oxide fuel performance can 
be used up to the melting temperature of the oxide. 
Despite concerns arising from possible fracturing and 
deformation, there was no obser^•ed evidence of move
ment of the fuel down the central void in advance of 
fuel melting. 
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} ^ - ^ - Hybrid Computer Program for Transient Temperature Calculat ions of 
Transient Reactor Test (TREAT) Facility Fast Reactor Safety Experiment" 
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•A hybrid computer program has been developed for 
calculating temperatures in a multiregion, axisym-
metric, cylindrical configuration consisting of solid 

• Applied Mathematics Division, Argonne National Labora
tory. 

f Student, University of Michigan, Ann Arbor, Michigan. 

materials bounded by flowing coolant. (Ine special 
feature of the program is the use of the digital com
ponent to set automatically the analog component. 

The number of concentric regions allowed by the 
program is limited by the amount of analog computer 
equipment available. Each region may contain either 
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stationary or turbulently flowing material with temper
ature-dependent properties. The temperatures are cal
culated at node points equally spaced within a region. 
The system described heroin uses nine radial node 
points and ten axial increments. 

The variation of conductivity and temperature along 
the radius is assumed linear between adjacent node 
points over a region. Thermal conductivity is assumed 
to be a continuous finite function of temperature, 
rather than the "standard" simplification of constant 
conductivity.- which is not valid in general for oxide 
fuel. Phase change in the fuel is considered, with heats 
of transformatioii added to the material at the trans
formation temperatures. 

The hybrid comjiuter employed consists of a stored 
program digital computer, having an 8K core memory, 
connected through a link to an analog computer. The 
analog computer solves the ordinary differential equa
tions arising from a finite difference approximation of 
the heat transfer equations. 

The duties of the digital computer can be summar
ized as follows; (1) parameter input; (2) arithmetic 
computation of the coefficients of the system; (31 ana
log potentiometer setting; (4) system check; (5) con
trol; I6| storage and memory. 

The physical ]>arameters, initial conditions, and scale 
factors arc the input parameters to the digital com
jiuter. The digital computer calculates the potentiome
ter settings of the analog eoniputer. sets all analog 
poteiitiiimeters, I'I'SCIN the analog ciiiuputei'. performs 

a system check, and makes a decision to "go" or "not 
go." The analog functions reset, hold, and operate are 
"slaved" to tho.-ic of the link, so that the analog is 
under the control of the digital computer. The analog 
components are multiplexed to save analog hardware.'' 
The digital computer sets the initial conditions of the 
problem and gives the operate order to the link which 
initiates the first iteration. 

The exit coolant temjierature of an increment I A/1, 
where I is the length of the fuel jiin, is eoiii|iiiteil by 
the analog, sanijiled in time and stored in the nieinoiy 
of the digital comjiuter. This becomes the inlet temjier
ature of the next axial increment (Al)t + \ and so on, 
until ^ " - 1 (Al)i = I (axial conduction of heat is ne
glected). Thus, by multijilexing, only one set of temji
erature equations is prograniiiied on the analog com
puter to obtain the radial and axial temperature jiro-
files. 
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IV-7. Design of the Glovebox Facility for The Transient Reactor Test (TREAT) 
Facil ity Loop and Capsule Operations wi th P luton ium-Bear ing Samples 

C K. DICKERMAN, L. 1/ ]{OBINSON AND R . IVINS* 

Specifications have been established for a nitrogen 
glovebox facility to be used in operations on TREAT 
loops and capsules with plutonium-bearing samples. 
The facility design is based on servicing Mark II 
integral TREAT sodium loops,' autoclaves for the 
Chemical Engineering Division TRE.AT programs,-
and advanced transjiarent capsules for use with longer 
fast reactor fuel jiins than previously tested in photo-
grapliic exjieriinents. Sufficient dimensional margins 
exist to jiennit work on significantly larger looji test 
sections and larger capsules, if required. A controlled 
access area is to be set up in tbe ANIj Hot Laboratory. 

* Liiiuid Melal Fasl Breeder Ilea 
goiiiie Naliou.il l.alir,ralor\'. 

•lor Program Olhce, Ar-

building D-3I)1, for the glovebox facility. Tbe area will 
be shared with a high temperature furnace installation 
for physical jiroperty measurements on reactor fuel 
materials, a hot repair "shop" for cave manijnilators, 
and limited sujijiorting hot chemical labor.atory facili
ties. This glovebox complex will be used for TRE. \T 
experiments on "cold" plutonium, involving only the 
activation resulting from the small T R E . \ T rrartor 
irradi.ations. Hence, a glovebox with minor auxiliary 
in-box shielding will be aderjuate. 

The box is to be used as a two-level glovebox. with 
the lower level intended for the Reactor Physics Di
vision experiments and the upper for the Chemical 
Engineering Division work. Normally, reactor jdiysies 
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F I G . I V - 7 - 1 , Isometric \'iew of (ilovebox F'acility Design, 
ANL Neg. No. 112-8587 Corr. 

operations will be done from one side and chemical 
engineering work from the other side. 

There are four basic units in the installation: glove
box, auxiliary loading hood, vacuum lock, and gas 
purification system and recirculating apparatus. A heat 
sealing unit (for sealing tbe plastic bags used to move 
items into and out of the box) and auxiliary tools for 
in-box operations of assembly, disassembly, and fuel 
inspection, complete the facility. 

The glovebox is of the ANL CENHAM type, con
sisting of two three-module tiers. Each module is a 
cube approximately 105 cm on a side. Approximate 
overall dimensions of the composite box are length 300 
cm, height 200 cm, and depth 105 cm. The dejith is 
sufficient to permit work to be performed from oppo
site sides of the glovebox. Each module has two safety 
plate glass panels on opposite sides, each panel with 
four glove jiorts. Glove ports in a module are arranged 

on a square pitch, with adjacent centers sejiarated by 
45 cm. Figure IV-7-1 is a drawing of the glovebox and 
the locations of the vacuum lock and auxiliary hood 
unit. 

Basic jii'ocedure for handling the Reaelor Physics 
Division loojis and eajisules consists of jihieiiig llie liioji 
or cajisule into the auxiliary liiiiid and atlaeliing llic 
access flange of the looji body lor lajisiilel to the 
glovebox u.sing the sjdit flange technique. The looji fuel 
holder (or cajisule internals) are then withdrawn into 
the glovebox. Reloading is accomplished while the loop 
(or cajisule) is attached. The access flange cover is re
placed and released from the glovebox split flange at
tachment; any decontamination required is jicrformcd 
inside the auxiliary hood. The hood length is ajiproxi-
mately 3.5 m. 

Chemical Engineering Division autoclaves are to be 
loaded elsewhere but after exposure in TRE. \T it is 
required that the autoclaves be placed into the glo\'e-
box, using the vacuum lock, and then ojieuing them 
inside the box. The current class of autoclaves are not 
designed for reuse. Fuel sj)ecimens, fuel holder com
ponents, and tools can be bagged inside and out of the 
box, using the vacuum lock. Overall length of the 
vacuum lock is approximately 1.5 m. 

REFERENCES 

1. L. E. Robinson, Design of the .Mark II Integral I'ransient 
Reactor Test (TRE.AT) Facility Sodium Loop. Reactor 
Physics Annual Report, July 1, 1965 to June :!0. 1966. 
ANL-7210, 245 (1967). 

2. Chemical Engineering Division Special Report, Ma\- I, 1967, 
Argonne National Laboraiory, p. 77. 

IV-8. Remotely Operated Sodium Extruder Facility for Inert Atmosphere Glove Box 

C. AUGUST and L. E. ROBINSON 

Most of the fuel elements designed for use in existing 
and proposed liquid-metal cooled fast reactors employ 
metallic sodium in the molten state to provide an inti
mate thermal bond between the fuel and its cladding. 
The systematic study of fast reactor fuels in the Fast 
Reactor Safety Meltdown Program requires the careful 
preparation of large numbers of prototypes of such 
sodium bonded elements for experiments in the Transi
ent Reactor Test (TREAT) facility. 

As an aid in the fabrication of experimental fuels, a 
hydraulically actuated, remote-controlled sodium ex
truder has been designed and is being constructed. 
When attached to a multi-purpose glove box,' the de

vice will permit convenient extrusion of the solid 
sodium in the form of cylinders for use in assembly of 
fuel elements and cajisules. The extrusion will be jier-
formed under the jirotection of an inert atiiio.̂ ĵilieic 
and within a readily cleaned enclosure. 

While conceptually similar to the Mrlically 
mounted, direct extrusion unit previously used, the new 
design possesses several operational and functional 
refinements. Design criteria were based on jia.̂ t exjreri-
ence, the quantities of sodium needed, desirable ojierat-
ing requirements, and the projected use of the glove 
box. The unit, as shown in Fig. IV-8-1, will be mounted 
in the vertical position below the floor of the glove 
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box, with a helium-tight attachment to the flanged ex
tension of a 6-inch bottom port. The mounting flange 
has a static seal with an elastomer O-ring, and a flexi

ble bellows encloses the extruder rum. AA'lirn the ^love 
box is in other use. the device is scpurnti'd ironi tlio 
box interior iiy un ()-rint;-s(';iled poii ctivcr [il.iir 

The cylinder head will accorniiiudatc ;i riuî ^c uf die 
insert sizes to allow extrusitms up to 1.27 cm (0.5 ijiclit 
in diameter and limited in len{j;th only by the equna-
lent volume of the i)rocess cylinder. The cylinder can 
be refilled readily from witiiin the glove box, using tlie 
cylindrical billet from a standard one-jiound can of 
commercial reagent-grade sodium. The quantity of 
sodium remaining iu the cylinder is indicated on a 
vertical scale showing the axial j)osition of tlie extended 
ram, which allows more convenient planning of the 
extruder use schedule. 

The production of extrusions with a smooth, con
tinuous surface was assured by the design of the 
cylinder head and die inserts. Considering the non-
lubricative metallic sodium as a highly viscous liquid, 
the cylinder head was designed with a convex internal 
contour, which, in combination with a short entrance 
cone of the die inserts, approximates a hyi)erbolic 
nozzle and presents a continuous streamline surface to 
the extruding sodium. 

Foot-controlled valves and an electrically operated 
hydraulic pump permit the operator to extrude the 
sodium as required, while engaged in the assembly of 
fuel jiins within the glove box. A three-way electrical 
valve, iu series with a four-way manual valve, allows 
remoti' control of a double-acting hyilraulic ('vlinder. 
with automatic unloading of the actuation pressure for 
stopping the extrusion flow. The four-way valve is 
used to select the actuation desired (advance to ex
trude or retract to withdraw the ram for refilling), 
while the electrical valve supplies the On-Off control. 
An adjustable pressure relief valve on the "advance" 
side of the hydraulic cylinder regulates the rate of ex
trusion. Commercially available components were used 
in the extruder controls and throughout the 10.000 i)si 
capacity hydraulic system. 
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IV-9. Extended Capability for the Fast Neutron Hodoscope Used at the Trans ient 
Reactor Test (TREAT) Facility 

A. D E VOLPI, R . PECINA,* C . H . FREESE,* E . ROLNICKI,* D . TRAVIS* and G. LARsENf 

The observation of fuel pin meltdown during high 
flux irradiation is one of the objectives of the fast reac
tor safety program. Towards this end, a device known 
as a fast neutron hodoscope' has been built for the 
TREAT reactor in Idaho. The hodoscope colhmates, 
iletects, processes, and records fast neutron events 
characteristic of enriched fuel pins undergoing transi
ent reactor power excursions. During such excursions, 
which may last a few hundred milliseconds, the pin is 
intentionally forced to destruction. The hodoscope is 
designed to simultaneously record up to 334 channels 
of data, with accompanying spatial resolution of 0.15 
in. and time resolution in the order of a millisecond. 
The instrument, in effect, depicts the movement of 
fuel in the process of bending and ultimate disintegra
tion. 

CoLNT RATE CAP.ABILITY OF DETECTION SYSTE.\I 

For reactor jiower levels specified in the original 
concept, a count rate capability of lOVsec was ade
quate, and an associated inexpensive analog photo
graphic display was useful as an interim readout de
vice. For this analog readout, there were 334 
phosjihor-coated triodc vacuum lamps, each related to 
a single detection channel; the number of flashes per 
millisecond corresponded to the count rate of the neu
tron detector. A fast framing camera, operating at 1000 
pictures per second, recorded the complete transient.' 

To accommodate higher reactor power levels for 
meltdown of sodium-cooled breeding-reactor fuel pins, 
the signal processing circuitry has since been extended 
to handle 10' counts/sec. This improvement by a fac
tor of eight over previous results was accomplished 
primarily by redesign of the electronic circuitry to 
minimize deadtinie and saturation effects (Fig IV-
9-1). 

These changes were sufficient to allow a higher count 
rate without the necessity of replacing the phosphoi' of 
the Hornyak button fast neutron detector. I t was real
ized during early tests that the slow (microsecond) de
cay of ZnS:Ag incorporated in the standard Hornyak 
buttons was responsible for some reduction in sensi
tivity of the discriminator, and an effort was made to 
develop a new scintillator component for the Hornyak 
button. Several new buttons containing P16 phosjihor 

• Electronics bivisiijn, Argonne National Lalioralory. 
t Idaho Uivision, Argonne National Laboratory. 

(which decays in a few tenths of a iiiicro.-ecoiid) have 
been tested, but results to date indicate an inurdinate 
gamma sensitivity resulting in jioor resolution and sig
nal-to-background ratio when used in tbe TI!E.\T 
reactor. 

Results of the supporting tests are plotted in Fig, 
IV-9-2. After setting the discriminator level with nn 
americium-beryllium neutron .•source at a value con
sistent with normal usage, the Hornyak button detector 
was placed next to the core of the Argonne Thermal 
.Source Reactor (ATSR). Another integral bias curves 
confirmed that the discriminator was set sufficiently 
high to bias out neutrons. Starting from O.l-W reactor 
power level, the count rate of the fast digital outjiut 
of the X206 electronic processing board was followed 
as the reactor was brought up to and leveled off iit 
various intermediate levels up to 200 W. The point? 
along the curve marked Ro are the measured count 
rates. The curve marked R represents the count rate 
corrected for a deadtinie of 0.55 /isec in the digital out
put. 

There is a noticeable departure from linearity just 
above 3 \V. This effect, |irevionsly investigated at 
ATSR, is due to a gain increase in the pliotoiiiiilli|ilii !• 
tube as a result of large anode iiiiient?. Such an in
crease would not disturb the liiiraiiiy of diita in 
TREAT transients because the timr iri|uiird for ihe 
shift is in the order of many minutes, while a ty|iii"il 
meltdown transient is complete within a .•second. 

The deadtime corrected curve R was comiuited in 
anticipation of the digital readout system now being 
designed. Because data will be stored .and ]irocesscd 
digitally, it will be possible to enter a deadtinie correc
tion during the computer proce.'^sing jihase after the 
experiment. Thus the upper count rate limit for the 
digital system is actually two million neutron counts 
per second of recoverable data. 

It has been emphasized that the count rates involved 
are for neutrons; these events lead to long-tailed 
pulses which dominate the upper limit of tbe duty 
cycle. Small pulses generated by gamma rays may be 
counted at rates 50% or 100<~J higher. 

One should note in Fig. IV-9-2 that there i.- a turn
over point where the apparent count rate declines lat 
200 VV). The slope is likely to become much steeper at 
higher count rates. Since this double-value could lie 
inisiiiter|)retcd as a lower power level, care must he 
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exercised that this is not confused with fuel displace
ment. At extremely high count rates, the discriminator 
becomes much less sensitive, and at some critical value 
it essentially stops working so that the count rate out
put ilecreases quickly. Since the onset of this rate loss 
is at least a factor of four higher than the corrected 
saturation level of 2 MHz, it is not likely that such an 
excessive rate will be reached. 

A comparison of integral bias curves at 0.1 W and 
45 W was also made (Fig. IV-9-3). The data suggest 
that there is little likelihood of a sensitivity shift 
which would favor gamma rays; instead these data are 
evidence that gamma-ray jiulses continue to be effec
tively biased out. 

Since the electronics can now process a million 
counts a second, it is reasonable to expect that the de
tection system of the Fast Neutron Hodoscope will 
allow as many as 1200 fuel ])in counts and 600 back
ground counts from Mark-I integral sodium loop pins 

to be recorded every millisecond at the peak of a 
5000-M\V transient. 

An earlier examination made at ATSR of tbe re-
s|ionsc of the neutrori detection channel using the X155 
electronic processing board' revealed a count rate limi
tation in the order of 130,000/.sec, as shown in Fig. 
IV-9-4. In that figure. Detectors 3 and 4 were posi
tioned in high flux locations and Detector 5 in a low-
flux location. Detector 1, also in a high flux location, 
was modified so that the dc iihototube current could 
be directly monitored from the anode. 

Another purpose of these investigations was to de
termine the extent and origin of gain shifts observed at 
high count rates. Various combinations of )ihototube 
voltage divider current, bypassing, and circuit dead-
time were evaluated. It was found that capacitative 
bypassing of the dynode voltages was undesirable: al
though the bypassing increases the anode signal by re
ducing phase cancellation, the recharging time of the 
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capacitors reduces the transient response of the photo
tube circuit. The magnitude of current passed through 
the divider string had Httle influence on the transient 
reaction of the circuit. 

It may be seen from Figs. IV-9-5 and IV-9-6 that 
the main cause of gain shift is a change in multiplica
tion inherent to the phototubes operated at relatively 
high interna! currents (beyond a few microamps). This 
is in agreement with several reports in the literature. 
In Fig. IV-9-5, the count rate of several detectors is 
obtained at different power levels of ATSR. Note the 

upward trend of rate as a function of irradiation time 
and the hysteresis effect during power reduction. On 
the other hand, for Fig. IV-9-6, the voltage dividfi 
string was reverse biased while the reactor was brought 
up to power, and readings were made in very short |H'-
riods of time while forward biased. At 1534 tiie photo
tube was left in a forward biased condition, thus 
promoting a steady gain increase leading to larger 
anode current. Observe that the effects of gain shift 
require many minutes for significant changes; this 
means that TREAT transients, which usually involve 
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a few hundred luilliseconds of comparable anode cur
rents, are not likely to produce a gain shift of any 
significance during the data-taking period. 

DATA READOtrr 

The analog photographic readout' was found to be 
operating beyond its linear limit, thus ultimately re
quiring image intensification. In addition, it was diffi
cult to automate the scanning process for images of 
varying density. Hesiilts derived Irom the destruction 
of a fuel pin cooled by flowing sodiiun are shown in 
Fig. IV-9-7. 

A purely digital niethiid of temporary storage fol
lowed by digital readout has been tested. Integrated 
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circuit decade scalers are coinbined in scale-of-10(X) 
units, one for each detection channel. Upon command 
from a "sync" pulse derived from the framing camera, 
a bank of 25 scalers is imlsed to read out. The sense 
lines from the scaler bits are switched directly to an 
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array of hinips Hashed on for about 200 /^sec. At pres
ent the camera reiiuires 2 msec to record the contents 
of half of llic scalers in a strictly digital format, the 
lamp being either on for a one bit or off for u zero bit. 
The cycle eoiilinues with the readout of llie remaining 
scalers in Ihe next frame, and it is eompleled with the 
leadoiit nf a digital timer in the third frame. 

.\tler develo|iiiieiit the film is scanned by a flying 
spot system known as CHLOE, where the images are 
identified in binary form, translated into computer-
compatible data, and ultimately processed to recreate 
the meltdown sequence. 

.\\ the present time, the actual information recording 
rates are in the order of 10' counts.'see. By making 
certain improvements in light intensity equivalent, one 

can expect the expanded readout system to transfer 
peak instantaneous count rates of over 10", see with 
1-msec time resolution. 

Another line of develiipnieiil. being pursued is Ihe 
aii|ilicalioii of magnetic recnrding media, such as wide-
baiiil tape and disc slonige. So far, various liiiiilalions, 
as well as greater cost, IKIM' lueclinled aeqiiisiliiiii of a 
purely electronic recording system. 

R E F E R E N C E . ? 
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IV-10. I n s t r u m e n t a t i o n and Control of the Mark H Integral Sod ium Trans ient 
Reactor Test (TREAT) Facil ity 

L. E. ROBINSON', R . PURVIANCE and K. SCHMIDT 

INTRODUCTION 

The iMark II Integral TREAT Sodium Looji,' is a 
second-generation in-|iile meltdown loop facility. It 
was de.-igneil for an order-of-magnitude higher jiressure 
euntainment capability, in a simplified direct-flow con
figuration which permitted more nearlj' complete fuel 
meltdown data acquisition and greater ease of remote 
handling than tbe Mark I loops. Specialized instrumen
tation is required for |irecise control of loo]) operation 
and for the accurate indication and recording of 
steady-state and transient data. The instrumentation 
and control system has been designed with a minimum 
ol complexity, consistent with space limitations, the 
loop design, and the need for automatic safety meas
ures. 

DESCRIPTION OF THE M.4RK II I^oop 

The Mark I I Integral .Sodium Loop' is a direct-flow, 
recirculating self-contained facility, in which the cool
ant is driven by a miniaturized, high-power-input elec
tromagnetic Annular Linear Induction Pum|) (ALIP). 
I See Paper IV-11). The loop provides a test .section 
having a capacity of 19 EBR-II Mark I fnel pins, to 
31 inches in length, and a sodium pres.sure-flow-tem-
lieiature instrumentation section at inlet and outlet. 
The primary, or re-circulating, portion of the facility 
is designed to meet code specifications for a pressure of 
340 atms 15000 |isi) at a temperature of 538°C 
(1000°Fl; it is .separated from an auxiliary system of 

equal containment capability by a calibrated burst 
disc and blowout line, meclianieal valves, and baek-iip 
freeze valves. The auxiliary system jirovides a iiiulti-
puipose high-strength volume, wbieh acts as a supply 
source of sodium, as a dump tank, and as a safety ex
pansion volume. 

The in-pilc loop facility occupies a sealed secondary 
enclosure having outer dimensions equivalent to two 
TREAT fuel elements, and a wall thickness 0.127 cm 
(0.050 in.). An instrument indication and control con
sole, a power sujiply module, and a component coolant 
refrigeration/circulation supply are located outside the 
TREAT reactor. 

CiENKR.iL 

DESCRIPTION O F LOOP INSTRUMENTATION 

Instrumentation and control of the Mark II integral 
loop has two modes: (l l the attainment and mainte
nance of a pre-determined steady-state system condi
tion prior to a ]irograinnieil TREAT power transient, 
and (2) the accurate and precise measurement of 
transient data during and following the reactor ex
cursion. 

Temperature, pressure, flow, electrical iiower, and 
valve condition arc measured. All parameters are 
sensed by detector units of conventional design, with 
remote measurement, indication, and control. 

SPECIFIC IN.STRUMENTATKIN 

Spiral-armored, asbestos-insulated, Cliromel Aluniel 
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thermocouples are used for the measurement ol tem
peratures of the loop system and of its sodium content. 
The temperatures of contained sodium, loop system 
components, and heat-sensitive detectors arc continu-
• "isly monitored. The thermo-electric signals from a 
loo|i monitor point drives high-impedance electronic 
controllers which provide fixed point control of loop 
temperature. Heat inputs, and hence temperatures, are 
controlled by ON/OFF switching of electrical heater 
power, supplied through adjustable autotransformers. 

Most of the thermocouple outputs are monitored by 
remote indication only, with manual adjustment of 
ancillary mechanisms as sufficient control, when ad-
\erse temperatures are read. Monitor thermocouples 
are located on the laminated yokes and coils, within 
tbe cooling housing of the .lodium pump, in an internal 
well within the sodium storage-dum|) tank, in small 
wells just ahead of the pressure transducer diaphragms, 
and on each of the flowmeter dc magnet armatures. 
Thermocouples are located on each of the freeze-plug 
valves placed in the overflow and fill lines between 
the loop proper and the storage tank. These sensors 
monitor the temperature of the silicone-cooled freeze-
plugs, with the thermocouple signal interlocked to the 
reactor controls; transient initiation is prohibited if the 
freeze plug teniiierature is above a preset value. An 
additional interlock is actuated by a monitor tliermo-
eou|ile located on the .safety burst disc blowout line, 
to iirevcnt a reactor transient unless the line tempera
ture is well above the melting point of sodium. 

The steady-state temperature of the loop sodium is 
sensed by a thermocouple in a single well located in the 
test section inlet instrumentation section. Output is 
continuously recorded by a remote indicator-controller, 
which maintains a fixed sodium temperature by ON-
OFF control of adjusted power to the electrical loop 
heaters. 

The loop sodium flow is measured by de-magnet 
electromagnetic flowmeters at the inlet and outlet of 
the loop test section. The desired flowrate is established 
by adjustment of power to the Annular Linear Induc
tion Pump. The millivolt output of the electromagnetic 
flowmeters is pre-amplified by low-grain, wide-band dc 
amplifiers, and is continuously monitored on remote 
indicator-recorders. 

Steady-state and transient pressures of the loop 
sodium at temperature are measured by |iressiire trans
ducers at the test section inlet and outlet. The.sr are 
high-temperature variable-impedance transducers, 
specially adapted for assembly into bellows-isolated, 
NaK-filled stand-oft' units. The sensors are encapsu
lated within gas-cooled housing which provide an i.«(i-
tliermal environment for the transducers. 

Auxiliary instrumentation is |irovided for the indi
cation and control of pre-transient system iiaiaiiielers 
and comjionent condition. Injiut electrical power to the 
poly-jihase sodium pump and tn the heater circuits is 
indicated by meter. Pump control is provided Iiy auto-
transformer power supply adjustment at the remote 
control console to obtain the desired flow, pressure and 
temperature of the loop sodium. 

The desired operating temperatures of the A l d P and 
the overflow and fill line freeze valves are obtained by 
independent adjustment of throttle valves placed in 
the inlet lines of recirculation loops supplying a low-
viscosity, refrigerated silicone fluid. A flow-switch in 
the silicone coolant supply is provided as additional 
protection against pre-transient system fault. The 
switch is interlocked with the reactor transient controls 
and is in series with the safety interlocks from the 
freeze valve and blow-out line tempeiatiires. 

The condition of the nieclianieal valves in iivi rllira 
and fill lines is indicated by the output of val\'e stem-
mounted variable reluctance displacement detectors 
with remote readout. The detectors are excited by a 
5-ke, 2-ebannel carrier amplifier. 

The pressure transducers are cooled to isothernial 
condition by air or inert gas under forced convection, 
with the flowrate indicated by a remote flowmeter. .\ii 
inert gas blanket is maintained within the sealed stain
less steel can containing the integral loop, with the gas 
inlet metered for valve adjustment to a continuous low-
flowrate purge through the secondary containment, 
and exhausting by slight over-pressure into the ex
haust line of the pressure transducer coolant system. 
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lV-11. Deve lopment of a Family of Annular Linear Induct ion P u m p s for L se in 
Fast Reactor Safety Integral Loop Experiments 

R. CARLSON* and L. ROBIN.SON 

INTRODUCTION 

Fast reactor safety studies concerned with reactor 
fuel meltdowns in flowing sodium are being performed 
in small integral loops which are irradiated in the 
Transient Reactor Test Facility (TREAT). In these 
studies various tyjies of reactor fuel are subjected to 
an intense neutron pulse. The transient heating of 
these specimens causes the fuel to melt and in some 
cases to disintegrate vigorously. This type of fuel fail
ure and the subsequent ^•a|lorization of sodium can 
cau.-̂ e large pressure pulses to occur within the integral 
sodium loop. Initial fuel meltdown experiments in flow
ing sodium were conducted in loops using a thin walled 
Faraday type pump. It was soon found that the 
strength of the tube wall was inadequate for the higher 
energy release experiments. The development of a 
pump having a greater static pressure rating was there
fore initiated. iSome of the fuels under study will con
tain [ilutonium, and this additional hazard reiiuires an 
assurance of containment. 

This report describes the development and testing of 
an Annular Linear Induction Pump (ALIP I to be used 
in the high-jiressure high-temperature Mark II integral 
sodium loop. The pump has a static pressure rating of 
340 atm and can move 25 gpm of sodium at 500°C 
through a differential pressure of 20 psi, with an 
efficiency of approximately 5 percent. 

DESIGN 

The factors placing the most stringent requirements 
on the sodium pump were: ( l l the overall design 
pressure capability of 340 atms (5000 psi), (2) a 
steady-state design temperature of 538°C (1000°F), 
and (3) the size hmitation which requires the finished 
loop assembly to fit into a rectangular cross section of 
10 X 20.3 em ( 4 x 8 in.I. Other capabilities involving 
operational parameters were considered desirable 
(within limits) but not absolutely necessary for the 
experimental usability of the integral loop. These fac
tors included a high flow capability (9 m/sec opti
mum), a programmable variability of flow, reversi
bility of flow direction, ease of replacement in the 
event of failure, reasonable efficiency, and versatility 
of pumping performance to meet a wide range of ex
perimental requirements. 

* Reactor p]ngineeriiig Division, Argonne National Labora

tory. 

The combination of pressure, containment, and tem
perature criteria eliminated the Faraday conduction 
type of electromagnetic [luiiips, which characteristi
cally require very thin walls for operation at measura
ble efficiencies, and most of tbe niechanieally rotatable 
field pumps which rely on closest coupling of a jjerina-
nent magnetic field with the conductive liquid metal 
being pumped. The size limitation effectively elimi
nated the poly-phase helical and the mechanical axi-
centrifugal type pumjis. Size and the ditlieulty of ob
taining adequate stator cooling removed tbe flat linear 
induction pump from consideration. 

The only electromagnetic punij> type oft'ering a 
geometry and functional design conducive to minia
turization of the order required in a configuration ca
pable of containing the internal design pressure of the 
Mark II loop was the Annual Linear Induction Puiiiii. 
The particular geometry used as a basis for the design 
of the Mark II ALIP was that originated by L. Blake; ' 
it was constructed and tested in a high sodium flow 
(~400-700 gpm) at temperatures up to 600°C'. This 
was a direct flow, simple-annular poly-phase annular 
pump, although a more sophisticated modification of 
the annular induction puinii was designed and con
structed for specialized use.- The S-jiole, 35.5 cm diam 
X 127.0 cm long British ALIP was compacted into a 
4-pole pump, 8.9 cm diam x 48.3 em long for tbe Mark 
I I facility. An isometric view of the Mark II .\L1P is 
shown in Fig. IV-11-1. 

The pump tube and flanges are composed of fully 
age-hardened Inconel X-750, rather than a stainle.><s 
steel, because of the necessity for obtaining tbe thin
nest possible wall, in a readily available, easily fab-
ricable material. The wall thickness of the tube as de
signed is 0.254 cm (0.100 in.) thick. By contiast, a 
minimum thickness of 0.218 cm (0.086 in.) is sufficient 
to meet code prescriptions for the steady state loo|i 
design pressure of 340 atms at 538°C (1000°F). The 
ALIP is approximately 65 cm (25% in.) long overall, 
and is installed in the Mark II integral loop by mating 
flanges at each end which employ solid stainless steel 
double-oval O-ring seals, and autoclave C-type flange 
clamps. 

The stator of the pump is composed of twehc yokes 
of laminated 1%-silieon transformer iron, spaced at 
30° intervals about the periphery of the thermally-in
sulated cylindrical pump tube. Each yoke is matle of 
27 sheets of 29-gauge (0.014 in.) silicon iron, riveted 
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COnE RETaiNEB , 

F I G . iV-U-l . Annular Linear Induction Pump for the Mark 
II Integral Sodium TREAT Loop. ANL Neg. No. 112-8624. 

into rigid bundles, and containing 6 field coil slots per 
pole, with 2 coils per phase. With yokes of approxi
mately the same length, the 4-pole version of the pump 
utilized 24 coils, while a 5-pole version used 30 field 
coils. The field coils were designed to consist of flat 
ribbon-wound pancake coils of fully anodized EC 
aluminum, which provide a maximum in-air operating 
temperature of about 275°C. Each coil contains 70 
turns, and is wound without interleaving. 

A return magnetic path is provided by the installa
tion of a '/2 to '/s in. diam central core within the 
pump tube and along the pumji axis, thus forming a 
thin annular flow space for the sodium. The central 

core may vary in size and composition, from solid 
Armco ingot iron, to silicon transformer iron, depend
ent upon the conditions for a given ex|ierinieiil and the 
pump performance desired. 

As protection for stator yokes and coils against heat 
eoudneted from the hot .sodium within the loop and to 
facilitate pump cooling, the stator a.ssembly is sepa
rated from the pump tube by an e\-acuated heat barrier 
consisting of a laminate of eleetropolished stainless 
steel sheet and fine-wire, large mesh screen. This lami
nate "dewar" barrier comprises the inner wall of a 

- V A L V E LOCATIONS 

CONFINEMENT FOR SIMULATED TEST CONDITIONS -^ 

RING GAUGE TRANSM 

FIG, IV-11-.3, (ieunietry of ihe ALIP in ili.- I',, 
Test Sodium Loop. A.\L .\eg. No. 112-8941. 

TTER-

nipojicii 

FIG. I V - U - 2 . ALIP in the Component Test Sodium Looji. ANL Neg. No. 112-8687. 
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sealed annular luiusing enclosing the entire stator as
sembly, through which a low-^'iscosity silicone liquid 
coolant is passed. 

The Af.lP unit ojierates on 23(l-volt, 3-phase, 60-
eycle electrical power, with its field coils connected in 
a delta arrangement to ensure a constant 120 deg elec
trical sejiaration between phases. Power is supplied 
to the puniii by high-current feed-through connections 
inserted in the end-plates of the pump cooling housing. 
Tbe poly-phase pump consumes about 7.5 kW of jiower 
at maximum capacity. 

PHOTOTYPE EXPERIMENTS 

Two models of the ALIP jiunip were fabricated for 
testing. The i^rototypes used the same pump housing 
and iiimip tube, but the laminated stator and coils were 
of different dimeiisions to allow for the difference in 
jiole jiitch. The four )iole pumji bad twenty-four '^ u-in. 
roil slots, and the five pole pumji had thirty Vi-'m. coil 
slots. The prototype coils were wound from 16-gauge 
anodized aluminum wire and were potted in an epoxy 
resin. Mica washers were ]ilaeed on each side of the 
coils as additional insulation between the coil and the 
steel laminations. The design calls for fully anodized 
aluminum strip coils; however, anodized aluminum 
wire was used for the jirototype because of easy pro
curement. 

The piinips were first assembled using ungraded 
coils. Grading is defined here as decreasing the number 
of turns on the end coils of the pump to gradually in
crease and decrease the >trengtli of the magnetic field. 
There are .M'Veral methods of grading; that is, a very 
gradual grading method may be used where every coil 
contains a diffiieiit number of turns, or the grading 
may be rather aliru|it. The more gradual grading 
method lias the highest theoretical efficiency, but is 
more difficult to achieve in construction. After the test 
with ungraded coils, the juinips were reassembled using 
a grading method where the number of turns were re
duced only on the four end coils. 

.\ solid Armro Ingot Iron central core was used first 
on the prototype. The solid core was used becau.se it 
was most easily fabricated and also the dimension of 
the core diameter eoulil readily be changed. Later a 
core of laminated soft iron wire was tested. Various 
sizes of central core were tested. 

The intended steady-state operating temperature of 
the pump installed in the Mark I I looji will be 482°C 
(900°r), and hence, tests at temperatures of the order 
of 500°C were planned. For testing, a pump was placed 
ill the test loop shown in Fig. IV-11-2. This loop con
sisted of two barrels located on a beam balance, as in
dicated in Fig. IV-11-3. The barrels were connected 
with piping in which the pump, flowmeters, and pros-
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sure transducers were located. The barrels were con
tinuously weighed by a force transdticer, and as sodium 
was pumped from one barrel to the other the weight 
change was measured as a function of time. This nieas-
urenient was used to eompiite the flowrate and cali
brate the flowintders. Tbe pressure transducers meas
ured the pressure differential across the pump section. 
The data from the instruments were recoriled on striji 
aciiiiisition system. The punched paper tape from the 
data system was used by a computer lo process the 
data directly. 

RESULTS 

The results of tests on the 4-|iole puiu]! fitted with a 
solid central core and operated at relatively low tem
peratures are given in Fig. IV-11-4. The zero slip 
flowrate was the flowrate eoinjiuted when the fluid 
moved at the same velocity as the magnetic field; for 
the four pole pum]i this velocity was 22.7 ft/see. The 
calculated iioint for zero slip was obtained by com
puting the frictional pressure loss for tbe fluid moving 
at the same velocity as the magnetic field through the 
pump annulus. This pressure was jilotted as negative 
on the puin]) jierformance curves because the pump 
could not supply this energy when the slip was zero. 
This calculation supplied a point through which all 
pum[i performance curves must pass. It may be seen 
from tbe figures that a core size can be selected to give 
the reijuired pump iierforiiiance, that is, high jiressure 
and low flowrate. or higli flowrate and low pressure. 

Fig. IV-11-5 shows the ineiease in ellicieniy using 
graded coils in inlet and outlet poles of the piiiii|i. It 
iiuiy be seen that this graded pump is 111(1', iiuiie 
efficient than the ungraded |iimip. .Mso shown ii, I'ig. ."i 
are iireliminary indiealions of an increa.'^e in elliiiencN 
with the use of a wire-laminale central cine, ami a 
decrease in overall efficiency at the elevated tempera
ture of .500°C. 

Tests on the 5-pole pump have not yet been started. 
The 5-pole pump was built as a liacku]) in ease iiiiae-
ceptable rijiple in the punij) pressure were produced by 
the 4-pole unit. Because 4-iiole pump ripple proved not 
to be a probleni, the 5-pole jiump is to be given a mini
mum of tests for comparison purposes only. Extensive 
testing of the two versions of the . \LIP to o|itiinize 
lierformance in terms of pum]i geometry, coil values, 
central core design or ojierating temperatures, was not 
intended. However, sufficient data have been obtained 
to define the design of the pump to be used initially 
with the Mark II loop. This will be a 4-pole puniji, 
with step-graded coils over the inlet pole only, fitted 
with strip-wound coils of fully anodized EC aliiminnm 
without interleaving, and having a 1.90 cm (0.7.50 in.) 
diam solid iron core. 
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IV-12. Conversion of the Transient Reactor Test (TREAT) Facility for Tes t ing Fast 
Fuel Subassembl ies 

H. P. ISKENDERIAN 

Results of a study to modify the TREAT reactor' for 
carrying out satisfactory meltdown tests of fast reactor 
fuel subas.seniblies are discussed in the following. 

Neutrons having the spectrum of a thermal reactor 
were supplied by the core of the TRE.-VT reactor to its 
test section. The present arrangement of TREAT is not 
able to produce radially uniform heating in a highly en
riched fast fuel subassembly located in the test section. 
To avoid excessive surface heating, which would result 
from testing fast subassemblies in the present TREAT 
reactor, the reactor must be modified to minimize tbe 
number of low energy neutrons which reach the test 

seetion. Use of a J 4 in. thick boral sheet stirroundiiig the 
test .section may appreciably reduce the number of low 
energy neutrons entering tbe test section, hut not ([uite 
sufficiently (Table IV-12-I and Fig. IV-12-1). A suit
able "converter" element which would absorb almost, 
all of the low energy neutrons from the TREAT core 
(which would cause a meltdown of the test section by 
fast neutron fissioning) is required. There should be no 
overheating of the converter or the core. 

In this study, the converter is located between the 
core of the TREAT reactor and the test section (Fig. 
IV-12-2), these having greatly different eoneent rat ions 
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TAHLK IV-12-1, CHAR,*. OF TREAT WITH I I IFFERENT CONVERTER IIESIONS 

NEUTRON DENSITIES 

Design 

'4 in. Borul' 

No. 1 

No. 2 

No. 3 

Core 
Temperature 

Uoom 

Ruoni 
200''C 

aoox' 

Room 
200°C 
300°C 

Itunm 
20U°C 
300°C 

Inner Converter (max) 
Center Line of 

Test Section 

Inner 
Converter 

(1) 

0,494 
0,490 
0,490 

0.298 
0,296 
0,296 

0,160 
0,160 
0,161 

Inner 
Converter 

(2) 

0,397 
0.420 
0.430 

0.331 
0,351 
0.3li0 

0.266 
0.282 
0,288 

Outer Converter (max) 
Center Line of 

Test Section 

Outer 
Converter 

(1) 

0.186 
0,188 
0,189 

0,203 
0,200 
0,207 

0,268 
0.270 
0,271 

Outer 
Converter 

(2) 

0,276 
0.254 
0,247 

0,:)05 
0.280 
0,272 

0,408 
0,370 
0,:i58 

Center Line of 
Test Section 

Core (max) 

23,5 

29.8 
.35.4 
.37.6 

20,1 
31,0 
32,9 

18.5 
22,2 
23 7 

Kin^ 
Center Line 

1.106 lo 1,316 

0,999 to 1.000 
0,998 lo 0,9011 
0-998 t,, 0.999 

1.001 to LOOK 
1.000 to 1,007 
1.000 tu 1,007 

1.002 to 1,020 
1.001 to 1 016 
1 001 1,1 1 016 

k,,/ 

1.18.58 

l,:ill.W 
1 ,287:i 
1,28:!.') 

1,2468 
1,2218 
1.211.1 

1 1767 
1,14:i4 
1 1351 

' Sep Fig, IV-12-2 for location of tioral street. 

A 1/4 in, BORAL SHEET ONLY 

CALC CENTRAL SPECTRA IN 
ZPR-3. ASSEMBLY 46 

CONVERTER DESIGN NO 2 

CONVERTER DESIGN NO, , 

CONVERTER DESIGN NO, 3 

LETHARGY 

FIG. IV-12-1. Letharuy Distribution of Neutron Flux in 
Designs of TREAT Wilh and Without Converter. ANL Neg 
No. 112-9104 Rev. 1. 

of fissionable isotopes. The converter consists of two 
sections, each having two subsections. The section fac
ing the test section does not contain any carbon moder
ator. Practically all of the thermal neutrons coming from 
the TREAT core or from outer converter sections are 

absorbed in thisinner converter section. Transmi.ssinnof 
neutrons in the low resonance energy range of L'-23S 
through the seetion is also reduced considerably. The 
section of converter facing the TREAT core, i.e., the 
outer converter subsection, contains reduced enrich
ments in two steps as the TREAT core is apjiroached, 
in order to reduce the magnitude of hot spots in the con
verter. The radial depth (or size) of the ciinverler sec
tions and the eoneentratinn of U-2:i.j in these sections 
are .selected to allow sufficient leakage of fast neutrons 
into the test seetion for a meltdown, without overheating 
the converter sections. 

Nuclear constants of three converters which are CN-

Flo. IV-12-2. Geometrical Configurat 
Converter and Test Section in a Radial 
A'o. 112-9102 Rev. 1. 

oil of T l iF 
Direction. . 

.\T Core, 
l.\'i .\eg. 
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T.VHLF IV-12.II. CoNsi'ANTs OF CONVERTER D E S K ; 

Radii of Converters" 

Inner Converter (1): 7,95 lo 12.95 
Inner Converter (2): 12,95 to 17.95 
_\'f,i., (Inner Converter) = 0 

Outer Convener (11: 18,0 l.i 20.6 
Outer Convener (2); 20.5 to 23.0 
,VCibi (Outer Converter) = 0.0722 

Design No. 

1 
2 
3 

jyift(c) in converters 

Inner 

Converter 
(1) 

d
d

o
 

Converter 
(2) 

0.00265 
0.0020 
O.tKllO 

Outer 

Converter 
(1) 

4 X 1 0 ' 
4 X 10 < 
4 X 10-' 

Converter 
(2) 

2.5 X 10-' 
2.5 X 10-' 
2.5 X 10-' 

/yiBirii in converters 

Inner 

Converter 
(1) 

0.0185 
0.0224 
0.02445 

Converter 
(2) 

7 X 1 0 ' 
0 X 10 > 

2.54 X 10 ' 

Outer 

Converter 
(1) 

2.8 X 10- ' 
2.8 X 10-" 
2.8 X 10- ' 

Converter 
(2) 

1.75 X 10 ' 
1.75 X 10-« 
1.75 X 10 ' 

' See Fig, l \ -12-2, 
' .V'" = aloiii/cc graphilo X 10 ' 
' ,Y" = iiloni/co 11-235 X 10-". 
•> .V" = ,itoin/ce U-238 X 10-", 

pected to lead to a hnal design are listed in Table IV-
12-11. The fission neutron density characteristics in the 
radial direction of these designs are plotted in Fig. IV-
12-3. The characteristics refer to a core temperature of 
200°C'; Ihey are nearly the same at room temperature. 
The neutron Hiix-vensUM-energy distribution character
istics are also slinwn in Fig. IV-12 1, comparing the 
converter denigns with one wdiieli has a I4 in. boral 
shield suiToiinding the lesl section (Fig. IV-12-2). 

Important parameters in the evaluation of the per
formance characteristics of the converter are the tem
perature ratios {T„„,„i„/Ter„i„ i,„.), ( r„„ ,„ it„/T,„,), 
(T„„/Tc,„t„ u„,), where the temperature rise T is pro-
jiortional to fission density, 

FDi = Yl (•'<'i)i.i't>i,t , 

where / designates region and k designates energy. 
Thermally, wo are jirincipally interested in the initial 
rise of temperature in an adiabatie process. 

From thermal considerations, tbe limiting parameter 
is {T,„..„i„/T..„i„ !,„,). This ratio should be as small as 
feasible for a high value of T„,.i,r n,.. and the allowable 

^ ^ d=ta 

A. 
Kir;. IV-12 3, Radial DLstrihution 

DeiiBity. .1A7. Neg. No. 112-9037. 

iif Fission Neutron 

0 ,00 200 300 
AVERAGE CORE TEMP. 'C 

F I G . IV-12-4. Ratio of Fission Density at Center of Test 
Sample and In Core (Max. Value) Versus Core Teniiierature. 
ANL Neg. No. 112-9036. 

T„„,,„„ of (18(X) - 50)°C, where .50°C' denotes the 
initial temperature of the converters. The ma.\iniuni al
lowable core temperatm-e of dOCC was not the limiting 
factor but rather the maximum Tconvrru, of 17.")0°(' w.as 
the limiting factor. All of these calculations were made 
with the SNARG ID'"' one-dimensional code, using the 
16 group cross section set 201*", making ap]iropiiate 
correcdions with the aid of C. Westcott' data for the ITith 
thermal group. The temperature rise attained by an 
element containing fission.able isotopes is taken to be 
proportional to the fission density developed in the 
element. Temperature data refer to single step adiabatie 
processes. 

To determine the maxinium energy that may lie per
mitted for the test sectioti for a maximum allowable 
converter temperature of 1S00°C, we evaluated the 
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TABLE IV-12-III. 

Design number 
M:ix energy available input to teat section, cal/cc 
I\l,ix, core temperature, °C 
10' X (Ak/AT). per °C 

Maximum Available Energg to Test Section 
1 

2700 
210 

1.0 

Values of Thermal Constants Used in Obtaining the .Above Data 

0.769 cal/cf-°C A c r. . , i rn n \i»00°C 
Average specihf neat of UOi OpL-op 

Average specific heat of UOj Cp\ 
|2800°C 
|50°C 

Idensity of UOj used = 10,2 g/cc 
0,895 cal/cc-°C 

Heat required to melt 1 cc of UO:—3216 cal 

Average Specific Heal of TREAT Core, cal/cc 

Teiiiperature, °C 
C„ . ral/cr 

100 
0.311 

200 
0.345 

300 
0,:!94 

400 
0 437 

fission tlensity ratio iFDco,.,(rur/FD„nur i.n )̂ for the de
sign under consideration (Table IV-12-1). It is to be 
noted that this ratio is insensitive to core temperatures. 
FYoiii this ratio T„ni^r iine may be obtauied. 

The graphs of Fig. IV-12-4 are used to determine 
whether the core temperature is below 400°C. 

To determine the maximum energy that may be given 
to the test sample for a given converter design the fission 
density ratios listed above were evaluated with the aid 
of the SNARG ID'^' code. These calcidations were 
made at room temperature and at 200°C and .300°C 
(Table IV-12-1). It is to be noted that T7°L,rur/ 
Tf^ier line w'as quito Insensitivc to core temperatures, 
and that T,„,„ ,i„,/T7'', varied slowly (Fig. IV-12-4). 
It was assumed in our calculations that r"",,,,,,, ?i; 
(ISSO-.iOT and that the initial temperature was uni
formly '^SO^C. Tbe maximum allowable core temper
ature was taken to be 400°C. 

Calculation of three converter designs listed in Table 
IV-12-I1I, yield the following information on maximum 
available energy input to tbe test section and the maxi
mum temper.ature in the TREAT core. 

I'rom the data of Table IV-12-III the fission heat 
energy available in the test section of designs « 2 and 
* 3 is more than that required for melthig UO2 without 

overheating the converter or the TREAT core. 

Numerical Calculations 

The sfiecifie heat of UOj is given by' 

C, = 0.071 -b 6 X 10^° Trc - 146G T;,\ 

where T, designates Kelvin temperature. The average 
specific heats from .'•iO°C to ISOOT and 50°C; to 2800°C 
obtained from the above expression are 

Cjf.WC to 1800°(^) = 0.0709 eal/g-°C; = 3.02 J/cc 

Cp(50°C to 280O°C) = 0.07408 cal/g-°C = :i.]6 .I/cc, 

respectively. 
The heat of fusion of F'O^ is estimated to be' 

21,200 eal/mole 800.9 c;d/ec 3348 J/cc. 

The total heat energy required to melt 1 cc of UO2 will 
then be 

3.16 X (2800 - 50) + .3348 ^ 12,000 .f. 

We now evaluate the maximum heat energy tliiit can 
be applied to the test section fuel pins, without melting 
any section of the converter or overheating the core. 

Referring to the converter designs designated b\-
Tables IV-12-1 and IV-12-II, and assuming that the 
fission density is proportional to temperature rise, and 
Tccn,,rt,T ~ (1800 — 50)°C, we obtain the energy re
quired to bring the converter from .")0°C to 1SOO°C to 
be 

3.02 X 1750 = 5285 .I/ec. 

Case No. 1 

T:'".„„r 
0.49; 

1750 
0.49 

3571° C = 10,784 .1 < I2,(KK).I, 

where 12,000 J is the beat energy required to melt 1 cc 
of UO2 as indicated above. From Graph 1, Fig. I\'-12-3, 
we obtain 

T„„ = 112°C. 
The average temperature coefficient of reactivity for 

core temperatures of 23 to 200°C is obtained from data 
of Table IV-12-1: 
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Case JVo. 2 

hence 

= 1.02 X 10"V°C. 

= 0.35; 

17.50 
= 5000°C _ .. . ^ - 15,100 J > 12,000 ,1. 

0..15 

From Graph 2 of Fig. IV-12-3, we obtain 

T,„, = 165°C. 
The average temperature coefficient of reactivity for 
core temperatures of 23 to 200°C may be evaluated from 
data of Table IV-12-1; 

Ak^ 
AT 

1.41 X 10"V°C. 

Case No. 3 

Greater heat energy may be applied to the test sec
tion fuel pins by further reduction of some of the hot 
spots at the interfaces of the converter section. 

In these calculations the uniform temperature of the 

core was assumed to prevail over the entire reactor. 
This assumption should affect only the thermal fission 
in the subsections of the outer converter, in making 
them a little larger; i.e., actually the calculated peaks 
at the interfaces should be smaller than shown in 
Table IV-12-1. 

The uniform temperature assumption should have 
negligible effect on reactivity caleulations of the overall 
core. 
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IV-13. Fast Reactor Accident Analysis Through Computer Program Deve lopment 

.1. G. CARTEH, G . .1. FISCHER, T . HEAMES, D . R . MACFARLANE, N . A. M C N E A L , 

C. K. SANATHANAN, W . T . SHA and C. K. 'YOUNGDAHL* 

The problems of accident analysis for the current 
conceptual designs of large fast power breeder reactors 
are very different from those considered for the Fermi, 
EBR-II, and Douneray reactors. The spherical approxi
mations were reasonably satisfactory for representing 
these early reactors since the core height-to-diameter 
ratio was always close to unity. For some current con
ceptual pancake designs this ratio can be approxi
mately 1/7, hardly close to a sphere. Similarly, the 
changes of reactivity on loss of sodium coolant and of 
the Doppler effect were minor for the early reactors 
but are of acute importance to the new designs. For 
many recent designs, loss of sodium over a large portion 
of the core can lead directly to a violent disassembly 
which would not allow time for a meltdown accident to 
occur. 

The problems of greatest )iresent concern are those of 

• Reactor Engineering Division, Argonne National Lab
oratory. 

accurately calculating the history of the sodium void 
accident, of events leading up to and including the con
sequences of fuel injection into the coolant, of ac
curately treating the Doppler effect, of accounting for 
spatially dependent aspects of neutron kinetics calcula
tions, of accounting for what might be called post-burst 
phenomena, and for analyzing minor accidents of 
possibly small personnel hazard potential but whose 
economic implication may be very important. 

Successful analysis of these problems often requires 
effective linking of a number of computational modules, 
each of which treats a major technical area important 
to the history of the reactor accident. These modules 
could compute neutron kinetics, heat transfer, fuel 
motions, dynamics of two-phase sodium coolant flow, 
and so forth. There are some distinct advantages to 
adoption of the modular form of program development, 
a procedure used in the Safety Analysis Section in its 
present code development work. This procedure allows 
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for early calculations based on use of relatively simple, 
rapidly programmed routines which can readily be re
placed as more sophisticated modules are produced. I t 
also allows for early scoping studies which help to indi
cate wbieh aspects of the safety problem are most 
critical :uid will give maximum advancement in future 
programming effort. Finally, the same modules can be 
used in various arrangements to create a number of 
"standard paths", representing computations of quite 
different accident histories. 

The prograinming developments of the Safety 
Analysis Section have concentrated,to the present upon 
accidents related to loss of liquid metal coolant. The 
computational modules which have been produced to 
the present and linked together include the following 
areas: 

A heat transfer module with such capabilities as 
^•ariable gas bond gap conductivity associated with 
fuel swelling, calculation of changes of phase of the 
fuel, variable mesh spacing, and exceptional compu
tational stability. 

A fuel expansion dynamics module which accu
rately computes swelling strains and distortion of 
clad to the point of rupture. 

A sodium dynamics module unusual in that it 
includes capability for calculation of two-phase flow. 

Reactivity effects associated with the Doppler 
effect and sodium voiding and density changes are 
coniinited with attention to space dependence and 
using effective tahle look-up procedures. 

An automatic linkage to a severe accident treat
ment module of the weak explosion f\'iii-, to provide 
continued calculations of (hose histories of bust reac
tor accidents which do not terminate with minor 
energ.v release, is under advanced developniont. 
A limitation of the present developmenl is that ]ioiiit 

kinetics is employed as one other module. This can be a 
disadvantage for some types of reactors undergoing 
certain accidents. The jilaimcd near-future merger 
with the ANL space-deiiendent kinetics code QXl 
(.see Paper VI-12) wdl greatly imjirove this ouiditiou. 
The modules which have been produced under this 
effort are compatible with those of the \IIC (.\igonne 
Reactor Computational) system (sec Paper \T-1). They 
have also been linked together as a free-standing code, 
independent of ARC, for use by laboratories which 
prefer not to adopt the ARC system. Comiiutation time 
requirements for this linked system, and over the full 
history of two-pha.se expulsion, are very modest. 
Approximately 10 to 15 minutes may be needed on a 
CDC-3600. This would be reduced by about a factor of 
three to five for the CDC-(i600 or IBM 360/75. 

The degree of success ol this effort can be .seen in part 
by examination of results presented in another paper 
(see Paper IV-15) on this effort which is included in this 
document. The work is in the FORTRAN 1\ language 
and will be made available in a form directly compatible 
with IBM 360 system and CDC system computers 
under the code name ARC/SASIA. 

IV-14. Transient Vaporization of Sodium in Reactor Coolant Channels 

D. R. MACFARLANE 

INTRODUCTION 

The work presented in this paper is a continuation of 
previously reported studies''^ on the transient boihng of 
sodium m fast reactor coolant channels. As stated in the 
earlier reports, the objective of this effort is to help 
obtain a better understanding of coolant voiding effects 
in large fast power breeder reactors. 

The earlier calculations were limited to cases where 
coolant boiling started at the exit end of the channel. 
However, in a typical fast reactor coolant channel 
there are upper and lower axial blanket segments with 
greatly reduced power generation rates. It was found 
that the coolant temperature profile peaks at or near 
the core upper-axial blanket mterface during both flow 
coastdown and power transients of the type studied 

here. This means that coolant boiling typically starts 
at the core blanket interface rather than at the channel 
exit. The calculational complications introduced by this 
situation (as compared to cases where boiling starts at 
the end of the channel) are primarily in the nature of 
more difficult boundary conditions, since there are now 
two interfaces between single-phase or non-boiling 
liquid and the two-pha.sc boiling mixture, rather than 
one. 

In addition, the earlier restriction that the calcula
tions could not be extended beyond the point of flow 
reversal at the channel inlet has been removed in the 
work reported here. The new calculational method 
devised is presented in this paper. Also, results of 
calculations of boiling transients with both oxide and 

file:///igonne
http://two-pha.se
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carbide fuels are given. These results demonstrate an 
important step toward realism in the description of a 
fast reactor coolant boiling accident. , 

FORMULATION OF THE PROBLEM 

The appi'iiaeh used, as in the earlier work, is to seek 
numerical solutions on the computer for the coupled 
non-linear jiartial differential equations of fluid dynam
ics and held conduction written for a single reactor 
coolant cli:imiel and fuel rod. The same two basic types 
of transients were studied: (1) mild over-power tran
sients in which the driving function is a linearly 
increasing heat generation rate iu the fuel; (2) flow 
coastdown transients resulting from an exponentially 
decreasing available pressure head at the coolant chan
nel inlet. The other assumptions made in the problem 
formulation and listed in Ref. 2 are also valid here. 

HYDRODYNAMICS EQUATIONS FOR T W O - P H A S E FLOW 

The conservation equations used for the two-phase 
mixture are; 
continuity (Eq. (11), Ref. 2): 

Da d(! 
(Pir - Pi< T;r + -r-

dl dz 
0; 

momentum (Et). (15), Ref. 2): 

/"• ^ ' (k -H 1 1-' I -H </ f Pi(a/D - a -b 1) rfz 
•'0 ol Pi \o *'o 

•'o 2ptDi 

— J i 

spiDk 

energy (Ec,. (13), Ref. 2): 

<ti,dz-^p\ = 0 ; 

(1) 

(2) 

(3) 

where 
a = volume fraction of vapor, 
:r = vapor ijuality, 
Pg = vapor density. 
PI = liquid density, 
G = aOg d- (1 — ot)Gi = total mass flow rate, 
L ^ channel length, 

Hg = vapor enthaljiy. 
Hi = liquid enthalpy, 

y = ratio of chaiiiiel perimeter to cross sectional 
area, 

X = eiithal|iy of vaporization = H, — Hi, 
p = Jiressure, 

(t>{z,t) = heat flux at channel wall, 
y = acceleration of gravity, 

(1 - . T ) ' 3x 
-f 1 

» = Pt/Po , 

/,p = single phase friction factor, 
a = 0.2, 

ifi'i = two-phase friction multijilier (see Ref. 2) . 
Dh = channel etiuivalent diameter. 

The change made consists of breaking the momoiiliim 
integral [Eq. (2)] into two ]iarts as follows: 

lower non-boiling leg and boiling portions: 

/••"' d G 

h dt 
dz • 

G-
- — I 

PI 

'" + g I "" pilcx/H-a+l) 
II * ' l l 

dz 

•'(1 

,G'(1 -x)'' 
(4) 

2p,Di, 

upper non-boiling leg: 

f- SG, ,G'-\'- , f-

<t)', dz -i- p\ 

dz 

•'-•.. 2p,D„ 

(5) 

dz 

Since tbe mass flow rate and litiuid properties are ap
proximately constant with position in the upper non-
boiling leg, integration of h^q. (5) gives 

dG 
(L z.i) -b gpid. — z.,,,) 

f G' 
2p,D, 

(0) 

b) + py 

The term dG/dt in the etjuation is represented b.v the 
finite difference form 

dG 
dt 

Gub — Gib 
2AI' 

thus, in difference form, Eq. (6) becomes 

G„b — G„b 
P'ul, 2 AC 

+ gp'i 

zlV) 

ZLV ) + 
(7) 

2p'rD, 

(L - zlV] H- ,,,•• 

where 
zlh = distance from channel inlet to upper boiling 

interface, at fth time node. 
GU = mass flow rate at upper boiling interface at 

Ith time node. 
In this manner the upstream suigle-phase liquid leg 

and the two-phase boiling portion of tbe channel are 
treated using one momentum integral [Eq. (4)] whereas 
the downstream liquid leg being expelled from the 
channel exit is treated by a second integral [E(|. (5)]. 
The downstream jiressure boundary condition, p.^,, , 
for the first integral is time varying as determined by 
Eq. (7). This is in contrast to the previous work where 
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TABLE IV-14-I. INPUT PARAMETERS FOR 
TRANSIENT PROBLEMS 

Core length, L. nn 
Blanket tliickness, R. cm 
Axial extrapolation distance for cosine 

power distribution, cm 
Fuel rod diameter, D. cm 
Coolant volume fraction 
Heat generation factor in blanket 
Coolant inlet temperature, ^^(O), °C 
Coolant outlet temperature at I = 0, °C 
Coolant mass velocity at I = 0, G(0), 

g/cm'-sec 
Coolant velocity at ( = 0, m/sec 
Peak fuel heat generation at I = 0, 

cal/cm'-sec 
(kW/kg) 

Channel exit plenum pressure, p., , atm 
Fuel properties: 

Thermal conductivity, k, , cal/sec-
cni-°C 

Density, pi . g/cm' 
Specific heat, Cj . cal/cm-°C 

Equivalent resistance of gap and clad
ding, R^ . ser-rm^-°C/cal 

Number of radial nodes in fuel rod 
Number of axial nodes in channel 
Constants in convection film coefiicient 

correlation (Eq. (16), Ref. 2) 
A, 
A-, 
A, 

Oxide 

100 

30 
20 

0.635 
0.60 
0 10 

500 
632 
700 

8.42 

300 
(126) 

3.0 

0.0065 

10,0 
0.090 
2.0 

5 
160 

0.025 
0.8 
6.0 

Carbide 

-

— 

— 0.63 

" 
400 
633 

— 
— 
900 

(314) 

— 
0 0325 

12.0 
0.055 
0.8 

— 
— 

— 
— 
— 

there was no upstream liquid leg and, therefore, the 
pressure boundary condition for the first integral was 
the constant channel exit pressure. 

Equations for Single-Phase Flow 

The conservation equations for the single-phase fluid 
in the sub-cooled portion of the channel are the same 
as those given in Ref. 2 and will not be repeated here. 
A refinement was made in the treatment of the momen
tum equation in that terms were added at the channel 
inlet and outlet to account for the contraction and ex
pansion losses from the coolant plenums to the channel. 
The inlet term is 

Pi - P' 
Go I Go I 

2po 
(8) 

where 
p, = inlet plenum pressure, 
Po = channel pressure just inside the inlet, 

which is the pressure loss for the single phase fluid at the 
channel inlet for an area ratio of 0.5 (corresponds to a 
core coolant fraction of 0.5) according to data given by 
P. Lottes. In computing the exit loss it is assumed that 

none of the potential pressure increase' is recovered and 
that there is a further loss of one velocity head due to 
the fuel bundle end fittings, etc. Thus the exit loss term 
is 

Piv - p.. 
G„ I G, I 

2ps 
(9) 

where 
p„ s exit plenum pressure, 
pn = channel pressure just inside the exit, 

for either single-phase or two-phase fluid at the channel 
exit. Thus the values of po and p„ for u.se as boundary 
conditions in Eqs. (4) and (5) are obtained from the 
inlet and exit plenum pressures p, and p „ using Erjs. 
(8) and (9). 

Fuel Heal Transfer Equatiems 

The equations used for calculating the transient fuel 
temperatures are the same as those reported in Ref. 2 
and are not repeated here. 

Boundary Conditions 

An additional botindary condition required in the 
present calcidations is the velocity of the interface be
tween boiling two-phase coolant and the downstream 
liquid slug being expelled from the upper axial blanket. 
In the present calculations it wa.s assumed that the mass 
flow rate is continuous across this interface and that the 
interface is transported toward tbe channel exit with a 
velocity equal to that of tbe local coolant velocity. Thus, 
the position of the upper interface in the channel at any 
time, t, is given by 

Z,„t„la„ = Zj d- f V.„„,.r.dl' 

Zb -b 
•>lb P,nl.rf<xc. 

(10) 

where 
tb = time when boiling starts, 
Zb = point in channel where boiling starts. 
After the upper liquid slug has been completely ex

pelled from the channel, only one momentum integral 
equation [Eq. (4)] is needed and the calculation of the 
pressure profile is similar to that in the previous work. 

DIFFERENCE EQUATIONS FOR NUMERICAL SOLUTION 

The basic differencing scheme for representing the 
differential equations remains the same. However, some 
modifications are necessary to properly represent the 
correct physical situation when boiling starts at an 
intermediate point in the channel. Treatment of the 
momentum equation by means of two momentum 
integrals does not involve any change in the ba-̂ ic 



14- MacFarlane 30:j 

equations, but requires some modification of computer 
programming details. Including the effect of entrance 
and exit losses in the channel also requires some rather 
minor changes in programming details. 

The principal modification arises because a major 
dithcxilty was encountered with the iterative computa
tional scheme used previously. It \vi)S found that the 
temp(Tature gradient in the single-phase liciuid in the 
region just before the start of boiling was much steeper 
than tor the previous cases where boiling started at the 
end of the channel. Since this gradient has a direct 
bearing on the rate at which the single-phase, two-phase 
interface moves toward the channel iulet for a given 
coolant saturation temperature profile, the time step 
required to move the interface one space node w'as 
larger Ihan previously. In general, the stability (Titeria 
for the two-phase difference etiuations, namely 

A( < Az{pl/(l]),„as 

where 
p'j = average coolant density at ith time jth space 

node, 
G'j = coolant mass flow rate at ith time Jth space 

node, 
was exceeded after a few time steps into coolant boiling 
with the result that the iterations failed to converge. 
In the original scheme the time step in the boiling re
gion was, in cfTect, fixed by Ihe size of Ihe space mesh 
duo lo the re((uiretnenl llial tlic siiigh'-phase, two-phase 
interface move one space node per time step. Therefore 
it was necessary lo m()dify the computational scheme 
to allow the interface to move a specified fractional 
portion of a space node per time step. This was ac
complished by setting up an overlay fine space mesh 
structure which traverses with the single-phase, two-
phase interface thrtiugh the coarse space mesh struc
ture. By this means the fixed relationship in the old 
algorithm between the space step size, A2, and the 
time step size, A/, was removed and thus an arbitrarily 
small time step could be specified for a given space 
mesh by specifying the fine space mesh t)verlay. These 
modifications to the computing algorithm, do not 
involve basic changes in the method of representing the 
differential equations which describe the fiow, but 
rather are changes in the computer programming re
quired to eliminate the restrictions encountered in the 
present series of calculations. 

Some additional modifications were necessary to 
extend the calculations beyond the time of flow reversal 
at the channel inlet. The primary change is in the single-
phase coolant energy efjuation which wa-s derived in a 
modified form for use when the coolant mass flow in the 
inlet liquid leg is negative. The boundary cimdition 
for this equation was also changed so that the coolant 

inlet temperature is no longer specified after flow re
versal, but was permitted to increase in time. A new 
boundary condition of zero temperature gradient in the 
coolant at the single-phase, two-phase interface was 
substituted after flow reversal. 

The above changes were incorporated into the original 
ALGOL program^ which was then used to perform a 
series of calculations. No changes were made in tlic fuel 
rod heat transfer model and Ihe original A K d l ' S 
difference et^uations were retained. 

NUMERICAL UKHULTS 

In performing the calculations an attempt was made 
to obtain a comparison between the behavior of an 
oxide and a carbide-fueled fast reactor. Accordingly, 
both power and flow coastdown transients (no scram) 
have been calculated for typical reactor configurations 
using these two fuels. The parameters are presented in 
Table IV-14-I. The carbide fuel, assumed to be repre
sentative of a high thermal performance fuel with a 
low fuel-to-clad bond resistance, has a maximimi power 
density three times higher than the oxide fuel case. To 
acconmiodate this higher power capability of the carbide 
fuel while holding the coolant exit temperature con
stant the core coolant fraction was increased and the 
coolant inlet temperature was de(Teased from the oxido 
case, as shown by the data in Table IV-11 I. The 
transients for both fuel eases were started rrmii llie 
steady stale coriditiims given in IIK^ Talile. In an at
tempt to sele<'t realistic power and flow driving; func
tions for tl\e transients, the work of I). Sherer and W. 
Meinhardt* was used as a guide. 

POWER T R A N S I E N T S 

A linear driving functicm, naniely 

Q{z,i) = Q(2,0)(l + AV) (U) 

was used for both the oxide and earbitle power tran
sients. Based on the results reported in Ref. 4 a vidue of 
K\=- 15 sec"' was chosen. This corresponds to a S2/sec 
ramp with /I(Doppler) = T dk/dT = -0 .004 for the 
oxide core and a S2/see ramp with 4̂ (Doppler) = 
—0.0015 for the carbide core. The purpose here was 
not to compare results with those reported in Ref. 4 
but, rather, to choose a realistic driving function for the 
transients up untd boiling, since the present calcula
tions do not include the feedback effects which influence 
the shape of tbe power rise function. 

The results of the calculations for the oxide fuel 
power transient are summarized in Figs. IV-14-1 
through IV-14-4. As shown in Fig. IV-14-1, the coolant 
temperature profile maximum value occurs 2 cm down
stream from the core exit at d, = 0.8640 sec, the time 
when boiling starts. During this time the fuel power 
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Via. IV-14-1. Coolant Temperature Profiles at Various 
Times for Oxide Power Transient. ANL Neg. No. 112-8324-

TABLE 1V-14-1I. H E , I T FI-UXEB ODHING TRANSIENTS 

Transient 

Power 
Oxide 
Carbide 

Flow Coastdown 
Oxide 
Carbide 

Heat Flux at End of Core, 
cal/cm*-sec 

Initial Steady 
State 

34 
101 

34 
101 

At Start of 
Boiling 

125 
273 

17 
7*1 

has increased by a factor of 14 and the heat flux by a 
factor of 3.7. A summary of the heat fluxes for the 
various cases is given in Table IV-14-II. There is a 
reversal in the sign of the heat flux in the blanket when 
boihng starts, as evidenced by the fact that the coolant 
temperature is higher than the cladding temperature in 
this region. This means that heat is actually being trans
ported from the hotter core regions to the cooler blanket 
by the coolant prior to the time boiling starts. This 
condition has a significant effect on the coolant behavior 
once boiling starts since it means that there is some 
condensation and partial collapse of voids which have 
been produced in the hot core upon reaching the 
blanket. This is illustrated by the vapor void fraction 
profiles in Fig. IV-14-2. The idher discontinuities in the 
coolant and cladding temperature profiles are produced 
by the rapidly changing heat transfer coefficients due to 
abrupt increases In flow at the point where boiling starts 
in the channel. This effect can be seen in the cladding 

temperature profiles for times of 0.8940 and 0.9140 
sec in Fig. IV-14-1. Also shown in the Figure are curves 
for a time after flow reversal has occurred (0.9140 sec) 
which show increa.ses in the coolant temperature at the 
channel inlet occurring as a result of flow reversal in 
the channel. 

As shown in Fig. IV-14-2, tbe void increase is abrupt 
in the vicinity of the point where boiling starts as in 
previously reported calculations. The ^-oid profiles 

P]G. IV-14-2. \ 'apnr \ 'uid Fraction Profiles at A"ariu,,s Times 
for Oxide Power Transient. ,A,\L .\cg. .\'o. 112-8312. 

F I O , IV 14-3. Mass Flow Rale Profiles 
Oxide Power Transient. .ANL Neg. .Vo 1 

at Various T 
12-8326. 

Mil's fur 
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bend back lo zero until the licpiid slug in tin; upper 
blanket luis been completely expelled from the channel. 
Afti'r this time the void fraction in tbe blanket builds 
up rapidly but slill retains a negative shipe due to 
jjartial condensation of vapor in the cooler blanket 
region. Since it is impossible to predict from available 
data Ihe condition nf How, heat fiux, pressure, etc. 
which results in channel btu'nont (i.e., clad melting) 
it \\as assumed in all these calculations that channel 
burnout occurs when the vap(tr void fraction exceeds 
SC^r. Since the calculational model no hniger applies if 
the physical integrity of the channel is destroyed, no 
attempt was made to interpret the calculations beyond 
this point. 

The mass flow i-ate ]jrofiles for various times after the 
start of boiling during the transient are given in Fig. 
IV-14-3. The zero curve represents the initial steady 
state c{H)lant mass flow rate and the short horizontal 
segments al the beginning of Ihe other curves represents 
the ^ingle-i)hase mass flow rate in the inlet non-boiling 
portion of the chaimel. As shown, the increases in mass 
flow rate at the point where boiling starts are abru])t, in 
acrordance wilh the void profile results shown in Fig. 
IV-U-2. "̂ I'he flat lopped appearance of the first two 
cnrves after Ihe start of boiling, due to the single-phase 
li(|nid sing in the blanket, is maintained until this slug 
h:is been eompletely expelled fiom the channel. As 
shown by the results, this i)roblem has been carried a 
significant distance beyond flow reversal at Ihe channel 
inlet, and in fact, curve mnnber 7 shows the coolant 
expelling with a greater mass velocity from the inlet 
than from the exit of the cluuuiel. 

Pressure profiles during the oxide jiower transient 
are gi\'en in Fig. IV-14-4. The peak chaiuiel pressure 
rises rather rapidly to a value between 7 and 8 atm 
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and thereafter remains relatively constant in lime. The 
difference between these pressuri' proliles and those re
ported previously for the problems wherein boiling 
started at the channel exit? is due primarily to the 
inertial pressure loading imposed on the two-phase 
fluid by the liquid slug as it is being expelled from the 
channel. 

During the transient the maxinnmi fuel crnlerlino 
temperature increased from the steady state xaliic of 
1846 to 3706°C at the time boiling started and there
after to .3837°C at the time the ealciil.ation was termi
nated. 

Results of the power transient ealculatimis bir car
bide fuel are summarized in Figs. IV-14-.'i through 
IV-14 8. The major difference between this and the 
oxide ease is the higher fuel thermal rtiting (see Table 
IV-14-1). As already mentioned, this case was chosen as 
being representative of an advanced high tberm.al 
performance fuel with a low fuel-to-eladding bond 
thermal resistance. As expected, the time for initiation 
of boiling is shorter due to the more rapid transfer of 
heat from the fuel (see Table IV-14-III). Conserpiently, 
the fuel heat generation rate has increased by a factor 
of only 7 and the heat flux by a factor of 2.7 when 
coolant boiling starts. 

The coolant and cladding temperatures during the 
earbide-fuel power transient are presented in Fig. 
IV-14-.). The behavior of the temperatures is similar to 
that shown in Fig. IV-14-1 for the oxide case in thai the 
peak coolant teiiiperalure at the start of boiling iii-ciirs 
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TABLE IV-14-III. SUMMARY OF T I M E SEQUENCE OF 

EVENTS DURING TRANSIENTS 

Transient 

Puwer 
Oxide 
Carbide 

Flow Coastdown 
Oxide 
Carbide 

Time 

Time lo coolant boiling, 
sec 

0.864 
0.411 

4.88 (flow 15% of S.S.) 
3.41 (flow 29% of S.S.) 

Time after start 
of boiling, 

msec 

Upper 
blanket 
voided 

20 
14 

>129 
57 

Flow 
reversal 

30 
19 

129 
96 

Fio. IV-14-6. Vapor Void Fraction Profiles at Various 
Times for Carbide Power Transient. .A.\L Neg. No. 112-3321. 

about 2 cm downstream of the core exit. The higher 
heat fluxes for the carbide cases are reflected m the 
significantly higher cladding temperature obtained. 
Also the coolant profile at the start of boding is some
what more sharply peaked than for the oxide transient. 
A conclusion that can be drawn from tbe temperature 
profiles for the oxide and carbide cases is that the most 
likely point of initial clad failure by melting is in the 
vicinity of the point where boding starts since the high
est cladding temperatures are obtained here. This is a 
result of the decreasing heat transfer coefficient with 
reduced single-pha.se coolant velocities as a result of 
deceleration of the inlet flow. 

The void profiles for the carbide transients are pre
sented in Fig. IV-14-6. These curves are similar to those 
obtained for the oxide transient except that the time 
scale is shorter (see Table IV-14-III). The vapor quali
ties corresponding to the maximum void fractions ob
tained in these calculations are typically less than 3 %. 

Mass flow rate profiles for the carbide transient are 
shown in Fig. IV-14-7. These curves ddTer from those 
for the oxide transient in that there is an a[ipareiit wave 
or pulse in the mass flow profile which moves Inward the 
channel exit in time, as shown in curves mmiber 2. 3, 
and 4. Coincident with this pulse is a dip or trough in 
pressure profiles which also moves toward the exit in 
time. This is shown by curves 2, .3 and 4 in F'ig. IV-14-8. 
I t appears that this effect is directly related to the 
higher heat fluxes present in the ('arbide case. Further
more, there is a greater tendency for cfjndensation in the 
blanket for the carbide ease as shown by the curves in 

F I O . IV.14-7. Mass Flow Rate Profiles at \a r ious Times for 
Carbide Power Transient. ANL Neg. No. 112-8323. 
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Fig. 1^-14-5 where the larger heat flow from coolant to 
cladding is indicated b>' the greater separation between 
cladding and coolant temperature profiles in the 
blanket. The combined results of these two effects 
produces a greater local growth of voids relative to the 
motion of the upper single-phase, two-phase interface 
and this produces a steeper gradient in the voici profile 
at the upper interface initially (Fig. lV-14-6). The 
minimums in the pressure profiles (Fig. IV-14-8) result 
because of the recovery of momentum pressure head 
near the end of the channel due to condensation. As 
shown, the \\ ave or pulse in mass flow coincides with the 
pressure trough moving toward the channel exit in time. 
Both (hslnrbances are lost when they reach the end of 
the ihanncl and the profiles then resemble those ob
tained fur ihe oxide transient. 

As shown by the pressure profiles given in l''ig. lV-14-
8 for tbe carbide transient the peak channel pressure 
rises (quickly to a value between 7 and 8 atm and re
mains there during most of the calculation. The pres
sure rise is more abrupt than that for the oxide transi
ent. Also, the peak pressures obtained for the carbide 
transient are reduced somewhat due to the pressure 
troughs in the profiles near the channel exit. 

During the transient, the maximum fuel temperature 
increased from the steady state value of 1415 to 3049°C 
at the time boiling started and thereafter to 3196°C 
when the calculation was terminated. 

FLOW COASTDOWN T R A N S I E N T S 

In the pump coa-stdown transients the available 
pressure drop across the channel (the pressure difference 
between the inlet and outlet coolant plenums) is as
sumed to decrease exponentially, 

F I G . IV-14-10. Vapor Void l''ra(;tinii Profiles at Various Time.s 
for Oxide Flow Coastdown Tratisietil. ANL Neg. No. 112-8319. 

Ap(() = A/>(0)exp (-NV). (12) 

FIG. I V - 1 4 - 9 . Coolant Temperature Profiles at Various 
Times for Oxide Flow Coastdown Transient. ANL Neg. No. 
tie-8322. 

A value of Xp = 0.50 sec~^ was chosen for the flow coast-
down transient since this gave approximately 50% of 
full power flow in about 2 sec. This is the approximate 
performance of the FERMI power plant chosen as a 
reference case for the calculations reported by D. Sherer 
and W. Meinhardt.* The power generation in the fuel is 
held constant in the present calculations. This leads to 
slightly earlier boiling than would be expected in a real 
reactor since the negative feedback effects occurring 
before coolant boiling tends to reduce the reactor power. 

The results of the oxide flf)w coiistdown transient are 
summarized in Figs. lV-14-9 through IV-14-12. The 
coolant flow rate has decreased to 15% of the ftiU-flow 
value by the time boiling stiirts 4.9 sec after the start of 
the transient (see Table IV-14-III). Coolant and clad
ding temperature profiles at various times are presented 
in Fig. IV-14-9. As in the case of the power transients, 
the maximum temperature in the coolant profile occurs 
at the core exit, the major difference being a much 
lower heat flux, as evidencc^l by the lower clad temper
atures. 

The void profiles for the oxide transient are presented 
in Fig. IV-14-10. These profiles reflect the differences 
due to the much lower coolant expulsion velocities 
generated in the flow decay transients than in the power 
transients. This is indicated by the symmetric distribu
tion of the void profiles about the point where boiling 
started. 

The mass flow rate profiles are given in Fig. IV-14-11. 
These profiles compare qualitatively with those ob
tained for the oxide ptjwer transient, the major differ
ence again being the lower expulsion velocities. In addi
tion, the flat-top portion of the mass flow rate profiles 
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is never completely elimiiiateti since the upper liquid 
slug was not, completely expelled from the channel by the 
time the calculation was terminated. This is consistent 
with the \oid profiles in Fig. IV-14-10 which show that 
there is still some single-phase liquid in the upper por
tion of the channel. This slower expulsion is a result of 
the much lower heat flux at the time boiling starts (see 
Table IV-14-II) and also the lower coolant velocities at 
this time. 

The pressure profiles for the oxide flow coastdown 
transients are given in Fig. IV-14-12. The zero curve is 
the steady-state single-phase pressure profile and is the 
same as the zero curve in Fig. IV-14-4. As shown, the 

pressure buildup during the flow coastdown transient 
is very small. 

The maxiinuni fuel centerline teiiiperature has in
creased from a steady state value of bSU to IIIOU^C 
at the time boiling starts. The time from the start of 
coolant boiling until flow reversal at the channel inlet 
is 129 msec. 

The results of the carbide flow coa.stdo\vii Iratisieiit 
are summarized in h'igs. IV-14-13 through IV-14-lfi. 
The coolant flow rate has decreased to a value of 2!1'< 
of the steady state value .at the time boiling slurls, 3..1 
see after the start of the transient. As in the easi- of the 
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power transients, the boiling occurs sooner with the 
higher thermal rating carbide fuel. The coolant and 
clad temperature prolih-s shown in Fig. IV-14-13 are 
similar lo those bir the oxide case in iMg. IV-14-9. The 
major dilTerence is the higher clad leiuperatures restilt-
iiig from the higher heal fluxes in the carbide core. 

The coolant \iiiil profiles are given in F"ig. IV-14-14. 
These profiles are bolli steeper at the point where boil
ing starts ami displaced more rapidly to the channel exit 
than those bir the oxide case, a result of the higher heat 
fluxes iiiicl accoinpanyiiig higher coolant velocities for 
the carbide. 

The coolant mass flow rates for the carbide transient 
are presented in l'"ig. IV-14-15. The horizontal line at 
205 g 'cm'-sec is the single-phase coolant flow rate at the 
time boiling starts, which is about a factor of 2 higher 
than that for the oxide transient at the start of boiling. 
As shown by the curves, the upper liquid slug is ex
pelled completely from the channel well before time of 
coolant flow reversal at the channel inlet. 

The pressure profiles are given in Fig. IV-14-16. The 
zero curve is the steady state single-phase profile at the 
start of the transient. As shown by these curves the 
pressure buildup in the channel during the transient is 
somewhat higher for the carbide than the oxide case, 

• , - p i - - r - i I I 

F IG. IV-14-15. Mass Flow Hate Profiles at ^'arious Times 
for Carbide Flow Coastdown Transient. .ANL Neg. No. 112-
8316. 

F I G . IV-14-1G. Pressure Profiles at \'arioUH Times for 
Carbide Flow Coastdown Transient. ANL Neg. No. 112-8318. 

but still quite mild in comiiarison to the power transi
ents. As in the other transients the peak pressure in
creases to a maximum value and then decreases during 
the course of the transient. 

The maximum fuel centerline temperature increases 
from the steady state value of 1415 to 1668°C at the time 
boiling starts. Tbe time for flow reversal at channel in
let is 96 msec after the start of coolant boiling. 

The work reoorted here completes the separale de
velopment of the sodium-voiding model. F'urtber re
porting of improvements and changes in the metiiod of 
calculating the rate of formation of voids w ill be reported 
under the work on the development of a ciniipleto dy
namic reactor model which includes reactor kinetics 
with the appropriate feedback reactivities. The first 
work on the development of this reactor model is pre
sented elsewhere in this report (see Paper IV-15). 
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IV-15. Theoretical Studies of the Response of Fast Reactors During S o d i u m 
Boil ing Accidents 

D. R. M.\CFARL.\NE, N . A. MCNEAL, D . A. MENELEY and C. K. SASATHANA.V 

INTRODUCTION 

The work described in this paper is part of Argonne 
National Laboratory's fast reactor safety program which 
has as one of its goals the development of a better un
derstanding of coolant voiding effects in large fast power 
breeder reactors. 

A better understanding of the interplay between 
sodium boiling and core reactivity could lead to design 
modifications which would improve the safety charac
teristics of large fast breeder reactors. Various the
oretical studies of fast reactor transients to date' ' ' have 
not included the reactivity effects due to voids resulting 
from sodium coolant boiling. In addition, there are es
sentially no experimental data available on the transient 

F I O . I V - 1 5 . 1 . Model of Keactor Channel. ANL Neg No 
112-8644. 

boiling of a liquid metal confined in a channel. The ob
jective of the work reported here was to develop an in
tegrated computer model to be used for calculating the 
behavior of a fast reactor core during transients which 
are slow enough so that coolant boiling occurs before the 
fuel surface or cladding melts. Basically, the approach 
taken is to seek numerical solutions for tbe coupled 
equations of coolant hydrodynamics, fuel heat conduc
tion, and neutron kinetics. As a result then this work 
ma.v serve two purposes; 

1. It would provide a method of calculating the re
sponse of various fast reactor core configurations during 
sodium coolant boiling accidents for parametric studies 
of safety characteristics. 

2. The sodium voiding module in the calculation 
would aid in the design and analysis of transient sodium 
boilmg experiments designed to supply data and phe
nomenology now lacking. 

While the problem formulation is quite general, the 
calculations are oriented toward the large (1000 MWe) 
fast breeder reactors having a fuel in ceramic form. The 
present form in which the routines are connected is most 
appropriate to analyses of the pancake reactor through 
the slab approximation. 

PHYSICAL MODEL AND EQUATIONS 

The heat transfer and fluid flow analysis model is 
based on the description of a single fuel rod and its as
sociated coolant (Fig. IV-15-1), although .sonic al-
tempt was made to account for the non-coherence of the 
boiling in various subassemblies across the core radius 
in tbe calculation of the feedb.a.k reactivity coellicieiits 
(described under Feedback Reactivity Coellicieiits). 
The model was set up to study two basic types of transi
ents: 

1. mild over-power transients in which the drixing 
function is a ramp reactivity input, 

2. coolant flow coastdown transients resulting from 
an exponentially decreasing a\-ailable pressure head at 
the coolant channel inlet. These two cases correspond to 
the inadvertent addition of reactivity and coolant 
pump failure situations, without scram, respectively. 

SODIUM VOID MODEL 

A slip flow model was used in the treatment of the 
two-phase fluid. In addition, the following assumptions 
were made in the formulation of the voiding model: 

1. No sub-cooled boiling or liquid superheat occurs-
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vapor is formed only when the local bulk coolant tenr-
perature exceeds the local saturation temperature. 

2. There is thermodynamic equilibrium between 
phases, and liquid and vapor temperature equals the 
local saturation temperature after boiling starts. 

3. The heat transfer in the boiling region is treated 
in n simple manner wherein the heat transfer coefficient 
is calculated by assuming that the liquid film stays in 
contact with the channel wall up to a void fraction of 
80% and that burnout occurs at this void fraction. 

Hydrodynamics Equations for Two-Phase Flow 

See Paper IV-14 for a description of these equations. 

HEAT TRANSFER MODEL 

A one-dimensional (space) heat flow model is em
ployed since the axial and angular conduction of heat 
are relatively unimportant. The heat flow equations are 
therefore written in one-dimensional space (namely 
radius, r). The channel is divided into several axial seg
ments and the heat transfer and temperature caleula
tions are made for each of the sections in succession, fol
lowing the direction of the coolant flow (see Paper 
IV-16). 

NEUTRON KINETICS MODEL 

A one-group, space-independent kinetics model is 
used to describe the neulron kineticB of the reactor. The 
poHiT w il.liin the reactor is separated in space and time: 

Q(r,t) = n(0«(r) , (1) 

where S(r) is a specified shape function and n{t) is a 
solution of the point kinetics equations, 

dn 
dt 

'»-t-ZT,C., 

and 

dCi 
dl I 

X.C, = 1,6, 

(2) 

(3) 

where the variables have the usual meanings. Most step-
by-step integration procedures for solving Eq. (2) in
volve the use of previously calculated values of n to 
obtain the next value. Thus, to compute n'*', knowl
edge of n', n'~', n ' ' '^ • • • , is retiuired, where k denotes 
time nodes. These methods have the thsadvantage that 
several initial values of n, needed to start the calcula
tions, must be obtained by an auxiliary process. This 
disadvantage can be eliminated by using one of the 
Runge-Kutta methods. Iweii then, the fact that I in 
Eq. (2) is very small (~10" ' sec) in fast reactors, 
limits the time steps, A(', to about W'l"' for stable in
tegration. 

The method used here for the solution of Eqs. (2) 

and (3) was formulated by J. Kaganove. It has the 
advantages of being self-starting and of being stable for 
large integration intervals. Kaganove's method is de 
scribed briefly below; for further details, see Ref. 4. 
Equation (3) is solved for X.C and the results are sub
stituted into Eq. (2). This gives equation 

dn 
df 

P 

l" fct dl • 
(4) 

Equation (4) is integrated across a time interval r, 

n ( r ) - n ' = \' *' "^ dt - E (C,(r) 
J i» ( i - i 

Ci), (5) 

where r is the time interval for numerical integration 
a n d n ' and C? a r e n « ' ) and t ' , (( ' ) respectively. Makhig 
the transformation t' — I — (', Eq. (5) becomes 

k f pn 
"" = hi dt' E (CM - C\), (6) n( r ) 

where 

n(0) = n, 

CM = C i . 

Equation (3) can be solved in functional form: 

Ciir) - C\= -C\(\ - e-'"') 

-'iiy-
Substituting Eq. (8) into Ivp (0) yield; 

n(T) - n =• -r « ' - 2 - T 
•'0 ( 1-1 ( 

• [' e-''"-'''ndt' + E d d 

(7) 

IIIIT 

(9) 

). 
For the time interval under consideration, let p and n 
be represented by 2nd order polynomials: 

P = P -\- Pit' + P2(t')', (10) 

and 

n = n" -b ?!,(' + 112(1')'. (11) 

Substitution of Eqs. (10) and (11) hito Eq. (9) with 
the condition that Eq. (9) be satisfied both at r = A("*' 
and at T = (A<'*'/2), yields two linear equations in the 
two unknowns ni and 712. Substitution of the values of 
ni and ri2 into Eq. (11) gives n(t) for this time interval. 

The reactivity, p, in Eq. (10) is the sum of three con
tributions, 

P = Pi. -b Pll -b Pc , 

where 
Pp = programmed read ivity input, 

(12) 
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TABLE IV-15-1. REFERENCE CORE COMPOBITIO.N function of the form 

Volume Fractions 

Na 0.50 
Fuel 0.34 
Stainless Steel 0.16 

Isotopic Distiibution 

Pu"" 
Pu"" 
Pu" ' 

0.70 
0,25 
0.05 

TABLE 1\'-15-II. SODIUM REACTIVITY COEFFICIENTS 

FROM M A C H 1 t'AU'ULATIONS" 

Core: 

Blanket 

Ch 

2 = 

annel Segment, 
cm 

0 (midplane) to 10 
10-20 
20-30 
,10-40 
40-60 

50-60 
60-70 
70-80 

S*N.(:), 
io-> 

4-3.49 
-1-2,99 
•f2.07 
4-0,922 
-0 ,221 

-0 ,555 
-0 ,302 
-0 ,175 

" Reactivity for complete voiding of channels = $5.14. 
H,,, = 3,2 X 10-'; I = 3,9 X 10^'sec. 

Pd = Doppler feedback reactivity, 
Pc = sodium void feedback reactivity. 

The reactivities pj and p, are fimctions of n(t). From 
Eqs. (9) and (12) n(t) is a function of pj and p, as well 
as Pp. These two functions must be compatible. Due to 
the complexity of the functions, an iterative scheme is 
used to achieve compatibility. The sequence of events 
in the calculation of n, pj , and p, across any time in
terval M is described in a following seetion which 
gives a brief description of the operation of the com
plete computer program. 

FEEDBACK REACTIVITi ' COIOFFICIENTS 

Sodium Void Reactivity 

The reference core for the calculations is a 4900 liter 
UOj-PuO, fueled system having a fertile-to-fissile ratio 
of 7.2. The core height and diameter are 100 cm and 
2.50 cm, respectively, and the upper and lower axial 
blankets are 30 cm thick. Core composition and heavy 
atom isotopic distributions are given in Table IV-15-1. 

A perturbation calculation using the MACH l"" 
code was used to obtain the sodium voiding reactivity 
coefiicients (Table IV-15 II) for the reactivity feed
back calculation. The reactivity values listed m Table 
II are for complete voiding of the given axial segment 
across the core radius. In an attempt to represent the 
non-coherence of boiling initiation it is assumed that 
four different groups of fuel subassemblies (distributed 
uniformly across the core) start boiling at different 
times. Thus the .sodium void feedback reaetivitv is a 

PNa 

where 

p{t) -b pit - <r,) -b p(t - Ol) -b Pit - <rj). 

pit) ±f 
4L lb. 
ih 

a(z,t)ikf,„lz) dz 

and L is the total channel length. The contribution from 
each term is zero when the argument is negati\'e. The 
values (TI , 172, and tra are input parameters for which 
values are obtained from tbe different power densities 
in the four subassembly groups. In this mtinner the 
feedback reactivity based on the single channel fluid 
flow and heat transfer analysis is modified to be more 
representative of that in a multichannel reactor having 
radial power gradients and fuel subassemblies with dif
ferent burnup histories. 

Doppler Reactiiity 

The Doppler feedback reactivity is based on the 
volume averaged fuel temperature over the fuel pin, 
T/ . Reactivity is then calculated by integrating the 
expression 

.4(Dop])ler) = 'T, 
dk^ 
df, 

where .4 (Doppler) 
tions. 

-0.0035 for the present calcula-

Fuel Expansion Reactivity 
No attempt has been made in tbe present model to 

include reactivity effects which may result from radial 
and axial fuel expansion. Howe\-er, in cases where this 
feedback is important it can be readily included since 
detailed lemperature profiles in tbe fuel are :i\ inhililc. 

OPEUATION OF T H E I N T E G R A T E D COMPUTER IMioOlUM 

A flow diagram showing the major steps in the pro
gram is presented in Figs. IV-lo-2a and I^'-15-2b. The 
version currently in use was written in Fortran for the 
CDC-3600 Computer at .\rgonne. It may be noted that 
there are four main subroutines, namely the steady state 
module, coolant dj-namics module, transient heat trans
fer module, and neutron kinetics module. These sub
routines are called as needed by a main (or control pro
gram) using a scheme involving overlay tapes to avoid 
exceeding the fast access memory capacity of the com
puter. Typical running times for calculating a reactor 
transient are on the order of 15 min. 

The temperature dependent thermal pro|ierties nf 
sodium are calculated as required from e(|U:itioiis built 
into tbe sodium voiding module. Likew ise tbe fuel ther
mal properties are calculated in the heat transfer module 
using polynomials which Inive been fitted lo experi-

file:///rgonne
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^ 
'READ INPtlA 

MU J 
1 1 

Calculolt Initial Conditioni 
Nwtrm 
KlMlTci C ,n'.Q°(r,rl -

Module ^ c " ' ' P * ' ' ' ^ T • 

Module " V i ' l / T ' , ^ ' ( i } , 
and fuel element 
dimensions ol 1=0. 

& -

OWoin lint (iHinotl i ) t O " ' M 
oiid4"J(,|:0"i (,,,)= 0>(,,,) 
i i n i l ^ " * ( l | = ^ > ( i l . 

OWoin lirtl iilimaU ol o ' " ( f , i ) 
by •ilropololion Irom 

0' l r , l l l ) l id0'" ' l r , i ) . 
Eitropolole clod lo cooloni hoot 
l l l l i^" ' ' l ( l ) Irom 

^ ' l l l o n i l ^ ' - ' ( i l . 

:E 
Call Coolant Dynomici Module 

Ui lng^**^i{ i l , colculotea*" [t), T j * ' { i ) , 

Coll Transient Heal Tronsfer Module 
l l s l r g T t * * ' ( : | a Q ' " ( f . z ) , calculote 
y * ( r , i ) , T * ' , new fuel element 
dimeniiors, and A**' ( i l . 

X 
Call Neutron Kinetics Module 

FfomT^*! a o * * i ( : l , colculate ^^•i a 

9et(^»*' l Ffom(/)'*')-tcolculote 
ne .O»* ' ( r , i ) . 

F I G . I\'-15-2a. Flow ]>i;igram of Computer Program. ANL Neg. No. ll£-& 
F I G . IA-15-2b, Flnw J)i:iKram of Computer Program. ANL Neg. No. 112-1 

iiiontul (latii nver llu- tt'iiipt'iature ninj^c of iTitcrest. 
The cliuUliiij^ properties arc evaluated at a cipustaiit 
teiiiperalure \v!iicii is represeiilative of an averafi;e clad 
leiiipeniture during t'le Iraiisii'iil. 

XTIMEHK'AL UESULT.S 

A> mentioned previously, the eode is designed to com
pute transieiLts wliieh are slow enough so that there is 
timeforheal transfer to the coolant before the threshold 
for fuel subassembly damage is reached. In the case of 
reactivity transients for oxide fueled c()res, ramp re-
a<-tivity in>ertions up to S2/sec have been used so far in 
perf<Dining calculations. 

