
ANL-7010 ANL-7010 

argonne Bational Xaboratorg 

REACTOR PHYSICS DIVISION 
ANNUAL REPORT 

July 1,1963 to June 30,1964 



LEGAL NOTICE 
This report was prepared as an account of Government sponsored work. Neither the United States, nor 
the Commission, nor any (wrson acting on behalf of the Commission: 

A. Makes any warranty or representation, ezprMsed or implied, with respect to the accuracy, com
pleteness, or usefuloeBs of the information contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of any 
information, apparatus, method, or process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" includes any employee or con
tractor of the Commission, or employee of such contractor, to the extent that such employee or con
tractor of the Commission, or employee of such contractor prepares, disseminates, or provides access to, 
any information pursuant to his employment or contract with the Commission, or his employment with 
such contractor. 

Printed in USA. Price $7.00. Available from the Clearinghouse for Federal 
Scientific and Technical Infonnalion, National Bureau of Standards, 

U. S. Department of Commerce, Springfield, Virginia 



ANL-7010 
Reactor Technology 
(TID-4500, 38th Ed.) 
AEC Research and 
Development Report. 

Argonne National Laboratory 
9700 Sou th Cass \ v e i i u c 

\ ro:onne. Illinois 60110 

REACTOR PHYSICS DIVISION 
ANNUAL REPORT 

July 1, 1963 to June 30, 1964 

R o b e r t Avery, Ui \ ision Direc tor 

ft 

J a n u a r y , 1 9 6 5 

Operated by The University of Chicago 

under 

Contract W-31-109-eug-:J8 

with the 

U. 8. Atomic Energy Commission 

file:///veiiuc




-*^ 

Foreword 

This is the first annual report published by the Reactor Physics Division. I t is a 
summary of work accomplished during the year since the inception in July, 1963 of 
the Division in the split of the Reactor Engineering Division. Since this is the first 
publication, in some instances it was necessary, for the sake of clarity, to describe 
work done at an earlier date than the reporting period, although in all cases the 
work continued to be in progress during the reporting period. 

It has been decided to orient this report in the direction of describing the separate 
technical accomplishments achieved by the members of the l^ivision, as opposed to 
stressing the programmatic aspects of the work. A large portion of the work in
cluded in this publication has been reported more exhaustively in journal articles 
or in other reports. In order to aid those who might wish to pursue any article to 
greater depth, a list of pertinent references is included with each article. In addition, 
a complete list of publications by Reactor Physics staff from April 1963 through 
March 1964 is published at the end of this report. 





Table of Contents 

SECTION I 

FISSION PROPERTIES AND CROSS SECTION DATA 

I-l. Fast Nevitroti Scattering 3 
A. B. SMITH, W . G . VONACH, S . G . BUCCIXO, J. A. .\I. DEVILLIEKS,' D . REIT-

MANN' and C. E.NCELBKECHT' 

1-2. Fast Neutron Total Cross Sections 8 
W. G. VoNACH, .1. F. WHALEX and A. B. SMITH 

1 3 . Fast Neutron Capture 9 
S. A. Cox, .J. W. .MEADOWS and .1. F. WHALEN 

1-4. Gamma Rays From Inelastic Neutron Scattering 10 
.J. F. BARRY- and D. STUPEGIA' 

I-.'>. Energy Dependence of Prompt t- for Xeutrt)n-I[iduccd Fission of U-23.^ 11 
J. W. .MEADOWS and .J. F. WHALEX 

I-f). i''issioii Neutron Yield Experiment 13 
A. DEVOLPI and K. G. PORGES 

1-7. .Mass and Iviiictie Energy Distributions in .Me\' Xculioii Induced Fission 14 
.J. W. MEADOWS and .J. F. WHALEX 

1-8. Nuclear Reaction Tlu'ory and Optical Model Studies 16 
P . A. MOLDAUER 

1-9. Neutron Yields From High Energy Proton Bonihardnieiit 18 
J. W. ilEADOws, .1. F. WHALEX, A. B. SMITH and G. R. RI.XGO* 

1-10. Stripping Reactions 19 
S. G. BUCCIXO, A. H. SMITH, D . S. GEMMELL,' L. I.. F E E , .In.'and .1. P. SCHIFFEH' 