The results of a Sl/sec reactivity transient for the 
f)xide core for which the feedback reactivity parameters 
arc given in Taljle IV-I5-II are summarized in Figs. 
IV-15-3 through IV-1.5-10. The other parameters for the 
reactor are given in Table IV-15-III. The coolant tem
perature niaxinuu)! value occurs 2 cm downstream from 
the core-blanket boundary ai /& = 1.01 set;, the time 
when boiling starts. As shown in Fig. IV-ln-3, there is a 
reversal in the sign of the heal flux in the blanket when 
boiling starts, as evidenced by the fact that the coolant 
temperature is higher tlian the cladding temperature in 

F I G . I \ ' 15 
Times. .lAV. 

-3. Con] 

Neg. So 
Tcin|ierjit \\v, Profilps al X'ariinis 
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TABLE IV-15-III. PARAMETERS FOR UEKERENCE 

OXIDE REACTOR 

Core length, L 
Blanket thickness, R 
Fuel rod diameter 
Coolant volume fraction 
Ilcat generation factor in blanket 
Coolant inlet temp. TdO) 
Coolant outlet temp, at I = 0 
Coolant mass-velocity at I = 0 

Peak fuel heat generation at I = 0 

Channel exit plenum pressure, p „ 

100 cm 
30 cm 
0.650 cm 
0.50 
0.10 

500°C 
625°C 

700 g/cm'-sec 
(8.42 m/sec) 

380 cal/cm'-sec 
(148 kW/kg) 

3.0 atm 

F I G . I V - 1 5 - 4 . Vapor Void Fraction 
Times. ANL Neg. No. 112-8649. 

Profiles at \'ariou8 

this region. This means that heat is actually being trans
ported from tbe hotter core region to the cooler blanket 
by the coolant prior to the time boiling starts. This 
condition has a significant effect on the coolant be
havior once boihng starts since it means that there is 
some condensation and partial collapse of voids which 
have been produced in tbe hot core upon reaching the 
blanket. This is illustrated by the vapor void fraction 
profiles in Fig. IV-15-4. 

As shown in Fig. IV-lS-4, the void increase is abrupt 
in the vicinity of the point where boiling starts. The 
void profiles bend back to zero until the liquid slug in 
the upper blanket ha.s been completely expelled from 
the channel. After this time the void fraction in the 
blanket builds up rapidly but still retains a negative 

slope due to partial eoiideiisation of vapor in the cooler 
blanket region. Smce it is impossible at the present time 
to predict from available data such things as the condi
tion of flow, heat flux, and pressure, which cause channel 
burnout (i.e., clad melting) it was assumed in all these 
calculations that channel burnout occurs when the vapor 

F I G . I V - 1 5 - 5 . Mass Flow Rate Profiles at Various Times. 
ANL Neg. No. 112-8647. 

FIG. I V - 1 5 - 6 . Average Mass Flow Rate versus Time. A.\l 
Neg. No. 112-8666. 
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void fraction exceeds SO''.'(. Since the calculational model 
no longer applies if the physical integrity of the channel 
is destroyed, no attempt was made to interpret the cal
culations beyond this point. 

The mass flow rate profiles for various times after the 
start of boiling during the transient are given in Fig. 
IV-15-5. The zero curve represents the initial steady 

Ii.OUUU 
i . 6 l 2C i . | ^ 

FIG. I V - 1 5 - 7 . Pressure Profiles at Various Times. ANL Neg. 
No. 118-8564. 

FIG. IV-I5-8. Fuel Centerline Temperatures at Various 
Times. ANL Neg. No. 112-8552. 

F I G . I V - 1 5 - 9 . Ueaetor Power Level versus Time. ANL Neg. 
No. 112-8651. 

state coolant mass flow rate and the horizontal segments 
at the beginning of the fither curves represents the sin
gle-phase mass flow rate in the inlet non-boiling portion 
of the channel. As showii, the increase in mass flow rate 
at the point where boiling starts is abrupt, in accordance 
with the void profiles shown in Fig. IV-15-5. The flat-
topped appearance of the first curve after the start of 
boiling, due to the single-pha.se liquid slug hi the blan
ket, is maintained until this slug has been completely 
expelled from the time beyond flow reversal at the chan
nel inlet, and, in fact, the last curve (1.6544 sec) shows 
the coolant expelling with a mass velocity from the inlet 
almost ecjual to that from the channel exit. The upper 
liquid leg is completely expelled from the channel 19 
msec after the start of boiling and flow reversal at the 
inlet occurs 29 msec after boiling starts. A plot of the 
channel-averaged mass flow rate, G', is presented in Fig. 
IV-15-6. As shown, the decrease in flow rate is abrupt 
when boiling starts 

Pressure profiles during the transient are presented iu 
Fig. IV-15-7. The peak channel pressure rises rapidly to 
a value between 8 and 9 atm and thereafter remains rela
tively constant in time. The rapid pressure rise is due 
primarily to the inertial pressure loading imposed by the 
liquid slug in the upper blanket as it is being expelled 

http://single-pha.se
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F I G . IV-15 -10 . Feedback Reactivities versus Time. ANL 
Neg. No. 112-8646. 

from the channel. The point of peak pressure in the 
profiles in the figure is at the lower boundary between 
boihng and single-phase fluid. 

As shown in Fig. IV-15-S the maximum fuel center-
line temperature increased from the steady state value 
of about 2000 to over 4000°C at the time boiling started. 
At this latter time the fuel centerline temperature ex
ceeds the melting point of 2800°C over the entire length 
of the core portion. The changes in slope of the profiles 
near the ends of the core region occurs because the phase 
change from solid to liquid is still in progress close to 
the ends of the fuel section, whereas the central portion 
is completely molten at the fuel centerline. 

A plot of the normalized reactor power level versus 
time is presented in Fig. IV-15-9. As shown, the power 
has increased to about 17 times the steady state value 
when boiling starts (4 = 1.61 sec). A sharp decrease in 
power level is produced by the initially negative feed
back reactivity due to voiding sodium {Fig. IV-15-10). 
The decrease is followed by a rapid increase in power 
when the sodium voiding begins to add positive reac
tivity at a fairly rapid rate (^^$20/sec). The time from 
the start of boiling to the termination of the calculation 
due to the excessively high power level is about 50 msec. 

The programmed (Sl/sec) ramp reactivity insertion 
and the feedback reactivities versus time are shown in 
Fig. IV-15-10. At the time boiling starts the net reac
tivity is slightly over 75^ and the rate of incicase has 
leveled ofT due to the buildup of the negative Doppler 
feedback. The curve representing the coolant (sodium 
void) reactivity is the sum of the reactivity contrihu-
tion of the four sections of the core in which boiling i< 

TIHClSECl 

F I O . I V - 1 5 - 1 1 . Reactor Power Level versus Time fnr 
Truncated Ramp. ANL Neg. No. 112-8550. 

SfMBOL 

a 

• 

• 

HERC. rTFE 
PBOCflRri 
OOFFLEfl 
COOLflur 
NET 

~._̂  

-^—— ̂  

rlMClSEC) 

F I G . I V - 1 5 - 1 2 . Feedback Reactivities 
Truncated 'R.iim^. ANL Neg. No. 112-8548. 
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initiated at different tunes (see Sodium Void Reac
tivity). The time delays for the start of boiling are as 
follows: 

Region 
I 
2 
3 
4 

Time Delay 
msec 

II 
3 

35 
49 

At the time the calculation was terminated the net re
activity was about $1 (point not shown in Fig. IV-15-
10). 

For purposes of comparison, another calculation was 
run using exactly the same parameters as in the transi
ent summarized above, except that input reactivity 
ramp was cut off after 1 sec and held at SI thereafter. 
In this problem the coolant did not reach the boiling 
point and the transient eventually leveled out at a 
power about 3.3 times the initial steady state power. At 
this new steady state the maximum fuel centerline 
temperature was 4800°C and the coolant outlet tem
perature was S91°C. l*lots of the normalized reactor 
power level and reactivities versus time for the transi
ent are presented in I'igs. IV-15-11 and IV-15-12, re
spectively. 

The success in performing the calculations presented 
here show that the heat transfer and sodium \<iiding 
computational models which liave been developed sepa
rately can be successfully incori)oraled into a conq)let(' 
dynamic model involving reactor kinetics and lh(! vari
ous reactivity feedbacks. While the computer code; tJnis 
synthesized has obvious limitations it does, neverthe
less, represent a first attempt at performing such a 
completely integrated analysis of fast reactor coolant 
boiling transients. 
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IV-16. Heat Transfer C o m p u t a t i o n for Ceramic Fuels Undergoing Reactor Trans ients 

C. K. SANATHANAN and N. A. M C N E A L 

The work reported here is one phase of the fast re
actor safety evaluation program at Argonne National 
Laboratory. It pertains to the transient flow of heat in 
ceramic fuel pins. A numerical procedure has been de
veloped to compute the temperature profiles, the extent 
of melting, and thermal expansion of the fuel pin. The 
computer routine, or module, is linked with other re
lated mt>dules to describe the history of fast reactor 
accidents, especially those leading to sodiuni voiding or 
fuel ejection into coolant (see Papers IV-13, IV-15, 
IV-19). 

Since the axial and angular conduction of heat are 
relatively unimportant, a one-dimensional space (radial, 
r) heat flow model is employed. The channel (Fig. IV-
16-1) is divided into several axial segments and the heat 
transfer and temperature calculations are made for each 
of the sections in succession, following the direction of 
the coolant flow. Since sticcessive sections are thermally 
coupled through the coolant, the Storrer effect of heat 
transfer from downstream coolant to fuel is automati-
callv included. Calculations made thus far show that the 

neglect of axial conduction is quite reasonable. The ad
vantage gained thereby, namely, of not being obliged to 
solve the heat flow equations in two-dimensio!ial space, 
represents a large saving in computing time. 

This model is similar to those employed iu Rcfs. 1 
and 2. However, the numerical methods used in Kefs. 
1 and 2 have the following limitations: 

1. Time increments nmst be kept small to assure 
numerical stability. This is so because the differencing 
schemes are explicit; consequently, computing time be
comes excessively largo. 

2. Thermal expansion is neglected in cominiting the 
temperatures. In materials such as UO2, whos(^ volume 
increases approximately 20% between 500 and 3500'^K, 
serious errors may be introduced in neglecting thermal 
expansion. 

The method of analysis developed here represents an 
effort to eliminate these disadvantages. The transient 
heat conduction equations are discretized in space, /•, 
and time, t, by means of the extrapolated Crank-Nicol-
son scheme as fornuilated in Ref. 3. This si-hcmc is 
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(if lleacUir Channel. ANL Neg. No. 

chosen because it is numerically stable for reasonably 
large increments of time, and also because it is efficient 
in handling the non-linearities of the equations resulting 
from the wide variation of thermal conductivity with 
temperature. These aspects of the numerical scheme are 
explained in the following section. In addition to the 
use of tbe new differencing scheme, the method of 
analysis also takes the following into account: 

1. The dimensional changes due to thermal expansion 
and phase change (melting). 

2. Latent beat absorption due to phase change. 
3. Widely varying time increments for use in differ

ent portions of transients. The large time increments 
allowed by the implicit form of the equations enable 
more sensitive modules to control choice of time step 
increments. 

4. Variable bond gap size and the associated variable 
thermal resistance. 

Figure IV-16-1 illustrates the cross seetion of a typi
cal fuel element under consideration. The bond may be 

filled either with a ga-s such as helium or a liquid metal 
such as sodium. In tbe former ca.se the temperature drop 
in the bond is usually large. The transient beat flow 
equations in the fuel, bond and clad are discretized in 
such a manner as to enable these equations to be coupled 
with the transient coolant flow equations. This coupling 
is explained later. 

h'igure IV-16-2 shows tbe maimer in which the radius 
of the fuel clement is discretized. Temperature, T , , is 
used to obtain the thermal expansion and melting of (he 
radial segment i, which lies between radii r , , i and r,. 
The first and the last radial segments are approximalcly 
half the size of the rest of Ihe radial segments. 

T R A N S I E . V T NuMEKir.\L S o U T I O S 

The diffusion equation in cylindrical geometry is 

dT 
CpiT) 

dl 
''jKiTu-'-'n 
r dr\_ dr J 

+ ?. (1) 

where 
T ^ 
C ^ 

P '•• 

K 

temperature, 
specific heat, 
density, 
thermal conductivity, 

q = volumetric heat generation rate in the fuel. 
The discretized form of Eq. (1) when one uses the ex
trapolated Crank Nicolson differencing scheme is 

rpk -(-1 rpk 

Cp(T'*'^ ' i - ' . 
A/'+i 

-\l>, 

\K( T)\ty.lK {^1+J*:'1\\ 
(2) 

- , , • • - +'l. 

where the superscript /; pertains to time and the sub
script i pertains to space nodes. The space differencing 
operators, D+ and / )_ are defined as follows; 

V.) D+i,,,) s 2(.),H 

(Ar,+, -f Ar,) 

where rj, is any variable being operated on and 

2(7,, - , , ,_,) 
D-.(r. 

(Ar, -b A.-,_i) 

(3,) 

(4) 

The superscript A+ ^2 indicates that the variable is 
evaluated at the middle of the (k + l ) th time inter\'al 
and the superscript ( ± ' 2 indicates that the variable is 
evaluated as an average between its values at the 
radial nodes i and izhl, respectively. 

If there are a number A' of radial nodes. VA\. (2) repre
sents a number A'̂  of coupled algebraic equations. These 
must be solved simultaneously to obtain 7'!*^ for all (. 
Therefore, the diflerencing scheme is implicit. Since K 
and Cp are functions of temperatiire. Kq. (2) is non
linear. Consequently, an exact solution is not easily 
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possible. The following method suggested in Ilef. 3 is 
found to be very effective in treating the non-linearity. 
Temperatures at the middle of the (J- -|- 1 )th time in
terval used to evaluate K and Cp are obtained by a 
linear extrapolation of the temperature Ti and T; ; 
that is 

rpk rpk — ' 
__ y* 

2A(' 
A( (5) 

where, in general, M ^ At . 
Using the known values for T*" '̂ for all i, the values 

of Cp(r'±}) are computed and substituted into Eq. 
(2). This reduces Eq. (2) to a set of linear algebraic 
equations in Tt*', which can be solved directly by the 
Gauss elimination procedure.' The effectiveness of thi.s 
approach results from the "smooth" variations of the 
thermal properties with temperature and the smooth 
variation of temperature with respect to time. Mathe
matical proof of the numerical stability of the differ
encing scheme is given in detail in Ref. 3. 

VARIABLE SPACE M E S H D U E TO FUEL EXPANSION 

In Eqs. (3) and (4), Ar,-ti and Arj are obtained from 
knowledge of the temperatures r!;±i and T'i , respec
tively. In other words, the spatial dimensions at the 
end of the i th time increment are used for the compu
tations in the i + l increment. A projection of tbe 
spatial increment lengths themselves to the middle of the 

time increment k-\-l (as was done with temperatures) 
is found to be unneeessar.y in practice. Ar̂  is computed 
as follows: 

if r , is less than the melting jioint, T„.,i, , 

.Ar. = Ar',»'[l -|- ciT", - T'°')\; 

if T, is at the melting point, 

Ar, = Ar['\l + aATr^rit - r ' ' ' ) ] [ l + x.a . .n] ; 

if r , is above the melting point, 

Ar, = Ar'^'ll + a.(T„„,, - 7'*"')] 

•[1 A- a^.iM -{-MT' - 7\,u)l 

where 
ag = linear coeffi(;ient of expansion of the solid, 

am^it = expansion due to melting, 
ai = linear coefficient of expansion of the iiqviid, 
Xl = fraction melted at the /th radial nodt;. 

The computation of Xi is done as follows. First, the 
temperatures are computed neglecting any melting 
during the time increment luider consideratioTi and the 
temperature rise A7\ app of T, above the melting jmint 
is noted. The fraction melted is then given by 

^ CAT...PP 

where Xi is the heal of fusion, AT. tb e increase in 
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temperature if no latent heat absorption took place, and 
(' is tbe specific heat. However, when CATi„p > X, 

XI = 1, 

and then tbe rise in temperature, AT,, of the all-liquid 

phase above the melting point is computed as 

CATi.pp - X 
A7', 

C 

The procedure is reversed in a cooling process. 
A simpler method of accomiting for the heat of fusion 

is used in lief. 5. This involves artificially increasing I" 
around the melting point. In other words, make 
jl[('ilT = X, where 7'„,n is between 7', and T,. How
ever, when large increments of time are used, there is 
usually a large increase (or decrease in temperature) 
and consequently, the region iTx-Ti) may bo entirely 
overlooked, thereby inadvertantly ignoring tbe addition 
or subtraction of tbe latent heat. 

BOND-GAP CLADDING EQUATIONS 

When the bond consists of a gas, there is usually a 
large drop in temperature through the bond. This sharp 
gradient of temperature may introduce numerical in
stabilities. It IS found that the method suggested by L. 
Hack' is (|uite adequate for the present situation. The 
heat transfer through the bond is assumed to consist of 
coiidiuiive and radiative components. The conductive 
component. <tr\ , is considerably stronger, and it is ex-
]iiessed implicitly as (see Fig. IV-16-2). 

l^KW.'i h,.rrr;_+i:i _ r:"' + rn_ ^^.^ 
where hi, is a con.stant and r' is the (variable) gap width 
.at tbe end of time increment k. Since the radiative eom-
priiieiit. *i , is small, it is com]iuted explicitly: 

4,., = ei,(7'v' - 7" '" ' ) . (7) 

where t is tbe emissivity and o the Steffan-Boltzniann 
constant. The gap wifbh. r, is computed as the differ

ence between the clad inner radius and the fuel radius, 
taking tbe thermal expansion of each into account. 
When the difference is negative the clad inner radius is 
increased to be equal to tbe fuel radius. (This implies 
that the fuel acts as an incompressible Huid siiriounded 
by a thin sheet of i-lad.) Tbe thermal resistance of the 
bond is now made eipial to a given constant resistance. 

The clad temperatures are computed at the clad 
center and at the inner and outer surfaces. .\n impliiit 
heat balance is also u.scd here. The thermal coupling ot 
the clad with the coolant is done as follows. The heat 
flux to the coolant is projeeteil to the middle of the 
(/,-f-l)th time interval at all axial segiiiciils. I'siiig 
these heat fluxes tbe coohiiil lemperaliires 7', " :iiiil ur 
void fractions are compuled using tbe nietbod in I'liiicr 
IV-14. 

Tbe knowledge of 7'J' ' can therefore be :i.ssiiiiicd in 
solving tbe implicit equations of beat flow in the fuel, 
bond and clad; and these etiiiations can be expressed as 
a tri-diagoiial linear algebraic matrix equation. This 
equation is solved directly by tbe Gauss elimination 
procedure. 
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IV-17. Convective Heat or Mass Transfer wi th Phase Changes 

J. KAELLIS,* D . MILLER and D. T. WASANJ 

.\ variety of problems arising from reactor design and 
analysis require prediction of heat or mass transfer rates 
in forced convection flow where the geometry is chang-

* Rearlnr l^iiKiiiccrins Uivision, Argonne National Lab
oratory. 

t Illinois Instilnte of Technology, Chicago, Illinois. 

ing with time due to the movement of boulldarle^. Of 
particular interest are problems where the tiaiist'cr 
rates are determined by the prior history ol the prmcss 
due to the transfer-dependent rates of miiii..ii of tlic 
boundaries. 

Problems of this type appear in such diverse are:i~ :'•* 
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in fuel failure ami the jirojiagation of failure in reactor 
accidents; in corrosion or nuuss transport in high tem-
jH-rature systems; and in the dissolution of nuclear fuel 
dvu'ing reprocessing. 

Technological interest and the development of the 
mathematical tools to solve similar problems has very 
recently lead to the solution of related but simplified 
problems.'-^ Application to the freezing of foods, the 
casting of metals, desaliiuition of water, frost formation 
on refrigeration coils, ice formation in water mains, 
freezing of liquid nu'tals in heat exchangers and associ
ated i)iping, and the fornuition of fatty constrictions in 
hlood \'cs-cl- lias bi'CM suggested. In addition, consider
ation niiisl be given to tlie possibility of phase transi-
lii'ns occinring in the hydraulic systems of uerospace 
\-ehicles subjected to cnvironntental temperature ex
tremes. 

In all cases the boundary movement is coupled to the 
convection through the partial differential equations of 
mass, momentum and energ}' conservation. Solution of 
the equations with the coupling via the boundary con
ditions is further complicated since the convenient rec
tangular or cylindrical coordinate systems become diffi
cult to use as the boundary' moves. 

A jihysical example chosen for solution is the dissolu
tion of the channel between two initially parallel in
finite blocks of salt by a slow flow of water. The salt will 
dissolve most rapidly at the entrance and the water will 
soon become saturated with salt and no additional dis
solution will take place sufliciently far downstream of 
the eiil ranee. The icsullanl chaiuiel will be "trumpet" 
sha|ied. 

Sinular but inverse problems could arise from the 
solidification of molten fuel as it enters a zone behiw the 
freezing point or by j)recipitati(m of solids in a channel 
due to mass transfer corrosion or cold-trapping of cool
ants. In principle, these problems are related to heat, 
niass, and momentum transfer problems with suction or 
blowing (such as transpiration cooling), except that the 
transport rates and geometry are not fixed but rather 
are coupled tu the hydrodynamics through the boundary 
motion. 

The following assumptions are made: 

1. All properties are independent of lemper;ilure and 
concentration except the density. 

2. Buoyancy effects are negligible. 
3. The concentration and velocity iu tiie inlet are 

unifonn and invariant. 
4. The solid-Uquid interface is always at the e(iui-

librium (saturation) concentration. 
5. Axial diffusion or mixing is neglected. 
Because there is a change in density of the solute 

upon dissolution in the solvent the solid-fluid interface 
motion has a somewhat more complicated behavior than 
that given by a sinq>le material balance on the iitfcrface. 
This re(|uireH the franiing of the problem in :i rooidinalc 
system centered in, and moving with, the iiilrilacr 
which must be related to th(̂  fixed <'o<irdiiiab' syslcm. 

l^oth an integral and an all-numeri<"d solution ha\e 
been formulated in the boundary layer approximation. 
The integral solution, in a von Karman-Poulhausen 
form, leads to both an inconsistency in satisfaction of a 
polynomial solution with the boundary conditions at the 
axis and at the wall and a difhculty in the "starting 
problem" due to the nature of the singular point at the 
channel entrance. 

The all numerical analysis avoids the well known ap
proximations of the integral solution but includes addi
tional stability and convergence problems. The latter 
can be tested by changing the size of the mesh and time 
intervals. This problem will lead to an "exact" solution 
in the limit of infinitesimal increments but it also suffers 
from tlie starting problem. 

Solution of these problems will lead to a const r\al i\u 
solution siniT "upstream" diilusidii will lend to .smooMi 
out the efTects of the singuliu' point.'* 
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IV-18. Heat Fraction in Coolant and Fuel During Trans ient Heat ing 

R. 0 . BRITTAN and H. GREENSPAN* 

In Ref. 1, the authors developed an exact solution for 
the temperature of a fuel-coolant system and the frac
tion of heat remainuig in the fuel rod at any time during 
an exponential power transient with the coolant stag
nant. 

These solutions are complex combinations of Bessel's 
functions in an infinite series: However, tbe infinite 
series goes to zero after several e-folding times, and 
the shape of the temperattire and heat distribution no 
longer varies with time. These shapes can then be deter
mined as a function of the inverse period, a. Neverthe
less, the heat fractions are still given by a complex 
combination of Bessel's functions of different kinds and 
arguments. 

To provide a useful tool for studying comparative be
havior of different types or sizes of fuel rods and various 
ratios of fuel/coolant an approximate expression for the 
fraction of beat in coolant and fuel is desirable. The 
authors have determined such an expression yielding 
fractions which are indistinguishable from the true frac
tions. Herein this simplified expression is developed. 

From Ref. 1, the exact expression for the fraction of 
heat generated which is still in the fuel after several e-
folding times is 

introduce a second set of arguments and notations to 
simplify the development of the approximation, as fol
lows: 

( r i / « i ) - \ / a . 

( r i / i !2)V 'a , 

ir2/K2)-\/cx. 

2 ( 7 - 6) . 

Introducing these into I^i. (1), rearranging terms, 
and subtracting from unity, the exact expression for the 
fraction of heat in the coolant becomes 

SH,. 
2p 

(3 

/ X" IiilS) lh(6}Kiiy) - Iiiy)KiiS)}j-

(2) 

This expression will first be investigated for small 
arguments. Let x represent 13, S, y, or X. Then as x ^ 0, 
in general 

/ o ( x ) ^ 1, / . ( X ) • and A'olx' -^ - -V/oIx', 

SH, 1 + 
r i V a 

(1) 

where 

kl . A-! 

I,K 

radius of fuel rod, 
equivalent radius of coolant associated 

with rod, 
density of fuel luid coolant, respectively, 
beat capacity of fuel and coolant, respec

tively, 
thermal diffusivity of fuel and coolant, re

spectively, 
thermal conductivity of fuel and coolant, 

respectively, 
usual Bessel's functions. 

where X = {E -i- \n (x/2)] and E ^ Euler's constant, 
while Kiix) —> .V/i(x) + (1/x). (X represents T and 
A.) If these limiting values are substituted into Eq. 
(2) 

SH, 
2p 

I 
I 2p ('M) (A-1 I 

IF^FWFD. 
(3) 

as a —> 0. 

The fraction of heat in the coolant is obtained, of 
course, by subtracting Eq. (1) from unity. The authors 

•Applied Mathematica Division, Argonne National Lah-
oratory. 

If these are regrouped and it is noted that F — A = 
In (7/6), while (7V2) In (7/6) -^ 0, 

Since pS/0 = PiCz/pid and r^/r, = y'/i', Eq. (4) c.iii 
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be put in terms of the original notation as: 

(4a) 

This is exactly the fraction of heat in the coolant when 
both fuel rod and coolant are at the same uniform tem
perature. 

Next, the right member of Kq. (2) can be investi
gated for large arguments (a —• oo ). The general forms 
for the asymptotic values of the Bessel functions are 

hix), hix) Vy/2r, 

and l / . ( x ) / / i ( x ) ^ l l . 

If these are substituted into Eq. (2), 

M,-?-' / 

/ 

/ ( [ • / f f - • ) ] -?!• 
It is necessary to develop a transitional expression which 
reduces to Eq. (4) for small a and Eq. (5b) for large a. 

Ea. (4) is first put into the form 

p5 
0 

[Vff-')] *1 
= SH, (C) 

where X is an luiknown fimction to be determined. 

Next Eq. (6) is put into the form of h^q. (ob) by multi
plying numerator and denominator by 2/ i , then adding 
and subtracting p in the denominator, to yield 

SH, 

2p/l3 

P|- + P 

fVlS-^'^^^/27 

2/i)\^x/(^-- l ) j - b 2 p / ( a 

' ' v ' V 2 « \ V2ii 

= = - e ' V V 2 T 
W2Ti '2ry 

e ' Vi r /2S/ 

(ba) 

(5) 

On performing the indicated multiplications, multiply
ing numerator and denominator of the exponential 
fraction by 2->/yS, and substituting X/2 for ({ — y), 
Eq. (.''i) becomes 

.».-^i/[.-(:;:-±5)]. « 
However, 

e* ' -b f~" rosh(X/2) 
^1^/! _ p-yn .sinh (X,'2) 

= coth (X/2) 1, as 

Hence 

SH^^'^-^I {p + coth (X/2)) 

2p / 
(5b) 

(1 + p) as 

This expression is asymptotic to zero for large a, and ia 
asymptotic to pi>^/0) for small a, rather than to 

As a —• 00, the bracketed expression must —•I. To ac
complish this, A 'mus t -> («/2) (1 -b p)((7V<!") - 1| -
(pS/i3)l(7V«') - 1] (US a -> » , but it must still —1 as 
a —> 0, The last term must —> 0 as a —> 0. This is ac
complished ,by multiplying ip6/0)\iy/i) n by 
(1 — e~'''°'] which is zero at a = 0 and unity for large 
a. Addition of a term e~'''"' which varies from unity at 
a = 0 to zero for large a completes the desired charac
teristics for small a. and 

° ( 1 + P ) [ ( T V « ' I - 11 

- (p5//3)I(r7s') - 11(1 + «-'•<-') + e -

(7) 

Equation (7) can now be substituted back into Eq. (6). 
After collecting terms, tbe fraction of heat in the cool
ant can be written in two forms: 

SH, = 
p5//3 

^ (1 + p) + e-'"'\iy'/b') - 1] + (pJ/^)e- '" - ' 

SH, ipi/mi-rVi') - 11 

12 (1 + p) -b (pV/3)e" "•] [ ( T V « ' : 
(8) 
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Nimierical comparison with exact solutions for the cases 
of lOBIM pins, lOBR-II pins, and a hypothetical case 
with much lower pin heat capacities and larger r2/ri in
dicates that if .fi(a) = X/2 and/2(a) = 5, the approxi
mate expression of Eq. (8) yields values of the heat 
fraction in the coolant within 2% of the exact values 
over the entire range of a from zero to infinity. Tbe final 
expression chosen then is 
SH, = 

p5/3 (9) 

e-'ly''/!,- _ 1] + f̂  (1 -I- p) -b (pa/(3)e^'" 

This expression may be used with ± 2 % accuracy to 
determine the division of heat in a pin-coolant system 
while the system is undergoing an exponential power ex
cursion of any period, a, up to the point where the ther
mal characteristics change abruptly (e.g., when the 

coolant begins to vaporize), h'or large a. an approxima
tion to the temperature at the fuel pin-coolant inter
face has been develojied by similar means. After several 
c-folding times, for large a, this temperature is given by 

T(ri) -> (qila)e" P / f coth - -b p\. 110) 

where gi is the initial heat source strength divided by 

PiCi . 

The exact temperature, after several e-folding times, is 
given in Ref. 1, App. E, as 

7'i(ri) = (gi/a)e°' 

[ hill /rh(i)Ki(y) + / , ( T ) A V 

UfllT 
'Tj0)\\ 

IV-19. Fuel Element Deformation Program for the Fast Reactor Safety 
Analysis Sys tem 

C. K . YOUN'GDAHL 

INTUODTU'TIO.N 

The function of the fuel element deformation pro
gram in the Fast Keactor Safety Analysis Activity is to 
interact with the heat transfer programs by receiving 
from the latter the fuel element temperature distribu
tion and the amount of fuel melted and returning the 
thermoelastic deformation of the fuel, the elastic-plastic 
deformation of the cladding, and the change in the fuel-
clad gap. In addition, clad rupture is predicted if ex
cessive plastic yielding has occurred. 

A quasi-static deformation analysis is used, which 
implies that there is no explosive loading on the fuel 
elements to produce shock effects. On the other hand, 
it is assumed that the time scale of the loading is short 
enough that long term effects such as radiation growth 
and viscoelastic creep can be neglected. An underlying 
policy in the mathematical modelling of the elastic de
formation is to solve the field efjuations of elasticity 
with appropriate boundary conditions exactly with re
spect to radial variations but approximately with re
spect to axial variation of stress, displacement, and 
temperature. Since the radial temperature variations 
for a reactor fuel rod are much more severe than the 
axial, this apjiroximate procedure gives results w^hich 
differ from those which would be obtained from a nu
merical evaluation of the exact solution to the elasticity 

equations by amounts which an; well withm llic liniiis 
of accuracy imposed by other physical and mathemati
cal idealizations. The use of approximate solutions li;!-; 
the advantages that much less ctmiputing time is re 
quired than for an evaluation of the exact solution and 
the transition from elastic to plastic deformation calcu
lations can be accomplished more easily. 

B.\sic MODELS AND SOLUTIONS 

In the fuel deformation program, as in the heat trans
fer programs, the cylindrical fuel rod is divided into 
axial segments such that segment j is the region 

z' < z < 1.2, (I) 

h'ach segment is composed radially of courenlric zones 
cf clad, fuel-dad gap, solid fuel, partially niellcd fuel. 
and central cavity. The fuel is divided further into cclî  
such that cell ij is the region 

r ' < 1,2. (2) 

of axial segment./". The heat transfer programs furnish 
the average temperature T'' of each cell of biel, tlic 
clad temperature Tl (averaged through llie tbicknc-s). 
and the fraction/i.' of each cell of fuel that has niclteil. 
(Actually, / '; ' is the ratio of the latent heat of fusion 
absorbed in the cell to the amount of heat needed to 
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melt all the fuel in the cell, but it will be referred to 
loosely as the fraction of fuel melted.) 

ELASTIC IIKFOIIMATION MIIDEI, FOl l T I IE SOLID F U E L 

The basic solution for the axisyminetric clastic dis-
placemeiita and stresses in the solid fuel of axial segment 
j is taken to be 

Viir) - -'j^J^-i-rillOr 

+ r.r,^^ ^̂  Kl - ".>'•'('''«»• - « ' « , ) 

E,ib, — a',)r 

-b (1 + .i.)albl(Si. - SL)], 

UI. = Ui(z'*') - U'Az') = (z'*' - z') 

r Fi. ^ ,,, . , 2u.ia]Si. - t,]SL)-[ (4) 

i r a , ) / - . r . y , , , j _ ^i^(^)^ 

(5) 

o'„(r) 
2 ( 1 - ii,)r^ 

ir' - ci:.)b]SL+ ib; -r')a]sL 

o'„(r) 

+ 
!•:. 

(Ill - al)r' 

(1 - >'.)r-' 

| i ir - al)\r',ib.) -b 7;(r)l -b atriib.) (6) 

ir' -\-al)biSL - ibl •^r'')alSL 
r'a.T'ir)} -b 

ibl - al)/ 

•jr) = - A - [^;(b.) - a.T'ir)] + ^ ' , (7) 
1 — f. -^a 

0, (8) 

where* 
a, ^ uiner radius 
b, = outer radius 

E, = Young's modulus 
y, = Poisson's ratio 
a, = coefficient of thermal expansion 
U'r = radial displacement 
V, = axial displacement 
Orr = radial normal stress 
a')) = circumferential normal stress 
cr',, = axial normal stress 
uJ, = radial shearing stress on planes z = constant 

* In tbe definitions which follow, the subscript s refers to 
the solid fuel. Analogous quantities for the partially melted 
fuel and the clad arc denoted by the subscripts L and c, while 
subscript f will be used to refer to the fuel as a whole. 

V\t = axial elongation of fuel segment 
2" = teniiierature measured abo\'e reference con

figuration temperature 
iSi, = applied surface stress on r = a, 
SI, = applied surface stress on r = b. 

total axial force on solid fuel of segment j 

(0) 

(10) 

Fl 

and 

A, ^ rribl - al), 

2 r 
"2 2 / a.T'ir)rdr, 
r — a. J„. 

a. < r < tl. 
r'.ir) ^ '• - a; 

[a.T'ia.), r = a,. 

The displacements and stresses given by Eqs. Oi)-(8) 
satisfy the equilibrium equations and stress-disphaee-
ment relations of therinoelasticity and meet the bound
ary conditions 

o'„ia,) = S'„, 

oUb.) = sL, 

f roijr)iIr = 1^,. 

(11) 

(12) 

(1.3) 

This solution is based on the assumption that the 
variations of S'„, , Si, ;uid T'ir) with z within an axial 
segment can be neglected. However, the relative radial 
displacements of adjacent axijil .segments will produce 
non-zero shearing stresses oU and aceompiuiying shear
ing displacements. To account for these shearing elTccts 
a fictitious surface stress Si is added to .Si, to produce 
corrections to the displacement field. Tbe fictitious 
stress is given by 

E, 
s; (1 -b >'.)fe.(z'+' - z') [(z'+^ - z') 

I ' lUi^\r) - U;ir)]rdr 
( j n 

[Ui-ir) - Ur'ir)] rdr 

(14) 

The integrals in Eq. (14) can be evaluated in closed 
form using Eq. (3). 

In the computer calculation the initial values of SJ 
and Fi, are taken to be zero. The displacements Ui and 
Ui, are then calculated from Eqs. (3) and (4). The 
results are used in Eq. (14) and the overall axial re
straint condition relating F,/ , the axial force on the 
fuel, to the sum over the axial segments of Ui,, and new 
values of Si and /•". are computed. The caleulations 
are then redone based on the new values, and the pro
cedure is repeated mitil it converges. In practice, only 
a few axial iteration cycles have been reipiired for 
convergence. 
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The solution given by Ecis. (3)-(8) requires a knowl
edge of the applied boundary stresses SL and Si, for 
each axial segment. These applied stresses are not given 
in all eases—for instance, if the fuel and clad are in 
contact the stress at the interface. Si, , is unknown— 
bill in each ease where an applied stress is not known 
there is a compatabilit.y condition on the displacements 
which <-aii be solved algebraically for the required 
quantity. 

I lKRIIlMATIl lN MdllKL F d l i I 'AllTIALLY MULTKIl FlIKL 

h'or the purpose of ealculutlng siructiiral response it 
is assumed that if partial melting has occurred in a 
cell of fuel all the material in the cell behaves mechani
cally as a compressible liquid with density and bulk 
moduli proportioned between the properties of the 
liquid and solid states. In addition, the assumption is 
made that all cells where melting has occurred in axial 
segment.;' are acted upon by the same fluid pressure P'; 
the pressure can vary with j , however. Finally, it is 
assumed that fuel does not cross cell boundaries and 
that the axial expansion of an axial segment does not 
var.v radially. 

The melting fuel can expand into the central cavity 
of tbe axial segment (if one exists). Either enough 
cavity volume is available that the melting fuel exerts 
no pressure on tbe remaining solid fuel of the segment 
or the segment cavity is filled and a pressure is exerted. 
The fuel deforniHtion program allows for both aitiia-
tiiiiiB, but only the latter will be discussed here. 

Let li'e be tbe radius of the cylinder which the partially 
melted fuel of axial segment j would occupy if there 
were no pressiu-e, P'. exerted on it by the remainmg 
solid fuel; then, if cells i = 1, 2, • • • k have partially 
melted. 

b'e ^^^-Kr '^ ' ) ' 
1=1 P " 

(r')'l (15) 

where pi,' is the density of cell ij m the reference con
figuration and p" is its average density in the partially 
melted condition, given by 

LPL P, J 
(16) 

In Eq. (16), PL and p. are the densities of liquid and 
solid fuel at the melting point. Under pressure the 
cylinder of partially melted fuel deforms radially by 
an lunount lliib'L) and axially by an amotmt Ui,,. The 
pre.ssure and deformations are related through 

L b; ^ z ' + ' - 0 - J ' ^^" 

where the average bulk modulus R' of cells Ij through 
kj is given by 

\M?W [ir ) - ir ) \ 

IpeK,^ p,K, J j J • 

(18) 

From the compatability of the stre.ss and deformation 
fields of the solid and partially melted fuel and the 
assumptions of the analysis, the following boundary 
conditions are obtained: 

SL = - /", (Ml) 

a. 4- Uiia.) = ti'r -f Ctt,',,). 

F,, = Fi. - irtli'i.}'!". 

Uie = UL . 

(2(1) 

(21) 

(22) 

Equations (19)-(22), Eq. (17), Eq. (3) evaluated at 
r — a, , and Eq. (4) are seven relations which can he 
solved algebraically for the seven imknowns SL , P', 
Fi.. Uiia,), Uiib'e), ui,, and Ui,.. Using Eqs. (3), 
(4), and (22) and an equation analogous to (17) which 
relates the interior deformations of the partially melted 
fuel to the pressure, tbe desired mesh changes in the 
fuel can be calculated, Xote that the effect of the clad 
restraint on the fuel deformation must also be taken 
into account if tbe fuel and clad are in contact. 

ELASTIC' DEFORMATION MODEL FOR T H E CLAD 

The elastic solution for thi' .solid fuel given by lv|S. 
(3) (14) applies al.so to the clad wilb tbe siibscripl ,< 
replaced by c. If the fuel and clad aiv in ciiniacl llic 
interface conditions are 

SL = Si -b .SL . (23) 

b, -b Uiib.) = a, 4- Uiia,). (24) 

which are used with the equations for Ui to solve for 
the unknown interface loads. 

ELASTIC-PLASTIC DEFORMATION MODEL FOR THE CLAD 

The clad material is assumed to be elastic, perfectly 
plastic and to yield when the circumferential stress 
(taken to be constant across the clad thickness) reaches 
the yield stress irrti • The plastic stretching of the clad 
tube cross seetion is limited since as the tube gets 
larger the radial force exerted by the thermally ex
panded fuel decreases until an equilibrium state is 
reached. The clad material is assumed to lie incompres
sible duruig the plastic part of its deformation. Conse
quently, as the tube diameter grows larger its wall 
thickness decreases, resulting eventually in clad ru|i-
ture. The applied faihue criterion is based on a com
parison of the reduction in thickness with tbe original 
thickness. 
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III order lo detemiine Ihe permanent clad (h'formii 
tions it is necessary to partition the displacements into 
elastic and plastic constituents. At the end of each 
computer time step the dimensions of the clad are 
changed by the amount of the plastic deformation, 
thus incorporating a history dependent effect into the 
model. 

The equilibrium equation for a thin-walled clad 
undergoing large elastic-plastic deformations is 

"Aic -b Ui] = \SL - SL]{a, -b Uiia,)], (25) 

where 
h, = clad thickness 

U'i = change in chid Ibiekiiess 
I'i ^ t.ofiil displacement (elastic plus plastic) of 

inner radius 
SL = applied outer surface load 
SL = interface load exerted by expanding fuel. 

Because of the incompressibility of the material during 
plastic flow the volume of the clad segment at the end 
of the deformation is the same as its volume was when 
it was just on the verge of becoming plastic. Combined 
with the assumption of no increiuse in length during 
plastic flow this yields the relation 

[a, -b U'M, + Ui\ = [a, + iUi)"]\b, + iUi)"], (26) 

INPUT 
PROCESSING OF INPUT INFORMATION 
FROM HEAT TRANSFER PROGRAMS 
AND COMMON DATA SET. 

INITIALIZATION 
INITIALIZATION OF CASE TAGS 

I M ' . N ' J A N D AXIAL ITERATIC 

PARAMETERS S5. Fjf , s J . F j j 
FOR EACH AXIAL SEGMENT. 

BRANCHING TO CASE {M'.N'} 

CASE {M' .N'} 
VERIFICATION OF CASE TAG AND 
CALCULATION OF UNKNOWN SURFACE 
AND INTERFACE STRESSES AND 
DISPLACEMENTS. 

REPEAT FOR 
EACH j . 

AXIAL ITERATION 
CALCULATION OF NEW VALUES OF 

Ss , F j f , S;., Fjc 

OUTPUT 
CALCULATION OF MESH DEFORMATIONS 
AND IMPORTANT STRESSES. 
PREDICTION OF CLAD RUPTURE. 

Flo. IV-19-I. Basic Flow Uiagram for Fuel Deformation 
Program. ANL Neg. No. 112-8692. 

CASE {1,2} I 

CALCULATE s j ^ , s j ^ ,c r , ' , ( a j . 

CALCULATE DISPLACEMENTS 
NEEDED FOR COMPUTATION 
OF NEW AXIAL ITERATION 
PARAMETERS. GO TO CASE { 1 , 3 } 

F I O . I V - 1 9 - 2 . Flow Diagram for Case (1, 2). ANL Neg. No. 
112-8691. 

where superscript ev indicates the elastic displaeemeiifs 
when the tube is on the verge of beeoming |ilastie. 
Equations (25) and (26) when combined with the 
equations for the fuel deformation yield enough rela
tions to solve for all of the miknowiis. 

The resulting total deformations Ui and Ui are 
partitioned into their elastic and plastic constituents by 

Ui = iuiY + iUi)' 
ui = iuiY + iui)"-

i'Tl) 

(2S) 

The elastic components are calculated using the elastic 
deformation model for the clad and the final value of 
SL • The plastic components are then deterniined from 
Eqs. (27) and (28) and added to the original clad 
dimensions to determine the new clad dimensions. 

PROGRAM STRUCTURE 

A rough block diagram for the fuel deformation com
puter program is given in Fig. IV-19-1. 

Each axial segment of the fuel element is given a ease 
tag IM', N'],j = 1, 2, 3, A '̂ = 1, 2, 3, which indicates 
the proper combination of basic deformation models 
to be employed. If M' = 1, segment ; has no central 
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cavity and no fuel melting li.as occurred. If M' = 2. the 
segment has a central cavity and either no melting has 
occurred or not enough to fill the cavity. If M' = 3, 
some fuel melting has occurred in the segment and tbe 
resultant partially melted fuel is under compression by 
tbe remaining .solid fuel. If N' = 1, a radial gap exists 
between the fuel and clad. If N' = 2. the fuel ;uid clad 
are in contact and tbe stresses in the clad are below the 
yield point. I'inally, if N' = 3, the fuel and chad are in 
contact and the clad is undergoing elastic-plastic 
deformation. 

Cheeks are performed within each case calculation to 
determine if the proper case is being applied. For in
stance, in eases \M',1] where tbe fuel and clad are 
supposed not to be in contact, the outer radial displace
ment of the fuel and inner radial displacement of the 
clad are calculated and tbe inequality 

6. -b Uiib,) < a, -b Ui(a,) (29) 

is checked. If the inequality does not hold, tbe fuel and 
clad of segment j are in contact; then its ease tag is 

changed from |A/',1] to IM',21 and the c(ini|mlalioii 
is switched to the latter case. Similar inequalilies are 
checked to verify each assumption m.ade in the clioii e 
of ]M',N'], and if an inequ.ality is not satisfied, a 
switch is made to the correct case. As an illustration, 
the inner branching of case | 1 , 2 | is given in Fig. IV 
19-2. 

In the calculation of each case, any unknown surface 
or interface displacements and stresses are determined. 
Ill the axial iteration step the calculated values of Ui 
in the fuel and clad in each segnient are used to find new 
values of the equivalent shearing loads ,S'J and .S' from 
Eq. (14) and its analogue for the clad. The axial .seg
ment elongations of tbe fuel and clad, I'i, and I'i,. 
are summed axially; the imposed axial rrstraiitt condi
tions then give new values of /•'../ and I'\c. 

After the axial iteration has converged the mesh 
deformations needed in the beat transfer programs are 
computed. If any plastic flow has occurred, the clad 
dimensions are changed by the amount of the ])erniaiieiit 
deformations and the rupture criterion is ajiplied. 

IV-20. Reactor Stability Considerations In Safety .4nalysis 

J. II. TESSIER,* D . W . SP.IRKS* and J. C. CARTER 

INTRODUCTION 

The stability of a reactor depends to a large extent 
upon the nature of the reactivity feedbacks caused by a 
disturbance of the steady state. The characteristics of 
some feedbacks w'hich can cause unsafe reactor opera
tions are discussed in this paper. 

A reactor is a closed loop nonlinear system which may 
have positive and negative feedbacks of widely varying 
amplitudes and phase angles. Usually, the effect of a 
large prompt negative feedback is desirable but not 
always obtainable in a given core design. It is frequently 
not obvious that the combinations of feedbacks inherent 
in a given reactor can cause instability. A relatively 
large vector component with negative sign does not 
always assure stability. 

The time required for the power level to reach a 
steady state is that required for the time-derivative of 
the neutron flux to reach zero. The time-derivative may 
oscillate before reaching zero or it may never return to 
zero. 

Instability in a linear system of equations with eon-

" Reactor P^ngineering Division, Argonne National Lab
oratory. 

slant coefficients is concisely delined as the system trans
fer function having at least one pole with a positive 
real part, in which case tbe response to any input, how
ever small, will eventually ii|iproaeh infinity. The re
sponse will be either an exponential rise corresponding 
to a positive real pole (static instability) or an nscillii-
tion whose amplitude increases exponentially, cnric-
sponding to a complex conjugate pair of jioles (ilyiianiic 
instability), or both. Further, this response once started 
will continue even if the iiijiut is removed. The relative 
stability of a linear system is a function only of the sys
tem parameters, according to "small-signal" tlienry. 

A nonlinear system is considered to be unstable at a 
given operating point if its linearized incremental re
sponse is unstable. The linearized response at an un
stable point of operation will not necessarily appiiuicli 
infinity as in the case of an unstable linear system; it 
may, in fact, oscillate about the unstable point with in
creasing amplitude. As in the linear system, instability 
of the nonlinear system at a given point of operation is 
the result of system parameters rather than of any spe
cific type of input. However, in a nonlinear system such 
as a reactor with feedback, an input may cause motions 
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FIG. lV-20-1. Itoot Loci of Iteactor: (a) With Known System Equations; (li) With Lagged Negative Plus Hiii;iller Fromiit Positive 
Feedback; (c) Willi Integration of Feedback. ANL Neg. No. 112-8728. 

which carry the system into a region of instability, so 
that in a sense the instability may be caused by the in
put. 

By the previous definitions of instability, normal con
trol of a reactor is effected by placing it in an unstable 
condition. The control rod position effectively moves the 
pole at zero in Figs. IV-20-1 a, b, c, back and forth about 
the origin along the real axis of the s-plane. When it is 
to the right of the origin, the reactor is unstable and 
power is rising exponentially; when at the origin the 
power is constant, and when to the left of the origin the 
power is decreasing. 

Thus, one might define a region of controllable in
stability as a semicircle in the right half plane about the 
origin within which the respon.ses are of such low fre
quency or slow rate of rise that they may be controlled 
easily by the operator. The region outside this semi
circle would then represent uncontrollable instability 
in which the self-excited responses are so rapid that a 

destructive level might be reached before the operator 
has time to exert control. 

Figure IV-20-la shows the root locus plot for a reactor 
operating with the feedback Afc = cM/l where c is a 
positive constant, k is reactivity and I is length of the 
fuel element. This is the model directly calculable from 
known system parameters. Regions of controllable and 
uncontrollable instability are indicated. The root locus 
plot is a plot on the s-plane of the values of s correspond
ing to zeros and poles of the closed loop transfer func
tion Ak/k„ of the incremental linear equivalent of the 
reactor, where k„ is excess reactivity. The locus shows 
the location of the poles as a function of feedback gain 
(or power level). The poles start at the poles of the 
open loop function Ak/k,.// for zero power .and as power 
increases each pole moves out along a locus in the direc
tion indicated, ending either at one of the zeros or at 
infinity as power approaches infinity. It, at any point, 
a locus enters the right half plane, the reactor will be 
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I ' I ' 1 

I. Reactivily step ( k „ = 0.003) 
applied to model operating at steady 
sfote(q = 60cal /cm3-sec)and 
Vc=225 cm/sec 

U05s 
+ 03ATC)XI0 ' 

A/c 

10 20 30 4 0 50 60 70 
Seconds 

F I G . I V - 2 0 - 2 . In Ari Unstable Model: (a) Variation of 
Neutron Flux; (b) Variation of Ajt. ANL Neg. No. 112S72^. 

unstable at the power corresponding to that point on 
the locus. From Fig. la it is obvious that for the known 
system parameters, the reactor is stable at any power 
level.* The locus never leaves the negative real axis; 
hence there can be no oscillatory terms in the transient 
response. 

INSTABILITY D U E TO A LAGGING NEGATIVE FEEDBACK 

PLUS A S M A L L E R P R O M P T P O S I T I V E F E E D B A C K 

This is a hypothetical condition. The thermodynamic 
conditions are those existing at some steady state 
operating condition. A step input of reactivity /:„ = 
+0.003 is an arbitrary choice. The negative component 
of the total feedback term has as its basis the axial 
expansion of the fuel rods with lag due to coulomb 
friction. This negative component has an arbitrary 
time constant of ]^ sec. The positive component is due 
to the bowing of the fuel towards the center of the core. 

The point kinetics equations are used with a plausible 
arbitrary feedback of 

* In all root locus plots in this paper, the effect of the pole 
determined by the prompt neutron lifetime is neglected. It 
would only become important at a power level several orders 
of magnitude above the core melting point. Its presence, 
however, assures that at infinite power some of the loci will 
enter the right half plane, producing instability. 

[l-S - , \ r l l3Ar/„ . i -b 0..3A7'.w] X 
|_ 1 + 0.5s J 

10 '̂ 

The simulation of a closed loop composed of these equa
tions shows that a self excited undamped oscillation 
occurs as a result of the step input of k,, = -bO.(X)3. 

Figure IV-20-lb shows the root locus plot for this 
case. The prompt positive term results in the addition of 
a zero at s = 0.22 in the right half plane. The added 
pole at s = —2 is produced by the simple lag being 
added to the negative feedback term. The presence of 
the pole at s = —2 causes the locus branch formerly 
extending to infinity along the negative real axis to end 
at s = —2. The poles at the ends of tbe resulting .seg
ment move toward each other, meeting at an inter
mediate point. Here they leave the negative real axis in 
opposite directions and form a complex conjugate pair 
corresponding to a damped suiusoidal term in the tran
sient response. This pair enters the right half plane at a 
point which indicates a sustained oscillation at or = l.O.'i 
at 49 times the initial power level, in reasonable agree
ment with the actual response shown in I'ig. l\'-20-2h. 
Since power increases above this jioint, the complex 
pair again meet on the positive real axis and separate, 
one approaching the zero at s = +0.22, the other 
approaching -b x . This part of the locus is of interest 
because the rapid excursion which results .as soon as 
the poles enter the right half plane takes the reactor into 
a different region of operation in which tbe root loci are 
altogether different. Figure I\'-20-lb is valid for any 
power level for A'„ less than about ^ 3 prompt critical. 
However, as A"„ nears prompt critieal the remote nega
tive real pole determined primarily by neutroii lifetime 
approaches the origin, causing the locus to bend e\eii 
more rapidly toward instability. Figure I\-20-2b 
indicates that this is apparently what happens; it is a 
plot of the total feedback Ak. k,;f is the sum of this plus 
tbe +0.(X)3 input. Hence at time = 77 sec, Av// is greater 
than +0.033 and rising rapidly toward prompt critical 
(+0.(X)7.').5). This, of course, is an extremely daiigeinus 
condition. Any set of conditions which resull in k.,/ 
approaching prompt critical may be expected to prndiicc 
instability since a near approach to |irompt critical 
caused by a mild instability will always tend to in
tensify the condition which caused tbe instability. 

The power level at which instability occurs in this 
experiment appears quite unrealistically high. Howei-cr, 
the steady state feedback gain used is only (AA-/i;)„o = 
0.062. 

INST.4BILITY CAII .SED DY . \ N INCREASING POSITIVE 

FEEDBACK OR AN INCKEASING TIME CONSTANT OF 

A NEGATIVE FEEDBACK 

Increasing the positive feedback, or increasing the 

time constant of the negative feedback ha \c about the 
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F I G . I V - 2 0 - 4 . Instability Due to Small Variations in Re
activity. ANL Neg. No. 112-8726. 

same effect, as shown by Figs. IV-20-3a,b. .\ small 
variation in cither one will cause a large variation in the 
response. F'igures lV-20-3a,b show that an increase in 
the negative feedback time constant, r, or in thi- jiosi-
tive gain, A, result in decreasing stability. This may be 
expected from inspection of Fig. IV''-20-lb. Increasing 
the negative time constant cau.ses the pole s = —2 to 
mo\'e toward the origin which in turn cau.ses tbe locus 
to bend toward the joi axis more rapidly. An increase of 
the positive gain causes the zero at s = +0.22 to move 
toward tbe origin, producing tbe same effect on the 
locus. For the condition that either r exceeds 1.3 see or 
A exceeds 0..'57-5, the reactor rapidly approaches in
stability when a step function addition of reacti\'ity is 
applied. The rapid rate of rise of tbe initial part of the 
response results in the positive term dominating for 

4 0 60 

Seconds 

FIG. I \ - -20 -6 . Instill,ilily with Negative Feedback. .ANL Neg. No. 112-8727. 
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some time due to the lag imposed on the nej^ative term. 
Hence durinji this period the net feedback is positive 
and the reactor is driven rapidly to a high power and 
krff approaches ])rompt critical at the power peak. 

INHTAIULITY ])VK TO SMALL PEHTURB.VTIOXS 

When increasing the power levelof a reactor, it is 
well to kniiw its response characteristics. A rather 
extreme condition is jjresented to show how sensitive it 
can be to small variations in reactivity. The feedback 
used is again a delayed negative feedback plus a smaller 
prompt positive feedback. 

If the reactor is brought to full power by the intro-
ductiiin of a source of excess reactivity (Â x = 0.0028) 
the reactor comes up to full power and it stabilizes itself 
{cuive n, l''ig. I\'-20-4). If during the period when the 
reactor is coming up to power, a small step disturbance 
;inuiiniting to I,,, = O.OOo occurs, the reactor becomes 
nnstahic (I'ig. n'-20-5). 'I'he sensitivity of the reactor 
is further emphasized by Ihe fact that if the initial step 
in reactivity is increased to 0.(M)3 the reactor auto
matically becomes unstable without any extraneous 
disturi)ance (curve b, Fig. IV-20-4). 

Note that in both cases where instability occurred, 
the reactor was at a power level below the final value to 
which it seltied luid remained stable in curve a, Fig. 
IV 20-4. This is a case wheit- ihe reactor may bo stable 
:it a ^ivcri power when in steady state and then be 
driven into instability at tliril power by a rajiid rate of 
rise of power. This will probably only happen at a power 
level just below that at which it would be unstable in 
the absence of any intended disturbance. 

iNSTAniLITY DUE TO AX I N T E G R A T I O X WITH HiGH 

NEGATIVE T'EEDBACK GAIX 

The ])ur])ose of this exploratory investigation of 
variation (jf gain on a hypothetical model was to obtain 
some insight into the character of response of an actual 
reactor core. The feedback assumed A/r = k X {^l/l). 
The root locus for this case is shown in Fig. IV-20-lc. 
The roots start at the poles of the open loop function for 
zero gain and move out along the locus for increasing 
gain. The transient responses of the reactor core system 
for a step in reactivity are shown in Fig. IV-SO-T). 

For /, = —0.31 the system is damped and the initial 
surge in jiower is overcome completely in the positive 
I)art of one cycle. 

For /.- = —3.1 the roots at zero form a poorly damped 
complex pair but the feedback is still capable of return
ing the system to stability at a higher power level in a 
few rapidly damped oscillations. 

F I G . I V - 2 0 - 6 . Instability with Negative Feedback. ANL 
Neg. No. 11S-873S. 

For k ~ —400 the damping effect is greatly reduced. 
The system is resonant with an oscillation of slowly de
creasing amplitude. 

Fo,-/i = - 5 0 0 the system is lesonanl, wil li an os.-illa-
tion of increasing am])litude, indicating that Ihc poles 
have just crossed the joj axis. 

For a gain between 400 and 500 the osciljalinn will 
just maintain itself, correspontling to the poles lying 
exactly on the axis. 

The enormous gain necessary for a self-excited o.seilla-
tion is indicated by Fig. IV-20-(». 

It is a])parent froni this investigation lluit the 
hypothetical model is very stable. 

Figure IV-20-lc indicates that the h)ei approach 
infinity parallel and to the left of the jm axis, hence it 
would not become unstable at any gain. This explains 
the enormous gain found necessary for instability. At 
this extremely high gain the remote negative real root 
has contributed just enough phase shift to bend the 
locus toward the^oj axis. The second order pole at zero 
produces the interesting result that the locus leaves the 
origin tangent to the JLO axis. Hence there will always be 
an oscillatory term in the transient response for gain 
greater than zero, and as gain approaches zero the 
oscillations will approach zero damping. Such a ^ery 
low gain integration could occur due to poisoning; hence 
if there w^re no other feedback terms, an extremely 
long period oscillation might be observed since without 
damping the mode would he continually excited by 
random disturbances. 

ktz J which is usually an arbitrary function of time, 
is modified by the feedbacks which are functions of the 
system variables and their derivatives. Reac^tor systems 
are in nearly every case nonlinear and must be simu
lated on computers. 
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IV-21. Properties of Alkali Metals' 

D. MILLER, A. B. COHEN and C. E. DICKERMAN 

The alkali metals are of interest as potential fast 
reactor coolants, and sodium is of special interest. 
Analysis of operational and safety characteristics re
quires the density, thermal expansion coefficient, com
pressibility, and heat of vaporization over a wide 
temperature range. 

Since density data are available for cesium closer to 
its thermodynamic critical point than for the other 
alkali metals, theoretical and empirical relations were 
used to estimate its critical temperature, density, and 
pressure after testing the technique with the known 
characteristics of CO2 and mercury. The estimated 
critical temperature and experimental heat of vaporiza
tion data were used to construct the relation between 
the entropy of vaporization and reduced temperature; 
i.e., the absolute temperature divided by the critical 
temperature. Bccaase of the lack of sufficient high 
temperature data for the other alkali metals, cesium 
was used as the "corresponding states" model for the 
other metals in a method similar to the estimation 

TABLE IV-21-I. ESTIMATED CRITICAL CONSTANTS OF THE 
ALKALI METALS 

Material 

Li 
Na 
K 
Rb 
Cs 

Critical 
Temperature 

T,. 
°K 

4310 ± 100 
7!33 ± 40 
2287 ± 40 
2164 ± 40 
2040 ± 40 

Critical 
Density 

g/cc 

0.0637 
0.1818 
0.1805 
0 3314 
0.4043 

Critical 
Pressure 

atm 

985 
408.2 
168.6 
178.6 
113.7 

Critical 
Compressi

bility, Z, 

0.3032 
0.2302 
0.1946 
0.2594 
0.2233 

T.\BLE IV-2 

rial 

Li 
Na 
K 
Rb 
Cs 

-II. COEFFICIENTS AND E XPONENTS FOR EQUA-
TIONS (1) , (2) , (3) , AND (4) 

PLR — 1 

AL BL 

8.785 
4,097 
3.702 
3,722 
3,636 

0.792 
0,682 
0,513 
0.625 
0,559 

t — pert 

Ar 

1,143 
1,422 
1,329 
1,582 
1,158 

Bv 

0,227 
0,389 
0,293 
0,424 
0,187 

AH./RT, 

An 

4.78 
4.83 
4.55 
4.61 
4.75 

BH 

0.296" 
0,377 
0,282 
0,301 
0.327 

Rectilinear 
Diameter 
Constants 

c, g/cc 

0,2868 
0,5082 
0,4554 
0.8168 
1.0160 

D. 
(g/cc-
°K) X 

10-' 

0,632 
1,194 
1.202 
2.232 
2.939 

technique of A. Grosse, who used mercury. Since 
mercury has two valence electrons and the alkali metals 
have only one, it is believed that this procedure repre
sents an improvement over the estimates of Grosse. 
Estimates of the critical constants were then used with 
experimental data to extrapolate properties to the 
critical point. These estimates are given in Table IV-
21-1. 

The asymptotic relations that were used for behavior 
in the critical region were; 

Vapor Density, pv , 

il - prn) = Aril - Tn)"-, for T,, > 0.6.5, (1) 

where 

Pen = Pv/p, and r , = T/T, ; 

Liquid Density^ PL . 

iPLR - 0 = A^ii - ^ w ' ^ 

where 

Pen — PL/PC ; 

Heat of Vaporization."' AH, 

AH, 

(2) 

RT, 
A„{1 - 7- , ) ' (3) 

where R is the gas constant. 
Also the "law of the rectilinear diameter" " was used: 

Pe + Pv 
DT = p, + D(T, - T) (4) 

PLR -{- PvR 

and the relat ion" 

1 H 11 • 
Pc 

TR); 

-•1(1 -TR)', 

(.1) 

(61 

» Based on values from the Clapeyron equatit 

The latter oomes from the lattice gas model of the 
critical point or is an empirical generalization of the 
work of E. Guggenheim.' Constants 6ttcd to these 
equations for the alkali metals are given in Table 
IV-21-II and these may be used to estimate the prop
erties where no experimental data exist. 

Details of the estimatimi technique, thermul cx|iaii-



eS, Miller 335 

sion, compressibility, and other results for sodium have 
been accepted for publication.' 

KEFERENCES 

1. D. Miller, A. B. Cohen and C. E. Dickerman, Estimation of 
Vapt>r and Liquid Density and Heat of Vaporization of 
the Alkali Afetals to the Critical Faint, Proc. Interna
tional Conference on the Safety of Fast Breeder Reac
tors, Aix-en Provence, France, September 19-22, 1967, 
(to be pubUshed). 

2. A. V. Crosse, The Temperature Range of Liquid Metals and 
an Estimate of their Critical Constants, J . Inorg. Nucl. 
Chem. 22. 23 (1%1). 

3. D. Millnr, Properties of Materials Near Their Thermoilij-
namic Critical Point, Unactor I'hysics Uivision Annual 
Report, July 1, 19(i4 to June 30, 1965, AXL-7110, p. 398. 

4. J. J . Martin and J. B. Edwards, Correlation of Latent Heats 
of Vaporization, Am. Inst. Chem. Eng. Jourtuil 11, 331 
(1965). 

5. D. S. Viswanath and X. R. Kuloor, On a Generalized Wat
son's Relation for Latent Heat of Vaporization, Can. J. 
Chem. Eng. 46,29 (1967). 

6. L. P. Kadanoff, et al., Static Phenomena Near Critical 
Points—Theory and Experiments, Rev. Mod. Ph^s. 39, 
395 (1967). 

7. E. A. Cuggenheim, The Principle of Corresponding Slates, 
J. Chem. Phys. 13. 253 (1945). 

IV-22. Physical Properties of Solids and Liquids Under Extreme Condit ions 

D. MILLER 

Evaluations of potential hazards of nuclear reactors 
require a knowledge of the equation of state to serve as 
a link between the rate of energy input from the time 
variation of the nuclear reactions and the changes in 
temperature, density, and geometry which ultimately 
terminate the chain reaction. Several techniques for the 
estimation of relations between the variables of energy, 
temperature, density, and pressure are under study. 

The great diversity of reactor materials and the in-
ade(|uate knowledge of their properties under compres-
HJon and high temperatures necessitates investigation 
of Ihe jHjssibihty of gencralj/jiig experimental data and 
obtainhig unified relations describing a specific class 
of materials which would allow extrapolation to other 
materials. While .such generalizations are not precise, 
the applied nature of the problem and the paucity of 
data justify the approximate nature of the approaches. 

MECHANICAL EQUATION OF STATE 

One important source of information is the shock 
compression of materials by the use of materials in 
contact with explosives or the impact of materials 
moving at high velocity. 

Since the transient stresses generated can be much 
greater than the shear strength of the solids, the stress 
system is effectively isotropic and thus e<]uivalent to a 
hydrostatic pressure. Since the compressibility of solids 
and liquids increases with increasing pressure, a simple 
compressive wave builds up to a shock wave across 
which the dynamic and thermodynamic quantities 
change di.-scontinuously. 

A shock transition is described by the Rankine-

Hugoniot equations relating the pressure, P , specific 
volume, V, or density, p = \/V, specific internal energy, 
E, and material velocity, v, across the shock front to the 
shock velocity, U. If the variables ahead of the wave 
front are designated by the subscript 0, and if velocities 
are measured relative to the material velocity ahead of 
the wave, then conservation of mass, momentum, and 
energy yields, 

P,U = piU - V), 

P - I\= p„Uv, 

E - E,= V2iP + l\)iV„-- V). 

(1) 

(2) 

Gi) 

Equation (3) defines a unique curve in the P-V 
plane, called the Hugoniot curve, which is the locus of 
all possible states attainable by a single shock transition 
from a given initial state I'o, V„. It can be shown' 
that the Hugoniot curve makes second order contact 
with the adiabat through 1\ . Vo and then diverges to 
regions of higher entropy. This feature enables the 
synthesis of the adiabats from the Hugoniot behavior. 
Since the temperattu-e rise for small adiabatie compres
sions is negligible, this also enables the estimation of 
the isothermal or "cold" compression behavior. 

A convenient model of material behavior is the elastic-
perfectly plastic behavior shown in Fig. IV-22-1, where 
Y is the simple tensile yield stress of this material. In 
the situation corresponding to this figure, the ele
mentary theory of elastic-plastic uniaxial compression 
predicts that only an elastic wave will be produced on 
impact imtil the impact stress in the x direction, o^, 
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. YIELD STRESS 

Fin. I\"-22-l. Ideal Elastic-Plastic .Material. .ANL Neg. A'o. 
112-9441. 

a.) 

b.) 

e.) 

O:J-,—^": 

Oi, ,V, - H - U e 

ELASTIC- PLASTIC WAVE 

o^nT^iT-i-Uii 

SHOCK WAVE 

Fio. IV-22-3. Wave Patterns in Solids. ANL Neg. No. 
112-94)9. 

VV—SHOCK HUGONIOT 

\ \ c 

Vo^ 

HYDROSTATIC 
COMPRESSION 
CURVE-

STABLE SHOCK 
THRESHOLD 

- J \ \ \ HUGONIOT 
\ \ \ ELASTIC 

NO\t.lMIT 

\ • \ A 
V/Vo 

FIG. I \ -22-3. Stress-Strain Curves for Compression of an 
Isotropic Solid. .ANL Neg. No. 112-9414. 

exceeds 

X + 2p 
2p 

where A and p are the elastic Lam^ constants of the 
material and related to Young's modulus, E. and 
Poisson's ratio, v, by 

111 
Ell 

2(1 -I- H •"""" (1 -f ^)(1 - 2v) • 

For stresses less than this value, the conditions across 

the elastic wave are given li,\' 

H) 

and 

T, = (X + 2p)ex = - ( X -I- 2M 
I'Ao 

where 
T̂o = velocity of the disturbance 
U, = plane elastic wave velocity 
t^ = strain component in the x direction 

(= -AV/V,). 
This elastic segment of the stress-strain relation is 
represented by the segment AB in Fig. I\'-22-2. 

Beyond the yield point, theory jiredicts that the 
stress-strain relation becomes 

P. + '^V, (6) 

where Pu is the hydrostatic stress at the same volu
metric strain AV /Va = — e, . Values of l'„ can he ob
tained by correcting hydrostatic isothernial coiniires-
sion data to adiabatie cinKlitions or by extrapolating 
high-pressure-shock Hugoniot curves to lower pres
sures. In this material regime, BC in I'ig. l\'-22-;t, 
an elastic-plastic wave structure (:\« slumn in I'ig. 
2b) is produced. 

The conditions across the elastic wave arc given Iiy 
Eqs. (4) and (.5) as 

and 

P«U.l'y 

-|-(X -f 2p)e„ 

(7) 

(S) 

where the subscript y denotes comlitions at thi' yield 
point. The conditions across the plastic wave arc gi\cii 
hy applying the Rankinc-Hugoniot relations, wliirli 
give 

and 

(7., 

P.,iU, 

f. = V, 

' • » ) ( ' ' » - (',-,) 

'v„. V, 

(01 

I 10) 

where f',,, is the plastic wave velocity and l',,,. is tlic 
specific volume behind the plastic wave. 

As the impact velocity is increased even further, a 
stage is reached, point (' in Fig. IV-22-:!, where the 
plastic wave overtakes the clastic wave ami a stable 
shock is produced (as shown in Fig. I\'-22-2c). 'I'liis is 
characterized by the condition 

V« - V„ v.. 
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In iiiostca.ses 1' « / ' when the stable shock condition 
has been reached and Eq. (6) can then be simplified 
without much error to o, f* PH and the solid may be 
treated as a fluid. Since the values of Y determined 
from the plastic waves ni.ay differ by factors of two or 
three from the .statically measured values, the point B 
is called Ihe Hugoniot elastic limit to distinguish it. 

As the initial shock strength is increased, the excess 
entrojiy due to the release process being along an 
adiabal leaves the material heated and can result in 
melting, vaporization, or superheating in the final state. 

Over a wide range of shock compression and pressure, 
the ex|ierimi'ntal data within a given pha.se show an 
empirical linear relalioii. 

U I'« + Sii, (11) 

where U„ is the limiting plastic wave velocity calculated 
from 

r„ = iP/po)'^'-, (12) 

where B is the bulk modulus, which should be taken at 
the Jiressure corresponding to the onset of the stable 
shuck but is only slightly different from the zero pres
sure value. D. Bastiiie and D. Piacesi' have tried to 
explain the shock behavior by using the sonic velocity 
at zero pressure in a theory including a term in v in 
F,(|. (11) without con.sidering the elastic-plastic be
havior. .\nalysis of recent data on an aluminum alloy 
at 7(X)°K and 310 kbar gives a value of 13 kbar for Y 
versus 2.."i kbar for the uncompressed material. 

It can be shown that the change of the bulk modulus 
with pressure is given by 

<yi 
OP 

4,S' 1. 

The shear modulus, G, is related by 

(1 
> \ + V 

and 

E 3( 1 - 2i-) 

(13) 

(14) 

(15) 

Examination of experiinental results has shown that the 
assumption of constant v is a good ap|)roximation. 

Plots of the temperature dependent shear modulus 
versus \-olume at atmosjiberic pressure indicate that 
reasonably straight lines may be obtained if G is raised 
to some power close to unity, and this modulus goes to 
zero at a jioint close to the li(|uid volume at the melting 
point as expected.' Coupling of the pressure dependence 
and temperature depenilcncc of the shear modulus and 
of the yield strength (which is very de|iendent on the 

history of the sample) shiiuld produce a self-consistent 
model which can be used in accident calculations. 

Equation (13) is the link between the mechanical 
and thermod.ynamic equations of state. 

THERMODYNAMIC EQUATION OF STATK 

Calculation of the pressure and energy can be made 
as a function of temperature and density explicit equa
tions of state previously givcn^: 

P(p,T) = Pdp)+yip)pC.T + 'ipMp/p„)''V. (Hi) 

Eip.T) = E,(p) + CJ' + i,,ft7'-(p/p„)'' 

/'* 
lll'^ 
lip ' 

(17) 

(1,S) 

where I\ , Ei- are respectively the "cold" compression 
pressure and energy; y is the Griineisen ralio; ('„ , 
the heat capacity at constant volume; T, the tempera
ture; and ft is the elei'tronic contribution to the heat 
capacity. Alternately, the Debye approximation to the 
etiuations of state can be used. 

The cold compression pressure, Pk , must, be kiimvn 
as a function of density from experiments, calculations 
from an assumed form of the interatomic potential, or 
estimated from generalized correlations. (). Ander.son" 
has shown that the Murnaghan eriuation 

Br 
B"r 

where Br and BT are constants in the pressure expansion 
of the i.sothernial bulk modulus, BriP). 

P = ^ ?[(«•-•]' I 1 0 I 

BriP) •'©, B'r + «',/ ' I 21) I 

accurately represented the data, taken in static c.im
pression and with shock waves for MgO and .\\M. 
and several metals, over a veiy wide range of pressiiir. 
Pastine and Piacesi and others have shown llial lliesc 
constants are very close to the adiabatie values de
termined by acoustic techiii(|ues: 

Bs "©. pCi = B's -\- BsP, (211 

where the subscript .S indicates the adiabatie condition, 
and that the small differences can he calculated from 
thermodynamic properties. 

The Hugoniot relations, Eqs. (1), (2), and (3), can 
be combined to give the pressure, PH , along the shock 
compression curve to yield (if the initial pressure is 
negligible). 

/'„ 
p/;;;(i -

ii - , s ' ( r 
Po./p) 

(22) 

http://pha.se
file:///nalysis
file:///-olume
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Material 

U 
UO, 
UC 
Pu 
Li 
Na 
K 
Fe 
W 
Ta 
AI 
Cii 

Hg (liq.) 
NaCI 

SiO, (fused) 
BeO 
MgO 

Pu , 

g/cc 

19.04 
10.97 
1.3.01 
It). 79 
0.545 
0.971 
0.87 
7.84 

19.35 
16.68 
2.785 
9.02 

13.55 
2.02 
2.20 
3.01 
3.05 

TABLE IV-22-I. 

kbar 

987 
500" 

1700-
457 
123 
74 
37 

1780 
3080 
2005 
789 

1310 
2t5.4 
234.2 
371 

2430 
1691 

B'r 

8.38 
4.76" 
5.22' 
8.05 
3.6 
3.95 
3.86 
6.0 
4.2 
6 .3 ' 
4.27 
5.20 
8.71 
5.36 
0.33 
6.04 
3.96 

CONSTANTS IN EQUATIO> 

Bs. 
kbar 

470 
1036 

07.5 
30.8 

1007 

1897 
764 

1370 
214 
247 
365 

2520 
1717 

B'S 

3.85 
3.77 
5.04 

6.08 
5.51 
8.82 
5.27 
6.15 

3.915 

OF STATE 

0. 

222 
154 
320 
178 
390 
160 
93 

407 
310 
230 
435 
315 
92 

320 
490 

1280 
940 

y 

1.91 
1.88 
2.11 
2.50 
1.18 
1.17 
1.30 
l.OO 
1.54 
1.68 
2.18 
2.00 
1.51 
1.54 
0.740 
1,97 
1.00 

5 

1.504" 
1.4.38" 
l.,655" 
1.780" 
1.154 
1.242 
1,188 
1,58 
1 27 
1.214 
1.39 
1.514 
2.068 
1.541 
1.60 
1.30 
1.223 

4i-l 

5.02 
4,75 
5.22 
0.12 
3.02 
3.97 
3.76 
5.32 
4.08 
3.80 
4,60 
5.00 
7.27 
6.104 
5.24 
4.44 
3.892 

2000 4000 6000 8000 1000 
TEMPERATURE. DEGREES K 

FIG. IV-22-4. Thermal Pressure Coefiicient for Liquid 
Metals. ANL Neg. No. 112-9420. 

Using the fact that there is a second order contact at 
p = Po between the Hugoniot pressure curve and the 
adiabatie compression curve in the Murnaghan form. 

Ps = -^ I [£)•-•]• (23) 

one can find that BT X Bs = 4.S' — 1, which is given 
as Eq. (13). Since it has been shown' that 

S = - ^ - , (24) 

where 7 is the Criineisen coefltcient and has the thermo

dynamic definitions 

aBs 

' ^ p"r;: 
ajir 
pc: 

tp Pl.) 
(•25) 

p( E - / • ; , ) ' 

a is the voliunetric expansion coeHiiient 

ii/v)idV/aT),. 

and Cp and C',. are the heat capacity at constant jires
sure ;md volume. Equations (13) ;uid (24) can be 
combined to give 

Bs = 27 1 S Br (26) 

which relates the bulk modulus and its pressure deriva
tive. 

Values of some of the constants needed for the calcu
lation of the cold compression or shock equation of 
state are given in Table IV-22-I for some materials of 
reactor and theoretical interest. 

An additional relation for materials is the thermal 
pressure coefficient 

[dTjv CtpBr 1 (27) 

which can be used to determine the pressure change in 
a confined space due to a temperature rise: 

(28) 

= { a^Brdr - \ Br^. 

Values of the thennal pressure coefficient for several 
molten metals were calculated from various data' ' 
and found to smoothly extrapolate to zero at the esti-
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mated critical temperatures, as expected. These are 
plotted in Fig. IV-22-4. l'"or sodium and mercury the 
compressibility increases by 7.8 and 14.6 jiercent, 
respectively, in the melting process. While no generali
zation is apparent, these results will be applied to other 
materials to see the efTect of the melting transformation, 
and extension will be made to reactor fuel materials. 
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IV-23. Physical Properties of U r a n i u m Monocarbide at the Melt ing Temperature 
and in the Liquid State 

H. K. RICHARDS 

ExPEHiME.\TAn M E T H O D S 

A high temperature tungsten filament furnace^ has 
been used to measure thermal expansion coefficients of 
uranium monocarbide in the solid and liquid state, 
including the change in volume at melting. In addition, 
compatibility of UC with a TaC crucible has been 
studied. 

Figure IV-23-1 shows the furnace as it was used for 
these experiments. With respect to the furnace de
scribed in Ref. 1, this furnace is a modified version, 
providing a molybdenum ring support for the tungsten 
reflector. Figure IV-23-2 illustrates further details of the 
TaC crucible, graphite contact rod and the pedestal. 
The pedestal material was originally graphite but it 
was found that at temperatures exceeding 2600°C the 
graphite evaporated rapidly and attacked the tungsten 
heater element (probably by formation of a tungsten 
carbide of lower melting temperature). The tungsten 
filaments failed repeatedly at temperatures above 
2700°C and it was observed that they had melted. 
Substitution of a tantalum carbide pedestal eliminated 
this condition. 

The original technique devised to measure UC ex
pansion consisted of measuring the distance between 
the cover and the bottom of the empty crucible, and 
then measuring the distance between the cover and the 
UC level, using a high freijuency beat method.' How
ever, above 1700°C a large dc current was ob.served 

that made this method in.ajijilicable and it was fiuiiiil 
necessary to measure a direct contact between the 
upper and lower portion of the crucible and a disc on 
an insulated probe (Fig. IV-23 2). The disc shown in 
Fig. IV-23-2 permitted a contact to be made with the 
upper portion of the crucible and either the bottom of 
the crucible »r the top surface of the UC. This contact 
was observed at the ammeter in connection with a 
power supply connected between the insulated probe 

CfiOMETER CONTROL 

:R E L E C T R O D E 

ZIRCONIA INSULATION — 

- QUARTZ WINDOW 

- S H U T T E R ASSEMBLY 

- PEDESTAL CROWN 

- REFLECTOR 

- PEDESTAL BASE 

- ZIRCONIA INSULATION 

- LOWER ELECTRODE 

F I O . I V - 2 3 - 1 . Modified High Temperature Furnace with 
W. and Graphite Reflectors, Pedestal and Crucible. ANL Neg. 
No. 112-74SS Rev. 1 
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TaC CRUCIBLE 

DISK 

URANIUM CARBIDE 

GRAPHITE PEDESTAL LATER REPLACED BY 

TANTALUM CARBIDE 

LOWER ELECTRODE 

F I U . IV-23-2. Measurement of UC Expansion with Elec
trical Contact. .{.\L .Veg. No. 112-8943 T-l. 

and ground. Current was, however, observed without 
the power supply through the helium gas flowing in the 
whole assembly (see Paper VII-3). The distance be
tween the upper and lower contacts could be measured 
with the micrometer control (Fig. IV-23-1) within 
1.2,5 X 10-» cm. 

The disc material was originally graphite, and worked 
very well with solid TaC and UC. However, when the 
UC was in a liquid state the graphite dissolved im
mediately upon contact with liquid UC. A new design of 
the disc was therefore adopted ;is seen in Fig. IV-23-3. 
A flared graphite end was surrounded at the sides and 
lower jiortion by tantalum carbide. This variation made 
a contact feasible with the liiiuid phase fur a short time. 

The measurements were performed by determining 

at a given temperature the distance between the I'C 
surface or the crucible bottom anil the upper position; 
that is, the contact of the disc with the crucible one r 
(Fig. IV-23-2). .4s may be seen the opening of the cover 
permits free movement of the grajihite rod and contact 
between the cover inner surface and the flat port inn of 
the disc. 

A certain time is required for a heat (•(|iiililiriiiiii. 
before the di.sc contact position remains constaiil as 
read at the micrometer in I'ig. IV 23 I. Tlic next ci.ii-
tact is established wilh the bottom of the crucible, ur 
the UC level. Since an additional length, /,, of llie 
graphite rod enters the hot region, it again lakes a 
certain time before e(|uilibrium is established, l imn 
previous measurements with materials of known ex
pansion coefficients it was found that mo\-emeiit of this 
portion produces an expansion of the whole graphite rod 
equivalent to the thermal expansion of the length L 
upon being introduced into the hot section. This graph
ite expansion can be calculated (see Fig. n'-23-4) 
with the aid of Ref. 3. 

The expansion coefficients of the UC can only he 
determined if the expansion of the TaC crucible is 
known in addition to that of the graphite rod. Table 
IV-23-1 shows expansion coefficients reported for 
TaC.'*' Figure IV-23-.'i includes the coelticients given 

Flo. IV-23-3. Graphite Itod « i l h 
Piece. .1 NL Neg. No. 112-8812. 
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TABLE IV-23-1. AVERAGE TUC-PIXPANRION COEFFICIENTS,*«' 

Temp., 
°C 

From 

25 
25 
25 
25 
25 

To 

500 
1000 
1500 
2000 
2500 

WL). 
°C X 10-" 

6.32 
6.76 
7.12 
7.65 
8.40 

Temp., 
°C 

From 

25 
20 
20 
20 
20 
20 

To 

800 
2380 

SOO 
1000 
1200 
2625 

(AL/L), 
°C X 10-

8.2 
8.2 
6.29 
6.50 
6.64 
8.02 
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FIG. IV-23-5. Linear Expansion Coetficients of Tantalum 
Carbide. ANL Neg. No. 112-8904-

in the first column of Table IV-23-1 as a solid line and 
the incremental values for the temperatures marked are 
given by the da.shed line. I'igure IV-23-r) gives TaC 
expansion coeflicients obtained from measurements with 
a TaC crucible used for the present experiments. The 
graph represents the average of many runs with an 
estimated error of ti X 10-V°C. 

MEASUREMENTS OF UC EXFANSION COEFFIOIENTS 

IN THE S O L I D S T A T E 

For comparison, Table IV-23-II presents UC ex|ian-
sion coefficients, a, reported previously.' Additional 
data up to 144.5°C m.ay be found in Ref. li. 

Figure IV-23-7 shows the results of measurement of 
sintered UC found with the method described above, 
where the expansion of the TaC and the graphite rod 
have been taken into account. The expansion coelfi-
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F I G . IV-23-6. Linear Expansion Coefficients of Tantalum 

Carbide Measured with Taiitalnm Carbide Crncible. ANL Neg. 

No. 112-8906. 

TABLE IV-23-II. AVERAGE EXPANSION 
COEFFICIENTS, a', for UC 

Temp., 
°C 

From 

25 
25 
25 
25 
25 
25 

To 

200 
400 
600 
800 

1000 
1200 

( A i / i ) . 
• "C X io-« 

9.47 
10.30 
10.68 
11.01 
11.23 
11.43 

Temp., 
°C 

From 

25 
25 
25 
25 

To 

500 
1000 
1500 
200O 

( A i / i ) , 
°C X 10-' 

7.26 
10.67 
11.79 
13.05 

X ^'^ 

a 
i_ 

z 

^ '6 

o 
z 

m IV 

n ^L 
a-L»c 

1 1 

1 1 

_ ^^__.^"' 
_ _ _ _ , . — - — • ' ' ' ' ' ' ' ' ' ^ — 

1 1 g eoo 1200 1600 2000 2400 2800 
J TEMPERATURE, X 
UJ 

F I G . I V - 2 3 - 7 . Linear Expansion ('oelheieiits of I'raniur 
Carbide. ANL Neg. No. 112-8907. 
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cients arc given hcru up to 2400%'. Actually UC was 
obscrvetl in a solid stale even at 2500°C. Krom observa-
tiniis made during these experiments, it appears that 
ihe meltiiiK point of the I'C sample occurred close to 
2:)50°C'. This value is close to that of 2590°C, as re
ported by P. r . Hiotti/ and different from the 2450°C 
usually accepted. The values in Fig. IV-23-7, somewhat 
higher than reported in Table IV-23-II, are the result 
of several careful determinations. 

LINEAR AND VOLUME CHANGES AT THE 

MELTINC; POINT OF UC 

UC was melted in the TaC crucible. The height of UC 
in the crucible was measured at 2G00°C and again at 
2400 or 24]0°C. In three experiments the ratio of this 
difference and the height at room temperature gave the 
following results for linear expansion: 4.47, 3.8, 3.975%. 

It would be desirable to measure at the exact melting 
point, but the transition is not quite uniform. Over the 
range of 200°C there also will be expansion in both the 
solid and liquid states. This variation is, however, less 
than 10% of the variation at the melting point, esti
mated from the expansion coefficient in the solid state, 
and was neglected as a first approximation. For the 
foregoing numbers to be interpreted properly, however, 
it is necessary to determine if the measurements repre
sent a linear or a volume change. From a later inspec

tion of the material it was seen that the UC h;id nujiy 
vertical cracks, indicating that when it solidified it 
contracted essentially in all directions. It was therefore 
concluded that the observed values represented linear 
contraction. 

By including the estimated thermal expansion over 
the 200°C difference between the two measurements, it 
may be reasonable to decrease the observed linear 
variation by about 4%. to 10%. The average of the 
measured values given above is 4.08%. If corrected for 
the variation over 200°C the value of 3.7.')',< appears 
reasonable. The volume change caused by thermal 
expansion would result in about 12.2'.' before correc
tion and about 11.2% after correction. 

VOLtiME (^HANriFiS l.M THE LUiini) S T A T E 

Measurements in the li(|uid state refer I'l the varia
tion in volume; since the cro.ss seetion of the crucihie 
also expands, this contribution should be added to the 
observed expansion. 

Only one experiment could be conducted sn far. The 
results are rather uncertain. It appears that tlie volume 
expansion between 2G50 and 2740°C is about 1.10 X 
10-*/°C, or a(Length) ~ 3G X 10-V°C. This would be 
above twice the value of the solid expansion coefiicient 
at 2400°C. 

INTERACTION OF 'I 'AC AND UC 

It was observed that TaC and iiijuid W ri-arl. I'itiUir 
IV-23-8 is a view of a TaC erueibh- broken open to show 
UC after melting. Three regions can be observed ai the 
boundary of these materials. Actually more reginiis and 
details are observable at ^)0 to 200 magnification. 
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IV-2K Comparison of Methods for Determin ing C o n t a i n m e n l Leakage Rales 

H. 0 . BRITTAN 

INTRODITTIOV 

For nearly ten years a heated dispute has been under
way in which proponents of the so-ealled "Reference" 
method of determining containment leakage rates 
contend that the method is superior to the so-called 
"Absolute" method. As a matter of fact, both these 
nu'thods are closely related methods of observing pres-
siuf decay. The "Itcferencc" method is considerably 
tunre coTn]>lex in prepatation ;ind execution. The same 
measurements must be made in both methods, plus 
additii'ual ntriisurements on the reference system itself 
tit assure adequate temjterature compensation or allow 
correction lor thermal lag, to assure leaktightness or 
correct for leakage, and to assure proper hygrometry or 
correct for condensation. In addition, the reference 
system must be constructed, installed and tested. 

Historically, the "Keferenee" method was conceived 
to eliminate the necessity of making tem]>erature cor
rections by virtue of assuming equal temperatures in 
the leaking containment and in the non-leaking refer
ence \'olume, which are coupled by a manometer. If 
temperatures and hygrometry (i.e., temperatures above 
the dewpf.int and no litiuid water present initially) 
arc identical, the leakage rate of the containment is 
just the difference in the jaessurc difference between the 
two systems al tw<» points in time, divided by the 
containment test pressure. This first "Reference" 
meth(»d was attempted in the N'alecitos Boiling Water 
Keactor, which had an allowable leakage rate of the 
order of 1 %/24 hour day. In ])racticc, it was found, 
that a considerable lag existed between the temperature 
of the air in the reference volume and the temperature 
of the air in the surrounding containment volume, 
which was varying diurnally. 

Since then, considerable effort has been concentrated 
on attempting to reduce this lag to zero and have the 
reference volume distributed in a more representative 
way throughout the containment volume. At the same 
time, the "Reference" method (both methods, in fact) 
has been employed in testing containment systems for 
which the leak-tightness requirements have become 
more tuid more stringent, approaching allowable leak
age rates of a few hundredths of a percent. For the 
accuracy employed in practice in reading temperatures, 
manonu'ter legs and barometers, the possible error (and 
even the probable error) in determining leakage rates 
is often much greater than the leakage rate itself. The 
error entailed in assuming temperature compensation 

alone is greater than the leakage rate. For wry Inw 
leakage rates, the true rate cannot usually be proved 
by either method, and ;uiy small advantage which one 
method has over the other is lost. For either method, 
where leakage rates are less than 0.001/24 hours, the 
leak testing must bectmie a sophisticated (xjx'iinient 
to be adetiuate 

To allow an unbiased (•otniiaris(ui of the two rnel hods, 
it seems important to set on record tin- "e\ ; i ( l" ex
pressions for leakage rate which are obtained without 
assumptions regarding behavior of the state \ariables 
or the systems and then the expressions for the eirors in 
leakage rate determination which jriay accrue. 

There are two types of error analysis available to 
those conducting leakage rate tests. One deals with 
possible error, the other with probable error. The formei" 
is required in planning the tests, and as a proof of 
minimum detectable leakage rate. The latter is used in 
assessing the credence of the test after it is performed. 

The "possible error" analysis sets the limitation on 
leakage rate determination imposed by possible errors 
in reading instruments or by limits of accuracy of the 
instrumentation. It is assumed in this analysis that 
every reading error or hick of built-in accuracy is in 
such a direction ( + or —) that the total possible error 
is maximum ( + or —). Comparison of this maximuni 
with the expected or required magnitude of the (ptant iiy 
to be determined (leakage rate) allows determination of 
the precision of instrumentation needed to make the 
possible error a desired fraction of the leakage rate 
(e.g., 1-3 or ,V )̂. 

I t may be shown after a test that ])r(jbability hiws 
yield much lower eiTors with high confidence (e.g., 
95%) under favorable conditions. This analysis may 
also take into account increased accuracy ax'ailable 
through multiple observations of a single variable. 
Thus, the "probable" leakage rate calculated may Ije 
proclaimed (with low error) with high confidence. It 
does not absolutely preclude the possibihti/ of tiic 
particular test having the maximum "possible" error. 

Herein only the "possible" error analysis is con
sidered. The expressions required for determining the 
leakage rates and such errors are developed fron\ the 
basic equations governing gases for the two pressure 
decay methods ("Absolute" and "Reference") of 
leakage rate determination during pneumatic tests. 
"Possible" errors are compared for the two methods. 
An assessment of importance of changes in volume and 
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iil weight of water vapcir, and errors in determining 
them, is made. 

Initially, only tests on containment structures under 
gauge test pressures of the order one atmosphere or 
higher arc considered. In tests where the gauge test 
pressures are of the order of a pound per square inch, 
different pressure measurements are usually taken 
(specifically, atmospheric pressure, difference between 
containment pressure and atmospheric, and difference 
between reference vessel pressure and containment pres
sure). Such tests are examined later, although results 
are found to be the same as for the "Reference" method. 

"POSSIBLE" ERROR .\XALYSIS 

FOR "ABSOLUTE" METHOD 

On considering all gases present as "perfect" gases 
it is assumed that the constituents of the air, including 
water vapor, each and as a mixture, obey the equation 
of state: 

PV NmRT (1) 

where 
J* = absolute pressure 
V = container volume 
T = absolute temperature 
m = molecular weight of gas 
N = number of molecular weights 
U = constant for the particular gas. 

The product mli is assumed to be the same for all 
gases, and Nm = w is the total weight of gas, vapor, or 
mixture in the container. Deviations from these asump-
tions require correction of the measured values only if 
temperature conditions initially and finally vary 
markedly (e.g., the ratio of the weights of air and water 
vapor remains constant above the dewpoint tempera
ture, but increases below that tem])erature, if no water 
is present). 

In general form, the equations relating the variables 
for air and water vapor in the containment vessel are 

and 

PoV = WaRaT 

p,V = w,RvT. 

( la) 

(lb) 

(Note that partial pressures and weights are given in 
lower case letters, and that the subscripts used herein 
signify as follows: 

a = air 
V = water vapor 
1 = initial point of measurement 
2 = final point of measurement.) 

Since Pa is not measured, but P is, and since P = Pa + 
p„ while w = M'a + w, , the equation relating the varia

bles measured is 

PV 

But 

hence 

so that 

and 

•aRa + ic.K. = (10 - ir.ilia + it',.S, 

= icR, + w„ V^ - l ) fl. 

fl./fta = m„/m, ; 

PV , / m . , \ 

flJ^^'^' + " " U " V ' 

PV /m„ \ 
(0 = ^^^^ — 1 — — 1 I (c„. 

RaT \m„ / 

ints in time /i and t 

PiVi (m, ,\ 
R,Ti \m, j ' 

P2V2 (in.. .\ 

(Ic) 

(Id) 

(!e) 

Hence at two points in time /i and ^ , separated hy 
(2 - (1 = A( , 

(If) 

dl!) 

(2) 

Then the rluuigc; in weight of inatei-iai in I In' en 
ment vessel is 

(P-V, l\V,\ 

If now P . = Pl + AP, ;•.. = V, + AI'. 'A = Ti + AT. 
and w,. = w,., + Aitv (in general, x + -ix = x(l + 
^x/x) ] are substituted into Eq. (2) and it is noted that 
r , [ l + iAT/Ti)] is approximately equal to TJil -
AT/T,) since AT/Ti « 1, it is found that 

(2a) 

However, 

(-f)(-tf)0-a 
^ l \ ^ Vi Tl 

if products of fractional changes (such as A/ 'Al ' / ' ' i ' ' ) 
are neglected. With modification Eq. (2a) becomes 
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P, 
RT IT, \RJU\ ^ Vi Y J 

Ate fe-)-
(2b) 

Kul 

wluTC 1 

whence 

R/R. 
_ ni„Po + m„p,. 

Pa -^ Pv 

density, and p,/p. = 5 = specific Kumidity, 

(I + s) 
R.'R,. R )̂-

Also li'i = / ' i I ' i / R T i . With these substitutions it 
found that Eq. (2b) can be written 

Aic (1 + s) TAP 

i^-^^^r' 
AV AT 

r, n 
Aw„ (ma\ 
Wl Km,./ 

(2c) 

1 . 

The fraction of material leaking out in the time interval 
At (in hours) can be obtained by subtracting the frac
tion of water vapor which condcn.ses (in tlie contain
ment) from fjoth sides. I'urthermore, by multii)Iying 
both sides by 24/A( this leakage rate can be extr.apolated 
\o that for 24 hours. If these oj>erations are |)erformed, 
it is foutid that the 24 hfiur leakage rate for the "Abso
lute" method is 

. _ 24 (Air - An\\ 
" ~ Ai\ Wl / 

(1 -f 

(-S') 
.s) (AI' , 'il' _ -^T^ 
„ \V7^i Vi TJ (:» 

Aic,, (m„ _ N 

Wl V"'.' / 

Air,^ 

w. 

If the temperature stays above the dewpoint through
out the test, AMV, = 0 and Aw, = Aw s/is + 1), and 
the 24 hour leakage rate becomes 

P, 
24 
A( 

(1 +s)' 

F^)F?). (:ia) 

(A£ AV _ A7'\ 
'\Pi r , Tl)-

Note that the brackeled term in i;(|. (.ia) is always in 
the range 0.99 to 1.00 and hence can he taken as sci 

with less than I % error in //.< . Thus 

AT A'l . „ ^ 24 (Al' AV _ A7'\ 
Cib) 

It will be shown thai A l / T is <0.(KK)l generally, 
and usually may be delcled in determining the leak.age 
rate. 

To determine the effects of errors in reading instru
ments or of lack of instrument jirecision it may be 
assumed that each measurement has an error /•/ of 
either sign associated with it. Thus the true (piinicd) 
values are 

Ti = Ti± E, . Pl = I'l ± /•;,, «',. ± A'.., 

etc. If these expressions for the measured variables are 
substituted into Eq. i'.i) for the differences AP, AT. etc; 

(1 + s 
7 ^ ^ [ ( P , ± AV - P , ± E, 

+ 
iV2± Ev - Fl ± E,) 

_ ( 7 ' ; ± AV - 7'i ± Er)! 
' Tl J Cicl 

(ro,,, ± /l'„., - ic„, ± 

itC-r, ± E.;, - W.„ ± E , ) I 
Wl ( 

(A.) 

Cid) 

(1 + « l r/AP + 2A-A 

( ^ , ^ ) f e -') - (-=̂ -*r-"̂ )l 
Then the maximmn "possible" error in A., is (A,)f — 
LA , W'ith all errors additive; 

E,,^ = (A.,)„ - LA 

(4 ) 
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fe-) 0.608 and 

(1 •A-s-)^ 1). 

It will be shown that fractional errors in determining 
hygrometry luid volmne changes are small compared 
to fractional errors in determining pressures and 
temperatures and may be ignored for values of Lj > 
0,0001. Hence the significant error fraction can be 
written 

ELA AT\Pi T, 
2Er\ 

~T^)' 
(4a) 

"POSSIBLE" ERROR ANALYSIS FOR 

"REFERENCE" METHOD 

In the "Reference" method, the same measurements 
should be taken as in the "Absolute" method, plus 
measurements of 

iP = pressure difference between reference system 
and containment vessel = PR — P 

TR = temperature of contents of reference system 
PK = pressure in reference system 

r»„- s wet bulb temperature of reference system 
or 

TR = relative humidity of reference system. 
(From the Tf and T„„ or TK and r„ , u)«, can be com
puted). 
The governing equations for the containment and 
reference systems are: 

Containment 

pJ' = «'„fl„r 1 

pJ' = to„R„7' 
PV = wRT (1) 

P J \ = WHRTR. (5) 

Reference 

PKJ'R = •U>RJ{J'R 

PR,VR = WR^R.TR 

The fractional weight change in the containment is 
still as given by Eq. (2c). It is only necessary to re
place AP with a term containing the measured values. 
This is done by noting that 

P -= PR- SP, 

so that 

Pl = PR, - a/'i and P-i = PR, - SP, . 

Then 

AP = P, - / ' , = (P„, - PR,) - (JPj - ap,) . (6) 

If / '«, is replaced by WR^TR^R/VR, and P«, by 

WR^TR,R/VR, as given in equations 5, and if w„, = 
w, , ( l + AWR/WR,), TR, = TR.H + ATR/TR,), and 

VR, = F„ , ( l + A F . / F s , ) ^ VR./H - AVR/VR,), 
then 

; , . ^ _ P „ . . - ^ ( l + -")(l+^Z.«) 
I «, \ "'«, / \ TR, I 

(l - 4 1 " ^ - "'".^".^ (7, 
V VR, J VR, 

^ U}R,RTR, /AWR ,ATR_ A F « \ 

F B , \ t t '» , TR, VR, ) ' 

neglecting products of fractional changes. If this is 
substituted into Eq. (6), then divided by /', 

AP 
P l 

,^ (AWR A'I'R _ A F « \ 

1 \WR, TR, VR, I 

( i P ; - iPl ) 
P l 

(8) 

;?=r-Tf-')=(-¥;') 
Noting that 

P , 
Pl 

and again neglecting products of fractional changes, 
Eq. (8) becomes 

AP ^ /AUV , ATV _ AIVN _ A P ; - iP\ 

Pl \WR, ^ TR, VR, ) \ Pl ) • 

If Eq. (8) is substitute:! into Kq. (:i), the leakage rate 
per 24 hoiu^s is obtained directly fi>r the "Reference" 
method. 

(8a) 

LR = 
1 

1 + .m.jL\7-., Tl) 

AICRI _ Al(\ (rn^ _ A _ AH-,, 1 

WR, J M'l \ m , / IC, \. 

Again, if both T and TR stay above the dewpoint and 
the reference system does not leak (A«is = 0, Air,, 
and since Ate,, = A«i[s,/(1 + s)]. 

LR = 
24 ( 1 + ,s)-

r / A T V _ A J \ _ (AVR _ AV\ 
IKTR, TJ \VR, VI) 

^0), 

(Oa) 
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Then since 0.99 < [/(s)] < 1.00 for the bracketed term 

(96) 
'-S[(l5-«) 

Conmients: 
1) Only now can the effect of the assumption that 

r«i = Tl , Tiij = Tl he assessed. / / this were true, 
^TR/TI would cancel A7'i/7'i and the apparent leakage 
would not include either term. However, 7'^ must be 
measured to prove this, hence an error can be intro
duced. In general, such an assumption is not true be
cause of a real thermal lag between reference and con
tainment system. 

2) If the temperatures of the reference and contain
ment systems always stay above the dewpoint, AWR^ = 
AtiVj = 0, and the fractional change terms containing 
these drop out of Eijs. (3), (4), and (9). 

;i) The above points serve to show where other 
"possible" error analyses may go wrong. 

To determine the niaxinnim "i)OKsiblc" error in LR 
due lo reading <'rrors and lack of inst,rumeid, precision, 
the siinie jmicedurc is adifpled as used lo obtain the 
error in LA • I'-xpressioiis like 7'i ± ET are substituted 
into lv|. (9) to yield (/y^)^ . Then ELR is obtained by 
subtracting/^ft from {LR) f.: 

iU)^ - Ln 

+ Y- + 

24 1 ( 1 -f .s 

'"i^-^-
( A ) , + A-,,) 

Pl 

1 r2A., 

„)L'/'». 

2AV„ , 2A;, 
^ VR, "^ Kl 

(10) 

).608, 

^ 2 ^ 1 2 ^ / ™ , _ A ^ 2 ^ 

WR, J ICl \ m . / ) Wl 

.\gain, letting 

a + . ) / ( i + ;;^s)= 1 and (;;;=^i) = o.e 
and noting (hat \isually I'JTR = ET , 

_ _ _ 24 p A , '21^ 
Le, - IA„) , A,,, - _ ^ - - ^ + - ^ 

(10a) 
\ R 1 W« 

+ -^(0.0)+?^l. 
Wl Wl J 

Since errors in delerniiriing Al", AVR . WR , Ato„ , and 
Ate., will be shown to he small compared to errors in 

determining A7' mid ftp; .and since a double error {2l'u) 
is made in reading manometer leg heights to obtain 
{/', so Ihat I'hi- — 2ipF.u). wlicrc p cimvcrls li{'iglils 
to units of P, 

^^'•^^Ki\_-p + 7'J- ( H)b) 

(Note, in previous analyses it was not recognized 
that in determining 5/^ a double error can he made be
cause eac/i leg of the manometer nmst be read. If another 
single reading type of pressure differential measuring 
device is used, the coefficient of the first error comiKi-
nent can be reduced from 4 to 2.) 

"POSSIBLE" ERROR ANALYSIS FOR Low rREssruE 

"REFEREN< E " METHOD 

If low test overpressures arc employed (of the order 
of I psi) a difTerent set of measurements are sometinu-s 
taken, as follows: 

PRESSURE 
(1) Outside atmospheric pressure 
(2) Pressure difference between containment and 

outside 
(3) Pressure difference lietwecn referen<-e sysleni 

and containnu'iil. 
(2) and (3) arc usually made with two-legged man
ometers (two readings each per measurement), and 
(1) is made with a mercury hanmieter. 
TEMPERATURE 

(1) Outside temperature 
(2) Containmeid, temi)erature 
(3) Reference system temperature 
(4) Wet'bulb temperattire ] 

in containnuMit 
(5) Wet bulb temperature 

in ref. system J 
(5) should be taken but sometimes is not. It is neces
sary to take (4) and (5) either to show^ that the 
temperature is above the dewpoint or to determine 
the required correction for change in weight of water 
vapor. (1) must be taken at least to <-orrect the 
barometer reading. 
If PB is the outside air barometer reading, HH and 

HL are the high and low manometer leg heights respec
tively, and p. converts manometer heights to pressure 
in the same units as /-*, using the perfect gas law assump
tions, the equations for this system become 

P = PB-\- H(HH- HL) = - ^ / , 

P« = P + ^{UR„ - !!R, ) 

= PB + M ( / / » - ///.) + M ( / / « „ - HR,.) 

WRRTR 

or relative hnniidity. 

v„ 
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T h e expression for t h e fractional weight loss in t h e 

c o n t a i n m e n t V(>s.sel is t he s ame as for t he o the r "Refe r 

e n c e " m e t h o d , wi th 

SP (18) 

T h e quantit,\- / ' does no t en te r in to t h e d e t e r m i n a t i o n 

of changes in pressure, a n d hence m e a s u r e m e n t s re-

ciuired for P do not in t roduce errors in LR . T h e l eakage 

r a t e per 24 hours for th i s Low Pressure Reference 

M e t h o d can therefore be wr i t t en by subs t i t u t i ng E q . 

(17) and (18) into E q . ( 9 ) : 

^'«/. - TT 

1 + s 

1 + ^ ' 

r /A7\ _ A7'\ 
1\TR, Tl) 

(AVR _ AKN 

'\v7i Tl) (19 ) 

piH«,, - HH,., - HR„, + HH,,) 

[PR, + ^(//„, - H,,)] 

AWR~\ _ Aic. / n u _ . \ 

WR, J Wl \ m „ / 

Aw,., 

Wl 

If b o t h T and TR s t ay above the dewpoin t , a n d t h e 

reference sys tem does no t leak (AWA = 0, AWp̂  = 0 ) , 

E q . (19) can be reduced to an expression analogous t o 

E q . ( 9 b ) : 

Al / A 7 \ _AT\_(A^ 

\T,n Tl) \V 

- ["'•^ 
I PH 

AV 

1 

AH„ - AH 

+ pAH, 

(19a) 

T h e "poss ib le" error analysis can be m a d e ana logous t o 

t he "Refe rence" m e t h o d if errors in de te rmin ing vo lume 

change and wate r vapor change are neglec ted: 

}'-:eR 
L TR, Tl p,_ + f^AH,] 

["4 I AV I _,_ pi\E„,\ 1 (20) 

if I £ r . I = I AV I. 

T h e comple te error fraction, if condensa t ion occurs , 

can be w r i t t e n : 

t:,.R 
24r4AV 
At L T'i 

p.iE„ E„ 

+ TV + T 

+ 
A A U - B ^ E 

WR, » f]-
( 2 0 a ) 

Hygrometry Corrections 

In order t o examine t h e impor t ance of er rors in 

hyg rome t ry , it is necessary t o get an e s t ima te of t h e 

quan t i t i e s 

Ai'a»s / " ' « • " " ' w-a„,,/«'i 

in t e r m s of er rors in r ead ing t h e wet a n d d ry bulb 

t e m p e r a t u r e s . T o do th i s , it is first note i l t h a t a rela

t ion be tween P, a n d Td exists in t h e n o r m a l t empera tu re 

r ange wh ich is (no t ing t h a t th i s is only for t he case of 

s a t u r a t e d or subcooled condi t ions , i.e., be low the dew-

po in t t e m p e r a t u r e ) : 

log P . = a -i- hiTj - 4.j9.(i9). 

If Td is in degrees R a n k i n e ;ind lies in t he range .VK)"^ < 

Ta < 540°R, a n d if / ' , is in inches of H g , o = 0.:i4.-j and 

6 = 0.0347 a n d 

^ " = 0.0.347 </7'j. 
p . 

N o w 

p„, = p., + Ap, = 

p.,i\ + Ap,/ / ) , , , ) = / , , , , ( ! + 0,0347A7j) . 

Since in general 

' ^ = = - « f ^ . ( l + 0 . 0 3 4 7 A 7 , ) 

from which 

W,, — IC... Ate, T.l. I',. 

-^ = — = i~-,; (1 + 0,0347 A7',, I - I. 
MV, W., ld.\ I 

If it is assmiied t h a t AV = 0, and since TiJTi. = 

[1 - iATd/Td,)\, Awjw,, = A7'j(0.0.347 - l / f j , ) ^ 

COSSATj (for Ti, of t h e o rder <]f o00° f l ) ; also 

w„ = [ s / ( l + . ^ ) l w i . 

Therefore , 

Al 

Wl 
- = ( T ^ ) (0.033 A7'„) 
"1 \ 1 + s / 

and since s is a lwavs less Ihan 0.02 

All\ 
< O.OOOOli A7',,. 

T h u s if t h e m a x i m u m possible er ror in determining 

ATd is 1 deg, t he m a x i m m n possible er ror in Au',,/tri is 

0.0006G, e tc . Since t h e m a . \ i m u m al lowable error in de

t e rmin ing A7'd is prescr ibed by t h e leak;ige r a t e which 

is to be m e a s u r e d a n d wh ich mus t be <02.riAK to give 

a t least ,50% accuracy , 

- ^ ' is a l w a y s < ^ 0.04 LR . 
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\'otu}ttc t 'nrrectioiis 

'III exiunine t he i m p o r t a n c e of er rors in d e t e r m i n i n g 

A l ' / r and AVR/VR , it is necessary to e s t i m a t e t h e re

lat ions be tween A V / K , AT IT, a n d A P / P ; a n d 

errors in t e m p e r a t u r e a n d pressure m e a s u r e m e n t . 

T h e vol imies of t h e c o n t a i n m e n t vessel a n d refer

ence vessel c h a n g e as t h e m a t e r i a l t e m p e r a t u r e s a n d 

internal j iressures change . I n general 

I ' l = r , ( l -I- . 3 a A r + ;3AP) , 

where a is t l ic l inear t e m p e r a t u r e coefficient of expans ion 

of t he vessel ma te r i a l a n d 3 is t h e pressvire coefficient of 

expansioiL I-'or splicrical vessels. 

&.= 
•3r. 

2Y\h 

where 

r. = sphere r ad ius , 

h = wall t h i ckness 

F . = elast ic m o d u l u s of sphere m a t e r i a l . 

For t u b e s or cy l inders , 

^' 2 Y,h 

where 

/•„ = cy l inder or t u b e r ad ius , 

Kc = e last ic m o d u l u s of t u b e or cy l inder m a t e r i a l ; 

AK 

Kl 
3aA7 ' + fiAP 

.and 

K). .3a(A7' - f 2A; , , ) - f tf(AP-f 2A'ap). 

,.A,.2.A_(-X-(-:); 
Therefore 

A i v 

Kl 

for steel a ^ 10 V°l ' ' . £ « 3 X l O ' psi 

for copper a x 1 0 " V ° r , E x. 1.6 X l O ' psi . 

If, typ ica l ly , rjh ^ 1000 iind r,lh « 2Ti a n d t h e con

ta inment is of steel w i t h t h e reference sy s t em of copper , 

A'iv , 

'Vi ' 

and 

; ( i X 1 0 " ' A , + 10 X 10 ' A ' , 

0 X 1 0 " ' ETR + 0.8 X 10 ' ERR . 

ET is cons t r a ined t o be less t h a n ~ 6 0 A and £ , < 4aA 

to insure t h a t AY < A / 2 . H e n c e E^v/Vi will a lways be 

<0.0O4 L for one a t m o s p h e r e overpressure (o = 2 ) . 

Similarly /iV« m u s t a l w a y s be less t h a n 30A a n d 

E,,, < 2aL. Hence E\VR/VR, will a l w a y s be <0 .002A 

for one a tnu i sphe re overjiressurt; ia = 2). 

T h e m a g n i t u d e of A K / K it.self is smal l . I t can be seeti 

t h a t for th i s example 

A K 

K 
6 X 10 • 'A7' + 10 X 1 0 " ' ' A P . 

H e n c e A K / K will a lways be < A / 2 if A7' < 4 0 0 0 A ( ° P ) 

a n d A P < 2500A (in. H g . ) . 

H e n c e for A = 0 .001, if AT < i°R a n d AP < 2.r, in. 

H g , AV/V will be <0.000.5. T h u s an er ror in de ter 

min ing AVfV is ce r ta in ly negligible. 

S U M M A R Y 

T h e leakage ra t e s h a v e been de te rmine t l in t e r m s of 

t h e m e a s u r e d var iab les for t he cases of: I , " A b s o l u t e " 

m e t h o d ; I I , " R e f e r e n c e " m e t h o d ; I I I , "fjow (>\'ci-

p re s su re R e f e r e n c e " m e t h o d . All of t he se m e t h o d s a re 

based on p ressu re decay , a n d d e t e r m i n e t h e f rac t ional 

loss of weigh t of t he air a n d w a t e r v a p o r m i x t u r e s b y 

leakage from t h e sys t em. T h e differences lie in t h e 

m e t h o d s of m e a s u r i n g the cfjuation-of-state va r i ab les 

(pressure , t e m p e r a t u r e a n d \ ' o lume) for a s sumed a p -

p h c a t i o n of t he " p e r f e c t " g a s laws. T h e " e x a c t " ex

press ions for these 24-hour leakage r a t e s a r e ( p r o d u c t s 

of f ract ional changes neg lec ted ) : 

I. A., = 
(1 + s) 

1 +-

10.. (in., 

Vi \m. 

A 

Wl 

AK 

Kl 

0-

Tl) 

AIC,^ 

Wl 

(3) 

I I . A„ 
(1 + .s ) 

I I I . LR, 

[(ATR AT\ 

(,,.j,)L(r.,-,..) 
(AVJ, _ AV\ _ (SP, - SPi\ AWR] 

\VH, Vi) \ Pl ) ^ WR,\ 

_ A , c , , / m , _ \ 

Wl \m, ) 

KS-"') 

( 9 ) 

A»',, 

Wl 

(1 + s) 

_ / A I V , _ A K \ _ 

VK„, VI) 

I Aic_„1 _ AIC,, / 

WR, J TO, \ ; 

piAHu, - AHR, 

ip„ 1 + M^/ / i ) 

0-_ AHV 

Wl 

(19) 

I t has been shown t h a t er rors in d e t e r m i n i n g Aic, ;md 

AK are negligible as is AV/V itself in d e t e r m i n i n g Ihc 
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leakage for fractional leakages > 0.0001. It is noted that 
the expressions for LR and LR, are identical, since 

SPi = M(A/ / „ AHR,) 

and 

I'l PR, + p(AHi). 

In fact, the jiressure measurements are the same for JP 
ami AHR , although an additional set of meiusurements is 
required lo obtain /', in III. 

It is noted that the temperature lerm.s in II and HI 
camel ordy if the reference system and containment 
system lemperatures are exactly equal. Tliis is not true 
in general because of thermal Lag. Hence it is necessary 
to measure reference vessel air temperatures. This is 
usually not done and the temperature terms are 
dropped. If ATR/TR, is different from AT/T, by (A(/24)A 
a one hundred percent error is introduced immediately 
by assuming equal temperatures. If the readings are 
taken 24 hours apart and the leakage fraction is 0,001, 
the temperature differences must agree to within '^0.5°F 
to keep the error below 1(X)%. 

~ 

= z 

-

-

--
1 

ABSOLUTE 

/ / 

1 / 1 * ^ 

-" 1 

1 1 1 1 Ill 1 

/ / 
^ ^ • ^ t ^ ' ' / 

/ / / / / / 

-REFERENCE 

1 i i i i i i l 

0 001 0 0 1 0.1 10 100 

(Ep/aET.)0R (E^/OET.) 

Flo. IV-24-1. The Percent Error in L for Both Ihe "Ab
solute" and "Reference" Methods. .4.\7, Neg. No. 112-9392. 

TABLE I\-24.I . MINIMUM PRECISION KEUUIRED 

24 Hour Leakage 
Rate FracUon, L 

0.01 
0.005 
0.001 
0,0005 
O.OOOl 

Absolute Method 

P, in. Hg 

0,075 
0.038 
0.0075 
0,0038 
0 00075 

r, °R 

0.67 
0,33 
0,067 
0,033 
0,0067 

Reference Method 

Leg H, in. 
H,0 

0.51 
0,10 
0,051 
0,010 
0,0051 

r, °R 

0.33 
0,17 
0,033 
0,017 
0.0033 

If the low density liquid manometers c:ui lie read to 
the same linear precision as the mercury barometer, 
the accuracy in pressure difference measurement in the 
"Reference" method is )2</=B/Pm) times greater than in 
the "Absolute" method ips is the density of the barome
ter fluid and p„ is the density of the manometer fluid). 
For a mercury barometer and a water m;inomeler this 
factor would be ^O.S, 

For all niethods, if ihc lem|ieraluics arc k(.|d, above 
the di'wpoinl, no correction is iieceHsaiy for hygnunc 
try in Ihe three inidliods, since no comlcii.^al ion oniirs 
and Ihc value of .1 = 7),./p„ is a constant llirouglioiit llic 
test if additional water is not available for eioyoration. 
If the temperatures fall below the dewpoint, the ({uiui-
tily of water vapor leaking out with the air or condens
ing must he accounted for continuously throughout the 
test, since .s is not constant. The same is true if liquid 
water is present and available for evaporation. 

With these expressions for leakage rate it is shown 
that the maximtmi possible fractional errors E, in de
termining these leakage rates, due to reading errors iir 
lack of instrument precision, are given by the following: 

I. E,A 

II. A 

111. EL 

24 r / 2 A , 
At l \ P 

24 r4MA„ 

A ( L 1' 
+ 2A,„„ 

WR 

ELR. 

+ -f-̂  + 
_)_ 2E„, 

w 

.1!;. 

2E 
^V 

(O.t 

2A 

r, 
+ ^ (O.ti) 

w 

0 
)1 + 

" + " 

+ "•• 
u 

2E. 
w 

Ev 
V 

•] 
I 10:. 

(20a I 

Only the first two error terms are important in I, II, 
and III. By introducing a = P, PR = pressure in con
tainer in atm, assuming T = .')20°/f, Al = 24 hours, 
and PEH = (l/13.6)A'j,, these two expressions can be 
rewritten: 

% error in LA m 
L, 

ELA [ 0.:i9 + 0.; 
IA 

AVHlArJ 
5'rl«J A., 

and 

. r m A „ = f £ , , = r077 + ^ l L ^ 
A« L I ET \aj LR 

% erri 

where A'l, = inches error for each leg of the manometer 
or for the barometer. 

The % error in A for Â  = 24 hours and A, A = 1 
for both methods are displayed in Fig. I\'-24-l. Tn 
obtain error for other values of At and ET/L, values 
from the curve must be multiplied bv 24 At :ind bv 
ET/L. 
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"Possible" errors can be used to predetermine the 
precision of measurement required to yield errors less 
than a desired fraction of the leakage rate. Let ifiL 
and SL be the errors in leakage rate determination 
contributed by pressure errors and temperature errors 
respectively, and XA = ipL + 6L be the desired maxi
mum error in the leakage rate L. Then the precisions 

shown in Table IV-24-1 were obtained from Et|S. (4a) 
and (10b) for o = 2, P„ = .30 in. Hg, T = ."i30°R, n = 
1/13.6, At = 24 hours, ,p = « = 0.25, and X = O..^ for 
various A's. Needed precision can be found for other 
values of the parameters by multiplying appropriate 
items by a/2, Po/30, T/hW, 1/13.6 p, A(/24, -V, and/or 

ie. 

IV-25. A Proposed Core Test Facil ity for Safety Analysis 

J. C. CARTER AND R . H . ARMSTRONG* 

INTRODUCTION 

The safety analysis of fast reactors is proceeding 
along two main paths, ihe experimental and the theo
retical. I t is intended that these converge with the 
resultant being a substantiated set of digital computer 
codes through which jiaths may be programmed to 
produce simulations of both designed operations and 
liyjiotlictical accidents. The objective of this study ia 
to design and evaluate facilities which may be suitable 
for experimental investigations of sections of cores 
and small cores. The technical, and economic aspects 
of the test facilities are considered. 

A concept of a facility for investigating experimen
tally the effects of the phenomena of liquid metal 
boiling, fuel melting, and accident propagation is pre
sented. The problem of providing instrumenta
tion which can obtain meaningful information, even 
below the threshold of an accident, is difficult, and 
especially so in the case of a disintegrating core. Thus 
reliable and replaceable instrumentation is a primary 
concern in all core testing facilities. The concept com
prises a test core in a sealed replaceable compact test 
unit. The core may be a critical unit or a suberitical 
group of fuel elements in a driver core. It is designed 
to operate with the coolant in either the liquid or 
boiling pha.se, so that coolant dynamics and void 
worths may be studied under controlled conditions. 

It is intended to incorporate maximum flexibility 
and instrumentation in the design, with the ability to 
replace core parts and instrumentation rapidly. It is 
anticipated that damage to the structral integrity of 
the core and test unit will be frequent enough to re
quire easily replaceable parts. The test unit is self 
suflicient, prefabricated, and mechanically pretested 
and it can be placed in and quickly made integral with 

• Reactor Engineering Division, Argonne National Labora-
torj' 

the external systems and controls associated with a 
permanent nuclear power plant of greater capacity 
than the test unit itself. The amount of shielding and 
containment will depend upon where and how the 
permanent facilities are constructed. 

DESCRIPTION OK TIIK TKST UNCI 

The core is conceived to be a small enriched core 
located in a highly instrumented double-walled .sealed 
container. Its estimated thermal rating is 1.0 MW with 
sodium as the coolant. I t is a simple version of a con
ventional solid-fuel fast-reactor core with reflector 
control. I t is intended to design the core so that re
activity fluctuations due to the boiling phenomenon 
cannot become prompt critical and so that the reac
tivity feedback caused by boiling is relatively small 
and dominated by the strong negative feedback due 
to the volumetric expansion of the core. 

The test unit (Fig, IV-25-1) is a double-wall shell 
containing the core, liquid metal, a pump, and a con
denser. The liquid metal is vaporized and condensed 
within the test unit. I t can operate with any liquid 
metal compatible with columbium, over a range of 
pressure and temperature with top limits of 10 atm 
and 1200"C. 

The physical features of the unit ate illustr;ileil in 
Fig. IV-25-1, showing the longitudinal cross sedions, 
and in Fig. IV-25-2, showing a horizontal cross .section 
through the reactor core. The double-wall shell is 
similar to a large vacuum bottle with an inner shell of 
columbium and an outer shell of stainless steel. The 
space between the two shells provides a means of de
tecting leaks in the inner shell, of protecting the colum
bium from oxidation at high temperatures, :ind of 
creating a large temperature gradient between the 
columbium and the stainless steel shells. T h o c arc 
two closure plates with space between tlicni wli ch, in 

http://pha.se
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FIG. lV-25.1. Longitudinal Cross Section ot Test Unit. . tA ' i Neg. No. 112-8S37-T-



2B. Carter 3.''>3 

CiJF-OUTtI T « « 31.375 O.D, i 0, ISS «I*LL 

cup-iMEi r u n i 7 . a i 2 o , o , l O . 125 WALL 

SiFtrr Timt I6,>75 0,0. x 0,061 HILL 

REICIOR INKER TUK 

Ifi,SOO D.D. I 0 . 3 I I HILL 

HaK FLOH-DOHH 0, 3Se HIDE 

NtK FLOH-UP 0,3«0 WIDE 
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Flo. IV-25-2. Core Cro.ss Section. ANL Neg. No. 112-8SS8 'T-l. 

arldition to the above reasons, also eliminate tempera
ture gradients in the closure joints. 

The annular space between the stainless-steel shell 
of the test unit and the stainless-steel shell of the 
licrnianent installation is filled with NaK and is in 
series with the primary heat-transfer system. Calcu
lations indicate that the amount of heat to be carried 
away at shutdown is 150 kW maximum. This heat is 
radiated from the inner shell to the outer shell and 
removed by conduction and convection to the NaK. 
Thus the primary heat-transfer system provides an 
ever-present and adequate way to remove shutdown 
heat, to cool the reflector control which is in the 
annular space, and to keep the liquid metal in the 
test unit above the melting point during .startup. 

When the test unit contains a unit core it is con
trolled by the movable beryllium oxide reflectors 
surrounding the core. The two halves of the cylindrical 
reflector are assembled to a framework affixed to the 
containment shell and are actuated independently. 
When the test unit contains a suberitical section of 

core it is controlled by the driver core into which the 
test unit is inserted. 

The core is a bundle of niobium-clad uranium 
carbide rods in the form of a right cylinder. Specifi
cally, the core shown in Fig. IV-25-2 consists of six 
segmental assemblies, each containing 146 fuel ele
ments. The liquid metal is forced to flow longitudinally 
through the core by a multiphase pump. The two 
cylindrical shells of the concentric beryllium oxide 
reflectors move longitudinally relative to the trans
verse centerline of the core. The reactivity worth of 
the reflector shells is .such that their iemov:il from 
the core region will shut down the reactor. 

Two longitudinal regions may exist in the core: the 
liquid heating region and the boiling region. The 
lengths in which each of the two phases of fluid may 
exist depend on the desired operating conditions and 
on which liquid metal is jiresent in the core. The con
trol system varies the pump speed and the reflector 
movement until the desired condition of the liquid 
metal leaving the core is obtained. This may be as a 
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FIO, I \ ' - 2 5 - 3 , Typical Fuel Element and Assembly. ANL Neg. No. 112-8SS9 T-l. 

hot liquid or as a mixture of saturated liquid and 
vapor. The flow of boiling liquid metal is upward 
through the core. The metal vapor leaves the free sur
face above the core (see Fig. IV-25-1) and rises into 
the bundle of condenser tubes. The condensate falls 
by gravity back into the pool of liquid metal. Orificing 
is not currently provided in the core, but some type 
of orificing may be necessary to get correct flow 
distribution. This will be determined by experimental 
work before the core is built. 

The test unit is arranged so that the core loading 
can be adjusted after the core is in place. Each of the 
six segments is an independent unit. 

The fuel element tentatively selected is shown in 
Fig. IV-25-3. The fuel is uranium carbide. There is 
metal-to-mctal contact between the uranium carbide 
and the columbium cladding. The three radial spacers 
arc continuous over the length of the fuel and re
flector sections of the fuel elements. The fuel element 
is a simple solid rod, which is considered to be satis
factory in its nuclear, thermal, and fabrication aspects. 

.̂ 11 cladding and structural material of the core in 
contact with the liquid metal is columbium. 

The turbine-driven pump for circulating the liquid 

metal is shown in Fig. IV-25-1. The working fluid in 
the turbine is helium. .\ similar pump^ has demon
strated its capability for pumping boiling water when 
the available pressure hi'ad is zero. Its performance 
with liquid metal near the saturation point has not 
been investigated. The compressor in the helium 
circuit is an axial-flow type with a pressure ratio of 
1.07. The pressure and temperature of the helium 
entering the compressor are 4.7 aim and 4I)0°C, 
respectivily. 

The condenser consists of ;i series of helical tubes 
through which NaK flows and on which the metal 
vapor is condensed. The outer tubes of the condenser 
are constructed of columbium, IVc zirconium, and the 
inner tube is stainless steel; the annulus bet\\ccn them 
is filled with helium. 

The distinctive features of this concept arc: 
1. The speed and ease with which damaged parts 

can be replaced. A section of the core, the entire core, 
or the complete test seetion can be quickly replaced. 

2. The maximum possible amount of instrumenta
tion is placed in the core in such a manner that most 
of it can be replaced (see Fig. IV-25-41. 
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3. Any contaminated materials, such as coolant, are 
contained within the sealed test unit. 

4. The test units arc relatively cheap and easy to 
install. They can be built and tested for mechanical 
function and instrumentation before being placed into 
the reactor sy: lem. 

5. In the case of an extremely severe accident the 
test unit is designed to blow out at the bottom end. 

6. Flow through the core is assured by the liquid-
metal pump. The flow is independent of the strength 
of the gravity field or the orientation of the core. 

7. The diameter of the first core is such that the 
reactivity worth of the rcHcctor is sufficient to scram 
the reactor. 

8. The forced-flow pump is the first variable to 
respond to a change in power and the reflector control 
follows to hold the vapor leaving the reactor at the 
desired amount and pressure. 

9. The reactor can operate with any of the follow
ing liquid metals: mercury, cesium, rubidium, potas
sium, sodium, or lithium. The condition of pressure 
and temperature will be such that the power can vary 
with demand, concomitant with the metal used. 

GENERAI/ 

Many variables of the interacting nuclear and ther
mal phenomena are pressure and temperature depend
ent; however, their relationships as functions of space 
and time are not understood to a satisfactory extent. 
Such a situation dictates that the core and auxiliaries 
have as much flexibility and instrumentation designed 
into them as jiossible without jeo|)ardizing the objec
tive of demonstrating the dynamic characteristics of 
the core within the limits of the structural integrity 
of the supporting and containing structure. 

Large areas of uncertainty in estimated perform
ance lie in material technology, in heat-transfer 
]>henomcna, and in the dynamics of the system repre
sented hy the core and the boiling liquid metal. There
fore, the lierformance estimates are believed to be 
based on conservative appraisals of physical properties 
and phenomena in these areas. 

Materials are of primary concern becau,se they 
determine the temperature at which liquid metal may 
be boiled. In the light of recent research and develop
ment it is believed that columbium is the best mate
rial. I t can be fabricated into the desired shapes 
shown in Fig. IV-25-1 and it will retain structural 
integrity at the temperatures existing throughout the 
test unit. 

In the area of heat transfer, the phenomena of two-
phase flow heat-transfer rates during boiling and 
conden.sing of the liquid metals, together with the 
burn-out fluxes at the proposed conditions, have not 

been investigated to the point where it is considereil 
advisable to use any but the most conservative value* 
in designing the test facilities. 

Instrumentation is very important and will rc(|uiic 
considerable research and development work particu
larly on neutron-flux instruments and |iressurc- and 
tcnijierature-sensing devices (see Fig. IV-25-4). The 
test unit is designed so that the sensing elements o[ 
the instruments may be replaced. 

Some preliminary estimates of the steady-st:itc 
nuclear, thennal, and mechanical |)henonicna were 
made. These estimates arc listed in Tabic IV-25-1. 

NUCLEAR CH.^RACTERISTICS 

.\n enlarged view of a cross section of the core is 
shown in Fig. IV-25-5. 

Nuclear phenomena were calcuhited for steady-
state conditions using the 16-group cross section set nf 
Hansen and Roach.- The.se calculations were niailc 
for the test core using sodium as coolant. The quc-
tion of how much excess reactivity should be av;iilahlr 
to override a simulated accident is very crucial iiiiil 
must be carefully considered. 

The movement of the two halves of the reflector 
controls the magnitude of reactivity; removal of the 
reflector scrams the reactor. When the core is com
pletely encompassed by the reflector, ]0(Ke reflector 
effectiveness is considered to exist. 

When the reactor is functioning as ;i lic|uiil-niet:il 
heater, the two halves of the reflector are ;iclu;ilid 
by the same signals and move by I'xactly thr s;imc 
amount, at the same rate, but in opposite diii'ctioiis. 
When the reactor is functioning :is a boiler, llicy 
operate independently. The upper half of the relli-ctor 
is actuated by the temperature of the uranium carbide 
fuel. The lower half is actuated by the v:ipor pres
sure of the boiling liquid. 

.\ hypothetical reflected core is used to >tudy the 
eft'ects of different liquid metal coolants and difl'eiciit 
operating conLlitions. It is an exploratoiy, order-ol-
magnitudc type study, and the numbers do not per
tain to the specific test-core design. The composition 
of this core and its dimensions are given in Tabic 
IV-25-II. These numbers arc associated with criti
cality existing for the conditions of lOO'Tr reflector 
effectiveness and 50 w/o lithium vapor in an infinite 
cylindrical core. The reactor is supercritical when it 
is full of liquid metal in the 100""; liquid phase and 
the reflector is in the 100% effective position. Tlic 
reactivity as a function of reflector effecti\'eiicss with 
the percent of lithium vapor by weight in tin' core :ii 
a parameter is shown in Fig. IV-25-6. It is suli-
eritical when more than ,50'c- vajior is presi'tit in tlic 
core. If it is intended to operate as a liquid-nietal 
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TABLE IV-25-1. CHARACTERISTICS OP THE CORE 

Thermal capacity of the test core, kW 
Power density, MW/liter (core) 
Length of the test unit, in. 
Diameter of the test unit (max), in. 
Dimensions of the core (cyl), in. 

Core composition by volume percent 

U-236 
D-238 
C 
Cb, 1% Zr 
Na 

Neutron flux (avg), n/cm*-sec 
Hoilium density coefficient, {Ak/tc)/tiip/p) 
Core expansion coeflicient, {Atc/k)/{^V/V) 
Sodium saturation temperature, °F 
Fuel temperature (max), °F 
yodiiim velocity inlet to core, ft/sec 
.Sodium pressure at exit from core, psia 
Core heilt transfer surface, ft* 
Heat llux (avg), lilii/lirft* 
Av exit vapor i|Uiilily b.v weight percent 
Av exit vapor volume fraction percent 
.Sodium recirculating pump pressure ratio 
Sodium flow rale through core, lb/sec 
Shutdown coolant requirement (max), kW 
Helium flow rate, lb/sec 
Helium pressure (max), psia 
Helium-compressor pressure ratio 
Helium temperature entering the compressor, °V 
Heat transfer area of condenser, ft* 

Boiler 

1000 
0.06 

67,840 
1.6 

87.0 

1.0 

Boiler or Heater 

104 
22,8 

11 X 11 
22.19 
11.09 
18.39 
20.32 
28,01 

2.0 X 10"« 
0.01 
0.323 

2000 
1790 

7.2 
75 

m 

\.'.VJ 

38 
160 

77 
1.1 

BOO 
78 

Heater 

5000 
0.:i0 

2Hfl,2IIO 

5,0 

heater the reflector effectiveness must be limited to 
something less than 100':»—how much less depending 
upon which liquid metal is in the core and what per
centage of it, if any, is vaporized. If the core were 
designed to be minimal critical when full of liquid 
metal in the 100% liquid phase, it would not operate 
as a boiler, for as soon as vapor formed the reactor 
would become suberitical because of both core ex-
pan.sion and void formation. 

The change in reactivity, Ak/k, as a function of the 
change in volume of the core, AV/V, is shown in Fig. 
IV-2.5-7. The (piantity AV/V due to thermal expan
sion of the core provides a prompt negative feedback 
of reactivity. After boiling starts, tbe heat-transfer 
rate from fuel to fluid decreases with an increase in 
the amount of vapor formed. Consequently, the tem
perature of the fuel and the core structure increases 
with an increase in vapor formation. The temperature 
of the boiling liquid metal remains constant, but the 
feedback of negative reactivity due to voids increases. 
As a result, there is a prompt negative and a delayed 
negative feedback which increases with the amount of 
vapor. 

The change in reactivity, Ak/k, as a function of the 
change in density of the liquid metal within the 

core, Ap/p (see Fig. IV-25-8), is determined by vary
ing the density of liquid metal within the critical core. 
The time la"g of this feedback will have to be deter
mined. With 100% reflector effectiveness the differ
ence in the calculated values of reactivity between 
the core filled with liquid and the core filled with 
vapor is 0.(X)7. Therefore, it is estimated that the fluc
tuations associated with boiling are unlikely to cause 
trouble. The average density of the boiling liquid 
metal may oscillate because of flow inst;ibility result
ing from (1) the manner in which operating conditions 
are varied, (2) operating at a resonant condition, and 
(3) operating at an excessive power density. The 
dynamic phenomena of the first two causes can be 
analyzed and controlled, and that of the third ana
lyzed and avoided. 

Calculations were made by holding core dimensions 
constant and filling the core in turn with each liquid 
metal. The relative reactivity worth of e;ich liquid 
metal thus determined is as follows: 

Lithium 
Sodium 
Potassium 
Mercury 

1.000 
0.997 
0.991 
0.988 



35S IV. Fast Reactor Safety 

VACUUM ANNULUS 

.250" WIDE 

EXISTING REFLECTOR 

30.875"0.0. X I7.875"! 

.50" DIA. TUNGSTEN 

GUIDE RODS 

STAINLESS STEEL 

OUTER SHELL 

IK.052" O.D. i 

13,622" 1.0-

Cb INNER SHELL 

12,560" O.D. . 

12.000" t.D. 

.75" DIA, TUNGSTEN 

LEAD SCREW WITH 

L .H i R H. THREADS 

R E C I R C U L A T I N G B A L L 

NUT ( T U N G S T E N l 

M O V A B L E e e O 

R E F L E C T O R -

3 " T H I C K . 11 •• H I G H 

2 U " O D B" I D. 

FlXEn END REFLECTOR 

2" HIGH 

20 22% Cb 

51 67% BeO 

28.011 Na 

Fio. IV-25-5. Enlarged View of Core Region. ANL Neg. No. IISSS41 T-l. 



25. Carter :{.'>9 

The relative worth in reactivity of each metal per
tains only to this core, and does not necessarily imply 
that the same relative worth will apply to cores of 
different dimensions and composition. The estimates 
are preliminary and are considered to indicate orders 
of magnitude and relative relationships. An addi
tional calculation in spherical geometry, using the 
DSN code, was made as a check on the foregoing. The 
16-group cross-section set of Hansen and Roach was 
used, assuming conditions of liquid sodium and 100% 
reflector control. Only the first 10 groups were used, 
including energy down to 30 eV. For sodium, the 
reactor was critical at the following volume fractions: 
fuel—0.5167; clad (Mo)—0.2036; sodium—0.2801. 
The sodium was then replaced with void and k was 
found to be 0.9907. A detailed calculation of the reflec
tor worth as a function of distance moved has not yet 
been attempted. Since the total worth of full-density 
sodium in the available \'oid space is only about 1%, 
it seems unlikely that boiling fluctuations can cause 
the reactivity to exceed prompt critical. Changes in 
the density of the boiling liquid metal in the core 
can be caused by a change in temperature due to a 
change in pressure or inlet temperature, or by a fluc
tuation in void fraction caused by flow instability. 
The latter is considered to be the more significant 
cause. 

To obtain the change in reactivity due to volu
metric expansion of the core from any cause, the 
radius only was increased in increments of Vi up to 
2%. The core mass and the thickness of all other 

TABLE 1V-25-1I. DIMENSIONS AND COMPOSITION OF A H Y 

POTHETICAL CORE 

(Core dimensions (cyl), cm: 24 X 24; core volume, l i ters: 11) 

Core 

U " ' 
It"" 
t: 

Nb-l';, Zr 
Liquid Melal 

I l.i) 

v/o 

26.28 
l:i,13 
21,7>l 
2:1,81 
15.60 

Atoms/ 
cc of Ma

terial, 
10" 

0.O173 
0.048 
0,0838 
0,0545 
0,463 

Atoms/cc 
of Core, 

10« 

0,01243 
0,006,30 
0.01826 
0,01298 
0,00718 

Volume 
of Ma
terial, 
liters 

Weight 
of Mate

rial, 
kg 

2.89 
1.14 
2.40 
2.02 
1.71 

54.15 
27 15 
6.72 

22.0 
0.9 

Material 

BeO 

Atoms of 0 
per CC of 
Reflector 

0.0728 

Atoms of 
Be per cc of 
Reflector 

0.0728 

Volume of 
Materials, 

liters 

24.9 

Weight 
of Material, 

kg 

71 

1.002 

1.000 

0.99B 

0.996 

0.994 

0.992 

0.990 

1 
— 

— 

— 

— 

1 1 

^ / 

i/ 

1 

^ / 

7 / .V 
/ V 

i 
1 

' 

— 
-

/ -

~ 

— 

95 96 97 96 99 iOO 
% REFLECTOH EFFECTlVEMESS 

F I G . I V - 2 5 - 6 . Reactivity versus Iteflector Effect ivciicss. 

ANL Neg. No. 112-8S4i T-l. 

F I G . IV-25-7. Change in IIeactivity as a Function of Cliange 
1 Volume of Core. ANL Neg. No. 112-8343 T 1. 

% ak/k .002 — 

F I G . IV-25-8. Change in IIeactivity as a Function uf (:liannc 
in Density of Liquid Metal within Core. A.VL Neg. No. 112-
SSi4 T-l. 
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Fio. lV-25-11. Iladinl Power Dislribuliou as a Function of 
Cvlinder liadius. ANL Neg. No. 112SH4S T-l. 

F I G . I V - 2 5 - 1 0 . Axial Power Distribution as a Function of 
% Axial Length. ANL Neg. No. 112-8346 T-l. 

regions were held constant. The most likely cause of 
change in core volume is expansion or contraction 
of the core structural materials, and this can be con
trolled by design. The coefficient of thermal expan
sion used was 6.8 X 10"" cm/cm-°C. 

While the beryllium oxide reflector creates a small 
power spike at the outer edge of the core, it is too thin 
to permit the production of much low-energy flux. 
The power distribution in the spherical model (Fig. 
IV-2.5-9) is a qualitative indication of how the radial 
power distribution in the actual core will be affected 
by the beryllium oxide reflector. 

HEAT TRANSFER 

Calculations pertaining to the thermal and fluid-
flow phenomena in the core and in all components of 
the test unit were made in accordance with Ref. 3. 

Sodium is the liquid used in the design of the test 
core. The range of heat transfer conditions existing 
with mercury, cesium, rubidium, potassium, sodium, 
and lithium in place of sodium are acceptable. The 
heat-transfer and fluid-flow computations for the 
sodium cooled core were made assuming that (1) high 

oscillations, or (2) if oscillations do occur, they will 
be of such magnitude as not to affect reactivity signifi
cantly. 

The vapor quality may be estimated from the 
presently available correlations for the flow of a two-
phase mixture. However, it is believed that only the 
actual operation of a specific core can determine what 
quality is compatible with dynamic stability. 

For a given system pressure, the power density of 
the boiling core is primarily limited by the buinout 
heat flux and, to a lesser degree, by the pressure drop. 
Therefore, for the same system pressure, the boiling 
core will have a lower power (h'nsity than that of ;i 
core which merely heats the lii|uid niel,:il. When tlii' 
test core is operating as a healer, the estiinated :IXKII 
power distribution is as shown on tbe heater curve of 
Fig. IV-2.5-10; when the test core is operating as a 
boiler, the estimated power distribution is as shown 
on the boiler curve of Fig. IV-25-10. With the present 
arbitrary limitation of 2000°F placed on the teniiiera
ture of the uranium carbide, the power density when 
the test core operates as a heater is estimated to be 
four to five times greater than when the core operates 
as a boiler. If it is possible to operate nearer the criti
cal temperature of any of the licjuid metals, this fac
tor of four to five will decrease. I t decreases because 
the ratio of forced-convection heat-transfer rates of 
the liquid and vapor phases of a metal for the same 
mass flow approaches unity as the operating pressure 
approaches the critical pressure. The liitio of unity 
cjituiot be apprmiched now, because the ,^:ilm;ition 
leniperalurcs at the crilical pre,-surcs are bii in e\ce>> 
of till' 2II00°F limitation. For Ihe present opei:itini; 
conditions, the convection heat-transfer rate decreases 
as the quality of the vapor increases, it is therefore 
necessary to reduce the power density :doiig the 
uranium carbide rod by reducing the effectiveness of 
the neutron reflector surrounding the core. 

The average heat flux and average power density 
which may be expected with some assurance of 
stability and safety when the reactor is operating 
as a liciuid heater, are approximately 450,000 Btu ft-
and 0.45 MW per liter of core volume,'' rn t i l the 
operating characteristics are established, these \alues 
should be approached cautiously in the use of the test 
core. The beat transfer and pressure loss associated 
with the liquid metal heater ;ire given m Table H -
25-111. 

The average heat flux as.sociated with the re:ictoi 
when it is operating as a boiler, is cmisideri'd to he 
approximately 100.000 Btu/ft--lir; this v:du,' is the 
result of studying se\'eral documents.'' ' The buinout 
heat flux for boiling liquid metals iu:iy \:iiy from 

vapor-volume fractions can exist in the core without 0.45 X 10" to 55 X 10" Btu/ft--lir. The 

file:///alues


Carter 361 

T.\BLE 1V-25-I1I. H E A T TRANSFER AND PRESSURE Loss ASSOCIATED WITH LiQeiD-ME'r.\L HEATER 

Q (total heat ) : 4743 Btu/sec 
AT assumed: 
Q/AT: 
7' exit: 

400°F 
11,86 Btu/sec-°F 
1832°F 

Liquid .Metal — 

ir, lb/sec 
ll7p, ft"/sec 
V. ft/sec 
P out, lb/ in. ' 
r oui, °F 
(. av, lb/ft" 
A' av, Btu/hr-ft-°F 
(',, av, Btu/lb-°F 
M av. Ib/ft-lir 
Pr. O / A ' 
I'e. DVC,/K 
He X 10-', VUp/p 
D/K X 10' 
/ X 10= 
h, Btu/ l t ' - sec- 'F 
G X 10-', Ib/ft-sec 

Hg 

297. 
0.423 
6.94 

3500. 
1832. 
700. 

10.0 
0.040 
1.6 
0,0050 

590. 
92. 
0,84 
0.50 
3.30 
2.43 

Cs 

208. 
2.08 

34.1 
140. 

1832. 
100. 
10.7 
0.057 
0.70 
0.0O40 

550. 
176. 

0.70 
0,45 
3,50 
1,66 

Rb 

148. 
1,90 

31,0 
105. 

1832. 
78. 
8.0 
0.080 
0,30 
0,0030 

720. 
236. 

1,05 
0,38 
4.15 
1.22 

K 

59. 
1.52 

24.8 
90, 

1832. 
39. 
19.5 
0.201 
0.26 
0.0036 

410. 
113. 

0.68 
0.48 
4.80 
0 49 

Na 

38. 
0,84 

13,7 
40. 

1832. 
45. 
31. 

0.316 
0,34 
0,00:i5 

190. 
55. 
0,27 
0,55 
9,5 
0.32 

Li 

12. 
0.444 
7.29 
1.00 

1832. 
27. 
29. 
0.989 
0.50 
0.0170 

204. 
12.2 
0.29 
0.75 
S.O 
0,10 

TABLE IV-25-IV. H E A T TRANSFER AND PRESSURE Loss ASSOCIATED WITH LigulD-METAL BOILER 

Q{total heat ) : 950 Btii/aec 
{(heal Hux): 100,000 Btu/f t ' -hr 
' / 'exi t : ISOCF 

Liquid Metal • 

P sal , lb/ in ' 
h,,. Btu/ lb 
W, . lb/sec 
G, lb/ft=-sec 

Phase 

(>, ll>/lt' 
ll'/p, ft '/sec 
V. ft/sec 
A, Btii/hr-fl-°F 
' „ , Btu/lb-"F 
J., Ib/ft-hr 
'V, C,(i /A 
Pe X 10-', DVpDp/K 
Hr X 10-', D\'p/p 
f X 10*' friction factor 
Re" X 10-' 
/V«. 

D/K X 10' 
* y 10-', Blu/f t ' -hr-°F 
M'. ih/iii ' 

" g 

:i500,o 
120,0 

7.91 
65.0 

/ 
700.0 

0.025 
0.206 

10.0 
0,040 
1,I'.0 
0,05 
0,007 

27.1 
1.40 
5.60 
0.300 
0.084 

46.0 
< 2 

S 

30,0 
0,610 
4.4 
0,010 
0,030 
11,40 
1,20 

121,0 
101,0 

0.80 
16.0 
1.08 

84.0 
0,470 

<2 

( ̂  
140,0 
187.0 

6,08 
42.0 

/ 
100.0 

0,113 
0,927 

10,7 
OOliO 
0,70 
0,04 
0,016 

40,0 
1.00 
7.6 
0,276 
0.079 

61.0 
<2 

« 

0.7 
16,2 

131,0 
0.004 
O.06O 
0.07 
1.16 

447,0 
399,0 

0,60 
48,0 

1,06 
227,0 

0,520 
<2 

RI. 

106,0 
321,0 

2,95 
24.0 

/ 
78.0 
0,086 
0.706 
8.0 
0,080 
0,30 
0,03 
0.017 

65.4 
0.90 

10.0 
0.246 
0.105 

54.0 
< 2 

S 

0,4 
16,7 

136,0 
0,006 
0,100 
0.07 
1.30 

305.0 
234.0 

0.C6 
32.0 

1.11 
156.0 

0.6.30 
<2 

K 

90,0 
800.0 

1.19 
9,8 

/ 
39 
0.068 
0.6,W 

14.5 
0.200 
0.26 
0,036 
0.090 

25.0 
1.30 
5.24 
0.249 
0,058 
0,62 

<2 

g 

0.15 
17,8 

147,0 
0.009 
0.210 
0,05 
1,'26 

156,0 
125,0 

0.70 
18.8 
MHI 

9:1,(1 
11,510 

<2 

Na 

40.0 
1620.0 

0.69 
4.8 

/ 
45.0 
0,029 
0,2.38 

31.0 
0.320 
0.34 
0.035 
0.039 
9.5 
1.50 
2,4 
0,262 
0,027 

5:i,5 
<2 

£ 

0.04 
32,3 

265,0 
0,017 
0,620 
0,06 
2.10 

157.0 
60.0 

0.90 
10.6 

l,:i4 
49,0 
O.W 

<2 

Li 

1,0 
8860,0 

0.11 
1.1 

these ]u'edictions is a result of wide disagreement 

among investigators as to the influence of the thermal 

diffusivity of the liquid phase on burnout heat flux. 

The liquid nietiil enters at a temperature close to that 

of saturation. The major portion of the heat trans

ferred from the ui';inium carbide rods to the liquid 

metal is the heat of vaiioriziition. The lii';il-transfer 

rates and pressure losses through the core when it is 

operating as a boiler (950 Btu/sec for vaporizing 

only) are given in Table IV-25-IV. The vahies li.sted" 

should be taken only as indicative of the relative 

merits of the liquid metals considered. 
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TABLE 1V-25-V. PHVSICAL PROPERTIES OF LIQUID METALS 

Liquid Metal -

Aloiiiie weight 
Melting poini, "F 
'Iniling point, ^F 
Ihiisily of liquid, ll./ft 
Density of vapoi, lli/fl 
Thermal condiiilivily, iltu/lir-fl-"!' 
Spi'i'ilie heal (liquid), Mlll/lh-T 
.•Si.i'i'ilic hcnl (vapor), Blu/ll.-'l ' ' 
Leient heat ol fusion, Btn/lb 
Latent heat of vaporization, Btu/lb 

Hg 

200.0 
- 3 8 . 0 
674.0 
794.0 

0.20 
8.1 
0.0323 
0.02l» 
6.07 

126.7 

Cs 

132,91 
83,0 

1260.0 
104.7 

0.096 
10.66 
0.0672 
0.0.372 
6.90 

213.8 

Rh 

85.48 
102,0 

1270,0 
82.16 

0.060 
U N 
0,0877 
0,0679 

111.79 
347.6 

39.10 
145,8 

1400.0 
41.:« 
0,0:|II5 

18.0 
0,I86S 
o,ri67 

25,6 
851,0 

Na 

22.997 
208.0 

1618,0 
46,4 
0,0166 

:)0,l 
0 :in5 

0,211 
48,7 

1609,0 

6,94 
.351.0 

24:17.0 
31,8 

27 2 
I) 'IH 

II 7lli 
IKIi II 

910K II 

I'm, IV-2511. Block Diagram of Cnnlml Syslem, ANL 

Nrg. No. 112-834'' T-l. 

CHOICE OF Ijutiin METAL 

It is proposed to investigate mercury, cesium, 
rubidium, potassium, sodium, and lithium.'' The core 
and test equipment are designed for a wide range of 
operating conditions centering around tbe conditions 
with the characteristics of sodium. 

The first consideration in the choice of a liquid 
metal for use in the reactor core depends upon the 
pressure of the environment. The pressure of the fluid 
within the core shell should be greater than the pres
sure of the en\ironment but not greater than 400 
lb/in.-, since both the core shell and the reactor-con
taining shell are designed, with a safety factor of 
three, for 200 lb/in-. A liquid metal which has a low-
neutron capture cross section is desirable so that 
fluctuations in the number of atoms of this liquid 
metal in the core at a given time and place do not 
cause significant changes in reactivity. The enthalpy, 
latent heat, and specific heat are important, because 
if these values are large, less mass flow of metal is 
required to provide the thermal power, which means 
less volume and weight of reactor, heat exchangers, 
and machinery, and fewer atoms to affect the reac
tivity. 

Temperature has a far-reaching effect upon the 
design, since all physical properties of the Uquid 

metal, the fuel and the structural materials are func
tions of temperature. At present, the maximum liquid-
metal temperature of 2000°F is limited by the struc
tural and chemical integrity of the uranium carbide 
rods. The next limiting factor, by a few hundred 
degrees, is the structural material. As the temperature 
limit is raised, the use of liquid metal in a nuclear 
reactor becomes more attractive, from a performance 
point of view. 

At any given temperature, lithium has a lower 
vapor pressure than sodium, potassium, rubidium, 
cesium, or mercury, thus requiring less volume. The 
vapor iiressures (psia) at 24rj()"K for tin' lii|nid iiii'l:il> 
considered are as follows; 

Na 

75 

K 

140 

Kl. 

240 

Cs 

'200 6500 

The highest cycle temperature compatible with mate
rial reliability over the expected lifetime of the 
power system under consideration is 2000°F, cor
responding to a pressure of 75 psia for sodium. For 
convenience, some physical properties of the various 
liquid metals at atmospheric pressure* are presented 
in Table IV-25-V. 

This test unit is a clo.sed-loop. non-linear system 
with internal and external feedbacks. In the event of 
an accident, the two halves of the reflector are rapidly 
and completely removed from the core. This combined 
reactivity worth is such that their removal shuts down 
the reactor for the postulated types of accident. Dur
ing normal core operation as a heater, these two 
halves will be at positions equivalent to 99Tc effective
ness; when the core is operating as a boiler, one-half 
of the reflector will be at 99^^ and the other at le.«s 
than 99% effectiveness. 

The block diagram of the control system is shown 
in Fig. IV-25-11. The internal feedback loop is 
within the area bounded bv the dotted lines. The 
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principal sources of internal feedback in this core are 
the volumetric expansion of the core fuel and the 
viiriations of the density of the fluid flowing through 
the core. 

COST ESTIMATES 

Since it is intended that tests be conducted which 
are quite likely to destroy the structural integrity of 
part or all of the test unit, it is desirable that it be 
easy and cheap to replace the damaged parts. An 
estimate of tbe cost of the complete test unit is given 
below: 

Co.tt of Fahncalrd Components 
Containing sliell 
Core and fuel 
Reflector and mechanism 
Condenser 
Oscillator mechanism 
Recirculating pump 
Source-drive mechanism 
Heat exchanger 
Compressor 
Instruments 

$210,000 
100,000 
80,000 
00,000 
15,000 

155,000 
15,000 
5,000 

25,000 
75,000 

Shielding change 
Fuel-handling equipment 

20,000 
35,000 

B. Cont of .ineeiiibting 'Tent Viiit (Labor) 
Cost of assembling test unit $850,IXKI S.S5I1,I»K) 

$1,645,01)0 
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IV-26. Calculation of the Energy Yield in the Kiwi Transient 
Nuclear Test, Kiwi-TNT 

V. Z. JANKUS 

INTRODUCTION 

Nmnerical calculation of certain classes of reactor 
excursions using the AX-1 code' have shown" that the 
results do not differ greatly from the estimates obtained 
using an essentially analytical Bethe-Tait method. 
Compared with nmnerical calculations, the latter 
method uses some simplifying approximations including 
the neglect of the effect of wave propagation. Because 
of these simplifications, the calculated energy yield 
appears to depend on a lesser number of parameters 
than required by the numerical calculations. Moreover, 
the computational procedure of the Bethe-Tait method 
is quite straightforward and one can readily ascertain 
the influence of various parameters upon the final result. 
In an experimental situation the values of various 
parameters are not always known precisely. Therefore, 
it has seemed appropriate to make an analytical esti
mate of the energy yield in an experiment on a graphite-
moderated reactor, KIWI-TNT, and compare it with 
the observed results. 

In the process of our calculation we have generalized 
and (somewhat) modified the Bethe-Tait method to be 

able to use with it highly non-spherical geometry and a 
rather complicated equation of state for graphite, b'or 
the experimental reactivity insertion we find that the 
Bethe-Tait method is still inapplicable since a major 
portion of reactivity reduction occurs at initial stages, 
when the graphite is still solid, the velocity of w;ivc 
propagation is large, and the graphite expands with 
negligible inertial delay following beat input. In the 
following section we extend Hansen's method* for 
cylindrical geometry, and we find that immediate reac
tivity reduction is almost of sufficient magnitude to 
produce the shutdown. This method takes account of 
wave propagation as well as inertial delay in exjiansion, 
and is based on the assumption that the power is propor
tional to e". The residual seems to depend strongly 
upon core geometry', botmdary conditions .and the de
tails of the equation of state. In the last section we 
calculate the maximum energy avaihdile for destructive 
work for a rather peculiar graphite eciuatioii of slate. 
We are gratified to sec that simple methods used to 
estimate potential damage in maximum credible acci
dent studies agree so well with the destruction observed 

file:///eoiloble
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experimentally. We notice, however, that the numbers 
obtained this way may often not be accurate enough 
for an economic design of a reliable containment. 

CALCULATION OF ENERGY YIELO BY THE 

BETHE-TAIT METHOD 

The lirst b:isic assumption underlying the Bethe-Tait 
method is that the motions in a reactor excursion are 
quite sm.all and the reactivity ch;inge due to them can 
be adequately calculated using first order perturbation 
theory. When such an assumption is applied (using 
diffusion theory), tbe reactivity chiuige is determined 
to be^ 

/,' •tilV. (1) 

where p \s the density of homogenized material, u is 
displaeenicnt and f is a vector that coincides with the 
gradient of worth, Vw, in regions of constant composi
tion, experiencing only finite jumps at interfaces. With 
this interpretation of f, Eq. (1) may be considered 
self-evident as reactivity changes due to small motions 
are jissumed to be additive. When the motion is calcu
lated by Newton's second law and Eq. (I) is integrated 
by parts, one obtains 

-h V.fdV. (2) 

where p is pressure. Since f, in general, experiences 
jumi)S at the interfaces between regions of difVeront 
cnniposifioii, VA\. (2) <-aii be rewritten ns 

k E ( / P^V ''I' - / pVfrrrfSJ , Ci) 

where w. is m.aterial worth in region i and k is calctdated 
by performing integrations separately over volumes 
and boundaries of various regions. 

The second assumption of the Bethe-Tait theory is 
that pressure, p, |Kq. (2)] can be calculated consider
ing only the heat generated at the spot. This assumption 
has been shown' justified for a constant velocity of 
wave proptigation, c. and a constant Laplacian of worth, 
V (, but IS expected, in general, to be applicable 
whenever the pressure wave can traverse only a frac
tion of the core during the initial period. Supposing that 
the reactor flux retains the same spatial shape .V(r) 
during the excursion, we calculate tbe pressure at 
various parts of the reactor usmg the "equation of 
state" at the original density. 

• PW(OV(r)), (4) 

where A' is the power shape factor and Q(t) is the heat 
generated at the center of the reactor (where TV = 1) 
at time t. 

After substitution of Eq. (4) hito Ecp (2) and inte
gration we obtain i- as a function of energy density at 
the center of tbe reactor: 

-HQ(t)]. (5) 

The energy input and reiutivity chaiigi- inu tinw be 
calculated as a function of time only (one-point kinelic.<.) 
In large excursions of a fast reactor, the reuclivity con
siderably exceeds prompt critical and one may neglect 
delayed neutrons. Thus ]>o\ver changes arc cutnicricd 
with the reactivity by 

^ ^ i n t ^ . r (Iil 

where / is prompt neutron lib'time. We can now easily 
solve the ordinary coupled differential Eqs. (."i) and 
(6), using a small computer, to determine the total 
energy yield, Q(( —• " ) = Q/ . 

This, however, still involves some numerical calcu
lations, and the results are by no means obvious if the 
function F in Eq. (5) is somewhat complex. In the case 
under consideration, the e<niation of state to be used 
seems quite complex, and the effect of various approxi
mations of it for various energy ranges are quite un
clear, even upon ^' itself. Tbe influence of it on the linal 
energy yield is still further removed by the solution uf 
differential equations. Thus an ap|ii'Oximate solution 
of the coupled differential e(|uatioiis is desirable. Such 
a solution has been provided in the origiii.'il HellieTail 
paper' where it is a.ssume<l llial the encigy inpiii is 
exponential with time. Thereupon they ciliiifiicil 
reactivity |froni lOi]. (,1)) is a ftuietioii of lime, slopping 
the calculation when tbe reactivity reduilioii beciiiic 
equal to the reactivity inserted initially (k„). This pro
cedure of calcidation can be summarized in one birniula: 

klr i"'fr?-»' 
This formula gives reactivity input as an explicit func
tion of Ihe final energy generated. The inteiniediate 
integral over (?' can be performed without knowing 
the form of F: 

.!r. = rf(,„|>.„. 
r^'(hwv')n.vu). (7) 

Of course, F is also given in terms of an uitegral over 
volume. When V-f imd the power distribution over 
volume is simple, the volume integration can also be 
performed explicitly without using the dependence of 
pressure upon energy input. ]'or pressure proportional 
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to some power of energy input a variable discrepancy 
of tin appreeiiible magnitude was discovered. 

Thus a modified approximation procedure is proposed 
here, ll is ba.sed upon the observation Ihat the total 
energy yield can be calculated ((uite sinqily for a "quasi-
stidic" reactivit.v reduction mechanism.' To apply this 
procedure to the solution of Eqs. (.5) and (6), we calcu
late the reactivity from Eq. (5) using an exponential 
dependence of heat, Q. upon time. We then postulate 
that the relationship between heat input and reactivity 
is maintained also for non-exponential variation of heat 
input. Thus we assume that the reactivity reduction is 

P fdQ' f'dQ" 
ko Jo Q •'o 

-FiQ"). 

Then the total energy yield can be calculated quite 
simply. The intermediate integral can be performed 
analytically and a replacement for Eq. (7) can be ob
tained. Comparison with exact calculations for pres
sure proportional to some power of energy input, how
ever, shows that the new approximation gives final 
pressure consistently too low by a factor approximately 
2(1..')8 lo 1.8.")). After this correction is introduced 

kir 2}\N'{- biN' 

(7), 

+ 1 i) FiN'Q,). (8) 

this expression gives less 
alues close to Ihe end of the 

Compared with VA[. 
weight to the pressure 
excursion, (A" —•1). 

If it is asstmied that Kiwi is an axial unreflected but 
radially well-reflected reactor, the power shape is nearly 
flat radially and 

A' = cos 
2L' 

If we prevent radial expansion and allow the core ma
terial to expand only axially, we would find (see next 
section) that 

V'f = 2cos^g^- 1. (9) 

Then the approximate solution for the excursion yield 
would become 

klr' = 2'= (-v-f„r) [ dN p(Afy,)/f (V), ( 
TT -"O 

10) 

iv'herc 

n 2, , . , , ['dN' (, N' , , N \ 

•2N"- - 1 ir 1 

V i - h"' iN 
sech"'V (11) 

.j^^m-'N + '^vr^w. 

AsN-^0, 

AsN^l, 

... - 1 A ' = - ' A" 
4A' N 12 IUI) 

n^u.N)^±^ii-N^r-

hn (1 - N') + •]• 
On the other hand, if expansion is allowed in all direc
tions 

V'f 2 cos" — 
2L 

(121 

and eorresponduigly for large A ,̂ li''iN) demonstrates 
the same behavior as previously: 

I'«(N) = ^ ? ( 1 - Af)•"•'̂  as A ' ^ l , 
loA 

but is much larger for small values of A :̂ 

/ f (AT) = -^ , - h i 2 V - i as N^O. 
iN 2 

Thus, the relative importance of the equation of state 
at low energies is considerably enhanced if radial expan
sion is taken into account. 

The actual jevaluation of the integral in Eq. (10) for 
a complex dependence of pressure upon energy input 
would have to be done numerically. It ma.v be noticed 
that li^' is very large for small Â  and very small for 
large Â . The behavior of pressure is contrary to this, 
so that for large Q/ the integrand in Eq. (10) has two 
peaks; one at Â  = 0, another at large Â . The numerical 
calculation of the contribution of the large N peak using 
the equation of state for graphite has shown unex
pectedly that its contribution is very small (compared 
with k'l,r') for experimentally observed Qf . It increases 
very rapidly with increasing Q/ . I'"or calculation of the 
contribution at low energies, a numerical integration 
can be avoided if the pressure is approximated by a 
polynomial in Q. If the pressure is proportional to the 
power, n, of energy input, it can be shown ({piite sim
ply) using the natural order of integrations, that 

kir PiQf) 
n^{n -^ r.I -V-()N"^,IN. 

dN 

When expansion in all directions is allowed iu the axially 
bare reactor, the preceding equation becomes 
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ktr -V'f„ l ' Vr 

•m PiQf) 
(13) 

+ 1) j , / n + 4 \n ' (? i 

If the reactor is confined radially, [Eq. (17)], 

lir ( - V ' f o F V~^ 

( n \ P{Q,) 
\n + 1/ nHn + 1) ' 

When the pressure is proportional to the heat input 
(n = 1), we obtain for the unrestricted expansion 

klr i-V-{„V)P{Q,). (14) 

When expansion is allowed only in tbe axial direction, 
the right side is only half of the right member of Eq. 
(14). 

Having assumed the spatial dependence of V'f, we 
can determine its magnitude experimentally from the 
observed isothermal expansion, as is done in Eq. (20). 
Sub.stituting this value from Eq. (20) into Eq. (14) 
we obtain 

klr 

where e is the specific energy constant in ergs/gm and 6 
is temperature in degrees Kelvin. Now the experi
mentally measured reactivity coefficient for uniform 
expansion (denoted by u) is 

(S). = 5.6 X 10"' 

[It is believed now that this numerical value is quoted 
earlier through a misinterpretation of experimental 
measurements and the number shoidd be revised con
siderably upwards' to 13.2 X 10"° °K"'.] The specific 
heat of graphite at room temperature is 

C, 
g°K-

The isothermal compressibility is nearly equal to the 
isentropic compressibility: 

)mpressibilit 
isibility: 

(dp\ ^(dp] _l fl (ap\ T 
\dpj, \ap). c.lp\de).j 

«c^«(^2 X10' "-^y, 
\ see/ 

where s is entropy and t> is volume. 

The half height of the Kiwi core was L = 08 cm and 
the neutron prompt lifetime for the reactor was 
/ ^ 3 X 10" sec. The maxinium period observed wiia 
(//A'o) = 6.25 X 10"' see. Thus, the left side of Eq. (1.5) 
becomes equal to 1.23 X lO' see"', while the right side is 

23.96 / L___ Y '̂ '0 X 10 ° g 0 
V3.4 X 10~*see/ 0.7 X 10'erg ' 

= l.li.58 10" see" iQ,^). 
\ <'rg/ 

Using the peak energy densit.v inferred from the actual 
yield, Q, = 12.7 X 10'° erg/g, we obtain that the right 
side of Eq. (15) is 2.11 X lO'sec"'—about 170 times 
larger than the left side. Thus, if the pressure did not 
propagate from the place where it wa.s generated, the 
excursion yield would have been 170 times smaller. 
However, this Bethe-Tait a.ssuniption is definitely 
unjustified, since the time needed for the pressure wave 
to traverse half the core (3.4 X 10"' sec) is only about 
one half of the initial period. Tbe disproportionate 
discrepancy of the estimated yield will be shown in the 
following section to be attributable to the large radial 
leakage of pressure. 

REDUCTION OF REACTIVITY AT THE B E C I W I M ; 

OF THE I'Nl rUSKjN' 

For a unihirm expansimi Ihe coellicicnl of reaetivitv 
reduction has been mea.sui'ed experinient.ally to be 

©.-•• X 10"' °K" 

Expressed in terms of heat input, tbe reactivity reduc
tion is 

(S). 5.6 X 10" 
0.7 X 10' 

since the specific heat at tbe beginning of the excursimi 
is C, = 0.7 X 10' erg g. If we a.ssmne now that the 
same iSk/Se)„ prevailed over the whole excursion and 
that the reactivity reduction is proiiortional to the heat 
input, we obtain a symmetrical power versus time 
curve, as observed experimenttdly. Since A'o = (/.'o,7)/ = 
4.8 X 10 , the heat generated during this excui-sioii 
should be 

Q, = 2i'„ 
'SJ.\ 
.Se) 

11.5 X 10' , 1 " e r g 
( l l l l 

This value is somewhiit siii:dler than that actually oh 
lained at the center, but definitely larger than the aver
age value, 8.1 X 10'° erg/g. Thus, tbe reactivity reduc
tion in this model is almost sufficient by itself to accmuil 
for the experimentally observed value. One may argue, 
however, that tbe actual reactivity reduction should 
be smaller because of non-uniform expansion, increasiii); 
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specific beat, and delay of expansion after the heat has 
been deposited. Thus, the actual heat generated would 
appear even larger than that given in Eq. (16). How
ever, this reasoning implicitly assumes reactivity reduc
tion to be instantaneous with heat input and neglects 
the accelerations and velocities produced. If, on the 
other hand, one computes accelerations as uistaiitaneous 
functions of heat generation, as in the Bethe-Tait model 
discussed iu the preceding seetion, it is seen that the 
reactivity reduction is too strong. Adequate calculations 
and results, in this case, are likely to depend strongly 
upon geometry and wave reflection properties. Even a 
minor decrease of reactivity reduction at low energies 
may require considerable heat generation above the 
triple point to shut the reactor down and yield a con
siderable amount of damaging pressure. 

In order to examine these questions in more detail, 
we have calculated reactivity reduction in the inital 
stages of TNT, when wave propagation is of paramotmt 
importance, using the approximate method of G. 
Hansen. His calculations were intended for spherical 
reiu'tors with constant velocity of wave propagation 
:uid pressure genertil ion rale. However, some extensions 
and generalizations are possible analytically. In our 
caleulations we asstmie that the Kiwi core is axially 
bare but very strongly reflected radially. The flux is 
then separable into z and r coordinates. A one-group 
calculation gives 

0 = cos -Y Jo(Br), 

where L is half-height and B is radial buckling. The 
worth w. ofthe core material (calculated neglecting the 
fissions outside the core) is 

[D(V0)' -f (xS, - 2 , )0 

D 1 
irpLbvi:, JKBb) + JliBb) 

/j.X,d 

Br) 

-i- B'cos'^lJl( Br) -hJliBr)]^. 

If the core is well reflected radially, Br < Bb « I, and 
the preceding expression can be simplified to 

_ 1 _ /DB' 
irpIrL \ vlLj 

The gradient of worth is i^orth is 

Vw = — I 11 sin -^ 2 -b r —;- r I, 
2 p 6 ' L ' \ I'S, / V L ^ 2L /' 

(17) 

where z and r are unit vectors in axial and radial direc
tions respectively. I t is interesting to note that Vic has 
:i strong radial component, while the flux is practically 
fiat in that direction. The magnitude of | Vw |, however. 

is proportional to the radi.il buckling, B. The La
placian of worth is 

W ' pb'l}\o-Z, ) ' 2L 
(IS) 

In previous calculations for the well reflected spherical 
reactor, V «) was usually assumed constant. In the axially 
bare reactor we can no longer make this assumption. 
For a uniform expansion 

Sp , . , .^ 
pu = - — izz + rr) 

and the change in reactivity is 

A-„ = jpu-VwdV 

i!r'(f)[©' + -]-
(19) 

From this expression we can determine iDB / c - / ) if 
Sk„/Sp is measured. Assuming that irh/2L r s jr/3 and 
substituting into Eq. (18) tlii^ value of Dli'/r'^, ob 
tallied from Eq. (19), we have 

V'l^ = 
28.24 
VL'' \ap)„ VasA 2 L ' 

(20) 

Now, if we assume that the power shape is iiropor-
tional to the flux, cos TZ/2L, and that the heat input 
and pressure generation increase exponentially with 
time, for a constant velocity of wave propagation we 
can calculate the pressure riuite simply. When the pres
sure wave is completely reflected from the free bound
aries of the core, we obtain 

"{&. Q-

<« + ^ (ST 2L 

•{'v£+f} 
•{'v'S.-?) 

(21) 

If the velocity of wave propagation, c, is very small 
the pressure shape follows the heat generation 

PBT \de), 
Q cos 

2 L ' 

When c is very large, the pressure is much lower: 

'•(S)l '•' = (S).«'"SC^")' -mi' 
Averaged over the radial direction, this pressure is only 

1 - 22) 
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ey ...Ai) 
' rrb (nb\ 

'"\-2L)_ 

= (0..3463)- X 0.1102 = 0.0143 

of the pressure obtained iu the Bethe-Tait approxinia-
tioii. This practically accounts for the high reactivity 
retluetion in tbe preceding section, since in the present 
case expansion follows beat input and no correctional 
factor, (?ii2), should have been taken. Indeed, the 
expansion in this case is Sp = v'p/ex, independent of 
the assumed period. 

Substitution of ¥.<\. (22) into Eq. (2) shows that the 
coefficient of reactivity reduction per change of density 
in the core center is 

Sk «'-©,' 
a little more than half of the coefficient for the uniform 
expansion. Thus, this model of reactivity reduction 
would yield 19.9 X lO"* erg/g in the Kiwi center, 1.57 
times the observed value. 

It is int;lructive, however, to consider the change of 
energy yield with the initial period for this simple linear 
equatiifn nf state. A simple calculation shows that, 
when the one dimensional worth is adjusted to give 
the correct yield for slow excursions, it gives 8.4 times 
the yield of the cylindrical case for hxrge values of a. 
It is easy to understand this discrepancy qualitatively. 
A one dimensional calculation does not allow for radial 
expansion and thus the "paper" reactor acts aa a can
non. It allows a much longer time for heat production 
before sufficient expansion takes place. Alternatively, 
it can be stated that: having represented correctly the 
worth, w, of the reactor material for slow excursions, we 
obtain a much lower worth of pressure, VV, in the 
"caimonicar' representation. Thus the "cannonical" 
representation gives too high a yield. The trend would 
be reversed (too strongly) if Vw in one dimension 
would be made to match V'^w of the cylindrical geome
try. Thus, to interpret the results of Kiwi TXT by 
one dimensional calculations, the equation of state of 
graphite for high pressures had to be modified in addi
tion to the necessary modification of worth. 

ANALYTICAL ESTIMATES OF THE DESTKUCTIVE CAPACITY 

III the preceding sections, it is noted that a major 
contribution to the reactivity reduction has been ac-
conipli.shed in the initial stage of the excursion with 
graphite still in the solid state. It was also made plausi
ble that the correct cylindrical calculation may explain 
the observed energy yield without major alterations 
in the observed eciuation of state, worth of reactor 

material, or power shape. The e(|uati(m of state of 
graphite at high energy densities has been -seen to play 
only a minor role in the reactivity reduction mechanism 
for this slow (aL/c) < 1 excursion. Ibiwexcr. tbe high
est pressures have been generated a( the md of Ihc 
exi'ursion, and the destructive capacity ap[»fais iilmnsl 
completely divorced from the major mec-batiisni of the 
reactivity reduction. 

In our estimate of the destructive c-apacity, an experi
mentally observed energy yield wil] be assumed. If 
will also be assumed that the energy density distribu
tion is flat radially and has a cosine shape in the axial 
direction. Since we are interested only in high tempera
tures where graphite has no rigidity and the velor-ity 
of wave propagation is small, we will caliulafe the 
temperatures, neglecting expansitjn and a rchiiivcly 
small amount of energy in graphite vapur. \\<- will 
further assume that expansion in tlie solid ;iiid lii|uid 
phases is insufficient to fill tbe voids, and wc w ill rictcr 
mine the pressures from calculated t('niper;iture> u--iiij; 
saturated vapor curves. 

Graphite is a solid that exhibits a vuri;i1 inn .,(.^pi-cifii' 
heat at elevated temperatures. l'>x|)erinienl:illy i)l).-<civc(l 
values can be approximated rather well wii h 

C.'=3V[. + ( - - ) ] ' .̂. 
where R is the universal gas conshint. fniegralinn of 
thise(iuatioii from room temperature to the Icinpri :il ure 
of the triple point (9r = 39(iO°K) requires 

Qr.i = 6.84 X 10'" erg/g 

to reach the triple point in solid st;iic. Diirin;; 
later stage of this heating the pressure rises la 
rapidly to pr = 100 atm. After the triple puin 
reached, graphite li(|uifies and il is necessary th:il 

L.i = 11 kcal/mol = 3.S3 X 10'" erg g 

for this process. Thus, when 10.67 X lO'" eii; g i-
in, graphite becomes liquid. Its specific, heat is 
about 

C. = 3ft = 2.1 X 10'erg/g, 

and the pressure starts rising very rajiidly: 

l l ic 

her 

slill 

Pr exp — ( 2 4 ) 

where the heat of vaporization from the liquid phase is 
Liv = 161 kcal/mol and 

Pi./RdT = 20.47. 

At Q =V2.7 X 10'" erg/g we have 6 = 1.24 Or and 
Pmo, = 55.2 PT . The calculation shows th:it the pres
sure peak is rather narrow: 
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piz) • / ) « 

r 20.47 (TZ Yl 
(25) 

Starting with these inilial conditions, we can compute 
the work available adiabatically. The work done in 
expansion to the triple point and the subsequent solidi
fication of graphite will be calculated. (The work done 
in expansion to lower pressures is neglected since the 
core has already expanded to a tremendous volume.) 
It can be shown that the work done in an adiabatie 
expansion of this graphite liquid-vapor system is 
roughly 

w = i'p]n ip/pr), (26) 

where c is the (small) initial volume, p is the initial 
pressure, and PT is the final pressure. Assuming that 
V = 0.,S em'/g and averaging Eq. (26) over the core, 

ic'i = 0.008 X 10'° erg/g X 17.6 

= 0.14 X 10'° erg/g. 

Since the average energy density is 

(27) 

- 12.7 X 10'° erg/g = 8.1 X 10'° erg/g, 

the efficiency is 1.73 9?. To this nmnber, however, we 
must add the non-negligible work performed while the 
liquid graphite solidifies. It can be shown that the work 
in this adiabatie process is 

. RBT(, F \ /fteA 
^-'-L-;,.V-V.)-'-KL7..) 
0.1765 X 10'" erg/g, 

(28) 

where L„ = L.i + Lj„ , and iV/V,), the ratio of initial 
specific volume to the specific volume of vapor 
[V, = iRer/pr) = 240 cmVgl, is negligible. The change 
of specific volume in this process is ciuite large: 

AV ' • • £ ; ( • - 0 
1 e 3 / 

15 em /g. 

Our distribution of energy input, however, indicates 
that only 36% of the core was eompletely liquified; 
another 27 % was partially litiuified. The work at the 
triple point averaged over the core is 

WT = WT X 0.5109 = 0.090 erg/g. (29) 

about 1.11 % of the average energy yield. Adding Eq. 
(27) and Eq. (29), we obtain an eflicieney of 2.84%. 
From this calculation it seems that the destructive 
capacity of the Kiwi T N T test was equivalent to a 
charge of high explosive (TNT) that liberated 2.84 % 

of its energy (since practically all the energy yield of a 
high explosive is capable of doing work in an isentropic 
expansion). 

The assumption that all of the energy available 
adiabatically is able to do destructive work, however, 
is rather pessimistic. The expansions to produce all of 
this work are rather large. One might be inclined to 
argue that all of the destructive work is done during 
an expansion which is only a .small fraction of tbe initial 
volume. 

If the same argument is applied to the destructive 
capacity of the high explosive, we see that the equiva
lent energy of the high explosive is 

« ^ < ' -JpdV^:ijp dV. 

Since in our ease 

h dV • O.OOS X 10'" erg, g X 4.90 

= 0.04 X 10'" erg.g 

is only 0.48% of the average energy yield, by this 
method we obtain a rather low eflicieney of Kiwi TNT. 
Only 1.45% of the total energy yield seems to be able 
to perform the destruction of the high explosive. The 
estimated equivalent high explosive yield from post
mortem examination, of course, was between 1 and 
3 % . ' " The large uncertainty in these numbers .seems 
to indicate that crudeness of our calculations and the 
impo.ssibility of describing a reactor excursion by means 
of a simple chemical explosion. 
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.jyQ IV. Fast Reactor Safety 

IV-27. Qualitative Consideration of a Nuclear Excursion Ini t iated by a Shock Wave 

V. Z. JA.NKUS 

INTRODUCTION 

Usually one assumes the maximum credible accident 
to be the collapse (or slumping) of a reactor core caused 
by gravity after the fuel elements have melted as a 
result of a lapse in effective cooling and the failure of 
shutdown controls. The velocity reached by the fuel 
in gravitational collapse depends upon the amount of 
collapse. One obtains appreciable rates of reactivity 
insertion at prompt critical (and an appreciable excur
sion yield) only if a large fraction of fuel is allowed to 
collapse coherently, starting from appreciable sub
criticality. In contra-distinction the velocity of the fuel 
propelled by a shock wave reaches a high value im
mediately. Potentially this may be conducive to a major 
nuclear excursion. 

The situation is less risky if the core is full of sodium. 
The shock front then propagates rapidly through the 
core and usually only a modest amount of reactivity 
can be inserted by this means. Often a prompt critical 
condition is not reached. However, when it is, the yield 
of the excursion is not principally determined by the 
rate of reactivity insertion at prompt critical as in the 
gravitational collapse. Rather, the nuclear burst is 
terminated automatically with the passage of the pres
sure pulse through the core, unless of course, the pres
sure wave is of extraordinary strength. 

Strong shock waves could be generated by a nuclear 
burst in another core of a reactor of modular design. 
If primary reactivity insertion and resultant heat gen
eration are so rapid that expansion (and reactivity 
reduction) are hindered by mass inertia, strong pres
sures are developed in tbe first core. The pressure wave 
departs from this core only after the nuclear burst is 
essentially terminated and leaves the core suberitical 
by a much larger amount than the initial reactivity 
input. Such a compressional wave impinging upon the 
second core can insert an appreciable amount of reac
tivity. Conceivably the second reactivity insertion may 
be larger than the amount of reactivity causing the pri
mary explosion in the first core. Whether this results 
in a sizeable secondary explosion depends primarily 
upon whether the second core has been brought above 
prompt critical. The yield of such an excursion (when 
it is large) depends sensitively upon the amount or rate 
of reactivity inserted and less upon the initial conditions 
of the power in the second core at the time of the impact. 

ANALYTICAL CALCULATIONS PERFORMED 

To estimate the order of magnitude of reactivity 

insertion we have performed fom simple analytical 

calculations. Acoustic theory was used in treating wave 
propagation. The amount of reactivity inserted has 
been determined using perturbation theory, I'onsider-
ing tbe second core as isolated. In the.se calculations 
both the amomit of reactivity in.serted, k. and the rate 
of insertion, k. are proportional to the magnitude of 
pressure, po. Two simplified calculations (ca.ses 1 and 
3, EXAMPLES) have been performed using one-
dimensional plane geometr.y. Spherical cores were as
sumed in making the other two calculations. It wa.s 
found that the results do not change drastically with 
geometry. Thus, one may expect that the conclusions 
reached pertain to more realistic representations of the 
core shape. Two calctdations have treated reactivity 
changes due to a semi-infinite constant pre.ssure, po, 
wave (cases 1 and 2, EX.XMPLES). In case 3 a saw
tooth shaped plane wave of peak front pressure equal to 
Po/2 has been assumed, tbe pressure decreasing linearly 
to zero at a distance equal to the radius of the core. 
In ease 4 the assumption has been made that a saw
tooth shaped spherical wave produced by an explosion 
in the first core (reaching pressure />o at the edge) 
impinges upon a similar spherical core located at a 
distance .4 between centers. 

For tbe sake of simplicity we have considered that 
only the motions in the core contributed to the reac
tivity. Actually tbe motions of the adjacent blanket 
are also important. Thus our core radius, 6, is some
what larger than the radius of the physical core. .\lso 
we have assumed that the Laplacian of the reactivity 
worth is constant in the core. For numerical I'onsidera-
tions we have taken V'H' = 3/2^1/6". where .U is the 
mass of the core, core density p = 10 g cm', velocity 
of sound c = 3 X 10' cm see, and core radius (i = :iO 
cm. 

With these values of parameters, we have found that 
a seniiinfinite compressional wave of po = 3000 lb in' 
?^ 0.2 kbar entering a plane core raises its rea^'tivity 
quite rapidly. A maximmn rate of fc = 2.8 Ak/k/see 
is obtained when the wave front crosses the center of 
the core. However, the total raise in reactivity is 
only Ak = 0.0037. If the core is spherical, the reac
tivity rise is even smaller—Ak = 0.0022. Thus, pronipt-
criticality is not reached imd only a minor burst is 
obtained for Ak = 0.0022. However, since reactivity 
input is proportional to the magnitude of pressure, one 
obtains almost steplike reactivity in.sertion and :i rapid 
increa.se in yield with a relatively small increa.se of 
incident pressure once pronipt-critical ity is exceeded. 
With continuing increa.se of incident pressure, the 
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niaximum reactivity which may he inserted becomes 
limited by the reactivity insertion rate and the rise of 
yield with increasing iiu'ident pressure is slowed down. 
If the core is partially voided of sodium, and the ve
locity of sound propagation in it is considerably lower 
than 3 X 10* cm/sec, prompt criticality may be con
siderably exceeded as the result of a modest pressure 
wave. In a voided core the particle velocity is increased 
by a factor less than 2 and so also are the reactivity 
insertion rates. However, since the wave front takes 
much longer to traverse the core, the total reactivity 
available is much larger and the super-prompt-critical 
condition is more accessible. 

The amomit of reactivity that can be inserted by a 
.semi-infinite pressure wave, is of limited interest. 
The pressure waves in a reactor are likely to be of 
finite extent (about the same order of magnitude as the 
core). Thus in the subsection EXAMPLES (ease 4) 
we have considered the propagation of a spherical 
pressure wave that could be produced by an initiating 
excursion in a core of the same size. From Eqs. (26) 
and (27) the maximum reactivity inserted bv aueb a 
wave is 

A-„ (1.) - n „ ^ 0.02101. 
pc' .4 

(1) 

If pĉ  = 9 kbar, we see that a primary excursion de
veloping pressure of 

p„ = 4.3 .4/6 kbar (2) 

at the core edge is needed in order to insert 1 % of 
reactivity, Ak/k. into the second core at distance A 
between centers. The rate of reactivity insertion is 
largest when about one-half (0.530) of maximum 
reactivity has been inserted. Then it is equal to 

( ! . ) hli'"'^) 0.02746. (3) 

Using the numerical values for the parameters, it may 
be noted that 

H^:)-A (4) 

is still quite appreciable. However, the high reactivity 
insertion rate obtained does not necessarily indicate as 
large an excursion as would be obtained if this reac
tivity in.sertion rate were produced by a gravitational 
collapse of the core. The reactivity insertion rate here 
is not sustained for an appreciable length of time. If 
the core is full of sodium, the pressure wave is able to 
traverse it within about two milliseconds. The excur
sion is terminated regardless of the amount of heat 
produced. The situation is less favorable if the second 
core has lost its sodium and the velocity of wave propa
gation through it is considerably smaller. The particle 

velocity and the momentum transmilleil iiilo il arc 
still of the same order of magnitude as in the emc full 
of sodium. Thus achievable reactivity iiisertiiui rates 
are still of the same order of magnitude. Due lo the 
velocity of wave propagation and longer time needed 
to traverse the core, the same incident pressure pulse 
that leaves the core which is full of sodium below or at 
prompt critical is likely to bring a voided core well 
above prompt critical, causing a large nuclear excur
sion. If the velocity of wave propagation, c, is alloweil 
to vary in the second core, for some value of c tbe 
maximum reactivity insertion rate given by l')q. (4) 
will be reached at prompt critical. An excursion of tbe 
order indicated by this reactivity insertion rate will be 
induced. 

NUMERICAL REFINEMENTS NEEDED 

The contention that reactivity insertion rates in a 
voided or partially voided core are the same as those 
in the core full of sodium are believed to be correct only 
to an order of magnitude. Better estimates of values 
could be obtained only by a numerical calculation using 
at least two dimensions. (Analytical calculations of the 
reflection of pressure of finite extent from a rarer me
dium become very unwieldy when no tension wave is 
allowed.) When we relate reactivity insertion rates 
uniquely with excursion yield, we assume that the 
initial power is very small. For the cases of moderate 
yield (which are most likely) this may present a serious 
over-estimate. Thus an improved calculation should 
account for the magnitude of initial power and its rise 
while reactivity comes up to promjit critical. In such a 
calculation, delayed neutrons should be incliKletl. 

The initial power for the second core may be in
creased very sharply by the nuclear burst in the first 
core if coupling is not altogether negligible. Con\'ers(4y, 
coupling restrains the power rise in the first core hir a 
given reactivity insertion and reduces its yield. Thus the 
estimates obtained from uncoupled calculations may be 
unduly pessimistic for any plausible initiating mecha
nism of moderate .strength. To obtain a more realistic 
estimate, however, a coupled kinetics code for neu
tronics calculation (with delayed neutrons) and at least 
two-dimensional hydrodynamics is needed. It is ex
pected even then that tbe yield will be quite sensitive 
to the location and the extent of voiding in the second 
core (and its relationship to the "effective" velocity of 
wave propagation). 

EXAMPLES 

CASE 1. COMPACTION OF A PLANE CORE BY CONSTANT 

PRESSURE WAVE OF INFINITE EXTENT 

First we will perform calculations in one dimension 
assuming that the re.actor has cross sectional area C 
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and thickness 26 along the direction of a traveling 

wave of constant pressure po. Neglecting the influence 

of the motion of blanket material, the time rate of 

reactivity change by first order perturbation theory is 

C 1 pu —r- dx, 
J tu 

( 5 ) 

where IF is the reactivity worth of core material, p is 

the density of core material and ii is the velocity of the 

motion of core material induced by the incoming 

pressure wave. In the acoustic approximation, the 

particle velocity is 

Po/pc (6) 

whenever the pressure wave traveling along the posi

tive direetioii of the x-axis reaches the particle in 

question. For simplicity, it will be assumed that 

dW/dx changes linearly inside the core: 

dW 

dx 

d'W 
for —b < X < b, 

where (d W/dx ) is a constant. If x is the position of 

the front of the pressure wave, 

'=(-S<«-)5«('-3 

X dx: 

that is. 

a n d 

for 

for 

I .r I > 6. 

6 < X < 6, 

(7) 

Integrating the last equation with time we obtain the 
change of reactivity 

/ d'W A p, l / l 33' l / \ 

= (^-rf:^4p6C6J-'-(^,,-b^--^-j, 

ks for — b < X 6 < 2- < 6 (S) 

6. 

If we a.sstmie that 

d'W 

dx' 
ipbCV 

(the actual magnitude of this quantity depends upon 
the composition of the core and the blanket, but prob
ably does not deviate from the assumed value by a 
factor of more than 2). 

Po = 2 X 10' dyne/cm' : ^ 3,000 lb/in.' 

p = 10 g/cni' 

c = 3 X 10' cm/sec. 

then 

Po/pc' = 0.0222. 

The niaximum reactivit.v added by the compression 

of the core due to passage of the shock front is 

k„a. 0.0037. 

The reactor does not reach pronipt critical hir a U-235 

fueled system, and barel.v reaches prompt crilii'al for 

Iilufonitim fuel even at a ver.v pessimistic assuinptioii 

for the velocity of sound. If it is assumed licit 6 = 30 

cm, it is found from Eq. (7) that the maximum reac

tivity insertion rate is quite large: 

0.0222 
6 1 

: 2.,8 [iAk'k] .see]. 

If the velocity of wave propagation in the blanket, 

ci,, is different from that in the core, c, we must sub

stitute the transmitted pressure 

pc + ptCt 

instead of po into our calculation; k and k are larger 

by a factor 2pc/ipc + pjcs) than that given in Eqs. 

(7) and (8); pt is the density of blanket material. 

Wlien c decreases relative to Ct , A' increases by a factor 

of 2. The total amount of reactivity inserted, however, 

increases without limit. 

CASE 2 . COMPACTION OF A SPHERICAL CORE UV A PL.4\E 

WAVE O F H A L F - I N F I N I T E EXTE.NT 

The rate of reactivity change due to the motion in 

the core is determined by perturbation theory to be 

k = I piiVW dV 

where the velocity, ii, and the gradient of the 

of a core material are vector quantities, and V 

core volmne. For convenience of coniput;itioi 

above exiiression may be differentiated wilh i 

to time, the gradient of the pressure introdin'Ci 

integration by parts performed, yielding"' 

worth 

î  the 

I. the 

'cspect 

1. and 

•• j pV'WdV - j pVWdS 

expressed in terms of scalar quantities. If we assume 

now that the worth of core material is sphericallv 

symmetric, and V'll' is constant Eq. (9) becomes 

' H ' [ / p ( r ) r f r - ^ . / p ( r = 6)h,/,S^1, (101 
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where b is the radius of the spherical core. If p now 
represents an infinite plane wave propagating in the 
.T direction, we can eliminate other coordinates from 
Eq. (9) by geometric considerations and obtain 

•'Wir f pix) (^b'- x") dx. (11) 

For a semi-infinite wave of constant pressure po, 
traveling in the positive direction of the a;-axis, inte
gration of the above expression gives 

k 
( _!,,, 2p 4jr6' , iX Po 3 a: (x' , \ 

(12) 

whenever the distance of the front of the pressure 
wave from the center of the core is [ x [ < 6 (^ vanishes 
if 111 > 6). The coeflicient 

in Eq. (12) is of order 1 (probably within a factor of 2) 
and for the sake of brevity will be omitted from our 
further qualitative discussion. Since the velocity of 
wave propagation c is assumed constant, integration of 
Eq. (12) is straightforward and for | x ] < b one 
obtains the rate of reactivity change 

-̂̂ •̂)̂ 4-3iff-y ^̂ '̂ 
and the total amount of reactivity added 

t = (1.) El 
pc' 

10 [ 2 16 6 16 Vb/ 1 6 \ 6 / J 

(14) 

Comparing these results now with the results of the 
earlier plane one-dimensional computation, [Eqs. (7) 
and (8)] we see th.at the detaded variation of k with 
the position of the front of the plane wave is now 
changed. However, the maxinium value of k is about 
the same; that is, % of the previous value of k. The 
maximtmi reactivity inserted is % the value of Ak 
in case 1. 

CASE 3 . COMPACTION O F A P L A N E CORE BY A SAW-TOOTH 

SHAPED P R E S S U R E P U L S E 

For one-dimensional calculations, Eq. (9) can be 
simplified into 

'=(S>[/' dx - bpi- b) - bpib) ] , (15 

with the usual approximation that the second deriva
tive of the worth of the core material is constant. We 
assume now that the pressure vanishes everywhere 

except inside of a saw-tooth wave of width 6, where 

p . ix — ct) for 0 < I - c( < 6 (16) 

so that the pressure is po/2 at the leading edge and zero 
at the trailing edge. Integrating Eq. (15) three differ
ent analytical expressions are obtained, depending 
upon whether the saw-tooth wave has only partly 
entered the core, completely entered the core, or 
partly left the core. In terms of the parameter T = c^/6, 

where 

f= (r ' - 2)/16, 

6 , ( T ) | = - 1 / 1 6 , 

[ = ( - r ' + 1)/16, 

for - 2 < r < - 1 

for - 1 < r < 0 

for 0 < r < 1. 

Straightforward integration of Eq. (17) with respect 
to time gives the first derivative of the reactivity: 

il.)^:~biir), 
6- c 

(IS) 

where 

(= (r ' - 6r - 4) /48, 

6 I (T ) = ( - 3 7 - 2) /48, 

[ = ( - r ' + S r - 2) /48, 

for - 2 < T < - 1 

for - 1 < r < 0 

for 0 < T < 1. 

The maximum reactivity insertion rate k is obtained 
whenr = -l.iU,Maxibi) = 0.0.34518. The minimum 
k is obtained for r = 0, which gives Minilii) = 
-0.04167. 

Integrating Eq. (18) with lime we again obtain the 
amount of reactivity inserted b.y our pressure pul.sc: 

where 

6„(r) 

i ' = ( L ) ^ , 6 „ ( r ) , 
pc' 

ir' - 12T' - 16r)/192, 

tor 

( - 6 r ' - 8r + 3)/192, 

for 

( - / + 6r ' - Sr + 3)/192, 

for 

(19) 

- 2 < r < - 1 

- 1 < r < 0 

0 < r < 1. 

Maxih) = 0.029514. 
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CASE 4 . REACTIVITY INSERTION INTO A SPHERICAL CORE 

BY A SPHERICAL PRESSURE PULSE ORIGINATING 

OUTSIDE T H E CORE 

We will assume that the Laplacian of the worth is 
constant inside the core and drops rapidly outside the 
core. For simplicity of calculation, we will neglect the 
gradient of the worth of blanket material altogether. 
(In an actual case the gradient of blanket material is 
comparable to the gradient of core material, at least 
in the immediate vicinity of the core.) With this simpli
fication, the change of reactivity is taken to be due 
entirely to the motion of core material and is equal to 

k VW dV 

(20) 

j f" 

= I pV'-W dV - I pVWdS 

^ v=ir 1 /̂ p dv ^ ^ / p AsJ, 

where 6 is the r.adius nf tbe core. 
Now wc assume that the distance between the center 

of t he spherical wave and cent er of our core is ^ (> 6); 
and that the spherical shell of radius ri and thickness 
dr, intersects our core. The volume of this intersection 
is 

Qri dri I-l lb' - (A - r,)'l dri 

where a is a solid angle. The area of the surface of the 
core within the spherical shell is 

rf,S' = 2ir 6" sin e de. 

where e is the angle that the corresponding radius of 
the core makes with the direction to the center of the 
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spherical wave. Since 

rl = A'- +/ / ' - 2Ah COS d, 

dS = 2 T - r, <fri. 

Substituting these expressions fur volume and surface 
elements into Eq. (20) for reactivity change, we sec that 

kit) v n F ^ / p ( r , , 

•\l^' - ( r x - - 4 l = J r W r i . 

(21) 

If we assume that the acoustic impedances of the core 
and the blanket are the same, the magnitude of the 
pressure wave in the core depends only upon the time 
and its distance from the origin of the spherical wave. 

If it is assumed that the spherical wave has been 
originated at time / = 0 by a violent excursion in the 
other core having the same radius, 6, and nearly flat 
power distribution, the resultant outgoing spherical 
pressure wave can be described by a saw-tooth shaped 
pressure pulse: ' 

\= ^-[ri - d], for 0 < r, - et < h 
pl ^n ^22) 

[ = 0, otherwise. 

After having substituted Eq. (22) into Eq. (21) 
the integration ean be performed by a straightfonvartl 
but somewhat tedious procedure. It is necessary to 
distinguish among three cases: when only part of the 
saw-tooth wave has entered the core ( — 2ft < ci -
A < —b), when both front and back surfaces of the 
saw-tooth wave intersect the core { — h < ct ~ A < 0). 
and when part of the pre.ssure wave has already left 
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the core (0 < c( — .4 < b). In terms of the parameter 
T = id — - l ) /6 we obtain three polynomials describ
ing the behavior of k, when such a saw-tooth wave 
impinges upon the core: 

l'"or : 

•; ( „i.,.2p4irb'\( b\ 1 
( T ) , (23) 

where 

= ^ ^ ( - r ' + 8r^+.Sr), 
64 

O,(T)<| 
64 

( 6 r • S T + 1) , 

= T^ ( r - 2 r ' -f 1) , 
64 

for - 2 < T < - 1 

for - 1 < r < 0 

for 0 < T < 1. 

aj(r) has been plotted in Fig. IV-27-1 and compared 
with reactivity change, 62, when a simdar saw-tooth 
wave impinges upon a plane reactor, as obtained in 
case 3. 

A straightforward integration of Eq. (23) with time 
shows that the first derivative of reactivity is given by 

ie = il.) p« V - Ol ( T ) , 
A c pb' 

,(24) 

where 

( - 3 / + 40T'' + 60r' 16)/320, 

for - 2 < T < - 1 

<'i(r) J = (.•?0T' -h 60r ' -b 15r - 8)/320, 

for - 1 < r < 0 

= ( 3 T ' - lOr' + 15r - 8)/320, 

for 0 < T < 1. 

-1.236068, ai (r) acquires a maximum v:due: 

ilaxiai) = 0.0274,W5 

The minimtmi of k is aciiuired for r 
Miniai) = -0.028144. 

Additional integration over time yields 

k = il.) Po -J —, aair), 
A pc' 

( • - ' . ' • . ) 

-o.uo, 

(26) 

where 

OOCT) 

= ( - r ' + 20r' + 40r' - 3 2 T ) / 6 4 0 , 

for - 2 < T < - 1 

= ( 1 5 T ' + 4 0 T ' + 15T-' - 16T + ,'i)/640, 

for - 1 < T < 0 

= (r" - ,5T' + 15T' - 16T + 5)/640, 

for 0 < T < 1. 

The maximum value of ao is obtained for T = —0.67555, 
Maxioo) = 0.0210100. aoir) has been plotted in Fig. 
IV-27-2 along with reactivity change, 60, produced 
by a plane saw-tooth wave impinging upon a plam^ 
reactor. When k is maximiun ni = 0.02746 luid no = 
0.01114.56. 
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Section V 

Experimental Techniques and Facilities 

Measured integral reactor physics parameters are necessary for either direct 
introduction into reactor design calculations or for comparison with values ob
tained analytically using basic microscopic cross section data. In the latter case the 
objective is to verify either the cross section data or the calculational techniques. 
Reactor integral i)arameters are obtained using special measurement techniques in 
exponential or critical facilities. The papers presented in this section deal largely 
with the development of such special techniques, facilities, and radiation detection 
devices. Included also are papers which describe specially developed equipment 
useful in obtaining microscopic nuclear data. In addition, there are papers which 
discuss the development of special equipment used in measurements relating to 
power reactor fuel element failures. 





V-1. Preparation of Pu-239 and Pu-241 Isotopes for Capture-to-Fiss ion Measi ire incnis 
in t h e Evperimental Boi l ing Water Reactor 

R. J. ARMANI 

Capture-to-iission measurements have been per
formed in EBWR using Pu-239 and Pu-241 isotopes. 
Exposure in the EBWR core configuration imposed 
severe restrictions on the pliysical dimensions of the 
plutonium sam]iles and their containers.' The require
ments were such that a small, accurately known mass 
(160-300 ^g) of plutonium had to be sealed into an 
aluminum ca|wile with dimensions no greater than 
0.457 cm diam and 0.025 cm thick. This restricted the 
maximum iliameter available for sample deposition to 
about 0.318 cm. Techniques for sealing aluminum en
velopes by cold welding had been previously developed 
by Argonne's Central Shops. However, the problem 
remained to confine the sainple to a diameter of 0.318 
cm and to accurately determine its mass. 

SAMPLE DEPOSITION 

A number of methods were considered for the depo
sition of the plutonium sample, but the following 
method juoved successful and was adopted. The sam-
liles were deposited in liquid form on aluminum foil 
1.905 cm diam by 0.0076 cm thick and then evaporated 
to dryness. The samples were confined to the center 
of the foil by pressing a small depression into the 
aliimimim. 0.318 cm iu diam and 0.0076 cm deep. A 
2A (IA = 10""" liters) volume was pipetted into the 
depression from a solution whose concentration was 
approxiniatcly 1.50 g/liter. This resulted in samples of 
approximately 300 pg. The 2A volume was small 
enough so that it did not spread beyond the confines 
of the depression even while being evaporated to dry
ness on a hot plate. An aluminum cover foil of the 
same thickness was placed over the sample. By means 
of a set of dies, the center portion of the aluminum 
foil with the sample was cut and the circumference 
cold welded to the required size of 0.457 cm diam. 

MASS DETERMINATION 

Ma.sses of samples such as these are usually deter
mined by accurately pipetting a known volume of solu
tion whose concentration has been established directly 
or indirectly by some gravimetric method. In this case 
2A volumes are being pipetted, and it is doubtful 
whether tbe mass could be determined to within 25% 
by .eiich small volume measurements. A micro balance 

inside of a glove hood would be necessary to determine 
the mass gravimetrically, but an alternative and more 
accurate method was used. Namely, the samples were 
alpha-counted. 

Pu-239 

The alpha activity was calcultited from the isoto]»ic 
analysis and the half-lives of tbe isotopes. The alpha 
activity calculated from the material used was 4.101 X 
10' ct/m for a 300-;ug sample. This activity is easily 
counted in a low geometry chamber.^ The thickness of 
the samples is about 3 mg/cm-, consequently no self 
absorption losses occur. The solid angle can be calcu
lated to an uncertainty of about 0.1%, so that the er
rors in the activity are of the order of the errors in the 
alpha half-lives involved. 

After the samples had been pipetted and dried on 
the aluminum foils, they were each counted in the low 
geometry chamber. From the absolute activity meas
ured and the calculated specific activity, the mass of 
each sample was determined. 

P U - 2 4 1 

Although P U - 2 4 1 is jirimarily a beta emitter with 
an end point energy of 0.021 MeV, it also alpha ilccays 
with a branching ratio of about 4 X IQ-'"}',. Beta 
counting w âs not considered because of the dithculties 
arising in the measurement ot soft betas, but alpha 
counting was straight forward. The beta particles are 
easily absorbed with a 1 mg/cm- absorber over the 
detector, eliminating any possible interference from 
pile-up. 

The alpha disintegration rate per milligram of sam
ple could not be calculated very accurately because 
the alpha branching ratio for Pu-241 is not very well 
known. But an estimate of the alpha activity was made 
using 4 X 10~^% as the branching ratio. The activity 
from the daughter product, Am-241, was also esti
mated and included to give an alpha decay rate of 
aiiproximately 3 X 10" a/ra for a 300 microgram sam
ple. This activity was also easily counted in tbe low 
geometry chamber. But since the specific alpha activ
ity could not be accurately calculated, another means 
was used to relate alpha decay rate to sani|dc mass. 

The plutonium for this experiment was received 
trom the supplier in the oxide form. The oxide was 
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carefully weighed and put into solution with nitric 
ticid and a small amount of hydrofluoric acid. The 
solution 'ft-as raised to a known volume, and a large 
enough portion of this solution was removed to serve 
for accurately pipetted dilutions. These dilutions were 
u.sed to prepare counting samples with accurately 
known masses. These samples weie counted in the low 
geometry chamber, thus providing the necessary ab

solute calibration hetween total mas> and the .ilpha 

decay rate. 

R E F E R E N C E S 

Argonne National l.;ihni';itury ii»riv:ite 11, P. lekenderiai 
communication), 

l i . J. Armani, A Low Geometrg Alpha Counting I 
Reactor Physice Division Annual Itcjiorl, .Inly I, 
June 30, 1906, ANL-7210, p. :i03. 
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V-2. Accurate Fission Rate Measurements by Fission Track Count ing 

R. J. ARMANI, R . GOLD and .J. H. ROBERTS* 

The capabilities of the fission track counting method 
for precise determination of fission rates has been un
der investigation. In this method,' a solid-state track 
recorder (SSTR) is exposed to fission fragments. The 
recorder is then etched for a length of time that will 
suitably enlarge the fission fragment tracks. The en
larged tracks may then be observed and counted with 
the aid of a microscope. Mica, glass, and (synthetic) 
polycarbonate resin can serve as tbe SSTR. 

Present results with mica and polycarbonate resin 
indicate that this technique can provide precise fission 
rate measurements for many neutron and fission phys
ics experiments. A number of applications may be 
mentioned. For example, such data could provide the 
basis for more accurate thermal and fast fission cross 
sections. Very long spontaneous fission half-lives 
could be measured."'^ More accurate fission rate and 
power distributions in critical assemblies would result. 
The increase in precision would also enhance efforts 
to obtain spatial gradients of these distributions. In 
fact, the unmatched spatial resolution (of the order 
of microns) attained by this method will permit con
sideration of many neutron and reactor physics ex
periments heretofore impossible. 

SOURCE PREPARATION TECHNIQUES 

The samples used in this investigation were pre
pared by depositing uranium on platinum discs 2.38 
cm in diameter and 0,0127 cm thick. The deposits were 
confined to the center of the discs and to a diameter of 
1..59 cm which corresponds to an area of 1.98 sq. cm. 
Two methods were used in the preparation of the 
uranium deposits. The first method was by electro-
deposition and the second method by vacuum evapora
tion. 

' .N'orthwestern University, Evanston, Illii 

The electrodeposition of uranium was accompli.-lied 
using a method describeil by F. Kirn.'' This method 
was slightly modified in that no stirring was u.-̂ cd in 
order to avoid swirling of the sample, and the sample 
was finally heated to 8.50°C in a furnace for one hour 
to convert the deposit to V.iOs . This method pioduceil 
samples of thicknesses ranging from 20 /»g ciii= to 
approximately 3 mg/cm". The uniformity of the ^anl-
ples produced by this method was not satisfactory for 
the overall precision dcsiied. Consequently vacuuia 
e^'ajioration was investigated as a method to pmdiire 
samples of improved uniformity. 

The vacuum evaporation of uranium was aicoiii-
plished as described by G. Erickson, S. Kaufmann and 
L. Pahis.'' A tungsten boat was used to melt and evapo
rate uranium metal. Selected samples of high quality 
and uniformity were produced in the thickness range 
of 10-400 iug/em- of UsOs. As in the ease of the elec
trodeposited samples, these samples were also heated 
to 850°C to convert the deposit to UaOs. 

The vacuum evaporation of uranium metal proved 
to be quite difficult. The molten uranium tends to 
alloy with the tungsten boat so that in some cases a 
mixture of tungsten and uranium is deposited on tlic 
platinum discs. Fortunately, it is possible to detect the 
undesirable samples by means of a counting techniiiiic 
described below. In order to a^'oid tbe difficulties in
volved with the evaporation of uranium metal, ura
nium tetrafluoride was used in the prep.'iration of ;t 
second set of vacuum evaporated samples, Tlii> emii-
pound melts and evaporates al a lower tciiipiratiin 
than the metal, nnd there is no difficulty witli llic (in-
mation of an alloy with the tungsten boat. Tlie sam
ples were not heated to 8.50°C in this ease, since the 
uranium tetrafluoride seems to be a very stable com
pound. Samples of this compound were produced in 
the thickness range of 10-7.50 jug/cm-, and it appear; 
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possible that samples can be deposited up to several 
milligrams per square centimeter. 

.•\ special set of (infinitely thick) samples was made 
by punching uranium foil 0.0127 cm thick. They were 
made for the purpose of obtaining a calibration for 
sain|ilcs similar to those which were used for measure
ment of s|iontancous fission half-life ot U-238.''" 

MASS DETERMINATION 

The mass of each uranium samjile depo-^it was de
termined by absolute alpha counting in a low geometry 
chamber." The s[ieeifie alpha decay rate was calcu
lated from knowledge of the isotopic ratios of the 
uranium isoto|X's and their half-lives. The mass was 
calculated from the absolute alpha decay rate and the 
sjiecific alpha decay rate. In tbe particular uranium 
used in these samples, the predominant activity was 
that of U-234, so it was possible to determine the total 
mass of each uranium sample to better than 1.0% 
relative error. 

SOURCE EVALUATION 

Each sample was evaluated for purity and uniform
ily. The alpha decay rate had already been obtained 
from the mass determination. The samples were then 
counted in a 2w flow counter, and the ratio of 2ir counts 
to alpha decay rate was calculated. This ratio was 
|iloltcd as a function of sample thickness. If the sam
ples contained no impurities, the ratios would fall on 
a smooth curve such as that given by H. Smith and 
.1. lialagnn.' In addition the samples, together with 
detectors, were irradiated in the "rotating wheel as
.sembly" as described in the section on Calibration. 
The resulting fragment track densities were plotted as 
a function of sample thickness, and as in the case of 
alpha counting, the data should result in a smooth 
curve. However, it was observed that some samples 
did not lie on this smooth curve. Similarly, the very 
same samples did not lie on the curve obtained by 
alpha particle counting. In such cases it was assumed 
ihat these samples contained impurities and conse
quently tlicy were rejected. 

Source uniformity was checked by making radial 
lU'ofiles of track densities. Agreement was generally 
well within statistics for vacuum evaporated sources, 
but difficulties have been encountered with some elec
troplated sources. There was usually a fall off in track 
density near the edges of electroplated sources. In 
order to avoid this problem, masks were placed over 
electroplated sources so that only the more uniform 
center portion of these sources were exposed to the 
S.STR. The masks consisted of aluminum discs 2.38 
cm in diameter and 0.0076 cm thick with a hole 1.27 
cm in diameter punched from the center. 

E T C H I N G AND T R A C K C O U N T I N G TEciiNicitiES 

Studies undertaken thus far have been primarily 
with mica and polycarbonate resins (Makrofol). Mica 
is pre-etched in 49% H F at room temperature for at 
least 5 h in order to determine the fossil fission tr.'ick 
background due primarily to the spontaneous fission 
of U-238 contained as an impurity in the mica. After 
exposure to a source of fission fragments the mica is 
again etched in HF of the same concentration at room 
temperature for about one hour and twenty minutes. 
The etch pits of "tracks" produced by this etching arc 
much sinaller than those due to pre-etched fo.ssilc frag
ments and discrimination is essentially 100% (see Fig. 
1-14-1, Paper 1-14). Mica with a clean surface and low 
fossil fragment background is selected for iiTiidiations. 

The polycarbonate resin is etched with 6.2 N Na(1H 
at room temperature for about 48 h. Similar results 
can be obtained at 70°C for about 40 min, but damage 
to the surface is more likely. Recent tests with 6 N 
KOH indicate faster etching so that comparable re
sults can be obtained at room temperature in about 18 
ll with possibly less surface damage. 

The tracks are counted with binocular iiiiei'osco])es 
in which dry objectives of 25 to 45x with 10 to 12.5X 
oculars are generally used. Grids divided into 36 
squares that fill most of the field of view are inscitcd 
in one ocular to facilitate track counting. Micidscopi' 
stages are equipiied with dials that read the stage posi
tions U and i/l to a precision of about two microns. 
Two methods of track counting are used, dc|)eniling on 
track densitioe. For higher tr.ack densities, tracks in a 
given field are counted; a track or any object crossing 
tbe top line is then moved until it crosses the bottom 
line, and the tracks in the next fiekl arc counted. 
Tracks that cross the top or left line in the eyepiece 
grid are not counted, but tracks that cross the bottom 
or right line are counted, so that on a statistical basis, 
the number of tracks originating in the area scanned 
is determined. The width of the scanning path is de
termined with a stage micrometer, and the length is 
determined by the dial readings. The area scanned is 
thus determined. Counting is done with a hand tally 
counter. If the track densities are low, the tracks are 
counted as they cross a line on the grid. The length of 
the line is calibrated with a stage micrometer, and 
the distance the stage is moved during counting is 
measured by the dial attached to the stage. Track 
densities from less than 100/cm= to more than 200,000/ 
cm^ have been counted using a combination of these 
techniques. Track counting becomes difficult because 
of pileup when densities are much in excess of 200,000/ 
cm^. The optimum density for rapid counting is 
around 50,000/cm^ Observer agreement between prop-
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FIG. V-2-2 . Geometrical Arrangement of the Sample and 
Solid State Track Recorder in the Sample Holder. ANL Neg. 
No. llS-Smtiev.lCorr. 

erly trainod scanners ia generally good (well within 
statistics). For optimum track densities, 10,000 tracks 
can be counted by one scanner in two or three hours. 

C.\LIBR.\TION 

The relative reliability and efticieney of thi.-̂  method 
have been investigated with a "rotating-whecl as
sembly" in the graphite reflector of the Argonne 
Thermal Source Reactor (ATSR I. This assembly is de
picted in Fig. V-2-1. A set of fissionable sources (usu
ally uranium) are assembled in source holders that 
ensure intimate contact with a given SSTR as shown in 
Fig. V-2-2. The source and detector assemblies arc 
then mounted uniformly near the circumference of a 
wheel. The wheel is rotated in the slow neutron en
vironment of the ATSR graphite reflector; hence, all 
source and detector units are exposed to the same time-
integrated neutron fiux. To eliminate changes in flux 
depression and flux perturbation, all .source an<l de
tector units are cadmium covered. Consequently, the 
specific fission rate is constant for all sources of a ^wcn 
"rotating-wheel" exposure. 

Under these conditions, one can perform quantita
tive tests on the reliability and reproducibility of the 
method as a whole. In particular, one can study the 
track scanning and counting aspects of tbe technique, 
since inconsistencies can be expected to arise between 
difTerent human observers. These difference."; can be 
uncovered and resolved, thereby establishing a con-
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sistent method for the optical counting of tracks. As 
a final goal, one could then precisely establish the rela
tive counting eflicieney as a function of source thick
ness for different SSTR. 

Absolute calibration of the relative efficiency has 
been carried out with electrodeposited Cm-244 spon
taneous fission sources. Tbe spontaneous fission half-
life of ('m-244 has been determined with a relative 
error of 0.5%.'"' This measurement has subsequently 
been verified by an independent experiment." Differ
ent Cm-24'^ sources have been prepared by electro-
deposition and, therefore, may serve as absolute fission 
rate standards with relative error less than 1.0%. Effi
ciencies for infinitely thin sources, when the source and 
SSTR are placed in good contact, are (95.0 ± 0.5)% 
for both mica and Makrofol. 
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V-.3. Experience wi th a New Manganese Bath System 

A. D E VOLPI .and K. I'OHGES 

For fast neutron detection involving high accuracy 
or difficult gamma-ray background problems, the 
manganese bath system has been an acknowledged 
success. Tbe system consists basically of a moderator-
filled tank in which dissolved manganese is activated 
and ultimately counted. Early techniques involved 
drawing a sample from tbe bath and counting in a 
facility located away from the radiation field, or, if 
possible, placing counters directly into the tank after 
the source had been withdrawn. 

Newly emerging procedures^ obtain much higher 
count rates, greater stability, and improved signal/ 
background conditions by pumping the liquid in a 
continuous loop from the manganese bath tank to a 
remotely situated counter. This permits extensive 
shielding of the counter in a low-background location, 
optimum design of the detection geometry, and maxi
mum count rate during the buildup, saturation, and 
decay phases of Mn-.56 activation. 

Such a system has been used now for a year in both 
reactor and non-reactor environments. Compared to 
the highly stable gamma-gamma coincidence system 
previously used,- the count rates now obtained are 

about one thousand times greater than the coincidence 
rate and about twenty times greater than single-
channel counting of the 0.85-MeV peak. Partially off
setting this is the fact that background is a factor of 
15 higher; even so a (signal)-/'background criterion 
still strongly favors the new on-line counting system. 

A drawing indicating some of the chief features of 
the on-line system is given in Fig. V-3-1. Radioactive 
neutron sources may be placed at the center of the 
.sphere to induce manganese activity projiortional to 
the source strength. The active .solution is continuously 
mixed by a circulating pump which returns the liquid 
into the sphere through a dispersal unit. Simultane
ously some of the solution is pumped into the on-line 
counter shown in more detail in Fig. V-3-2. 

A Nal(Tl) annulus, 15 x 15 em with 2.5-cm w.'dl, is 
the detection medium. The gamma rays from Mii-.50 
[0.85 MeV (100%); 1.8 MeV (30%); and 2.1 MeV 
I20'><)] mostly escape from the liquid and interact in 
the sodium-iodide crystal with high ))i'obability. All 
pulses resulting in at least 50 keV transfer to light 
photons are accepted hy the electronic level discrimi
nator. 

file:///ccurale
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Provision has been made for stabilization by a light 
pulser, but so far this feature has not been needed. 
The entire bath and counting system are maintained 
at almost constant temperature (about37°Cl. Plateau 
operation is obtained in high voltage amplifier gain 
and discriminator characteristic. 

When experiments must be done at the Ai'g(mnc 
CP-5 reactor, the counting station is placed in the 
cqui|)ment staging area and the manganese bath tank 
is located at the East thermal column. Water sur
rounding the cadmium-shielded sphere keeps the ex
ternal background to a minimum. Xcutrmis from the 
thermal column pass along the beam tube intcrsectins 
the target at the center of the sphere, and then escape 
to a beam catcher placed behind the tank. The liquid 
IS pumped through tubes which penetrate th.' contain
ment shell. 

Shielding for the on-line counter i,- deiucted in Fis. 
V-3-3. The outer shield consists of borated concrete to 
reduce neutron background. Tbe inner shield is com
posed of 10-cm thick plates of T.S.S. Kentuckv armor 
plate and the cylindrical shield is made of lead. Mate
rials in close proximity to the crystal, aside fiom the 
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manganous sulphate solution, are stainless steel, 
quartz, lucite. and MgO. Access is provided through 
the top. 

I'^lectioiiic lu'ocessing of signals derived from the 
photomultiplier is rather straightforward. No active 
electi'onic elements are located within tlu^ shield; a 
.W-ll eabht delivei's the anode signal to a low input 
impedance preumplilior which drives a |iole-zero can
cellation bipolar amplifier with gain of 1600. The out
put of the amplifier is loaded with 50 il for an ad
justable p.'iralysis tliscriminator (APD)'"" set at a 
9-5-m.A level. The combination of 1250 V applied to 
the Iihototube, the amplifier gain, preamplifier inatch
ing, anil discriminator level is sufficient to count pulses 
in the neighborhood of .W keV. A precise deadtime of 
10 /xsee is applied by the APD. 

Plateaus with slojies of 0.1%/mA on the discrimina
tor. l''r 100 V in high voltage, and comparable results 
in amplifier gain are obtained. 

The APD feeds either or both of two scaling sys
tems, tine contains a recycling timer which initiates at 
pre-set intervals the readout, resetting, and count start 
of the scaler. The readout is printed on continuous 
paper ta|ic. This readout station is mobile. 

The parallel sealing system ]>ermanently located in 
a counting room derives a M-il terminated pulse from 
the Al'D. This pulse is reshaped in one channel of a 
six-channel automatic reailout slation. The output 
from this system is punched on cards. 

Data from either of the two readout stations may 
be processed by the computer program SATURATE 
which determines the saturated activity for each data 
point based on the known irradiation conditions. A 
weighted mean is taken for all data points. Included 
in the program are corrections for pumping time, mix
ing time, deadtime, point-by-point normalization, 
backgi'ound. and other factors. 

Performance of the system has been satisfactory. 
Correction- for finite pumping time for rates of 300 
liters h are in the order of '/2%. The background level 
is now about 33 c s integral from the lower level dis
criminator. Experiments indicate that by setting an 
upper level discriminator at about 3 MeV an addi
tional 4 e/s, caused chiefly by co.smic riiys, could be 
excluded in anticoincidence without loss of Mn-56 
counts. 

Checkouts can be made using various sources which 
fit a penetration in the counter. Ra-226 in equilibrium 
is a useful standard because its overall spectrum and 
enilpoint is roughly equivalent to Mn-56. 

The overall efficiency for counting is about 0.37% 
per Mn-56 disintegration in the entire bath system. 
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Fio. V-3-3. Shielding for On-Uiie Counter. ANL Neg. No. 

This corresponds to about O.ie'o efficiency per source 
neutron (at a MnSOi concentration of about 400 g/ 
liter). 

Since background experience indicati's a highly 
stable level, it is possible to consider the counting of 
sources with emission rates of only 10^/sec with pre
cision of 0.1% in u normal cycle of two days. The 
two-da.y cycle consists of one da.v to activate lo ^alura-
tion (ten half-lives) and one day for decay to bai'k-
ground. 

A number of sources have been calibrated ;ind com
pared with tfie U.S. standard neutron source, NBS-II. 
and the neutron emission rates for various fission 
sources have been deterniined for neutron yielil meas
urements.^ Several precision measurements of funda
mental cross sections are anticijiated with the aid of 
this improved manganese bath system. 
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V-4. Transport of Decaying Activity Through Laminar'and 
Turbulent Flow Sys tems 

K. POBQES 

The injection of radioactive isotopes into a liquid or 
gaseous stream hir the purpose of measuring the flow 
rate has been widely applied in technology since it was 
first proposed in 1922.'" The converse problem of deter
mining the half-life or the rate of injection of some par
ticular activity from the known flow rate, is of mterest 
only in some specific experiments; if thus appears to 
have been considerably less thoroughly explored than 
the technical aspects of tracer flow measurement (for 
which a recent review cites 41 references). 

In this note, two such experiments will be considered 
to illustrate the influence of the established flow pattern 
on the mean transport time through a certain duct. In 
either of these experiments, one wishes to infer the rate 
of injection or gener.ation of a known activity from 
the count rate of a detector through (or past) which 
the activity is carried by a stream of esbablished aver
age flow rate. The me.an transport time will be shown 
to depend very strongly on the type of flow, laminar or 
turbulent. For long ducts or short half-lives, the decay 
correction which must be applied to the measured count 
rate to obtain the injection point activity is thus poorly 
defined unless the duct geometry is simple enough to 
make the flow pattern wholly laminar or turbulent. 
Since this is usually not the case in practice, careful 
calibration experiments are mandatory for precision 
measurements if the parameters of the .system cannot 
be adjusted so as to render the correction negligible. 
In any case, the blanket application of an exponential 
decay correction, frequently used in the tecfuiical litera
ture but applicable only for an ideally turbulent flow-
pattern, should he discour.aged. 

The first of the two examples in which this decay 
correction is of some interest is a manganese or va
nadium neutron source calibration bath with oiidine 
flow counter. In this experiment, a neutron source is 
inserted into a large spherical tank containing either 
mang.anese or vanadium in aqueous solution. 
2.58 h Mn or 3.77 m V , continuously generated by 
neutroii capture, is uniformly dispersed in the bath 
through vigorous .stirring; the solution is al.so pumped 
thi'ough a loop passing through a g;mima counter, which 
may be located at some distance from the tank to re
duce backgrotmd. 

The second example concerns the po&sibility of esti
mating the extent of a fuel element leak from the signal 
strength obtained in a calibrated delayed neutroii de
tector situated in a loop which siunples the coolant just 

after it lias passed through tbe core. Such fuel failure 
detection systems are now installed in most sodium 
cooled reactors; for example, in EhR-I I . ' 

To estimate the decay correction which applies for 
either case, we suppose that a single continuously gen
erated activity of decay constant X is homogeneously 
dispersed in a liquid at the entrance of a circular duct 
of radius a. The specific activity n{\) (decays/cc-sec) 
averaged over the cross .section of the duct at a distance 
1 downstream. 

n(l) f ni\,. x)-2Trrdr, 

is measmed; the specific activity n (0) at the point of 
injection is to be calculated from this measurement and 
the established average flow rate F (cc/sec). For liquids 
with a viscosity comparable to that of water, one finds 
that the flow pattern will be purely laminar for flow 
velocities corresponding to a Reynolds number below 
about 2000, and eompletely turbulent for Reynolds 
numbers above 12,000."' Flow velocities within the 
range 

40 < F/a < 2.50 

thus do not permit a reliable I'alculation of the decay 
in transit. It is therefore expedient to calculate the de
cay corrections for either type of flow as limiting cases 
between which the actual correction must lie. 

For ideal turbulent flow, continuous mixing takes 
place along the stream throughout the cross section of 
the duct; every part of the liquid moves at the same 
average transport velocity F/rro". The decay correction 
thus is straightforward: 

K ( 0 ) = H(l)exp iW/F). (I) 

where V = m\. F'or I'oiseuille (lamin.ar) flow, the 
Imear flow speed v(r) at r:idius r is given by' 

c(r) = (n- - ,'')A/)/4^1 (2) 

in terms of pressure difference Ap and viscosity coctti-
cient p. Integration over the cro.ss section of the pipe 
yields the flow rate 

F = mAp/8p\. (S) 

Combining these two equations, one can exprc.'is the 
transit time ((r) in terms of known parameters. 
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The average specific activity at 1 thus becomes 

11(1) = dUOj/ira') f e x p [ - M 7 2 F ( I - r'/a')\2irr dr 

which can be written as an exponential integral of 
second degree, 

nd ) = bn(0} [ exp {-u)~= n(O)Eiib), (5) 
h It' 

with the substitutions 

n = li/a - r'/a'). \V/2F. (6) 

For small values of the argument, an expansion of 
Aj(/j) is available which yields tbe correction 

k,= ln(0) - ni\)\/niO) 

= (<10.422S - III /( + b/2 -b 

-+b"-/\ii - l ) f !" ' ] 

s ; bin (1..5'26/fc) -b l'/2. 

(6) 

In contrast, this correction for the ease of thorough 
mixing (turbulent flow) is, according to Eq. (1), 

k, = 1«(0) - / i(l)]/«(0) 

= bi2 - 2b -\- 46V3 - 2feV3 " ' )• (7) 

The difference between the decay rate at the detector 
!is predicted by Eqs. (I) and (5) is plotted in Fig. 
V-4-1, which indicates that small vtilues of b, corre
sponding to slow dec;iy and/or rapid flow, allow decay 
corrections largely independent of the flow pattern; 
the same is true for a narrow range of values near 0.8, 
when the average transit times characteristic of Poi.se-
uille and of turbulent flow arc again eiiiial. For a sys
tem with parameters which put // in the region of Ihe 
peak ill Fig. V-4-1, Xirln !5; 0.3 F/a, it is evidently 
advisable to ihaiige the pumping speed, rearrange the 
geometry or make very careful calibration measure
ments. 

These observations apply directly to the neutron 
source calibration experiment mentioned above. For a 
manganese bath, either correction may in principle be 
kept well below 1 % if tbe solution can be pumped 
through the detector with a mean transport time V/F 
of the order of 10 sec or less. This is not necessarily the 
case, however, when vanadium is used as a neutron 
capture indicator. Tbe short lifetime of V-.K, which in 
f.act constitutes the principal advantage of tfus activity 
in activation meiisurements where one generally must 
wait for equilibrium, also makes the appearance of a 
correction of several per cent likely for practical flow 
svstems; the onset of cavitation and similar flow in
stabilities in the detection volume imposes an upper 

F I G . \ ' - 4 - 1 . Decay Correction Difference, Turbulent and 
Laminar Flow in Cylindrical Duct. .\NL Neg. No. 112-8824. 

limit on the pumping speed. Since the viscosity of a 
strong salt solution is likely to be considerably higher 
than that of pure water, the onset of turbulence occurs 
at a correspondingly higher Keyiiold's number. At tbe 
same time, stagnant volumes ami turbulent eddies nnike 
their appearance at high flow rates. All these factors 
militate against the po.ssibility of sy.steni operatimi iu 
the ideal turbulent regime; hence the deca.y correction 
c.annot fie assumed to be sirietly expmieiitial. .Similar 
restrictions apply, in fact, to flow meters using i.sotopes, 
for which reason such equipment is usually cap.'ible of 
exact measurements only by comparison wilh a set of 
calibration plots. 

In the second example, one re<[uires a slight elabor;!-
tion of the simple results derived above to include, on 
one hand, decay in transit through the detector and on 
the other hand a number of activities of different liidf-
lives. The detection station for fuel element rupture 
monitors often consists simply of a graphite stack su'--
rounding a certain length (3 to 4 ft.) of the loop duel; 
neutron detectors are embedded in the graphite, as 
shown schematically in Fig. V-4-2. Let 

( = overall detection eflicieney (counts per de
layed neutron emitted inside the counting vol-
imie Vc), 

I'd s volume of the duct between the point where 
fresh fission products are injected into the 
stream and the boundary of the detection vol
mne (i.e. the edge of the graphite st.'ick). 

http://Poi.se
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I. -s length of the detection volume, 
7' = Vi/F = transport time. 

The count r.ate B, for ideally turbulent flow may be 
readily shown to yield 

R, = niii)e\\ Y. ia./mT)e'''"''il - e " ' ' ' ' •), (8) 

where 

VJV, 

The smii is performed over the six delayed neutron 
groups, of initial relative strengths a, . For the ease of 
I'oiseuille flow, we proceed agidn as above and define 
the rate R,, ns a double integral 

i?p = «(0)Er. Z o. I exp [^-X,7'/2 (^1 - ^ j ] 

' f exp[-«X,T/2L(l-Q] 2rrfr dz 
liTT ' 

which can be cast into the form 

Rp = 

m\T 

(¥) (1 -b m)-Ei 

(9) 

after two partial integrations. 
For a practical example, the choice m = 0.05 was 

made, which correspoiKls rouKhJy to Ihe EBR-II instal-
hitiori, and delayed M(;utron purnnu'iera were taken 
from Ihe litiTatiire. The <|Uantities [/t*(/n(0)el'M and 
[Rp/n(0)(Vc] were then calculated on a digital com
puter, for which purpowe values of the exponential inte
grals for larger than unity arguments were approxi
mated by a polynomial fraction and for small values 
of the argument by the usual expansion.* The result is 

FIG. V . 4 - 2 . Schematic of Delayed-Neutron Fuel Element 
Rupture Detection System. ANL Neg. No. lli-8889. 

'̂ ^^^^^^••••••?^*^t: 

^^^ •. ^̂ .-.. 

• TURBULENT FLOW 
A LAMINAR FLOW 

F I O . V - 4 - 3 . Plot of the Contributions by the First F<.i 
Delayed Neulron Emitters. ,4.V£, Neg. No. mSiHS. 

shown in l"ig. V-4-ii, where conlnbul i<ins by ihc firsi 
four delayed neutron emitters are pinllcd .sc|i;ii;ilcl\ 
both for laminar and for turbulent flow, atid the sum \-< 
also shown. It appears from this plot that the discrcp-
:mcy between p]qs. (8) and (9) amounts to a factor nf 
about two over the range of transport times of practical 
mterest. 

Regarding the practical application of this calcula
tion to the determination of the extent of a fuel failure, 
the method of sampling the cooUmt flow In the fuel 
failure monitors presently installed in fast reactors pre
cludes any such possibility. For the next generation of 
such plants, however, individual sampling channels, 
which effectively gather the flow from a subgroup of fuel 
elements, may well be deemed desirable in order to 
expedite the difficult problem of locating a failed ele
ment. The determination of diuna^e extent should then 
be considerably more accurate, and the present calcula
tions may play a useful role in that connection. 
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V-5. No le on the Design Logic of Transient Detect ion S y s t e m s 

K. PORGEK 

Transient iletection systems arc increasingly em
ployed in nuclear safety channels to provide timely 
warning innl possibly automatic remedial action when
ever the channel count rate exceeds a preset level and 
certain other conditions obtain. A typical example of 
such a system is the fuel element rupture detector 
(FERD) recently installed in KBR-2.'" In this instru
ment, the outputs (jf four independent delayed-neutron 
detectfir <-hannels are fed to a count rate diseriminator, 
consisting of a c(>unt I'ate meter which converts the 
digital injMit into an .imdog signal, and of a voltage 
dilTerence amplifier and trigger which comjiares the 
analog signal lo some reference voltage. Ordinarily, 
this reference level is an adjustable dc biiis; the trigger 
then responds to ex<'Ursions superimposed on the chan
nel hackground, which varies with reactor operating 
history (due in coolant activation ;us well as contamina
tion with fissionable material). On the other hand, the 
slowly varying mean background level may be used as 
a reference level (MliR) . thus making the trigger re
spond to excursions only. A dc reference instrument is 
capable of detecting slow leakage of one or several fuel 
pins, but evidently does not allow setting the trigger 
level for some specific transient amplitude above mean 
background. The latter type of operation is possible 
with an MHR excursion monitor, which in tum cannot 
detect slow leaks. Transients are presunuibly associated 
with sudden and violent fuel pin cladding rupture and 
have durations of the order of the time of passage of a 
piece of highly contaminated debris past the detector 
installation, typically a few tenths of one second. Ad
mitting now that a fuel element rupture constitutes a 
clear danger to the plant, whereas the slow leakage of 
any number of fuel [)ins does not necessarily call for 
immediate remedial action, the advantage of using a 
mean background reference level becomes evident. 

The operation of either type of excursion monitor is 
subject to a certain false alarm freqv^ncy, due to na

tural statisti<-al fluctuations in the backgroun<l or 
spurious transients caused by certain malfunctions in 
adjacent electrical cfjuipment. Siiu-e at least two neu
tron detectors are usually employed in monitors of the 
type described, there exists the possibility of separating 
the output signals from the available detectors and re
quiring coincidence between these separate channels, 
which would be expected to eliminate spurious electri
cal noise. This further raises the question as to whether 
such a logical "and" system has a higher or lower rate 
of false alarms due to natural background fluctuation 
hi comparison with the "or" system (in whicli all chan
nels are combined ahead of the count rate <liscriini-
nator), lus illustrated in l''igs. V-5-la and V-r)-]b. 

To attempt to treat this question tiuantitativcly, we 
suppose thaf a "typical" transient cotisists of a group 
of M pulses in each of k detectors, with a duration T 
much shorter than the CRM (count rate meter) re
sponse time Tb, and further assimie that the number M 
is Poisson-distributed with variance (i l /)"^ This ad hoc 
assmnption implies that a roughly constant number of 
delayed neutrons is emitted within reach of the de
tectors per transient and neglects, for the sake of simpli
fying the argunient, the considerable range of fuel fail
ure signal amplitudes one should actually expect. 

For reasonably large values of M, the Poisson distri
bution can be approximated by a Gaussian distribution. 
One may then express the single channel detection 
efficiency e for a channel trigger which fires on a group 
containing at least A pulses above mean backgromid: 

eiA,M) = 1 [̂1 + * ( x ) ] , (1) 

where 

.r = (.1/ - A)/i2M)"' il') 

and^C^i), the normalized error integral, is defined liy 

* ( i ) e lU. 
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whence 

0-
(b) 

t)j . d ; . 1I3 = DETECTORS DC = OPTIONAL DC BIAS 

CRM : COUNT RATE METER DA 1 OlFFERENCE AMPLIFIER 

F = LOW PASS F ILTER T = TRIGGER 

A D - PULSE AMPLIFIER AND PULSE HEIGHT DISCRIMINATOR 

1 = INTEGRATOR WHICH ESTABLISHES MEAN BACKGROUND 

Q = COMPLETE ALARM DISCRIMINATOR INCLUDING CRM. F, I, OA AND T 

OR : LOGICAL " O R " MIXER N = A B . AB , ETC. 

AND : LOGICAL " A N D " MIXER N = AB 

FIG. V - 5 - 1 . Logic Transient Detector System: (a) 
(b) "AND". ANL Neg. No. 112-8940. 

Practical considerations demand operation of a tran
sient detection system at efficiencies « in the range 
0.90 ^ e ^ 0.990. Within that range, the efficiency 
function given by Eq. (1) can be closely approximated 
by a simple exponential fimction 

1 - Be" (2) 

•IS shown in Fig. V--5-2, wliere parameters B = 1.9, 
p = .'i.l7 were used to ohtain a reasonahle fit. The over
all efficiency of k identical channels with required 
i-fold coincidence is equal to the Ath power of the single 
channel efficiency, 

E.,^0 = (' ^ 1 - Bke (3) 

This must now he compared to Ihe "or" system in 
which all k channels are mi.\ed ahead of a single CRM-
excursion trigger unit. Supposing that the latter is set 
to trigger on excursions consisting of Q or more pulses 
in a group, we find 

= 'a l l + 'tiy)] ^ I - B e - " ; 

ikM - Q)/i2kM)'i'. 

Eos = mi + 'I'(i/)1 .^ I - Be-"": (4) 

(4') 

To provide the same detection eflicieney for either 
type of logic, set 

E.iyD = Eon , 

= y + h; i\nk)/p. (5) 

We consider now the false alarm frequency, in the 
limit of large values of the parameter .V = nTt (the 
number of background pulses in one CUM response 
period) which allows one to make use of Campbell's 
theorem' 

n I \F(t)]'dl. (6) 

where Fit) is the voltage pul.se at the dLsi-riminator 
input in response to a single count and a, is the sei'oncl 
moment of the trace probability dislribulion. The false 
alarm frequency / ( a ) at a trigger level a above moan 
background amounts to the combined ch;un-e of fimliii;; 
the trace within some distance tla below a. having at 
the same time a positive slope /3 which will make it 
reach or cross a in unit time; 

jia) = r P,(a)'^P,(li)dli 
•'fl-n at 

PA 

(7 ) -

PJli)0dl3, 

where P , (a ) is the trace and PAS) dff is the slope proba
bility distribution. The output of a CRM in response 
to background normally consists of a series of sharp 
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;«n 
positive steps connected by exponentially declining 
trace segments. The steps, say of height AV, have a 
rise-time of the order of the duration of input pulses, 
typically 1 pace; exponential decay follows the CRM 
time constant Tt,, of the order of seconds. This type of 
trai'e clearly ha.s a very strongly nim-Cinussian slope 
(listribiilion P,(t/) iltl; lis a consequence, tfie formalism 
considered above would be less meaningful if applied to 
this "raw" CR.Vf trace than, .say, a pileup treatment 
along the lines suggested by R. Gold.' As it happens, 
the display ciiuipment (servo-feedback pen recorder) 
usually fed by a count rate meter contains a p.artly 
electrical, partly mechanical integration (low pass fil
ter) stage with a response time of at least 0.5 sec. Low 
pass filtration clearly reduces the fluctuations, hence 
the false alarm frequency, by a large factor. Considera
tions similar to those usually invoked in disciLssions of 
pulse amplifier noise lead one to make the filter time 
constant equal to the CRM response time Ti. In the 
following, such a filter is assumed to be inserted be
tween CRM output and trigger circuit input. At the 
same time, the visual recognition of debris-emitting 
cladihng failures is evidently facilitated if a fast-
responding chart writer or oscillograph is available 
which displays the (TiM "raw" output with an inte
gration tinu^ of piTh.aps one tenth of the expected tran-
sicrit. 

The filter ahead of the aljirm discriminator results 
in a slope distribution which may be fairly represented 
by a (iaiissian, 

P,iS) dff = (f//3/VSrJ.) exp i-li''/2ol), (8) 

together with a similarly structured level distribution, 

P.ia) da = ida/y/Yrra.) exp i-exl2o\). (9) 

The distribution parameters tjc and (T. can now be calcu
lated from Eq. (6), into which the single input re
sponse for eciual time constants. 

Fit) = A l - ( / / n ) e x p i-tITi) (10) 

and its time derivative dF/dt, are respectively in.serted. 
One thus obtains 

o. = VnT,.iAV/2) 

and 

cr, = Vn/mAV/2). 

The integral indicated in I'>|. (7) becomes 

fia) = . ^ e x p ( - a V 2 < r ; ) 

(11) 

(12) 

(13) 

for the Gaussian probability distributions given Iiy 
Kqs. (8) and (9). Sub.stitution of the second moments 

given by Eqs. ( I I ) :ind (12) yields 

fia) = i2irT,.)^\-x))t--2a''n'l\AV'\. ( i : i ) 

This derivation essenli:illy follows N. Campbell MIMI 
V. Francis and is preferre<l here lo the more ele 
garil derivation outlined by S. Hico, since it relates Ihe 
results more directly (o certain limiting ;ussumpl iotis. 
If now each channel open.s a gale of length r at tlie 
input of the coincidence circuit for the "jind" logic 
scheme, the overall false coincidence rate amounts to 
the A:-fold accidental coincidence rate 

I^Af/D = l^'r f . (14) 

It remains to defme the voltage level a in terms of the 
detection efficiency considered above. For this piu-pose, 
we require the peak filtered CRM output in response 
to a transient pulse gnuip of A pulses in time T. For 
the situation considered here, T will come to a few 
tenths of one second. As regards Tb, Eq. (13 ) shows 
that this time must be made large in order to reduce 
the false alami frequency; au upper limit is, on the 
other hand, imposed by the requirement of timely 
warning. One thus arrives at a reasonable value Tt, ̂  10 
sec. The circuit response lo the transient is thett closely 
similar hi shape to Ihe single i)ulse response, given by 
Kq. (10), from which one readily finds a i)eak height 
AAV/e {e = base of natural logarithms). This must bo 
set equal to the discriminator level a if a group of A 
pulse.s just fires the trigger. Inserting the parameter .r 
corresponding to ^ according to Eq. (! ' ) , and substitut
ing the single channel false alarm frequency given by 
I'̂ q. (13 ) in Eq. (14), one finally arrives at the "and" 
logic scheme overall false alarm frequency 

FAI^D = kT''-\2irT,)-' 

2kAr 

FOR = {'lirT,) 

[-©••'] 
ogous develo])nic 
larm frequency 

'-'fi?['-(Ar.]i. 

(ir,) 

where N = nTb. An analogous develo])nient yields 
the "or" logic scheme false alarm frequency 

whence one obtains the ratio 

(bi) 

(17) 
XITTJ 

•^pC^iVkx - ii)W2kM ~ iVI-x - i/)\\. 

Inserting now the condition of equal detection effi
ciency, Kq. (5), this becomes 
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•{(r-S)[' 

\'N 

+ v 
/M iVT' (18) 

( V ^ - 1) VfrIk/2 - hkl 

= P 

/' ln [ ( l 
-'In/.-, 

/•;„.)//?), 

B = 1.90, 
A- = 3.17. 

The first exponential factor outweighs the second one 
in all but trivial cases, such that the net exponentiiil 
term is positive. Whether "and" logic results in a higher 
or lower false alarm frequency due to fluctuations in 
the background tlius depends largely on the ratio of 
the coincidence gate r to the CRM response time Ti. 
Now the full rise-time of excursion pulses of shape given 
by Eq. (10) is just equal to Tt. As some of the channels 
may receive groups rather larger than A, the triggering 
delay t must be expected to vary from a short time 
( « Ti to Ti after the onset of the event. Consequently, 
the gate length r is practically limited to the order of 
Ti if no coincidences are to be lost due to "timing in-

(di V A/o — 

IANDI 
(FAST) 

h 

lAND' 
(SLOW) 

P F C I R C U I T I D E T A I L I 

riiTi ;Ps CIRCUIT (DETAIL) 

Fii,. V.5-3. "FaHt-Slow" and Logic Transient Detection 
(For Symbols see Fig. V 5-1). ANL Neg. No. 112-8819. 

efficiency". The false alarm ratio given by VA{. (18) 
thus will not differ signihcantly from unity over a faidj 
wide range of conditions, a result which is intuitively 
reasonable since the same total amount of input "in
formation" has been used for either scheme and only 
processed differently. However, just ;ui in a simihir 
situation which obtains in nuclear coincidence rouDiini^ 
work, additional information is in fact available fdr 
the "and" logic scheme: the (jriset of the event can IH-
ascertahied at least within the time T from the "raw" 
CRM channel trace by means of a "fast" coincidence 
stage whose gates may then be of length T. This second 
coincidence unit will necessarily pass a large miniber of 
false as well as true coinciderwes, from among which 
those which also fulfil! the pulse height requirement 
imposed by the channel trigger levels are selected by a 
gate across the fast coincidence output opened by the 
"slow" coincidence stage. 

This type of system, shown as a block diagram in 
Fig. V-5-3, evidently can result in several orders of 
magnitude improvement in the false alarm fiequency 
(or, conversely, in sensitivity of detection). Moreover, 
as considered above, the false alarm rate due to electri
cal noise pickup should also be considerably reduced. 
Availability of separate chatmel CliM's furiher allows 
the sinuillaneous j>resenta(i(in of al lea,sj two .-̂ eparalc 
channels through an oscillograph equipped wilh Uvo 
galvanometers, as a more cfinvincing indication of ihe 
presence of some phenomenon which aHecIs all channels. 

In view of the large number of parameters (M, .V, T, 
Tb , EoR , I') involved in Eq. (IS), n graphic presenta
tion of this equation would exceed the limited scniK-
of this note. A single numerical example nuist suHicc 
here: let ^f = 25, Â  = 100, T,. = 10 sec, T = 0.2 sec, 
require E„H = 0.95 hence y = 1.10 [cf. Fig. 2 or F(|. 
(4)] and consider fourfold coineiden<-es. Eq. (Iti) then 
predicts a fret^uency FQH = 1.0 X 10~* see"', wherc:is 
Eq. (15) with gates T = 0.2 sec yields F^^o = 3 X 10^" 
sec~V 

The treatment given here may be further develo|K'(i 
to consider "voter" coincidence (where, say, any three 
out of four channels are accepted) as well as digital 
count rate meters, for which Poisson statistics would 
be more appropriate. As concerns a practical imple
mentation, the FERD system was originally designed 
to allow "and" logic t)peration with some additional 
circuitry, but is presently using "or" logic. Ik'htre any 
changes are seriously contemplated in that system, the 
predictions nuide here must still be verified by experi
ment. Tests of this kind (for which rales and times arc 
increased and decreiuscd, respectively, by al least a 
factor of 20 in order to obtain statistically meaiiitiKful 
results in ;i reasonable ruiming time) are in preparation. 
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V-6. T i m e Reso lu t ion in Na l ScintUlator-Junct ion Detector 
Fast Coincidence S y s t e m s 

K. PORGES and R. GOLD 

In a < oil lpl on-recoil-gam ma upeclrometer now being 
instrumented, a large silicon junction detector is placed 
in a collinuited ganmia Iteani while two or more Nal 
scintillation detectors arc arranged so as to intercept 
the scattered gamma radiation within a eertaui well-
defined solid angle. A similar instrument" was designed 
primarily for a specific task not requiring capability of 
working with input gamma spectra covering a wide 
energy range; a relatively large backgrotmd arising from 
false or accidental coincidences was thus not unac
ceptable.^ In contrast, the present design aims at the 
precise measurejuent of complex ganmia spectra from 
about 100 keV through 10 yieX and thus retjuires fairly 
elaborate means to reject false information. In particu
lar, a coincidence requirement between fast side-
channels is imposed, which is expected to eliminate 
background roughly to the extent to which coincidence 
gates can be made small. To illustrate this point, count 
rales in eillxT channel, Jis well as the accidental-to-true 
coinci(h'nc<' ratio, are given in Table V-O-I for difTerent 
input eruTgies. ('alculations were made on the basis of a 
2-m(' source strength; nuich weaker sources evidently 
would require excessive time for the accumulation of 
the upper energy region with good statistics, while 
nuich stronger sources would overtax the junction de
tector channel. The accidental count in the gamma 
chaimel is largely due to direct transmission of source 
radiation through the shielding and scattering in media 
other than the junction detector. The approximate 
numbers given in Table V-O-I were calculated by mak
ing use <if the extensive literature on the subject of 
shielding,*'*^ and scaled to a series of tests. In addition 
to the fast coincidence requirement, a pulse-height 
discrimination scheme, described previously,' will be 
used and it is expected to reject a large fraction of the 

false counts piussed liy the last <-ointidrnce slop, ll may 
tints be estimated that an accidental-to-(rue ratio of 
0.1 to 0.2 will still keep the backgrotmd contamination 
of the measured spectrmn to less than 1 %. For a 2-mC 
source. Table V-6-I indicates that this design goal re
quires coincidence gates T of the order of 10 nsec. 

To allow a coincidence counting efficiency of 95%, 
the cumulative timhig dispersion of the fast channels 
must be kept less than about one-third of 2T (7 usee 
for T = 10 nsec). As concerns the electron channel, 
suitable circuitry can in principle keep the timing jitter 
within 5 nsec. For the gamma channel, timing uncer-
tamty arises in the first instance from the statistics of 
photoelectron emission, and in the second instance from 
dispersion in the transit time of the electron avalanche 
through the photomultiplier. While these eftects have 

TABLE V-6-I. AcciDENTAi.. COINCIUBNCES ANI> OTUKII 
CORRECT RATES FOU GAMMA llucoii. SpEcritoMU'i'Kit" 

A., 
McV 

0.1 
0.2 
0.5 
1.0 
2.0 
5.0 

10.0 

T° = 10 

0.001 
0.004 
0.010 
0.017 
0.030 
0.074 
0.092 

r'' 

r° = 50 

0.00(1 
0.021 
0.050 
0,085 
0.148 
0.370 
0.400 

r' = 100 

0.010 
0.043 
0.108 
0.174 
0.29G 
0.740 
0.920 

cps 

28 
20.8 
12.2 
7.0 
4.4 
1.9 
0.84 

l<.°, 
cps X 10" 

2..38 
1.90 
1.48 
l.Ki 
0.88 
0.64 
0.48 

* For 2 mC point source of energy Eo at 40 cm from 1 cm^ X 
2.54 cm silicon recoil detector. 

^ (accidental/true) ratio. 
* Coincidence gate lenglh in naec. 
^ Total coincidence count rate. 
• Total recoil detector coimt rate. 
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15 nsec pulse lenglh. T7, G j are connecled as a delay generator - scaler driver. 

Fiu. V-6-1. Coincidence System for Time Dispersion Meas-
uremenlB. ANL Neg. No. 112-9436 T-U 

been widely investigated in recent years, no data were 
available for the specifii- ganmia energy range, photo-
multipliei" and electronic (rircuitry considered. An in
vestigation of the timing dispersion as a fimction of 
adjustable parameters and input energy was thus indi
cated. 

These experiments, which will be reported mure fully 
elsewhere, consisted of two stages. In the first step, 
the exact gain as a function of applied voltage as well 
as the dark ciurent were measured for a number of 
photomultipliers of Type RCA-8575. The fast channel 
trigger threshold at which a given fraction of the dark 
current (consisting of single electron pulses) was sup
pressed was then determined for the two best tubes. 
For these measurements, the photonmitipliers were 
cooled with dry ice in order to avoid overloading the 
multichannel analyzer. For the second phase of the 
measurements, the two selected photon ml tipliers were 

coupled optically to :i d(Hd)le-window NaT crystal of 
about 2 X 2-in. size, and connected to the coincidence 
system shown in Fig. V-6-1. Different monoenergetic 
sources were collimated onto the center plane of the 
crystal so as to make the light delivered to either side 
as equal as possible. The slow channel outputs, after 
addition in a Hnear mixer capable of handling a wide 
range of pulse height,^ were applied to a single-channel 
analyzer whose output gated on the fast coincidence 
output. By this means, the number, R, of ])hotoelec-
trons released from each photocathode cotdd be se
lected within a fairly narrow range. This number R, 
in conjunction with the scintillator decay period 
T == 250 nsec, plays an important part in determining 
the statitics of photoelectron emission mentioned above. 
The variance attached to the release time of the gth 
out of a total of R electrons is given by the well-known 
formula of R. Post and L. Schiff:' 

al = iqT'/R')[l + 2(9 + 1)/R • • • ]. fl) 

To show the relative magnitude of this efTect, Kq. (1) 
is plotted in Fig. V-6-2 for an average requirement of 
600-0^" ganmia energy per photoelectron, and gamma 
energy near the limit of the spectrometer (100 keV). 

When anode current pulses are directly transmitted 
to the trigger circuits through .jO-fi cable, individual 
photoelectron pulses pile up near the front edge of the 
group, where the pulse width resulting from transit 
time dispersion in the multiplier is larger than the re
ciprocal pulse rate, but are resolved in the tail of the 
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Fuj. V-6-2. Time Dispersion for Photoelectron Uelease toi 
r = 250 usee and R = 1B7 (100 keV @ 600 eV/Photoelectnml 
ANL Neg. No. 112-H". 
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group. One scintillation thus may yield a large number 
of pulses, which evidently must he prevented from ap
pearing at the coincidence input in order to keep acci
dental coincidences frouT proliferating. Moreover, 
single electron dark current pulses, which may amount 
to 10*/sec or more, must also he blocked for the same 
reason. These consideralions call for raising the trigger 
threshold to a height corresponding to pileup of the 
se<'ond or third photoelectron and imposition of a 
paralysis of severtd decay peri(^ds. This results in an 
increase of the tijuing dispersion which may be judged 
from Fig. V-6-2 as still quite acceptable for the worst 
case (low energy and relatively low' conversion effi
ciency). 

Delay versus count rate plots were obtained with the 
system shown in Fig. V-6-1 adjusted as outlined above, 
inserting a delay trombone in either channel alterna
tively and inserting additional cable delay such that 
the trailing edge of one channel overlapped, on the 
average, the leading edge of the other channel at the 
fast adder input. The trombone used provided about 10 
ps precision; system jitter as checked with a relay 
pulser proved to be negligibly small. If the assumption 
of Gaussian shape for the overall time dispersion is 
reasonably valid, it may 1K' shown that the count rate 
(\td) at delay time td , is given by the expression 

where r ( 0 ) is the zero delay count rate overlapping 
gates and 2 = (a? + ol)'". Thus, 2 is the combined 
variance due to both ('hannels, while oi is the variance 
of each channel, t = 1,2. The function 4> is the error 
function. 

Expanding Eq. (2) near the point r = U , one further 
obtains 

5600 

CHi) cm 

-(r('^F)[-u'^)'-i 
(3) 

The quadratic term of this expansion vanishes while the 
third-order term is small as long as it^ — r) ^ 2. This 
circumstance may be exploited by least-square fitting 
astraightliiie througli the mea.sured points and comput
ing the .slope at the point r = /j . An example of such 
a i)lnt is shtjwii in h'ig. V-fi-.S. llcforring to Eq. (,3), 
llic cli.'uinel time vtuiance a for the ciise of equal chan
nels is given in tcniis of the measured slope idC/dU), 
and the ((iiint rate r ( 0 ) at 1(X)% coincidence efficiency, 
by the simple rehition; 
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C(0)/2V' \dtjr 
(4) 

0.68 0.72 0.76 0.80 0.84 0.88 0.92 

DELAY, nsec 

F I G . V - 6 - 3 . Leaat Square Fit of ])elay Coincidence l):ila, 
Co«" Source. ANL Neg. No. 112-9438. 

Preliminary results with Co-60 and ('s-i;i7 somccs 
agree with a recent measurement based on time-to-
amplitude conversion rather than the slope fitting 
method outlined above, when allowjuicc is made for 
the higher trigger levels used in the present tests. 
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V-7. Versatile Gated Discriminator wi th Adjustable Paralysis Useful in 
Fast-Slow Coincidence Experiments 

A. D E VOLPI, J. J. ENGLISH,* A. J. METZ,* A. PORGES and S. J. RUDXICK* 

INTRODUCTION 

Nuclear experiments frequently require instru
mentation capable of determining precisely both the 
amplitude and time of occurrence of detector pulses. 
On one hand, the extensive decay times associated with 
inorganic scintillators (and some other detection de
vices) warrant imposition of a fixed overriding paral
ysis, partly to allow sufficient integration time to 
process a "slow" signal in order to make an amplitude 
decision (such as in a single-channel analyzer), partly 
to prevent retriggering of a discriminator during the 
pulse duration, and partly to permit accurate calcula
tion of the deadtime correction factor. On the other 
hand, timing information must be preserved for fast 
coincidence analysis. Superimposed on these require
ments is the fact that the analysis of accidental and 
instrumental coincidences is greatly simplified if the 
paralysis accompanying the slow energy-selected pulse 
is also applied to the fast timing pulse. 

Features which are desirable in a versatile dis
criminator to be used in such applications include a 
fanout with independent pulse shaping provisions for 
fast and slow output signals, a separate high-level 
scaler driver output, a gating feature which allows the 
scaler output to be enjoined in the absence of a coin
cidence gating signal or the presence of a blocking 
signal, and a highly stable paralysis which applies to 
all outputs and is adjustable over a wide range. 

CHARACTERISTICS 

The Adjustable Paralysis Discriminator is a nega
tive pulse discriminator with an adjustable and well-
defined nonextendable paralysis. Ambiguity in output 
pulse width and paralysis is minimized by use of 
100-MHz logic for the internal circuitry. Input im
pedance is 50 n. The discriminator threshold is con
tinuously adjustable from 1 to 11 mA, with integral 
nonlinearity of ±0.5% for pulses with risetime greater 
than 10 nsec. The input is sensitive to negative pulses 

• Electronics Division, Argonne National Laboratory. 

as narrow as 5 nsec. The circuits are packaged in 
double-width AEC-NIM standard modules. Each 
module contains two circulits. 

The paralysis time, 0, of the APD is continuously 
adjustable over the range 0.1 ,usec to 10 /tsec by means 
of an internal potentiometer. The range can be shifted 
even up to the millisecond region by insertion of an 
appropriate timing capacitor. The ratio, U', of the 
output pulse width to the paralysis time is also con
tinuously adjustable from 0.3 to 0.7 by means of 
another internal potentiometer. Adjustment of 0 and 
•n-S is facilitated by observation of the waveform at 
the monitor output (Fig. V-7-1). Variation in the 
paralysis time and pulse width at a fixed temperature 
is less than ± 1 % , even for pulse pair separations 
approaching $, and variation over the temperature 
range of 0°C to 50°C is less than 10%. This stability 
for reasonable temperature fluctuations approaches 
the ideal conditions usually assumed in analysis of 
coincidence data for precision counting. 

Each discriminator provides two pairs of ''logic" 
outputs and a "scaler" output. The dual output pulse 
amplitude is —700 m^' when both outputs of the pair 
are terminated in 50 f! and —1.4 V when only one out
put is terminated. Since the outputs are current 
sources, delay-line clipping may be used with each 
pair independently clipped. Total circuit delay for 
input pulses well above threshold is 10 n.sec, and the 
logic pulse risetime is less than 2 n.sec. The scaler out
put pulse amplitude is —18 V into a high impedance 
or —4 V into 50 il, with risetimes less than 20 nsec 
and 10 nsec respectively; a silicon diode may be 
strapped across the scaler output to limit peak 
amplitude to —1 V, resulting in a risetime as fast as 
3 nsec. 

The gate input may be set for "blocking" or ''coin
cidence" (by means of a toggle switch); if "block
ing", a scaler pulse is issued concurrently with the 
logic output unless —700 mV is provided at the gate 
input; if "coincidence", the scaler pulse appears only 
as long as —700 mV is provided at the gate input. 
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Vur \ - 7 - 1 . Internal Logic Diagram for . \PD. ANL Neg. No. US-ites. 

Both tlie fast logic output and the scaler output 
originate at the same time, but only the scaler output 
is affected by the gate requirement. If the limiter is 
utilized at the scaler output, then this output may be 
Used as a gated "logic" pulse. 

APPLICATIO.NS OF THE APD 

Aside from the straighforward applications of the 
APD in two-channel fast coincidence experiments, 
making use ot its adjustable—but stable—paralysis, 
its .scaler driving capability, and its pulse-shaping 
flexibility, there are certain useful features of the 
gating provision which justify a more elaborate dis
cussion. For convenience this topic may be divided 
into two categories: (1) coincidence with two side 
channels; and (2) anti-walk coincidence and single-
channel analysis. 

In fast-slow or slow-fast coincidence counting there 
is a significant time difference and jitter between the 
slow output and the prompt fast pulse generated 
from either the leading edge or the crossover. Some 
past techniques have centered on introducing suitable 
delay to obtain time-adjusted signals when amplitude 
requirements are met by the input pulse. By observ
ing that the primary function of the coincidence logic 
is to block issuance oj pulses to a scaler (or multi

channel analyzer) when preselected conditions arc not 
met, it is possible to circumvent the delay line require
ment by making use of pulse generating and gating 
features incorporated in the APD circuit. Past tech
niques centering about passive delay lines or active 
delay generators suffer from various limitations, none 
of which are crucial; nevertheless, there is a certain 
convenience associated with the exclusion of long ex
ternal delays which may result in risetime degrada
tion in the purely passive ca.se or extra cost in the 
other case. 

One further use of the . \PD should be mentioned: 
by lowering the discriminator bias until the tunnel 
diode goes into regenerative oscillation, the unit can 
be used as a multiple output pulse generator with 
period equal to the paralysis D and with pulse widths 
adjustable from 0.7 6 down to cable clipping capa
bilities; in other words widths from 4 usee to se\eral 
milliseconds and repetition rates trom 10 MHz to 
10 Hz. 

COINCIDENCE WITII TWO SIDE CHANNELS 

Extension of the gating principle to a coincidence 
measurement in which side channels are require<l for 
both detectors is illustrated with the aid of Figs. V-7-2 
and V-7-3. In the latter figure the fast coincidence 
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(0) 

A SINGLES OUT 

COMPENSATING 
DELAYS 

COINCIDENCES 
OUT 

jr^ a SINGLES OUT 

upper level jitter (probably no more than 20 nsec). 
The upper level discriminator scaler output pulse 
is coincidence gated by the fast lower level jiulse and 
may be used as a gated logic output. Thus the net 
module output has the timing and width of the 
slightly delayed lower level puLse, but only those 
input pulses which exceed the lower level by an ampli
tude large enough to avoid time jitter are transmitted. 

With the lower level gate used in the blocking 
mode as shown in Fig. V-7-4b, one module may be 
employed as a single-channel analyzer; in this case 
it is necessary to delay the input of the lower level 
discriminator by an amout equal to the discriminator 
propagation time (~10 nsec). Similar timing con-

(b) 
A SINGLES OUT 

(a) 

E- SC — • ] S C D | 

B SINGLES OUT 

FIG. V-7-2 . Simplified Block Diagrams of Conventional 
Four-Channel (a) Slow-Fast and (b) Faat-Slow Processing. 
ANL Neg. No. in-6S6i. 

output is reshaped by FCD. A gated output from 
FCD can only be obtained during the presence of a 
signal from the slow analyzer S D A ; subsequently 
the gating discriminator (GD) yields an output only 
when S D B carries out its gating function. Thus there 
is a coincidence output from GD only when there 
has been a fast timing coincidence and when the 
energy selection in both side channels is consistent 
with preset conditions. 

ANTI-WALK COINCIDENCE AND SINGLE-CHANNEL ANALYSIS 

One module of two APD discriminators may be 
operated as an anti-walk pair without coincidence cir
cuit, as shown in Fig. V-7-4a. For this application, one 
discriminator should usually be set about 20% above 
the level of the other discriminator, which may have 
10 to 20-nsec walk near the tunnel diode threshold. 
The upper discriminator provides a relatively wide 
pulse equal to or greater than the total walk plus the 
width of the lower level pulse. The lower level signal 
must be delayed at least to the extent of the expected 

A SINGLES OUT 

|so 

COINCIDENCES 
OUT 

EVENT A 

EVENT B 

FC ^ J -

COINCIDENCE GATE BY B-

(b) 

FCD-SO 
(GATE REQUIRED) 

GD-SO : : 
(GATE REQUIRED) ' ' 

F I Q . V - 7 - 3 . Application of APD Modules to the Dating 
Method of Faat-Slow Coincidence. .\NL Neg. No. 11S-6S66. 
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siderations apply to any type of anti-coincidence or 
logical blocking action. 

The above operations may be cascaded to obtain 
a walk-free single-ch.annel analyzer using only three 
discriminators (l'/2 API) modules) and appropriate 
delay cables as illustrated in Fig. V-7-4c. 

Another ]ieriplieral application is that of true coin
cidence o\erlap: sfiuare pulses applied simultaneously 
to the signal input and to the gate input cause a time-
coincidence output for the duration of overlap. If 
another .APD is added as a post-discriminator, the 
mininiuni overlap time can be well-defined. Minimum 
coincidence resolving time (2T) is about 50 nsec and 
maximum is into the millisecond range. 

(a) ANTI-WALK CONFIGURATION 

SINGLE APD MODULE 
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- ^ UL DISC [ -WALK-FREE OUTPUT 

COINCIDENCE 
GATE 

1 LL (TIMING) DISC 

iJCLIP (r) 

' D E L A Y 2 DISCRIMINATOR WALK 

(b) SINGLE-CHANNEL ANALYZER 
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10-20 
nsec 

DELAY 

^ UL DISC p i | 

! 1 1 
BLOCKING 

GATE; 

.j LL DISC [ - S y _ ANALYZER OUTPUT 

Vu. V-7-4. Addilioiml ,\pplirali..ii8 <if API) Modules. ANL 
Neg. No. 111-8661. 

(C) JITTER-FREE SINGLE-CHANNEL ANALYZER 
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V-8. A Moni tor For Airborne P l u t o n i u m Contaminat ion 

W. G. KNAPP 

In preparation for operation of ZPR-6 and -9 with 
plutonium as one of the fuel components, the need 
for an air monitor which would specifically detect 
airborne plutonium in the presence of uranium and 
radon-thoron-daughter-products was recognized. While 
the plutonium fuel will be hermetically sealed in 
stainless steel cans, the highly enriched and depleted 
uranium in current use is coated only with a non-
hydrogenous "paint," which provides a minimum pro

tection against distribution of airborne dust. Air 
contamination from uranium has not been a ])roblem 
to date, since there has been a maximum of about 0.5 
of the maximum-permissil lie-concentration of U-235 
based on a 40 hour exposure week (0.5 MPC' 40). 
Where large quantities of depleted uranium ate used 
or stored, emanation of radon has jitoduced high 
levels of alpha air activity in the absence cif firsh 
air circulation (such as in the reactor cells during 
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nights or weekends when the cells are in the "closed" 
condition), but again the peisonal hazard levels have 
not been approached. 

In view of this existing air burden of alpha emitting 
materials, one can appreciate the difficulty in detect
ing minute quantities of plutonium. One MPC (40) 
of airborne plutonium has a specific alpha activity 
only two percent as large as that of one MPC (40) of 
U-235. Thus, an air monitor must detect 4.4 disintegra
tions of Pu-239 per cubic meter of air per minute, in 
the presence of up of 220 (or more depending on the 
solubility of uranium) disintegrations of U-235 per 
cubic meter per minute, and in the presence of varying 
concentrations (depending on the weather, the sam
pling location and the operation of the air condition
ing systems) of radon-thoron alpha-emitting daughter 
products from natural sources or from depleted ura
nium. 

E X I S T I N G M O N I T O R I N G iNSTRtmENTS 

An evaluation of existing instruments for air moni
toring yielded two of particular interest, but both of 
which had obvious drawbacks. The impactor monitor, 
developed to its highest level by E. I. Du Pon de 
Nemours, Savannah River Laboratory,' separates 
about 95% of the radon-thoron alpha-emitting daugh
ter products. It counts the gross alpha activity from 
the residue deposited on the zinc sulphide scintillation 
detector and assumes any increase in count rate to 
be due to plutonium. The high sampling flow rate of 
40 CFM gave a significant sample so that relatively 
fast detection was possible. With the assumption that 
only plutonium contamination was possible, a one 
MPC (40) plutonium contamination could be detected 
in one hour of operation. 

When another alpha-emitting material such as U-
235 is also present, no discrimination is possible so 

FIG. V - 8 - 1 . Airborne Plutonium Monitor. ANL Neg No 
111-9006. 

that a one hour sampling of air containing 0.02 
MPC(40) U-235 would of necessity be interpreted as 
1.0 MPC (40) of Pu-239. The uncertainty in the origin 
of the alpha activity would be unacceptable in the 
operation ot ZPR-6 and -9 since concentrations of U-
235 have been known to reach 0.5 MPC(40) . 

The second monitor, developed by the Lawrence 
Radiation Laboratory,^ also has both desirable and 
undesirable features for application to ZPR-6 and -9 
operations. In this monitor the air sample is collected 
on a filter which is counted with a solid-state detec
tor. Pulse height analysis is used to discriminate Pu-
239. The flow filtration rate (1 to 2 CFM) and the 
pulse height degradation of collected radon-thoron 
alpha-emitting daughter products (5.99, 6.05, 7.7, and 
8.8 MeV) due to air space between detector and 
sample, and to dust buildup on the sample, limits 
detection of Pu-239 in normal situations to 8 MPC(40i 
hour. 

NEW JIONITOR DESIGN 

A monitor which used the best features ot the two 
units described above was developed and tested. The 
impactor was fitted with a solid state detector so that 
heavier dust particles would collect directly on the 
surface of a solid state detector as shown in Fig. V-8-1. 
Initial studies to prove the concept used a gold-plated 
silicon detector. While the combination of high sampling 
rate, physical separation of radon-thoron alpha-emit
ting daughter products (about 95%), and pulse height 
discrimination was demonstrated, the useful life of the 
detector was understandably short. A lithium-drifted, 
27r, touchable solid state detector has subsequently 
been used. The monitor, shown in Fig. V-8-1, was de
signed for a 10 CFM sample rate in order to ac
comodate a 200 mm^ detector size. 

The detector output was initially fed to a voltage 
sensitive preamplifier, but difficulties were encountered 
because the detector leakage current increased as .1 
result of radiation damage (a normal occurrence I. Use 
of a charge-sensitive preamplifier overcame thi> prob
lem. Preamplifier output has been fed both to a multi
channel analyzer and to a linear amplifier-discrimi
nator (lower level). The linear amplifier output was 
fed to a single channel analyzer. 

The multichannel analyzer with an automatic print
out option was useful in evaluating the performance of 
the monitor, and in calibrating the amplifier di>crimi-
nator and single channel analyzer window settings us
ing a plutonium source. The detector cap shown in 
Fig. V-8-1 lifts off to permit cleaning the detector, or 
it can be mated with the calibration source and the 
volume enclosed by the cap can be evacuated for cali
brating the detector. The amplifier discriminator is 
normally set to pass pulses due to radon-thoron alpha-
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emitting daughters, i.e.. ilmse greater than about 5.7 
McV. The single channel window is set to pass pulses 
due to the 5.15 MeV Pu-239 alpha events, or about 
4.9 MeV to 5.4 McV. .\nother single channel analyzer 
could be used with window settings for U-235 below 
4.9 MeV. 

The normal background in the Pu-239 "channel" 
has ranged from less than 0.2 c/ra to 12 c/m depend
ing on the radon-thoron levels (the latter occurred in 
the reactor cell containing large (luantities of depleted 
uranium). With 1 MPC(40) plutonium concentration 
ill sampled air, and a ID CFM sampling rate, the 
count rate would increase in the plutonium channel 
at 0.5 c/m (assuming about 40% collection-detection 
cHiciencyl so that reliable indication of airborne plu-
tuniuin would be given in ten to twenty minutes. 

The low count so encountered is below the range ot 
ooiint-iate meters unU'ss ,an unsatisfactorily long time 
constant is used. A siniiile counter would be suitable 
for most applications. Provision for resetting at given 
time intervals and alarming it a preset number of 
counts is exceeded during any designated time period 
should suflRce for most applications. 

A bidirectional scaler (Fig. V-8-2) may be used in 
apjilications in\olving high contributions from radon 
daughter products. The pulses from the randon source 
would be appropriately scaled down and would then 
drive the scaler negative. Plutonium channel pulses 
(including background) would then drive the scaler 
in the positive direction. In the absence of plutonium, 
the number of events in the positive direction would 
approximately equal those in the negative direction 
thus causing no alarm to be given. In the presence of 
plutonium, the alarm level at a selected positive count 
level could be a|)proached and exceeded. 

A few words need be said about the care and 
maintenance of the detector. The design of the moni
tor allows cleaning of the detector in less than one 
minute using tissue and a solvent such as chloroform. 
This should be done after about 4 to 8 hours of 
operation to pre\ent pulse height degradation due to 
builil u|i of deposit. Locating the monitor outside the 
area to be monitored and using a pipe connection to 
the interior of that area may be desirable in some 
cases. For the detector used, it is the recommendation 
of the manufacturer that the detector be disconnected 
from the electrical power periodically. While this 
practice has not been followed to date, the loss of 
resolution magnitude was sufficiently small that 
monitor operation was not affected during seven weeks 
of constant use. It is, however, felt advisable cither to 
operate the monitor only during periods of interest 
or to provide two detectors each of which could be 
0|)erated 24 hours at a time. Alternately, a detector 
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without thia limitation may ht- u.-̂ cd. With H'tianl 
to the hmited operation propoi^al, it should sufticr to 
automatically turn on the monitor an hour bofore 
start of the work day, and to discontinue oi)cration, 
at least in many locations, when the work day is 
ended. 

No deterioration of the detector other than lô rs of 
resolution due to continuous use and increased leakage 
current due to normal radiation damage has been 
encountered in seven weeks of use. No visible evidence 
of deterioration of the surface has been obser^'cd, al
though U-2§5 and Pu-239 have both been impacted 
on the detector surface, and the particles have been 
removed by cleaning as described above. 

CONCLUSION 

A Pu-239 air monitor wliich incorporates thr jn'st 
features of the impactor monitor of S I U J and thr filter 
monitor of LRL has been designed and tc'-lcd. \l 
has been proven by actual ajiplication to be sensitive 
to Pu-239 and, with lower analyzer settings, to U-235. 
The use of a solid state detector as the surface of im
paction has not caused noticeable deterioration of the 
detector. The monitor should be applicable to the 
monitoring of air for Pu-239 concentrations in the 
presence of large concentrations of U-235 and radon 
daughter products. 
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V-9. Further Development of the DDP-24 Computer S y s t e m 

C. E. COHN 

In the process of using and further developing the 
DDP-24 computer system' a number of improvements 
and innovations have been introduced. These items, 
encompassing both hardware and software, are dis
cussed in the following. 

HARDWARE 

CATHODE-RAY TUBE DISPLAY" 

The computer was equipped with a cathode-ray 
tube (CRT) display for monitoring the progress of 
on-line experiments. Use of a storage-type oscilloscope 
relieves the central processor from the task of display 
regeneration. A point in a pattern need be generated 
only once, and will then remain on the screen until 
the entire pattern is erased. (Non-storage operation 
may still be used where the display is constantly 
changing, as in the live display for a pulse-height 
analyzer.) 

The oscilloscope uses two plug-in amplifiers, one for 
each of the two axes. It was modified to allow spot 
brightening under external control. The circuit that 
was added controls the blanking deflection plates in 
the CRT. 

The interface circuitry for the unit translates the 
digital data from the computer into analog voltages 
for spot positioning and performs various timing and 
control functions. The display receives data from the 
computer through the 24-bit unbuffered output chan
nel. Transfer of a single data word through this chan
nel generates a single point on the CRT. 

The X- and ly-coordinates of a point are each rep
resented by a ten-bit number. In the data word, bits 
5-14 represent the j-coordinate and bits 15-24 repre
sent the ^/-coordinate. Each coordinate is entered into 
a ten-stage flip-flop register. The analog deflection 
voltage is formed by a ladder attenuator connected 
to the flip-flop outputs. This attenuator feeds an 
emitter follower that transmits the voltage to the 
oscilloscope amplifier input. 

Figure V-9-1 shows the control and timing circuits. 
If the output channel is ready, execution of an output 
instruction, with that channel enabled, will place a 
positive transition on the channel busy line after the 
output data have been loaded into the coordinate 
registers. That transition triggers univibrator DM1, 
which initiates a 20-,usec time interval, allowing time 
for the deflection voltages to settle to their correct 

values. At the close of the interval, univibrator DM2 
is triggered, generating a 45-fisec pulse. This pulse 
activates the CRT unblanking circuit, writing a point 
on the screen. The termination of that pulse blanks 
the CRT beam and triggers univibrator DM3. The 
latter produces a 9-fisec pulse which is transmitted 
through a power amplifier to clear the coordinate 
registers. The pulse also is transmitted through a 
NAND gate to the output channel as a "device load 
pulse", which makes the channel ready for subsequent 
display operations. (The device-load-pulse line is 
normally at ground, and goes negative during a pulse 
from any of the univibrators connected to the three-
input NAND gate. The channel is made ready when 
the line returns to ground at the termination of the 
pulse.) 

When bit 2 is a zero, a pulse on its line triggers uni
vibrator DM5. The resulting O.S-sec pulse initiates 
erasure of the upper half of the screen and makes the 
output channel again ready only after the 0,25-sec 
erasure operation is complete. Bit 3 operates similarly 
to erase the lower half of the screen. If bits 2 and 3 
are both (lulsed, the entire screen will be erased. Either 
or both halves may be erased manually with push
buttons. 

The display unit can intermittently monitor the 
status of a continuing experiment such as a fast-
reactor noise analysis (see Paper V-121. Here, the ex
perimenter decides when a display should be gen
erated. The display remains as long as necessary for 
leisurely study while the collection of further data 
proceeds uninterrupted. 

.A "lockout" facility allows this type of operation. 
The display is generated in the normal way, except 
that the data for the last point includes a pulse on the 
line carrying bit 1. This triggers univibrator DM4 
which clamps the device-load-pulse line to ground, 
inhibiting transmission of the i)ulse from DM3. There
fore, the output channel remains not ready. The pro
gram for the experiment tests the readiness of the out
put channel with a sense instruction at the time for 
generating a display. If the channel is not ready, 
the program bypasses the display operations and 
directly proceeds to collect more data. When the ex
perimenter has finished looking at the display and 
wants to see a new one. he presses one of the erase 
buttons. When the program next tests the channel 
status, it finds that the channel has been left ready 
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Fici, v o l , C.ntrol Circuils for CUT Display. ANL Neg. 
.Vo, 112-711,1. 

by the erase ojieration, so it generates an updated 
display before continuing with data collection. 

The display is also used for monitoring rod calibra
tions. Here, the operator must enter estimates of the 
final reactivity and rod position for scaling the dis
play. The rod calibration curve is then traced out on 
the sco])e as the measurement proceeds, so that mal
functions can be detected immediately. 

PAI'KR-TAl'K I'I NCH CIRCUIT MODIFICATIONS^ 

Occasional un.satisfactory behavior of the com
puter's paper ta])e punch was found not to be the 
fault of the punch proper, but rather to result from 
the characteristics of the transistor drive circuits 
that opci'atc the punch magnets. These transistors arc 
inotccted against the inductive transients occurring 
on turnoft' by dio^le or diode-resistor damping net
works, allowing current to jiersist in the punch mag
nets for a time after the transistors are turned off. 
The magnets thus remain energized too long, and im
proper operation results. That difficulty was remedied 
by modifying the drive circuits. 

A drive circuit, as modifiefl, is shown in Fig. V-9-2. 
These circuits are rated for supply voltages up to 48 
V, but only 24 V are actually used. This implies that 
the transistors could tolerate the transients that would 
occur with the diode-resistor damping networks re
turned to 48 V. This would significantly reduce the 
damping effect, since a network would be effective only 
when the amplitude of the transient exceeded 24 V 
across the coil. 

The exlra voltage is developed across a 24-V Zener 
diode connected in .series with the network. (One 10-W 
diode is sufficient for all nine drive circuits.) In addi
tion, the RC damping circuit recommended by the 

punch manufacturer is connected across each of the 
coils. This reduces the total amplitude of the transient 
without unduly prolonging it. 

An analogous modification was made to the Nuclear 
Data ND-160 two-parameter pulse-height analysis 
system used for fast-neutron spectrometry. In tliis 
equipment, the drive transistors have no reserve in 
their voltage ratings. Here, it was simjde to insert 
another driver stage using one of the new silicon NPN 
power transistors which have breakdown ratings in 
the hundreds of volts. The modified drive circuit is 
shown in Fig. V-9-3. The original driver transistor 
now furnishes ba.se current tn. a 2N4063 IBV,KII = 
350 V) which in turn switches the magnet. Because of 
the high breakdown rating, the 1!C network furnislies 
the only damping needed. The resistor Hi must allow 
enough base current to saturate the transistor on its 
connected load. (Some nonstandard timing arrange
ments were also reworked to conform to the recom
mendations of the punch manufacturer,) 

The modifications completely eliminated the puncli-
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ing errors that previously 
chines. 

V. Experimental Techniques and Facilitie: 

had ]ilagued these ma-

S o r T W A R E 

USE AND IMPRO\ EMENT OF THE KORTRA.\-IV SYSTEM 

Early in the reporting period, the computer manu
facturer issued a FORTRAN-IV software package. 
The new system has a number of advantages over the 
older FORTRAN-II system that had been in use, so 
it has superseded the older system. The following para
graphs describe a number of ways in which the new 
software package has been expanded and improved 
to make it more useful to us. 

In particular, some improved input-output sub
routines have been written for use with the system. 
Most of these have smaller memory space require
ments than the original routines written by the com
puter manufacturer. 

Paper-Tape Input 

The original input routines were programmed for a 
fixed record-length of eighty characters. If a carriage-
return code appeared before eighty characters had 
been read, the record was terminated, with the remain
ing characters set to space codes. If eighty characters 
were read without a carriage-retuni code appearing, 
the tape was run through until a carriage-return code 
was found. These characteristics made it impossible 
for FORTRAN-IV to read tapes produced by an 
analyzer in which a tape containing 1024 channel 
counts is produced with no carriage returns at all. 

To eliminate these problems, two modifications 
were made. First, the tape stops after a complete rec
ord has been read; it is not run through until a car
riage-return code is found, i However, a carriage-re
turn code encountered before a complete record is read 
still terminates the record.) Secondly, provisions are 
made for changing the record length. It is still set to 
eighty characters upon loading, but may be changed 
by execution of the statement CALL SETINP(N) 
where N is an integer giving the new record length. 

ASCII Tape Input 

The ASCII (American Standard Code for Informa
tion Interchange) punched paper tape code is be
coming quite popular. I t is implemented on some new 
equipment with Teletype output that is being acquired 
by the Reactor Physics Laboratory. Therefore a rou
tine has been provided for reading such tape on the 
DDP-24. The routine operates in conjunction with 
the tape-input routine just described, and all of the 
latter's features apply here unless otherwise noted. 

To enter the ASCII mode, the statement CALL 
ASCII is executed, after which all input tapes are in
terpreted as ASCII tapes. To return to reading tapes 
in standard D D P format, the statement CALL 
D D P T P E is executed. 

The routine interprets all ASCII numeric and al
phabetic characters, and those special characters hav
ing counterparts in the D D P character set. The only 
control character interpreted is RETURN, which is 
interpreted as a carriage-return code. All other char
acters are ignored. 

Since the ASCII code uses the D D P parity channel 
as an information channel, parity-error indications are 
used to assist decoding and do not indicate actual er
rors. In addition, all the ASCII characters generated 
by teleprinters have level 8 punched. (More sophisti
cated equipment uses level 8 as a parity level.) How
ever, the DDP-24 is wired to inhibit parity check
ing in any frame having level 8 punched. This is done 
so that a parity error will not be indicated on a stop 
code, which has no data bits and no parity bit. There
fore, for proper ASCII decoding on this machine it is 
necessary to disable level 8. This is done by a switch 
that grounds the corresponding data line from the 
tape reader. 

"ENCODE/DECODE" FaciUty 

The FORTRAN-IV formatted READ and WRITE 
statements cause transfer of alpha-numeric data to or 
from the external input or output device selected by 
the unit number. However, for some applications it 
is convenient if such data can be transferred, instead, 
to or from an area in memory, so that further opera
tions can be performed on it."" These latter functions 
are performed by the ENCODE and DECODE state
ments in Control Data FORTRAN and they were 
added to the FORTRAN-IV system by adding a suit
able subroutine to the library, appropriating a unit 
number that was not otherwise used. The subroutine 
is written to transfer the data to or from an array. 

The array is designated by the statement (WLb 
B U F D E r ( M , N ) where M is the name of the array 
and N indicates the number of data words transferred 
at four characters per word. These assignments apply 
to all subsequent operations until altered by another 
CALL BUFDEF statement. 

The unit number 8 was here selected for this use. 
The statement READ(8,n) list takes N words (4N 
characters) of al]dia-numeric data from the array JI, 
and converts them according to FORMAT statement 
n to fulfill the list. In the process, the input-output 
buffer area is loaded with N words of data from M. 
If N is less than the buffer length, the remainder of 
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the buffer area is filled with space codes. The contents 
of M are not altered. If the list and FORMAT state
ment are such as to call for multi-line input, the con
tents of M are transmitted repeatedly. 

Going in the other direction, the statement WRITE 
(8,n) list converts the list according to FORMAT 
statement n. and stores the first N words of the result 
in the array M. If the list and FORMAT statement 
produce multi-line output, the output from later lines 
will overwrite that from earlier lines. 

An example of the usage of this facility is as fol
lows: Suppose an input deck contains eight different 
types of data cards, randomly intermixed. Each type 
must be read with a different list and FORMAT state
ment. The types are distinguished by an index digit, 
from 1 through 8, puiiclied in Column 1. A card with 
9 in Column 1 indicates the end of the deck. 

The deck may be read by the following coding, 
which assunie> four (diaracters per word, and 3 as the 
card-reader unit number: 

DIMF.NSI0NMBUF(2O) , . . . 

CALL BUFDEF(MBUF,20) 

10 READI3,20I(MBUF(I) ,I = 1,20) 

20 FPRMATI20A4) 
30 RE. \Dl8,31IINDEX 
31 F0RM.AT(I1) 

0 0 T0111,12.13,14,15,16,17,18,19),INDEX 
11 READ 18,21) list 1 
21 F 0 R M . \ T ( 1 X , . . . ) 

G0 T 0 10 
12 READ(8,22|li.st2 
22 F 0 R M . \ T ( 1 X , . . . ) 

G0 T 0 10 

19 

Here, statement 10 reads the information on a card 
into the array MBUF in alpha-numeric form. State
ment 30 then ilecodes the first column to obtain the 
index digit. .\ computed G 0 T 0 branches to the ap
propriate READ statement (11 through 18) for the 
particular card. The information in MBUF is then de
coded according to the appropriate format (with the 
first column now ignored in each case) and loaded into 
the appropriate list. After the information is proces.sed, 
return is made to statement 10 to read another card. 
When a card is read having an index digit of 9, con

trol passes to the remainder of the pr()gr:iiii. st;trtiiig 
with statement 19. 

VARIABLE METRIC MINIMIZATION 

The Variable Metric Minimization (VMM) 
algorithm of W. Davidon"' is a jiowerful method for 
minimizing an arbitrary differentiable function with 
respect to a number of parameters. I t is the method 
of choice for performing least-squares fits to a function 
that is nonlinear in its parameters, such as a sum of 
exponentials. The algorithm had been programmed for 
the Applied Mathematics Division (AMD) central 
computers. A new version has been written in FOR
TRAN-IV with some improved features that facili
tate its ai)plication to on-line data processing tasks 
on a smaller machine. 

To begin with, VMM was made a subroutine in
stead of being a main program as in the AMD ver
sions. This facilitates its incorporation into on-line 
programs, and also allows it to be placed in a library 
file. Furthermore, it allows various arrays used by 
VMM to be variable-dimensioned. This aids t'fficient 
allocation of storage for problems using various num
bers of parameters. In particular, it removes the neces
sity of reserving the large blocks of storage needed for 
many parameters when only a few are being used. 

This version was written as two subprograms in 
place of the many subprograms into which the AMD 
versions are divided. This saves many instructions 
otherwise needed for linkage and branching, and 
facilitates the application of variable dimensioning. 
In the AMD Versions, all but one of the subjirograms 
are called from only one place in the VMM main pro
gram. Therefore, there was no advantage in retaining 
the subdivided structure. 

Inclusion of the name of FCN (the subroutine that 
evaluates the particular function being minimized and 
its derivatives) in the argument list, to be declared 
EXTERNAL by the calling program, makes jiossible 
the placement of V]\1M in a library file. If FCN were 
not handled in this way, its name would appear in 
the transfer vector of VMM. Therefore, the loader 
could not load FCN until after VMM had been 
loaded. This would prohibit the placement of VMM 
in a library file, since library programs are normally 
loaded after all of the user's programs have been 
loaded. However, with FCN declared EXTERNAL 
in the calling program, its name will appear in the 
transfer vector for that program. Then, FCN can 
be loaded after the calling program, but before VMM, 
so that the transfer vector of VMM will contain ref
erences only to other library programs. 

[This problem has been handled (see Paper VI-19) 



406 V. Experimental Techniques and Facilities 

in another minimization subroutine by providing for a 
return to the calling program to perform the func
tions of FCN, However, that approach would be awk
ward for VMM, since FCN is called from a number 
of different places in the program, with different 
jiarameter assignments,] 

The "RICOCHET" feature originally provided by 
Davidon" has been eliminated from this version. I t 
has been stated' that the feature does not modify the 
error matrix correctly. In addition, it occupies a con
siderable amount of memory space without contrib
uting greatly to the speed of convergence. 

The AMD versions of VMM require a parameter 
to be input which specifies the size of the random 
steps. However, a step size that is appropriate for 
displacements from the correct minimum might not 
he adequate to remove the solution from an undesired 
local minimum where the function value would be 
much higher.' Therefore, the new version calculates 
this parameter and provides that a random step would 
double the value of the function if the error matrix 
were correct. 

PAPER-TAPE DATA HANDLING FOR COSMIC-RAY EXPERIMENTS 

The computer has been used for the data reduction 
of cosmic-ray experiments recently done here (see Pa
pers VII-4 and VII-5). Large quantities of data were 
to be handled but the data rate was very low. This al
lowed the use of an existing paper-tape punch for data 
recording at minimum expense. The techniques used 
are useful in similar situations where the cost of 
magnetic storage is prohibitive. 

The experiments involved the recording of data 
from a large number of separate events arriving at a 
rate of 1-30 per minute. The data from each event 
consisted of two six-bit binary numbers. Each com
puter run required the processing of around 350,000 
events, recorded on about 6000 ft of tape, accumulated 
on a 2-ft diameter reel during one week of unattended 
operation of the experimental setup. Obviously, to 
avoid wasting large amounts of computer time, it was 
necessary to make elaborate provisions for detection 
of and recovery from tape reading errors. 

The DDP-24 eight-level paper-tape code uses levels 
1-4 and 6-7 as data channels, with the low-order bit 
in level 1. Level 5 carries the (odd) parity bit. A 
punch in level 8 is a "stop code", which stops the tape 
reader and sets a toggle that the program can test and 
reset. 

The two six-bit numbers from each event were 
punched in the data levels in two successive frames. 
The first of these frames was overpunched with a 
stop code. This was done to prevent the reading from 

getting out of phase. The photoelectric reader on the 
computer strobes the data channels with the signal 
from the sprocket channel. Therefore, if a piece of 
chad is lodged in a sprocket hole, that frame will be 
skipped. The rest of the tape would then be read in 
such a way that the second number from one event 
and the first number from the next event would ap
pear to the computer as a pair of numbers from one 
event. Clearly, the processing would be completely er
roneous, unknown to the operator. As described later, 
the overpunched stop codes allow this type of error 
to be caught and corrected immediately. 

To reduce the cost of the recording equipment, it 
was decided to omit parity generation. (Since the 
analysis of the events is stathstical, it was felt that 
an occasional wrong event could be tolerated,! If the 
parity level were never punched, and if the second 
number for an event were zero, a frame would he jiro-
duced having no punches except for the sprocket hole 
The computer is wired to treat such frames as leader 
frames and skip over them. Thus, such an evoni would 
not be read properly, and the reading would get out of 
phase as described before. Therefore, the parity level 
was always punched. The program, of course, was set 
up to ignore parity errors. 

The computer was also wired to treat frames with 
all levels punched as leader frames. However, such a 
frame is now a valid data frame, occurring if the 
first number for an event is 77s • Therefore, the circuits 
treating such frames as leader frames were discon
nected. 

The program loop which read the tape began by 
reading one frame. That frame was then checked for 
a stop code. If none was found, the reading of an 
event had started with the second number. The pro
gram halted so that the operator could correct the 
error and 'or reposition the tape properly. On restart, 
this step was repeated. 

If a stop code was found, the number was stored 
and the next frame was read and checked for the ab
sence of a stop code. If one was found, the first num
ber of an event had been read as the second numhcr. 
The event then was rejected and the computer halted. 
Here the operator had the option of either corrcctinp 
the tape and restarting with the previous step, or 
terminating the run and printing the results. This lat
ter option allowed the end of the tape to be marked 
by manually punching extra stop codes. 

If no stop code was found, the event was accepted 
and processed, and the program returned to the first 
step. The run could also be terminated after a preset 
number of events had been processed, to allow rejec
tion of data accumulated at a time when the o|ieration 
of the experimental setup was suspect. 
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APPLICATIONS 

GAP-WORTH MEASUREMENTS 

The reactivity-measurement technique has been 
adapted for gap-worth measurements on the ZPR-6 
and ZPR-9 fast criticals. The neutron flux signal is 
obtained and treated by the usual methods, while 
the gap signal is taken from the corner-separation in
dicator. Here, the voltage from the linear potentiom
eter that is fed to the digital voltmeter is also fed to 
an additional voltage-to-freqcncy converter. Pulses 
from the latter go to the unbuffered-channel scaler, 
while the flux pulses are counted in the buffered-chan-
nel scaler. A measurement is started with the reactor 
critical and the tables together. The tables are then 
separated at the 1.3 cm/min speed while the computer 
records the increasing separation and declining flux. 
The measurable range of gaps is limited to a maximum 
of 25 mm by the characteristics of the corner-separa
tion indicator. Figure V-9-4 shows the result, as 
plotted by the computer, of a typical measurement 
(on ZPR-6 .Assembly 5) with the scalers read at 0.5-
sec intervals. 

OTHER APPLICATIONS 

Other onJine applications are discussed elsewhere 
in Papers V-10 and V-12. 
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V-10. Experiments in the Computer Control of Critical Assembl ies 

C. E. COHN 

.\s an inil'al step in a study of computerized opera
tion of critical assemblies, partial automatic control 
has been applied to ZPR-9 using the DDP-24 computer 
system.' The particular function that has been auto
mated is the insertion of the final fueled control rod so 
as to bring the reactor through critical to a demand 
period and level it off at a demand power. This was an 
ideal starting point for the study for several reasons. 
Fu-st, it is the most diffictdt part of the entire startup 
sequence from the standpoint of constructing suitable 
control algorithms. On the other hand, its implementa
tion required the least amount of modification of the 
existing reactor control circuitry. In addition, the level-
ing-off operation is the most demanding on the human 
operator, so that a suitable automatic system cotild be 
expected to show noticeable performance advantages. 

The computer program performing the control has 
two mam fmictions. I^irst, the program must accept 
flux data at fixed time intervals. The flux data is ob
tained from an ion-chamber, current amplifier and 
voltage-to-frequency converter workuig into the data 
input scaler, as described in Ref. 1. A flux datum is thus 
the integral of the ion-chamber output over the previotis 
sampling interval (see Paper V-13). It must decide, on 
the basis of that information, whether the controlled 
rod is to be moved during the next interval and if so, 
in what direction. (No provision is made for varying 
rod speed.) Secondly, the program must establish a 
demand trajectory for the flux that is attainable with 
the control means at hand and that restdts in acceptable 
operation. 

If was found that the first of the above functions 
could be performed in an acceptable manner by a simple 
logarithmic derivative control algorithm. The program 
calculates the logarithmic slope between the most recent 
flux reading, Po, and the previous reading. Pi (see 
Fig. V-10-1). It then extrapolates this slope to the time 
of the reading to be taken next, and determines whether 
the extrapolation overshoots or undershoots the fliLX 
Pf which the demand trajectory specifies for the time 
of the next reading. If the overshoot or undershoot is 
beyond a deadband, the rod is withdrawn or inserted, 
respectively, during the next interval. If the extrapola
tion is within the deadband, no rod motion is caused. 

In practice, the program calculates the amount t by 
which the extrapolation overshoots P/ using the formula 

Pl 

If e is greater than the deadband D. an output control 
pulse is transmitted to the withdrawal terminal on the 
rod drive circuit. If c is less than — Z>, a ptdse is trans
mitted to the in.sertion terminal. As will be dcsiTihed 
later, the rod drive circuit applies power to the rod 
motor in the specified direction for the next sampling 
interval. If e is between —D and D, no pulse is trans
mitted. (Note that the rod motion interval does not 
coincide with the sampling interval, but is displaced by 
the computation time, which is approxhnately 30 msec 
for the current program.) 

The deadband D is made equal to a factor Q times the 
estimated standard deviation Op of the flux reading 
Po. The estimate Op is derived by the computer, given 
the range of the current amplifier and the charge col
lected in the chamber per neutron captured, as discussed 
in Ref. 1. The factor Q is set to 1.5 at the begnining of a 
run, and is subject to readjustment as described later. 
The flux readings are obtained from an ion chamber as 
described for the reactivity measurements. The readout 
interval is 0.1 sec. 

Provision is made for the program to adjust the dead-
band (and hence the system gain) to obtani the desired 
amount of rod jitter as equilibrium is ajiproai-hcd. To 
do this, the operating time is broken into ."lO-interval 
segments (5 sec for the 0.1-sec interval that was actually 
used). The quantity R. is made equal to - | -1 , 0, or - 1 
according as the rod was uiserted, not moved, or with
drawn during the ith interval of a segment. At the end 
of the segment, the quantities 

R ^§«' 
and 

/T 
50 t^i 

y^T.R- R' 

Pf. 

are calculated. R is a measure of the net rod motion 
during the interval, while (T„ is a measure of the jitter 
m the rod motion. If the magnitude of R is less th.an 0.1 
(indicating a net rod motion of five steps or less out of 
fifty, and hence a system close to equilibrium) the value 
of OK is examined. If (7„ is greater than 0.2 (indicaling 
that the rod was moving randomly more than one-fifth 
of the time) the factor Q is increased by 10'"c, giving a 
corresponding increase in the deadband. On the other 
hand, if <r„ is less than 0.05 (uidicating that the rod was 
moving randomly less than one-twentieth of the time) 
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FIG. V - 1 0 - 1 . Ntmienclat ure fnr Control WgoriiUxn. ANL Neg-
No. 112-6697. 

then Q is dcrreascd by 10"r. As a result, the program 
seeks a system gain such that the amount of random 
rod mot ion will be within the above limits. 

If 7̂  is not less than 0.1 (indicating a non-equilibrium 
situation) then Q is decreased by 10 9?, but is never 
allowed to fall below 1.5, so that the system gain is 
maintained at a high level in .such a Ciise. 

The remaining task of the program is the establish
ment of the demand trajectory and the derivation of 
P/ values. The simplest demand trajectory is just an 
exponential rise OJI the demand period followed by a 
levelling-ofF at the demand power. However, such a 
trajectory would have problems at the time of levelling 
off. Severe limitation.^ on rod speed make it impossible 
to remove reactivity fast enough to level ort from a 
reasonable period without overshoot. Therefore, it is 
desirable to lengthen the demand period a.s the demand 
power i.s approached in order to limit the rates of reac
tivity removal needed. TV) do this, the demand period 
T at any time during the rise is obtained from 

1 
a ) [ • • » • • - - 4 ; 1 ^ 

where ro is the basic demand period and P„ is the de
mand power. This formula holds r equal to TO up to half 
demand power, and then smoothly lengthens T to ten 
times To at demand power. 

The statistical errors in the flux readings are com
parable to the rise jier sampling interval of the demand 
period. Therefore, it was found that (;are must be taken 
m the specification of P / in order that a steady rod 
insertion be obtained. .V workable prescription was 
found to be 

Pf = min[/'„ -I- (:{ -I- Q) Op , P,' exp (J / r ) , P J , 

where b is the sampling interval and I',' is Ihe deiiiaiul 
from the previous cycle. Mtdtiplication of the expniieii-
tial by P/ uistead of /'„ insures that I', will rise 
smoothly, unaffected by the statistical fluclualions in 
Po. However, the first argument insures that P, will 
not diverge too far from P„ in the initial stages of the 
startup when the flux is risuig much more slowly than 
the demand, and thus prevents an excessively rapid 
rise later when the flux would attempt to catch up. 

It might be thought that a better approach would be 
to improve the statistics of the flux readings through 
numerical smoothing or longer sampling intervals. 
However, it was fomid that these expedients introdur'o 

INSERTION 
PULSE INPUT 

\ 
UNIVIBflATORSv 

-p(V-t£TP-l732L«- ^ ^ 

FROM WITHDRAWAL PULSE CIRCUIT 

F I G . V - 1 0 - 2 . Control-Rod .Motor Drive Circuit, . l . \7 . ,V,j. 
A'o. in-e61S. ' 

Fio. V-10-3. Flux Trace from a Typical llun Uniler Au 
malic Control. ANL Neg. No. llg-ems. 
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phase lags that decrease the smoothness and stability 
margin of the system without yielding any particular 
advantages over the method employed. 

A .solid-state drive circuit shown in Fig, V-10-2 allows 
the computer to control the power to the existing rod 
motors. Since these motors have permanent-magnet 
fields, they are reversed by changuig armature polarity. 
Therefore, the driver uses a complementary-symmetry 
bridge to allow power to be applied to the armature in 
cither direction. When triggered by an output control 
pulse from the computer, the circuit turns on the motor 
power in the desired direction for a period just smaller 
than the sampling interval. This gives a degree of fail-
safety, in that positive action by the computer is re
quired to sustain rod motion. 

At present, the human operator retains the responsi
bility to carry out the normal startup procedure up to 
the point where the last rod is to be inserted as well as 

to switch ranges on the linear trips and withdraw the 
sources at customary levels. 

Figure V-IO-.S shows the flux record from a typic.il 
rmi. The record was obtained from the outiiut of the 
current amplifier which provided the flux data fur the 
computer and ran at 10"' A full scale. Here the demand 
level was about 90 7i of full scale and the demand period 
was 40 sec. Automatic control was commenced at a 
level of around 0..S X 10"', while the figure shows only 
the latter part of the run after the recorder trace left 
the zero stop. The computer controlled a rod having a 
total worth of about 110 Ih. 
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V-11. Study of a Linearized Sampled-Data Control Algori thm for Zero-Power Reactors 

T . J . M.\RCIM.\K* 

I N T R O D U C T I O N 

At Argonne an ondiiie computer is being used to per
form reactivity measurements and control rod calibra
tions on the critical facilities of the Reactor Physics 
Laboratory (see Paper V-10). The computer also has the 
capability of controlling the insertion of the last control 
rod of ZPR-9 through criticality, to a demand power 
level along a predetermined trajectory which is con
trolled by the minimum reactor period allowed. The 
purpose of this study is to analyze the present control 
system as a prelude to an investigation to optimize the 
system. 

The general control system is shown in Fig. \ ' - l l - l . 
The demand power level is sensed by the computer as a 
fraction of full-scale deflection of a linear power meter. 
A unique feature of the system, aside from the com
puter, is the use of an integrating sampler, which will be 
discussed later. The computer-controller then generates 
an error signal which causes insertion or withdrawal of 
the control rod, thus either putting in or taking out re
activity from the reactor. The output power level of the 
reactor is detected by a suitable ion chamber and is sent 
back to the computer through a voltage-to-frequency 
converter and scaler which performs the function of an 

• Student, University of Notre Dame, Notre Dame, Indiana. 

integrator. The number of counts on the scaler is sam
pled every T seconds. The scaler is immediately reset 
for the next integrating interval. 

The computer-contriillcr section is shown in more ilî -
tail in Fig. V-11-2. Here the demand power is specilicd 
and the flux, or power level, is sampled. The pulse to 
the scaler is the output of an ion-chamber voltage-to-
frequency converter system which emits 10^ pulses sec 
for full-scale deflection of the linear power meter. The 
error calculation is performed by the computer and, 
depending upon the deadband of the nonlinear element, 
a signal is sent to the control rod. The system gain was 
approximated by dividing the actual ZPR-9 reactivity 
by one-half the deadband of the nonlinearity. The dead-
band is proportional to the expected variance of the flux 
readings—approximately 10~*. 

LINEARIZATION OF THE SYSTE.M 

The block diagram of the system as it was analyzed 
is shown in Fig. V-11-3. Here (?(s) represents the trans
fer function of the computer algorithm, control rod, 
and reactor system while P(.s) represents the transfer 
function of the integrating sampler. A brief dcscriptiim 
of each of the transfer functions used is given in the 
following: the.se represent a linearization of the system. 

The transfer function of the computer is given in (he 

file:///natgsis
http://the.se
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form cif a hold. It is derived from the actual computer 
error algorithm given as 

PS 
P l 

- Pf, (1) 

where Po is the power level at the present samphng 
interval. Pi is the power level at the preceding sampling 
interval, and P / is the extrapolated power level based 
on period constraints. A.ssuniing that the actual power 
level deviated only slightly from the demand, Eq. (1) 
is linearized to the form 

(0 = 2eil) .(/ T). (2) 

where 
,(() = Pit) - p, 

T = sampling interval. 
The Laplace transform of Eq. (2) yields the transfer 

function of the hold: 

His) = 
E'is) ^ 2 - .3c"'̂ ^ -f e~ 
Eis) 2 (3) 

The form of this hold is similar to that of a fractional 
order hold with one term missing. 

The transfer function of the control rod is given as 

K(sJ_ 
E'\s) 

(4) 

where R is the react ivity input rate per second per unit 
error. The time constant due to inertia is neglected. 
It should be noted that this representation of the 
linearized conlrol rod implies thai if one has a linear 
control rod worth curve, there is no velocity limitation 
on the drive system or on the maximum amount of 
reactivity allowed. 

The reactor kinetics analysis was based on the one 
delayed group linear model with the transfer function 

:-f- X mis) ^ 
n„iKis) /(s d- \ -I- /3/0 ' 

(5) 

where 
na = steady-state reactor neutron density 
X Si average one delayed group decay constant 
B = fraction of delayed neutrons 
/ = prompt neutroii lifetime 

W(s) = Laplace transform of deviation of neutron 
density 

6Kis) = Laplace transform of reactivity. 
Since feedback occurs through an integrating sampler 

(see Paper V-13), the transfer function is derived di
rectly. The integrating sampler integrates the neutroii 
density over a time r and this can be represented as 

nil) = ( 1 / '^L " (0 *. (6) 
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F I G . V - 1 1 - 2 . Computer-ContruUer Diagram. ANL Ne 
No. 112-8268. 

F I G . V - 1 1 - 3 . Block Diagram of Sampled-Data Control 
System. ANL Neg. No. 112-8262. 

Taking the Laplace transform of Kq. ((i) and rcnnang-
ing, we obtain the transfer function of the feedback 
path; 

Fis) 1 - e~ 
(7) 

er, or 
noisy 
ha\'e 
if the 
Thi^ 

The advantage of using the integrating sampl 
time-averaging circuit, lies in the fact that for a 
signal the output of an integrating sampler will 
less variance than the usual sampled-data system 
noise is uncorrelated over the sampling interval, 
results from the averaging effect of the sampler. 

CONTINUOUS SYSTEM ANALYSIS 

To get some estimate of the effect of introducing a 
computer, or sampled-data control, into the sy.stem, a 
continuous representation of the system was made upinji 
running average feedback. In this case the feedforward 
path included the control rod and reactor while feed
back was through the time-averaging circuit. 

The transfer function of Ihe system is given as 

bN{8) 
noPf{s) 

K'TSJS + X) 

r8\s + X + ^ / / ) -\- K'{s + X){i 

(8) 
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C-cos;8 

F I G . V - 1 1 - 4 . Continuous System with Time Average Feed
back Transfer Function. ANL Neg. .\o. 111-8619. 
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wliere the gain, K , is defined as being the reactivity per 
unit time per unit error divided by the prompt-neutron 
lifetime. It may be noted that the characteristic equa
tion is of a transcendental form, making it difficult to 
determine the stability limits of the system. A method 

and 

s, = c.'„i7\(-r) +j'i - f)"'u,i-nl (11) 
In Eq. (11), Tii-t) is the C;hebyshev function of 

the first kind and U^i-^) is the Chebyshev function 
of the second kind. In terms of the reactor parameters 
the quantities a and S are defined as 

a = -K -i- H/l 

6 = K'\. 
(12) 

Stability lunits are determined by plotting the a-S 
curves as shown in Fig. V-11-.') where f = 0, since using 
this value insures that all zeros of the characteristic 
equation wUI lie in the left half of the s-plane. Krom 
these curves it is foimd that the maximum stable reac
tivities per second per unit error are as given in I'ig. 
V-11-5 where the averaging times vary from 0.1 to 
5.0 sec. This is for a thermal system in which ( = 10"' 
sec corresponds to a = 6.476. The stable region is the 
shaded area under the curve. For systems with the same 
fuel, thus having essentially the same A and ii but 
differing prompt-neutron lifetimes, the gain can easily 
be found by moving along the abscissa since this in
volves the parameter a. The gain may then be calculated 
directly from the graph. As expected, uicreasuig the 
averaging time, hence the delay, causes the system to 
become more luistable or to have a lower maxinnim 
stable gain. 

SAMPLED-DAT.\ SYSTE.MS 

The sampled-data system was analyzed using z-traiis-
forms, since a linear system was being studied. The 
transfer function of the system using the linearized hold 
developed earlier is 

3X'TK'zi2z - 1) iaz- -b 60 -f c) SNiz) ^ 
noPfiz) 6y<TlzHz - l)'iz - 7) + K'{2z - 1 l(a'2' -t- b'z'-\- c'z -j- d') ' m) 

has been developed by L. Eisenberg^ which allows one 
to determine the stability of such a system. It involves 
mapping the left-hand side of the complex s-plane into 
a parameter plane a-5. Using the notation shown in 
Fig. V-11-4 where the terms are defined, one can write 
the characteristic equation as 

•G--0 -t- K'is -b X)(l - e-

] ois* = 0, 

where 

at(S) = o6i -b e.cte''' -|- M» d- icie" -f/» -j- Qke 

(9) 

(10) 

where 

X -b &/1 

and the coefficients of the polynomials are complicated 
fimctions of the reactor parameters and the sampling 
interval, T. 

Figure V-11-6 shows the root locus plot of the char
acteristic equation for a thermal system where the 
prompt-neutron lifetmie is 10~^ sec. The maximum 
stable gain corresponds to the gain where the roots of 
the characteristic equation cross the unit circle in the 
complex j-plane. This is analogous to s-plane stability 
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criteria where stability is ensured if there are no roots 
of the characteristic equation in the right half of the 
.s-jihine. Since the left half of the s-plane is mapped into 
the interior of a unit circle in the j-plano this represents 
the hoiuidary of the stability region. Analytical methods 

UNIT CIRCLE 

T = 0.10 sec 

TABLE V-l l -I . MAXIMUM ST.MILE %{JA;/il)/8cc/unit 
error, Kmm 

T. 
sec 

0.1 
0.5 
1,0 
5,0 

Linearized 

Ther
mal 

8.4 
1.2 
0.62 
0.123 

Fast 

7.61 
1.52 
0.744 
0.131 

Zero Order 

Ther
mal 

7.4 
1.83 
0.99 
0.173 

Fast 

13.35 
2.12 
0.91 
0.197 

FifSl Order 

Ther
mal 

8.3 
1.45 
0.73 
0.14 

Fast 

8.65 
1.71 
0.8.39 
0.145 

10" 'sec . 

1.445 X 10^8 sec (ZPI{-9, ciilciil^ited). 

KiG. V-11-6. Root Locus Sampled System Linearized Actual 
Hold. ANL Neg. No. 112-8264 Jtev. 1. 

such as the Routh-Hurwitz criteria may be used by 
applymg the bilinear transformation to the characteris
tic equation. Figure V-11-7 nhows the root locus plot 
for the system with a prompt-neutron lifetime of 
L445 X 10~^ sec which corresponds to that of the 
ZPR-9. Although it shows a greater gain, the maximum 
reactivity input rate per unit error is less than that for 
the thermal system using the same fuel (in this case, 
U-2.'i5) as is experienced in the actual case. 

Stability limits were also determined for .systems 
which used either the zero-order or first-order holds. 
These are shown in Table V-ll-I where all the stability 
limits are given as the maximum reactivity input rate 
per unit error. 

I t is of interest to determino how stable the actual 

T ' O . t o sec 

. / ' I . 4 4 5 X 10'^ sec 

(FAST) 

F I G . V-11-7. Sampled System with Linearized Actual Hold, ANL Neg. No. UB-i 
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system is in this linearized form. The maximum system 
gain, K', of the fast system with the 0.1-sec sampling 
interval was found to be 52650. The best estimate of the 
overall gain of the actual ZPR-9 control system was 
found to be 145,300, thus difTering by a factor of almost 
3. This mdicates that the actual system should be un
stable, or at least tend in that direction. In operation 
the actual system does work but there is some degree of 
control rod "himting." This demonstrates that the ac
tual system need not be unstable but it does indicate 
that the system coidd be improved. Maximum stable 

A 
' 1 

- I 1 

T= Zir/ai, 

ZERO-ORDER HOLD 

FIRST ORDER HOLD 

- LINEARIZED HOLD 

Ul/Ols 

FIQ. V-11-8. Amplitude-Frequency for / /LO" '} = 
/jw](2 - e-l'^). ANL Neg. 111-8186 Rev.l. 

F I G . V-11-9. Bode Plot for Reactor-Control Hod System 
6(jw)/K' = Is -I- V(e>(« -I- X -t- 0/1)]]. ANL Neg. No. 1118167 
Rev. 1. 

gains for the zero-order hold were greater by almost a 
factor of two than those of the linearized hold while the 
first-order hold represented a slight improvement for 
the case of the fast reactor with a neutron lifetime of the 
order of 10"' sec. These results were verified by digital 
computer simulation of the system. 

One curious fact which occurred was that the maxi
mum stable gain of the linearized hold system was 
greater for a sampling interval of 0.1 sec for a thermal 
system, that is, with a prompt-neutron lifetime of 10"' 
sec, but in every other c!i.se was less stable. The reason 
for this may be seen frimi the next two figures. I'igurc 
V-11-8 shows the amplitude-freiiuency curves for the 
zero-order, first-order, and linearized actual holds. 
Compared to the zero-order and first-order holds, the 
linearized actual hold does not act as a very good filter 
since it amplifies frequencies which are greater than the 
sampling frequency. Referruig to the Bode plots of the 
thermal and fast systems in Fig. V-11-9, it may be seen 
that for the thermal system with a 0.1-sec sampling 
interval, the high-frequency components have very low 
amplitude (of the order of —'.i'l db) so they are not 
readily passed by any other holds. ^^Tlile at longer 
sampling intervals these high-frequency amplitudes 
become significant and are amplified by the linearized 
real hold. This seems to indicate that the linearized 
fonn of the actual computer hold is more stable than 
the zero- and first-order hold systems at very short 
sampling intervals but at longer sampling intervals it 
becomes less stable because it functions less like an iilc;il 
filter. 

CO.NCLISIOXS 

(ienerally it may be concluded that the present 
form of the computer control error algorithm does not 
represent the best possible system. It does appear that 
more conventional holds such as the zero-order and 
first-order can provide a more stable control system. 

The linearized hold does not represent an adequate 
filter for a sampling and bold system. .\s a result, high 
fretpiencies are passed causing the system to be more 
unstable where the amplitude of high frequency section.̂  
of the plant is not small. The linearized actual bold docs 
appear to be more stable tit CNtremely small sampling 
intervals where the sampling frequency is much higher 
than the significant frequency range of the plant. This 
does not necessarily correspond to the "bandwidth" of 
the controlled system. .\s compared to a continuous sys
tem using time-a\'eraging feedback the sampled-data 
system is less stable fur thermal .systems. This can he 
traced to the added time delays due to .sampling. How
ever, it should be iicitnl that it is ea.sier to synthesize a 
more desirable contnil with a comjiuter than is pos.siblc 
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without it. At present the study is being extended to 
the problem of optimizing the system. 
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V-12. Fast-Reactor Noise Analysis by Polarity Cross Correlation 

C. E. COHN 

INTROUUCTIOX 

A method has been developed that uses the DDP-24 
computer' to analyze the noise from the fast critical as
semblies and to determine therefrom the prompt-chain 
decay constants. This method, which uses polarity cross 
correlation, escapes the limitations associated with 
previous methods of noise analysis. 

The major difficulty in fast-reactor noise analysis is 
the low detection efficiencies that are attainable. These 
efficiencies are several orders of magnitude less than 
would be retjuired for the simple frequency analysis that 
was developed at Argonne National Laboratory^ for 
thermal reactors. Therefore, fast-reactor noise analysis 
has to date used the Rossi-alpha method, where the 
efficiency requirements are relaxed at very low power 
levels. However, power levels that are low enough arc 
not possible close to critical with plutonium or large, 
dilute uranium assemblies that have high spontaneous-
fission rates. 

The present method makes use of the fact that the 
background noise due to the statistics of detection in 
one detector is completely uncorrelated with such noise 
from another detector exposed to the same reactor. 
Therefore, the component of the cross-correlation func
tion between the two detector outputs resulting from 
detection iioi.se has a zero expectation for any lag.' ' 
However, the two detectors see the same reactor fluc
tuations, so that these yield non-zero expectations. 

Although the cross-correlation function of the detec
tion noise components has a zero expectation, estimates 
of this function ba.sed on a finite sample will have non
zero values, which intrfiduco random errors into the 
estimates of the cross-correlation function of the reactor 
fluctuations. In order that these errors be not excessive 
for a run of reasonable duration, the detection efficiency 
cannot be too low. 

THEORY 

When random time fmictions are processed in a 
digital system, consideration must be given to the degree 

of quantization used, i.e. the nmnber of bits used to 
represent the value of the function at the in.stant of a 
given sampling. For functions with G.aussiaii distribu
tions, it has been shown'" that one needs to recurd only 
one bit, i.e. whether the signal is above or below its 
mean at the instant of sampling. 

Suppose xit) and yit) are two random fuiii-1 ions of 
time, each having a (laussian amplitude distribution 
and a zero mean. We wish to estimate the cross-correla
tion function 

^ ( T ) = lim (1/7-) f xit) nit -f T) dt. 

We can define the auxiliary fmictions Xit) and }'(() 
s.sXit) = d-l when x(<) > 0, and A'(() = - 1 when 
xit) < 0 [similarly for Yit)]. It is ea.sily .shown that 

Cir) a^o„ sill - R(T) , 

where 

« ( r ) = lim ( l /V) f Xit) Vil -f- r) dt. 

Here R{T) is the polarity cross-correlation function, 
and (TI and (Ty are the rms amplitudes t>f x(() and //(/). 
For the small correlations observed in these measure
ments {R < 0.1), we can approximate the sine by its 
argument and consider C(T) proportional to R(T). 

Therefore, it is possible to cross correlate two-time 
functions while taking only one bit of information 
about each function at each sampling. It has been 
shown^ that there is little loss in precision caused by 
this extreme (juantization. It allows the maximum 
sampling rate for a given data-rate <'apability of the 
computer. The DDP-24 can read one 24-bit word every 
6 MSec, so that two time fmictions can each be sampled 
every 0.5 /xsec. 

http://iioi.se
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HARDWARE 

DETECTORS AND ASSOCIATED CIRCUITS 

Figure V-12-1 is a block diagram of the circuits asso
ciated with each of the two detectors. The detector 
proper is a cylindrical piece of Pilot-B plastic scintillator, 
ly^ in. in diameter and 12 in. long. (Detectors with 
smaller sensitive masses, e.g. ionization chambers of 
2-in. diameter and 8-in. length, filled with 100 psia 
methane, had far too little detection efficiency to give 
usable results in a reasonable ruiming time.) The scin
tillator is viewed with a photomultiplier operated at 
SOOV. 

The photomultiplier signal is dc-coupled to an emitter 
follower that drives a 50-n cable into the reactor control 
room. There the noise is separated from the dc com
ponent by capacitor coupling and is amplified to about 
2.5 V peak-to-peak by a vacuum-tube amplifier com
prising two pentode stages and a cathode follower. 

The amplified noise is quantized to a polarity signal 
by a Schmitt trigger. This trigger is adjusted to switch 
states at zero volts input and to have a minimum hys
teresis (<0.04 V). The trigger output is transmitted to 
the computer room by a cable driver and a 50-!7 cable. 

At the computer, the polarity signal controls the set
ting of a flip-flop. If the signal into the Schmitt trigger 
is negative, the set input gate of the flip-flop is enabled. 
A clock pulse then sets the flip-flop. Another clock pulse, 
one-half clock period later, resets the flip-flop. The 
transition occurring on reset is the data pulse. 

If the signal into the Schmitt trigger is positive, the 
set input gate is inhibited and the flip-flop remains reset. 
Therefore, the reset pulse causes no change of state and 
no data pulse is generated. 

To adjust the Schmitt trigger, its output is observed 
on an oscilloscope through ac coupling. The bias level is 

• adjusted so that the trigger spends an equal amount of 
time in each state, as indicated by its output waveform 
ha\'ing etjual amplitude each side of zero. Even with a 
correct adjustment, some imbalance was indicated by 
the computer in actual runs. This is attributed in part 
to thermal drift in the Schmitt trigger. The characteris
tics of the flip-flop might also introduce some bias, since 
the capacitor-coupled set input gate must be at zero 
volts to charge the capacitor for at least 0.12 MSCC before 
the clock pulse transition. 

WORD-FORMING B C F F E R 

The polarity data bits being generated every 0.,'i usee 
are collected into words by a word-forming buffer before 
being read into the computer. This buffer consists of 
two banks of flip-flops. Each bank comprises two regis
ters, one for each detector, and each register contains 
twelve flip-flops. One flip-flop from each register is under 
the control of each stage of a 12-stage ring counter which 
is driven by a 2 MHz clock. 

Figure V-12-2 shows the circuitry for the flip-flops 
associated with one ring-counter stage. When the latter 
is in the set state, and the bank 1 enable signal is true 
(2 being false) the set inputs to the bank 1 flip-flops arc 
enabled. The outputs of the bank 2 flip-flops are con
nected to the data lines of the computer's unbufl'ered 
parallel input channel. Thus, information is being loaded 
into bank 1 while the information that had been prc\ i-
ously loaded into bank 2 is being read into the com
puter. A particular ring-counter stage is set during one 
O.o-^sec interval between two clock pulses, so that the 
bank-1 flip-flops associated with that stage can respond 
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Flo. V-12-2. Block Diagniin of One .Stage of Word-Forming 
Uiiltcr. ANL Neg. No. 11S-8J,8'.I. 
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FH;, y-12-;t. .\uxiliary Cirruits for Word-Forming Buffer, 
ANL Neg. No. 111-8608. 

to data pulses only during that interval. (The data pulse 
actually occurs in the middle of the interval.) After the 
ring counter has cycled through all stages, the bank 
enable signals change state. The inputs of bank 1 are 
disabled and the outputs are connected to the computer 
input lines in lieu of bank 2. The bank-2 flip-flops have 
at this time been read and reset, and their inputs are 
now enabled. Thus, on this cycle bank 2 receives data 
while bank 1 is being read. After the ring counter again 

cycles through all st.ages, the bank enable signal change 
state again and the banks revert to thoir ppuimis roles. 
In this way, the collection of the informaiioii ,iiid its 
tramsraission to the computer proceed coi'tiniio.'.dy. 

Figure V-12-3 shows the circuits that genciite the 
bank enable and reset signals. The former are d i trolled 
by a flip-flop that changes state every tiioi^ tne ring 
counter recycles from stage 12 to stage 1 "'i'C reset 
signal is produced while stage 12 is on, the read-iu being 
complete at this time. The signal is sv?itc!\er to the 
correct bank by the gates shown. Circuits iv-l shown 
transmit an "input ready" signal to the comp'.it ir while 
stage 1 is on. 

Figure V-12-4 shows the clock circuits, Tb.' master 
clock is a 4-MHz crystal oscillator, whoso output is 
di\'ided by two to form the eloî k iiulses that drive the 
ring counter. Another division by two iirodiiees ;i 1-MHz 
clock signal which replaces the comjiutor's own clock. 
Since the computer is accepting input at maximum 
speed, it is necessary to drive both the computer and the 
buffer from the same clock to insure that the two will 
remain in step. Note that the buffer runs c.mtinuously, 
even when the computer is not reading ihe dMa. 

PROGRAMJIINC 

As soon as a selected iiumbe" of data word; fhere, 70) 
has been collected by the comiiuter, the w jrds are un
packed to one bit per memory location. (!•''• reasons 
that will become clear later, the liits are stored as -f-l 
or —1 instead of 1 or 0.) The cross-correlatioo function 
is taken, and averaged with estimates gotuii from 
previous cycles. Then the dati-taking is resnnied, and 
the process continues until inanually torniir.io'd. 

The calculation of the croi-s-c.orrclatio;; fi netion is 
the most time-consuming part of the entire cv'.e. There
fore, any improvements in the speed of that c.'.lculatioii 
are of major importance iu enhancing tbe ctf<cieiicy of 
the process. Such improveuTients over coj .ventional 
methods were made by means of a parttculi.'.rr.,ation and 
extension of the ideas of S. Simpson.' 

Conventionally, correlation functioos are iaiciilatcd 
through use of a loop, as .shown, m th:- î low ':-hart of Fig. 

S ^ iLQ ̂i 

F I G . V-12 -4 , Clock Circuits for 'Vord-Foiniiog Buffer, ANL 
Neg. No. 11B-S609. 
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GET FIRST FACTOR 

FORM PRODUCT WITH 
SECOND FACTOR 

ADD TO RUNNING SUM 

REPLACE RUNNING SUM 

LoO( 
V-12-5. Flow Chart for 

.iNL Neg. No. 111-8606. 
Conventional Correlation 

Y-''i .'•. Here, after initialization, the first instruction in 
the loop fetches a member of one of the time series being 
cor eii.ted. The next instruction forms the "product" 
of •'MS with a suitably chosen member of the other time 
scr.;,-, The product is added to a running sum and the 
rut riiiig sum is replaced in memory. Finally, a decision 
13 Made whether to continue or terminate the loop. 

'jii the DDP-24, the index register would be used for 
retrieval of the members of the time series as well as for 
keeping the loop count. Therefore, additional instruc-
ti. ;.- for address modification would not be needed. 
E .en so, each cycle of the loop would take 47 jisec on 
tl : DDP-24. 

.\ flow chart for the improved method is shown in 
rij; . V 12-C. Here, space is allotted in memory for a 

string of instructions equal in length to the time series 
being correlated. The addresses of these instructions 
refer to corresponding members of one time series. 
The commands are compiled by examination of the 
other time series. If the first member of the latter is a 
-b 1, an in<lexed ADD command is compiled as the first 
instruction. If, instead, the first member is a — 1 , an 
indexed subtract (SUB) instruction is compiled. The 
compilation proceeds similarly for the remainder of the 
string. 

After the compilation is complete, the accumulator 
and index register are cleared and the string of instruc
tions is executed, starting with the first one. If the first 
member of each time series is -t-l, then a -t-l will be 
added into the accumulator. If the first member of each 
time series is — 1 , then —1 will be subtracted from the 
accumulator, which is of course equivalent to adding 
-t-1. If the first member is -j-1 for one time series and — 1 
for the other, then either — 1 is added or -bl is sub
tracted, both of which are of course equivalent. Thus the 
correct product of the polarity functions is obtained in 
any case. 

ENTRY 
POINT 

ADD 12,1 
SUB I 2 + I 
ADD 12+2 
SUB 12+3 

i 

(T 1 ( l)= + l) 
1 ( l l ( 2 ) = - l ) 
1 ( I l ( 3 ) = + I ) 
.1 ( I I ( 4 ) = - l ) 

STORE RESULT 

^ y ^ CALCULATION T^Tc^--,^ 
^--.^^^^^ COMPLETE 7 " ^ ^ - ^ 

DECREMENT INDEX 

MOVE ENTRY POINT 

INSTRUCTION 
STRING 

F I O . V-12-6 . Flow Chart for Fust 
Algorithm. ANL Neg. No. 112-8606. 

Polarity Correlation 
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The remainder of the instructions in the string are 
executed similarly. The final result gives the cross cor
relation between the two time series at zero lag. Now, 
the index register is decremented by one (in two's-
complement arithmetic), the entry point to the instruc
tion string is moved down one step, and the accumulator 
is cleared. Execution of the string now begins with the 
second instruction. This instruction now acts as described 
on the first member of the second time series, and 
similarly for the remaining instructions. Now, the result 
is the cross correlation at a lag of one sampling interval. 

In a similar fashion, the cross correlation is calculated 
for all lags of interest. To save time, the calculation is 
not done for all possible lags, i.e. in steps of one sam
pling interval. Rather, it is done only for a subset of these, 
such that the interval between lags is increased by one 
sampling interval each time. Thus, the lags used are 0, 
1, 3, 6, 10, 15, etc. sampling intervals up to a maximum 
of 190, with a time-series length of 840 sampling inter
vals. This scheme is easy to implement and is appro
priate for a cross-correlation function that is expected 
to be represented by a sum of decaying exponentials. 
The calculations are done by an assembly-language 
subroutine, which is called by a FORTRAN-IV main 
program. The latter performs tasks where execution 
time is not critical, such as final data reduction and 
plotting. 

Provision is made for the use of the DDP-24 oscil
loscope display (see I'aper V-9) for monitoring of a 
measurement as it proceeds. Pressing the F]RASE but
ton initiates display of the current estimate of the 
cross-correlation function. 

The program calculates the cross correlation twice— 
once with one time .series delayed and once with the 
other time .series delayed. For any one lag, the sum of 
the two results is the "in-phase" cross correlation, while 
the difference of the two is the "(juadrature" cross 
correlation. Unless otherwise noted, the in-phase cross-
correlation function is the one that will be discussed 
from here on. The quadrature function has not been 
significantly different from zero except at very short 
lags. The latter probably results from high-frequency 
spatial effects. 

The .system works with the cross-correlation function 
exclusively and dispenses with the calculation of the 
cross-power sjiectrum. There are two reasons for this 
omission. First, it eliminates concern regarding "alias
ing", i.e. the presence of noise components higher in 
frequency than the Ny(|uist fre(|uency (1 MHz for 
this system) since aliasing manifests itself only in the 
power spectrum and not in the correlation function. 
Secondly, it allows calculation of the cross-correlation 
function only at selected lag values instead of every 
lag value. With the cross-correlation function having a 

r, ^sec 

Fio. V-12-7. Results of Run on ZPK-(i As.sembly 5. 
ANL Neg. No. 111-8496. 

definite physical meaning, as previously mentioned, 
there is no need for the cross-power spectrum. 

The program keeps the sum of the d-l 's and — I's 
from each time series. If these are not zero, a zero-order 
constant correction to the cross-correlation function is 
made by subtracting the product of the sum o\er the 
total number of points for each time .series. First-order 
corrections' are either constant or proportional to the 
correlation, and so do not perturb the results. Since the 
correlations are small, higher-order corrections are 
negligible. 

It is assumed that the error on the cross-correlation 
is due solely to the uncorrelatiul detectioii-noi.se com
ponent. Therefore, the error is calculated according to 
binomial statistics as \/0.25/7»/ where V is the total 
number of samples from each detector, i.e. 840 times 
the number of replications of the process. 

RESULTS 

A typical result is that obtained on ZPR-6 Assembly 
5. One detector was placed at the center of the movable 
half, while the other was placed two drawers away in the 
same half. Loading adjustments were made to compen
sate for the reactivity contribution of the <letectors, 
which was approximately 1(X) Ih each. 

A two-hour run at about 5 VV yielded results which 
were fitted by variable metric minimization to two 
exponentials plus a background. (The latter was in
cluded to account for trigger unbalance (here giving 
about 65% - f l ' s and 35% - I ' s ) as well as for any 
components with very long time constants resulting 
from delayed neutrons. The error on each point, esti
mated as previously described, is 0.0002, which is 
smaller than the points shown. The data and the fitted 
curve are shown in Fig. V-12-7. Results of the lit are as 
follows: 

http://detectioii-noi.se
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Time Constant, 
Aisec Amplitude 

0,30'.) ± O.tXB 0.1)49% ± 0,00014 
50,38 ± 0,19 0.04135 ± 0.00007 

background -0.00140 ± 0.00002 

where the errors derive from the aforementioned error 
on each point. The first term undoubtedly reflects high-
frequency spatial effects. The second term may be 
identified as the l/ff. Its time constant can be compared 
to a figure of 52.1 jjsec, which was obtained by extrapola
tion of a series of pulsed-neutron measurements to 
critical (see Paper III-16). 

CONCLUSIONS 

This method of noise analysis, whose workability has 
not been established, allows measurement of 1/0 with 
no intrinsic limitation on power level. Thus it is well 
suited for use with the plutonium assemblies which are 
to be implemented on ZPR-6 and ZPR-9 in the near 
future. 

The major limitation of the method as now con
stituted is the low efhciency of data collection. That is, 
it takes the computer over one hundred times as long to 
process a string of data as it does to collect the string. 
Thus, the computer is accepting less than 1 % of the 
data coming from the reactor during a run. 

This inefficiency could be eliminated by construction 
of a wired-program cross correlator, which would accept 
data continuously, while simultaneously calculating 

the cross-correlation function. Such a device, however, 
would be costly and quite inflexible. 
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V-13. The Integrat ing Sampler 

C. E. COHN 

INTHODUCTION 

Conventional sampling theory assumes that the out
put of the sampler yields the magnitude of the sampled 
signal at the instant of sampling. Analog-to-digital 
converters of the "sample-and-hold" type operate on 
this principle. 

An altemative type of sampling is readdy imple
mented and has advantages in certain applications. 
Here, the output of the sampler equals the integral of 
the signal over the sampling interval just ended. For a 
digital system, one could use a counter which accumu
lates pulses during a sampling interval and is then read 
out and reset. Here the sampled signal is the pulse rate, 
which might arise, for extimple, from a radiation de
tector. Application of this technique to analog signals is 
also straightforward with the availability of accurate 

voltage-to-frequency converters. This is the type of 
sampling employed for most on-line applications of the 
DDP-24 computer .system. 

Such an "integrating sampler" offers a major advan
tage over the conventional type. For a noisy signal, the 
outputs of an integrating sampler will ha\e less dis
persion than those of a conventional sampler if the 
noise is uncorrelated over the sampling interval. This 
results from the averaging effect of the integrating 
sampler. 

RESPONSE OF THE INTEGRATING SAMPLER 

Suppose we have a signal of the form 

i'(0 = To cos ioit -i- e). 

The output of a conventional sampler from a sampling 
at time (o is then 
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cS = I'o cos (oito -f- e). 

The maximtmi output of this sampler equals the peak 
amplitude of the signal, and is obtained when the 
sampluig occurs at an antmode of the signal. Further
more, the envelope of the sampler output is in phase 
with the signal at all fretjuencies. 

Now, consider an integrating sampler whose output 
for a .sampling at time (o is given by 

if 
A -tii-i 

vit) dt. 

where A is the interval of time just preceding ô over 
which the integral is taken. (The scale factor 1/A is 
included to facilitate comparison with the conventional 
sampler.) For !)(() as given above, the output will be 

V -\/2(l cos u)A) i[u. + e-f) 

This result has two noteworthy features. First, the 
envelope of sampler outputs will lag the signal by the 
phase angle ajA/2. This angle varies linearly with fre
quency from zero at zero frequency to 90 deg at the 
Nyquist frequency O-z^) Hz and so corresponds to a 
constant time dehiy or transport lag of A/2 sec. There
fore, a reading from an integrating .sampler is a measure 
of the value of the signal at a time halfway through the 
interval of integration. Secondly, the maximum ampli
tude of the sampler output no longer equals the peak 
amplitude of the signal, but is multiplied by the factor 

V2(l 
OJA [sin ( (a'A/2)1 

iA/2 J • 

The function decreases with frequency, having zeros at 
integral values of ajA/2ir. The decrease is moderate up 
to the Nyquist frequency, and more rapid beyond it. 
The attenuated response to the higher-frequency signals 
reduces to some extent the spurious components gen
erated by "aliasing" of such signals. 

The action of an integrating sampler on a signal vil) 
may also be represented as the action of a conventional 
sampler on the signal Git) defined by 

Git) = L /" r(t') df 

= ^-\ j nit') dt' - / vit') rfcl. 

Therefore, an integrating sampler may be represented 
in a system block diagram aa a conventional sampler 
preceded by the ideal running-average operator 
lil-e"'')/SA]. 

(The designation of the Nyquist frequency as l^A 
Hertz in the preceding discussion a.ssume3 that the 
sampler is read every A sec. This asstunes that a new 

period of integration begins as soon as the previous one 
ends, and so neglects the time required to read out and 
reset the sampler. If the readout time is significant, then 
the samplings will occur less frequently than every A 
sec, and the Nyquist frequency will be reduced. How
ever, the response of the sampler will still be a fuiKdion 
only of A and not of the sampling rate.) 

NOISE REDUCTION PROPERTIES 

Consider a Gaussian noise with zero mean and rms 
amplitude R, whose spectrum is characterized by a 
single integrating time constant T. Its spectral density is 

<t>ioi) 
2R\ f 1 \ 

Tr \ 1 -b wVV 
volts Vrad-sec. 

Samples of this noise taken with the conventioii.al 
sampler would have an rms dispersion equal to R. For 
the integrating sampler, the rms dispersion a is given by 

2 2 

' = A ^ 

this can be written 

2 2ft' 

•'a 

— COS ioA 

Re 
L. Z^z -b i/ 

<p(o)) <loj; 

'dz 
irAM """ L.^z'iz -b i/h) (z - i/A) ' 

The integral may be evaluated by (-ontour methods lo 
give 

o' = 2B' (r /A) |1 - (r/A) [1 - exp ( - A / r ) ] | , 

so that 

a/R = \ / 2 7 7 A for A » T. 

It is apparent that significant reductions in sample 
dispersion can be obtained. 

NOISE ANALY.SIS WITH AN INTEGRATING SAMPLER 

In analyzing random noise with any type of sampler, 
"aliasing" from frequency components higher than the 
Nyquist frequency is always a problem, .\lthough the 
integratmg sampler degrades the higher-frequency 
components, it does not eliminate them completely. 
Analog filters are never perfect, nor are digital filters. 
In addition, digital filtering requires a sampling rate 
greater than that corresponding to the Nyquist fre
quency. This poses difficulties in those cases where 
obtaining the minimum required sampling rate is 
marginally feasible. 

We may attempt to bypass the "aliasing" probleni 
by looking more closely at just where the problem 
enters. The autocorrelation function Cuir) of a sta
tionary random fmiction of time xit) may be written 
as the expectation value 

Co(r) = (11(0 ,.(/ + r)). 

file:///lthough
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To estimate this expectation value, one takes a pair of 
vahies of x separated in time by r sec and multiplies 
them together. To get an improved estimate, one 
averages this product with the products of other pairs 
of values. Whether these pairs of values are taken at 
discrete intervals or continuously, as in an analog cor
relator, does not affect the expectation value of the 
process. Furthermore, the expectation for Co at any 
one lag is clearly independent of estimates made at other 
lags. We may conclude that the correlation function 
estimates are miaffected by "aliasing". 

Where, then, does "aliasing" enter? It enters when 
the correlation function is Fourier-analyzed to yield the 
spectrum. A well-known property of Fourier series 
states that a fmiction defined at n -b 1 points is per
fectly described by a series extending through the 
(7i/2)th harmonic, which is the Nyquist frequency. 
If such a fimction has contributions from frequencies 
higher than the Nyquist frequency, those contributions 
will manifest themselves as additions to the lower 
harmonics. 

Therefore, one can bypass the "aliasing" problem if 
one foregoes the use of the spectrum and works only 
with the correlation functions. This approach is es
pecially attractive if the theory of the underlying 
process indicates the form of the correlation function, 
and the measurement is to determine the parameters. 

Results of noise analysis with the integrating sampler 
require small corrections for the response characteristics 
of the sampler. The following will discuss the response 
for suiiple exponential and exponential-cosine correla
tion functions. 

The function to be treated here is the expectation 
value 

which mav be shown to be 

Cir) 'i: (1 cos OJA) 

I'A" 

C(T) 

COS OJT 0(ai ) duJ, 

>^C 

For T > A, we may write 

C ( T ) 
= ^ n r2e^'--e"'^' 

irA' J-. zHz -b m) iz — ia) 
dz. 

which integrates over a contour in the upper half-plane 
to give 

_ 2[cosh (aA) - U „ 
( a A ) ' 

r , , (aA) ' (aA)* 1 

Therefore, in this domain the correlation function 
remains exponential with the same time constant, but 
the amplitude increases. The increase is less than 9% 
for oA < 1. 

F'or r < A, we have 

Cir) = 4 , Re '"' ,, ' . , , ^ - — dz, 
xA' J-x Z^iz -b la) iz — la) 

which again integrates over a contour in the upper half-
plane to give 

2 
C ( T ) 

o?A^ 
[a(A — r ) — c ° ' -b c ** cosh arX 

Thus, the function is no longer exponential in this 
domain. For r = 0, it reduces to 

C(0) 
2^ 

rvA [ 1 — exp ( — aA 11 
~ oA J ' 

which is a classical restdt in the theory of nuclear-
reactor noise. ' 

Now, let us consider a simple exponential-cosine 
autocorrelation fmiction 

C „ ( r ) = c •" COS /3r 

with conjugate spectral density 

> 0, 

t,{o>) 
' d - (a'^&') 

IT w* -b 2 ( c r - (f) a? -b ia- -f f?)^' 

F'or T > A, we may write 

iz' + a'-^ ^)\2e"' - e'"*"- - e'"-"'\ 
z'lz -b ((3 -b ia)l[2 - (3 -b ia)]\z -\- iff - ia)]\z ( S • 

,dz. 

where <i>{ic) is the spectral density conjugate to Co(r). 
(This equation reduces to Wiener's theorem as A ~» 0.) 

To begin with, consider the exponential autocorrela
tion function 

Co(r) = e'", T > 0, 

with conjugate spectral density 

1 

This integrates over a contour in the upjier half-plane 
to yield 

C( r ) = -l e~" cos (fir -f e), 

where the amplitude factor, .4, is 

1 . _ 2(cosh oA — cos /9A) 
A — :—n—,—..„..„ — 1 

(a= -b ^)A^ 12 
{0A) 

<t>io>) 
ir a ' -b u ' 
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360 '̂  



There is a phase shift, 6. given by 

_, r2agl.l - coshaAcos)3A) 

* " '™ L ( ( 3 ' - « " ) ( ! -"^SidTl 
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«•) cos 0.r -b 2aiS sin )j.rj. 

(f a ) sinh aA 
aA cos (JA) -b 2a|3 sinh aA 

Here J = a/|3 = 1/2Q. wdiere Q is the figure-of-merit of 
the tuned circuit yielding this response. So in this 
doniaui the correlation function remains an exponential-
cosine, but the amplitude is again altered and the cosine 
is phase-shifted. 

For T < A, we have 

sin gAl ^ g_i0l 
sin |3AJ fi 

g(BA) 

Again, the original depeiulencc on 
this domain. We also have 

does not hold in 

C(0) = 
A^(a' -b 0-') 

laMa' -b /?') 

- (c ' ) - /''(A)l. 

(2' -b a ' - b 0')[2e"' 
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which mtegrates to give 

1 
C(r) 

where 

AH a' -b 0") 
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\ '-14. Progress in On-Line Computer Uti l izat ion 

.7. V. WHALEN 

Additional computer controlled instrumentation, in 
various stages of delivery, has required the design and 
fabrication of special interfacing circuits since none of 
the new devices is matched to the existing computers. 

Among these new instruments are two 4096 channel 
analog-to-digital converters with feed-back stabiliza
tion circuits. They are to be used in y-ray pulse height 
analysis using solid state detectors and they will be 
under computer control. The interfacing circuits are 
being fabricated by the manufacturer according to 
ANL specification. The interface will permit the com
puter to control and read in information from either 
(or both) analog-to-digital converter while operating 
in coincidence. Operational status is expected by Sep
tember 1967. 

The recent purchase of an additional 14 bit digital-

to-analog converter for magnet control also required 

interfacing to the computer, but in order to simplify 

the digital-to-analog section of the system a com

pletely new interface is being built to control both 

digital-to-analog as well as providing 6 additional ex

ternal control signals. This new circuit is completed 

and is now under test. 

An interfacing system was designed and built for 

the sample changer in the time-of-flight system. This 

circuit permits the computer to select one of eight 

samples and precisely place the selected sample in the 

neutron beam. 

file:///oise
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V-15. A Multiplexing System for an On-Line Computer 

J. F. WHALEN and J. W. MEAOOWS 

A multiplexing system designed for data rates of less 
than a few hundred events per second has been con
structed for the on-line computer system of the Re
actor Physics Division .Applied Nuclear Physics Lab
oratory. The operation of the system relies principally 
on the computer program and, as a result, little in the 
way of additional specialized electronic circuits were 
required. 

Figure V-15-1 shows the logical diagram of the sys
tem as set up for a 3-parameter fission experiment. 
The parameters consist of the two fission fragment 
pulse-heights and an angle. In]iut 1 comes from a com
mon detector located close to the fission source so that 
nearly all fissions are detected. Inputs 2-6 come from 
detectors located further awav and determine the fis

sion angle. The logical elements located to the right of 
the dashed line in Fig. V-15-1 are contained in the 
computer interface and basic 2-parametcr input and 
have been previously described.^'^ The added equip
ment is to the left of the dashed line and consists 
largely of standard amplifiers and single channel 
analyzers. 

A signal from one or more inputs goes to S.C.A. 
(single channel analyzer) A and/or B. The output of 
these S.C.A. clears the scalers and opens the gates of 
S.C.A. 1-6 permitting the delayed signal to set the ap
propriate identifying toggels. The signal (or signals) 
also goes through the linear gates to the ADC (analog-
to-digital converter) where it is digitalized. As soon as 
this occurs the linear gates are blocked. The BUB 

12 DATA LINES 

F I O . V - 1 6 - 1 . Logical Diagram ol Multiplexing System as Set Up for a 3-Parameter Fission Flxperimcnt. ANL Neg. No. Ut 9091,. 
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(see Fig. 'V-15-1) signal is removed, blocking S.C.A.'s 
A and B and in effect 1-6. The removal of BUB also 
sends an interrupt signal to the computer. The com
puter transfers to the input program and reads the 6 
data lines from the toggles. When decoded, this in
formation determines which inputs were activated, 
tells if the coincidence and anticoincidence require
ments were met, and determines the storage area. The 
6 toggles are cleared and the 12 data lines from the 
ADC scalers are read. If the coincidence requirements 
were not met, the infornuition is discarded. When ac-
cejitahle, 1 is added to the appropriate address in the 
previously determined storage area. The system is 
then ready to accept another event. 

This system has proven satisfactory in the illus
trated and other configurations. It can be easily ex
panded, the principal limitation being the increase in 
noise level as more inputs are added to the linear "or" 
input. 
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V-16. R e m o t e Stat ion for On-Line Computer Control 

J. F. WHALEN AND J. J. EICHHOLZ' 

.\ remote terminal facility has been designed, con
structed, and tested for the purjiose of performing ex
periments at some distant site while utilizing the Re
actor Physics Division computer system for processing 
the data. The data and control information in digital 
form is transmitted serially by means of two coaxial 
cables up to 3000 ft long. This maximum length was 
chosen since it would adequately span the distance 
between the computer facility and the Physics Divi
sion tandem Van de Graaff where a number of experi
ments are performed by the Reactor Physics Division 
Applied Nuclear Physics Laboratory. 

The basic components of the remote station consist 
of two 5 Mc analog-to-digital converters, (ADC), a 
storage oscilloscope disjilay system and a transmit-
receive console. Fig. V-16-1. The analog-to-digital 
converters were made identical to the models used in 
the existing on-line computer system. This not only 
gave rise to an economy of design time, but also pro
vided "plug in" back-up instruments for the regular 
ADC. The display system is also a simplified version 
of the existing on-line model. The transmit-receive 
console routes all data and control information to and 
from the computer, decodes instructions, and synchro
nizes the computer o|)erations with the remote periph
eral equipment. At the computer station, a second 
transmit-receive circuit performs similar duties with 
special interface circuits to the computer. These 
occupy one input-output channel of the 160-A. There 

' Electronics Division, Argonne National Laboratory. 

are also three additional circuit junctions brought out 
of the 160-A for clearing and starting the computer. 

Nuclear events, after being digitalized in the ADC's 
at the remote station, are transferred to a thirty bit 
shift register. Each ADC is alloted 12 bits and the re
maining six bits are reserved for coded instructions to 
the computer station regarding the routing and dis
position of the 24 data bits. For simplicity of design 
and operation identical thirty bit shift registers were 
used at both remote and computer stations and each 
transmission was in thirty bit formats in either direc
tion. The information in the shift register is trans
ferred to one of the cables one bit at a time (at 2 Mc) 
while gating pulses are synchronously transferred to 
the second cable. The presence of a pulse on the first 
cable during the gate pulse indicates a logical "one" 
and the absence of a pulse on the first cable during 
gate time on the second cable indicates a logical zero. 
This mode insures fidelity of transmission independent 
of cable length or pulse train frequency. The same 
cables arc used for the transmission in either direction 
and the full thirty bit pulse train requires 21 /̂ scc for 
the 2400 ft. trip including shift register run-up time. 

There are several modes of operation available to 
the remote ex|ierimenter. The most important of these 
permits the direct storage of data from both remote 
ADC's in the computer at a rate better than IO* nu
clear events (24 bits) per second. The remote experi
menter may stop the data accumulation at any time 
and instruct the computer to display any portion of 
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FIQ. V-16-1. Remote Data Acquisition System. ANL i\eg. No. 1111-9160. 

the accumulated data in the core memory on the re
mote storage scope. He can also modify any parameter 
in the resident program, change the program itself, or 
interrogate any particular address in the computer. In 
effect he has a remote console in addition to the re
mote high speed input channel. 

The major portion of the control circuitry was as
sembled from commercial integrated circuit boards 
with special cable driving circuits designed by the 
Electronics Division, ANL. There is a minor software 
requirement in that a boot strap program must be 
resident in the computer before operation is possible. 

V-17. Design of the Fast Neutron Generator Facil ity Bui lding 

J. W. MEADOW-S 

The design of a building to house the new Fast 
Neutron Generator has been completed. The purpose 
of the facility is to extend neutron cross section meas
urements into the 3-10 MeV energy range by both 
time-of-flight and continuous beam methods and to 
provide an intense pulsed neutron source for use with 
critical facilities. This, along with the additional re
quirement that the arrangement of the experimental 

areas be readily adaptable to changing experimental 
demands and possible accelerator modifications, de
termined the building configuration. 

The facility is located 45 ft west of Building 315 so 
that an ion beam can be switched into one of the 
critical cells. The main building is a large, high ceiling 
structure about 130 x 66 ft, containing the accelerator 
vault, target area, experimental assembly area, and 
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the control center. Laboratory and office space are 
available in a 38 x 64 ft annex. A service floor under 
the annex provides space for an electrical substation 
and the iiiechanical eciuipment. In order to maintain 
flexibility, the main building has no interior supports 
and fixed shield walls have been kejit to a minimum. 
The only fixed wall runs the full length of the east 
side of the main building and is incorjiorated into the 
building srtuctuie. I t forms one wall of the accelerator 
vault and provides a shadow wall to separate the 
tiiiget area from Building 315. All other shielding, in
cluding the reniainder of the accelerator vault and a 
second shadow wall separating the target area and the 
control and assembly area, are constructed of concrete 
block and pre-stressed concrete beams. All these items 

are small enough to be handled by a .'i-toii crane which 
has full access to the iiKiin building. 

As presently conceived the target area provides 
space for 5 target stations. Since it is expntcd Uiat 
time-of-flight techniques will be one of Ihe priiicijial 
methods used at this facility, one target station will bo 
com|>letely devoted to it. There is room insiile the 
building for flight jiaflis of 5 m, but longer flight ]iaths 
wdll require detectors to be stationed outside the 
building. To facilitate this, a low mass window ex
tends completely across the south and west sides of 
the target area at the beam height. A paved apron 
outside the building jiermits the convenient locatioii 
of detectors at distances uji to 20 m or more. 

V-18. A High Intens i ty Gas Target 

J. W. MEADOWS 

.\ genera] purjiose gas target has been developeil to 
provide an intense source of neutrons from the 
H=(d,ti) He'' reaction. The principal features of the tar
get as.senilily ari' illustrated in Fig. V-18-1. The gas 
cell is separated from the flight tube vacuum by a 
thin nickel foil supported by a gold grid. The grid has 
a transmission of ~75c;, and is fornied by electrical 
discharge machining. The foil is cemented to the grid 
with a thermosettting bonding agent. In order to cool 
the foil, deuterium gas is circulated through the cell 
at a rate of ~40 ft'Vh with the gas stream adjusted to 
blow directly across the nickel foil. The end of the gas 
cell is cooled with an external air jet. 

.\ major problem when accelerating deutcrons to 
energies in the MeV range is the production of neu
trons by d.n reactions with the materials of the flight 
tube and target. In order to reduce this effect, all sur
faces exposed directly to the deuterium beam are made 
of gold or other high Z material. As a result, the ex
traneous neutron yield for 3 MeV deuterons is < 3 % 
of the yield of a 3 cm-atm target. This figure increases 
with use due to the build-up of deuterium in the end 
of the gas cell. 

The target has performed well with foil thicknesses 
of 1 /i but greater reliability has been obtained with 
2 fl foils. Targets using the thicker foils have been op
erated for periods of over 100 h with cell pressures up 
to 2 atm and deuteron beam currents of 1.5-20 /iA. 

Good reliability can be obtained with higher beam 
currents, providing the beam spot is diffuse. In princi

ple, this can be acconiplisbed with the focus controls 
but this is difficult in luactice. A more successful 
method involves maintaining a well fociissed beam s[»ot 
and applying small, high frequency, vertical and hori
zontal fleflections. The defining slits are o[iened to 
expose 80-90% of the grid and the deflection ampli
tudes are adjusted to uniformly cover this area. In 
tests with this method beam currents of 4O-.50 /nA have 
been maintained on 2 /t foils for periods of I li with no 
sign of failure. 

ENSIGNS IN INCHES 

Fio. V-18-1. Assembly of High liilciiBily (;:is Taipei, l.V/, 
Neg. No. 112-8713. 



428 V. Experimental Techniques and Facilities 

V-19. Electrostatic Analyzer for Accelerator Energy Control 

S. A. Cox 

An elecliu>tatic analyzer has been in use for over 
ten years for the precise control and measurement of 
the voltage of the Argonne 3 MeV Van de Graaff ac
celerator. The voltage control is affected by passing 
the finely collimated molecular beam through a 1 in. 
gap between the curved analyzer plates. The beam 
emerges after 25 deg deflection and strikes a pair of 
control slits. An error signal from the control shts is 
fed back to the Van de Graaff high voltage terminal 
via a corona stablizer unit which adjusts the terminal 
voltage so that the molecular beam remains centered 
on the control slits. It is clear that for highly stable 
operation of the accelerator the power supply associ
ated with the electrostatic analyzer must be capable 
of supplying a precise and accurate voltage to the cur
rent deflection plates. The original power supply unit 
had become unstable and unreliable and has been 
completely replaced. The new unit was designed by 
R. N. Lewis' and built by the Electronics Division, 
Argonne National Laboratory. There are three main 
components of the unit: a high voltage generator, a 
precision resistor divider, and a highly fed back con
trol unit. In operation, the high voltage generator ap
plies a voltage to the resistor divider. The voltage de
veloped across a small " tap" resistor at the grounded 
end of the divider is sent to the control unit where 
it is compared with the reference voltage from a pre
cision potentiometer. The control unit then adjusts the 
voltage from the high voltage generator until the " tap" 
resistor voltage and reference voltage are equal. Sev
eral aspects of the new unit represent significant im
provements over the old unit. In the new unit the 
resistor divider is virtually free of inaccuracies due to 
temperature effects or corona. Local resistor heating 
is minimized by careful circulation of air over all of 
the resistors. Corona is almost completely eliminated 
by placing all resistors and capacitors in the precision 
resistors string inside shielded containers which them
selves are placed between toroids of large radii. In 
this configuration no resistor, capacitor, or insulator 
"sees" more than ~500 V. Because of the finite gain 

of tbe control unit, the "null" point is not exactly zero. 
In practice the voltage correction can be in error by 
some tens of parts per million. However, even this 
small error can be biased out at any given operating 
voltage by manual adjustments on the control unit. 
Thus the only error remaining in the voltage suiiplied 
to the analyzer plates must be due to uncertainty in 
the reference voltage (0.01%) whatever corona is pres
ent (presumably negligible), or a change in the divider 
ratio due to resistor heating. A unique feature of the 
new unit is that the divider ratio can be measured 
under actual working conditions, i.e. while the oper
ating voltage is applied to the analyzer plates. This 
virtually eliminates the uncertainty due to changes in 
the divider ratio when measurements arc made far 
from the precision calibration points. In its jiresent 
form the accuracy of the voltage apjilied to the ana
lyzer plates is limited almost entirely by the accuracy 
of the precision reference potentiometer or ~0.01%. 
The accuracy to which the proton beam energj' can 
be measured is not as good because the energy calibra
tion depends on the exact mechanical geometry of the 
system, which is subject to change; and the "null" 
position of the beam on the control slits depends 
slightly on the exact focal conditions of the proton 
beam. In actual practice the supply voltage corre
sponding to the Li ' lp .n lBe ' reaction threshold (proton 
energy = 1.8803 MeV) reproduces to ±0,02'"; over a 
2-3 week period. Since only the molecular beam is used 
for energy measurement and control, the monatoniic 
(or mass one) beams remain unobstructed and thus 
the full beam current delivered by the accelerator can 
be used in experiments. This feature is vital to the 
success of many neutron experiments where low yield 
is often a problem. 
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V-20. Neutron Precession Solenoid 

S. A. Cox 

429 

A ]ireviou.̂  >ection of this report, dealing with neu
tron polarization, referred briefly to a neutron pre
cession solenoid (see Paper 1-3). This solenoid is used 
to precess the spin of neutrons emitted from the 
Li'lp.n) reaction through 180 deg so that polarization 
measurements may be made without moving the neu
tron detectors. 

The solenoid is constructed of copjier foil and mylar 
imbedded in epoxy insulation with an overall 15 in. 
o.il., 1.5 in, id,, and 20 in. length. In operation, the 
solenoid is water cooled with an input of ~ 6 gal. per 
mill at 20 k\V. The power supply contains a servo-
iiicclianisni such that the jiower dissijiated by the 
Mijiply itself is always rjiiite low. The solenoid current 
can be controlled by a manual dial on the sujijily or 
by a signal from a comjiuter controlled digital-to-
analog converter. The solenoid is completely enclosed 
ill a '/g-in. soft iron shell except for the lV2-in. diam 
central hole. The soft iron serves two purposes: the 
external magnetic field in the vicinity of the neutron 
detector is reduced, thus affording better magnetic 
field protection for detectors, and the edge of the sole
noid field is more sharply defined, reducing the de
polarizing effect of the fringe field. Because of the 
narrow collimation of the neutron beam (~0.5 deg) 
the depolarizing effect is expected to be very small. 
Further, the soft iron shell gives a small bonus: the 
field is more confined, the central field is enhanced, and 
thus the neutron energy range over which the solenoid 
is effective is increased. 

The solenoid was calibrated by observing the neu
tron scattering from beryllium, magnesium, and silicon 
at energies where the scattering was known to produce 

polarization. One examjije is shown in F'ig. V-20-1. 
Here the 90 deg yield of 950 keV neutrons scattered 
at 90 deg from silicon is plotted against the solenoid 
current. The minimum indicated by the arrow corre
sponds to 180 deg precession. The open circles were 
taken with increasing current and the closed circles 
with decreasing current. The solenoid calibration was 
based on a number of such measurements. As a result 
it was deterniined that at the full 20 kW cajialiility the 
solenoid would precess the spin of 2.1 MeV neutrons 
through 180 deg or 8.4 MeV neutrons through 90 deg. 
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V-21. Rotary Time-of-Fl ight Collimators 

A. B. SMITH 

Throughout several thousand hours of operation the 
multi-angle time-of-flight system has proven very 
successful and has been the source of a large amount 
of inelastic scattering information.'- The collimator 
design and the experimental use was based upon inci
dent neutron energies of 1.5 MeV and below. The suc
cess of the .system within this range has encouraged 

extension of the program to the neutron energy inter
val 4-6 MeV. This is available to the existing ac
celerator using high current deuterium gas targets (see 
Paper V-18). However, the large (10 ton) multi-angle 
collimator system must be jirccisely rotated for studies 
above 4 MeV. A mechanical collimator rotation system 
has been designed, fabricated, and tested. The motion, 



430 V. Experimental Techniques and Facilities 

based upon an air flotation principle, is precise and 
easily positions the collimator for inelastic scattering 
studies at incident neutron energies of up to 6.5 MeV. 
Initial studies of inelastic scattering from iron indi
cate that the shielding ot the detectors is excellent 
and that the positioning of the collimator is entirely 
suitable for studies at these higher energies. 
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V-22. Pulsed and Bunched Ion Source 

A. B. SMITH 

Intense nanosecond bursts are the key to successful 
time-of-flight determinations of inelastic neutron scat
tering cross sections. The facility now in use employs 
post-acceleration magnetic compression to achieve 
peak pulsed currents of ~10 mA for durations of 
~ 1 nsec ' An alternative method utilizes velocity 
modulation prior to acceleration in order to achieve 
essentially the same performance levels as those ob
tained with the existing magnetic system.^ It is the 
objective of the present development endeavor to com
bine the two modes of ion beam modulation so as to 
obtain a serial ion beam bunching and intensities at 
the neutron producing target of 50-100 mA for dura
tions of —1 nsec. The required pre-acceleration ve
locity bunching .should provide pulsed beam intensities 
of 5-10 niA for durations of ~10 nsec. This long burst 
will be further magnetically bunched following passage 
through the accelerator to obtain peak to intensities of 
up to 100 mA for ~ 1 nsec duration. The latter pulsed 
performance is unique and is necessary for significant 
determinations of inelastic neutron scattering from 
complex fissile nuclei such as Pu-239. 

The pre-acceleration velocity bunching system is 
based upon a rf ion source providing an estimated ion 
beam energy homogeneity of better than 300 eV. This 
source is followed by suitable optical and bunching 

components. The entire unit has been constructed and 
undergone preliminary tests. During these tests, 
bunching factors of ~ 5 were observed. Modification 
indicated by the preliminary tests are now approaching 
completion and should result in bunching factors of 8 
or more. The next critical step in the application of 
the source and velocity bunching system is the match
ing of the source optics to those of the existing Van de 
Graaff accelerator. For this purpose a test bench du
plicating the optical component of the accelerator has 
been constructed and the source-buncher unit mounted 
on it. Tests are about to start using this combined test 
system. The necessary electronic units for use of the 
source within the accelerator are now under construc
tion. It seems conservative to expect the conibincd 
source-velocity buncbing-magnetic compression sys
tem to deliver the minimum expected peak pulse of 
50 mA for an ~ 1 nsec duration. Hopefully, this mini
mum will be appreciably exceeded. 
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Section VI 

Reactor Computation Methods and Theory 

The title of this section reflects the major role played in reactor physics by 
machine computations. Papers VI-1 through VI-6, VI-9, VI-11 and VI-16 describe 
efforts in the development of computation methods. The first of these papers dis
cusses the Argonne Reactor Computation System; the next four papers are con
cerned with neutron cross section computations; and the remainder of the papers 
deal with a miscellany of topics. 

J*apt.Ts VI-7, VI-10 and VI-17 consider areas concerned with data evaluation. The 
calculati<pii nf variou.s kinetics problems is covered in Papers VI-12 thmugh Vl-If). 
I''inally, Papers VI-S, VI-18 and VI-19 present a miscellanea of computation meth
ods and theory. 





VI-1. The Argonno Heartor C o m p u t a t i o n (AKC) System 

J i . J . Toi'i 'KL 

Till" Ar^oiinc Itcaclor Computation System' is being 
iniplcincnted on the Laboratory's IHAI Sy.stem/360 
Model .'i0-75 computer complex. The AKC system en
joys two major advantages compared with conventional 
computer codes, namely: 

(1) The ability to automate the linkage of compmta-
tional modules in an arbitrarily complex manner, with
out human intervention for data handling, in order to 
attack sophisticated reactor problems. 

(2) The ability to simply store away, and, at a later 
time, retrieve data generated by an ARC run to facili
tate the rerunning of previous problems with data 
changes, or the extension of previous problems into fur
ther computational areas. 

The AIK' system C(pnsjsls of: 

(1) Thr Dalapintl 'I'hcr (collection of data and com
putational algorithms that can be used by ARC. 

{2) Cnrnputalinnal Modules—Conventional program 
.subroutines. 

(X) Standard Paths—Couiro] programs similar to the 
driver or executive j)ortions of large conventional 
codes containing numerous subroutines or over
lays. 

(4) Operating System—Collection of codes which is 
the interface between ARC and the computer 
hardware. 

Figure VI-1-1 is a .schematic representation of the 
ARC system. The configuration represented corresponds 
to the situation in which the operating system has trans
ferred control to a standard path which has in turn 
called a particular computational module into the fast 
core from the datapool. 

From the user's point of view, ARC facilitates reactor 
physics calculations that involve many independent 
computations. The.se computations may be processed 
serially and may incorporate logical decisions. 

A standard path may be u.sed to link ARC program 
modules in such a manner as to eff(H,'tiveJy generate the 
e(|uivalent of a present-day self-standing code. i)n the 
other hand, owing to the flexibility of the .system, one 
may easily use standard ])aths to perform comparative 
calculations either with regard to variations in input 
data, or in regard to computational algorithmic meth
ods. Indeed, .since logical decisions can be made during 
execution of a path, the particular algorithms to be in
voked need not be predetermined. Such paths involving 

branches b:ised upon logi(;al decisions in\(ilv(' use of Ihe 
full capability of tlie AHC! system. 

COMPUTATIONAL SCOI'E OF THE SYSTE.M 

Table VI-I-I reflects current thinking in regard to 
modules for the ARC system. The module names are 
intended to be descriptive of the function of the mod
ules. The box marked ARC MODULE in Fig. VI-1-1 
may correspond to any of the Table VI-l-I modules. 
The module FORTRAN names are also gi\'en in 
Table I. 

The listing has been grouped into ftve main categories. 
Within each category, the modules are further orga
nized into Input, Comjiutat ional, and<)utj)ul Fdit nmd-
ules. In all categories, a blank enlcy has been included 
to imply the open ended nature of tlu; AliC imnlnk! 
library. 

The input modules have BCD card image upper in
terface data sets while the computational modules gen
erally deal with binary data sets. The edit moilules have 
both BCD and binary upper interface (hita sets. I^ventu-
ally, selective edits will be po.ssible depending upon user 
choice. For the initial implementation, most edit mod
ules will be similar to the output routines of classical 
codes in tKat little or no selectivity is provided in the 
output complexity. 

Further descriptions of the various modules, together 

INPUT JOB STREAM 

__...,.I 

ea^ 
JOB CONTROL ANO 

DATA CARDS 

DATA 

LIBRARIES 

ON LINE 

SOURCE PROGRAMS 

FlG. Vl-1-1. Srliematir Itcpreseiitiition of the ARC Sys-
U;m. ANL Neg. No. 112^8616. 
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TABLE Vl- l - I . ARC SYSTEM MODULES 

1. Cross Section Preparation Modules 
A. Input Modules 

1, Epi-Thermal Cross Section Specifications CSIOOl 
2. Thermal Cross Section Specifications CSI002 
3. 

B. Computational Modules 
1. Resonance Cross Sections CSCOOl 
2. Non-Resonant Cross Sections and Fundamental 

Mode Spectrum CSC002 
3. Thermal Cr.as Sections CSC003 
4. Broad Group Cross Sections CSC004 
5. Broad Croup Fundamental Mode Spectrum 

CSC005 
0, 

C. Output Edit Modules 
1. Resonance Cross Section Edit CSEOOl 
2. Non-Resonant Cross Section and Spectrum Edit 

CSE0O2 
3. Thermal Cross Section Edit CSE(X)3 
4. Broad Group Edit CSEOOl 
5. Broad Group Fundamental Mode Edit CSE005 
6. 

I I . Neutronics Calculations Modules 
A. Input Modules 

1. Neutronics Specifications NUIOOl 
2. Geometry Preparation NUI002 
3. Cross Section Homogenization Specifications 

NUI003 
4. ID-Diffusion Specifications NUICKM 
5. ID-Transport Specifications NUI005 
6. 2D-Diffusion Specifications NUI006 
7. 2D-Transport Specifications NUI007 
8. Diffusion Mesh Refinement Specifications 

NUI008 
9. Transport Mesh Refinement Specifications 

NUIOOd 
10, Neutronics Output Manipulation Specifications 

NUlOlO 
11. 

B. Computational Modules 
1. Cross Section Homogenization NUCOOl 
2. ID-Diffusion NUC002 
3. lU-Transport NUCOOa 
4. 2D-Diffu8ion NUCOOl 
5. 2D-Transport NUC005 
6. Diffusion Mesh Refinement NUC006 
7. Transport Mesh Refinement NUC007 
8. Criticalit.v Search NUC008 
9. 

C. Output Edit Modules 
I. Neutronics Output Manipulation NUEOOl 
2. 

I I I . Adjunct Calculations Modules 
A. Input Modules 

1. Neutron Inventory Specifications AJIOOl 
2. Diffusion Perturbation Specifications AJI002 
3. Transport Perturbation Specifications .\J1003 
4. Spatial Synthesis Specifications AJlOOt 
5. Group Collapse Specifications AJI005 
6. Bivariate Cross Section Interpolation Specifica

tions AJI006 
7. 

B. Computational Modules 
1. Neutron Inventory AJCOOl 

TABLE \'l-\-l-Continued 
I I I . Adjunct Calculations Modules—Continued 

2. Diffusion Perturbation AJC002 
3. Transport Perturbation AJC003 
4. Spatial Synthesis AJCOOl 
6. Group Collapse AJC0O5 
6. Bivariate Cross Section Interpolation AJC006 
7. 

C. Output Edit Modules 
1. Neutron Inventory Edit AJKOOl 
2. Diffusion Perturbation Edit AJE002 
3. Transport Perturbation Edit AJE003 
4. Spatial Synthesis Edit AJE0O4 
5. Group Collapse Edit AJE005 
0. Bivariate Cross Section Interpolation Edit 

AJE006 
7. 

IV. Fuel Cycle and Depletion Calculation .Modules 
A. Input Modules 

1. Fuel Cycle Specifications FCIOOl 
2. Economics Specifications FCI002 
3. 

B. Computational Modules 
1, Fuel Cycle FCCOOl 
2. Economics FCC002 
3. 

C. Output Edit .Modules 
1. Fuel Cycle Edit FCEOOl 
2, Economics Edit FCE002 
3, 

V. Safety and Accident Calculations Modules 
A. Input Modules 

1. Point Kinetics Specifications SAIOOl 
2. Spatial Kinetics Specifications SA1002 
3. Heat Transfer Specifications SAI003 
4. Two-Phase Coolant Flow Specifications S.\I001 
5. Core Compaction Specifications SAI005 
6. Compressible Fluid Hydrodynamics Specifications 

SAI006 
7. Fuel Element Deformations Specifications yAI007 
8. Initiating Mechanisms Specifications S-\I008 
9. Fuel-Coolant Interaction Specifications S.\I009 

10 
B. Computational Modules 

1. Point Kinetics SACOOl 
2. Spatial Kinetics S.A.C002 
3. Heat Transfer SAC003 
4. Two-Phase Coolant Flow SACOOl 
6, Core Compaction S.\C005 
G. Compressible Fluid Hydrodynamics S.\C0OG 
". Fuel Element Deformations SAC007 
8, Initiating Mechanisms SAC008 
9, Fuel Coolant Interaction S.\C009 

10. 
C. Output Edit Modules 

1, Point Kinetics Edit SAEOOl 
2, Spatial Kinetics Edit SAE002 
3, Heat Transfer Edit SAE003 
4, Two-Phase Coolant Flow Edit SAEOOl 
5, Core Compaction Edit SAE005 
6, Compressible Fluid Hydrodynamics Edit S.\F^006 
7, Fuel Element Deformations Edit SAE007 
8, Initiating .Mechanisms Edit SAE008 
0, Fuel-Coolant Interaction Edit SAEOOfl 

10, 
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Toppel V.i:, 

with theif peftinoiit interface (iiiaiititiep, are gi\-eii in 
Ref. 2. 

S Y S T E M STttt'CTUUE 

(l|icrati(iii (if llie . \ l i ( ' sy.stem is made pcissiblc 
through the use (if tlic IH.M Syst.cm/:i60 operating sys
tem and Ihe .\1!(" utility programs. Some of the utility 
programs dccupy fa.st core for the entire ARC run and 
others are called in as needed. 

The first type of utility provides the following 
services; 

(1) Communication with the user 
(2) Dynamic storage allociition 
(3) Location of data sets. 
The second type of utility: 
(1) Produces BCD data sets from card input 
(2) Establishes reference numbers for data .sets. 

The programs in . \RC are stored in two libraries: 
(1) .A.RCLIB—contains utility programs, standard 

paths, and computational modules in the form produced 
by the compiler. These are called object modules and 
are not executable. They are stored in this library under 
the module name. Table VI-l-II lists the contents of 
ARCLIB. 

(2) RUNLIB—contains executable members built 
from the members of ARCLIB. The members of RUN-
LIB are each an overlay structure involving computa
tional modules and ARC utility programs. 

Figure VI-1-2 shows an example of an individual 
member of RUNLIB. The particular modules involved 
M0Di, iM0Dj, M0Dk, . . . , depend upon the require
ments of the path SPi. It may be noted that each ofthe 
modules may themselves involve an overlay structure. 
When path i is to be executed, SPi, SNIFF and 
POIXTR would be loaded into the core and control 

TAliLE Vl- l -II , CONTENTS OF ARCLIB 

Pmgram 

SNIFF-
P0INTER' 
BCDDS-
C0MSET' 
SPI 
SP2 

SPi 
MHUl 
Mf)D2 

Mfllli 

Function 

Data set location 
Dynamic C(jre st( rage allocation 
Card input processor 
Data set—logical 
Standard path 1 
Standard path 2 

.Standard path i 
ARC module 1 
ARC module 2 

ARC module i 

unit correspondence 

SPi 

—SNIFF' 

P(81NTR* 

BCDDS C0MSET M|3Di WDj NtPDk . 

ARC U t i l i t y Program 

F I G . Vl-1.2. A Member of RUNLIB. ANL Neg. No. 
112-8617. 

(, 
ACL 

CARDS 
f^ JCL 

CARDS 

UTILITY 
PROGRAMS 

A 
R 
C 

PROPOSED FACILITIES EXISTING FACILITIES 

"System utility jirogranis. 

FlQ. VI-1-3. Relationship Bclwccn Ali(; Clonlrol Laiiguagc 
and Job Control Language, ANL Neg. No. IIS-SSIS. 

transferred to SPi. Program SPi would then determine 
options and execute the modules as required. 

A path utilizes a number of data sets, the basic com
ponents of the data pool. Each data set that can he ref
erenced by a path has a number assigned to it; this is 
done by COMSET. When a module calls SNIFF, with 
the data set name as a parameter, the number (X) asso
ciated with that data set is returned so that READ (N) 
LIST, will read the data set. I'or example, if the data 
set G E 0 M is to be referenced in a module, a data .set of 
the form ARC.GE0M.RII must he available at run 
time. The operating system re(iuires that an identifier 
of the type FTNNFOOl be assigned to this dat.a set if a 
F0RTRAN program is to reference it as XX. SXIl'l ' ' 
returns NN when called with OE0iVI as a parameler. 

A path is a rather difficult thing to execute as the sys
tem exists today. Many IB.M .I0B CWXTHML 
LANCzlIAGE (.JCL) cards must be used to interface 
properly with the operating .system. Plans are underway 
to provide a simplified user-oriented language, .VRC 
C 0 N T R 0 L LANGUAGE (ACL), that will ser\e as 
input to a program that will produce the JCL needed 
to run the job. Figure VI-1-3 shows the relationships 
among the various elements of the ARC System as re
lated to input control. 

Note that the user can interact with the system in two 
ways: he can write in ACL or .ICL .and provide identical 
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functions. This is important while ACL is being devel
oped. Functions not yet implemented in ACL can be 
had through JCL. All of the capability afforded by the 
JCL will ultimately be available through the simplified 
user-oriented ACL. 
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V I - 2 . F u r t h e r D e v e l o p m e n t o f t h e M.O C o d e 

B. J. TOPPEL, H . H . HUMMEL, R . N . HWANG aud A. L. RAGO*, 

MC' has been completed and is available through the 
Argonne Code Center. The code is described in detail 
in Ref. 1. A mmiber of extensions and improvements 
have been incorporated uito the code, as discussed 
below. 

The hydrogen cross section generation ia imple
mented by using analytical expressions for total and 
radiative capture cross sections which are built into the 
code. The user selects hydrogen as a material in the 
problem by using HYDRO as the nuclide identifier. 
This designator is reserved for hydrogen and may not 
be used for any of the library materials. 

The code now requires that the reduced neutron 
widths, to be used in the calculation of unresolved 
resonance cross section, be energy dependent. Previ
ously, only the fission widths were required to vary 
with energy. 

Code dimensions have been enlarged so that 5500 
data points can be utilized in the linear segment data 
portion of the library, and the code can now accept up 
to 800 resolved resonances in a problem. These changes 
improve compatibility of MC^ with the E X D F / B 
(Evaluated Nuclear Data File) data being prepared 
tmder the supei^'ision of Brookhaven National Labora
tory. 

In the course of testing the code for the calctilation 
of the reactivity Doppler effect, it became obvious that 
the original treatment used for generating collapsed 
broad group resolved resonance cross sections was in
adequate. In particular, because of the computational 
strategy employed for the Legendre coeflScient data for 
elastic scattering, resonance scattering effects in the 
heavy elements are not properly accotmted for in the 
calculation of the ultra fine group fmidamental mode 
spectrum. Therefore, ase of this spectrimi to collapse 
the resolved resonance cross sections is inappropriate. 

The code now obtains the broad grouj) ibg)J rfi-

* Applied Mathematics Division, Argonne National Labora
tory. 

solved resonance capture cross section for material m 
using 

E«o;"),.. . , . .J''"^5f (1) 
^ inJ •'gj ^ 2,(1 £ ) 

liS'jK, Z,(E] 
S)" 

where 

/ m lit. .IE, ZitE 
dE 

r dE 
Z,(E) 

(2) 

E, and Ej+i are respectively the lower and upper 
energy boundaries of the ultra fine group iufg)j con
tained within the broad group J. The summation in 
Eq. (2) is over all resonances / belonging to material 
?« which contribute to the group j cross section. The 
ZtiE) includes the total resonant plus smooth back
ground scattering for all materials in the mixture. The 
S", " is the total source into the ultra fine group j as 
calculated from the ftuidaniental mode calculatidii and 
is a correction factor to accoimt for the variation in the 
collision density across the broad group J. 

A significant improvement has been made in the i lC 
code in that the total iiiel.astic and n.2n cross sections 
are now evaluated at the ultra fine group level. In the 
previous version of the code, these cross sections were 
evaluated at the fine-group level. 

The inelastic and n,2n transfer matrices are still ob
tained at the fine-group level, but these matrices are 
now normalized to the ultra fine group total inelastic 
and n,2n absorptions for the corresponding fine group. 
For ex.ample, let the ultra fine group j be contained 
in the fine group ifg)J. Then in the calculation of the 
fimdamental-mode spectrum, the source into ultra fine 
group j due to inelastic scattering, S"i°,t , is now cvalu-
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ated as 

Cj't/H 
2-_ ii,<Pt rTs— 

r-. ^e, 
^eJ 

(3) 

In Eq. (3). 2','; the total macro.scopic inelastic 
cross section for ufg k, ifi!,'' is the flux for ufg k, 2;(°, 
is the macroscopic inelastic scattering cross section from 
JgK to / ( / . / , and Sf".,,^ is the total macroscopic in-
ehi.stic (TOSS section for /(/ A'. The Acy and ^Cj tire, 
respectively the eiierg,v widths of the ufgj and the fg ,f. 

The corresponding loss term in the denominator of 
the fundamental-mode lliLX equation is therefore given 

by 

-in,ij,] y 

-i-
(4) 

The «/y-treatment of inelastic .scattering largely elimi
nates the spectral discontinuities exhibited previously 
at the fg boundaries and has a significant influence on 
the calculated reactivity (see Paper VI-9). 

RLKKRENCK 

1. B. J. Toppel. A. L. Rago and 1). M. O'Sheii, MC A Code 
to Calculate Multigroup Cross Sections. ANL-731S ((o be 
published). 

V1-.3. Generation of Mult igroup Cross Sect ions Using a Coupled MC--THERM0S Code 

D. A. SARGIS, B . J. TOPPEL and A. L. RAGO 

INTRODUCTION" 

111 the calculation of multigroup cross sections for 
thermal reactors an epithermal spectrum varying as 
1/E is often assumed. The integral tran.sport theory 
thcrmalization program T H E R M 0 S " " employs this 
ajiproximation in calculating slowing down source terms 
into Ihe thermal group. Likewise epithiTmal cross sec
tion generating codes, such as MC-"', make various as-
siiiiiptions ;iliiiut the thermal fission source terms and 
other thermal group cross sections. 

Hy coupling of fast and thermal cross section modules 
within the framework of the .Vrgonne Reactor Com
iiutation System, , \RC'" , some of these approximations 
may be eliminated. In this paper we describe some pre-
liniiiiiiry results obtained by coupling the space de
pendent thcrmalization algorithms of T H E R M 0 S and 
the siiacc indejiendent epithermal MC^ program. 

In the second section, the general theory is described 
wlierein slowing down sources from an MC^ computa
tion .serve as epithermal sources for the thermal calcula
tions ill THER.M0S. Thermal group cross sections are 
then found in T H E R M 0 S by solving the integral trans
port equation with isotropic scattering and various 
thermalization scattering kernels. A consistent Pi or Bj 
module is also available for energy averaging of the 
spatially homogenized thermal cross sections. The Pi 
or Bl calculations require input of a buckling B ' from 
MC and introduce first order effects of scattering anisot
ropy into the thermal cross section calculations. The 
microscopic thermal group cross sections from THER
MOS may then be used in a second MC- calculation to 
evaluate the effects of thermal cross section changes on 

epithermal cross sections and spectra. If the epithermal 
parameters are altere<l to any considerable extent, 
further thermal cross section calculations may be carried 
out using the revised slowing down terms from MC-. 

In the third section a discussion of results is given for 
three different systems. The first system is similar to 
the thermal Experimental Boiling Water Ueaclor 
(EBWR) lattice. A philonium dioxide and luiuiiiim 
dioxide fuel region with light water moderator is as
sumed. The second case studied is a very undermod
erated higb conversion lattice (Hi-C)'*'. An extremely 
tight uranium dioxide lattice with light water modera
tor is used. The spectrum in this system is considerably 
harder than that in the I 'BWR case. The third reactor 
consitlered is a steam-cooled fast re.actor with philonium 
dioxide and uranium dioxide in the fuel region. This fast 
reactor has a somewhat softer spectrum than most 
sodium-cooled fast reactors, for example, and thermal 
fissions are not completely negligible. 

Finally, some general conclusions are given regarding 
the results obtained by coupling of the fast and thermal 
cross section modules. 

GENERAL THEORY 

The epithermal cross section code MC" may be used 
to supply space independent slowing down sources to 
the thermalization program THERM0S. MC' re
quires input of various thermal cross sections, which in 
the first iterate may be set etiual to zero or calculated 
by using a 1/E asymptotic fiux in THI'',RM0S. 

The isotropic or PD component of the microscopic 
slowing down source, summed over MC' groujis I, to a 
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T H E R M 0 S group A" for a particular isotope m is 
given by 

iSi = X, o7-ic<t>i (1) 

where the transfer (TOSS sections, OT^K and fluxes, ipr , 
are calculated in MC' for a given composition and 
buckling. 

MC' also generates a P, or linearly anisotropic source 

SK, = T.'Tu-KiJ: <2) 

where J, is the neutron current for the / t h MC group. 
Since the thermal cross section module requires 

source terms which are space dependent, we miUtiply 
the sources of Eqs. (1) and (2) by spatial shape factors 
fto'(r) and RTir). respectively, where 

ff:(r) ^ p" ( r )F , ( r ) , 1,2. (3) 

Here p'"(r) is the atom density at r, for isotope m in 
the heterogeneous lattice. Fair) and f i ( r ) are shape 
factors proportional to the Po and / ' , components of 
the angular flux. Foir) may, for example, be approxi
mated by bare reactor spatial distributions, by .spatial 
results from multigroup diffusion codes, or by simply 
assuming flat spatial fluxes in cell calculations. In the 
Pl approximation, I'lir) would he proportional to the 
gradient of Po(r). 

The difficulties associated with obtaining accurate 
space dependent sources can be eliminated in the future 
by using a space dependent version of MC' or other 
space dependent epithermal codes such as RABBLE.'" 

Using Eq. (3) in Eqs. (1) and (2) we find the Po and 
Pl components of the slowing down source at r for 
group K 

SK.ir) = Z E p"ir)Fo(r)a7^K<t,, 
m I 

St.tr) = zZ 2 p"(r)Pi('r)ir7/.it),J/, 
(4) 

where the sum is over all isotopes m at space point r. 
To obtain the total source into THERM0S from 

MC , we sum the SKa(r) components over the K 
THERM0S groups and integrate over regions into which 
neutrons are slowing down, giving 

.S = / dTYimip'"(r)Fo(r}a7^K<t>,- (5) 
•(fi.Oton K m 1 

We re(|uire that neutron conservation be maintained. 
If we let I. be an isotropi(' loss operator, which includes 
both leakage and absorption processes over the region 
defined by Eq. (5), then we insist that 

L4, = S (6) 

where <t> is the neutron flux and S is given by Eq. (5). 

This condition differs from the original THER.\I0S 
version' which is normalized to one neutron/sec slowing 
down into the cell. 

In solving the transport equation in THERM0S, a 
power iteration method is used which employs the 
conservation restriction of Eq. (6). In operator nota
tion the transport equation is written 

<t, = T(S -H P,f) il) 

where et> is the space and energy dependent flux, T is 
the transport kernel for isotropic scattering, P is the 
scattering kernel, and *S is the space dependent slowing 
down source term [see Eq. (4)). .\n iterative solution 
to Eq. (7) may be found by inserting a trial solution ^' 
into the right hand side of F^j. (7) to obtain an im
proved result 0'*' on the left hand side. 

•* TiS + P4,'). (8) 

To accelerate convergence fif Eci. (8), we employ a 
renormalization or scaling technique which utilizes 
Eq. (6). We require that all iterates ofthe flux<>' satisfy 

i * ' = .§. (9) 

Equation (8) is now written as 

<*.'+' = aTiS -I- P.t>'), (10) 

(11) 

where a is a renormalization factor given by 

so that Eq. (9) is satisfied for all /. Convergence is then 
further accelerated by employing an over relaxation 
technique. 

I'sing the converged values of the space and speed 
dependent flux «^(r,t'), various cross sections of interest 
are found: 

/ dr \ ZAr,v)4>{r,v) dv 
(2.) = ' ^ - \ •' ,,^ , (12) 

/ dr I 4>{ r,v ) dv 
•'Ufa- * ^n 

where the spatial integration is usually over the entire 
cell, and i^ and V2 are the speeds corresponding to the 
lower and upper boundaries of a particular broad energy 
group. 

Microscopic cross sections obtained from Eq. (12) 
may then be used as thermal grovip parameters for a 
second MC' calculation. 

In addition to the cross .sections of Eq. (12), spnti:illy 
averaged cross sections. (Sj( ! ' ) \ and sources. SK , may 
be calculated in T H E R M 0 S for use in a consistent T'i 
or Bl calculation. These are defined by 
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/ Z,ii,v)<t,ir,li) dr 

(2 . ( t ' )> = - ~ (13) 

TABLE V1.3-I. TI IERMPS C E M , CONFIOUHATIO 

/ •*>(r,») 
•Irrll 

dr 

and 

SK,= J (ITT-T, p"'ir)F,ir)o?.,K,t>„ 

•Sici = / (^r XI £ p ' " ( r ) P i ( r ) i T u , i [ ) , J / . 

(14) 

The Pl-Bl module uses the space independent sources 
and cross sections from I^qs. (13) and (14), along with 
a buckling B from MC" to compute neutron fluxes, 
0o(f), and currents, <^i(t'), in either the consistent Pi or 
Bl approximation. Both the isotropic and first Legendre 
components of the scattering kernels are read from the 
THERM0S library file, so that a first order approxima
tion to the scattering anisotropy is utilized. 

Once the fluxes and currents are obtained, thermal 
group averaging is easii.v accomplished .so that 

r* 
\ (2,(!;))«„(c) dv 

X, = h 

/ <! / 7:Ar,v)<t)(r,v)dT / (t,ir,v)dT} <t>i,(v)dv 
_ •'O j - ^ f e l l / •'cell J 

- / (AidO dr 
-(o 

41 = / ifioilt ) dv. 

(16) 

(17) 

where i* is the cutoff speed for the thermal group. 
The user may now choose to use Pi or Pi microscopic 

cross sections from Eq. (15) as thermal group constants 
for input to MC^ rather than the isotropic T H E R M 0 S 
results of Eq. (12). 

The MC^ module interates on B^ until 

u [ Z J >'/2/j(^/].MC= + [ ' '2/1^]TH 

converges to 1.0. Hence, if the thermal source term 
[KI/I^ITH is non-negligible and is severely altered with 
respect to the cross sections in the previous MC com
putation, changes in B' and in the epithermal cross 
sections may result. 

DISCUSSION OF RE.SULTS 

The THERM0S cell configiuations for the three 
sy.stems considered are given in Table VI-3-I. In each 
case a cylindrical cell thermal calculation was per-

System 
Fuel Rod 

Radius. 
cm 

EBWR 
Hi-C 
Fast 

0.4725 
0.46730 
0.3175 

Clad Outer 
Radius, 

Moderator-
Coolant Outer 

Radius, 
cm 

0.5285 
0.3556 

0.7025 
0,50127 
0.02081 

formed with a heavy outer scattering region and reflect
ing boimdary conditions. In Table VI-3-II the THER-
M 0 S regional compositions for the three cases are given. 

In Table VI-3-III calculations for the EBWR cell 
are given. In the first column, various mixture and in
dividual cell material cross sections are given for an 
isotropic THERM0S calculation using Eq. (12) and a 
1/E asymptotic flux above the thermal cutoff. Thirt.v 
energy groups were used up to a cutoff energy of 0..532 
eV. These thermal group cross sections were then used 
in an MC calculation to compute slowing down sources 
and fluxes. A second T H E R M 0 S calculation using 

(1.-.) 

only the isotropic MC slowing down sources is given 
in the second column of Table VI-3-III. 

From column two w"e see that the coupled THI^R-
M0S-MC^ results differ only slightly from the ordinary 
1/E THERM0S calculations. Of particular interest is 
the fact that the total number of thermal fission neu
trons produced per neutron absorbed, rif, changes by 
only 0.03 %. rif is the quantity which has a direct effect 
on the perturbation in epithermal spectra and cross 
sections. This is easy to see since MC^ iterates on B' 
until k,ff = ^jvj'Ztjitij converges to 1.0, where ./ is 
summed over all thermal and epithermal groups. I'or 
the EBWR case considered, a|ipr(iximatel.y cS2'X of /,,// 
comes from the thennal group below 0..')32 cV. licence, 
if the thermal contribution to k,ji remains relatively 
constant per neutron absorbed, the epithermal cross 
sections should be only slightly affected. 

In the third colmnii of Table VI-3-III thermal cross 
sections from a 48 group T H E R M 0 S calculation ex
tending to 1.33331 eV are tabulated. A 1/E asymptotic 
flux is again assumed above the cutoff energy, and the 
cross sections are edited over the first 30 groups up to 
0.532 eV to compare with the previous results. Again 
the mixture cross sections of interest are only slightly 
altered. 
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TABLE VI 3-II. THERM0S CELL COMPOSITIONS' 

System 

EBWR 

Hi-C 

Fast 

Region 

Fuel 
Moderator 

Fuel 
Clad 
Moderator 

Fuel 
Clad 
Moderator 

V-liS 

0.021S6 

0.02207 

0.0210 

U-23S 

— 

0.000713 

-

Pu-240 

0.000088 

— 

0.0015 

Pu-239 

0.000352 

0.0030 

H-1 

0.06689 

0.06694 

0.0045714 

0-16 

0.0440 
0.033445 

0.04S54 

0.03347 

0.0480 

0.0022857 

Fe-56 

— 

0.06879 

0.01.5714 

' Atom densities in units of 10'* atoms/cc. 

TABLE VI-3-III. EBWR CELT. 

Cross 
Section 

{2o)mlx 
<»2:,)„i. 

vf 
( 2 . > . i . 

(D)„u 
Z.-239 
2,-240 
2.-238 
2.H 

i/E 
THER-

MPS 
(30 groups) 

0.18637 
0.29171 
1.56522 
1.7418 
0.31584 
0.15343 
0.007441 
0.016298 
0.009202 

MC'-THERMOS-

0.18463 
0.28889 
1.56470 
1.7453 
0.31669 
0.15174 
0.007407 
0.016269 
0.0092139 

( -0 .93) 
( -0 .97) 
( -0 .03) 
(0.20) 
( -0 .05) 
( -1 .10) 
( -0 .45) 
( -0 .18) 
(0.13) 

CALCULATIONS" 

l / / i THER.M0S' 
(48 groups) 

0.18553 ( -0 .45) 
0.29036 ( -0 .46) 
1.56503 (-0.012) 
1.7309 ( -0 .63) 
0.31776 (0.60) 
0.15305 ( -0 .25) 
0.0073726 ( -0 .91) 
0.016(M4 ( -1 .66) 
0.0090639 ( -1 ,50) 

" The ',1 changes with respect to the 1/E 30 group 
THEKM0S calculations are shown in the parentheses. 

TABLE VI-3-IV. Hi-C LATTICE C 

Cross 
Section 

2 . „ i . 

• •2 /ml . 

if 
2 . . U 
D 
2.-235 
2.-238 
2 . Fe 
2 . H 

l / £ 
THER-
M0S 

(27 groups) 

0.17425 
0.28042 
1.60930 
0.67518 
0.61644 
0.13750 
0.018429 
0.017022 
0,0013074 

ALCULATIONS 

1 
MC'-THERM0S-

0.17438 
0.28059 
1.60907 
0.67560 
0.61479 
0.13760 
0,018434 
0.17033 
0,0013067 

(-1-0,07) 
(-1-0,00) 
(-0,014) 
(-fO,00) 
( -0 ,13) 
(-1-0,07) 
(-1-0,03) 
(-1-0,06) 
( -0 .05) 

l / £ THERMOS-
(48 groups) 

0.17131 ( -1 .69) 
0,275M (-1 ,74) 
1,60843 (-0,05) 
0,67717 (0,29) 
0,51361 ( -0 ,35) 
0.13521 ( -1 ,66) 
0,018130 ( -1 .62) 
0.016691 ( -1 .94) 
0.001278 ( -2 .25) 

• The % changes with respect to the l/E 27 group 
THERM0S calculations are shown in the parentheses. 

The 48 group problem extends beyond the large 
Pu-240 resoniuicc at, 1.050 eV. Because of the Pu-240 
present in this problem, the spectrum above 0..532 eV 
undoubtedly is not l/E. However, the 30 group prob
lem which makes this assumption for the asymptotic 
flux still gives reasonably accurate results as compared 

with the MC--THERM0S and 48 group THER.M0S 
calculations. 

In Table VI -3 -^ ' thermal cross sections are given fur 
a very tight Hi-C lattice. l"or this ctisc B' v -3.,'i(i X 
lO^Vfm' and only 27',; of k,„ comes from the therniij 
group. Approximately 65% of t , / , comes from below 
2.03 keV. Cross sections from a 27 group THERM0S 
with a 1/E asymptotic flux above the cutoff energy of 
0.428 eV are listed in column one. Cohuiin two lists 
results from a T H E R M 0 S calculation employing iso
tropic slowing down sources from MC'. These cro.ss 
sections are very close to the usual 1/E THEHM0S 
calculations. For completeness column three includes 
48 group results which are edited over the lirst 27 
groups. Again the simple 27 group T H 1 ' : R M 0 S using 
1/E asymjjtotic fluxes above 0.428 eV coinpares favor
ably with the more rigorous 48 group computation. 

Since rif in the MC'-THERM0S calcul.ation diffei^ 
from the 27 group T H E R M 0 S result by only 0.014%, 
it is apparent that a second MC ' calculation will be 
only very slightly affected by using the new thermal 
group cross sections. This is also evident since the spec
trum in this lattice is harder than that in EBWR and 
the major portion of the fission source comes from the 
epithermal region. 

In Table ^T-3-V thermal cross sections are given fnr 
a steam-cooled fast reactor lattice. Cohmin one again 
lists various thermal cross sections obtained from a 
1/E T H E R M 0 S calculation with a cutoff energ\' of 
0.532 eV. In column two, thermal cross sections are 
given utilizing isotropic slowing down sources from 
MC'. 

For the fast reactor, there are hu-ger percent changes 
in the thermal cross sections than in the h;HWI! and 
Hi-C calculations, TJ/in this ca.se changes by alniosl I ' . . 
However, only UIMIUI 1.S2', of /,-,„ comes from llic 
thermal grouj) below 0.,'i:i2 eV. Therefore, wc would 
again expect suhseiiuent MC' calculations to be only 
slightly altered by using the revised thermal cross sec
tions. 

http://ca.se
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A second MC ' problem was run using the revised 
thermal cross sections from column two of Table VI-3-
IV. The second MC" calculation was fotmd to be very 
insensitive to the new thermal cross sections. B changed 
from 5.(57161 X lO^Vcm" to 5.07985 X lO'V^m'. The 
spectrum and epithermal cross sections were perturbed 
even less, with niaximum changes in the spectrum of 
only a few hmidredths of a percent. 

In column three a 1/E T H E R M 0 S calculation ushig 
4S groups is given for comparison. The 48 group calcu
lation differs slightly from the 30 group T H E R M 0 S 
for the mixture cross sections. The individual cell ma
terial (TOSS sections are altered to a greater extent. 
Again the introduction of l'u-240 with its large 1.0.56 
cX resonance in the 48 group and MC (calculations, 
docs not introduce large perturbations as compared 
with llie .30 group results. 

CoNfl.UKKIN 

Hy (•(lupling of llic epithermtd MC and the thermal 
'nil'!KM0S codes, ue htive been able to generate 
llllllligroup cross sections without introducing certain 
simplifying a.s.simiptions, such as a 1/E asymptotic 
flux. Our results indicate, however, that for the three 
systems considered 1 /E T H E R M 0 S cross sections are 
(|uitc accurate. Even for systems with a large Pu-240 
resonance, the 1/7 '̂ approximation gave favorable re
sults. 

One reason for the great success of the usual 1/E 
THERM0S ciilculation is no doubt due to the fact that 
hydrogen is the dominant moderator in all of the.se 
problems. l''or a hydrogen moderator, the slowing down 
source is independent of the final energy. Therefore, 
the spectral form of the asymptotic flux is immaterial 
for hydrogen scattering. The heavier moderators are 
afl'cctcd by the .shape of the lusyinptolic flux but play a 
secondary role in slowing down of epitheniial neutrons. 

Some further test problems were run using plutoniuni 
fuel rods and D2O moderator in place of H.O. The cross 
sections in these cases were altered to a larger extent 
than the HjO ])roblenis. when the l'u-240 resonance 
was introduced. However, again ?;/ was changed by 
only fractions of a percent even in these more drastic 
cases. 

In addition, T H E R M 0 S test problems using asymp
totic fluxes varying as E". where IV is an arbitrary 
numlier, have been run. In these problems, moderators 
of various ma-ss were u.se(l. Once again the thermal 
cross .sections varied only slightly with changing asymp
totic flux shapes. I'or hydrogen .scattering there was no 
change in the cro.ss sections as the epithermal flux was 
modified. 

Our results indicate that for the problems consid
ered, accurate multigroup cross sections may be ob-

TABLE VI-3-V. FAST IIEAITOK TIIEHMA 

Cross 
Section 

2o mix 

1*2/ Biii 

vf 
2 . mi . 

Cmix 
2.-239 
2.-240 
2,-238 
2 . H 

1//; THER
MOS 

(30 groups) 

0.42166 
0.07391 
1,59823 
0,18370 
4.0025 
0.37732 
0,039661 
0,0031180 
0,00049383 

MC'-IHDRMOS" 

0.42497 
0.68540 
1.01282 
0.18368 
3.9567 
0.38378 
0.30470 
0.0030863 
0,00051315 

(0,78) 
(1,70) 
(0,91) 
( -0 ,01) 
( -1 ,14) 
(1,71) 
( -8 ,02) 
( -1 ,02) 
(3,91) 

1//,T11I 
(48 K' 

0.42421 
0,68080 
1,60487 
0,18066 
4,0449 
0.38381 
0.035992 
0,002909 
0,0004693 

KMOS" 
)ll|)S) 

(0,60) 
(1,02) 
(0,41) 
(-1,6.5) 
(1,06) 
(1,72) 
( -9 ,23) 
( -6 .70) 
( -4 .97) 

" The K'l changes wilh respect to the l/E ^0 groups 
THEKM^K calculations ;ire shown in the parenlhesr.s. 

taiiicd without resorting td coupled fast nrnl tiicrmid 
codes. Only for problem.^ in which ^vi'nt :iccin;H-y i.s 
rc(|uirod would a coupled e(unpiitat ion system lie 
necessary. Iii these cases, it would also he ap|)td|)riale 
to introduce space dependent epithermal cross scelion 
modules to accurately determine the spatial shape of 
the slowing down .sources. In the calculations presented 
here, we have used oidy flat spatial slowing down 
sources in each cell region. It would also he us{'ful to 
include the Pi components of the slowing down sources 
available from the MC' calculations. Only the isotropic 
Po components were u.sed in the results presented in 
this paper. 

It should also be pointed out that the fast reactor 
cross sectioiii^ were very insensitive to the thermal cross 
sections used in MC . The steam-cooled system has a 
non-negligible contribution to /i,// from the thermal 
group and provides a goftd test of this sensitivity. l''or 
harder systems, .such as a sodium-cooled fast reaelor, 
the epithermal cross .secticms and spectra are much less 
sensitive to the thennal cross sections employed. 
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VI-4. Fortran Codes for Processing Neutron Cross Sec t ion Data 

E. M. PENNINGTON, J. C. GAJNIAK and W. BOHL 

The evabiiitkm and compilation of neutron eross .sec
tion data and the processing of the data to produce 
library tapes suitable for input to codes such as M C " " 
requires the use of many computer codes. A code called 
MKKMC'a has been written to merge data from two 
M C library tapes to produce one new library tape. 
Four of the codes, which were written as part of the 
Evaluated Nuclear Data File/B (EXDF/B) project 
and distributed to members of the Cross .Section Evalu
ation Working Group, have been made operational on 
the CDC-3600. .\lso, impro\-ements ha^-e been made in 
the program to plot data from the MC= library tape and 
in codes used in the study of elastic scattering angular 
distributions. 

MERMC2 

The MERMC2 code, written in CDC-3600 FOR-
T R . W , requires as input two binary library tapes with 
neutroii cross section data in the -MC- library format.' 
A third M C library tape is produced, which contains 
data from the two input tapes, with deletion of some 
materials if desired. 

An 1^1C^ library tape may be produced originally with 
the aid of the LIB9 program,' using the appropriate 
card input, or by using the E T 0 E program, described 
below, which requires an E N D F / B tape as input. Thus 
MERMC2 makes it possible to produce a library tape 
containing both ENDF/B data and non-ENDF/B data 
for comparative calculations. Also a few new materials 
m.ay be added to an existing MC- library tape by run
ning E T 0 E or LIB9 problems for the new materials only 
and then using MERMC2. Formerly it was necessary 
to run E T 0 E or LIB9 for all materials, thereby using 
more computer time than is now reiiuired. 

An MC- library tape consists of six files containing 
the IF-table, a table of contents and resonance data, 
smooth cross sections, inelastic and in.2n) secondary 
energy distributions, fission spectra, and elastic scatter
ing Legendre coefficients. The U'-table contains the real 
and imaginary parts of the complex probability function 
and is used in the calculation of the f and x Doppler-
broadening functions.' The MEKMC2 code reads data 
in a given file, first from one tape and then the other, 
and writes it on the new library tape unless the deletion 
of the material was specified in the input. Since in using 
E T 0 E it is possible to produce a library tape without a 
TF-table, provision is made to read the W-table from a 
third input tape if neither of the two tapes being merged 
contains a IF-table. If the table of contents on either 

input tape does not agree with that specified in the 
MERMC2 card input, the processing of the data is 
stopped. The arrangement of the data in the j.egeiidre 
coellicieiit file is such that a scratch tape is necessary for 
processing this file. 

Printed output from MER.\K'2 consists of a li^t of 
the materials on the merged library tape, followed hy a 
.series of messages. A message is jirinted when each ma
terial in each file is processed. Thus, if the MERiIC2 
run should terminate abnormally, with a parity error, 
for example, the source of the difficulty can be easily 
located. 

E N D F / B PKOCESSING CODE.S 

The FORTRAN codes, CHECKER, CRECT, 
DAMMET, and E T 0 E , which were written as part 
of the E N D F / B cross section project, have been made 
operational on the CDC-3600. Listings of these codes 
ha\'e been studied in detail in an attempt to find any 
errors, and various test problems have been run. Brief 
outlines of these codes are presented below. 

CHECKER 

The CHECKER code' checks E N D F / B BCD tapes 
mainly for "bookkeeping" type errors. A small amount 
of physics cheeking is alsfi done. \'arious minor revi
sions, suggested in ENDF B newsletters, have been 
made in the original version of the code. .\ll of the 
E N D F / B data received so far have been run through 
CHECKER. 

CRECT 

The CRECT Program' is used to correct ENDF, B 
BCD tapes. The input E N D F / B tape is copied onto 
another tape, with the eorreetions being made as the 
copying proceeds. Corrections consist of deleting cards, 
inserting cards, or changing certain fields of existing 
cards. The CRECT code has proven to be quite useful, 
especially for correcting keypunch-type errors. 

DAMMET 

The name of this code stands for Delete, .liter .1/ode, 
and il/erge i 'NDl'VB Tapes. The code' accepts as input 
either one or two E N D F / B tapes and produces as out
put a third E N D F ' B tape, with deletions if desired. 
There are three modes possible for ENDF B tapes. 
These are (1) a BCD tape in the standard configuration, 
(2) a binary tape in the standard configuration, and (3) 
a binary tape in the alternate configuration. The term 
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"standard configuration" means that data are arranged 
in order of materials, with all data for the first material 
fiillowcd hy all data for the second material, etc. "Al
ternate coiiliguration" means that data are arranged in 
order of files, with the first file for all materials followed 
by the second file for all materials, etc. A file contains 
(lata of a particular type, such as resonance parameters 
or smooth cross sections, for example. 

The preliminary version of DAMMET was run on 
the.\rgoiine CDC-.3600 by T. Pit terle ' and D. Green.* 
They used DAMMET to convert from mode (1) to 
mode (3), since ETOE requires such a binary input tape. 
The corrections and impro\emerits in the version of 
D.\.\1.MFT distributed from Brookhaven National 
Laboratory have been made in the preliminary version. 
D.\.MMET has been used extensively to convert from 
mode (1) to mode (3) and to merge two mode (3) tapes 
to yield another mode (3) ta|)e. 

E T 0 E 

The KT0E code' ( / i . \Df /H 7'0 M C = A')''"'ivert.s 
(lalalioiiiaii ENI)F/H binary la|ie in the alternate con-
ligiiratioii into a binary library tape in the format re-
i|uireil hy the M C code. 

Certain sections of KNDF/B data require only al
teration of formats and ordering of the data for com
patibility with M C . This category includes resonance 
parameters, smooth cross sections, and secondary en
ergy distributions. Other F]NDF/B data, however, can 
re(|uire considerable processing hy E T 0 E . Since M C 
requires that the scattering cross section be smooth 
without the resonance scattering being calculated, 
ET0E calculates the resonance .scattering cross section 
and adds the calculated values to the .smooth E N D F / B 
values to produce the smooth values as used by M C . 
Another area requiring considerable processing by 
ET0E is the angular dependence of elastic scattering. 
MC reijuires angular expansions for specific energy 
points (2041 energies) involving products of the scat
tering cro.ss section and the Legendre polynomial expan
sion coefficients in the center of ma.ss system using the 
normalization of lO.XDF/B. F ; N D F / B permits both 
Legendre expansion coefficients at arbitrary energies or 
tabulations of probabilities versus the cosine of the scat
tering angle. When tabulations are given, E T 0 E fits 
Legendre expansions to the given distributions. The 
necessary normalization of the Legendre expansions, 
multiplication by the scattering cross section, and order
ing of the angular data for M C are carried out by 
ET0E. 

The F : T 0 E code was run by T. Pitterle and D. Green 
to produce a tape containing five materials from the 

* .Atomic Power I le veil ipinciit Assnciates, Detroit, Michigan. 

first E N D F / B distribution. This tape was u.sed lo run 
an M C problem to ciiinplelioii. Other tapes have al.so 
been produced by I'/rOI') and u.sed successfully wilh 
MC;'. However, the E T 0 E eode is not .yet completely 
debugged. A few errors have been fouiul, mainly in 
seldom-used paths. The E T 0 E iirogrnm is long and 
complex, and further study of the listing and testing (.if 
the code must be done before trouble-free operation can 
be assured. 

IMPROVEME.\T.S IN F)XISTI\G CODES 

M C LIBRARY P L O T T I N G PROGRAM 

The program' for plotting data from the M C cross 
section library tape using the Calcomp plotter has been 
revised with many improvements. Almost any arbitrary 
selection of data can now be plotted during one com
puter run. Previously it was only possible to plot the 
entire tape. Also the Legendre coefficient data can now 
be plotted. When the program was originally written 
the Legendre data was on a .separate tape. 

.SCATTERING A N d l l L A I l IIIKTKIIU'TKIN I d D E . S 

Some modifications have been made in the S.VD pro
gram,^ which is used in the study of clastic .scatleriiig 
angular distributions. The use of a logarithmic I'-axis 
in plotting the angular cross section, da/dU, versus the 
cosine of the scattering angle is now possible. This is 
useful in plotting angular distributions at high energy, 
which are strongl.v peaked in the forward direction. 
Another change allows cards to be punched with Le
gendre coefficients in the ENDF^/B normalization, as 
well as in the M C normalization available previously. 

The DRIVER program, which reads Legendre co
efficients punched by SAD at a number of energies and 
plots coefficients for each angular momentum com
ponent, I, as a function of energy, has been modified to 
accept input cards in the I-^NDF/B normalization as 
well as in the M C normalization. 

An ANL topical rcporl" has lieeii written uliicli 
describes the SAD and DlilVl 'R |iriigranis iu dclail. 

FLOW niAflRAM.S 

F'igures VI-4-I and VL4-2 illuslrate the jnepaial ion 
of library tapes for M C beginning with the basic dala 
evaluation. Figure VI-4-1 shows the case of preparat ion 
of the basic data in the E N D F / B format. The codes 
CHAD,"' AB.ACUS,"" OPTIC""' and 2 - P L r S " " 
have been widely used by cross section evahiators. In 
Fig. VI-4-2 the compilation of data in the M C card 
format is shown. Here LEDGYWisa revised version of 
LIB9,'" which combines the data from the Il'-table 
tape, the card input data, and the Legendre coefficient 
data to produce the M C library tape. The original 
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Fio. Vl-4-1. Preparution of an MC" Library Tape from 
Basic Data in the E N D F / B Format. ANL Neg. No. 11S-S891. 

/ANOULAR I 

J DISTRIBUTION A 
EVALUATION / 

Fio. VI-1-2. Preparation of an MC* Library Tape from 
Basic Data in the MC* Card Format. ANL Neg. No. llS-8888. 

LIB9 program produced a tape from the card input 

which was later combined off-line with the PT-table and 

Legendre coefficient data to produce the final MO li

brary tape. The program MAGIC in V'lg. VI-4-2 is the 

revised MC^ library plotting program mentioned above. 
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VI-5. ADRIFT, A Code to Compute Bi l inearly-Weighted Absorption Cross Sect ions 

P. H. KIER 

The feasibility of applying the bilinear weighting 

technique to Doppler effect studies is under serious con

sideration. The preliminary objective is to calculate bi-

linearly-weighted absorption cross sections and to study 

the variation of the adjoint function across capture and 

fission resonances. 

ADRIFT has been written to provide a means of ob

taining bilinearly-weighted absorption and fission cross 

sections and the detailed lethargy dependent adjoint 

flux for infinite, homogeneous systems. Reaction rates 

are computed for extremely narrow, (ine groups and are 

accumulated over broad groups to obtain effective cross 

sections. ADRIFT permits 20,000 fine groups, 50 broad 

groups and 10 nuclides, three of which may be resonant 

absorbers. 

THEORY 

The bilinearly-weighted absorption cross section (or 

an arbitrary lethargy interval (112 — »i) is defined as 
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/ dn c.,iu)(t>iu}ij>*iu) 

— / du ,t>iH) / dn 0* ( i ( ) 
• " 1 • ! - , l . , 

(1) 

where *(«) is the real flux ami 0*(ii) is the adjoint 
llux. *(«) is cilitaiiied froiii the solution of the slowing 
down eiiiiation: 

r(t()*(«) = Siu) 

+ t [ *''''̂ '"""''S.,(l/)«(»')/(l -a,), <̂^ 

wliere 

S{u) = xin) T, I v,iu')-Z.,,iu')^iu')du (:i) 
i=i •'o 

t, = maxiiiiuiii lethargy increment per collision 
with nuclide i 

a, = [(.4v — l)/iAi + 1)]^, where .4, is the mass 
of nuclide i 

:„(ii) = macroscopic scattering eross section of nu
clide i 

v,{n) = iiu(4ide yield per fission of nuclide / 
2(n) ^ total macroscopic cross section 
X,(M) = fraction of neutrons born in fission in du 

ahout u 
Zf,{u) = macroscopic fission cross seetion of nuclide i 

The adjoint fiux, <t>*iu) is determined from the solution 

of the integral equation obtained by transposing the 
operators ui Eq. (2): 

• / ilu'e "•' "V*( « ' ) /<! + a,) 

where <t> iu) is normalized such that 

/ dn4,*iu)x(u) = 1 

It is a.ssumed that the energy range of interest is far 
below the range within which neutrons are born. Hence, 
in Eq. (3), X(M) = 0 and in Eq. (2), Siu) = 0. The en
ergy range of interest is divided into many narrow in
tervals having equal lethargy widths much less than the 
maximum lethargy increment per collision with the 
heaviest of nuclides. The integrals in Eqs. (1), (2) and 
(4) are then approximated by summations over the ap
propriate number of these intervals. When this is done 
double summations appear in Eqs. (2) and (4). A recur
rence relation for the slowing down .source is used to 
reduce the double summations to single summations as 
was done in the RIFF-RAFF C^ode.' 

REFERENCE 
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VI-6. K A B B L E a n d R A B Z P R : T w o C o d e s t o C o m p u t e R e s o n a n c e A b s o r p t i o n i n 
M u l t i - C o m p o s i t i o n R e a c t o r C e l l s 

1>. H. KIER 

INTRODUCTION 

The standard methods of computing resonance ab
sorption in heterogeneous systems are based on several 
interdependent a.ssumptions; the narrow resonance ap
proximation in the moderator, flat slowing down sources 
in the fuel, widely spaced resonances, and a resonance 
escape probability near unity. As these assumptions are 
u.sually valid for thermal reactors, the standard meth
ods usually yield sufficiently accurate computations of 
resonance absorption for this type of reactor. Even so, 
there arc situations where these approximations intro-
iluce significant errors in the calculation of resonance 
absorption by fertile materials as shown by the measure

ments of W. I'oelP and the calculations of S. lijiiia- and 
of P. Kier.= 

In fast reactors, the moderator, which can ha\e sig
nificant resonances, is usually not a light material and 
absorption by the closely spaced resonances of fissile 
materials is very important. Therefore the standard 
methods can be expected to be inaccurate because the 
assumptions upon which they are based are not valid. 

Partly in response to the re(|uiremeiit of fast-reactor 
analysis, several methods'*'*' of computing resonance ab
sorption which use space and lethargy dependent slow
ing down sources have been developed in recent years. 
However, except for Monte C'arlo techni(|ues, these 
methods are either unwieldy or restricted to a two-re-
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gioii cell with resonaiices only in the fuel. A formulation 
for multi composition cells has been de\-elo[)ed to pro
vide a versatile and precise method of computing reso
nance ab.sorption. Since restrictions are not placed on 
eross sect ions, this fi irmulat ion permits resonances in any 
composition and iioii-uniforni temperature distribu
tions. This formulation has been used to write a com
puter code, RABBLE, for the CDC-3600 computer. 

R . A B B L E ' ' is a versatile code in which five composi
tions can be subdivided into twenty regions and which 
uses the zero current condition at the boundary of the 
cell. This is the appropriate boundary condition for 
most reactor cells but not for many cells in critical 
assemblies as, for example, ZPR-6 and ZPR-9. These 
assemblies contain drawers with variable material ar
rangement.' A cell, which may be made up of several 
drawers, does not necessarily have midplane symmetry. 
Therefore, to provide a means of analyzing measure
ments with such non-symmetric loadings a version of 
R-XBBLE, which is restricted to slab cells, has been 
written for cells with periodic boundary conditions. This 
computer code is called R.\BZPR. 

THEORY USED IN RABBLE 

The reactor cell is divided into regions and the energy 
range of interest is divided into many narrow, or fine, 
groups. As the resonance cross section, and therefore 
the flux distribution, are rapidly varying functions of 
energy, the fine groups must be extremel.v narrow if 
resonance absorption is to be described adequately. We 
shall specify that the fine group is narrow compared 
with the maxinium li thargy gain per collision with the 
heaviest of nuclides and we can assume, therefore, 
that a neutron has only one collision within a fine group. 
This collision will cause the neutron to be removed 
from the group either because it is absorbed or because 
it is scattered out of the group. Since a neutroii will 
have only a single collision in a fine group, it is appropri
ate to use an integral transport theory formulation 
tiased on first-flight escape and transmission probabili
ties. 

Since integral transport theory is used, the basic 
quantity cdinputed is the regional, fine-group collision 
rate. C., . With use nf crfiss sections we obtain reaction 
rates and fluxes. The reaction rate for process z (fis
sion, absorptidii or srattering) for material m for fine 
group i and region j is simply 

«„ = C.,/Z„ . (2) 

,/C = c„Gs:,/2;„), (1) 

where iZ7, is the macroscopic cross section for the proc
ess and "L.j is the total macroscopic cross section. The 
integrated flux is 

The efTective cro.S8 section for a broader energy span is 
the ratio of the ai'cuniulated reaction rate to the ac
cumulated integrated flux. 

Ill this formulation, the collision rate is nlitaiiicd 
from expressions involving the slowing down sources, 
the first-flight escape and transmission probabilities, 
and the interface currents. First, an expre.ssion fnr the 
slowing down source is developed. Then for each geome
try option, expressions are developed for the collision 
rates, interface currents and escape and transmission 
probabilities. 

SLOWING DOW.N SOURCE 

The calculation of the regional slowing down is b,i.sed 
on the assumption thaf neutrons are .scattered elas-
tically and isotropically in the laboratory system. It is 
also assumed that the source is uniform within a region. 
As the source is allowed to vary from region to region 
and as a composition can be divided into se\'eral regions, 
the space and lethargy dependence of the slowing down 
source can be approximated accurately by this method. 

The source for a region for the /.th fine group is 

*̂ ^ = E Z Pn,Z.,_.,„4>^^.AUi {•^) 

where 

P„j = probability per unit lethargy that a 
neutron is scattered down n group,s in 
a scattering collision with material j 

Lj = maximum number of groups throufih 
which a neutrnn can be down-sc-attcred 
in a scattering collision with material; 

-si_„.,<^i-n ^ rate at which neutrons are scattered 
by material j in group k — n 

Aw/ = lethargy width of a fine group. 

Equation (ii) would be an extremely time consuming 
expression to evaluate numerically because a neutron 
can he scattered through so many group.s. Fortunately, 
however, the form of I\j permits S^ to be expressed 
in a much more suitable form. P(u — ii ). the prob
ability per unit lethargy that a neutron is scattered 
from leth;ii^y u lo u is given by 

P{u - u') 

1 
li > li' > u • 

where a = [(.4 - l ) / ( .4 + I)]', t = •2hi[{A + 1),' 
(,l — 1)1 and .4 is the mass of the scattering material. 
The probability of a neutron being scattered through n 
groups of width Au is then 
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l',^u 1 - a J„, J,,-, 
du' 

•exp [—(li — u') 

1 (1 - e - " ' • ) V " - " " " (5) 

11 - e-^') (1 - Au/2)e- '"- '"" ' 

Bciaiise /'„ = c~^"/'«-1 , I'<1. (3) can be reduced to 

Si = exp I -Aw/IN,_, + Y, P'i - ' . . , *»-i 

- exp (Auf) 2 ] /^i,,, -H-i ,_ , , , 0i-L,-i 

(6) 

hi Eq. (G), we need evaluate only two terms for each 
material. Although evaluation of Eq. (6) does not re
quire excessive time, it does recjuire excessive memory 
for the storage of the fine group fluxes and scattering 
cross sections. We shall introduce the intermediate 
group which contains a specified number of fine groups 
and we shall specify that the width of an intermediate 
group is le.ss than the maximum lethargy gain per 
collisinii with the heaviest material present. Then the 
tine group scattering rates of the last term on the right 
sideof Iu|. (6) will he approximated by the intermediate 
group scattering rate divided by the number of fine 
groups per intermediate group. 'I'his approximation, 
which is reasonable since the intermediate group is 
narrow itself, jierniits iSV to be computed from the 
source and scattering rates for the (k — 1 )tb fine group 
and the intermediate group scattering rates, thus 
greatiy reducing storage requirement.s. 

COLLISION KATES 

We shall develop expressions for the regional, fine 
group collision rates in terms of the .slowing down 
sources, interface currents and first-flight escape and 
transmission probabilities for the four geometry options. 

Homogeneous Cell 

Although HAHHLK has been written for the compu
tation of resonance absorjition in heterogeneous reactor 
''PHS, it does have a space independent option because 
^i the simplicity of this homogeneous case. Because the 
line group is narrow, a neutron will have only one colli-
•'̂ 'on within a fine group. Therefore neutron conserva
tion requires that the collision rate must equal the rate 

at which neutrons are slowed down into the group; 
that is, 

C, .S',-. (7) 

Cylindrical Cell 

I'"or a cell described in terms of cylindrical coordi
nates, the outer boundary of the cell is a.ssumed to be 
circular. With the assumption of cosine currents at the 
interfaces between regions, the collision rates are ob
tained in terms of the following quantities: 

J i = cosine current impinging on the inner surface 
of the (i -)- 1 )th region 

./; = cosine current impinging on the outer surface 
of the ith region 

/ ' , 3 escape probability through outer surface of 
tth region for flat volume source 

/"*, = escape probability through inner surface of 
i"th region for flat volume source 

T°' = transmission probability from inner to outer 
surface of ith region 

T'i" = transmission probability from outer to inner 
surface of ith region 

T, = transmission probability from outer to outer 
surface of I'th region 

If the center region is the first region and the outermost 
region is the / t h region, then the collision rates are 

til - T?' ' )J7 + (1 - Pt)S,, I = 1 

c, = | ( i - r ? ' ) J t i -1- (1 - r"°-7';°)./7 (s) 

[ -f (1 ' - P t - P7)S., i = 2,1. 

The interface currents are obtained from the state
ment of neutron conservation at each interface and the 
assumption of isotropic return at the outer bdundary 
of the c:ell: 

Jt 
[T","J1 + Pis. 1 

(ii) 

10) 

[TVJti + 7'f°Jr -f I'*S,, i = 2,1 

[r;°,J7+, + P7+,.S',„, ( = 1,/ - 1 

'' - w, 
Equations (9) and (10) yield 2 / equations in 2 / un
known interface currents. The.se e{[uations are readily 
solved by Gauss-Jordan reduction. The first flight esca|)e 
and transmi.ssion probabilities that appear in these 
equations are expressed''* in terms of integrals of 
Bickley functions, Ki^ (x). 

Slab Cell—Cosine Interface Currents 

Although the assumption of cosine interface currents 
introduces little error for a circular cell, it might intro-

http://The.se
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dili-c iipprcciiible error fnr a HIIIII cell becuusc of the 
liroperticH of plane g(«iiiicliy. ThiTcforc, IIAUBLI'', has 
Iwn options for IheHliih cell; one luiscil on cuHiiio inter 
face currents and another which allows for both cosine 
and (cosine) interface currents. 

For the niition which is based on cosine interface 
currents, the collision rate is expressed ill terms of the 
following (piantitics: 

./, = cosine current impinging on the inner surface 
of the (t -f l ) th region 

J. = cosine current impinging on the outer surface 
of the ith region 

/ ' , = escape probatiility from the ith region for a 
flat volume source 

T, = transmission probability through the rth re
gion for a cosine surface current. 

The collision rate in terms of these quantities is 

2(1 - T,)J7 -H (1 - Pi)S., 

i = 1 

(1 - T.)i.I- -\-JU) + (1 - P.)S,, 

i = 2,1. 

C, (11) 

As before, the interface currents are obtained from the 
statement uf neutron conservation at the interfaces 
and isotropic return at the botindiiry of the cell. 

•rt 

J7 

(12) 

(13; 

Equations (12) and (l.i) form a system of 2 / equations 
in the 2 / imknown interface currents that is readily 
solved by (iauss-.Iordan reduction. For this case, only 
one escape probability, /', , luid one tran.smi.ssion prob
ability. T. , are needed. /', is the current emerging from 
the /th region for a unit uniform vohuiie source in that 
region. Similarly, T, is the current emerging from the 
ith region for a unit cosine incident surface current. 
These quantities are given by 

Wi -EM] 

and 

2E,ij 

(14) 

(15) 

where r is the thickness of the region in mean free paths 
and £ „ ( T ) is the nth order exponential integral fimc
tion. 

Slab I'ell—Cosine and (Cii.sinc) frderface Currents 

For this option the collision rule is expressed in U-rtm 
lli the following (juuiilities; 

J,i, = cosine component of the current impinging im 
the inner surface of the (j + l ) lh region 

Ji., = (cosine) component of the current impinging 
on the inner surface of the (;' -|- I) th region 

Jo., = cosine component of the current impinging 
on the outer surface of the tth region 

Ji.i = (cosine) component of the current impinging 
on the outer surface of the (th region 

Pii.i = contribution to cosme component of the cur
rent leaving the ith region from unit volume 
source 

Pl., = contribution to (cosine)' component of the 
current leaving the rth region from unit 
volimie source 

T, s contribution to cosine component of the cur
rent leaving the rth region from unit, incident 
cosine current 

T, = contribution to (cosine)* component of the 
current leaving the rth region from unit, inci
dent cosine current 

T, = contribution to cosine component of the cur
rent leaving the rth region from unit, inci
dent (cosine)' current 

Ti = contribution to (cosine)"' compoiienl uf the 
current leaving the rth region Inmi iinil, inci
dent (cosine)* <-urrent. 

In terms of these quantities, the collision rate is given 
by 

2(1 - T'." - 7-1" 177., + 2 ( 1 - 7-?' 

- T]')J\:. + (1 - P„„ - P i „ ) . S „ 

1 
llfii 

(1 - r ° ° - T'°)ij;, + j j , ^ , i 

+ (1 - r?" - •!•'.')(.n..-i + ./7,i 

+ (1 - i\.. - P,,,).S,, , = •_'./. 

The interface currents are obtained from the stalciiiciit 
of neutron conservation at each interior interface and 
no net current at the outer boundary of the cell: 

frr./o7, + r°'7r, + iy2)Po..s,, i = i 
Jli = T-'VJ,-, + r°'jt,_, 

[ +(h)Pe.iS., i = -2,I 

fr;Vs:, + r;V7. + (i.20Pi„s,, / = i 
Jt = r ;X- , - f TVJI.^I 

[ +m)Pi..s,, , = ,,,/. 

117 

(IS) 
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I i+iJo.i-t-i i " i ,-i-i«/i.i+i 

+ ( '2>/ ' " . . . l 'S . -H. 

I4v. 
[7'',:,./„.„i + 7':v,./7,>i 

+ ( ' 2 > / ' l . . + l 'S,4,, 

l./^, 

' = 1J -
! = 1 

1 = 1 , / -

t = /. 

1 

1 

(19) 

(20) 

Ki|uations (17), (IS), (19) .and (20) form a set of 47 
diuatiiins in the 4 / unknown interface currents which 
(llll he solved by (!auss-.Iordoii reduction. 

for this case several escape and tran.smission proba-
liiitties are rcquirctl. 'J'liese are obtained from the zero//t 
iiiid first angular iiioiiients of the neutroii flux that 
ciiicigcs from a region for the appropriate unit source 
(viiliime or surface). It is foimd that 

/',, 

P i „ 

1(1 2) - 2E^ir,) + :i7:;,(r,)], (21) 

\E.Ar,) - 2E;,(r.)l, 

r = iE.iT.) - 6E,tT.), 

7'!° = 87I ' : , (T , ) - 4/ i ' j (T,) , 

7';' = 6 / i , (T, ) - {>E,{T,), 

7'!' = 1 2 A ; , ( T , J - 67?3(r,) 

(22) 

(2.3) 

(24) 

(25) 

(26) 

where r, is the thickness in mean free paths of region i 
iiiid 7i„(r,) is the nth order exponential integral func-
ticn. 

RABZPR 

The formulation used in RABZPR is identical with 
that used in RABBLIC except that periodic rather than 
zero-current boundary conditions are assumed at the 
surface nf the cell. The.se periodic boundary conditions 
are that the number and angular distribution of neu
trons leavhig one surface of the cell are identical with 
the number and angular distribution of neutrons im
pinging on the other surface of the cell. 

For the slab cell with cosine interface currents the 
expressions for collision rates and interface currents are 
identical with Eqs. ( l l - b i ) except for these changes: 

C, = (I - 7-,) (.77 + .rt) + (1 - P.).Si , (11a) 

Jt = Ti.it + (^)P,.<?,, 

Jt = r , . / r + i'i)PiSi. 

(12a) 

(bia) 

where the subscripts 1 and / now refer to the left most 
and the right most regions, respectively. 

F'or the slab cell with cosine and (cosine)" interface 
currents, the expressions for collision rates and inter
face currents are identical with Eqs. (16-20) except for 
these changes: 

r , = (1 - Tf - T\°)ij^,i + Jt,,) 

+ (1 - r r - 7'r)(./,;,+Jt,) (16a) 

+ (1 - Po.i Pi . i ) .S \ , 

Jt.i = TTJX, + TVJt., + (i2)Po,i.S'i, (17a) 

Jt.i = T'i"jt, + T','.lt, + I i 2 ) / ' i . A , (ISa) 

J,7, = T'l'j^i + TVJT.I + ih)P«.<Si, (19a) 

JT., = T\°Je,i + 7 'rJ7i + (.'2)^1.1^1, (20a) 
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VI-7. The Present Status of the Unresolved Parameters for U-235, Pu-239 a n d U-238 

H. N. HWANG and A. TRAVELLI 

INTRODUCTION 

The Jiurpose of this investigation is to examine the 
reasonableness of various choices of the unresolved res
onance parameters for three isotopes: namely, Pu-239, 
11-23.5 and r-2,38. The latter part of this paper discusses 
the effect of the various choices of these unresolved 
parameters for fast reactor calculations. In particular, 
their influence on the sodium void effect and the 
Doppler coefficients is discussed in some detail. 

UNCERTAI.VTIES IN T H E CHOICES O F T H E UNRESOLVED 

rABAMETER.S AND THEIR I N F L U E N C E ON T H E I N 

FINITELY DILUTE CROSS SECTIONS 

Since the \arious unresolved parameters for the three 
isotopes under consideration were chosen on different 
bases, it is more appropriate to discuss each separately. 

Pu-g39 
The unresolved resonance parameters for Pu-239 

proposed by P. Greebler et al.' for the E N D F / B files 
are essentially the same as those recommended by J. 
Schmidt,^ except that in Ref. 2 there is no provision 
for fluctuations in the s-wave strength functions below 
1 keV. This condition was imposed because of limita
tions that existed at the time in the processuig of 
EXDF.'B data. Hence, Schmidt's parameters and those 
of Ref. 1 (.S'li varying) for Pu-239 will be used inter
changeably in the following discussions. Schmidt's 
parameters, based on extensive analysis of the recent 
high resolution measurements at Harwell and Saclay 
and the theoretical predictions of the channel theory, 
are believed to be the best single level Pu-239 parameters 
to date. In fact, these parameters have already been 
used extensively in our Doppler effect calculations since 
they became available during February 1966. The main 
differences between Schmidt's parameters and the 
previous parameters are in the s-wave average fission 
widths, the strength functions, and the average spac
ings. The uncertainties in the choice of these quantities 
and their effect on the infinitely dilute eross sections 
are given as follows. 

(r,)r 
The recent Harwell and Saclay experiments have 

indicated that plutonium resonances apparently can be 
subdivided into two groups with large and small fission 
widths respectively. The arbitrar.v a.ssignment of 
Vf = 300 mV as a "boundary" between the two s-wave 

sequences leads to average fi.ssioii widths of 1.3 eV and 
0.06.5 respectively. Schmidt has postulated, on the 
basis of the channel theory along with the experimental 
results of J. Nortluop et al.,' that resonances with large 
and small fission widths can be identified with ./ = 0* 
and / = 1"*" sequences, respectively. According to the 
channel theory, the ratio of the average fission width 
to the average spacing for a given spin state and parity 
is given by the expression. 

(r, )̂ '' 
( D ) • ' • ' 

E/^ (1) 

where P, is the penetration probability introduced by 
D. Hill and J. Wheeler' and the summation is over all 
fission thresholds for the c:ompouiid state ./. For the 
potential energy curve of an inverted harmonic oscil
lator with the circular frequency oi, . P , has the form 

P, 
1 (2) 

1 -I- exp 12jr(£', - £ ) ^ u . , r 

where Ei is the rth fission threshold. The detailed dis
cussions have been given in Refs. 9 through 11. From 
Eqs. (1) and (2), it is apparent that, for a constant hui,. 
iViY"/iD)''' apjiroaches ,V/2ir asymptotically when
ever E becomes much greater than E. . On the other 
hand, P , becomes much smaller than unity when 
E, » E. 

The usefulness of Eq. (1) depends upon our knowl
edge of ^^• ' . ftw, and iUY'^. The experiments of Xorth-
rop et al.,' have indicated that two fission thresholds 
at - 1 .61 MeV and -0 .72 MeV below the neutroii 
binding energy with barrier widths of 0..52.5 MeV and 
0.682 Me\ ' , respectively, belong to the ./ = 0* state. 
The use of these values leads to the calrulateil 
(r/)y_(i+ = 2.8 eV. Unfortunately, the experimental 
information about these quantities for the J = 1 
state is still lacking. In view of the unexpected tlip in 
the Hopkins-Divcn a measurement around ."lO kc\', 
Schmidt suggesteil that the J = 1^ state could pos.scss 
a fission threshold in the vicinity of .50 keV. For ii fixed 
Efr'* at .50 ke\', Sclunidt has estimated that a barrier 
width between 0.15 and O.IS MeV would give iV[)'' 
comparable to the value derived from the resolved 
parameters; this width would also give a "reasonable" 
fit to the measured a values in the subsequent calcula
tions. The recommended (T/)^"' in Ref. 1 is based on 
ftui''"' = 0.15 MeV, which gives an asymptotic value 
of 55 mV in the low energy region. 
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From the foregoing (.lisciLssion, one may conclude 
that the uncertainties in the average fission width for 
the J = 1^ state are more serious than those for the 
J = 0* state. l'"or the ./ = ()*" state, the averaged fis
sion width is overwhelmiiigly greater than the cor
responding a\'erage neutron anil capture widths. Conse-
([Ueiitly, the disiTepaiicies between the calculated and 
the observed values are believed to have very little 
effect on the magnitude of the calculated average cross 
sections, total a value, and self-shielding effect. The 
recommended value of (T/)''"" = 2.8 eV is certainly 
acceptable provided the Breit-Wigner equation is still 
valid under such conditions. The possibility of taking 
multilevel multichannel interference effects into ac
count and the feasibility of using /^-matrix parameters 
for all c<a.ses where {r)/(/>) is not small, are now under 
serious consideration. 

For the J = 1* state, however, the calculated values 
of the average fission eross seetion and a-value, as well 
as the self-shielding effect, are rather sensitive to small 
variations of (F/) " since the recommended value is of 
the same order of magnitude as the corresponding F.̂  . 
For this reason, calculations with at least one different 
choice of iTjY" were made in order to stud.v the possi
ble uncertainties. 

Fluctuations in s-Wave Strength Function 

Acinrding to .J. Schmidt,' the best .So values for 
l'u-239 to date are those obtained by C. I ' t t ley' from 
a best fit to his (ur) measurements between 100 eV to 
IOO keV. Uttley's overall &'„ is 1.07 X 10"' with an 
accuracy of ±10%. Fluctuations in So were observed 
when ior) w:is fitted on small energy subintervals. 
Table VI-7-I gives a list of .S'„ valu&s in different inter-

TABLE VI-7-I. S-WAVE STRENGTH FUNCTIONS 

Schmidt's So 

"Mocked-up" S, 
For Petrel vari;itioiis' 
Ref. 12 

Knergy Interval 
keV 

0.1-0.2 
0.2-0.3 
0.3-0.4 
0.4-0.5 
0.5-0.6 
0.6-0.7 
0.7-0.8 
0.8-0.9 
0,9-1.0 
1.0-2.0 
2.0 -* « 

1.5-2.0 
2.0-2.5 
2.5-4.0 

.v. X 10' 
(eV)-'" 

1.15 
1,54 
1.02 
0,76 
1.71 
0,80 
0,83 
0,84 
1.29 
1.00 

~1 .07 

0,70 
0,70 
0,90 

GEAP-5272'' 

ALTERNATIVE ( f p ) 

'Other parHriiet^re were taken lo be the same as those in 
I*ef. 1, except for the varying -So -

FIG. V I - 7 - 1 . Infinitely Dihite Fission Cross Section For 
Pu-239 (S-Wave Only). ANL Neg. No. 112-8229 Rev. 1. 

vals as taken directly from Ref. 2. These fluctuations 
in 6'o are believed to be important in fast reactor {-iilcii-
lations not only because they may account fnr the ob
served fluctuations in the measured Pu-2.'i9 lission cross 
sections, but also because they may significantly influ
ence the self-shielding effect. The effect of these fluctua
tions in 5o will be discussed later. 

Unfortunately, the more detailed fluctuations in <So 
are not available in Uttley's results for the energy re
gion between 1 keV and 4 keV. This is of great concern 
in fast reactor* calculations. Neither the reconnnended 
fission cross sections of Ref. 1 nor those of Schmidt^ 
account for the significant dip in the observed values 
of Petrel results withiji this energy range. For the sake 
of comparison, a set of "mocked-up" values of Sy^ , 
given in Table VI-7T, is introduced to take into ac
count the dip in the observed fission cross section. 

Average Spacing 

The recommended average spacing was based on the 
results of the recent a/ measurements of Saclay. ' 
Since uf measurements eliminated the contribution 
from the background, a,,, more levels were observed. 
The Saclay"'^^ value of {D)ab» is 2.3 eV as compared 
with Uttley's value of 2.5 and L. Bollinger's (Physics 
Division, ANL) value of 2.64 eV which was used ex
tensively in the past. In view of possible missing levels, 
Schmidt has indicated that {D)^, = 2.3 eV may still 
be too high, with an estimated error of about ± 1 0 % . 

Infinitely Dilute Cross Sections 

In order to show quantitatively how sensitive the 
magnitudes of the cross sections are to the different 
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Flo. V1-7-3. Comparison of Pii-239 Fission ('ross Sections 
to Petrel IJatu. ANL Neg. No. 112-9162. 

seleetions of statistiral parameters, calculations have 
been made in two illustrative examples. Figure VI-7-1 
shows tlie calculated «-wave fission cro.ss sections with 
II parameters of Ref. 1 and an alternate choice of (T/) 
for the J = 1^ state only. In both cases, the fluctua
tions ui Sn were included. The latter was chosen by 
usbig Eq. (1) with £•"'* = 50 keV and hw'~'* = 0.17 
MeV. As may be seen, the discrepancies in of between 
two cases is as much as 10 % for such a small change in 
fioj"'"^ . Figure VI-7-2 shows the corresponding varia
tions in the a-value. Poor information on the measured 
a-value in the low keV region makes impossible any 
definite conclusion of the reasonableness of a particular 
set of the unresolved parameters, especially when the 
capture cross sections are considered. It is quite evi

dent that more aciauate measurements of a-vivlues in 
the low energy regions are needed for \'ii'2'.W. 

Figure VI-7 :t NIK iw8 I lie liHHioii erOMM Hoclii iiiM olil aiiieil 
by various pariunoters us cruiipanid with the receiil. 
Petrel results." It is interesting to note tlial the Petrel 
results show a signilicaiit dip in cr, between 1..1 and 4 
keV which is not accounted for in the Kef. 1 parametera. 
(Detailed variations in aj are given in Ref. 12.) Since 
the dip is in the region where the 2.8.') keV sodium 
resonance occurs, it may have some effect on the spec
tral component of the sodium void coeflicient, which is 
extremely sensitive to the low energy adjoint flux. Tlii.s 
efTect will be discus.sed later. By using the argument 
that the fluctuations in the low energy fission cross 
section may be caused by the fluctuations in the .s-wave 
strength function, a better agreement between the 
calctdated and the measured values can be achieved 
by using the "mucked-up" .'̂ o given in Table VI-7-1. 
Par.ameters and smooth cro.ss sections, in the energy 
region other than 1 .'> to 4.0 ke\ ' are assumed to be the 
same as those of Ref. 1 (with .So varying). 

U-23.5 

The most recent unresolved parameters for U-2:i,'i 
are al.so those reconunended by Sclunidt.' Unlike the 
case of Pu-2:i9, our lack of knowledge in E^^ ' and fue. 
makes impossible the use of Eq. (1) as the basis for 
predicting ( T / ) ' ' ' Schmidt's recommended parameters 
were based strongly on the recent metLsuremeiits and 
analysis of W. Slii-Di et al." and also those of .\. 
Michaudon et a l . " ' " The .striking differences between 
the reeommendeil parameters and tho.se ]>reviou.sly 
used are: (1) T, is much larger (4.5% higher than the 
previousl.v used value of r^ = 0.0.33 e\); (2) a x-
squared distribution function of 4 degrees of freedom 
is used according to Wang Shi-Di et al.; ' (3) level 
spacings iDY'^ are generally much smaller than tlinsc 
used previously, .as a result of greater accuracy in the 
recent measurements; (4) fluctuations in the .s-wave 
strength function below 2 keV lu-e accounted for. 

The average hssion widths were determined by the 
standard technique in such a wa.v that the i-csultiiig 
infinitely dilute fission cross .secti^ui and or are in agrtv-
ment with those niea.sured values. The average fission 
widths determined this way are not uniiiuc in view nf 
the great imcertainties in a values below 10 ke^'. Figure 
VI-7-4 shows the variation of the calculated fission 
cross sections of U-235 as compared with the Petrel 
results.^^ The dotted curve represents the calculated 
fission cross sections using ANL iniresolved parameters 
(Table VI-7-II) which were used extensively in previ
ous work. Figure VI-7-5 compares the corresponding 
calculated a values with the mea-sured a values below 
20 keV.'" '" ' 
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Both Schmidt's" luid the ANL parameters give rea
sonably good agreement in the fission cross section as 
compared to the Petrel data.' The "agreement" in 
the low energy a values is rather arbitrary. For fast 
reactor calculations, Schmidt's parameters are pre
ferred since they were based on the most recent experi
mental infomiation. 

It ia quite evident that more theoretical and experi
mental work are needed. 

-
—, 
r, 

1 ^ 1 

o \ 

1 

_ 

o 

^ ^ 

PETREL l i V E R A G E O V A L U E S ! 

SCHMIDT'S P A R A M E T E R S 
( S - W A V E ONLY, S , VARYING) 

A N L PARAMETERS 

^ ^ " ^ - ^ - Q -

-

" 

F I O . V I - 7 - 5 . a for U-2:i5. ANL .\eg. No. II2-SS2S. 

TABLE VI-7-III. UNHESOI.VED PARAMETERS FOR lT-238 

5n X ICH, 
(eV)-'" 

Ref. 17 
Ref. 2 

i l X 10*, 
(e'V)-'" 

0,94 
0,90 

1.68 
2.5 

mpi,. 

18.5 
20.8 

(D)T-\i, 

18.5 
20.8 

(D)T-\, 

9.25 
11,4 

\\ 

0,0246 
0,0248 

FIG. VI-7-1. Infinitely Oihite Fission Cross Sections for 
D-235. .ANL Neg. No. 112-8227. 

fABLK VI-7-II. AVERAGE FISSION WIDTHS FOR U-235 

£• 

0,2 
0.25 
0.35 
0.45 
0.55 
0.65 
0.75 
0.85 
0,95 
1.05 
1.15 
1.25 
1.35 
1.45 
1,56 
1.65 
1.75 
1.85 
1.95 
2.5 
3.4 
6.5 

12.0 
15.0 
20.0 

Schmidt Parameters* 
(r,}j.,.,. 

0.090 
0.100 
0.150 
0.220 
0.230 
0.200 
0 150 
0.130 
0.115 
0.110 
0.130 
0.145 
0.165 
0.165 
0,175 
0.180 
0.190 
0.196 
0.200 
0.176 
0.140 
0.220 
0.176 
0.180 
0,200 

ANL Parametersi" 
{r,)j.,.,, 

0.090 
0.120 
0.150 
0.180 
0.100 
0.140 
0.120 
0,115 
0,105 
0.130 
0.150 
0.160 
0.160 
0.160 
0.150 
0.160 
0.150 
0.150 
0.150 
0.155 
0,160 
0,150 
0,155 
0,180 
0,200 

' Fluctuations in So are given in Ref. 1; i-j? = 4. 
•"So is fixed at 1.0 X 10"*; .-̂  = 2;Si= 2.5 X 10"^ 

U-238 

The unresolved parameters in the MC" libi-ury for 
U-238 are listed in Table VI-7-III. The p-wave strength 
function was taken from the preliminary report for 
E N D F / B file by W. A. Wittkopf et al. A more careful 
study of the unresolved parameters for U-238 was 
given by J. Schmidt.^ Schmidt's parameters are also 
listed in Table VI-7-III. The latter parameters show 
greater average level spacing and greater /)-wave 
strength function than the former. The greater average 
level spacings for the s-wave is the direct consequence 
of the recent high-resolution measurement by J. Garg 
et al.'^ and the work of (1. Thomas and L. Bollinger'"' 
which makes possible the identification of some p-wave 
resonances in the resolved region. The p-wave strength 
function is consistent with the recent result by C. 
Uttley.^" Figure VI-7-6 shows the variations of the 
infinitely dilute tr, calculated by using the two sets of 
parameters as compared with the recommended curve 
in BNL-325. I t is seen that ay as obtained by using 
Schmidt's parameters is somewhat higher than that 
obtained by using the other parameters. 

It is this author's opinion that Schmidt's puramctcrs, 
based on more recent experimental work and more care
ful analysis, are to be preferred over those of Wittkopf 
et al.'^ for fast reactor calculations. As a matter of fact, 
Schmidt's parameters have been used in the reevalua
tion of ZPR-3 Doppler measurements.^*' The agreement 
between the calculated values and the measured values 
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was better than that found by using the values of 
Kef. 17. 

KEACTOn OALCULATIONS 

Caleulations have been made using various choices 
of the unresolved parameters for various fast systems 
with particular attention to their influence on the 
sodimn void and Doppler coefficients. At the time when 
the calculations were made, the ETOE code, which 
converts the E N D F / B parameters into the M C ' " " 
fonnat, was not yet available. Therefore, various 
parameters for the unresolved capture and fission cross 
sections were put into MC' manually. It should be 
noted that no attempt was made to study the effects of 
cross sections other than the fission and capture cross 
sections in the resonance region. Other cros.s sections 
that are not within the scope of this investigation were 
taken to be the same as those in the existing MC 
library. 

The results for U 23.5—U-238 and Pu-239—U-238 
systems are discussed separately as follows. 

V-2So—U-238 Systems 

For simplicity, a bare system with the same composi
tion as of Assembly 5 was chosen for these studies. 
The composition in (atoms/cc) X lO" is as follows: 

U-235 U-238 Na 
0.00153 0.01056 0.01293 0.0092 

Fe Ni Cr 
0.00904 0.00113 0.002386 

Calculations were made for the various combinations 
of resonance parameters given in Table VI-7-IV. In 
order to isolate the contributions due to different eom-
}ioneiits to the total reactivity, perturbation calcula
tions were made using the MACH-1 code with the 
22-group cross section sets taken from MC, calculations. 

The results of calcidations are also tabulated in Table 
VI-7-IV. 

For the Doppler coefficient, the efTect of asing various 
combinations of cross sections is quite straightfonvard 
as indicated by the tabulated values. The use of 
Schmidt's parameters' for U-235 gives a positive con
tribution, about 20% smaller than that obtained with 
the . \XL parameters (Table VI-7-II), whereas the use 
of Schmidt's parameters for U-238 yields a higher nega
tive component than that obtained from those of Ref. 
17. It should be noted that the validity of using the 
Breit-Wigner formula for the U-235 Doppler effect 
calculations is still open to further examination. Pre
liminary studies using the multi-level multichannel 
formalism in analysis of the Doppler effect for the iso
lated and higUy enriched UO2 rods has been carried 
out in the Reactor Physics Division, AXL. The results 
seem to indicate that one should not accept the con
ventional approach without some reservation. Fur
thermore, the uncertainties in the statistical treatment 

T.\BLE VI-7-IV. RESCLTS iir DOPPLEK AND S(inii..M-\'oii> 
COEFFICIENTS FOR U-235—U-238 .'SYSTEM 

Various Unresolved Parameters Used: 
1. U-2Se 

U-235 E ANL Parameters (Table VI-7-II) 
U-235 D Schmidt's Parameters (Ret. 2) 
U-235 . O l d MC" Parameters 

2. U-2S4 
U-238 B Schmidt's Parameters (Ref. 2) 
U-238 E Ref. 17 Parameters 
U-238 Old M C Parameters 

A. Doppler Coefficient in ik/k''', % 
(T, - T, = 760 - SOO'K) 

Combinauons 

U-235 E-U-238 E 
U-235 E-U-238 B 
U-235 D-U-238 E 

Production Absorption 

0,139645 
0.136010 
0.166992 

-0.97848 
- 1 00515 
-0.958202 ! 

-0,838935 
-0,871898 
-0.78880 

B. Sodium-Void Coefficient in &k/k, ' 
{25^( Imodium Removal) 

Combinations 

U-235 
: U-238 

U-235 E 
:U-238 E 

U-235 E 
: U-238 B 

U-235 D 
: U-238 E 

10-' 

9.7138 

8.9957 

8,6887 

Absorp
tion 

0.09722 

0.09454 

0.096036 

Scatter
ing 

0.016639 

0.079357 

0.10714 
1 

9,09348'0,093167,0,104108 

i 

Leakage 

-0,68326 

-0,63335 

-0.611207 

-0.638907 

Total 

-0.56868 

-0,45446 

-0,40307 

-0.440506 

* Self iiverlap effect was not included. 
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FIG. VI-7-7 . Scattering Component of Sodium Void Coefficient for U-235-U-238 System. ANL Neg. No. 112-8293. 

for U-235 in the presence of U-238 when applied to the 
low energy region are believed to be exceedingly large 
as implied by the work of C. Kelber and P. Kier." 
The status of the theoretically predicted Doppler 
erFect for the fissile isotopes in the low energy region is 
being re examined. Details on these subjects will be 
reported. 

For the sodium void coefficient, the tabulated values 
could be somewhat deceiving especially when the 
scattering component is considered. In the particular 
case chosen for this study, the leakage component is 
overwhelmingly larger than other contributions. Since 
the srattering component with positive contribution to 
the reactivity is of great concem for large fast reactors, 

a detailed study has been carried out on a group-wise 
basis. Figure VI-7-7 shows the scattering component 
hki/k per tmit lethargy for 25% sodium removal in 
various ca,ses. From Fig. VI-7-7, it is <]uite clear that 
the scattering component is extremely sensitive to the 
relative magnitude of the positive contribution in the 
high energy region with respect to the negative con
tribution in the low energy region. The relative magni
tude is, in ttim, sensitive to the variation of the adjoint 
flax in the keV region. From perturbation theory, the 
scattering component for any group i is given by 

iki 

k ^ = *ii:, (*r-.<.r)^2...l• (3) 
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FIG, VI 7 8. Scalloring Component Normalized to the Group Flux for U-235-U-238 System. .l.VL .\'eg. No. 112-.i295. 

In order to reach a more general conclusion, it is de
sirable to isolate the spectral effect from other effects. 
Figure VI-7-8 shows the variation of 6A:,/0i scattering 
for various cases. The higher discrepancies in the low 
keV region imply that the discrepancies in ik/k (scat
tering) may well be higher for systems with softer 
spectra than in the case considered here. The use of 
Sclimidt's parameters for both U-235 and U-238 
generally gives higher values of | Sk,/<t>i \ than other 
combinations. I'Tom these results, one may conclude 
that the sodium void effect is relatively insensitive to 
reasonable choices of the unresolved parameters for 
U-235 and U-238 generated by fitting the given cross 
section and a curves. The reason is that the resonance 

self-shielding effect is generally small in the energj' 
region of interest. I t is important to realize, however, 
that the discrepancies lit the measured fission cross 
sections used as the basis for the calculations, particu
larly in the energy region between 20 ke^' and 100 keV, 
may have a significant effect on the sodium void coeffi
cient. The choice of the basic fission cross sections for 
fissile isotopes beyond 20 keV is not within the scope 
of this investigation. I'urther studies are needed in this 
area. 

PU-2S9—U-S38 System 

Since the effect of various selections of the r-238 
luiresolved parameters can be deduced from the pre-
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coding discussion, only the effect of various Pu-239 
unresolved parameters was examined in this case. 
Schmidt's parajiieters' for U-238 were used for all 
cases in the following discussions. 

For sodium void coefficient calculations, the system 

TABLE VI-7-V 

A. Sodium Void Coefficieiit for Pu/U-238 System, 
{hk/k ill percent for 26% Na removal) 

Various l'u-239 
Cross Sections 

MC 
Ri'f. 1"" 

(So varying) 
Pilrel variation'' 
Rl f. 1 

(5u varying) 
Petrel variation" 

B'. 
10-' 

2.3883 

2,4517 
2,4795 

2,45502 
2.48298 

Absorp
tion 

0.10001 

Scatter
ing 

0.15481 

0.10198 0.050786 
0.10273 jO. 052513 

0.10263 0.040750 
0.10342J0.041987 

Leakage 

-1.41410 

-1.45233 
-1,46886 

-1.46269 
-1.46913 

Total 

-1.16667 

-1,30432 
-1.31913 

-1.31398 
-1.32929 

B. Composition of the System, (atoms/cm') X 10" 

Pu-239 
U-238 
U-235 
Na 

0,001644 
0.007406 
0.0069 
0.0069 

Fe 
Cr 
Ni 
C 

0.009899 
0.002658 
0.001308 
0.020761 

'Only U-238 B (.Sctimidt's unresolved parameters)^ were 
used with various Pu-239 cross sections. 

.̂\11 energy regions were taken to tie unresolved. 
* Resolved region below 300 eV was accounted for. 

under consideration is assumed to lie bare with com
positions similar to those of Assenibly 48 as tabulated 
in Table VI-7-VB. The results of the calculations for the 
case of 25% sodiimi removal based on first-order per
turbation theory are given in Table VI-7-VA. For a 
small system like Assenibly 48, the leakage component 
is again overwhelmingly larger than other terms. Since 
the scattering component, which gives a positive con
tribution, is potentially troublesome for large fast 
reactors, a more detailed study has been carried out for 
it. Figure VI-7-9 shows the variation of the adjoint 
functions over all the energy regions of interest. .\s 
expected, the use of old MC^ cross sections for Pu-239, 
calculated from parameters previously suggested by 
Schmidt ' is seen to imderestimate the low energy 
adjoint flux."'" Consequently, the negative portion 
of the scattering component in the low energy region is 
significantly different from those calculated b.v using 
newer parameters. It should also be noted that the old 
MC fission cross sections in the intermediate region 
between 20 and 100 keV were ba.sed on P. White's 
measurement. The discrepancies between White's 
values and those recommended in Ref. 1 account for 
the difference in the magnitude of the adjoint flux in 
the intermediate energy region. Figures \T-7-10 and 
VI-7-11 show the variations of ik,/k (scattering) per 
unit lethargy and SJ-./î i of the scattering component 
respectively for various combinations of Pu-239 cross 

T r n T | 1—I 1 1 1 i i i{ 

, , (0 , • GeAP-5272*"(S(, VARYING) 

• PETREL 

• OLD MC2 

10' 10° 
ENERGY, ev 

FIG. V I - 7 - 9 , Adjoint Fluxes Calculated from Various Pu-239 Parameters. ANL Neg. No. 112-8278 Rev. 1. 

file:///T-7-10


458 VI. Reactor Computation Methods and Theory 
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Li . .J 

. 1 - 1 - 1 1 1 I 1 1 1 _l I I I HI I I I I I ' 11 l l 1 1 1 1 I 

10^ 10? 10* l o ' 10* 10^ 

ENERGY, ev 

Fio, VI-7-10. Scattering Component of Sodium Void Coefficient for Pu-239-U-238 System. ANL Neg. No. 112-8291, Rev. 1. 

sections. The discrepancies in both Sk,/k per unit 
lethargy and 8k,/<tii (scattering) between the cases 
using the old and new Schmidt's par.ameters are very 
large, especially in the energy region below 20 keV 
which contributes negatively. The discrepancies be
tween the case with Schmidt's new parameters (Ref. 1 

with Sn varying) and that with Petrel variations " are 
also noticeable in the intermediate energy region. For 
systems with softer spectra, the discrepancies in the 
scattering component are expected to be larger than 
those indicated in Table VI-7-V. 

It shoidd be noted that all of the calculated capture 
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FlQ. VI-7-11. Scattering Component Normalized to the Group Flux for Pu-239.U-238 System. ANL Neg. No. 112-8277 Rev. I. 

anil fission cross sections for Pu-239 in the cases dis
cussed so far were generated separately for the sake of 
saving time, except for the case referred to as "MC " 
where the parameters were already in the existing MC 
lihrary. The "smooth" capture and fission cross sec
tions were put in manually to be consistent approxi
mately with those of Ref. 1. Recently, .1. Gajniak, 
Reactor Physics Division, ANL, has completed a 
Pt'igram that can combine cross sections in the 

E N D F / B format and the existing MĈ '̂  cross sections 
on the same tape in MC ' format. This jirogram makes 
possible more direct and more consistent comparieons. 
Additional calculations have been made by using the 
newly generated MC^ tape. The results of these calcu
lations including the case with constant So are given in 
Table VI-7-VI. It is evident that the scattering com
ponent of the sodium void coefficient is extremely 
sensitive to the low energy Pu-239 capture and lissimi 
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cross sections for all cases considered here. Table VI-

7-VH gives the corresponding Pu-239 cross sections 

used in the calculations. The significant differences in 

the fission and absorption components between Case 1 

and the other cases is believed to be due entirely to the 

approxiiiiale treatment of o-p in the calculation. From 

Tables VI-7-VI and VI-7-VII, one is led to the con-

TABLE VI-7-VI. SODIUM VOID COEFFICIENT FOR Pu--U-238 

SYSTEM USING ALL M C " GENERATED CROSS SECTIONS 

{Sk/k in % for 26% Na removal) 

Various Pu-239 
Cross Sections 

Uef, 1 (Su vary
ing, generated 
separately) 

Ref. 1 (S. con
stant , gener
ated by M C 

Ref. 1 {So vary
ing, generated 
liy MC>) 

Fission 

-0.005672' 

0.0616438 

0.006728!) 

Absorption 

4-0.103419-

-0.136952 

-0,134720 

Scattering 

0,041987 

-0,0734552 

-0,0458885 

Leakage 

-1.46913 

-1,52000 

-1.51188 

" Tlie cliange in Pu-239 self-sliielding effect due to Na re
moval was not accounted for. cp was fixed at 300 b/atom of 
Pu-239. 

elusion that it is not p(jssible to estimate the scattering 

component of the sodium void coefficient to a high 

percentage accuracy if the magnitude of the scattering 

component itself is small. The reason is that the un

certainties in the low energy Pu-239 cross sections to 

date are certainly much higher than is indicated by the 

variations in Table VI-7-VII. I t is important to realize, 

however, that the absolute magnitudes of the devia

tions in the scattering component of various cases 

given in Table V1-7-VI are also small (of the order of 

less than 0.15% in k). For systems with a large spectral 

component, the discrepancies introduced by the small 

variations of Pu-239 cross sections may become rela

tively much less significant than those indicated in 

Table VI-7-VI. It is evident that more work is m-edod 

in this area. 

For the Doppler efTect calculation, the case of tlie 

isolated and highly enriched Pu02 rod used in ZPR III 

measurement' was re-examined. Table \T-7-A'III gives 

the efTective fission and capture cross sections along 

with their Doppler changes for various cases. Calcu

lations were based on the NR-approximation and the 

assumption of the rational approximation for the reso

nance escape probability with (jp-equivalent equal to 

71.6 b/atom. The flux correction factors were included 

TABLE VI-

EL, 

eV 

3.679 X 10' 
2.231 
1.343 
8.208 X 10' 
4,979 
3,019 
1.832 
1.111 
6.738 X 10' 
4.087 
2.479 
1.503 
9.119 X 10' 
4.307 
2,012 
2.035 
1.234 
9.611 X 10' 
5.829 
2,754 
1 013 
2 902 X 10 

7-'\II, Pu -239 CROSS SECTIONS FOR C.\SES CONSIDERED IN T.VBLE \ ' I-7-\ ' I 

M C 

Full Na 

Constant ^o 

ITa 

1.90586 
1,97114 
1.98428 
1,866401 
1.7338 
1.68621 
1.69952 
1.71595 
1,79953 
1,91430 
2.17214 
2.45279 
3.6237 
3.60130 
4.67320 
5.8482 
6.9706 
9.39310 

11.2367 
15.8304 
23.9447 
.32,3222 

VO! 

6.73095 
6.36787 
6.09600 
5.493.35 
4.85923 
4.55183 
4.46066 
4.42345 
4,51849 
4.64710 
4.89497 
5.19473 
7.38497 
6.97727 
8.71987 

10.67997 
12,61928 
16,94170 
21,436(j(i 
31.88798 
47.77655 
75,5:)W9 

5o varying 

i^a 

1.90685 
1.97117 
1.98424 
1,86637 
1,73373 
1.68621 
1.69947 
1.71499 
1.79957 
1,91426 
2.17215 
2.45278 
3.62361 
3 60129 
4.67316 
6.84825 
6.97064 
9.23342 

11,0(40 
14,1249 
23.9443 
32.3227 

VOf 

6.73087 
6.36790 
6.09592 
5.49325 
4.86904 
4.65183 
4.46055 
4.42357 
4,51858 
4.64098 
4.89506 
5.19466 
7.38469 
6.97718 
8,71993 

10,6799 
12,6192 
16.5109 
21.1823 
20.6761 
47.7762 
75.6363 

25% Na Removal 

Constant Sn 

ffo 

1.90580 
1.97117 
1.98431 
1.86629 
1.73410 
1.68623 
1.69946 
1.71601 
1.79954 
1.91338 
2.17231 
2.45273 
3.62378 
3.60396 
4,65128 
6.81503 
7.00079 
9.44883 

11.3326 
16.0489 
24.4409 
33.0128 

VU] 

6.73066 
6.36788 
6.09631 
5.49288 
4.86076 
4.55200 
4.46056 
4.42357 
4.51852 
4.64621 
4.89521 
5.19463 
7.38513 
6,98140 
8.68234 

10.6256 
12.6666 
17,0263 
21,5724 
32.2121 
48.5440 
76,9223 

Sn varying 

Oa 

1.90576 
1.97114 
1.98436 
1.86632 
1.73415 
1.68627 
1,69952 
1.71698 
1.79952 
1.91339 
2.17234 
2,34275 
3,62380 
3.60390 
4.65130 
5.81500 
7.00080 
9.28110 

11.16370 
14,3663 
24.4410 
33,01.30 

va, 

0.73059 
6,36787 
6.01)631 
5,49304 
4.86072 
4,55212 
4.46005 
4.42346 
4.51849 
4,74729 
4,89526 
6,19473 
7,30526 
6.98133 
8.68237 

10.6252) 
12.60580 
16.682.39 
21.36108 
26.92817 
48.64399 
76,92212 

Generated \,\ KP 270 

ffp = 
St, \. 

<Ja 

1.80814 
1.96708 
1.98644 
1.86901 
1.73573 
1.68612 
1.69829 
l.llWA 
1.74000 
1,71000 
2,0700 
2,600 
3,0433 
3.4754 
4.7067 
5.8850 
6.5195 
7.96360 
9.9700 

15.080 
24.648 
34.5139 

300 b 
tying 

va. 

_ 
6.70294 6,35019 
6.11576 
5,51(i8« 
4,89365 
4.55.305 
4.46008 
1,41.TO 
4,:!7lil 
4,13703 
4,57011 
6.22720 
6,10704 
6,70364 
8,74168 

10,56.367 
11.79131 
14,24712 
17.5298 
26.83253 
44,3039 
79,2201S 
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TABLE VI-7-VIII, EFFECTIVE CROSS SECTIONS FCIK }i IN. 
ISOLATED P U O . Itou" 

CASE l* 

CASE 2" 

CASE 3' 

CASE 4-

Kir p' = 

/ • . « , 

keV 

12.0 
6.5 
3.4 
2.25 
1.70 
1.-20 
0.95 
0.85 
0.75 
0.65 
0.65 
0.45 
0,36 

12.0 
6.5 
3-4 
2.25 
1.70 
1.20 
0.96 
0 85 
0.75 
0.66 
0.55 
0.45 
0.36 

12.0 
6.5 
3.4 
2.26 
1.70 
1.20 
0.95 
0.85 
0.75 
0.66 
0,55 
0.45 
0.36 

12.0 
6.5 
3.4 
2.25 
1.70 
1.20 
0.96 
0.85 
0.75 
0,65 
0.55 
0,45 
0,35 

71,6 b/atom) s-wave 

.̂SOO-K, 
a-. 

11,71610 
1.18399 
1.8.3090 
2.34491 
2.7,3720 
3.24814 
4,05808 
3,24814 
3,39373 
3.60199 
5,84049 
3 85437 
4,98014 

0.72066 
1.13795 
1.76285 
2.24145 
2,611-20 
3.10636 
3.87079 
3.09030 
3.23068 
3.32968 
6.57731 
3.li6419 
4.74216 

1 

1.6.3870 
1.76643 
2,00117 

3,61920 
3,79270 
3,98925 
4,21078 
4,46662 
4,76500 
6.12217 

~500°K. 

1.69466 
2,31001 
3,21052 
3,9.3396 
4,48613 
5,24602 
6,7-2960 
4,99699 
5,21077 
5,36022 

10,44521 
5,93799 
8,-23169 

1.76-285 
2.41585 
3,36673 
4,12li28 
4,71063 
5,50742 
7.00407 
5,24066 
5,46477 
6,620.58 

10,89790 
6,2-2267 
8,6-2620 

Same a 

2,78660 
2,76673 
3,15710 

Same a. 

Same a£ 

5.80119 
6,07760 
6,39617 
0,77211 
7,22827 
7,79607 
8.64490 

onlij] 

~500-> 
I100°K, 

S<r, 

0,00788 
0,02272 
0,0<i338 
0.11440 
0.16660 
0,25117 
0,40212 
0,2737 
0,3014 
0,3303 
0,8602 
0,4268 
0.6986 

0,007614 
0,02183 
0.06057 
0.10902 
0,15724 
0,2.3755 
0.38108 
0,27022 
0,2817 
0.3117 
0.8135 
0.4019 
0,6578 

--500 — 
1100°K, 

Str, 

0,01408 
0.03184 
0,07348 
0,12083 
0.16509 
0.23641 
0,36975 
0,6188 
0,2549 
0,2726 
0,6866 
0,3333 
0,5419 

0,01482 
0,03382 
0.07836 
0.12881 
0,17610 
0,25069 
0.39403 
0,5.328 
0.3500 
0,2884 
0.7961 
0.3616 
0,5725 

Case 1 

0.04984 
0.01 i389 
0.09295 

0,0664 
0,06196 
0,00577 

Case 1 

Case 1 

0.3233 
0.3614 
0.4076 
0.46.37 
0,5329 
0,6204 
0,7326 

0,2914 
0.3200 
0,3633 
0,3936 
0,4416 
0,4996 
0.5707 

TABLE IV-7-IX. COMPAKISO.N HETWEEN THEOKV 
AND KXPEHIMENTK 

(ZPR-S Measurements~}i in. PuOi, Ti - 1\ = 1100 - 600°K) 

' Overlap effect was not included, 
''Caae 1 = Ref. 1 with 5ofluctuating (Schmidt 'sparameters). 
'Case 2 = Alternate (F/)''"' (other parameters same as 

Ca.se 1). 
•' Case 3 = Petrel variations (Ref. 12). 
' Caae 4 is the same as Case 1 except So = constant. 

Assembly 

46 
45A 

45A (with BC* surrounding) 

Experiments", 
Ak/k X 10-« 

-fl.07 
4-0.25 
4-1,73 

Tlieoryi' 
(using new 
Schmidt's 

parameters), 
A/t/it X 10^ 

4-4.62 
4-2,57 
4-1,72 

• The expansion effect was accounted for. 
^' Overlap effects included. 

for all cases. The results are self-exphmatory. Both the 

fluctuation in So and the magnitude of (r/)"^"' will 

affect the Doppler effect calculations. For comparison, 

Table VI-7-IX gives the calculated Doppler coefhcients 

using the new Schmidt's parameters' as compared with 

the measured values. The use of the new Schjuidt's 

parameters has significantly reduced the calculated 

Doppler coefficient as comjiared with those given in 

Ref. 25 using older parameters.' However, sizeable 

discrepancies between the calculated and the measured 

values still exist especially for cases with softer spectra. 

Detailed investigations on the interpretation and 

analysis of the experimental Doppler coefhcient for 

fissile isotopes are underway. The results will be re

ported. 
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VI-8. The Crj-stalliiic Effects on the Doppler-Broadened Cross Section and 
Resonance Integrals of Uran ium in a UO; Lattice 

C. R. ADKINS*, P. J. PERSIANI and R. X. HIV.\NG 

The cr\-stalline effects on the Doppler-broadened 

cro.ss seetion and on the resonance integrals have been 

studied to investigate the extent and"effect of the asym

metry and shift in the Breit-Wigner hne shape. The 

changes in the line shape, due to crystalline binding, 

can affect the magnitude of the resonance parameters 

determined from the fitting of e.xperimental cross-sec

tion data, as well as the size of the calculated Doppler 

effect in t-ritical assemblies and reactors at low power. 

The scattering and absorption cross sections were de

veloped for the system of nuclei bound in a UO2 crystal

line lattice. The absorption cross section is essentially 

that derived by W. Laiiib^ except that the actual 

phnnon frequency di.stributiiin replaces the Debye dis

tribution. The Doppler-broadened cross sections are 

* Carnegie IiiatiUite of Technology, Pittsburgh, Pennsyl
vania, 

also reduced to the form of the gas model by making the 

short compound nucleus lifetime approximation 

(SCNL) which is the "weak binding" approxiniatinii 

discussed by Lamb. 

In addition to the several phonon frequenc\' distribu

tions developed from the Born-von Kamian description 

of crystal,' the study also included the UO: phonon 

spectrum determined by G. Dolling et al.' The latter 

frequencies were obtained from a theoretical fitting to 

the experimentally determined dispersion curves of UOi. 

The efTect of crystalline binding on the Doppler-

broadened cross sections of the U-23S resonance at 6.6S 

eV for a temperature of :iOO°I\ is presented in l-'ig. 

VI-8-1. In general, the study indicated that pronounced 

line shifts and asymmetry with respect to the SCM. 

and the gas model prevailed at higher than room tem

peratures for the low lying levels. 
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TABLE VI.8-1. RESONANCE iNTEiiitALS IN THE N R ,\.\U 
NRIA AppHOXlMA-riONS Fou THE U-238 l{Es(iN,VNrE 

IN THE TEMPEnATUuK RANUES (/) 50 Td 3tK)°K 
ANli (//) 300 1(1 500°K 

I S r t N C E FROM RESONANCE PEAK. f / Z 

\ ' Resonance of Vo.. VI-8 1. Capture Line Shape—6, 
I aKal 300°K. .tA7, .Vei), .Vo, 112-6028. 

.'Vu estimate of the effect on resonance integrals was 

made in the NRIA and NR approximation for the 

U-238 resonances at 6.0,S and 190 eV, respectively. The 

results, listed in Table VI-S-I show that differences of 

greater than 5 % can be expected between the crystalline 

model and the "effective-temperature" gas model 

(SCNL). Of significance is that an improper computa

tion of un effective temperature, such as using the Debye 

model, ciiuld increase the magnitude of the error. 

Model 

SCNL F ' Poly 
SCNL H Poly 

(14.68) 
SCNL Dolling 
CRYS H Poly 

(14.68) 
GAS 

NKIA Aliprox. 
(6,68V, a','.' = 

17,52 b) 

Change in Reaction 
Rate-, 
% 

(.CiRI),/ 
Rh 

0.2264 
0.2240 

0.2183 
0.4441 

0.3694 

(ARI)i,/ 
Rh 

0.2697 
0.2697 

0.2739 
0,2534 

0,.-i092 

NR Appri)\, 
(190V, <T,/' = 

40 1.) 

Change in Reaction 
Rate, 
% 

(AR!),/ 
Rh 

0.6288 
0.6223 

0.6097 
0.6603 

0.9874 

(ARI),,/ 
Rh 

0.8273 
0.8204 

0.8152 
0.7791 

0.8981 

• (ARI), = W(300°K) - RI(50°Kj 
(ARJ),, = «7(600°K) - ff/(300''K) 

Rh = fl7o..(300°K) 
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VI-9. Comparative Physics Analysis of Fast Reactor as a Funct ion of Ref inement in 
Mult igroup Cross Sect ion Preparation 

B. J. TOPPEL and H. H. HUMMEL 

A paper bearing the above title was presented at the 

International Conference on Research Reactor Utiliza

tion and Reactor Mathematics, at Mexico City, May 

2-4,19(57.'" Some of the most important results of this 

piper are summarized in the following. 

The flexibility of the MC;' cross-section code" iiiiule it 

possible to study the effect of various approximations 

on the broad-group cross sections ordinarily used in 

space-dependent calculations. In MC^ flux calculations 

are performed for a fundamental mode using "ultra-



464 VI. Reactor Computation Methods and Theory 

fine" groups of lethargy width 0.0()S.-(3, as in IX.MtJE,' 
or in "line" groups of lethargy width approximately 
0.2,'i, luit with the choice of width arbitrary within 
limits. .\ line group iiiust coiilaiii an integral number of 
ultni-liiie groups. ('o)liipHi'd briiad group cross sections 
are geni'i-utcd by «right ing witli the iillia-line or tlio 
line group llrxes, depending on which option in the code 
has been .selected. Inelastic transfers are carried out 
only for the fine groups in either i-ase, and fission and 
captiiro cross sections are held constant over fine grouiis 
except ill the resolved resonance region in which ultra-
fine group cross sections are used. The broad group 
widths are arbitrary within limits but must contain an 
integral number of fine groups. Using this flexibility, the 
following investigations were carried out. 

EFFECT ON FINENESS OP INELASTIC SCATTERING 

In the M C treatment of inelastic scattering, the 
transferred neutrons are distributed uniformly in energy 
over each fine group. No inscattering is allowed within 
the group from which removal is occurring. In the orig
inal version of the (-ode, inelastic removal was constant 
over each fine group. An improvement used in the 
ESSKI.l-lM Code' and subsequently incorpor.ated into 
MC" is to allow the inelastic removal cross section to 
vary from one ultra-fine group to the next, in effect, con
tinuously with energy. With the older treatment, there 
were large distortions of the high energy flux a.ssociated 
w-ith the discontinuities in inelastic removal cross sec
tion. These ill turn caused errors in elastic transfer cross 
sections, which caused too hard a high energv flux to be 
calculated and resulted in too large a reactivity by over 
2 % k in the case studied when a fine group lethargy 
width All of 0..̂  was used. This error resulted from too 
large a calculated threshold fission effect in U-2.38. .\ 
decrease to a width of 0.2.5 eliminated 1.4% k of this 
error, and a further decrease to a width of 0.167 gave a 
further, smaller improvement of 0.3 % k, w ith a remain
ing error of 0.-5% k or perhaps slightly more, the exact 
result not being known. When the ultra-fine group in
elastic removal technique was used, the total change in 
k for a change in ^u from 0..") to O.ltiT was 0.8% k with 
0.6% of this change occurring between Au = d.o and 
A« = 0.2.5. This indicates that with the more refined 
method of inelastic removal cross section acceptable 
accuracy is probably obtained with fine group Aw = 
0.25. No significant effects on reactivity coefficients 
were found with the varying fine group Au. The inelastic 
removal effects occur at too high an energy- to be signifi
cant for Doppler or sodium Aoid effects, while the error 
in distribution of inelastically transferred neutrons does 
not appear to be significant for either reactivity effects 
or criticality. 

A part of the reactivity change occurring with the 

change in fine gioup Au is due to the fact that U-23S 
fission cross sections are held constant over a fine group. 
This may be too crude an a.ssuiiiption, or at least con- , 
siderable care should be u.sed in .selecting the weighting 
Hpcctriiiii to be used in averaging lliresholii lission irnss 
Hci-tions. 

EFFEC-C OF J'INE.VE.SS OF ADJOINT 

Fu.scTiox CALCULATION 

Cross section collajising with the .MC- code is at 
present done with straight flux weighting, l-'or perforiu-
ing perturbation calculations the resulting cross sectiiias 
are used to generate a coarse-group adjoint function. 
It would presumably be more accurate to perfonn the 
perturbation calculation entirely at the ultra-fine group 
level. To check on this point, perturbation calculations 
were performed with broad groups of varying width, 
which had the effect of varying the fineness of the ad
joint function. For the Doppler effect, varying the broad 
group energy width between 0.25 and 0..50 lethargy unit 
had a very small effect, of the order of a 3 ' . ' variation; 
going from a 0..50 lethargy unit bro.ad-grouii structure 
to the coarser Hansen-Roach structure,^ with Au rang
ing between 0..5 and 2.0, produced about a W '„ varia
tion. The variation in components of the sodium void ' 
effect between the 0.25 and 0..5 lethargy unit cases 
amounted to 0.1 to 0.2% k for complete voiding of the 
core, with similar effects observed in going from the 0..50 
lethargy width to the Ilan.sen-Roach structure. It thus 
appears that not much is to be gained by going lo an i 
adjoint function based on a group structure liner tluui i 
Au = 0.25, when the choice of Au = 0..5 is alread.\ giving i 
reasonably good re.sults. i 

F>KECT OF FIXE-GROUP VERSUS ULTH.\-1-'IVE 

GROUP FLUX CALCULATIONS 

The main effect of this variation is on the evaluation 
of the light element transport and elastic reiiio\'al cniss 
sections; the latter are more sensitive to the flux ap
proximation used. In the ultra-fine group case the 
EL.MtJE' treatment is used for elastic removal cross 
section evaluation since the elastic scattering angular 
distributions are respresented using Legendre polyno
mials. In the fine-group case the rather crude assunip- , 
tion is made that neutrons are removed from a fine ^ 
group if their energy does not exceed the lower energy 
of the group by an amount corres]ioiidiiig to {, the 
average logarithmic energy loss per collision; otherwise 
they are unaffected. For a 1/E weighting sjiectruiu 
within a fine group, this corresponds to a removal cross 
section eciual to the familiar $<T. An. A constant weight
ing spectriun, or a spectrum proportional to E may also 
be selected by the user. 

A comparison of the ultra-fine and fine group flux 
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TABLE VI-9-I. SODIUM ELASTIC REMOVAL CROSS SECTION, barns 

Broad Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
II 
16 
16 
17 
18 
19 
20 

EL 

3.68 MeV 
2.73 
1.36 
0.820 
0.498 
0.302 
0.183 
0.111 

67,4 keV 
40,9 
24,8 
15,0 
9,12 
4,31 
2,01 
2,03 
1.23 
0.960 
0.683 
0.275 

1 

0.118 
0.304 
0.304 
0.692 
0.674 
0.786 
0.713 
0.765 
0.762 
0,681 
0.928 
0,663 
0.8,35 
1.27 
9,81 
2.,56 
0.473 
0.985 
0.390 
0,196 

18 

0.123 
0.302 
0.293 
0.476 
0.711 
0.839 
0.696 
0.746 
0.781 
0.683 
1.03 
0.629 
0.832 
1.24 

10.0 
2.61 
0.460 
0.999 
0,387 
0,195 

19 

0.122 
0.296 
0.282 
0.482 
0.722 
0.813 
0.719 
0.718 
0.663 
0.672 
0.465 
0.644 
0.819 
1.22 

10.3 
2.43 
0.466 
1.01 
0.394 
0,204 

Problem" 

20 

0.120 
0.285 
0.274 
0.470 
0.678 
0.759 
0,654 
0,708 
0,634 
0,670 
0.437 
0.604 
0.803 
1.60 

27.9 
2,14 
0.427 
1.01 
0.384 
0.189 

3 

0.083 
0,234 
0.259 
0..389 
0.694 
0.641 
0.639 
0,475 
0,515 
0,663 
0.444 
0.682 
0.725 
1.06 
9.88 
3.16 
0.523 
1.09 
0.403 
0.193 

13 

0.095 
0.267 
0.296 
0.444 
0.665 
0,734 
0,730 
0.642 
0.693 
0.764 
0.611 
0.669 
(l.8:)3 
I.2IS 

11,6 
3.45 
0.601 
1.23 
0.466 
0.231 

14 

0.076 
0.212 
0.2:S5 
0.351 
0,549 
0,582 
0,581 
0.432 
0,465 
0.605 
0.404 
0,.^)2,S 

O.l-i.'il'. 

0.9211 
K.KI 
3,(K1 
0,473 
0,991 
0,3li3 
0.169 

" Frnblem 1 treats only Na, Fe, and O as Legendre materials; Problem 18 treats only Na and Fe as Legendre materials; Problem 
19 treata only Na as a Legendre material. Probleni 20 is similar to Problem 19 except that Na is present in a very small conceiilru-
lioii; Problem 3 is an all fine group probleni viiili<p{E) = constant; Problem 13 is an all fine group with <p(E) = 1/E; Problem 14 is 
an all fine group with ip{E) = E. 

treatments is presented in Table VI-9-I for the reactor 
composition given in Table VI-9-II. This is identical 
with Case 8 of the 1965 comparison calculations' except 
that stainless steel has been replaced by iron for sim-
phcity. In Table VI-9-I a "Legendre" material is one 
which has been given the complete EL.MOE treatment 
rallicr than the fine group treatment. The fine groups 
am the 0.25 lethargy unit groups used in MC; they are 
roiubiiicd to form broad groups as indicated. 

When there is a mixture of Legendre and non-Le-
gciidre materials, a flux calculation is done in the ultra-
fine groups for w hich the cross sections for uon-Legendre 
materials are held constant, while the elastic scattering 
source due to such materials is held constant in energy. 
In Problem 1, Legendre materials are sodium, iron, and 
oxygen, while in Rroblem 18 sodium and iron are treated 
in this way, and in Problem 19 only sodium is a Le
gendre material. In Problem 20 only sodium is a 
Li-gendre material, but it is present in too small an 
amount to influence the spectrum. In all these eases, a 
weighting spectrum tfiiE) = constant over the fine 
groups was used to evaluate cross sections for noii-
Lcgendre materials. In Problems 3 and 13 all materials 
are treated in the fine group manner, with weighting 
spectra *(£) = constant and ^ t ^ ) = l / £ , respectively. 

A comparison of the results of Problems 20 and 3 indi
ciites the error that occurs with a flux weighting spec-

TABLE VI-9-II. REFERENCE PROBLEM .SpEciFioA-noNs 

Fe 
Nu 
0 

pl|210 

Fission 
Products 

Legendre 
treated? 

1 

Yes 

No 

J 

Temper
ature 

!• ]500°K 

i 

Atomic Density, 
10** atoms/cc 

Compo
sition 

0.011 
0,0123 
11,0144 
11,00036 
0,00648 
0,00072 
0,00036 

Fuel 
Pin" 

0 
II 

0.048 
0.0012 
0.0216 
0.0024 
0.0012 

Coolant" 

11,01411 
I1,(1IS:I3 

II 
0 
II 
0 
0 

" Resonance calculations made in cylindrical gennietry 
with 0.318 cm fuel pin radius and 0.606 cm coolant-clad radius. 

trum constant in energy because of failure to use the 
complete elastic transfer matrix for sodium. Errors from 
this source are significant in some cases but not ex
tremely large. In most cases the results of Problems 1 
and 13 agree fairly well, indicating that the choice of a 
1/E weighting spectrum and the neglect of flux per
turbations do not lead to extremely large errors. This is 
particularly true at higher energies. At energies below 
about 20 keV the choice i/>(74') = constant seems better. 
This choice will vary with reactor composition, as the 
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TAHLK \I-II-III , UcMTivirY EFFECT CAU-CLATIONS 
FOR PROMLEMS IN TAHLE VI 9-1 

Prolilem 

1 
3 

13 
14 

Tolal Doppler "/,ili. 
l.'iOO'K -> 1100"K 

0.344 
0,208 
0,324 
0,232 

Spectral Plus 
Capture %Sl!. 

50%, Na Voiding 

3.92 
3.42 
3,44 
3,39 

position of the maxinium in the flux will shift cor
respondingly. 

A comparison of Problems 1 and 18 indicates that 
resonances in 0-16 are not causing large effects, except 
in Group 4, where the influence of the resonance at 1.0 
MeV is seen. This general conclusion is consistent with 
the observation that effective sodium cross sections are 
not greatly different in oxide, carbide, and metal sys
tems with stainless steel structural material.' The influ
ence ot resonances in iron is particularly marked be
tween 2.5 and 100 keV and not large otherwise, as is 
seen from a comparison of Problems IS and 19. Finally, 
a comparison of Problems 19 and 20 indicates what 
error is incurred by neglecting resonance self-shielding 
in Na-23; this is seen to be marked in several strong 
resonance regions, but otherwise not large. 

Kesults of reactivity coefficient calculations for some 
of these problems are presented in Table \T-9-III. It is 
seen that there are considerable changes in the Doppler 
effect in going from one flux weighting to another in the 
.all fine group cases; the if = l/i^ ca.se h,appcns to agree 
with the Legendre treatment case fairly well. 

These changes are caused hy variation in the low en
ergy flux. There are not large changes in sodium void 
effect among the all-fine group cases, although lliey all ^ 
yield values smaller by ~ 0 . 5 % k for .50'>i sodium 
voiding than the Legendre treatment case diK's. The 
smallness of this variation in .spite of the ciuisiderable 
changes in elastic removal cross sections among these 
cases is caused by a compensating shift in neutron en
ergy spectrum; larger elastic removal cross sections 
shift the flux into a lower energ\- region, in which the 
adjoint function variation with energy is such as to 
make the sodium void effect less positive. 
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VI-10. Effects of Cross Sect ion Errors on Neutron Spectra 

C. N. KELBER 

A recurrent problem in reactor physics is estimating 
the sensitivity of calculated parameters to cross section 
errors; to resolve these errors, attempts have been made 
to correlate integral data and estimtite eross section 
corrections.' These attempts have been marked by a 
l.ick of consistency because of the many correlations and 
accidental cancellations which exist among the effects 
of differing errors in microscopic cross sections. In fast 
reactor jihysics one attempt to take into account corre
lated effe(-ts has been to develop a mechanical approach 
based on second order perturbation theory.' The attack 
proposed here is to treat cross section errors as lumped 

effects and develop techniques for estimating their size 
and distribution and also to develop techniques suitable 
for use in pure media so that the lumped effects can he 
related to specific isotopes. 

.\ lumped-parameter model of fast reactor spectra is a 
suitable tool for use in estimating the size of combined 
error effects if the lumped-parameters are related to dis
tinct physical processes such as fission, elastic scatter
ing, inelastic scattering, capture, and leakage. Such a 
model has recently been proposed by W. Stacey,' and it 
can readily be shown that the mean relative error in the 
ela.stic scattering parameter, A.S/.S', is given by 
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AS 
S 

S(i - y)Afi 
(1 - S)HR - FY (1) 

C|«(u,u' 

where incla.stic scattering has been neglected, ff is the 
nliserved detector response, Aff the difference between 
the calculated and observed detector response, and F 
the detector response lo the neutron source spectrum. 
When inelastic scattering is pre.sent the analysis is 
ali;ebraicall> more complex, and detectors with distinc
tive responses are required. Knowing the mean relative 
error, information about its distribution can be obtained 
from detailed measurements of neutron spectra such as 
those recently reported by E. Bennett. ' 

Tu make the procedure more explicit, consider the 
simple case of hydrogen-like slowing down in an infinite 
medium with a constant scattering cross section. Sup
pose that the ratio of scattering to total eross section is 
given by 

a./at = 1 -t- (Riu). (2) 

where u is lethargy, e is a small number [similar to 
Mi,S from Eq. (1)| and ff(u) takes values at random on 
the interval from plus to minus one. Then by regarding 
the slowing down density and neutron spectrum as ran-
diiiii variables, and using the notion of stochastic inte-
gntioii,' it ia Jiossible In relate the auto-correlation of 
the neutron spectrum to the auto-correlation of R. For 
the case where the auto-correlation of R is given by 

C\R(u,u')] = exp (-2X (3) 

l l H - 2 / ( l -4 \ ' )1= - 2 / ( 1 - 4 X - ) | 

(4) 

one finds 

• e x p ( - 2 X r ) - |7X/(I - 4 x ' ) l r e x p ( -

-I- [(44X' - 2.3X)/(1 - 4XM1 exp ( - r ) -f 0(«) 

where r = \ u — u' \ and \ ^ }4. 
Since the narrow resonance approxiniation has been 

used to solve the slowing doun ei|uation it is natural to 
suggest that auto-correlation tei-hnitjues be employed 
to determine resonance parameters. This can be done 
when the resonance is very broad ( > 5 keV), isolated, 
and is not obscured by fluctuations in the spectruiu from 
other sources. 
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VI-11. Calculat ions of Detai led Neutron Fluxes Across Interfaces Between 
Resonance-Scatter ing Media 

D. MENEGHETTI, A. L. RAGO* and K. E. PHILLIPS 

INTRODUCTION 

Detailed neutron flux spectra in homogeneous bare-
I'ore fast systems containing resonance scattering ma
terials may be calculated with the Argonne program 
EL.MOE.' For a given composition the ELMOE code 
determines the bare-core neutron flux spectrum by using 
™iiiy hundreds of very fine energy groups. Coarse-
gri'iip cross sections are evaluated b.y using these fine-

Applied Mathematics Division, Argonne National Labora

tory. 

group fluxes for weighting. The flux-averaged cross 
sections are then used in coarse-group calculations in 
the core regions of a reflected system. 

The possible presence of resonance-scattering ma
terials in regions in which the assumption of a normal 
mode flux may not be satisfactory, for example in re
flectors, has led to studies of the problems of determin
ing coarse-group cross sections for such regions. In this 
regard, a modified usage of the liLMOE progr.am has 
previously been reported." This method employed 
iterations between coarse-group, multiregion criticality 
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TABLE VI-11 I. liEoioNAL 
10** atoms per 

Case 

1 

2 

ATOMIC 

cm' 

Core 

Al 
U-236 

C 
U-235 

0.0603 
0.004-

0.054 
0.004-

DENSITIES , 

Reflector 

Fe 0.0847 

Ni 0.0913 

« Only Ihe iibeorption property of fission and not the aource 
property is used. Also Ihese elements are not treated by the 
detailed Legendre polynomial expansion coefficients. 

calculations and ELMOE calculations. The effects of 
gross space and energy dependent bucklings were simu
lated by substitutions of approximate coarse energy and 
space dependent positive and negative group-absorp
tions. These leakage-simulating absorptions, however, 
were based upon regional coarse-grimp leakages derived 
from coarse-group criticality calculations. Thus, the 
possible effects of interactions of differing fine-energy 
variations of the fluxes across an interface between me
dia tif different resonance scattering characteristics are 
not inchided in that method. 

In the present study,'* spatially-dependent fine-en
ergy-detailed fluxes through such interfaces between 
scattering media were calculated directly. The fine-
group spatially-dependent calculations were carried out 
by using fine-group cross sections for transport and 
elastic scattering obtained b}' using the ELMOE library 
of angular scattering data as fine-group cross sections. 
These fine-group cross sections were then used in a 
modification of the Argonne version^ (2D-SNARO) of a 
two-dimensional discrete S,, transport program.^ 

EXAMPLE IXTEHFACE CASES 

The two interface examples described in Table 
VI-ll-I have identical slab-geometries. They simulate 
00 cm thick core regions, with 30 cm thick abutting 
reflector regions. For simplicity and for reasonable 
machine-running time, only solutions for the case of an 
applied flat distributed fission source in the core region 
were obtained. 

The first case has a resonance scatterer, aluminum, 
as the core diluent and another resonance scatterer, 
iron, as the reflector material. The second case, instead, 
has a non-resonance scatterer, carbon, as the core dilu
ent, and a resonance scatterer, nickel, as the reflector 
material. 

For these cases, S2 flux solutitms using linearly-aniso-
tropic and isotropic scattering assumptions were ob
tained. Transport approximations were employed for 
the isotropic cases. These solutions tlius correspond 

to consistent-Pl and to diffusion theory solutions since 
the applicable S2 quadrature corresponded to that of a 
Pl or Gaussian quadrature. Indeed, if the only pro
jected usage of an ELMOE and SNARG linkage were 
for S2 solutions, a large saving in computation time 
could be obtained by employing a more direct (non-
discrete-ordinate) mode of solution. 

Since for these studies detailed interest is primarily 
in the energy region of the scattering resonances, only 
the fine-group solution in an energy range sufficiently 
wide to exhibit the characteristics of effects due to res-
onance-mterface phenomena will be presented. For 
example, in these cases only the energy range from 0.5 
JNIeV to 15 kV have been subdivided into 172 fine 
groups. 

SPATIAL DEPENDENCE OF FINE-FLUX. SPECTRA 

The fine-group flux spectra at various positions oa 
both sides of the interface between the aluminum dilu
ent core and the iron reflector are shown in Fig. VI-11-1 
as functions of lethargy. For the cases to be described, 
the flux spectra from the isotropic solutions did not 
differ sufficiently from those of the anisotropic s<ilutions 
to warrant reproducing a comparison of the flux spectra. 

Furthermore, a higher order, Si , flux solution for this 
case results in larger variations than the differences be
tween anisotropic and isotropic ^'2. The flux peak, due 
to troughs between resonances of one regional composi
tion, is seen to penetrate quite deeply into the adjacent 
region and vice-versa. 

Analogous spectra for the case with the carbon-
diluent core having the nickel reflector are shown in 
Fig. VI-U-2. Because carbon is not a resonance scat
terer, its characteristic fine flux affects only the spectral 
envelope on the nickel side of the interface. The flux 
peaks in the carbon are due to the characteristic fine 
flux peaks of the nickel reflector. The penetration of 
these flux peaks into the carbon core are less than llm^e 
shown in Fig. \T-11-1. 

POSITION-DEPENDEN'CE OF COLLAPSED 

CROSS SECTIONS 

The spatial sensitivities of coarse-group cross sections, 
obtained using results of the fine-group solutions as 
weighting criteria, have also been studied. The energy 
intervals ch(isen for collai)sing into coarse-groups 7 cor
respond to those of energy groups 9, 10, 11 and 12 of the 
16 group set^ of S. Yiftah, D. Okrent, and P. :\loldauer. 
These have half-lethargy widths. The fine groups used 
had lethargy widths approximately ^30 "f these half-
lethargy widths. 

In this study, collapse of the transport cross sections 
utilized the formula: 
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: ,o( ' ) 
it^j ""' dz ' 

i^j 'dz 

i-l 

i iuJ i^l dz 

d<t>)iz) 
I dz 

where [d<ti]iz)/'^'\ '" ' ' ' " ciirrptit-divornencc in fine-
group;, and where Sf,, luul Sl,.^^ are the fine-group 
diagonal transport and fine group Pl anisotropic 
transfer cross sections, respectively. The diagonal 
transport cross section for a given group is corrected 
for the elastic scattering anisotropy only of neutrons 
remaining in that group. Current coupling effects with 
otiier groups are not considered. The S,,,_, coefficients 
couple currents in the consistent Pl approxiniation. 
The fine-group diagonal-transport-cross sections are 
iveighted by the fine-group solutions. The coarse-group 
elastic transfer cross sections instead were obtained by 

LETHARGY 

' Flu. VI-lI-1. Neutron Flux .Spectrum at Vurious Spatial 
Positiona in the Al-DiUieiit Core and Fe Reflector. ANL Neg. 
A'o. ttt-Slil. 

rr TT 
CARBON-DILUENT 

CORE 

NICKEL 
REFLECTOR 

NICKEL 
REFLECTOR 

FlG. YI-11-2. Neutron Flux Spectrum at Various Spatial 
Positions in the C-Diluent Core and Ni Reflector. ^liVL Neg. 
No. 112-8143. 

fine-group flux weighting. The mode of collajising the 
cross sections used in this study is not to be interpreted 
as the only procedure or even as necessarily the best. 
The purpose of choosing this method of collapsing is 
simply to provide a basis for intercomparison of results 
and for discussion. (Continuation studies currently 
being carried out indicate that current-weighting of 
the transport cross section may be preferable.) 

Some results of point-wise evaluation of the colhipscil 
coarse group transport cross sections for the interface 
case having the aluminum core and iron reflector arc 
listed in Table VI-l l -II . These collapsed transport 
values are noted to vary considerably and also to take 
on negative values. 

Small positive values, and negative values, of these 
collapsed coarse-group cross sections arise from the 
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TABLE VI 11-11, Z„ FOR AnilMlNl'M-DlHIENT 

CORE ,\ND IRON REFLECTOR, c n r ' 

Group, 
J 

tl 
10 
11 
12 

Distance from Core Center, 
cm 

1,5 

0,190 
0.171 
0,110 
0,085 

16.5 

O.ltiO 
0,102 
0.109 
0.087 

24.8 1 29.9 

0.003|-0,07fl 
0,0ii3| 0.212 
0 .011-5 ,10 
0.088 0,090 

30,1 

15,1 
0,6.38 

52.8 
0.715 

35.2 

0.W3 
0,197 
0,581 
0,073 

45.4 

0.242 
0,317 

-0 .078 
0.094 

49.9 

0.110 
0.331 
0.117 
0.113 

TABLE VI-11-lII. r , , re >"OR ALUMINUM-DILUENT 

ConE AND IKON HEFLECTOH, cm"' 

(iroup, 
J 

9 
10 
11 
12 

Distance from Core Center, 
cm 

1.5 

0.0281 
0.0153 
0.0098 
0.0030 

16.5 

0.0281 
0.0164 
0.0102 
0,0029 

24,8 

0,0277 
0,0164 
0,0112 
0 0O29 

29.9 

0.0267 
0,0200 
0,0122 
0,0028 

30.1 

0,0243 
0,0161 
0.0591 
0,0073 

35,2 

0,0227 
0,0217 
0,0403 
0,0084 

45.4 

0.0215 
0.0237 
0.0393 
0.0087 

49.9 

0.0214 
0,0234 
0.0399 
0,0084 

TABLE VI-ll-IV. 2;,r FOR CARBON-DILUENT 
J 

CORE AND NICKEL FiEFLECTOR, cm"' 

Group, 

9 
10 
11 
12 

Distance froir Core Center, 
cm 

1.5 

0,274 
0.283 
0.295 
0.301 

16.5 

0.272 
0.293 
0,278 
0,291 

24.8 29.9 

0.218' 0.215 
0-194 0,291 
0.259i 0,.361 
0,289 0,278 

30.1 

1,13 
- 3 , 6 4 

1.94 
4,27 

35.2 

0.777 
0 183 
0,998 
1,87 

45.4 

0,512 
0.296 
1,00 
2,41 

49.9 

0,505 
0,364 
1.01 

14,6 

TABLE VI-11 V. Z.l „ FOR CvRBON-DlLCENT 
J 

CORE AND NICKEL REFLECTOR, c n r ' 

Group, 
J 

10 
11 
12 

Distance from Core Center, 
cm 

0.0737 
0.0731 
0.0770 
0.0761 
I 

16,5 24,8 29.9 30.1 35,2 45.4 49.9 

0.0736 
0.0731 
0.0776 
0.0749 

0.0728 
0.0733 
0.0770 
0.073,^ 

0,0680 
0,0683 
0.0778 
0.0682 

0,0577 0,0396 
0,0418 0,0330 
0,0734 0.0749 
0.331 0.152 

0,0386 
OOIOO 
0.0721 
0.162 

interactions of negative leakages in some fine groups 
with large values of fine group cross sections at scatter
ing resonances. Similarly, large positive values arise 
from the interaction of large positive leakages from 
one region with scattering resonances of the adjacent 
medium. Both situations arise because of the fine-struc

ture leakages across the interface. The corre.'^pondiiig 
collapsed values of the ela-stic-removal cro.ss sections 
.are listed in Table A'l-ll-III. They are also spatially 
sensitive; however, they do not vary as widely as in the 
case of the transport cross sections, l-'urthermore, since 
the elastic removal cros.s sections are obtained from a 
flux-weighted collajjsing, and since the flux is always 
non-negative, apparent negative values of collap.se(l 
cross sections are not obtainable for this cross section. 

The analogous collapsed transport cross sections for 
the interface case having the carbon-diluent core and 
the nickel reflector are listed in Table VI-U-IV. 
Because of the smooth non-resonant nature of the fine 
structure of the carbon cross sections, these collapsed 
transport cross-section values in the carbon region 
are not as widely varying as in the aluminum case. 
On the other hand, in the nickel region, widely varj'ing 
values are again obtained. This is caused b.v the fact 
that the large smoothly varying outward leakage of 
the lower energy flux from the gcaphite core encounters 
cross-section peaks and trough.s in the adjacent reso
nance-structured nickel region. In this case, also, the 
elastic removal cross sections in the reflector vary 
more than in the core. These values are given in T.ahle 
VI-U-V. 

Fine group leakages at various positions arc much 
more sensitive indicators of differences between aniso
tropic and isotropic fine solutions than are the flux 
spectra at the various points. Therefore it may be 
expected that differences should occur in the collapsed 
values of transport cross sections, depending upon 
whether anisotropic or isotropic fine group solutions 
are used. 

Collapsed transport values of the aluiiiiiiuiii-inin 
interface case are compared in Table \T-11-\T for 
Coarse Groups 10 and 11 using anisotropic and iso
tropic leakages. 

For Coarse-Group 10 the corresponding anisotropic 
and isotropic-based values at each of the positions .are 
reasonably similar. In contrast, the ani.sotropic-bascd 
and isotropic-based values in Group 11 differ markedly. 
In the energy r.ange of Group 11 there is strong fine 
structure interaction across the interface. Because uf 
this, the values are very sensitive to spatial position. 
At such positions even small differences in depths of 
penetmtioiiB of the leakage iniLxinia due to use of iso
tropic rather than an isotropic fine-group soliitiiins 
result ill large differences in energy averages of cross-
sections at these points. 

The question of suitability of such collapsed cross 
sections for use in subsequent coarse-group calculations 
has not, of course, been shown by these results. The 
cases presented are extreme situations in that the scat-

file:///T-11-/T
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TABIylO \ ' l I l - \ I. Zir Fcm Au'MiNiiM-IuoN IIY ANIHOTHOI'IC ANI> IsoTUOPrf FINK Soun-KiN WKiuirnNii 

(iroup. 

10 

11 

Fine Soln. 

A 
I 

A 

Distance from Core Center, 
cm 

1.5 

0.171 
0.171 

O.UO 
0.112 

16.5 

0.162 
0.162 

0.109 
0.104 

24.8 

0.093 
0.093 

0.011 
-0 .039 

29.9 

0.212 
0.203 

- 5 . 1 0 
- 4 . 9 2 

30.1 

0.638 
0.667 

62.8 
50.6 

35.2 

0,197 
0,202 

0,581 
0.629 

45.4 

0.317 
0.316 

-0 .078 
-0 .128 

49.9 

0.331 
0,323 

0,117 
0.1.57 

tcriiig media are single isotopes. These example cases 
were chosen to insure that effei-ts of interactions across 
interfaces would be clearly discernible. Most cases 
arising in fast reactor aiialy.ses will generally have more 
isotopes in each region, some of which are either non-
n'siiiiant scatterers and/or heavy fissile and fertile 
iiuitcrials. 
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VI-12. Space-Time Kinet ics—The Q X l Code 

D. A. MENELEY, K . OTT* and E. S. WIENER 

The basic description of a modified adiabatie model 
for fast reactor spatial kinetics is given in Ref. 1 and 
some details of the formulation are given in Ref. 2. The 
following describes the approximations in somewhat 
greater detail and gives results of some of the test prob
lems which have been run. 

BASIC EQUATION SET 

Equations (1) and (2) show the flux and precursor 
equations in simplified notation. The operators M, 
Xn, Fp, Xd and F^ may be functions of space, energy, 
and time. Elements of each of these may also be func
tions of the total flux *. Separate equations may de
temiine space-time de|)eiideiicc of the system boundary 
positions. 

* On leave from Kei nfor.srliiiiigszentrum, Karlsruhe, Oer-
"i»iiy, within Ihe framework of the U..S.A.E.C.^Euratoni 
Scientist Exchange I'logrniii. 

at 
ac 
dt 

vFJiP + xAC, 

XoF.it> - \C, (2) 

V = neutron velocity vector 
it> = spacc-energy-tinie dcpendeiit liiix 

M = removal and transfer operator 
X„ = prompt neutron s|iectruiii 
F,. = prompt fission yield 
Xd = delayed neutron emission spectrum 
X = decay constants 
C = precursor concentrations 
Xc = precursor spectrum—fractional yield of de

layed neutron precursors in each precursor 
family 

Fc = precursor fission yield. 
Note that no provision for precursor concentration 

http://Transport-Thc.org
http://XoF.it


472 VI. Reactor Computation Methods and Theory 

change as a function of system density is included. No 
great diflSculty would be introduced by this addition. 

The first step in the development is the separation 
nf the flux * info the product of a space-energy-time-
dependent shape function and a purely time-dependent 
•amplitude function as shown hi Eq. (:!)• (This de
velopment may be fotind in many publications, no
tably lief. CO.); 

* ( i - . / • - • . / ) ^ ( r , £ , 0 * ( 0 , «(o) = 10. (3) 

The only requued conditions on the shape function 
^ are that it remain iiositive and bounded at all points 
in the space (r,B) for all time,' We select one admissi
ble separation within this class, namely that shown in 
Eq. (4): 

- iiP'ir,E),l~'iiT,E,t}) 
dt 

0. (4) 

This selection has some numerical advantages, as will 
be seen below. The brackets (> denote uitegration over 
all r and i ' . ^*(r,A') is the solution of the system: 

(M -f XrJ^p + XdX.I'-:,..) ip'ir,E) = 0. (5) 
The operator is the transpose of the real solution opera
tor appropriate to the critic.al system at time zero. 
The choice of if* as the weighting function is somewhat 
arbitrary. Wc wish, however, to allow the final equa
tions to reduce to the point kinetics set. The choice of 
^* gives the usual perturbation theory error cancella
tion in this case. 

Now substitute for the total flux in the original 
equations, multiply by the adjoint ^*, and integrate 
over space and energy. Due to the choice of separation, 
the time derivative of the weighted neutroii density 
function drops out of the result, and we arrive at the 
usual point kuietics equations for the amplitude î , as 
shown in Eqs. (6) and (7). The subscript / refers to 
the delayed precursor family: 

r/0 ^ (p -
dt A • * + S X / I / , (6) 

dm 
dl I ' X/i/, (7) 

where 

( * • •[ M + i- ix,F, + xix. :.F,)], 
i^ii'-'iP) 

ir,xd.,c,). 
irfi-'^P) • 

01 _ ('P'(x.i.iXi.iFM) 

?A 

The terms p. fi, and A can be identified with reac
tivity, effective delay fraction, and generation time, 
after definition of an appropriate denominator term. 
The choice is completely arbitrary; however, to main
tain consistency with definitions of perturbation reac
tivity we define it to be: 

/•' = (^•,(x„/•V + xrt./•^)^^). (S) 

In a system which is critical at time zero, /,„ is always 
unit.y. The notation is preserved to cover the initially 
suberitical case with an applied source (see Suberitical 
System, below). 

At this stage of the development Ecis. (4), (6), and 
(7), are merely the integral forms of the original set. 
Methods of approximation and solution of the system 
will now be described. 

SoLUTiO-v M E T H O D . S 

Substituting Eq. (.3) into Eij. fl) and defiiiiiig 
a= (1/0 ) / ( # / * ) , 

r - ^ = ( .1/ + XrFp - ,~'a)iP + \ x.i\C. I!)) 
ol 0 

This is merely a rearriiiiKniciit of Eq. (1), ;ind as surh 
is no easier to solve thuri the original .system. The quiisi-
static approximation ronsists of ne^lectini^ the time 
derivative on the left hand side of VAI (9). X<t\v Ihe 
solution ^ at time t depends entirely on the stale (if the 
reaetor at i\ the precursor term may he mnsiderod as a 
fixed source. 

The secjuenee of time advance is intUcated in Fig. 
VI-12-1. Three types of time interval are used. The 
one from /,_, to tf is that over which the shape func
tion is assumed constant. New values of fcedha<'k 
parameters are useil to compute p, /i, and A values for 
Eqs. (6) and (7) at the end of each t" interval. The 
time integration intervals, t'', may be whatever is 
required for solution of feedback or amplitude equa
tions. Consider a fully detennined system at /T-i • 
First assume that the shape functiun ^ is constant 
from i,-\ to ^ . Using an estimated time <le|)etulenre 
of the amplitude function up to ti , integrate the feed
backs and applied driving functions over this interval. 
Approximate the coefficients p, 0, and A in Kqs. (6) 
and (7) by parabolas passing through the last three 
computed points. Solve the set given by K(is. (0) and 
(7) over the range, compare the rcsuilaiit end point 

t " 

Vui. VI-12-1. Time Step Sequence. J A'L Xeg. Xo. lli-9087. 
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amplitude with the prediction, and iterate if necessary. 
Wlieii the time slep is completed, estimate the shtvpe 
fuiii'tioii dislorlion since time t" , . If the distortion 
is small ciiny out aiiolher I' slep. 

flivcii a fully defined .system al t"-,, this portion 
nf the solution is analogous to a pohit kinetics treat
ment. The errors pre.sent in the solution after a number 
(if r steps arise from .several sources; first, the assump
tion of constant shape over the range. The value of 
the reactivity pff") is the most .sensitive term. It may 
he written 

f i t " ) ^j,;,^',d[^.u + i-jxp/'V + x. ,'/,,,.. 

4(̂ '-
•iX.f/lli/',,"^^ 

\^M + J- (XpFp + X,-XcF,)]j^^ 

(10) 

'riic second term containing 5^, the change in ^ 
from /"-I to t", is neglected. This term may become 
large, since for perturbations local in space, 6^ will in 
m'lienil he positive for a local positive change. Also, 
the term A( ) represenls the whole change in system 
('oiiBliints from zero time. 

rrnirs in the p term tend to luiderestimate the change 
III g and hence the change in amplitude over an interval. 
Tlie li'cdhiick response, precursor densities, and the 

large influence on the magnitude of (f, but not on its 
shape in space or energy. Errors in g> simply scale the 
solution. The errors in C are ignored on the ground Ihai, 
the spatial distribution of dela.ved precursors is of 
secondary importance in delermining the flux sh:i|ie 
function during realistic fast reactor accidents. 

The above considerations lead to the following |iio-
ccdure for finding the new shape function. If, during 
the iteration process, d is found to be so much in error 
that no .solution for 4> exists, a rebalance calculation is 
carried out and a new value of a is computed. This d 
is then used in subsequent iterations toward the solu
tion ip. When f is fomid, it is simply renormalized 
using the condition of Eq. (4), and is used as the new 
shape function at time t" . An alternative approach 
may be to find the solution of the equivalent static 
system at /f . This approach would, however, com
pletely ignore the effect of the non-equilibrium pre
cursor shape (which is primarily determined by condi
tions at t < ti) on the flux shape at t" . It is shown in 
Ref. 1 that the errors introduced by this model may be 
very appreciable. 

When the coefficients of the amplitude function aie 
recalculated after a new ip is found, they will in geiiei;il 
show discontinuous juiiqis in value as illustrated in 
Eq. (13) forp/A: 

© 
^r.^M +ljxpF,. 
V 

xcF^y (r, [;V + ^^ (xpFv + X.,XrFo)'j'P,>i^ 
(13) 

logarithmic derivative of the amplitude fimction there
fore contain errors at the time <f , when a new shape 
is to be calculated. Identifying these approximate 
terras hy the symbol ('—), we may rewrite Eq. (9) and 
the approximate solution of Eq. (2) at time t" as 

0 = (W + XpFp - l~'a}iPio 0r»X,iXC» (11) 

These jumps are smoothed by assuming that they are 
distributed linearly forward since time (f-i , as shown 
in Eq. (14): 

©..-ex [1 +f,« ((," tf-i )i. ( 1 4 ) 

and 

, - 1 ^ , 

Ci.is = CV.„expl-X;/l + Y, 
1-1 •^1 , '* 

Xi.iFc'Pi", 
(12) 

•iil') exp[ -X/ ( ( f - t')\dt', 

respectively. Xote that Eq. (11) is overdetermined, 
due to the normalization condition of Eq. (4). (If no 
errors were present in the coefficients, Eq. (4) would 
be satisfied automatically.) 

Also, under some conditions the largest eigenvalue 
of the matrix iM -f XpFp — f"' d) may become greater 
than zero, in which ease Eq. (11) has no solution. 
This condition arises since a is almost always under
estimated during positive reactivity transients, be
cause of the use of the previous shape function in the 
computation of a. Small errors in d thus have a very 

The new values of p. (5/ . and A are then used to sol\-e 
Eqs. (6) and (7) a second time over the range t"^, 
to (f . This empirical "backward correction" parlially 
accounts for the effect of the continuous variation of \p 
over the time range. I'or cases such as tho.se desiTibed 
below with no feedback, this correction seems to be 
very effective. It may be less effective for highly non
linear problems or those in which the major part of the 
accident consists of spatial redistribution of the ip 
function. 

The whole operation of the major time step from 
tf-i to <f could be iterated; this has not yet been 
attempted. 

TEST CASES 

The first series of test problems was taken from Kef. 
."). The parameters of the two cores investigated may 
be found in Tables I, I I , and III of Ref. 5. Figure 

http://tho.se
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0,2 0 4 0.6 0,6 
TIME, sec 

FIG. VI 12-2. Time Trajectory of Fast Flux at i = 48 cm in 
210 cm Slab Thermal Core. Sub-prompt Transient of Ref. 6. 
ANL Neg. No. 112 9089. 
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YiG. VM2 3. Time Trajectory of Total Flux at J = 48 cm 
ill 240 cm Slab Fast Core. Insertion Rate $775 per sec up to 
SI .25 at end of Ramp. ,4A'L A'e^. Ho. 112-9098. 

VI-12-2 illustrates behavior typical of the approxinia
tion. This is the delayed critical transient in the 240 cm 
core of Ref. 5. 

The upper curve is the time trajectory of the total 
flux at the point of niaximum flux peakinp;, as computed 
by WIGLE.'*' The lowest curve was computed using 
the initial shape function throughout. The curve 
marked "2 shapes" is the result of recomputation at 0.4 
seconds. Note that the large flux correction at 0.4 sec 
brings the QXl solution very close to the true result. 
The deviation after a shape calculation is always on the 

low side of the solution, for this simple (linear) cross-
section perturbation. The shape recalculation and hack-
ward correction are very effective in correcting the re
sult. Any feedback effects wduld contain cnnsidcrablc 
errors, h<twever, due tn the initial underestimate oi tlip 
time-integrated power. Jn this cjise it was }nissil)lc to 
reproduce the WKil-K solution at O.S seconds lo within 
0.2% at every point by the use of 10 or more shape re
calculations. The 60 cm core of Uef. ij was prcdidcd 
very well using two or three shape calculations. 

In the artificial case of the step function super-pmnipl 
critical problems of Ref. 5, the <|uasistatic model W'-
haves very much like the "adiabatie" model (see I'ig. '.i, 
Ref. 5) over the initial part <)f the transient. However 
the QXl result is more accurate in the later part of the 
transient due to the improved treatment of deliiycd 
precursor distributions. 

Several problems were run which were identical to 
the sub-prompt critical problems mentioned above ex
cept for more rapid ramp rates. In the 240 cm cores 
(lifetime ^10~^ seconds) the quasistatic approximation 
introduced errors at ramp rates above SIO per .̂ econd. 
However, when the 240 cm core parameters were 
changed to those typical of a very hard spectnun, 
plutonium fueled reactor (lifetime -^'-i X 10~* sec) the 
QXl and WTGIJ'^ sohitions were essentially identical, 
at least up to a ramp rate "f ab(mt S750 per second. 
Figure VI-12-3 shows the time trajectory of the maxi
mum point for this case. The error of the point kinetics 
solution is very large because the true reactivity :it l.ti 
milliseconds is greater than one dollar, while the point 
kinetics prediction is below one dollar. The maxiinuni 
discrepancy between QXl and WIGLE when conditi(m!> 
were recomputed at the end of the time step was around 
2 percent after a flux rise of a factor of 200. 

Figure \T-12-4 shows the layout of a three-enrich
ment-zone pancake, oxide-fueled fast reactor, with one 
subassembly missing on the centerline. Compositions 
used were tjpical of oxide systems. (The problem was 
treated in 22 energy groups, oO mesh points.) The transi
ent was initiated by inserting the central assembly in 1 
second at a constant rate. Figures VI-12-5 and VI-I2-(i 
show the amplitude and shape function, respectively, 
as computed by QXl . 

The asymptotic logarithmic slope a of the amplitude 
function after the end of the ramp is smaller for the 
"point kinetics" solution than for the multi-sha[^)ed 
QXl solution, indicating an accmnulating error. A user 
of point kinetics calculation could e;usily eliminate thi.« 
asymptotic error for a predefined excursion by directly 
computing the reactivity of the final state. However, in 
the case of a nonlinear feedback problem the elimination 
would be more difficult. The curve marked "true solu
tion" in Fig. \'I-12-() is only an estimate, due to the 
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absence of an.v exact solution code capable of treating 

this case. 

l''0BMUL.\TION FOR I.MTIALLV SuBCRITlCAL SYSTEMS 

Additional terms are re(Hiired when the s.vstem is 
suberitical at the start of the problem. These terms are 
not included in the QXl algorithm at the present time. 

First rewrite Eq. (1) for an initially suberitical core: 

_, a * = (M +Xpf'p>* + XjXC + X.S., (15) 

SUBASSEMBLY R=I2 Cm 

CORE I R = I 02 cm 

C0RE2 R= I42 
cm 

C0RE3 R = I72 cm 

BLKT R = 2 I 2 c m 

1 AB 

CI 0 2 C3 

1 1 AB 

RB 

FIG. VI-12-4. Geometric Configuration of Pancake Fast 
Ueaclor For Subassembly IiiHcitiuu CUBC. ANL Xeg. No. 112-
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where Xi and S.. are, resjjectivei.v, the energy sperti'uin 
and spatial distribution of the external source, het 
ip* be the solution of 

M + r(xpFp + x.,xJ'\)'] iP* =0. (Hi) 
kl, J1-0 

Multiply Eq. (15) by ip* and Eq. (Hi) by <J>. integrate 
over space and energy, and subtract. Then 

/,,,. [il/ +]-(xi.F,-l-x..x,F,)'^i^^) 

-{^[M + 1 JxpF, + xrx.Fj]lr} ( . , ) 

+ ' ' ' '°,. ^ ' ir.ixpF, + xdXiFc) I,.,*) 
i-0 

/,,.. ,\ -f i^iP^iSM + - 5/'')*^ - iiP'',x.iXrF.,i-) 

+ ir.Xdl^C) + ii*,x.S,). 

By Green's theorem the first two terms on the right 
hand side cancel. Now substitute for <i> from Eq. {'•i) 
and define p, (3, and A as before. Then 

^ = ( A ^ ^ + ( ^ ^ + Zhv, + f„ a,s) 
ai /Co A A / 

where 

f. 
i'P*.x.S,) 
i,p*v~'ip) • 

In the static s.ystem at time zero, the anijilitude is 
given by 

!-. AA„ 
</, : (19) 

1 - A-„ 

If ip is identified as the total number of neutrons in 
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Ihc .system, this becomes the familiar expression for 
sul)critical multiplical ion of a fixed source, with all 
tci-ins exactly identified in terms of the system dy
namic ecuiations. 

.\Kidc from the above, tlie only addition required is 
the cxtcriKil .simrce in tlic shape equation, Eq. (11), 
gi\'eii by 

1 

« 
X,S.. (20) 

DISCUSSION 

The tJXl pmgrani i.s cssentiidly cnniplete, and is be
ing used to test the adecjuacy of tlio quasistatic model 
for fast reactor analysis. The second phase of testing is 
concerned with gaining experience in the importance 
and consequences of spatial model calculations to fast 
reactor excursions. 

Many transient phenomena (such as coolant voiding) 
are not amenable to one dimensional treatment, partic
ularly for cases in which the true overall net reactivity 
is aroiuid 1 dollar in the rising power phase of the acci
dent. In such cases the computed time sequence of 
events ma>' be greatly affect*! by quite small errors in 
reactivity producing large errors in the rate of energ.v 
accumulation. Therefore it is quite probaiile that there 

will be a need for two dimensional space-dependent 
kinetic calculation systems in the future. The QXl 
method has been developed with this probability in 
mind, specifically with a view to minimizing the niimix-r 
of expensive shape recalculations. Experience in one-
dimensional cah'ulations will be very useful in guiding 
the design of these two-dimensional .systems. 
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VI-13. Space Dependent EflFects on Fast-Thermal Sys tem Parameters 

C. K. KELDEH and J. T. .M.MJELI. 

I N T R O D U C T I O N 

fast-thei'iiial systems are space dependent with re
gard to kinetic effects. The vast majority of the reac-
ti\'ity and the power resides in the fast core. .\ thermal 
core or moderating blanket is coupled to the fa.st core 
through a heavy blanket. When the sy.stem is just criti
cal, the chain reaction is maintained by low-energj' neu
trons returned from the moderating blanket or thermal 
core. The prompt neutron lifetime is largely deterniined 
by these very low-energy neutrons. The s.ystems are 
.space dependent because the buckling within the fast 
core is almost independent of the ,sh.'ip(> of the power 
within the thermal core or the leturn current from the 
niod(Tating blanket but the thernud region is es.sen
tially driven by transmission through the blanket. Thus 
one region, the fast region, is .almost operating in a 
fundamental mode, while another region, the thermal 
region, is operating in a mode far from I hi' fmidamental. 

ITnder these circnnistances it is exjiccted that small 
changes in the fast region should produce large changes 

in the thermal region but that the reveise is not true. 
As a consequence the kinetics parameters, and csjie-
cially the overall s.vstem lifetime, may change rapidly 
during an excursion, and the magnitude of these changes 
will in general depend on the way reactivity is inti-o-
duced (Ref. 1). 

The objective of the study is to in\-estigate the kinetic 
parameters of a simple realistic model during an excur
sion. The excursion is induced by the rapid introduction 
of void into the sodium coolant in the fast core, ^"o 
feedback is considered here. 

T H E M O D E L SYSTE.M 

The model s>stem is an infinite slab lattice composed 
of repeating three-.segment arrays. The segments com
prise, respectively, a fast core, a den.sc blanket, and a 
moderating blanket. The region comj)ositions and sizes 
are given in Table VI-13-I; they were chosen to cor
respond to a typical composition studied in a thousand 
megawatt electrical design study of a coupled metal 
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fast reactor system. Simplicity enters in regarding the 
lattice as a slab of infinite extent; thus the complicating 
details of leakage and curved geometry are avoided. 

The enrichment of the fast core (Region I) was varied 
to achieve criticality. Using the usual statie methods, 
the static parameters including prompt neutron life
time and coupling coefhcients were found by R. Avery's 
iiicthiMl" and are reported in Table VI-13-II. The pa
rameters are given for the fundamental and first har
monic mode of the syslem. 

Since the system has no leakage, the major reactiv
ity effect occurs from the removal of sodium from the 
fast core and is positive. A static or quasistatic anal
ysis will be u.seful until the reactivity introduced by 
sodium removal is approximately the reactivity needed 
to introduce a higher mode. 

As M. Goldsmith' has pointed out, it is possible to 
determine the modes of a system by changing the 
boundary conditions according to the symmetry of 
the system. The model system has sjinmetry bound
aries at the midplane of Region I, the fast core, and 
Region III, the moderating blanket. In the static case 
tlie boundary condition is one of zero current at each 
of these boundaries. The higher modes are found by 
inserting black boundary conditions of zero return 
cunent at either and both of these boundaries in turn. 
The miidcs deterniined by varying the number of neu
trons born per fission, v, are distinguished from those 
determined h>' introducing ever\'\vhere a fictitious 
absorber of amount w/v, where v is the neutron ve
locity. The former are referred to as X modes,* where 
X is Ihe jiaranieter which divides i> to make the system 
critical. The latter are referred to as o modes* where ai 
is the time constant of the system. The results nf this 
analy.sis arc given in Table VI-13-III. The modes come 
ill pairs with rather a wide separation between pairs 
and a relatively small separation between the members 
ol each pair. Note also the change in the prompt neu
tron lifetime for the first oi mode. This reflects the fact 
Ihat when the system is made critical b.v the introduc
tion of an absorber of magnitude o)/r, the major effect 
is to depress the flux in the moderating blanket where 
the absorption is low. In the fast core (Region I) the 
effect of such absorption is almost negligible. The effect 
is then to decTease the number of low-energy neutrons 
returning to the system. This in turn decreases the 
prompt neutron lifetime. 

Removing sodium from the core yields /,„ = 0.0683 
{* mode) or 0.0290 (oi mode). Based on the effective 
nuiltiplication constant, A;,// , as a criterion, the expec
tation from the results given in Table VI-13-III is that 
no higher modes appear as small amounts of sodium 
are removed. ,\s all of the sodium is removed, however, 
a higher mode would be expected to appear, inducing a 

TABLE VI-13-I. KEOION ('OMCOHITIONS AND SIZES 

Region 

I 

II 

I I I 

Thickness, cm 

100 

10 

30 

Compositions 

U-238 
Pu-239 
Fe 
Na 

U-235 
U-238 
Fe 
Na 

Be 

atoms/t,-cm 

0.015873 
0.001127 
0,0127 
0,0127 

0.00012 
0.01688 
0.0127 
0.0127 

0.1230 

Mode 

I 
II 

TABLE 

Au 

0.948563 
0,978083 

(X mode) 

VI-13-I 

A l ! 

0.497215 
0.331662 

COUI'LING P.VRAMETEHS" 

A'22 

0.502784 
0.175488 

A'21 

0.61430 
0.027370 

ai 

0.906248 
0,974100 

10-' 
sec 

11.34 
9.28 

fl. 
10-' 

46 
43 

' As defined by R. Avery.^ 

TABLE VI-13-III. MODAL CONFIGURATIONS 

Mode 

I 
I I 

I I I 
IV 

Left 
Bound

ary* 

0 
0 

B 
B 

Right 
Bound

ary" 

0 
B 

0 
B 

*,X 

1.000000 
OOSOOSl 

0,81547 
0,789807 

k,oi 

1.000000 
0.973 

— 

If. 
^sec 

11.34 
9.28 (X) 
0 .7 (,.1) 

— 
" B designates black boundary (zero return curreiil); 0 

designates zero flux gradient. 

change in power shape. Again referring to Table \ ' I -
13-III it is seen, however, that the prompt neutron 
Hfetime should in fact show a change with sodium ic-
moval. Also it is reasonable to expect that there should 
be no substantial change in the power shape in the fast 
core. On this basis it is expected that a quasistatic 
approach^ in which the lifetime varied with effective 
core composition to reflect the changing spet^tra within 
the fast core and the changing reactivity balance would 
be a useful technique. Because of time limitations, we 
chose to compare WIGLE^ results with the results of 
OJ mode calculations such as would be obtained in a 
quasistatic calculation. For the case of the large re
activity insertion studied here, the delayed neutron 
effects are negligible, and it is necessary only tocalcuhitc 
the prompt neutron distribution. 
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SODIUM REMOVED, % 

500 

TIME K10^. sec 

FIG. V M : M . W K ' . L K HeKulls for Sodium Removal. AXL Xeg. Xo. ll£-7468 Rev. ?. 

W K i l . E KESULTS 

Multigroup constants and spectra were obtained at 
zero and 100'/( sodium void, and these were used to 
produce two group constants for use with the WIGLE 
code. In the collapsing process, the transport cross 
section waa collapsed. Linear flux weigliting of this sort 
cannot preserve the lifetime of the neutrons, but does 
preserve reaction rates. The effect of introducing a void 
in the sodium in the fast core in 1000 M êc is represented 
by assuining the cross sections to vary linearly in time 
from the zero void set to the 100% void set. 

The results of the WIGLE analysis are shown in 
Fig. VI-13-I. It is uiteresting to note there that the 
tiiermal flux has a time lag nf approximately 300 ^sec. 
This represents transient and moderation time between 
the core and the reflector through the blanket. Since the 
plot is semilog, the attainment of the asymptotic state 
i.s signified by a straight line on the plot, and after 
about 90','t) void system is very nearly in the asymptotic 
state, except that the thermal flux is lagging. Finally, 
note the reduction in the magnitude of the thermal flux 

after 90 % void is attained. This corresponds to a higher 
mode power shape. 

Ol ( A S Y M P T O T I C ) M O D E C A L C U L A T I O N S 

The Bondarenko cross section st.'t' and multigroup 
diffusion theory wure used to obtain time constants. 
The promj)t neutron lifetime was obtained from iK'rtur-
bation theory using the fluxes and adjoint fluxes ob
tained from the system made critical by adjusting the 
time constant, that is, the asymptotic fluxes and their 
adjoints. These calculations were made at 0, 10, 30 and 
100% sodium void. 

The asymptotic power shapes are shown in Fig. VI-
13-2 normalized to the same total power. A qualitative 
change in the shape occurs <mly at the 100'i sodium 
void calculation. The time constants calculated in this 
way and the corresponding lifetimes t{jgether with the 
excess reactivity are given in Table \T-13-IV iilong 
with the time constants calculated from the WIGLE 
results using the power shape in the fast core. The 
prompt neutron lifetimes calculated with the param-
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cters used iii WKIM^ arc also given in Table VI-13-
1\', Note the I'oiiyideralile tiiserepaiie.v with the imm-
lii'is ((eiienileil Ky tlie iiiiihiKniiip sets refleetiiiK the 
i;i,'l thill ill till' iHiieess III" Ki'uiip cnlhipHe the lifetinie i.s 
iiol roiisi'i veil 'I'lilile VI l.'MV iilsii I'liiilaiiiH iiiHtaii 
liiiu'oiis viiliii's ulilaiiieil I'riiiii iieiilniii iiiveiitiii'.v of the 
WKll.l'l results III' the ml in (if pruduetion to absnrptiiin. 
Ill il reacliir on an tusyiiiptotie period the instantaneous 
value of this ratio is not the instantaneous value of the 
iiiultipliiatioii. The produetion at any moment is re
lated, on the average, to the absorption which occurred 
at a mean absorption time earlier. Therefore, the in
stantaneous value of the ratio of production to absorp
tion is equal to the instantaneous value of the multipli
cation constant, k, multiplied by exp(a5), where a is the 
time constant or reciprocal period and 5 is the mean 
time to absorption.* The mean time to absorption for 
the asymptotic state is computed to be 1.46 MSec which 
is reasonable when compared with a computed two 
group lifetime of 2.93 ̂ sec. Both these numbers are 
much higher than the corresponding numbers as gen
erated by the multigroup sets, but this is to be expected 
because of the crudeness of the spectral representation 
ill the two ^i(iu|) model. 

l l l S i n s H I O N OK l l l K F K I t H N C K H A N D I ' O N I M I S I O . N H 

Tlic iii.'iiiii ililTiTeiiioH between the detailed «piiee-
tiiiie solution obtained fi'om WIGLE and the fluxes ob
tained fi'oni the asymptotic calculations are due to the 
crude spectrum employed in WIGLE together with the 
necessarily crude group cftllapsing method. The fact 
that the time constant for the asymptotic state with 
100% sodium void is larger than that obtained from 
WIGLE is a reflection of the fact that the WIGLE re
sults are not yet truly asymptotic and the two group 
lifetime is considerably different from the twenty-six 
giuup value. The observed discrepancy in time con
stant is thus not surprising. More important is the 
similar prediction of the change in lifetime and power 
shape as a function of the perturbation introduced. 

One truly space dependent effect is the time lag for 
the thermal flux of approximatel.N' 300 /jsec. In the study 
of extremel,\ rapid transients such a time lag may be of 
significance, but for the admittedly extreme case 
studied here in which reactivity is added at the rate of 
several thousand dollars per second this time lag is not 
effective. 

The spectral effects should not be expected to have 
much efl'ect on the power shape in the fast core. They 

' The mean lime lo abeorplion is flux weighted, not inipor-
Inncc weighlcd, .since Hiix wcinliled (luftntitics are compared. 
Thus even in Ihe model system with no leaknge the mean lime 
liinh»,,rplii,ii is not Ihe lifetime. 

RADIUS, cm 

F I G . V I - 1 3 - 2 . Asymptotic Power Shapes as a Fnnclion of 
Sodium Void, u-Mode. ANL Neg. No. 112-7327. 

TABLE VI-13-IV. COMP.^RISON or U-MOOE .INO 

WIGLE CALCUL.ITIONS 

% N a 
Re

moved 

1) 
II) 
:io 

1(H) 

*,//,. 

I,U<)0 

1 .(X):iNN 

1.00827 

1.0290 

le..,. 
MSec 

11 . :M 

U.M 
l.W 
0 .166 

/p.wini.K 
^sec 

17.!) 

2.1) 

a.,. 
sec~i 

1) 
rjDII 

tIDl 

W2 ,242 

"wil:,.. 

1) 

20111) 

7:1 II 

(K),04:) 

5 k̂  
0 m 

0. 

1,1) 

1.1)11:1 

1.1):i7l 

1,12:t!) 

" C o m p u t e d f r o m fluxes a l t h e ccire c e n t e r l i ne . 

do, however, affect the power shape in the blanket and 
obviously at the core blanket interfaces as well as the 
reflector blanket interface. 
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V I - 1 4 . T w o - G r o u p S p a c e - D e p e n d e n t K i n e t i c s I n R e f l e c t e d R e a c t o r s 

R. A. K.^RAM 

iNTliODUCTtON 

.\ two-group approximate solution of the time, space 
and energy dependent diffusion equations for reflected 
reactors has been reported in Ref. 1. This solution uses 
the expansion of the fluxes in an infinite series of 
orthiinormal functions, the precise nature of which are 
deterniined by the geometry of the system. (Actually, 
this method was first used in Ref. 2.) With this technique 
the diffusion e(|Uations reduce to an eigenvalue problem 
and with matrix algebra the problem is solved. Exten
sion of this technique to multigroup formulation pre
sents no difficulties except for the size of the square 
matrix. Howe\'er, there is one basic pi'oblcm with this 
approach; namely, that the convergence of the series 
to the asymptotic mode can be very slow, especially in 
fast reactors. 

A different approach to the solution of the time, space 
and group dependent diffusion equations in reflected 
reactors is used in this work. Basic to this approach is the 
a.ssumption that 

4>'l,-,() = 2^*;,(r,() = 52 e""-' Z -•!".»'"»< r), (1) 

where ; is the energy group number, n is the mode 
muiiiier, and m is the spatial function number. The 
expiineiit, a,. . is the dectiy constant of mode n and 
.i'„.n are constants associated with group i. mode n 
and function m. The W„,n{r) are indeiieiident ftuictions 
which are determined from the solution of the wave 
equation with arguments given by the group-dependent 
cross sections. When the expression for •^'[r.t) in 
E(|. (1) is used in the diffusion eciuations the solutions 
become similar to those of the time-independent equa
tions except for the a,, dependence; such solutions have 
been reported in many books.' '*' With this method 
it will be shown that the modes of a system can be 
aiialytirally predicted, hurthermore, the spatial de
pendence of all the modes can be obtained. The decay 
conslants of the prompt modes along with the spatial 
functions can be used to obtain the time dependence 
of Ihc fluxes ui each group :\s a function of space 
thi'oiighoiit tlie system. 

This work is particularly sitilcd to Ihe .•iiialysis of 
the decay of the promjit modes encountered in the 
Ro.ssi iilpha experiment. 'I'he model was tested for a 
sjiecific system in which three pronipt decay constants 
were found. 

THEORY 

We write the diffusion etiuations in one dimension f(,r 
the two-group, two-region reactor; 

A ' A * ; ( > - , 0 - 2:!,,*,'(r,() -I- x'(>'2/)'*;(i-,0 

!•' dt 

D'M'U.r,t) - 2 L * ' ( r , 0 + x"(>•-/)"*'( r,/) 

I |_ i -2 , !, V ,11.1, , , 1 d4>Jr,t) 

r^ dt 

£)U*«(r,() 

and 

2U*i,lr,/) 

0 < /• < IU, 

1_ a^'ffi r.t) 

ci Ft ' 

Ro < r < Rl , 

1 a*;,ir,/i 
Ro < r < Rl 

(4) 

(r>) 

The superscripts 1 and 2 designate the energy groups, 
the subsiTipts c and R refer to the core and reflector 
and the subscripts Re and RR designate the removal 
cross sections in the core and reflector respectively. 
Ro is the radius at the core-reflector boundary and R, 
is the extrapolated boundary of the reflector. The 
delayed neutrons have been ignored in litis. (2) and 
(.3). The removal cross sections are defined as: 

s's, = O N B , ) ' + z l - + 2;-', («) 

zl,sDl(B,f-\-Xl, (!) 

£'„, s D'„(B,r + ^l„ + Z\~\ (SI 

and 

Dl(B,)' -{-ZL, (9) 

where (B,) is the transverse buckling, s'"^ is the down-
scattering cross section and the subscripts or tind nlC 
refer to the absorption cross sections in the coi-c .'iiid 
reflector respectively. The other symbols used in IM|S. 
(l-,5) are defined as follows: 

* = neutron flux per unit tirea and unit lime. 
D = diffusion coefficient, 
V s velocity of the neutron, cm/sec. 
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X s fraction of fission neutrons released in a 
group, 

(cS/) = source of lission nciitroiis in a grmip. 

Wo Btihstiliili' till' expifssioii of l';(i. (1) into Kq. (2) 
iiiifl iihtain 

£ c - ' lD',MA\,.W,..{r} -I- ALWUr)] 

^ Ix'tvi:/)' - 2 U \A\jVi,.(r) + A\,W,„ir)\ 

+ x'(.S,)'W?„H^in(r) -t- ALW,„iT)]\ 

lrfc-°"'l 

(10) 

\, E |r/llnW'i„(r) + . 4 L r 2 „ ( r ) 1 ' 
dt 

III Kq. (10) the function index m in W„„ ir) is restricted 
to two values in the two-group approximations for 
reasons that will be apparent shortly. The number of 
spatial functions in tfu-ee groups will be three and in q 
groups will be g . We assume the functions W„„ir) 
to be independent of each other and this implies that 
the terms involving iri„(r) on the lefthand side of Eq. 
(10) must be equal to the terms of W'i„ (r) on the right-
hand side. The same is true for the W^nir) functions. 
Thus Eq. (10) can be separated into two equations 
which may be reduced to the following: 

AIMr) , 1 i r I, V .1 vi 1 

illVr) , 1 / r 1, ^ Î vi 1 

. i, ^ \i Ai i 
+ X if^i) p + I 

(11) 

(12) 

where the summation over n of a„ has been dropped 
for convenience and it is to be understood that the 
functions I('i(r) and 1^2(r) and the Al, are dependent 
on a. Similar treatment of Eq. (.3) yields 

Air^( 
W',( 

+ [x^(.2,)' + s; -^]^-
(13) 

and 

mr) 1 fr., ^ . ,,, ] 

J .4 r r̂  + lx-(.':,)' + 

'This assuniplioti it* the f 
'ime-independent case.* 

(14) 

nc aa tliat uaiialiy made in the 

Equations (11-14) are in the form of the wave equa
tion 

AW',(r) + nUViir) = 0, 

and 

AVV'2(r) + BlW.ir) = 0. (15) 

It is noted that Bi and Bi are mode deiienilent, i.e., 
depend on a. We eliminate the constants .li, from 
Eqs. (11-14) in the following manner: _̂, "ifij.^ ,, ' 

A! f ^ ^ ' ) - ' 
,lc2 I v ' l,.,v ,1 " Al D;B? + 2'„„ - x'(.2,) 

x\f^,y-\-t-

and 

Al DjB^-f sL - x'-'fi-S/) 

DlBl -f sL - x'(^2/)' 

xii'Sff 

(16) 

The righthand side of Eq. (16) gives a quadratic eiiii 
tion for B'. The roots in the equation for B' are 

B-

where 

-C-^) 
V (j?! + 12 ) ' — 4(l)iV; — Vs) 

1 j v l '( V ^l " 

(17) 

:2 2« . - x ( - 2 / ) 

and 

13 = xio^f)' Ixi"^/)' + ^\-']/n]n:.. ( i s ) 
The values Bl(oi) and ^2(0) are obtained from Eq. 
(17). It is noted from Eq. (17) that Blia) and lilia) 
can take on either positive or negative values since a 
can vary between large negative values (super-critical) 
and large positive values (suberitical). For the asyni])-
totic mode, when the system is near critical B\ia) is 
small and positive and B^^ia) is large and negative. 
Equation (17) however implies that B\(a) and Blia) 
are continuous functions of a and as such discrete 
modes do not exist. This is not so, as will be seen later; 
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only CI llaiii values ol /if (n) atid li'i (<i) cNisI when the 
syNlcin as .'i whole is taken into coiisidcial ion. 

The solutions of lv|s. (•_•) and (:i) in cylindrical 
coiiliguralioii can now lie written as 

*;('•.' = 0) = i;!.ii„./,;iB,(«»)i-i 
(19) 

(20) 

(21) 

(22) 

The usual conditions on i\ir,t), that is, well behaved 
and finite everywhere, have been imposed on Eqs. 
(19) and (20). 

In the reflector, we make the same assumption about 
the time and space dependent fluxes as in Eq. (1), 
namely. 

+ .\\Jo\Bz(a,.)r\\. i) < r < Ro, 

and 

ifUr.l = 0) = |X]al"-'li»"'»I'̂ i(«»'>''l 

-f a„,.ilJo[B.,ia„)r]\, 0 < r < Ro , 

where 

" x^^^/i' + sr 

,„ = DlBha 

and 

• f sd / ) {Ci„Z,„(r) -i-CLZ,.ir)]. (23) 

We substitute Eq. (23) into E<is. (4) and (.5) and note 
that for *!, only Z,„ (r) would be adequate to describe 
the flux in this group. Thus we get 

AZi(r) 
Zi(r) 

Let 

Di 
^ = 0 , 

xr (a ) 
D' 

^KK 

Ro<r <Ri. (24) 

(25) 

then in cylindrical configuration the general solution 
forE(|. (24) is 

tUr.t = 0) = ZfiiZiAr) 
(26) 

= 'E<\„{bi,.Ii,\\,ia,)r] + b2.Ko[Kiic,,)r]\, 

where Ci„ . hi„ , and bi„ are constiuits. 
For the .second energy group in the reflector we use 

Eqs. (23) and (5) and follow the same procedure 
used in Eqs. (10-20). We obtain the two pertinent 
equations 

' ^ ' ' ' ' - ' ^^',0 -z',.''-'' - " r =•<>, '27) AZ 
Z 

and 

AZ,(r) 
Z,ir) r.' rt ^ 

0, (28) 

where again the summation we-.r a„ htis been dropped 
for convenience and it is to be understood that the 
functions Zi(r) and Z^ir) .and the constant C'l lUid Cf 
are dependent on a. lujuations (27) and (24) must 
have the same solution since they involve the same 
function. Thus the con.stant C\ is obtained in terms of 
i:'l from Eqs. (27) and (24). 

Cl 
D\[zin-'^.]-Di[z'.u = ;] 

mil I. 
(29) 

The solution for Eq. (5) in cylindrical configuration 
can be written as 

i-lir.t = 0) = "EidZ.Ar) -h ClZ„.ir)\ 

= L|m,.fl„|(i„./4X.(a»)rl 
(.30) 

+ b,.Ko[\iia„)r\\ 

+ CL %J,lX,(a..)r] 

-I- in,/f»[X2(a„)rli, R,> < r < R,, 

where X2(a„) is defined as 

X 2 ( a , ) = { i , [ . L - ; ^ ] p . t31) 

Equations (19), (20), (20), and (.30) contain the 
constants .41 , .il , C[bi , C\bi , Clb, and Clb,. All these 
constants can be evaluated relative to one constant, 
for example Ai , by imposition of the boundaiy con
ditions. The constant, .4i will have to be evaluated 
relative to either the power level of the reactor or the 
initial conditions of the flux. The boundary conditions 
we have at our disposal are: 

(1) i'liRo.t) = •i>'s(Ro.t) (32) 

(2) il(Ro,t) = •t>i(Bo.n (33) 

(3) Dlii>l)'(R„,t) = D'„it's)'(Ro,t) (34) 

(4) £)!(*?)'(/?„,() = i>;(4.',)'(ff„,() (35) 

(5) *'„(ft,,() = 0 (36) 

(6) KiRut) = 0, (37) 

where the quantities (4>c) and (<J>B) indicate the spa
tial derivatives of the functions. The rest of the sym
bols have been defined before. The application of the 
boundary conditions expressed in Eqs. (36) and (37) 
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to Eqs. (26) and (30) yields the following expressions 
c'l), and Gdj : 

and 

C\bi 

Cibs 

I A:oiXi(«)fiii 

'" h[\iia)Ri] ' 

A'olx, (o)ft,l 
-Cib, 

lo[\:(a)Ri\ 

(38) 

(39) 

Thr first boundary condition, lOq. (32), and Eqs. 
(Ill) and (26) give llie following expression for C]bt : 

(,l'2 
/l!./olJJ,lalKnl -I- A'jo[B2(ex}Ro] 

K„, 
Ko\Xi(alR„\ lX,(a)fi,]/„(X,(a)Rol 

(40) 

111 which the use of Eq. (38) is implicit and iKo/Io)ix) 
is defined as A'O(J), ' / [I(J-) . The expression for C\bi is 
obtained from boimdary condition (2) and the pre
vious results of Eqs. (38), (39) and (40). Thus the 
expression for Cibi is 

A\(ai - mi).h[Biia)Ro] + Alia., - mi)IolB,ia)R„\ 

and .4i has been canceled out from all the terms. The 
lefthand side of Eq. (44) is the net I'urrent in the core 
at the core-reflector interface. The righthand side is 
the net current in the reflector at the same jxiint. 
Because of the continuity condition, Eq. (35), these 
two sides must be equal for a particular value of a. 
Thus li.y evaluating the righthtuid and lefthanil sides 
of Eq. (44) as a function of a, one can fibtain the modes 
for the system at the intersections <if those twfi quan
tities. Once a mode for the system has been found, 
i.e., an a for which the righthtuid and lefthand sides of 
Eq. (44) become eciutil, then the spatial distributions 
of the fluxes for groups 1 titid 2 in the core tiiid in the 
reflector can be determined from Eqs. (19), (20), 
(26) and (.30) respectively. The time dependence of 
the spatial fluxes for any mode or for the sum of more 
than one mode can be readily obtained from Eq. (1). 
This tecfuiique of locating modes has been u.sed b.\' R. 
Sher^ in the one group approximation. 

Although the evaluation of Eq. (44) as a function of 

CHh 
K:„[X2(a)fl„l 

Ko 
|X2(a)ff,]/„|X2(a)Rol 

(41) 

Unundary condition (3) is used to evaluate A2 in 
terms of .ll . The exjiression foi- .[^ is 

.1J = . 1 | T I , (42) 

where 

antl 

a is feasible by hand calculation for a few values of a, 
it is not a triviiU malter to handle hirge tiuantitics of 
such cali:ulations. Since Ihe vidues Bf("), R'lia), 
Xj(a) and \i(a) nui lie eitlicr |)osilive or negative, 
this means Ihat the argtiineiits of the Bessel futiclions 

I)'.Hiia)di[lhia)Ro] - I)'RMce)-,i.lo[Biia)Ro\ 

l)\BAa)h\B2ia)Ro] + D'„\iia)yih[Biia)R„\ ' 

(43) 

I., 
[X,(a)K,l/,[X,(a)Rol + A,IX,(a)Bol 

Ko[Xi(a)Ro] 
Ko 
h 

Finally, boundary condition (4) is used to obtain the 
last kinetic equation of the reactor. This equation has 
the following form 

I>%ia)a2yJ,\B2(a)R„\ - /JjB, (a)a,./,[B, («)/?»] 

= ~DlJ„lB,la)R„\ |m,X,7, -f X272(ai - m,)| 

- D'„yJo\B,ia)Ri,] 

•|miXi7i 4- X272(a2 — m,)\, 

(44) 

[X,(a)iJi]/o|X,(a)flol 

J ( i , / i , / o , / i , K o a n d A'lCan be either real or imtiginary. 
Subroutines for calculating Bessel fimctions with real 
arguments are readily available. When the arguments 
of the Bessel fmictions were imaginary, different forms 
of the solutions of the wave equations were used. For 
example, if £?(«) < 0 and Blia) < 0 the etiuation 
for the fluxes was taken as 

^\{r.t = 0) = i;iAl„/oW(".,)'-

where .i;„/„[B2(«„)rl| 
(46: 

Ko 
lo 

lX,ft,l/,IX2ffol + Ki\\,Ro] 

KolXiRo] 
Kl, 

(45) 
instead of Eqs. (19) and (20). In Eti. (46), / i ,(a) is 
defined as 

[X.ffil/olXjflol B,(a„) = i-Blia„))"'. (47) 
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FI . ; . VI-14-1. Srlicmali.- nf Assembly C. of ZPII-9. .lAVv A'e^. 
No. 112-86S9. 

Similar treat luont way used for the cases where 
Blian) > 0 andX^an) < 0. 

Solutions of the time-dependent diffusion equations 
were also extended to two groups and three-regions 
in which the two outer regions were non-multiplying.'' 
Extension to three or more groups and to four or more 
regions in wliieh two or more regions are multiplying 
is straightforward. However, the algebra involved 
becomes incrc;isingly tedious. 

( 'oMi ' . \Kiso\ OF T H E O R Y W I T H E X P E R I M E N T S 

EXPERIMENTS 

Two systems in which the time dependen<-e of the 
pronipt nculi'on chains were measured were chosen to 
test the above theory. These systems were Assemblies 
6 and 7 of ZPR-9^^'. Both assemblies had cylindrical 
configurations and the same material composition in the 
core region. Assembly 6 had an alumimmi blanket in 
both the axial and radial directions. Assembly 7 had 
an aluminum oxide blanket in the radial and axial 
directions and had a jacket of about 11 cm of aluminum 
around the AI2O3 blanket in the radial direction only. 
Figures \T-14-1 and VI-14-2 show the pertinent ex
perimental dintensions of these assemblies and Table 
VI-14-I lists the material concentrations in the various 
regions. The dimensions shown in Figs. VI-14-1 and 
\T-14-2 were obtained from cylinders with equivalent 
vohimes of the actual loadings in both assemblies. 
Cross sectional views of the assemblies are shown in 
Figs. VI-14-.S and VI-14-4. 

The experimental .setup comprised two fission cham-
b<'rs, each containing about one gram of U 235, two 
preamps and two fast amplifiers, and a 1024-chajmel 

time analyzer. The time juialyzer had channel widths 
that could be varied between ;U.25 nsec ami 2 H^QV 
by fact(prs of 2. The fission chambers were placed at 
the center of Assembly 7 in each half of the split tahle 
type system.'"' In Assembly G the fission ch:unbei-s were 
placed in two adjacent nuitrix locations al the center 
of the core. One of the chambers (A) provided trigger
ing pulses to start the time sweep of the analyzer cycle. 
The other chamber (B) provided the data pulses. 
If during a sweep, an event took place in chamber B 
the sweep would stop, a count would be added to the 
appropriate chaimel and the time analyzer would be 
reset. If an event did not take place in chamber B, 
the swcej) would continue until tbe end of tlie cycle, 
at which time the analyzer would lie automatically 
reset and a pulse would be given indicating lliat such a 
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TABLE VI-14-1. M.\TEltIAL CONCENTl{.\Tli>\s [\ 
ASSEMBLIES 6 .\NU 7 OF ZPU-!t 

Material 

U-235 
U-238 
AI 
0 
Fe 
W 

Atomic Concentrations. 
atoms,/cc X 10"" 

Assembly 6 

Core 

0.00450 
0.00a33 
0.015tl3 

0.00023 
0.02153 

RcHeclor 

0.0505« 

Core 

0.00450 
0.00033 
0.015il3 

0,00023 
II 02153 

Assenibly ' 

Retloctor 
1 

O.IH.iW 

o.n.wis 

kelU-ctor 
2 

(ItSAS 

file:///T-14-1
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sweep ended fruitlessly. The triggering pulses as well 
as the pulses from sweeps with no data were monitored 
with two separate scalers. Such monitoring provided 
easy checks on the desired power level whii;h, for these 
experiments, must bo necessarily low' (-^ fraction 
of a watt). -Vt the end of a run, which usually Lusted 
4-5 hours, the data were corrected according to the 
relation 

R, = -
C, 

Z <", + SND (48) 

where 

I\ = true count in channel j , 
Cj = observed count in charmel j , 
d ^ observed count in channel i, 

SM) = number of sweeps that ended with no data 
stored in any channel. 

This correction of the data gave the number of counts 
per channel opening. The corrected data were fitted 
to the function 

N(t) = BG + Z«.e (49) 

by the varitililo metric methoti for miniiuization.'' 
The symbol BG designates the background from un
correlated pairs of events. The fitting of the data to 
the function oT Kq. (49) retniired initial estimates of 
BG, a, and a, which were obtained from the corrected 
data by graphical stripping. Figin^e VI-14-.5 shows a 
sample of the uncorrected data that was taken in 
Assenibly 7 with 2 ^sec channel width. The corrected 
liata from the same run is shttwn in Fig. VI-14-6. 
These data were treated in (he following marmer: 

1) The counts from the last 100 channels were aver
aged in order to obtain an initial guess of the value 
ofBGin Ktj. (49). 

2) A line tipproximatiiig the ftmt:lion Nit) of Eq. 
(49) was drawn through the points as shown in 
Fig. VI-14-6. F>om this line the average back
ground was subtracted and the results, shown 
in Fig. VI-14-7, WITC used to obtain the initial 
guess for the value of the decay constant of the 
asymptotic mode, a, , and the value of the inter
cept, Ol . 

3) The value of BC! from step (1) was extrapolated 
to obtain the BG of a run obtained with 62.5 
nsec channel width. The extrapolated value of 
BG was subtracted fnmi a line approximating 
Nit) for this run. The results are shown in Fig. 
VI-14-8 as dotted circles. 

4) From the da.shed line drawn through these 
points the tiuantity a,e~°^' was subtracted, where 
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a, was determined from the 2 /jsec channel width 
run (Fig. VI-14-7), and Oi was extrapolated from 
Step (2) taking into consideration the difference 
in reactor power level and channel-width. The 
results of this step are shown as "crosses" in 
Fig. VI-14-8. It is seen from these points that 
there remain at least two exponentials. 

5) The process of Step 5 was repeated and the initial 
guesses for the values of the decay constants ot 
the second and third modes and the values ot 
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their associated amplitudes, fl; jind 03 , were 
obtained. 

Havuig determined the initial estimates of BG. a, , 02, 
and 03 .and a,. ai and as by the "peeling off" technique, 
the data obtained was fitted with the 62..5 nsec channel-
width to three exponentials and a background by the 
variable metric code . " " The results of the least squares 
fit and the initial estimalcs used arc shown in Table 
VI-14 II. 

The die-away data for the prompt chains obtained 
from Assembly 6 of ZPR-9 was treated in the same 
way as described above. Only two modes were detected 
in this assembly. The values of the least-square fit 
of the decay constants of the two modes were (4.67 ± 
0.31) X 10' tuid (2.86 ± 1.10) X 10* per sec. The 
amplitudes of the asymptotic and the higher mode 
were (1.60 ± 0.02) X 10"* and (1.70 ± 0.10) X 10^' 
respectively. 

COMPARISON' WITH THEORY 

The theory of Section II wtis applied to Assemblies 
6 and 7 in the two-group approximation. The two-
group cross sections for these two assemblies were gen
erated from the Hansen and Roach" sixteen-group 
cross section set (known at .Argonne as Set 201) by 
the group collapsing technique" in which the macro
scopic cross .sections are averaged over the neutron 
energy spectrum by flux integral weighting in cacti 
region. Table VI-14-III lists the two-group sets for 
both assemblies. The choice of energy grouping was 
somewhat arbitrary; in the two cases studied it was 
chosen in such a way that the fission rate of I'-23.i 
in both groups would be approximately equtd. It will 
be shown later that the results are not independent of 
the group structure. 

The 2,„„<„,„, listed in Table VI-14-III include.1 the 
axial leakage which was determined from the axial 
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height of the core plus the reflector saving, that is, 
DS' = Dltr/il)'' The reflector saving was determined 
by the following three steps: 

1) The radial critical buckling was determined by 
calculation along the axial direction with the 
sixteen-group cross section set, 

2) From the radial critical buckling, an equivalent 
bare critical radius was obtained and used in a 
one region cylimlricid core to calculate the axial 
critical buckling. 

;i) The critical height obiaiii(;d from the axial buck
ling niiiius Ihc cfire height yielded the rofiet.'tor 
.savings. 

Assembly 7 was tinalyzed first by replacing the 11 cm 
jacket of aluminum by an equiv.alent thickness of 
alumimmi oxide. The justification for this replacement 
was that the aluminum jacket was about 50 cm from 
the boundary of the core, and therefore it was not 
expected to have appreciable influence on the system. 

il 
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TABLK V M 4 - I i . DECAY CONSTANTS OK THE 

NEUTRON CHAINS AND IHEIU ASSOII .MEI 

CONSTANTS IN ASSEMIUA' 7 OF ZlMt-9 
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Ol 

01, 

02 
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Least Squares t i t 

(4.166 ± 0.148) X 10-' 
(4.423 ± 0.157) X IQ-' 
(1.507 ± 0.135) X 10' sec-' 
(5,221 ± 0.489) X 10-' 
(6.865 ± 0,571) X 10< sec-" 
(7.210 ± 1,104) X i t r ' 
(8.686 ± l.HOO) X 10' »(•!•-1 

Inilial ICstiinalc 

4,17 X 10-' 
4.40 X 10-' 
1,62 X 10" SCC-" 
4,40 X 10-' 
4.70 X 10' SCI'-' 
0.40 X 10-« 
6.57 X lO'sci' ' 

FIG. VI-14-7. Correl:iled Kveiilo in Assembly 7 of ZPR-9. 
ANL Neg. Xo. 112-8636. 

Thus AwHembiy 7 was reduced to two regions MIKI I ho 
lefthand arid righthand sides of VA{. (44) were .solved 
as functions of the core radius, RQ , and a fixed reflect 
tor thickness with a taken as zero. Once the two sides 
of Eq. (44) were identical with a particular value of 
^ 0 , then that value was the critical radius. It is noted 
that Eq. (44) gave the same value for the critical 
radii for Assemblies 6 and 7 as was obtained from the 
data listed in Table VI-14-III and the MA(TI 1 diffu
sion code. The critical radius so determined is ac
tually for a prompt critical system since delayed neu
trons were neglected. After determining the critical 
radius, Eq. (44) was solved as a function of a with 
x' and X . the fractions of fission neutrons emitted in 
each group, reduced by /5j// and ^Iff . The values of 
^\{} and /3^// were determined from the sixteen-group 
set with the fornmlation given in the MACTT 1 codo." 
The lcfthan<l and righthand sides of Î ]q. (44) are plotted 
as functions of n in h'igs. VI-14-9 and VT-14-10 for 
Assembly 7 in the two-region approximations. It is seen 
from Fig. VI-14-9 that the two sides have idonti(^al 
values at a = l,r)80 X 10̂  sec~\ which is the value of 
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TAliLK \ M 4 - I I ! , T\\o-(iitoi;i"' MAcuosronc CROSS .SECTKI.NS KOR ASBEMULIES 0 ANU 7 OK Z P I { 'i 

x' 

,\-
v^ cm/nee 
v"^ cm/scc 
X,', c r ' 
V^ - 1 

(eZ,)' c u r ' 
(vS/)' cur ' 
• ' 

v" 
^ ' > c n r ' 
;;(, cm-' 
Z,, cm-' 
2j,m,..,nt c n r ' 

«;</ 
H'll 

Assembly 6 

(!ore 

0,8116 
0,101 

1.320 X 10" 
:!.771 X 10' 
7.'J05 X 10-' 
1.342 X 10-' 

1.4023 X 10-' 
1,943 X 10-' 

2.55(1 
2.45() 

1.467 X i i r ' 
1,611 X 10-' 
2,457 X 10-1 
2,5.34 X 10-' 

0.004S84 
0.001716 

Al KeUcctor 

--
— 

1.320 X 10-' 
3.771 X 10' 
6,920 X vr' 
1.706 X 10-' 

— 
— 
— 
— 

1.041 X 10-' 
1.396 X 10-' 
1.268 X 10-' 
1,367 X 10-' 

— 
— 

Assembly 7 

Core 

0.806 
0.104 

l.:i.54 X 10' 
1.375 X 10' 
7.863 X 10-' 
1.623 X 10-' 

1.4036 X 10-' 
2.267 X 10-' 

2.559 
2.455 

1,441 X 10-' 
1.586 X 10-' 
2.449 X i r ' 
2,464 X 10-' 

0,004884 
0.001716 

A1,0, Rellector 

1,354 X 10' 
1.375 X 10' 
1.800 X 10-' 
2.934 X i r ' 

— 
— 
— 
-

2.205 X I t r ' 
2.246 X 10-' 
2.623 X 10-' 
2,392 X 10-' 

~ 
-

Al Reflector 

1,3.54 X 10" 
1.375 X 10' 
3.647 X 10-' 
6.586 X i r ' 

— 

7,544 X 10-= 
1.287 X 10-1 
8.088 X 1 0 ' 
1.051 X 10-: 

— 
-

" (Irinips one and two energy intervals are 10 MeV-400 keV and 400 keV—0.025 eV, respectively 
* The superscripts 1 and 2 refer to groups one and two, respectively. 

0 02 

0 00 

0 0 1 

0 02 

-

— 

— 

-

-

^ — l _ l _ l _ i _ L L L 

II 1 1 1 1 1 1 1 11 1 

^ / RHS 

\ ^ LHS 

1 1 1 1 1 1 11 l l 1 

1 1 I I I I I 

-

-

— 

-

\ -

1 

It is interesting to note that a mode with a values of 
about 7 X 10 sec"', which was detected experimentally, 
was not found with the two-region approximation of 
Assembly 7. The third experimental mode had an 
a = (8.580 X 1.300) X 10̂  see"*. Analytically we 
find one mode with a = 5.165 X 10 .sec"' and many 
higher modes. The resolution of the experimental 

F I G . VI-14-9. The Right- und Left-hand Sides of Eq. (44) for 
Assembly 7 of ZPR-9, Two-Regions. AXL Xeci. Xo. 1I2-86S8. 

the decay constant of the prompt-neutron chain in the 
asymptotje mode. The measured value of a for the 
asymptotic mode (see Table VI-14-II) was (1.507 ± 
0.i:J5) X 10' sec"'. Figure VI-14-10 shows that the 
next mode calculated for Assembly 7 with the two-
region approximation has an a value of 5.165 X 10^ 
sec"'. The third and fourth modes have a values of 
1.48 X 10' and 2.97 X lO' sec"', respectively. Beyond 
these modes the lefthand side of Eq. (44) oscillates. 

+ 8 0 

+ 6 0 

+ 4 0 

+ 2 0 

- 2 0 

- 4 0 

_ 
— 

-

-

„ 

1 1 

-̂  

1 1 mi l 

^RHS 

LHS 

1 1 1 

1 3 6 

1 M i l l 

1 1 i V l l 

.32 0 
I 1 N I I I 

— 

-

-

-

_ 
— 

1 1 n i l 

F I G . VI-14-10. The Right- and Left-hand 
for Assembly 7 of ZPR-9, Two-Regions. ANL 

Sides 
Neg. X 

f Eq. (44) 
,0.111-8623. 
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equipment is not adequate to resolve these modes; 
therefore, wc roncluilc that the third experimental 
mode is a composite. 

Assenibly 7 was reanalyzed with the aluminmii jacket 
included. The equations for three-region analysis are 
given in Ref. 7. With this loialysis, the three lovpest 
eigenvalues were 1.616 X lO' sec"', 9.45 X 10* sec"' 
and 5.73 X 10 sec" . The first and third eigenvalues 
are in agreement with the two-region analysis. The sec
ond eigenvalue, which was not predicted by the two-
legion analysis, is due to the presence of the aluminum 
jacket. This value is slightly higher than the measured 
value of (6.S7 ± 0.57) X 10* sec"'. I t is not known 
whether this discrepancy is caused by errors in the 
cross sections of aluininum or by the statistics of the 
data. 

The analysis of Assembly R of ZPR-9 was carried out 
in the same manner as outlined above. The plot of 
the righthanil and lefthand sides of Eq. (44) versus a 
for .isaembly 6 is shown in Fig. VI-14-11. I t is seen 
that the asymptotic mode has tin a = 5.1 X lO' 
sec" as compared with a measured vtiluc of (4.67 d= 
O.iU) X 10 sec"'. The analytical value of the a of the 
smiiiil mode, iifi seen froiii [''ig. VT-O-ll, is 7.5 X lO' 
SIT"'. The 1 tstired vahie of Dun ir was (2.86 i - 1.10) 
X 10 sec". 'I'he measuremetif. however, was con-

004 

000 

004 

ooe 

1 

-

-

1 1 1 1 l l l j 

1 

1 l l l l l l l 

RHS-. 

L H S ' 

MI 

I" 11I III 1 l l l l l l l 

"̂'\ [ 

^ \ / " 

l ie . Vl-14.11. The Right.- and Left-hand Sides of Eq. (44) 
lor .\sacmbly 6 of ZPR-O. ANL Neg. No. 112-8627. 

ducted with 0.2 jisec channel width and it is doubtful 
that there was adequate resolution to measure tlic a 
of the second mode accurately. 

Assembly 6 was also analyzed with a two-group set 
in which the energy intervals were 10 MeV-:i kcV 
and 3 keV to thermal. This set was produced by the 
same group collapsing tei;hiii(iue described etirlier from 
the same Hansen tmd Roach 16-group set." The pa
rameters used in this analysis are shown in Ttible 
VI-14-IV. The decay constant of the .asymptotic mode 
obtained with these panuneters was 5.5 X lO' sec"'. 
This value compares with a value of 5.1 X lO' sei^"', 
obtained with the parameters shown m Table VI-14-
III . Thus, the choice of the energy mterval in each 
group does affect the results and the magnitude of this 
effect on the decay constant of the asymptotic mode is 
about 10%. 

DEPENDENCE OF DECAY CONSIWNT or ASYMI'TOTIC 

iMoDE ON CRITICALITY AND SPATIAL DisTuiutiTioN OF 

T H E MODES 

The dependence of tlic decay cDiistant of the asyniii-
totic mode in Assenibly 7 (Iwo-regioiis a|)pnKiiiiatciy) 
on the criticality of the syslciii was sliidicd by vtityitig 
the ntunber of iicutiiiiiH relcascil per (is.si(if,. This 
variation was achieveil l)y ilccrca.siiig or iiicfcasiiig 
X luid X in the riuige of 1 to 10%. For e\ample, to 
decrease the hssion neutron production by 5 %, we 
used 95% of the initial values of x' and x' in the analy
sis. Such variation in the values of x' tuid x" would bo 
equivalent to introducing a Af if i/' and f" were con
stant. This pfocedure is not expected to affect the neu
tron spectrimi of the system reg.ardless of the degree 
of criticality, provided of course the size of the system 
is kept constant. The spectrtil effect on the decay 
constant of the asymptotic mode was studied by vtiry-
ing X with X held constant and again by varying x" 
with x' held constant. The results of this study are 
shown in Fig. VI-14-12. 

TABLK VI-14-I\'. Two-(iltoiil"* MACROSCOPIC CROSS SECTIONS FUR ASSEMULY li OF ZPll-tl 

I'araniclcr 

x' 
x' 
r' riii/«(!c 

"* ciii/ser 
I'.cm-i 
I. em-> 
(^1)()' pni~i 
(.1,)' em-' 

Core 

1.000 
0,000 

5.75!l X 10" 
3.7(i(i X 10' 
1,007 X 10-' 
9,02<) X 10-' 
1.074 X 10-' 
<J.47.'i X 10 

ReHeclor 

— 
5.769 X IO" 
3.760 X 10' 
1.400 X 10-' 
7.989 X 10- ' 

— 
— 
— 

Parameter 

;.' 
..• 
Z'-' cnr' 

Zl, cm-' 
- l r c m - i 
S ) „ m . „ a l c m - ' 
2«,™...i cm-' 
3,',/ 
P./f 

Core 

2.4'JO 
2.460 

•J.'22'i X 10-' 
2.042 X 10-' 
4.577 X 10-' 
1.28!l X 10-' 
9.72ti X 10-' 

OOOCC 
0.000 

Rclk-clor 

_-

1,945 X 10 ' 
1,307 X 10-' 
7.724 X 10-' 
3.744 X 10-' 
5.849 X 10-' 

— 
— 

' Ttie energy iuicrvaJs in groups nne and two are 10 MeV—3 keV and 3 keV—thermal, respectively. 
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Flo. Vl-14-12. The Dependence of the Decay Conatant of 
the Asymptotic Mode on Criticality. ANL Neg. No. 112-8626 
Rec. 1. 
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RADIUS, cm 

Kill. V I M i;i, I'liixcwottlip AsyiojilolicModc (a = l l i l C X 
10') ill AHSCIIIIII.V 7 of ZPli-9. ANL Neg. No. 112 sl!S3. 

It is seen from Fig. VI-14-12 th.at the lines curve 
toward the lower right quadrant in both the super
critical and suberitical states. The degree of curvature 
depends of course on the s.vstem. It is significant to 
note tlitit ui safety analyses where linear extrapolation 
of the reactivity in dollars diviiled by the generation 
time of the neutrons is u.sed to predict the growth of 
the neutron popuhition with time from point reactor 
kinetics, the vtdue of the a of the .asymptotic mode is 
underestimated. The magnitude of the underestimation 
dej)eiids of course on the degree of supercriticality. The 
spectral effect on the value of a as ;i function of criti

cality .shows that by decreasing the fraction of fission 
neutrons released in the second group, the value of a 
increases in the suberitical state. By increasing x' in 
the supercritical state, the value of a becomes more 
negative than for the normal condition where the fission 
neutrons are increased uniformly. The opposite is true 
for increases in x'- The eigenvalues of the higher 
modes were insensitive to the reactivity in the range 
of 5% supercritical or suberitical. 

The spatial dependence of the fluxes in groups 1 and 
2 of the asymptotic mode, as obtained from three-
region analysis, are shown in Fig. VI-14-1.3. We note 
that the same spatial distributions were obtained with 
the MACH 1 diffusion code." The spatial distributions 
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-
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' 1 ' ! ' | l 1' 
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F I G . V I - 1 4 - 1 4 . Fluxes of the Second Mode (a - 9.45 X 10*i 
1 Aaeembly 7 of ZPR-9. ANL Neg. No. lie-8637. 
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of the second and third modes are shown in Figs. 
VI-14-14 and VI-14-15, respectively. The amplitude 
of each mode was determined by the condition that the 
flux in group 1 at the center of the core was unity. The 
relative amplitudes of the modes cannot be determined 
without further specifications of initial conditions 
and/or boundary conditions. The time dependence of 
the spatial distributions of the sum of the three modes 
fori = 0 and ( = 10 jisec are shown in Fig. VI-14-16. 
These distributions were obtained by adding the 
fluxes shown in Fig. VI-14-1.S to the normalized fluxes 
on Figs. VI-14-14 and VI-14-15. Normalization of the 
second and third modes was governed by the require
ment that the sum of the modes be everywhere in 
space equal to or greater than zero at I = 0. With this 
requirement, a normalization factor of 0.122 was ob
tained. 

It is seen from Fig. VI-14-16 that the spatial dis
tributions of the fluxes at ( = 0 are very different from 
those of the asymptotic mode shown in Fig. VI-14-13; 
however, at i = 10 /isec, the spatial distributions are 
essentially those of the asymptotic mode. It is noted 
that in 10 /jsec the flux in group 2 decreases appreciably 
at the center of the core and increases at the core-
reflector interface and at 60 em m the reflector. The 
flux in group 1 decreases more in the core than in the 
reflector. 

n r - y ^ ^-^ I • I I |< 

Fi(i. VI-14-15. Fluxes of the Third Mode (a = 5.73 = 10«) in 
Asaembly 7 of ZPR-9. ANL Neg. No. 112-8634. 

20 30 40 50 60 70 80 90 

RADIUS, cm 

FlG. VI-14-16. Sum of the Three Modes in Aseeiiibly 7 of 
ZPR-9. ANL Neg. No. 112-8632. 

COMMENTS 

The analytical method developed in this work is 
particularly suited for the analysis of the die-away of 
the prompt neutrons in delayed critical systems. In 
such systems, the delayed neutrons may be thought of 
as a source of neutrons distributed in the same way as 
the fluxes in the core. Because of this source the spatial 
distributions of the fluxes are established instantly and, 
at least in the core, the transport effects are minimized 
if not eliminated. 

Extension of this work to include delayed neutrons 
in the formulation is the next logical step. Such an ex
tension is not expected to present any problems. Also, 
the application of this treatment to pulsed neutron work 
should be very useful. I t is not implied, however, that 
such application is straightforward. Extension of this 
work to more than three regions and two groups is 
straightforward but extremely laborious. 
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VI-15. PROGRAM MOVER: Point Kinet ics Algori thm 

L . K . VOLODK.i 

The (Juasistatic Excursion Program QXl ' " requires 
a sohitioii to the one group, space independent reactor 
kinetics cqu.itions with tinie-wise parabolic variation 
of the dehiyed neutron fractions and the reactivity. 
Since code K123"' provides a fast and stable solution, 
it W.1S decided that the method of R123 would be the 
most feasible approach to the solution of the reactor 
kinetics equations. The method of Rr23 does not 
include continuous variation of the delayed neutron 
fractions .and has a number of options unnece.ssary to 
QXl, no a modification of R12."i wa.s necessary. 

There are a few basic differences in the respective 
formul.itions of MOVER and R12.'!. The basic equations 
for MOVER, corresponding to equations (la) in 
Ref. 2, an-

and 

^vhe^c 

T.C. 

X.c., 

(1) 

(2) 

n = neutron density, 
p = rcai-tivity, 

/3. s delayed neutron fraction of the ith delayed 
group, 

c, = precursor concenlration of the rth delayed 
group, 

X, s decay constant of the ith delayed group, 
A s lifetime of the reactor divided by its k,,/. 

QXl provides MOVER with the X, , the uiiti.al 
values of n and c, , and the coefiicients of the parabola 
delining the variation of p/A and /3,/A. Letting 

fl = p/A and B, = 13./A, (3) 

it follows from Eqs. (1) and (2) that 

n = Rn - XI c. (4) 

and 

c, = B,n - X.c, . (5) 

The variation of n is assumed to be par.abolic over 
each substep of the calculation, so for the ij -f- l)th 
substep 

n,+i = n, + n,it,+, - t,) + n.itj+i - 1,)'. (fi) 

which conesponds to Eq. (16) of Ref. 2. .Vnalogous 
variations are present in fl :uid B, : 

fl,+, = fl -f fl,((,+, - 1 , ) + R,it,+, - t,y- (7) 

B , - , , = B,. + B„(/,+, - t,) + B.,it„, - t,f. (S) 

Also, define a set of / functions. 

/ ' " v x p l - X,((,+i - 7-)]7"(/r (!l) 

which correspond to the I functions defined in l^i. (20) 
of Ref. 2. 

Integration of Eqs. (1) and (2) .and substitution of 
^t = Ij+i — lj gives 

+ Z l«.,/,i(A() + B,iI..,{M) -j- H,,/„,,(A/)]1 
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+ Z {B,,I,2(M) + /?„/,:,(A() + B„/,-,(A()l| (10) 

- Y, [B.,I,ii(M} -V BiJ,iiAt) + B,2/ij(A()l 

-I- Z>'.''.,A.(A(). 

Substitution of A/ and AV2 for A( in Eq. (10) gives 
two equations in Hi and ni by which ni and na can be 
determined. Substitution of A(/4 for At gives a check 
on the aci'ur.acy of the solution for n, and nj . When 
i(/2 is substituted for A(, 

JM [R,(M)- . fl,(A/)' , fl.,(A()*'l 

E[«„m)+«.,/.. (I) + 

+ B, 

+ '12 

+ 

+ B,J 

)'A( _ rfl,(Ai)' fli(Art' ft2(Aon 
\2 L -̂1 64 "•" 160 J 

Z[BI,I..{^)^B,II.,(^) 

•'(f)]} 
= „,{[^M,«.(|OVfl_^'] 

+ E[B,/,.(f) + .,./,.(f) 

(11) 

+ 
Equations (10) and (11) correspond to Eqs. (17) and 
(18) in Ref. 2. 

It should be noted that Eqs. (18) and (21) in Ref. 2 

49.3 

contain typographical errors; these equations should 
read: 

+ A 

+ k, 

and 

'c., + i = '<;.•, e" '"" + 0, {ln,ki + n,(l + /,•„.,)] /,o(A/) 

-f 2[n,A2 -f niki + ^^(l + k,,,,)] / „ ( A 0 

+ 3[n,A-2 + n2fc,l/,2(A0 + 4n2/.'2/.3(A0I. 

Program MOVER has been checked against R123 
and has been found to give accurate results for cases 
in which A artd (3, are constant. 

REFERENCES 

1. K, Olt and J, T. Madell, Quasistatic Treatment of Spatial 
Phenomena in Reactor Dynamics. Nucl. Sci. Etig. 26, 
563 (1966). 

2, J, J, Kaganove, Numerical Solution of the One Group Space 
Independent Reactor Kinetics Eguations for Neutron Density 
Giren the Excess Reaclivitg, ANL-6132 (1960). 

VI-16. Fast Reactor Fuel Cycle Studies—Formulat ion and Solut ion Methods 

D. A. MENELEY, G . K. LEAF* and P. M. WALKER* 

INTRODUCTIO-V 

This work was initiated as a result of the need for a 
very general computation .structure for fast reactor fuel 

'Applied Mallicnialics Division, Argonne National Lab-
alory. 

cycle studies. In order to be generally useful, the formu
lation and associated machine codes must s.atisfy sev
eral requirements. First, they must be sufficiently flexi
ble to accommodate a wide range of survey problems. 
Second, they must be sufficiently complete and accurate 
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tu satisfy tlie needs of rniicnptual design, ccoinmiies, and 
(•(ire behavior studies. Furiher desirable features include 
economy of computation and ease of extension to more 
rigorous models. 

The approach taken in an attempt to satisfy the 
above requirements was to specilirally include all capa
bility which could he treated within the defined limits. 
These are: one reactor (as opposed to an interacting 
power system); fuel contained in discrete lumps; fully 
defined external conditions; fixed fuel management def
inition {that is, no cycle optimization). The various 
models, approximations, and (Capabilities which are the 
results of the study are the subject of this paper. Two 
desirable features have been omitted from the initial 
specifications, namely concentration-dependent micro
scopic cross sections and economics calculations. These 
may be added at a later date. 

The fuel cycle calculation problem may be divided 
into two main sections; namely, the simulation of ma
terial movements and the solution of the equation set 
governing fuel burnup and system behavior. The simu
lation of material movements requires an indexing 
system to describe the following phases: fuel loading, 
in-core shuffling, discharge, reprocessing, sale, refabri-
cation, and stf>rage. The equation set contains models of 
the space-energy-time dependent neutron flux and iso
topic chains, reactivity control, time sequences, reproc
essing plant fuel mixing and losses, refabrication with 
addition of feed material, and bred fuel disposal. The 
solution is subject to direct conditions imposed by the 
user, such as burnup time and total power, and to in
direct conditions arising from the material movements 
as defined in space and time. 

( J E N E K A L C \ P . \ B I L I T I E 8 

The following outline includes all features of the 
model currently under development. A general calcula
tion system of this type must, of course, be built up by 
stages. Status of the computer algorithms is highly fluid 
at the present time so that a precise statement of calcula
tion capability or solution techniques is not possible. 
When some reasonable stage of development is reached 
a production code package will be frozen and made 
available for use. The following represents the current 
best guess as to the final form of the system. 

The enrichment ratio of freshly charged fuel may be 
adjusted to (jbtain a spciaficd stati(c criticality factor in 
the system without control rods at a given time during 
the at-power pha«e of the cycle. Criticality of the system 
may be maintained by means of space dependent con
trol adjustment (fuel or poison) at a given number of 
time ])oints. Hum time may be adjusted to satisfy 
burnup conditions in selected discharge batches. The 

search procedures necessary to achieve these conditions 
depend on the type of problem dehned by the user. 

The isotope chain matrix may contain 0~, 0+ and 
a-dccay terms as well JUS (n,y), (",/>), (",a), (",-"). and 
(nj) reactions. Fractional yields of fission imtducts 
may be fissioning i.sotoi)e dependent. Isomeric states 
also may be considered. Isotope decay chains may be 
computed throughout the external cycle, within the 
limitations of the real time accounting scheme. Core 
fluxes are normalized to a specified total power after each 
flux recalculation. i 

The fuel management scheme i)ermits all the flexibil- < 
ity possible in a real reactor with solid fuel elements. All 
common movement patterns such a-s cut-in shufllingand 
fractional batch or scatter refueling are included as 
special cases. The limitations are those imposed by the 
particular spatial m(.>del of the core in zero, one, or two 
space dimensions. Fractions of a discharged fuel batch 
may be assigned to any of the multiple reproccs.siiig 
plants, each of which may have three outputs. I'rtr the 
purpose of simplifying refabrication specifications, one 
output from each plant is designated as Class 1 (nor
mally high fissile content) and the other as Class 2 (low 
fissile content). The only requirement of this separntinn 
is that the system reactivity be reasiaiably sensitive to 
changes in the relative fractions of the two cla-sses in the 
fresh charge. The third output represents wa.stc and 
losses. 

Each class of output from the several plants may be 
used for fabrication of one or more fuel charges, or sold, 
according to a user-defined priority ordering scheme. 
Makeup fuel may be taken from any number of pre
defined external feed lines, also according to the given 
priority ordering. The volume of Class I material re
quired for a charge is delined by the enrichment fraction 
times the total volume; the remainder will be obtained 
from the Class 2 grouping. Any number of charge 
batches may be fabricated with different compositions 
and enrichments. 

Two main types of problems are considered. Tlie ob
ject of the first type is to find the equilibrium (infinite-
time) operating conditions of a recycle system under 
fixed conditions. C^urrent plans call for only single-step 
equilibrium problems, i.e., those in which the same fuel 
management procedures are carried out after each 
burn step. 

The second type of problem, non-equilibrium, is a 
direct mockup of reactor operation, with the excepticm 
that fuel charge enrichment may be adjusted In incci 
buniup and reactivity re(|uirements during the al -power 
phase. Comprehensive dump, restart facilities allow 
adjustment of parameters such as burn time and control 
distribution at specific points during the problem. In 
addition, to partially compensate for the lack of opti-
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iiii/utioii riiiMines, llii.s facility allows the user to save, 
for Inter u.se, information on the system condition at 
particular points in time. 

REACTOR CORE CYCLE 

VVT.h MANAOEMENT 

The lii'st problem is development of an iiide.xing sys-
tmi which will i>ermit location of each discrete lump of 
fuel ill space o\er the whole period during which it is 
in the reactor. It may be loaded into the core at a par
ticular position and irradiated for some period of time 
in a flux which is determined by the interaction of all the 
fuel lumps in the core as well as by control motions. 
After this initial "burn", tbe lump may or may not be 
repositioned in space; in any case if any of the fuel in 
the core is moved, charged, or discharged, the irradia
tion rate will undergo a discontinuous change at the so-
called "shuffling step". After several burn-shuffle se
quences the lump is discharged from the system. 

The spatial movement of tbe fuel lump is constrained 
by requirements of volume preservation. Whenever it is 
shuffled (repositioned) in space, another lump of equal 
volume must be removed from its position and inserted 
in another location, or discharged, and a third must be 
moved to occupy the space vacated by the original fuel 
lump. This linked series of element motions is the basis 
(if the indexing systeni. 

The first index is given the name "material". A ma
terial consists of all the fuel lumps in the reactor at a 
particular time which are linked by a single shuffling 
se(|uence or "path". The individual fuel lumps, the 
"material-stages", are identified by the second index. 
Thissecond index is 1 for a fuel lump which has just been 
t'harged into the core, 2 for a lump which has been 
shuffled once, and so on up to the maximum stage index, 
iiftci- H hii'h (he fuel lump is discharged. The third index, 
the "region", is used to locate each material-stage in 
space. .\ regiiin is the volume over which the average 
flu.ves aie computed in obtaining the fuel burnup; in 
current neutronics models the region boundaries are re
stricted to rather simple surfaces. A region in a cylindri
cal model may be an annular ring containing a num
ber of fuel lumps of different composition and burnup 
history. Thus we must allow several different material-
stages to be a.ssigned to a single region, with the con
straint that the sum of the volumes of all material-
stages in a region equal the volume of the region. 

If the compositions of the first stages (i.e. fresh 
charges) of all paths are held constant and the burn/ 
refuel steps are identically repeated the compositions of 
the last stages (i.e. spent fuel) approach constant values 
M time increa.ses, assuming that control and criticality 
™"8traints are not \-iolated. 

F I G . VL16-1. Example of Loading and Fuel .Shufning 
Pattern. ANL Neg. No. 112-8002. 

Two possibilities arise in tbe event that shuffling pro
cedures are not the same after each burn step. The first 
is when a particular move sequence is to be carried out 
only once. Each element in the (»re must, in this case, 
be separately accounted for at the end of each burn step. 
The second possibility is the case in which a number of 
burn steps elapse without any motion within a particu
lar path, then one discharge/charge move is made, and 
so on with fixed repetition factor. C'learly no (•((uilibrium 
condition can be defined for the first of these. While the 
second case is repetitive, and hence may admit an 
equilibrium solution, the amount of numerical work re
quired for each iterative sweep toward a solution is that 
for one burn s t ^ multiplied by the least common multi
ple of the repetition factors of all paths in the problem. 
This case has been excluded from the equilibrium search 
capability at the present time. 

PROBLEM OPERATION 

In summary, each discrete fuel lump m.ay be located 
in space at any time by the indexing triplet (material, 
stage, region). The fourth index, the repetition factor, 
fixes the number of burn steps between fuel movements 
in each path (material). 

A particular application of the method is illustrated 
in Fig. VI-16-1, a plan view of a .37 subassembly core. 
The subassemblies marked "A" are to be charged into 
ring 4, shuffled to rmg 3, then 2 and discharged. The 
" B " subassemblies are to be charged into ring .3, moved 
to 4, and then ring 1, at every other burn step. Similar 
patterns apply to materials " ( " ' and "D" . Table VI-IO-I 
show-s the input indexing system for this core, assuming 
that it is to be computed as a four region annular sj'stem 
in one-dimensional cylindrical geometry. Material-stage 
and region volumes are defined separately. If the system 
were to be computed in jilaii using a triangular mesh, 
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T . \ H L t ; V i l l i I . K.WMi'i.K CO I.-jOEXiNU S Y S T E M D E F I N I . N O 

iN-CnRE FcKL M O T I O N S 

.Material 

.K 
B 
C 
l> 

Subassemblies 
Per Stage 

fl 

1 
3 
1 

Repetition 
Factor 

1 
2 
1 
3 

Stiigc 

1 2 3 4 

Region 

4 
3 
4 

' 

3 
4 
4 
3 

2 
1 
4 
4 

3 
4 

each subassembly could be identified as a material-stage 
and its movements in the core accounted separately. 
Further subdivision of each suba.ssembly would be possi
ble, jierhaps to permit study of burnup variations across 
assemblies. In such a case the spatial motions of ma
terial-stages representing parts of single subassemblies 
would be constrained. 

It will be noted that the above indexing system is 
most convenient for describing repetitive, consistent 
fueling iiattcrns such as the fr.actional batch, or seatter-
refueling, schemes proposed for fast reactors. Individual 
fuel elements (or group of elements) can, however be 
accounted for separately at the end of each burn step 
using tbe conventional system by means of user-speci
fied shullling directions for each material-stage. In this 
case the volume of each sttige of a mtiterial may be 
different, as may the type of fuel and the volume frac
tions of fuel, coolant, and structure. The identification 
of any material-stage with another becomes a mere 
formality. In the case of equilibrium problems, however, 
the linkage has a definite value. Since by definition the 
fueling and shuffling policy is held constant, the ma
terial-stages present in the core at any time can be con
sidered as different pli.a.ses of the burnup history of a 
single fuel lump. This greatly simplifies the equilibrium 
cycle computation for scatter-refueled cores. 

A problem may be started in one of two ways. In the 
first, the full atom density vector of every material-
stage in the reactor is specified by the user. The calcula
tion may then proceed directly by means of a flux solu
tion, et se(i. The second method is by reference to 
reactor charge specifications (see REF.\BRIC.\TION) 
for some or all of the matciial-stages. In this case these 
material-st.ages will be "fabricated" before the problem 
is started. The second option allows the enrichment of 
a complete core to be adjusted before the initial burn. 

The computation optionally may include moveable 
control poisons or fuels. The volume fractions of these 
materials may be varied to establish criticality at each 
of the given number of sub-time steps into which the 
burn step is divided (see REACTOR BURNUP 
EQUATIONS). 

The user specifics the destimition of the discharged 
fuel when it leaves the reactor. (The details are dis-
cussed in the next section dealing with tbe EXTERNAL 
CYCLE). In non-equilibrium problems, partly burned 
fuel may be returned to the reactor from the cooling 
area by user-specified movements. Each material-stage 
is represented by an atom density-vector, a volume, 
and a burnup level while it is in the core. The change in 
isotopic atom densities as a function of irradiation is 
computed for each density vector, with the approxima
tion that all vectors assigned to a given spatial region 
are irradiated in the average multigroup flu.xes of the 
region. The multi-group microscopic cross-sections of 
the same isotope which is present in two material-stages 
may be different, to account for variations in fuel prop
erties such as potential scattering and temjierature. The 
isotopes maintain a common identification when not 
in tbe core. The fractional burnup of each material-
stage is computed from the integral number of fission 
reactions in user-specified isotopes. 

Tbe user has the option of interrupting a non-equilib
rium calculation ;it the end of :iny burn step. He may 
then change any parameter of the specified problem 
which would be adjustable in the case of a real reactor, 
such as fuel movements, burnup limits, burn times, and 
so on. He may not, however, change the conseiiucnccs of 
previous burns, such as atom density vectors and 
burnup levels. 

Further details of the core cycle are described below 
in the .seelion on SOLIITIOX METHODS. 

ExTER.N'AL C Y C L E 

F U E L DISCHARGE AND REPROCE.SSING 

Figure VI-16-2 is a schematic of material movements 
m the external cycle. Consider L discharged niatciial-

DISCHARGE 
t i l t 

COOLING STORiGE 
—I r c 

REPROCESS PLANT INPUT 

j PLANT I j I PLANT n j 

I MATERIAL SELECTION AMD MIXING ) I MATERIAL SELECTION AND Ml> 
i- j I L • • 

SALE T T ' ^ ^ " >*"^"i SALE 

FIG. V I - 1 6 - 2 . Schematic Diagram of Kxtcrual C> 
Neg. No. 113-798S Rev. 1. 

. AXL 
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stiiRCS which are to be cooled, then sold directly, sent 
to J reproiessing plants, or held for recharging. (The 
last option c:in be applied only to non-e(iuilibrium 
problems.) Define E, a block diagonal matrix of order 
.l/i, where M is tbe number of active isotopes, (i.e., 
those undergoing liansmutation reactions) in the 
prolilrm. .\ll elements in the /th yif-dimensioned diago
nal block ure equal to tbe frtiction of material / which is 
to he sold without reprocessing. Next define the desti
nation matrix I), with M.I rows and MIJ columns. 
Each jV-dimensioiiel subniatrix D,i is diagonal with 
constant elements equal to the fraction of the unsold 
remainder of material / which is to be sent to reprocess
ing plant j . Waste and reprocessing los.ses are accounted 
for by the recovery matrix R. block diagonal of order 
il/,/. Each .l/-dimensional block is diagonal with ele
ments equal to the fraction of each isotope which is 
recovered by reprocessing plant j . The reprocessing 
pl.aiit output vector nV,, is then given by: 

nVa ^ RDil - E)Vn 
I = identity matrix, order MI. 
V = volume matrix, block diagonal of order ML. 

Each element of a diagonal M X M block is 
equal to the volume of the last stage of 
material /. 

il s atom density vector iML) for the last stage 
of all materials at the end of the burn step. 

.\ow define cla.ss separation matrices Cl and C2, each 
block diagonal containing J blocks, each of order M, 
related by ('2 = / — Cl. Each element of the jth 
.l/-dimensional block represents the fraction of that 
isotope which is contained in Class 1 output from re
processing plant j . The systeni may have F external 
feed lines, each specified by an M-dimensional atom 
density vector n, , volume ]'/ , and an il/-order class 
separation matrix Cl; . 

The atom vectors of each class in storage are then de
fined by the product of the appropriate C?'matrix a n d n F 
vector The four atom vectors nKo ,nVo ,nV y ,and nVp 
are to be used in the refabrication computations which 
define the charged atom density vector. Xote that each 
jl/-dimensional subvector, representing atoms which 
have come from a particular discharge batch and have 
been cooled for a definite time and sent to a processing 
plant with an assigned proce.ssing time, appears in this 
makeup store at some discrete time. From the other 
did, one can define tbe time at which subassemblies 
"iu.st be at the reactor site for loading, as well as the re-
labrication and shipping/storage time. Thus it is possi
ble to detennine which of the atom vectors in the re
fabrication storage will be available for makeup of a 
particular charge. 

REFABRICATION 

The refabrication phase is particularly difficult to 
arrange into a fully determined, yet flexible scheme, 
which is reasonable in terms of input. The reasons arc 
first, that the material enrichment ratios which define 
the required quantities of high and low reactivity fuel 
in a given batch are problem parameters wliich ctuiiiot 
be defined a priori. Also, the reprocessing plant output 
vectors nVo and nVo are initially unknown. The solu
tion adopted is a priority ordering scheme wdiich is 
relatively easily specified in input and is not unduly 
restrictive in scope. It is described below for Class I 
makeup and an example is given. The same procedure is 
used for Class 2. 

The first part of the priority scheme is an absolute 
order of preference for use of each reprocessing plant 
output and external feed vector in makeup of e.'udi 
charge material. Several priorit.v levels may be defined. 
At each level, if there is an excess of fuel in makeup of 
some charges and a deficit in others, it will be redis
tributed at that level before dropping to the next lower 
priority. The second part of the scheme is a fra<'tional 
distribution system. This permits use of a single stored 
fuel in a number of charge batches at the same priorit.y 
level. The priorities are given separately for the high 
fissile (Class 1) and low fissile (Class 2) fractions. 

The object of the priority scheme is to arrive at two 
delivery matrices, designated Q and Qr , which repre
sent the fraction of the atoms of each isotope in each 
reprocessing plant output and each external feed which 
are to be used in fabrication of each fuel material, re
spectively. The elements are computed from the given 
enrichment fraction, the required volume, tbe given full 
atom densities of each charge batch, and tbe contents of 
the makeup storage. The following steps are followed 
in computing Q and Qe • 

1. Computethe total volume which each plant oiilput 
and feed vector would occupy in the specified physical 
form of each material (typically oxide, carbide, metal). 
The Sale fraction is formally included as an additional 
material. 

2. Determine the volume of Class 1 makeup required 
for fabrication of each material. (Since the volume of the 
Sale material is undefined, it is treated specially; see 
Step 7) . 

3. Search the priority specifications for all the highest 
priority materials (level 1) requiring makeup from each 
plant and feed line. 

4. Normalize the sum of all distribution fractions at 
priority level 1 for a given plant or feed to 1.0 minus the 
fraction of that volume already used. (This fraction is 
naturally zero on the first distribution.) 

.'') For each material, sum the product of the renor-
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nializod distril)utii)ii fnu-Iioiis tnultiplicd by the volume 
of cufh plant and iced fur that material (cah-ulated in 
Step I}. This sum is tlio tulal vdhuiR- of makeup avail
able to the material on the lirst distribution 

6. Compare the re(|uired volume (from Step 2) with 
the available volume (from Step 5) to find tbe actual 
fraction of the volume of each plant and feed used. If 
the required volume is leas than or equal to the available 
\olume, the requirements are satisfied for the material. 
If not, more maketip is required. 

7. Set the distribution fractions of the Sale "ma
terials" to zero, and also to any material whose require
ments are satisfied. Accumulate the fraction of each 
plant or feed volume delivered to each material. Re
peat from Step 4 until either no further makeup is re-
(juired for any material or none remains for ajiy plant 
or feed at this priority level. 

8. Repeat the process from Step 3 for the next pri
ority (level 2) and so on, until the list is exhausted. 

The above process is somewhat cumbersome in con
cept; however, the alternative to a scheme such as this 
appears to be a serious reduction in flexibility of fuel 
makeup selection. The calculations are very simple and 
rapid. The following example indicates some of the 
capabilities of the scheme. 

('(tnsider a plutonium-uranium fueled fast breeder 
reactor. Assume that it has two core enrichments and 
a single scatter-refueled blanket. The core and radial 
blanket are to be processed separately in reprocessing 
plants A and B, respectively. The user wishes to sell i'i 
of the reprocessed blanket plutonium (Class 1 fuel) and 
to distribute the remainder in a 2 to 1 volume ratio to 
the two core fuel charges. All reprocessed fertile material 
(Class 2) is to be used first for blanket makeup and then 
for core materials. Any feed reffuired will be obtained 
first from a limited volume external feed vector (external 

TABLK VI-16-II. EXAMPLE OF PRiuniTY SYSTEM FOR 
SEI-ELTION OF FUEL CHAHCJES FROM REPRO<ESSIN(; 

PLANT OCTPUT AND KXTERN \L FEEDS 

Core Fuel 1 
Coie Fuel 2 
Blanket 
Sale 

Class 1 

Reprocessing 
Plant 

A-

2/1. 
2 /1 . 

— 
3/1. 

B ' 

1/0.5 
1/0.25 

— 
1/0.25 

E.\ternal 
Feed 

A» 

3/1 . 
3 /1 . 

— 
— 

B" 

4 /1 . 
4 /1 . 

— 
— 

Class 2 

Re 

Plant 

A' 

2/1 . 
2 /1 . 
1/1. 

— 

B ' 

2/1 . 
2 /1 . 
1/1. 

— 

External 
Feed 

A" 

3 /1 . 
3 /1 . 
2 /1 . 

— 

BJ 

4 / 1 . 
4 / 1 . 
3 /1 . 

' Plant A reprocpHses core fuel. 
1* Plant B reprocesses hlaiiket fuel. 
' Feed A is a limited volume feed Bource. 
•1 Feed B is an unlimited volume feed source. 

feed A) and then from a second feed (external feed B). 
The user-defined priority table necessary to aceompli.'jh 
this is shown in Table VI-l(i-II. The values above the 
diagonal lines are the priority levels; thost; below are tlio 
distribution fractions. It is jjossible in this example tliat 
there may be Class 1 output from Plant B remaining 
after fabrication. All such makeup is conveiitifjiially 
designated as part of the Sale material. 

The final delivery matrices Q and Qy can be i-oii-
structed from the Class 1 and Class 2 delivery fractions 
described above. 

FUEL CH.\RGE ATOM DENSITIES 

Grouping the various parts of the above computa
tions, we can define the atom density vector n. of all 
materials of the fuel charge in terms of the discharge 
and external feed vectors. First define S and I' as 

Then 

S = V-'QRDU -

p = V'QA,. 

n, = ,Sn + / ' « , . 

Ii)V 
(2) 

(3) 

The vector it is related to the previous fuel charge 
vector n,_i through the burn matrix B. representing all 
transmutations within the core (see KK.\CT()U 
BURNUP EQUATIONS) 
Then: 

SBn._, + Pnr . (4) 

In an equilibrium cycle, n.. 
in principle be foimd from 

n, = n, and n could 

(/ - SB)-'Pny. (5) 

Since S, B, and / ' are all functions of n. this is not a 
feasible scheme. 

SOLUTION METHODS 

In this section, we shall concentrate on tbe solution 
of the e(]uilibrium problem. The approach used in 
solving the non-equilibrium case is similar, and for 
the sake of brevity will not be discussed. 

The object of an equilibrium calculation is to find a 
charge density for each material and an operating time 
for any bum step such that tbe charges jiroduccd in the 
external cycle are the same for ever\- burn slep. This 
solution is subject to the following three constraints. 

1. Let L denote the total number of materials under 
consideration and ci , 1 < / < Z,, the enriebnent asso
ciated with the charge density for each material I. The 
solution is sought by varying the enrichment vector 
(c, , Ci, • • • , et) along a specified straight line. 
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2. The buniup of the .system at the end of each burn 
step assumes a specified value. 

:i. The unpoisoned i-effective of the reactor at a 
liven fraction of the burn step time takes on a speci
tied value. 

BKACTOK IIURNUP EQUATIONS 

Consider any region r of tbe reactor and let n denote 
an atom density vector associated with the region r. 
The dimension of n, is M, where M is the number of 
isotopes being considered. The following set of equa
tions is then taken to govern the reactor as a function of 
time: 

dn,(t) 
dt 

.i,[<t,it)]n,it). (6) 

where r ranges over all regions of the reactor, and n, 
over the atom density vectors of all material-stages in 
the reactor. The matrices Ar\<tiit)] have tbe form 

.i,l4,it)] = Ar-i- AMU)]. (7) 

where A, is a constant matrix arising from radioactive 
decay, and the elements Oy* (0 of A have the form 

o 

ait it) = E^'ti^n'C). 

Here^pr t^ the average flux in group g over the region r 
and a% denotes the microscopic cross-section for each 
isotope and type of reaction. The coupling between the 
isotope densities and the flux is governed by a fixed 
power, static neutronics calculation with or without 
criticality beijig maintained, at the option of the user. 
The neutronics calculation will be denoted symbolically 
by 

Fl<tiit);nit);t] = 0. (8) 

An approximate solution to the coupled system of 
Eq. (6) and (8) over a time interval |0, /] is acfiieved 
in the following manner. The interval is divided into P 
subintervals of equal length by the points (p = ph, 
0 < p < P, with A = T/P. Using the slowly varying 
character of the matrices A,l(t>(t)], the following approxi
mation is made over each subinterval [(p_i , („]: 

•'•'(*(")1 = ii\A,lg,it,.,)] + /l,I«((p))|, 

'p-l < u < t„ 
(9) 

"ith this approximation the coupled .system takes the 
form 

dn. 
= A.pU,. tp-i <t<t„ (10) 

f (0( ( ) ; nit);t\ = 0, 

where r ranges over all regions of tbe reactor and p = 1, 

2, • • • , P. Here Arp denotes the right hand side of Eq. 
(9). 

This system is solved iteratively in the following 
manner. Assuming that nr((„-i) has been found for 
each r, we define the sequence n','" (t,) in thi' following 
manner: 

Bl'"[t,;n'-'"itp)\ = nxp [hA'/'J], 

nl"(tp) = B','"[tp;n""ilp)\nAtp-i), 

F[«""" ((p);«!'"((,);/p] = 0, ( I I ) 

and 

q = 0,1,2, ••• . 

For p > I, A/'i, is taken to be the result of extrapolation 
from the preceding interval. Although the iterative pro
cedure converges very rapidly (typically less than six 
iterations), the cost, in time, of each iteration is very 
high. For this reason, the iterates are extrapolated 
linearly, and no more than three iterations are per
formed. The evaluation of the exponential of a matrix is 
performed by means of a te(-hni(iue proposed by B. 
Duanc in Ref. 1. 

If a distribution of atom densities nik{o) is given at 
i = 0 for each stage k of material /, then the above 
numerical procedure yields an approximation to the 
atom density distribution at any later time. The re
sulting density nik{t) can be represented in the form 

nikit) = Br[t;n{o)]niicio), (12) 

where r = r{l*k) is the region in which stage k of ma
terial / resided. Note that through the coupling of the 
region-averaged flux, the matrix B^ depends on the total 
initial density distribution in the entire reactor. This 
dependence is indicated by the symbol n{o). 

R E F U E L I N G , B U R N U P , AND DISCHARGE SEQUE>JCES 

Consider the repetitive loading, burning, and dis
charging of the reactor governed by the equations de
scribed in the last section. Let the operating time for 
each step be fixed, and let the charge density for each 
material-stage which is loaded in at the beginning of 
each burn step be fixed. Consider any material /, and 
suppose that during its Ki stages it resides in regi^ms 
ri ,r2, • • • , rn such that it is in ri for the first ki stages, 
Ta for the next k^ stages, and so on. Thus, ki + ki -\-
. . . -\- kH = Kl ; moreover when it reaches the Kith 
stage in region r« it is discharged. Let nj j denote the 
charge density for stage 1 of material / which is loaded 
iji at the beginning of every burn step. Starting at the 
beginning of some burn step, we follow this charge 
through the Ki bum steps until it is discharged. Note 
that we are considering the case when all repetition 
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factors are equal to one, so that the luimber of stages 
jissociatcd with each nuiterial coincides with the num
ber of bum steps for which the material resides in the 
reactor. After A, burn steps in region r, . the density is 
given by 

/ ; ; ; • ' • • • Bl\'B',\'n,.i. 

Note that since tbe Ii matrices depend on the total 
density distribution in the reactor at the beginning of 
each burn step, a different B matrix will be generated 
al eiK-h burn .step. This dependence is indicaled by the 
siipersiTipl index. Having completed /., stages in region 
r, , tbe eliarge then moves to region r-, for the next ki 
burn steps and then on to the next region until at the 
end of the Kith burn step after it was introduced, it is 
discharged. This discharge density is given by 

B ; ; ' ' • • • B ; ' ' * ' " ' • • • s ; ; ' " ^ " / ? " ' ' • • • B',\'n,,i. ( 1 . 3 ) 

Now if we had followed the same charge density ni.i 
W'hich was introduced one time step later than the pre
ceding one, then its value upon discharge would be given 

by 

B' 
li ru 

• • Bi'' • • B';,'*"B';:n,, (14) 

Thus we see that since the B matrices differ from one 
time slep to tbe iii'xt, the discharge densities will vaiy 
with each time step. In the limit when the conditions 
in the reactor are the same at the beginning of every 
burn step, tbe B niatriccs would not depend nn the time 
steps. Thus there would exist matrices 

Br, , B„ . .B„ 

such that the discharge density for material ; after 
every time steii would be given by 

B ' ^ • • • B'\B';\ni,i (15) 

This limiting state will be referred to as the cyclic 
mode. 

The cyclic mode is achieved iteratively by repeatedly 
loading ;i fixed I'barge for each material and maintaining 
a fixed burn step time. This procedure is :iccelerate(l in 
two ways, l-'irst the iterative procedure is modified hy 
ignoring the dependence of the B matrices on the flux. 
I'or e;ich material /, let a charge density ni,, be loaded, 
and assume that the densities of the remaining stages 
are arbitrary. Then it is clear that it would take A' = 
m.ax iKi) time steps just to clear the reactor of the 
arbitrary densities. By ignoring the flux dependence we 
call accomplish this in one time step. Thus if 

B',\\B[\',--- ,iii]; 

are B matrices for material / resulting from the first 
loading when all but the first stage densities are arbi

trary, then for tbe next time step we define the densi
ties for each stage of material / in the following manner: 

n,.i,Bl\'ni.i, ••• ,\B',\'\'-'n,.i, 

B , J B ; ; ' I ' ' « , . , , • • • ,[B','„'t"' (Ki) 

• • • [ B " ' j " " M . 

With this distribution for each material, we burn for 
one time 8te)i, thereby generating a second set of ncil-
rices 

« ; ; ' . • • • , « " , ' • 

This second set is then used in place of the first .sel, and 
the process repeated until a converged set is obtained. 

The second means by which the iterative piocediire 
is ai'celerated involves linear extrapolation of the se
quence of matrices B J ' ' and for each region r in the re
actor. 

We shall consider next the constraints on the problem 
as well as the interaction between the external and in
ternal paths. Fbst of all, the enriclunents are con
strained by the relation Ciix) = e i(o)( l + jJj) for 
! < / < / / , where 5; is a material-dependent eiirichiiieiit 
modification factor. Thus it is the enrichment paranietcr 
.T which will be adjusted to achieve a solution. Consider 
uext a charge distribution 

n ix) = [ih ix), • • • , n,. (,r)) 

having an enrichment parameter .r asstieitited with it. 
Let t'°'ix) denote the burn step time of the reactor 
such that when the core is in its cyclic mode, the 
burnup /([('"'(i); x; n'°'(-r)l achieves its desired v.alue 
60. I'or each material /, set 

B r = I B ; " ' ) ' " • • • iBn']"' 

and 

B'° ' = diag IBl"', • • , BTI 

Note that tbe B matrices are those assoi-iatcd with the 
core in its cyclic mode and 

B " " = B[t"'ix).x.n'°'i.r)]. 

Let the discbarge density distribution B'°'n'°' be p.assetl 
through the external cycle, thereby generatiiij; a new 
charge distribution n'" which is defined by 

n'" = S[B'"n"'\x]B'°',r + P[B'°'n'°',.rl,„.. (17) 

The matrices 5 and P were di'fiiied :ibove. and as in
dicated depend on the discbarge density and the enrich
ment. Let the charge distribution H'" be used in place 
of n'°' thereby generating / '"(.r) , B ' " , and li''. Itepeat-
ing Ibis process until tbe limiting slate is i-eached. wc 
would expect to obtain a charge distribution H(J ') , a 
burn step time tix), and a B-matrix B(.r) such that 
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„(j) = SlB(j-)«(.r),.rlB(.r)n(.r) 
(18) 

+ PlB(x)n(.T), j -K. 

When the system has acbicviHl this state, it will be said 
lo he in its e(|uililiriuiii mode relative to a given enrich
nienl. If I'll' ciiricliniciil .r is tlien adjusted so that the 
liiipoiwined /.•.;/ achieves its (U'sired value io at a speci
fied fraction a of the burn step time tix) when the sys
lem is in its equilibrium mode, then we have the solu
tion to the equilibrium problem. 

APPROXIMATION T E C H N I Q U E S 

This is the basic approach used in solving the equi
librium problem. However there are non-linearities 
present at every level of the problem; thus to adhere too 
closely to the above procedure would involve a prodi
gious amount of calculation. For this reason the equi
librium mode is only approximated. Thus starting with 
a charge distribution rt*"' and .an associated enrichment 
I, the burn step time ('"' and the matrix B'°' are deter
mined as before. Tbe discbarge density also passes 
through the external path generating n '" as in Eq. (17). 
Now, however, we ignore the dependence of /'°* and 
B"" on the initial charge distribution. Thus we pass 
n'" through the core using B'°', thereby obtaining a dis
charge distribution B'"'n"'. This is passed through the 
external path and the process repeated until a converged 
distribution ii"" is obtained. Having produced B'°*, ('"', 
and ii'"' we shall say that the system is in its approxi
mate equilibrium mode. 

With these concepts and procedures in mind, the 
solution to the equilibrium problem is achieved in the 
following manner. Starting with a discharge density 
distribution fi"" and a guess a;™' for the proper enrich
ment parameter, we pass tiirough the external path 
generating a charge n'°' with enricluiient x '. With this 
charge a burn step time ('"' and matrix B'°' are found 
for which the burnup constraint is satisfied when the 
core is in its cyclic mode. Using B'°' the system is then 
brought into an approximate equilibrium mode, thus 
producing a charge ?i"" with enriclunent .T . Then us

ing B and n , the cyclic mode is approximatetl by 
employing the following distribution of stages for each 
material /: 

, B:;''1!' , [s!^')'" IB;:'I''»I' (HI) 

Still holding B'°' and ('"' fixed, we ealcidate Ibe iinpoi-
soned value of k.n at ;i specified fraction a of the step 
time ^"". Recall that for calculational purposes, the time 
interval [0, ('"'1 was divided into P equal parts (P > 1). 
We restrict the possible specified values for a by insist
ing that a — p /P for some p , 1 < p < P. Since 
B.*" = Britp) • • • Brill) for eat'h region r, we can form 

Bl" B,itpi) . • •B . ( ( , ) . 

These matrices are then used to approximate the iso
tope density distribution in the reactor at a time a^'"' 
with the initial loading given by Eq. (19). A neutronics 
calculation is then performed to obtain tbe value of the 
unpoisoned k^f/. Using a second guess x' ' for the en
richment and the discharge density n '" = B'^'n'°', the 
above procedure is repeated, giving rise to an unpoi
soned k^ff corresponding to J*". A search is now begun 
on the enrichment in order that the unpoisoned Av// 
achieves its desired value. 

DISCUSSION 

The above described methods have been implemented 
as computer routines in modular form for use in a basic 
burnup program. Current work is concentrated on de
velopment of the system to include all the features of 
the model outlined above. The system will be adapted 
if necessary to satisfy specific needs for computation 
capability as they develop. It is hoped that it will pro
vide a basic computational facility for studies of fast 
breeder reactor concepts at Argonne National Labora
tory'. 
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VI-17. Intercomparison of Various Mult igroup Transport Approximations 
of the Dispersion Law of Neutron Waves' 

A. TRAVELLI 

iNTItODtHTIO.N' 

The dispersion law <if neutron waves has been studied 
recently in sevenil (hfferent transport approximations 
by various authors. In the multigroup cuse, the princi

pal methods that have been developed for its ralculatinn 

are based on diffusion theory,^ on the P-l and P-'A ap

proximations,^'* and on transport theory.*^ Tlie pub

lished results cannot be intercompared significandy, 
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however, because several additional simplifications 
have been introduced in many cases, and becuase differ
ent scattering kernels have been used. 

In this paper, the complex inverse relaxation length 
of neutron waves at any angular frequency of the modu
lating source is obtained from the same canonical equa
tion, with minor modifications, in diffusion theory, in 
any PL approximation, in any double P-L approxima
tion, and in transport theory. No additional simplifica
tions are introduced into the approximations. Thus, tbe 
same method is used to determine the value of tbe com-
|)lex inverse relaxation length in any theory and under 
identical conditions; this makes evident the difference 
in the results which is due to tbe transport approxima
tion being introduced. 

T H E PROCEDUHE 

We can represent a neutron wave in one-dimensional 

geometry as 

*(£,M,(,.r) = lie[it>iE,ii) expitoit - px)] (1) 

with 

p = Q + ii, (2) 

and we shall define as the inverse complex relaxation 
length any value of p for which tbe expression (1) satis
fies the form chosen for the transport equation. The real 
and the imaginary components of p (a and {) are, re
spectively, the attenuation constant and the phase con
stant of tbe wave; tbe way in wbieh they depend on the 
angular frequency, w, defines the dispersion law. 

By introducing the appropriate modifications in the 
Boltzmann equation, it can be shown^" that p must 
satisfy the canonical equation 

Det J2 '̂ "*" ' A S., H, - 1 (3) 

in all the transport approximations mentioned in the 
introduction, ^.i is the /th Legendre component of the 
scattering kernel, and Hi is defined by the recurrence 
relations 

7iH„_, -f (n + l)H„+i 

2 ! L ± i ( , r - . . „ ) H „ = 0 ^'^ 

for n > 0. In addition, 

H, = I 

H_, = 0. 

The diagonal matrix ^i is given by 

(5) 

(6) 

(7) 

where S, is the total cross section and v is the neutron 
speed. The diagonal matrix A, is defined by 

A, = p , ( p - ' 2 r ) 0 ( p - ' - r ) - "^i-iip-'^:). (S) 

and the function Gix) depends on the approximation 
being used. In particular, 

Gix) = ctnh"' ix) in transport theory, (i)) 

W, (x) 
Gix) = „ ,— in any PL approximation, (10) 

BM-I ix) 

„ , , W\ ix) . We (x) 
G(X) = ^frr 7—. + 

Pl+1 M P'e+l (*) (11) 

in any DP-L approximation. 

Gix) = (U - l l / l 3 ( x - Wt ip) ] ) - ' 

in diffusion theorv. 
(12) 

The polynomials Pei-r) and i r t ( . r ) , and the super
scripts ( + ) and ( —) are used in the standard notation 
of the Legendre functions and of tbe half-range func
tions extended over the entire range. In the framework 
of this paper, diffusion theory differs from the 1^-1 ap
proximation because it introduces the additional as
sumption that the neutron current docs not tiepeiid on 
time. 

NUMERICAL RESULTS 

A computer code in complex arithmetic was devel
oped to solve numerically Eq. (3) for the roots p when 
tbe scattering is linearly anisotropic. A test run with 
33 groups for the case of AGOT graphite at 20°C, in 
which the SLTMMIT scattering kernel was used, gave 
the results listed in Table ^T-17-I. Two tA'pes of diffu
sion theory were considered, depending upon whether 
the matrix S.i was diagonalized (simple diffusion) or 
not (full diffusion). The corresponding values of the rc.il 
and imaginary components of the square of the complex 
inverse relaxation length are displayed graphically in 
Figs. VI-17-I and VI-17-2. 

The numerical results confirm the fact, noted already 
in monoenergetic theory,' that the P-l approxiniation 
introduces a larger error than diffusion theory. Diffusion 
theory rates almost as well as tbe DP-1 and the P-3 
approximations, especially if the so-called "transport 
approximation" is not introduced, and the diffusion co
eflicient is defined as an operator rather than as a func
tion. Very small errors appear in the DP-'2 and in the 
B-5 approximations at high frequencies, and no differ- ) 
ence could be noted, within computational accuracy and 
the considered frequency range, among the results ob
tained in transport theory, in the DP-7 approximation, 
and in tbe B-15 approximation. ' 
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TABLE VM7-I. T H E COMPLEX INVEKSE I! ELJVXATION LENGTH IN GKAPHITE IN VAIIIQUS MULTIOUOUP T H \NSP()UT ACPIIOXIM M IO.N S 

rad/sec 

0 
2000 
4000 
6000 
8000 

10000 
12000 
14000 
16000 
18000 
20000 

Simple 
DiGFusion 

0.020445 
0.071.V)!! 
0.100473 
0.1220M 
0.141281 
0.150807 
0.170312 
0.182518 
0.193905 
0.204707 
0.215052 

Full 
Diffusion 

0.021)430 
U.1171509 
0.100513 
0.122701 
0.141327 
0.157108 
0.170636 
0.182838 
0.194244 
0.205095 
0.215505 

DP-0 

0.023404 
0.082232 
0.114554 
0.139827 
0.161022 
0.177842 
0.192025 
0,205204 
0.217919 
0.230336 
0.242389 

cm 

P-l 

0.020438 
0.071584 
0.099717 
0.121729 
0.140308 
0.155049 
0.167374 
0.178814 
0.189868 
0.200697 
0.211270 

-1 

DP-1 

0.020422 
0.071707 
0.100505 
0.122962 
0.142046 
0.157775 
0.170586 
0.182207 
0.193315 
0.204114 
0.214657 

P-3 

0.020421 
0.071763 
0.100665 
0.123138 
0.142285 
0.158198 
0,171264 
0.183094 
0.194377 
0-207319 
0.215977 

DP-2 

0.020421 
0.071822 
0.100668 
0.123138 
0,142284 
0.158185 
0.171254 
0.183100 
0.194407 
0.205378 
0.216063 

P-5 

0.020421 
0.071960 
0.100669 
0.123141 
0.142288 
0.158185 
0,171256 
0,183114 
0,194440 
0,205437 
0,216150 

Transport. 
DP-7, P I.S 

(1,020121 
0,1171.524 
O.lOOC.Iill 
0.123141 
0.142288 
0.158185 
0.171256 
0.183114 
0,194439 
0,205434 
0,210146 

cm"' 

0 
2000 
4000 
MOO 
8000 

10000 
12000 
14000 
16000 
18000 
20000 

0.000000 
0.063812 
0.088007 
0,105117 
0,117981 
0,128824 
0,138459 
0.147432 
0.166868 
0.163769 
0.171216 

0.000000 
0.063807 
0.088003 
0.104997 
0.117945 
0.128667 
0.138188 
0,147123 
0,166653 
0.163490 
0.170974 

0.000000 
0.073978 
0.103335 
0.124528 
0,140646 
0,154023 
0,167168 
0,180167 
0,192726 
0,204726 
0.216064 

0.000000 
0.064496 
0.090183 
0.108797 
0.122983 
0.134613 
0,146072 
0.157464 
0.168603 
0.179068 
0.189033 

0.000000 
0.063837 
0.088441 
0.106824 
0.118982 
0.129066 
0.138622 
0.148005 
0.157256 
0.166118 
0.174494 

0.000000 
0.063909 
0.088338 
0.105622 
0.118714 
0.128781 
0.138086 
0.147348 
0,166361 
0,164956 
0,173083 

0.000000 
0,06.3982 
0,088339 
0.105625 
0,118717 
0,128795 
0.138127 
0.147414 
0,156437 
0,165054 
0.173186 

0.000000 
0.063983 
0.088337 
0.105628 
0,118720 
0,128805 
0.138154 
0.147460 
0,156600 
0.166130 
0.173268 

0.000000 
0.064074 
0,088.338 
0,105628 
0,118720 
0,128805 
0.1381.')2 
0.1474.67 
0.15li497 
0.165128 
0.173268 

! 

0 

-

-

ih 

' ' 1 
1 - S. DIFFUSION ; 

2 - F . DIFFUSION _ ^ ^ - ^ 

3-DP-0 <:>^'^'^ 

4 - P - l - ^ " ^ ^ ^ 

^ f < < ^ 

y^^^^^^^^^ 
j ^ ^ ^ ^ ^ ^ ^ ^ 

/ / 5 - D P - 1 
/ / 6 - P-3 AND ALL OTHER 
' / HIGHER APPROX. 

^ 
^'—5 

- - - — 3 

^ - — 4 

-

-
-
-
-
— 

-
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ANGULAR FREQUENCY SQUARED 

4 0 0 
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FIG. VI-17-1 . The Real Part nf the Squared Complex Inverse 
Relaxation Length in Graphite in Various Multigroup Trans
port Approximations. ANL Neg. No. ne-6645. 
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VI-18. Orthogonal Polynomial Solut ions and Error Es t imates for Eigenvalues to the 
Integral Transport Equat ion 

D. A. SARGIS 

P0LV.\0MI.\L SOLUTIO.N OF T H E T R . ^ N S P O R T EQUATIO.N 

Spatial Legendre polynomial expansions for the one-
velocity integro-differential transport equation have 
been employed by G. Pomraning' and N. Paik,' et al., 
to obtain the critical eigenvalue c for slabs of various 
thicknesses. R. Carlson' on the other hand, has used 
simple non-orthogonal polynomial trial functions and 
the method of moments to solve the integral transport 
equation. In this paper we explore the possibility of 
using orthogonal polynomials in solving the one-veloc
ity integral transport e(|iiation eigenvalue problem in 
slab geometry. The orthogonal trial functions are chosen 
so that a rigorous error estimating method may easily 
be constnicted using the degenerate kernel technique 
for solving the integral equation.' The techniques em
ployed here may also be used in treating the transport 
equation in spherical geometry because of its similarity 
to the slab probleni. 

The one-velocity transport equation for the slab with 
isotropic scattering may be written as 

<l>(x) 'J_ Ei( \x - x' \) g,(x)dx (1) 

where c, the number of secondaries per collision, is the 
eigenvalue of interest, x and a are the spatial coordinate 
and slab half thickness in units of the mean free path, 
respectively and Eiix) is the exponential integral func
tion. For the spherical system the flux <t>ix) of Eq. (1) 
is replaced by xifiiz). 

To solve Eq. (1) approximately, consider the follow
ing simpler integral equation 

iix) j R.ix,x',i ',c)i(x')dx'. (2) 

where «(x) ami R ix.x,'.c) are the approximate flux and 
kernel, respectively. 

Assume that the kernel R(x,x ,c) may be represented 
by an Af-th order degenerate kernel 

Rix.x',c) = K"'ix.x'.c) = Y,''nix)li„i.x',c), (3) 

where a„ix) are orthogonal trial functions and the 
^„ix ,c) are determined from 

ffnix',c) = j r, A' i ( | i - j ; ' j ) atdldx. (4) 

The adjoint functions a t ix) are defined so that 

/ a„(x)atix)dx = S.,„ lo) 

where Sm,. is the Kronccker delta function. 
The approximate flux of Kq. (2) is also exiianded in 

terms of the trial polynomials a„ ix): 

ipix) = 2 I -4„a„( j ) , (6) 

where the .4„ are arbitrary constants. 
Using Eqs. (:i), (4), and (6) in (2) we arrive at a 

critical determinant for the eigenvalue c, 

det I ijp - ajp(c) I = 0. 

(•I.P = 0, 1,2 ••• ,.V - 1) 

where Ijp is the Kronecker delta and 

p(c) = I ap(i')ffjix',c)d.r'. IS) 

Alternatively, for given values of c wo may al.so .solve 
the determinantal ec|iialion (7) to obtain th(^ critiial 
slab half thickness a. 

For numerical calculations, the Legendre polynomials, 
P„(.r /a) . ' ' ' are orthogonal on the interval ( —a,o), and 
form a particularly simple set of trial functions. Other 
polynomials which are orthogonal on this interval, such 
as the .lacobi, (Jegenbauer, or Chebyshev polynomials.' 
could also be used. However, these polynomials involve 
evaluation of somewhat more complicated integrals in 
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llif detcrmiimlion of the matrix elements ajp of Eq. 
(S). Uy using Legendre polynomial trial functions, the 
,tj,, raiihc found aindytically with little computational 

cITiirt. 
Thirdorc, for I lie slab, assume 

«(.r) = i : - l > / ' 2 „ ( . r / a ) . (9) 

where only the even order polynomials are used so that 
i(x) = *( — -!•)• Similarly, for the sphere ue could use 

xiix) = 'E.-i,.^iP2,^iix/a) (10) 

so that the synmietry properties of the flux are main-
tiiiiicd in both cases. 

In Tatile VI-IS-I the eigenvalue (c-l) has been cal
cuhited for slabs of various half thicknesses using only 
two Legendre polynomial trial functions (A' = 2) . The 
results obtained by Pomraning and Paik using two 
Legendre polynomials for the integro-difTerential trans
port I'liuation are given in the second and third columns. 
"Kxacl" results obtained by B. Carlson and G. Bell, 
using extrapolated end jioint techniques, are given in 
the hist column. 

It appears that the i'esults obtained in this paper are 
iippiuxiinately an order of magnitude better than the 
results of Pomraning' and Paik.' Furthermore, the 
method employed here does not appear to deteriorate 
for larger slab sizes as do the integro-differential meth
ods.' 

Ill Table \T-18-II slab critical size calculations are 
presented for given values of c. Again only two Legendre 
polynomials are used. Comparison with .S; , P,,, Si^ , 
and "exac t" calculations of Carlson and Bell shown in 
Table \T-1S-II indicates that the jiresent method yields 
ê̂ y good results. In fact, the two-term expansion is su

perior to the .Si( calculation except for the thickest 
slab, o = .5.66.5."). 

It should also be pointed out that the two-term de
generate kernel solution is equivalent to a two-term 

TABLE VI-18-L SLAB EIOENVALUB CALCULATIONS 

Crilical Half 
Thickness in 

Mean Free Paths 

0.310S 
0.3S87 
0.5120 
0,7366 
1,2893 
2,1134 
3,3002 
5,li(;.55 

Pomraning' 

l.OOll 
0.8016 
0,6024 
0,4035 
0,2(H6 
0,1043 

— 
-

Eigenv 

Paik' 

1,002 
0,802 
0.601 
0.401 
0.201 
0.101 

— 
— 

alue c-t 

Present 
Work 

1,000755 
0,800100 
0,599984 
0.400024 
0.200026 
0 100001 
0 050019 
0,020032 

"Exact" ' 

1.00 
0.80 
0.60 
0.40 
0.20 
0.10 
0.05 
0.02 

TABLE VI-18-II. SLAI 

c 

2.00 
l.HO 
1.60 
1.40 
1.20 
1.10 
1.05 
1,02 

.Vi 

0.4007 
0,4924 
0,6197 
0,8455 
1.3890 
2.1984 
3.3718 
5,7262 

C l O I K 

fl 

0,3348 
0.4101 
0.52!l!l 
0,7501 
l,2t)85 
2.1210 
3.3073 
5.6723 

\ l . .^IZE 

• S ' l . 

0.3116 
0.3»il3 
0.6125 
0.7372 
1.2902 
2.1146 
3.3023 
5,6694 

C.MA-VI. 

Present 
VVorIi 

0,31101 
0,38X79 
0,511tl9 
0,7.3664 
1.28943 
2,11342 
3,30098 
5,670.5il 

V T O . X S 

"f.Mirt"" 

0 IIIOS 
0,3,S,S7 
0,5120 
(l,7.'16li 
1,2893 
2,1134 
3.3002 
5,66.55 

variational calculation. In fa(tt, by proper choico of 
trial functions, identical results may be obtained for 
both methods. The degenerate kernel resuit.-^ should 
therefore also serve as upper bovmds for the exact 
eigenvalues in these calculations. 

Since the approximate eigenvalues obtained by this 
method appear to be very good for the two-polynomial 
expansion, it would be useful to have a simple method 
available for obtaining a rigorous estimate of the error 
in the approximation scheme. The variational nature 
of the approximation scheme supplies us with only upper 
bounds for the exact eigenvalues. 

In the next section we (li.scu.ss a simple method for 
establishing error bounds for the exact eigenvalues. The 
error estimates obtained by this scheme are rigorous in 
that the bounds depend only on the difference | c — e \. 
where c is the approximate eigenvalue and c is the exact 
eigenvalue and does not depend on another approximate 
numerical calculation. Therefore, the error in e can he 
estimated witRout having to perform a high ordei' .S'„ 
calculation, for example, to obtain an "exact" result. 

DERIVATION OF T H E ERROK ESTIMATING TEriiMQiE 

In this section we discuss rather briefly a method for 
rigorously estimating errors in the approximate eigen
values generated in the preceding section. The techni(|ue 
is an extension of a very general method previously dis
cussed.'* Here a non-negative weighting fa<-tor w(.r) and 
the concept of a norm are employed to improve the error 
estimates considerably. 

Proceeding as in the earlier paper,* write the exact 
integral efiuation in the form of an inhomogeneous in
tegral equation 

0(a-) = I K(x,x\c)<i>{x')dx -\-f{x), {11} 

where / ( j ) is a source term. For isotropic scattering and 
slab geometry the exact integral ettuation kernel is 

K{x,x',c) = ^Ey{\x x'\). (12) 

file:///T-18-II
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Since in general Kq. (11) can not be solved exactly, 
define a simpler approximate integral eipiation 

17. Reactor Computation Methods and Theory 

1 - hic)\l + Bic)\ < 0 (22) 

« ( . ! • ) fRix,.r'.. r)iti.i')d.i' + / ( , . • ) , (i:i) 

where 0(.r) and Rix,x',c) again re])resent the approxi
mate flux and kernel, respectively. 

Now define the norm of a function 9 ix) as 

\\9ix)\\ max 
| g ( x ) | _ 
w(x) 

(14) 

where wix) is a non-negative continuous function over 
the interval — a < .r < a. 

Equation (11) is now written as 

<t>ix) =f*ix) + / Rix,x',c)<tiix')dx 

(15) 

mix) = f(x) + [jix.x'.c)f'ix')dx', 

where Tix.x'.c) is the resolvent kernel, and 

fix) =/(..•) + £[A'(.r,/,c) 

- Rix.x',c)]<tiix') dx'. 

(16) 

Using the definition of Eq. (14) in Eq. (15), find, 
after applying the triangle and Scwharz inequalities, 
that 

H\\< 11/* II X [1 + Bic)] + f,*B(c), 

where F2 is a non-negative constant and 

B(c) > max f | f(x.x',c) \dx'. 
-oSJ^Sa J-a 

From Eqs. (14) and (16) also find 

11/* II < 11/11 + 11*11 Xhie) 

where 

1 f° 
hic) > max -—— / | A'(a-,j:',c) 

-arsiso w(x) J-. 

— Rix,x',c) I wix') dx'. 

Combining Eqs. (17) and (19), we obtain 

ll^ll , ll/ll X 11 + fl(c)] +/i-*B(c) 
"^" 1 -hic)\l + B ( c ) l 

For c to be an eigenvalue of the exact equation ill),<t> 
must be unbounded.' Therefore, since all of the numer
ator terms in Eq. (21) are non-negative, the eigen
values of Eq. (11) must satisfy the inequality 

(17) 

(18) 

(19) 

(20) 

(21) 

where B(c) and hic) are given by lOqs. (IS) and (20). 
This result differs signilicantly from previous work' 

since the bound hic) of K((. (20) has been modified to 
provide much sharper error estimates. 

In this paper we assume that the weighting factor 
wix) is polynomial in form, 

wix) = EbAx/a)", (23) 

subject to the further restriction that w(x) > 0 for 
—a < X < a. The 6, are adjustable coefficients which 
are chosen to minimize hic) and yield good error 
bounds. 

NUMERICAL RESULTS FOR T H E ERROR 

ESTIMATING METHOD 

In this section we present some numerical results for 
the error estimating technique. Our attention is re
stricted to the approximate eigenvalues of the slab 
integral transport equation using two Legendre poly
nomials as trial functions. For this ca.se the approximate 
kernel Rix.x ,c) is given by the second order degener
ate kernel. 

K'"ix,x',c) = T,o'2Ax)02.ix',c). (24) 

where Q2„(X) = P2,(x/a) and the fi2„ix',c) are found 
from Eq. (4). 

For the approximate kernel of Eq. (24) we limit our
selves to weighting factors of the form 

t<:(.r) = EhAx/af (2.5) 

for M = 0, 1, and 2. Here, bo is set eciual to 1.0 and the 
62's and bi's are selected by a simple computer program 
to give good error estimates for various problems. 

In Table VI-IS-III error estimates are given for 
I c — f I for various slabs. Here c is the two term approxi
mate eigenvalue found previously and c is the exact 
eigenvalue of Eq. (1). 

For a constant weighting factor w(j-) = 1.0, the error 
estimates vary from 6.0 ""c for the thinnest slab to 35.8 % 
for the thickest slab. The results obtained using 
wix) = 1.0 correspond to caleulations presented in 
earlier work.* 

By using the weightingfactor)o(j-) = 1.0-I-63(^/0)', 
the error estimates are greatly improved. For the small
est slab the error bound is 0.66%, while the largest 
slab has a bound of 3,84'",. 

Calculations using a fourth order polynomial, wix) = 
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TABLE \'I-18-I1I. ERROR BOUNDS TOR THE SLAB APPROXIMATE EIGENVALUES 

.')07 

a 

0,3108 
0,3887 
U.6120 
0.7366 
1.28113 
2.1134 
3,3002 
5.6655 

J 

2.000755 
1.800190 
1.599984 
1.400024 
1.200026 
1.100001 
1,060019 
1,020032 

\ c - t \<-

ui(x) = 1.0 

0.120 (6.0%) 
0.122 (6.8%) 
0.128 (8.0%) 
0.142 (10.2%) 
0.179 (15.0%,) 
0.231 (21.0%) 
0,290 (27.6%,) 
0.364 (35.8%) 

w(x) = 1.0 + i / ^ y 

0.0131 (0.68%) 
0.0138 (0.77%) 
0.0142 (0.89%) 
0.0156 (1.12%) 
0.0197 (1.05%) 
0.0268 (2.44%,) 
0.0299 (2.85%,) 
0.0392 (3,84%) 

wl.x) = 1.0-1-

K^y-e)' 
0.00405 (0.20%) 
0.00427 (0,24%) 
0,00428 (0.27',';,) 
0.005(Hi (0.36%) 
0.00608 (0,5I '„) 
0,00813 (0,74',,,) 
0.01087 ( I . IH' , ) 
0.01462 (1.43',,) 

•The percent errors in ^ l/f are given in the parentheseB, 

1.0 -f b2ix/a)' -i- btix/a)', yield still sharper error esti
mates. For the thinnest slab the error estimate is 0.2 % 
while the largest slab has an error bound of 1.43 %. 

From the results in Table VI-IS-III it is clear that 
higher order weighting factors are required in treating 
the thicker slab problems. This is due in large part to 
the fact that more polynomials are required in repre
senting the approximate kernel and flux over a large 
spatial region than over a thin slab. 

The adjustable coefhcients, 6„ , used here were chosen 
to give good error estimates. No attempt was made to 
optimize the selection procedure to give "best" error 
estimates. However, it is apparent that cxi'ellent re
sults may he obtained, with little computational ef
fort, hy using the fourth order w (x). The error estimates 
were reduceil by approximately a factor of 30 in going 
from the constant weighting factor to a fourth order 
polynomial. It also appears that by going to higher 
order polynomials, error bounds can be obtained which 
are close to the exact error estimates. This would be 

possible, however, only at the expense of greater com
putational effort. 
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VI-19. A Directed-Search Subrout ine for Finding M i n i m a 

G. S. SxANrORD 

ITER 7 is a FORTRAN subroutine for finding, by a 
directed-search procedure, the value of x corresponding 
to the minimum of the function y = fix), where y is 
computed numerically. The function fix) need not be 
differentiable or even continuous, but there are three 
restrictions: (1) there must be a non-zero separation 
between the minimum being sought and the nearest 
maximum or nearest zone where y is constant; (2) the 
fegion searched should not include a maximum or a zone 

where y is constant; (3) a 5-function singularity will not 
be discovered, but could cause trouble if it coincided 
with a search point. 

A convergence test is provided that is independent of 
the slope of the function. The subroutine itself requires 
less than a millisecond per iteration, to which must be 
added the time used in computing the value of/. There 
are no dimensioned variables. 

Application to the multidimensional function/(.r,i/,2, 
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• • •) is easily accomplished, with an initially coarse 
search mesh that is refined as the search proceeds. In 
tests with simple 1-, 2-, and 3-dimen3ional problems, the 
numbers of times t h a t / had lo be calculated were typi
cally ill the ratio 1:6:20, for comparable convergence 
criteria. In routine one-dimensional use as part of the 
NURF '" foil data code, about 12 cycles provide satis
factory convergence. 

ONE-13IMENSIONAL APPLICATIO.NS 

The FORTRAN subroutine ITER 7 has been written 
for use in finding the value of x that correspond to a 
minimum of the function y = fix), where y is computed 
numerically. Thus fix) may be non-differentiable, but 
there must he a non-zero separation between extremum 
points. For example, y might be the sum of the squares 
of a set of residuals, which can be minimized by ap
propriate selection of x. 

ITER 7 is called repetitively to discover the mini
mum. An initial increment dx must be specified; subse
quent increments are determined by ITER 7. The call
ing program uses XQ , an initial value of x, to calculate 
an initial value of y, and then calls ITER 7, which re
turns an incremented value of x to the calling program 
for recalculation of y, and so on. Let c be the number se
lected for determining when convergence has occurred 
(see below), and let n^ be the upper limit for the num
ber of cycles through the loop. Then ITER 7 is used in 
the following manner: 

X = .r„ 
DX = dx 
NMAX = n„ 
( ;0NCRI = c 
NCYCL = 0 

100 [calculation of y = / (X) j 
140 CALL ITER 7, (NCYCL, Y, X, DX, C0N-

CRI, NMAX, IST0P, DDX) 
150 IF (NCYCL. EQ. NMAX .0R. I.ST0P .EQ. 

1) 200, 100 
200 [Continue] 

The parameter IST0P is the convergence indicator: 
it is initially set to zero by ITER 7, and becomes 1 when 
the convergence criterion has been met. The only other 
parameters whose values are changed within the sub
routine are NCYCL, X and DDX. The value of DX, 
the initial .r-increment, is not changed within ITER 7, 
new values of the increment being stored in the location 

DDX. DDX is included in the parameter list because 
in multi-dimensional applications (see below) it is 
useful to have it uvailiiblc in the calling program; for 
onc-dimeiisional ))rolileins it is not normally iieeih'il. 

Because the calculation of y is done in the calling 
program, rather than (as is done in some similar CIKICS) 
by a separate subroutine called by the iterating sub
routine, certain loading complications are avoided in 
computers such as the DDP-24, where the order of 
loading subroutines is important. 

The FORTRAN listing (CDC-3600) for ITKll 7 is 
given in Fig. VI-19-1. In operation, the subroutine 
changes X by increments DX untd the minimuin has 
been pas.^ed. (The initial direction of man-h is reversed 
if the .second value of Y is greater than the first.) When 
a value of Y greater than (or equal to) the preceding 
one indicates that a minimum has been fiassed. the sign 
of DDX is reversed, and its magnitude is made half as 
great. Since the second such step in the reverse direction 
would repeat a calculation already made, that point is 
jumped over, the corresponding value of '\' having been 
retained. This procedure eliminates most recalculations, 
but not all, since still earlier points are occasionally re
peated. 

The criterion used by ITER 7 in determining con
vergence takes advantage of the fact that each time the 
increment is divided by two, the new value of x cannot 
be away from the minimum by more than three times 
the new increment. Thus the user inputs for C0NCHI 
a suitable fraction of his selected initial dx. (The con
vergence test occurs in statement 20 of the FOKTIi.W 
listing, Fig. \T-19-1.) This method for detcmiiiiiiig con 
vergence avoids problems that can arise wilh a slo|ic-
sensitive criterion in the following situations: 

(a) a slope which changes very gradtnilly near the 
minimum. In that case the significant-figure limitation 
of the computer can be exceeded because successive 
values of y become approximately equal, 

(b) a slope which is discontinuous at the minimum. 
(c) the i-ase where there is some jitter in successive 

calculations of y—which can happen if. for instance, that 
calculation also involves an iteration proceilure, as in a 
multidimensional application. 

If, however, a different type of convergence test is 
desired, it can be inserted in the calling program be
tween the statements numbered 140 and l.'iO in the 
above example. C0NCRI must be made sufficiently 
small, and the tests performed by statement l.")0 should 
never be bypassed, except on leaving the loop. 

To test the one-dimensional performance, the parab
ola .1/ = X' was used, along with the input quantities, 
Xo = 5, (il- = 1.5462 and c = 1.27 X 10~'. Thirty-two 
cycles were required for convergence, with the final 
values X = 1.024 X 10"', y = 1.048 X 10 '. 

file:///T-19-1
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SUBROUTINE ITER 7 (NCYCL, «, B.DB, CONCRI, NfAX. ISTOP, DELB) 

PRODUCES INCREMENTED VALUES OF B IK SEARCH FOR A NINIKUM VALUE OF 
INITIAL INCREMENT IS CB, AND CONCRI IS THE CONVERGENCE CBUERlSLfsEE 
STATEMENT 20). CALLING PROGRAM MUST INITIALLY SET NCYCL TO ZERO^ ill IT 
MUST TEST FOR (NCYCL .GE. NMAX) AND FOR (ISTOP .EO. 1 ) , AND L E A S E lOC? i^EN 
EITHER OCCURS. ISTOP IS INITIALLY SET TO ZERO BY TER 7. ANC BECoiE^l 
WHEN THE CONVERGENCE CRITERION HAS BEEN MET. BECOMES 1 

9010 FORMAT (/. MESSAGE FROM ITER 7... CALLING PROGRAM HAS FAILED TO. 
2 • NOTE THAT CONVERGENCE CRITERION HAS BEEN MET. (• 
3 EI0.3 • . ) . / . EXECUTION TERMINATED. •) 

9020 FORMAT (/• MESSAGE FROM ITER 7... CALLING PROGRAM HAS FAILED TO. 

509 

NOTE THAT MAX. NO. OF CYCLES (• It'.) HAs'sEEwi" 
EXCEEDED.* / . EXECUTION TERMINATED. •) 

t GO TO 100 

IF (NCYCL .LT. C) NCYCL • 0 
IF (NMAX .GT. 3C0) NMAX « 30C 
IF (NCYCL .GT.(NMAX'»2)) GC TO 210 
NCYCL - NCYCL • 1 
IF (NCYCL .CT. 1) GO TO IC 
CELE > CB « ISTOP > K > 0 $ Q2*A 

10 IF (ISTOP.EC. 1) GO TO 200 
IF (K .EO. 1) GO TO 15 
C2 = A $ GO TO 20 

I S C 1 = A t Q 2 > Q K 
20 IF ( ABSF(DELe/CB) .GT. CONCRI ) GO TO 30 
25 ISTOP ' 1 $ RETURN 
30 IF (02 . E O . 0 . 0 ) GO TO 35 

IF (AESF ( ( 0 1 - 0 2 ) / 0 2 ) . L T . 1 . 
35 IF (Q2 . G E . 0 1 ) GO TO AO 
NOTE THAT IF K . l , DELB GETS ADDED TWICE (ONCE BY STATEMENT 1 0 0 ) . 

IF ( K . E O . O ) GO TO 100 « B - B+DELB $ Cl-OK % CC TO 100 
AO IF (NCYCL . G T . 2 ) GO TO 5C 

DELB > - DELB 
B • B •• 2 . • DELB $ RETURN 

50 IF (K .EO. 0 ) GO TO 60 I 0K"01 % OEIB • DELB/2 $ CO TC IOC 
to CELB ' -DELB/2 J K » I t OK • Ql 

B s 6 « DELB i RETURN 
100 e >: B •» DELE $ I F (K .EO.O) C I »• C2 " $ K « 0 

RETURN 

E - 1 0 ) GO TO 50 

200 PRINT 9 0 1 0 . CONCRI 
210 PRINT 9 0 2 0 , NMAX 

% STOP 
t STOP $ ENC 

FIG. VI-19-1. Fortran Listing for ITEH 7. ANL Neg. No. 112-Si 

Ihe CDC-3(XK) computer time required was checked 
with the same iiroblem, with c = 10"". The number of 
cycles was 11.5. and the total time spent in the loop was 
0.107 sec, for an average of 0.33 millisec per cycle. (The 
final value of x was 1.4 X 10"".) 

The approximate number of cycles. A', required for 
convergence can be estimated from 

Â  « 2.3?i + b, 

where n is given by 2"" = c, and b is the number of 
initial increments dx that must be traversed before the 
raiiiimum is reached for the first time. 

The memory space required by ITER 7 is minimal, 
since the subroutine does not use any dimensioned vari
ables. 

ITER 7 has been in routine use as part of the NURF 

foil data processing code.' In that application, sat isfac-
tory convergence is obtained in about 12 cycles. 

MULTIDIMENSIONAL APPLICATIONS 

While the above discussion explicitly considers only 
one-dimensional problems, ITER 7 can also be used to 
find minima in two or more dimensions. For a two-
dimensional problem, for instance, one can use two such 
subroutines called ITER 7 and (say) ITER 8. To find 
the minimum of z = fix.y), one would use ITlOli 7 to 
find the minimum of 2 = fix.yi) where y, is kept fixed, 
followed by a single call of ITER 8 to produce an in
cremented 1/1 for recalculation of fix.yi). ITER 7 is 
again used to find the minimum in the x direction, fol
lowed by another call of ITER 8, and so on. One possible 
method is as follows, where the subscripts 7 and 8 refer 
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respectively to the x and y iterations. Two separate 
ITER subroutines are required here, because ITERS 
stores some quantities during operation of ITER7. 

200 CALL ITERS (NCYCL8, Z, Y, DY, C0X-
CRI8, NMAX8, IST0P8, DDY) 

IF (NCYCL8. EQ. NMAX8. 0 R . 1ST0P8. 
EQ.l) 300,50 

.300 [Continue) 

'^' = 'J« 

DY = dy 
DDY = dy 
NMAX8 = n„, 
C0NCRI8 = c, 
NCYCLS = 0 

40 F = / 
X = x„ 
NMAX7 = n„7 
C0NCRI7 = c, 

50 NCYCL7 = 0 
51 DX = F«DDY 

100 [Calculation of Z = / ( X , Y ) ] 
CALL ITF,R7 (NCYCL7, Z, X, DX, C0N-

CRI7, NMAX7, IST0P7, DDX) 
IF (NCYCL7. EQ. NMAX7. 0R. IST0P7. 

EQ.l) 200, 100 

Statements 40 and .'il, in the above example, permit 
starting with a coarse mesh which becomes finer ;is the 
search proceeds. The .r-convergeiice IIIIIIIIHT C, should 
be made large—like 0.7. (It must be < 1 . .\iiy c, hi-
tween ,'2 and 1 will cause the inner looj) to lie left after 
a single reversal of DDX.) That way FriOU 7 will only 
be called a few times on each pass, but X will converge 
along with Y, since the initial increment DX for each 
new round is tied to DDY by statement ."il. The factor 
F wovdd be set equal to unity if the convergence re-
Cjuirements for X and Y were roughly the same. Ulti
mate convergence is determined by c j . 

As a test of this procedure, it was used to find the 
minimum (which occurs at the point [0.0,0)) of the p:i-

PROCiHAM 1TH3D 

TO CHECK 3-DlMENSIONAU PERFORMANCE Of ITER 7 

8010 FORMAT (4E10,3) 

9110 FORMAT (6H DZ • FS.A, 6X9HC0NCRI7 • E12,5. SX'HOONCRIa » E12.5. 
X 6X 9HC0NCRI9 • E12,5 // ) 

9120 FORMAT (* NCYCL7 N C Y C L B NCYCL9. BxlHX, 13X1HY, ISXIHJ, 13X1HT, 

X ISXZHDX, 12X2HDY / ) 
91A0 FORMAT (//. ELAPSED TIME FOR ITER7,8,9 HAS ••3PF8,4. SECONDS.*) 
9150 FORMAT ( 3(15,3X), 6B14.4 ) 
9160 FORMAT (//. TOTAL K U M B E R OF ITER 7 CALLS HAS • 18,IM.) 
9170 FORMAT ( IHl) 

20 READ BOlO, C0NCRI7, CONCRIB, C0NCRI9, DZ 
3 0 x « 5 $ r « 5 

NMAX7 . 2 0 $ NMAX8 = 20 
ODZ • DZ $ NCYCL9 • 0 
PRINT 9110, DZ, C0KCRI7, CONCRIB, C0NCRI9 
PRINT 9120 s NSUM7 t 0 

t IF (EOF,60) 40C,30 

» Z • 5 
S NMAX9 • 50 

TO • TIMELEFT(TO) 
50 NCYCLB • 0 1 DY • DOZ I DDY . DY 

100 NCYCL7 " 0 $ OX • DDY 
150 T • X««Z * Y».2 * r«»2 * (X»Y)««2 S N S U M 7 » N S U M 7 « 1 

CALL lTfcM7 (NCYCL7, T, X, DX, C0NCRI7, NMAX7. 1ST0P7, BDX) 
IF (NCYCL7,E0,NMAX7 .OR. IST0P7.EQ,1) 250,150 

250 CALL 1TEH8 (NCYCL8, T, Y, DY, C0NCRI8, NMAX8, IST0P8, ODY) 
IF (NCYCLS,EO.NMAXS ,0R. ISTOP8.E0,l) 300,100 

300 CALL 1TEM9 (NCYCL9, T, Z, DZ, C0NCRI9, NMAX9, IST0P9, DDZ) 
PRINT 91!.(), NCYCL7, NCYCL8, NCYCL9, X, Y, I . T. DX, DY 
IF (NCyCL9.E0,NMAX9 .OR. IST0P9,EQ,l) 350,50 

350 Tl . TIMELEFT (Tl) s TELAPSED • TO • Tl 
PRINT 9140, TELAPSED S PRINT »160. NSUM? 

PRINT 9170 
400 STOP 

S QO TO 20 
S END 

FIG. V I - 1 9 - 2 . Example of a 3-Uimen8ional Application o( ITER 7. ANL Neg. No. 112-1 
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raboloid -' = 

i|Uantities: 

.!•• + xy -\- 1/", using the following input 

•To = I/O = 5 

c, = 0.7 
c« = 10"' 
dy = 1..5462 
/ = 1 

Convergence was reached after ITER 8 was called 38 
times. ITER 7 was called an .average of 4.7 times/pass, 
it having been necessary to make the calculation of z 
180 times. (Xote that z does not need to he recalculated 
just prior to the y iteration since x is not changed by 
ITER 7 on the final call.) The total computer time 
spent in the iteration loop, which included 38 lines of 
printout, was 490 millisec. The final values were: 

X = 2.9 X 10"' 
y = lAX 10"' 
z = 2.0 X 10"' 

Figure VI-19-2 contains a test program (PROGRAM 
ITH3D) which applies ITl^K 7 to the three-dimensional 
problem of finding the minimum of the four-space sur
face t = x^ -V y^ -{- z' -\- x^if. It was found that a 30 to 
50% time saving occurred when C0NCRI7 and C0N-
r m s were between 0.5 and 1, as compared with the 
range 0.25 to 0.5. With C0NCR17 and C0NCRI8 in 
the former range, and starting out at a; = y = 2 = 5, 
six values of DZ (= DX = DY) were tried, ranging 
from 1.5 to 2.1. (C0N(TiI9 was kept at 10"'). The 
number of times t was calculated was variable, ranging 
from 48:̂  to 1021, with an average of 710. The final 
magnitudes of X, Y, and Z were all below 1.6 X 10" , 
with the final values of T all below 8.4 X 10"'. 

DISCUSSION 

ITER 7 appears to pro\ide a reasonably efficient 
means for finding the minimum (or maximum, by in

verting the function; or zero, bx using llic ah,><oliile 
value of the function) of a iioii-difl'ereiiti:ible function of 
one or more variables. If the function has more than 
one extremum point, the subroutine can still be used, 
provided there is no maximum between the initial aji
proximation and the desired minimum, and that the 
initial independent-variable increments are not large 
enough to cause one of the maxima to be passed over in 
the first one or two steps. A code employing ITER 7 to 
find successive extrema (or zeroes) could easily be 
written. 

Some additional limitations in the use of ITER 7 
should be noted for completeness: (1) Tbe search jiro-
cedure can be disrupted if between the starting point 
and the minimum being sought, there is a region where 
y is constant. (2) The search process might also be dis
rupted if a 5-function singularity happens to coincide 
with a search point; other such singularities will not be 
detected. (3) If the minimum should occur at a cusj) or 
pole in fix), or at, or very near a discontimiity, the 
search procedure will still find, \\'\t\i the specified preci
sion, the value fif x where the minimum occurs; how
ever, the value of y at that value of x might differ ap
preciably from the actual minimum value. 

As is typical of such procedures, the time required for 
satisfactory convergence is strongly dependent on the 
quality of the initial guess. In the examples given above, 
it is obvious that starting out closer to the origin, with 
correspondingly smaller initial increments, could have 
produced equally good convergence with many fewer 
iterations. As, already mentioned, in routine use as part 
of the NURF code, about 12 iterations are needed. 
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Section VII 

Miscellaneous 

This Section is a miscellany treating a small variety of topics. The first three 
papers describe exploratory work which was undertaken to investigate possible ob
jectives and areas of difficulty. Work related to thermionic conversion was ter
minated during the fiscal year being reported. The first paper represents work con
tinued from the preceding two years. The last two papers were done collaboratively 
with and as a service for other Divisions, respectively. 





VII-1. Nuflear Pumped Carbon Dioxide Gas Laser—IVIodcl I Experiineitts 

J. A. DESHONG, .JR. 

I'rcliniiiiary investigations have been carried out on 
an electrically-pumped COj N,-He laser system.' The 
system was successfully operated in a neutron flux of 
2 X lO'" n,/em'-sec (thermal), deniimstrating satis
factory mirror operation at this flux level as well as 
successful very low level infrared detection only a few 
feet from the nuclear radiation. 

llethods of coating (piartz la.ser tubes internally with 
adherent B-10 coatings of O.ti to 1.5 mg/cm^ thickness 
were worked out with special vapor blasting and rotat-
ing-bakeout techniques. The coatings are adherent up 
to 7(X)°I'' or more. The tubes were provided with elec
trodes to permit electrical pumping while the tube is 
being irniilialcd with a Hux of reactor generated neu-
tnins. 

A series of experiments has been completed utilizing 
electrical pumping to study the variation in lasing 
threshold produced by the Ii-10 coatings when the 
above tubes are irradiated. Reactor neutron fluxes 
ranged up to 2 X lO'" ii.'cm' sec (thermal). This was 
the maxinium flux achieved at the laser location in the 
Argonne Thermal Source Reactor (ATSR) with the 
reactor operating at its full licensed power of 10 kilo
watts. 

The results of these (iUalit:it ive tests showed that the 
electrical power required to attain the lasing threshold 
decreased gradually as reactor fiux was increa.sed up to a 
flux of about 5 X lO' n/cm^-sec (thermal). Then as the 
flux was increased further, the electrical power needed 
for threshold began to rise until it exceeded the power 
required initially with no neutron flux. At a flux of 
about 5 X 10' n/cm'-sec a large increase in electrical 
power was necessary to reach tfu-eshold. However, 
once the threshold power was exceeded, the laser out
put corresponded to that obtained for the same pump
ing power with no neutron flux present; i.e., the phe
nomenon seemed to be related only to threshold 
operation. The above effects were very reproducible. 

An interpretation of the experiments is complicated 
by the fact that the electrical discharge between the 
elwtrodes in the laser tube itself could be affected by 
the ionizing radiation. It is possible that this is what 
was observed since only the tube voltage required to 
fcach threshold could be used as a rough indication of 
input power. The dynamic current and power were not 
measured because of high voltage problems. An optical 

telescope and several mirrors were arranged to jicriiiil 
viewing the tube plasma from the reactor control room 
while the tube w âs being irradiated. It was observed 
that the tube plasma for a given pumping voltagi' be
came more luminous and regular when a neutron flux 
was applied to the tube. This would be expected in the 
presence of ionizing radiation and the threshold changes 
observed probably were caused by degraded lasing 
conditions rather than by reduced pumping current 
since a more luminous plasma would seem to indicate 
higher discharge current and therefore higher pumping 
power. 

In summary, the electrical pumping experiments 
seem to indicate that the ionizing fragments from the 
B-10 coatings in the laser tube contributed useful 
power toward pumping of the laser at lower neutron 
fluxes. The degradation that occurs at higher flax is not 
understood as yet. Considerable time was spent, in 
varying gas mixtures and pressures while the reactor 
was operated at 10 kilowatts, but no conclusive evi
dence of basing was obtained using only ionization 
produced by the B-10 layers. 

The laser also was operated in the reactor flux with 
cadmium shields wrapped externally over the Ii-10 
layers. There was no detectable change in the lasing 
properties w'hich were checked over the entire range of 
electrical pumping power while the reactor flux was 
varied from zero to 2 X 10 n/cm-sec (thermal). 
This demonstrated that the laser mirrors were un
affected by the reactor environment in the above flux 
range. -\lso the reactor fast neutron and gamma flux 
would seem to have little or no effect on lasing. Either 
the thermal neutron flux or the in.a) reaction products 
therefore must be responsible for the threshold changes 
that were observed without cadmium shields on the 
tube. 

The original calculations to determine the neutron 
flux required to pump the la.ser to threshold were based 
on crude estimates of the energy deposited in the lasing 
gas by the B-10 layer. A series of measurements was 
made recently to determine the actual energy iii|)ut to 
the laser gas during the pumping experiments. The re 
suits are applied to recalculate the neutroii flux re
quired to pump the laser to threshold. 

The maximum power actually deposited in the Ĉ Oj 
laser gas during the ATSR nuclear pumping experi-

615 
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ments is calculated for the "standard" gas mixture 
which consisted of 1 torr of CO2, 1.33 torr of N j , and 
11.67 torrof He. 

dx 
(laser gas) = 1133 ev/cm-torr-frag 

Then 

path length (0 = 2 X tube radius 
= 1.9 cm 

total pressure ip) = 14 torr 
energy deposited (E) = idE/dx) ip X I) 

= 30138 ev/frag. 

The power entering the gas is 

N X E X A X L 
PoAS V 

where 

N = number of fragments entering the gas per cm 
per sec 

E = energy deposited per fragment 
.1 s area of B-10 per cm of length 
L = B-10 layer length 
V = total tube volume. 

Therefore, 

ATI3.01 X 10') (TT X 1.9) (33 X 2.54) 
T ( 0 . 9 5 ) H 4 6 X 2.54) 

= (4.55 X 10')N. 

N = F*. 

PoAB 

Since 

where 

F = fragments entering the gas per unit flux 
"f" = neutron flux averaged along length of B-IO 

layer, 
-V = (00530) (1.9 X 10'°) = 1.02 X 10' frags/ 

cm'-sec 

whence 

PoAs = (4.55 X 10') (1.02 X^IO') 

= 4.64 X 10" ev/cm^-sec. 

The estimated power, POAS , that must be deposited 
in the CO2 laser gas mixture to attain threshold was 
calculated in Ref. 1 to be 

PoAs = 2.43 X 10" ev/em'-sec at threshold. 

Then, with ATSR operating at maximum power (10 
kW), the calculated laser threshold condition was 

exceeded by a factor 

M 
4^4_X i<r 
2.43 X 10" 

19.1. 

However, if the usual rule-of-thundi factor of 10 in
crease is applied to the calculated laser threshold to 
take care of unknowns, the flux at which lasing was 
expected was exceeded by a factor of only 1.9. 

A number of conclasions can be dr;iwn from the 
calculations: 

1. The analysis shows that a relatively modest 
margin of 1.9 was attained above the flux at which 
lasing was expected. This is insufficient to conclude 
that lasing is not feasible, and reactors capable of 
higher flux then ATSR are being considered for future 
experiments. 

2. The energy distributiim to the helium, nitrogen 
and carbon dioxide in the nuclear pumped system was 
in the ratio of 1.6:1:1, respectively. It would be helpful 
to know this distribution in the electric;illy piinipe<l 
system and the role actually played by the helium. \ 
number of investigations of this problem arc being car
ried out at various lasiT development laboratories. 

3. The fragment energy spectra of B-IO layers var>-
ing in thickness from O.ti to 1.5 mg/cm' were obtaineil. 
A thickness of 0.7 mg/cm" emitted the most energy for 
a given neutron flux, although 0.6 mg/cm' gave very 
nearly the same energy. The experimental laser tubes 
used about 0.6 to 0.65 mg/cm', so maximum output 
was obtained in the experiments. It is evident from the 
efficiency curve of the B-10 layer that somewhat greater 
layer eflicieney can be achieved with thinner layers at 
the expense of increased flux. The maximum efficiency 
attainable in the layer itself is 50 percent because at 
least half the fragments travel away from the gas space 
and never enter it. If overall reactor efficiency is con
sidered, the operating point selected would depeml upon 
whether the layer material is B-10 or U-235 and, if 
U-235, how much of the total 1^-235 is contained in 
laser tubes. For the present experiments, maximum 
output represents the correct operating point, and a 
B-10 layer of 0.6 mg/cm" will be used. 

4. Measurements of the amount of energy alisorheil 
by the gas correlated well with the calculated values 
for CO2 and N2. An error was located in the original 
helium calculation which subsequently agreed well 
with the measured value. Reliable calculations of heavy 
ion energy deposition in gases can now be made. 
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VIl-2. Analysis of P lasma Ion Frequency in Low Pressure Alkali Metal Vapor 
T h e r m i o n i c Conversion Cells 

H. K. RiciiAHDS 

2ir/X 

No.MENCLATUIiE 

a = emitter-collector distance 
E = potential gradient, V/cm 
J = current density 

/ = V^i 
K ^ Boltzmanii's constant 
m = particle mass 
n = variable particle density 

;iu = average particle density 
T E temperature, °K 
u = average velocity of particle 
V = variable velocity 

V = variable voltage 
V'o = dc output voltage of the cell 
T, = emitter temperature 
X = direction from emitter to collector 
X ^- wavelength 

= (3 = propagat ion constant 
€ = electronic charge 
2 I 'i , 

01; = 4ire nin/nii 

air ^ 4ffc Uco/mt 

4>« = emitter work function 
<1>, = collector work function 
^0 = sheath potential (positive) 

m.f.p. = mean free path 
IM = imaginary 
PM = potential minimum 

= \/~p = m^/vi, 
01 = frequency, rad/sec 

air = real part of cj 
3a = IM part of w 

subscripts: 

e refers to electrons 
i refers to ions 
a refers to atoms 

The theory of self-excited ion plasma oscillations in a 
low pressure thermionic converter was treated in Ref. 
1. Flcctrons and ions move between emitter and col
lector: electrons remain at the collector after reaching 
it, while the ions are discharged and return as neutral 
atoms. It was shown' that for this case, the electrons 
feed energy into the system under certain conditions, 
exciting oscillations. Following the assumption of L. 
Tonks and I. Langmuir,' it was assumed that the 
electron beam follows the potential variations instan-

Uli/u), 

t aneous ly d u e t o the i r negligible mass compared wilh 

t h a t of ions. T h e expression for t he ion p lasma oscilla

tions under these conditions was found to be 

r a- 2"]-l/2 
/3MI ± j V ^ (3M, 1 - - ~ = w,v + io:. (1) 

where /3u, is the real part of ai, while the imaginary jior-
tion ja represents oscillations, provided oi,. > fi^ii. . 
For tOe = (i^u\ , this expression is no longer v.alid and 
has to be replaced by a better approximation, liquation 
(1) agrees quite well with most experimental results. 
However, the observation that the jilasma frequencies 
always increase with an increasing positive voltage of 
the collector (Fig. VII-2-1) does not follow from Eq. 
(1) and requires a more detailed theoretical treatment 
which will now be presented. 

From the Boltzmann equation, the space cluargo 
equation, and the continuity equation, the following 
expression was derived by .1. Pierce and K. Hern-
quist: ' '*' 

1 = .+ (2) 

(3) 

ioi - &u,y- ioi - fiu,)' • 
expanded, this equation may be written as 

oj' - 2ai'/3(?j. + «,) 

- Hi'loil - ff'ul -\- w] - li'u] - 4ff'u.u,] 

-t- 2oi0lUiiu. - &'u:) + u.ioi] - ^'u,)\ 

- ffV.ioil - fu]) -f oiW.] = 0. 

The ratios oil/J, = m./mi = p = 2392 X 10"' for 
sodium and are even less for cesium and potassium. 
Also, iui/u,)' < p. Therefore JI — fiV, wdl be omitted 
in the third and fourth term and Ui will be omitted in 
the second term. Setting oi. = poi, , Eq. (3) can be 
reduced to 

w* - 2oi'0u, - oi'ioi] - 0Stl - 4fu,u,) 

+ 2oi0u,iuil - ^V,) (4) 

- 0\u]ioil - (ful) + poilu,]. 

Equation (4) has four solutions. Two of the solutions 
refer to large values of w, and all terms containing 
products with poil and u] and w, may be neglected. 
These two solutions are given approximately by to' = 
2/3u, •]- Ol] - ifu', and u = (3i(,, ± oi,. These are electron 
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Scale,/isec/divibion. ANL Neg. NIK 112-1635 

oscillations and will not be (•f)nsi(icrod further in this 
report. The other solutions refer to w « I3ut and are 
ion plasma osfiJlations. Here the term w may be neg
lected. Hence 'Iw^fiu. (the second term) and 4(3̂ w,WiU)̂  
of the third term will be treated as perturbations. 
Without these perturbation terms the result is identical 
with Eq. (1), viz: 

Wl = jiUi ± J \/, 

where 

M au. 1 - -^,~ I = u „ + j a , 

Introducing the values for oi, and 

Aî  = - , '^"' „ [( ai -I- uiL) ± / 
01-, — (3 u; 

Thus, from Eqs. (5) and (6) 

oj'i , \j{. {.'}) becomes 

(0) 

= Aoi. + jAa. 

QH 2 2 j 3 3 

and 

- - 2 . . . . . 

a'l = oil, — a i -f- zjaioiir . 

Substituting u, + Au for w. il follows that for Am 
Ao), + /Aa, 

A„ = - "•<^"- Tl - _ ^ ! ^ 1 
oil - iPn] L oil - 0u.\ 

oil - 0'ul I ai J 

= 01,1 + A. = 0U. \l + . , ^ f : , ] 
L ui; - iihi;_i 

2j,l 3 
pi'jl.p U. 

{oil - 0-V.? 

(7b) 

for 01, > a'u, . 
(5) 

Equations (7a) and (71)) show that the observed fre
quency, oir/2rr, is a function of u , . As ment ioned before. 
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Fill, VII-2-2, (ll) DC and RF Thermionic Energy Con
version Cell Schemalic, (b) I!F Equivalent Open Circuit. 
ANL Neg. No. 112-8184 Rev. 1. 

if the collector potential becomes more positive, the 
rf frequency increases for all alkali metal vapor cells. 

Assume now (F'ig. VII-2-2a) that *, = * . + Vo, 
that is, that there is no voltage difference between the 
electrodes. Hence, the cell operates at the knee of the 
characteristic, and all electrons and ions can arrive at the 
lullcitor, where the ions become neutral atoms. The 
rf section is open, (Fig. VII-2-2a and VII-2-2b). A 
positive sheath potential ^o will exist in an ion rich 
plasma while the plasma remains es.sentially neutral. 

If the collector potential is increased (Fig. VII-2-2a), 
the electrons can still reach the collector, but more and 
more ions will be reflected. In order to maintain 
neutrality of the plasma, fewer ions can be permitted to 
enter from the emitter through the emitter sheath. 
This will he accomplished by a self-adjusted increase 
of the sheath potential ^o. Since the velocity of the 

electrons inside the plasma is given aiiproximately by 

Uc - A/riU -I- - ^ , 
Y in, 

where 

.2 , /KT,. 
U.O = i/ , 

V ni, 

it is seen that u, increases with the applied i-ollcclor 
voltage. From Eqs. (7a) and (7b) it follows immedi
ately that this increase of the dc voltage increases the 
frequency of the plasma oscillations. 
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VII-3. Experimental Invest igat ion of Electrical Conduct ion Through 
Noble Gases at High Temperatures 

H . K . RiCHAHDS 

Electrical conduction through noble ga-ses was ob
served during a series of experiments performed to 
Measure physical properties of uranium carbide at high 
temperatures (see Paper VI-23). The measurements 
were made in a modified high temperature furnace' at 
filament temperatures between 1.500 and 2400°C. The 
experimental setup is shown in Fig. VII-3-I. The tung
sten filament is a cylinder of 7..') cm diam. The filament 
was run with the upper, water-cooled, copper electrode 
positive and the lower, water-cooled, copper electrode 
a' electrical ground. Surrounding the filament is a 
•ungsten reflector. A tungsten cylindrical probe was at

tached to a tungsten rod passing through an insulator 
in the upper electrode. Temperature of the i>robe was 
measured by an optical pyrometer sighted through open
ings in the reflector and the filament. Helium or argon 
gas, slightly above atmospheric pressure, was pas.sed 
through the furnace using an adjustable-flow cover gas 
system. The probe rod was connected, as sho\\n in Fig. 
VII-3-1, to a power supply capable of variable voltage 
output ranging from 0 to ±30 V. 

With the power supply short-circuited, the heater 
filament was positive relative to the probe. When the 
filament temperature was raised to 1500°C, a positive 
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current of several pA was measured flowing from the 
probe to ground. Potential of the probe was measured 
by a voltmeter and found to be one-half of the applied 
(positive) filament voltage. This condition is equivalent 
to an electron current emitted by the probe and flowing 

UPPER ELECTRODE 

W - F I L A M E N T 

-PYROMETER 

W - R E F L E C T O R 
POWER 

SUPPLY 
0 — . - 3 0 V 

- L O W E R E L E C T R O D E 

Flo. V1I-3-I. Mrasurenient of Electron Currents Through 
Noble Gases ut 1 atm Pressure. ANL Neg. No. 112-8186. 

to the filament. When a po.sitive voltage was applii'd to 
the probe by the power supply, the current decreased, 
reaching zero when the power .supply voltage uas ap
proximately one-half the applied lilainent voltage; then 
the current reversed direction as the supply voltage was 
increased further. As the supply voltage was made more 
negative, the probe current increased to a satiir.ation 
value. At temperatures near 1.500°C, the saturation cur
rents were only slightly above the zero supply \-oltagc 
values, but temperatures >2CKX)°C saturation cui--
rents were much higher than the zero voltage currents. 
The current also was found to be a fiinctinn of g;is flow 
rate, increasing at low flow rates. 

Considerable difTerences in probe currents were ob
served between helium and argon. Table VII-3-1 lists 
results for both gases, over a 900°C temperature range, 
obtained with supply voltages of 0 and —10 \ ' . Meas
urements were taken at low gas flows. The columns 
marked "Supply" designate the applied supply voltages. 
The effective probe potentials were approxiniateI.\ .j-S 
volts more positive, because of the effect of the filament. 
The / • are the saturation electron emission currents 
calculated for a 32.3 cm' tungsten surface in vacuum at 
the indicated temperatures. These values are probabi}' 
different from the emission in gases, due to changes in 
the surface work function. Large differences are not ex
pected. The measured currents are listed in the fourth 
and eighth columns. I t is seen that for both hcliuni and 
argon the currents increase rapidly as the temperature 
increases. .\t lower temperatures, the currents in hcliniii 
are slightly higher than those in argon while at high 

TABLE VII-3-1, MEASUREMENTS OF ELECTRICAL CURRENT BETWEEN PROBE .AND FiL,\ME\r IHHOCOH TIEI .UM AND .\io,o.\' 

Gas: He 

Supply, 
V 

0 
0 

- 1 0 
0 

- 1 0 

0 
- 1 0 

0 
- 1 0 

0 
- 1 0 

0 
- 1 0 

T. 
°C 

1450 
1550 
1650 
1675 
1575 

1790 
1790 
1830 
1830 

2090 
2090 

2360 
2350 

I, 
Calculated, 

mA 

0,3 
1,94 
1,94 
3,10 
3,10 

69.00 
69.00 

130.00 
130.00 

2480.00 
2480.00 

27,800.00 
27,800.00 

/ 
Measured, 

mA 

0.13 
0,44 
1,30 
1,40 
4,00 

6.20 
12.00 
28.00 
62.00 

38.00 
80.00 

1300.00 
1900.00 

Gas: A 

Supply, 
V 

0 
- 1 0 

0 
- 1 0 

0 
- 1 0 

0 
- 1 0 

T. 
°C 

1575 
1575 

1810 
1810 

2110 
2110 

2330 
2330 

Calculated, 
mA 

3.10 
3.10 

97,00 
97,00 

3070.00 
3070.00 

24,30(1,00 
24,300, (HI 

; 
Measured, 

mA 

0,65 
1,10 

55,00 
130,00 

8(X),00 
111X1,00 

liiimMHi 
13,1X10,(10 

• Tungsten cylindrical prohe area = .'(2,3 em'; length - 5,4 cm; annulus tjctween prot>e and filament = 2,857 i 
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temperatures the currents in argon are considerably 
larger than those in helium. 

This conduction in a gas at 1 atm pressure was (luite 
surprising, and theri'forc the nature of the effect was 
studied. The jiossibility that the conduction may be 
produced by a plasma may be excluded, since the ioniza
tion voltages of hcliuni (24.5 eV) and of argon (15.68 
eV) are much too high for thermal-ionization. Because 
noble gases have no electron attachment, negative ions 
are excluded as a cause. 

There remained the possibility of direct electron emis
sion from the tungsten of the cylinder and the filament. 
The following experiment investigated this possibUity. 
A tungsten rod without the cylinder was inserted, but 
only down to the end of the upper, water-cooled elec
trode. The rod was again negative with respect to the 
filament. The temperature of the filament was about 
2000°C or more. Then the rod was suddenly pushed 
down into the hot seetion. No current was observed im
mediately, but after some time a .small current was ob
served and it increased slowly to saturation value. 
Electrons could flow only from the tungsten rod to the 
filament because of the applied voltage. As long as the 
rod was still cool, no electron emission took place; but 
emission did start when the rod was heated by conduc
tion and radiation from the filament. This indicates that 
thermionic electron emission produces the current. 

In another experiment the positive voltage was first 
applied to the tungsten probe. A current was now ob

served to flow in the opposite direction, although es.seii-
tially no electron could leave the jirobe. When the 
voltage was reversed, a few seconds passed before Ihc 
current reached its maxiiiiiini. I t appears that, unlike 
electron flow in a vacutim, it takes a certain time for 
the electrons to drift from the negative to the positive 
electrode through the gas. 

Thus it is concluded that the thermionic electron 
emission from tungsten accounts for the observed con
ductivity. However, while in vacuum a potential mini
mum results; this can be eliminated only by a suffi
ciently high potential. The movement of the helium or 
argon atoms may dissipate the space charge to a large 
degree. While the electrons are now scattered in all di
rections by the atoms, there remains an average drift to 
the other electrode due to the applied voltage. However, 
the electrons drift slowly, with an observed ilrift time 
of several seconds. The electrons remain free, since noble 
gases have no electron attachment. It should be atidcd 
that an identical effect was observed when a graphite 
rod was employed as the emitter electrode. 

This explanation of the conduction in a gas at 1 atm 
pressure is only a tentative one, subject to replacement 
by a better theory after further investigation. 
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VII-4. Radiocarbon Product ion Rate Near Sea Level* 

R. GOLD 

The natural produetion of radiocarbon by cosmie-ray 
neutrons has been experimentally observed. Propor
tional counters, filled with two atmospheres of nitrogen, 
have been employed to detect the exoergic N"(n ,p)C" 
reaction. A preliminary account of this work has already 
been given' and more detailed results have been sub
mitted for publication.'^ lOlectronie jiulse shape dis
crimination is utilized to discriminate against meson-
and photon-induced events. .4 C-14 production rate of 
(I.S!) ± 0.08) X 10-' per sec jier em' has been obtained 
for the air-land interfai;e at the Argonne National Lab-
onitiir> site. This result rejiresents the average value 

• This work has been supported, in part , by the Radiological 
l'hysii-8 Uivision, Argonne National Laboratory. 

for a time duration of one month, November-December 
1966. The experimental results are displayed in Fig. 
VII-4-1. Fluctuations as large as 25% from this average 
value were observed. The density of slow neutrons can 
also be determined from this experimental result. An 
average value of (1.19 ± 0.06) X IO"" neutrons per cm' 
was found for the air-land interface at the Argonne 
National Laboratory site (53° N geomagnetic latitude). 
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20 24 28 32 36 40 44 48 52 
B CHANNEL NUMBER 

FIG. V I I - 4 - 1 . The Experimental Pulee Height Distribution 
Due to the N'*(n,p)C'* Reaction Obtained from Mid-November 
to Mid-December 1966 at the Argonne site. The Smooth Curve 
is a Gaussian Fit to the Experimental Data Above the Back
ground Continuum (dashed curve). ANL Neg. No. 112-7987). 

VII-5. Energy Spectrum of Fast Cosmic Ray Neutrons Near Sea Level* 

R. GOLD 

Measurement of the sea level spectrum of cosmic 
ray neutrons in the energy region 0.0.5-2.0 MeV has been 
carried out with 4jr hydrogen-recoil proportional count
ers. A preliminary account of this work has already 
been given' and more detailed results have been sub
mitted for publication.^ Electronic pulse-shape dis
crimination has been utilized to reject meson- and 
photon-induced events. Figure VII-5-1 presents the re
sults of a series of measurements carried out from June 
to November 1966. In general, the flux per unit energy 
decreases monotonically. The experimental data reveals 
some structure which may be due to scattering reso
nances in elements that dominate the environment. An 
integral flux of 2.3 X 10~' neutrons/cm^-sec in the in
terval 0.05 2.0 MeV has been obtained for the air-land 

" This work has been supported, in part, by the Radiological 
Physics Division, Argonne National Laboratory. 

F I Q . V I I ' 5 - 1 . Cosmic-Ray Neutron Flux per Unit Lethargj' 
in the Energ>- Region 0.05-2.0 MeV. ANL Neg. No. 112-8003. 

interface at the Argonne National Laboratory site (53° 
N geomagnetic latitude). 
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