SECTION II 

THERMAL REAC I'ORS 

II- l . Remarks on the Definition of k,,ft for Off Critical Reai'tors—I 23 
D. H. SHAFTMAX 

II 2. Remarks on the Definition of k,.,f for Off-Critical Ri'uitors—II 25 
D. H. SHAFTMAX 

II-3. Use of Depleted Uranium in Thermal Reactors with Slightly Enriched Fuel to 
.\chieve High Neutron Economy and High Burmip 27 

H . P . IsKE.N'DERIAX 

II-4. Dynamic Analysis of Coolant Circulation in Boiling Nuclear Reactors 28 
C. I'̂ . SAX.\THAXAN, ,I. C . CARTER and F. .MIRALDI' 

II-o. Further Developments in Dynamic Analysis of Coolant Circulation in Boiling Water 
Nuclear Reactors 29 

C. K. SAX.\THAXAX 

^ South African Atomic Energy Board. l{eput)lir of .South .\frica 
- On leave from .\toniir Weapons liesearcti Establishment, .\ldermaston, England 
3 Chemical Engineering Division. .\rg(Uine National Laboratory 
* Physics Division, -\rgonne National Laboratory 
^ Case Institute of Teclinology. (.'Icveland, ttliio 

file:///chieve
file:///frica
file:///toniir
file:///ldermaston
file://-/rgonne


Contents 

II-l'i. Space Dependent Kinetics of Boiling Reactors 31 
C. K. SANATHAXAX 

II-7. High Conversion Critical Experiment 33 
A. R. BOYXTON, Q . L. BAIRD, .1. .M. CHUISTENSOX, K . E . PLIMLEE, W . C . 

REDMAX, W . R . ROBIXSOX and G. S. STAXFORD 

II-8. Hi-C Uniform Lattice Calculations ^^ 
E . M . PEXNINGTOX 

II-9. Evaluation of Flu.\ Trap Exp(<rimeiits in D.O-Modcrated Thorium-Uianium Cores. . 46 
Iv. v.. PLITMLEE 

11-10. Put >,-U0., Fueled Thermal Critical Experiments -"'2 
C. E. TILL 

11-11. Argonne Advanced Research Reactor—Physics Advantages of Intermediate Cores 
for Research Reactors '-* 

C. N. KELUER 

11-12. Argoimc Advanced Research Reactor—Optimization of the AARR Core and 
l^eflector Design for Mux Enhancement -'6 

C. N. TVELBER 

11-13. .\rgonne .Advanced Research Reactor—Physics Calculations .57 
B . N . KKLSTIAXSOX and C. N. KELBEH 

11-14. .4rgonne .Advanced Research Reactor—Shielding .\nalysis of Plant Design 03 
H. F. REED 

II-1.3. Argonne Advanced Researi-h Reactor—Critical l^xperiment Planning and Hazards 
Analysis 63 

C. N. KELBER 

11-10. Preparat ion of ('I'il ical Experiment for .Argonne .\dvanced Research l^eactor (AARR) 
Design 06 

K. E. PLU.MLEE, E . GROH and G. S. STAXFORD 

11-17. .\rgonne .\dvanced Research Reactor—Sample Optimization 68 
C. X. KELBER and H. F. REED 

11-18. .\rgomH' .\dvanced Research Reactor—I'reiiminary Safety .Vnalysis 69 
C. N. KELBER 

11-19. F ; B W R Plutonium Recycle E.xperiment 69 
B . .1. TOPPEL 

11-20. EBWR Plutonium Recycle Safety Aiialy.sis 73 
P. H . KlER 

11-21. Experimental Boiling Water Reactor (EKWRl Physics Review 74 
H . P . IsKEXDEKIAX 

SECTION III 

FAST REACTORS 

III-l. Predicted Doppler Effects for Some Typical Large Ceramic Fueled Fast Reactors. . 79 
H. H. HUMMEL and A. L. RAGO'' 

III-2. Interference Interaction in Doppler Theory for Fast Reactors §1 
R. N . HwAXG 

III-3. Doppler lOffeet Experiments §2 
G. I'ISCHER, .J. FoLKROU,' E. GROH and 1). .MEXELEY 

III-4. Sodium Void Effect 86 
II. H. HUMMEL, IJ. KVITEK, K. E . PmtLips and A. L. RAGO" 

•Applied Mathematics Division, Argonne National Laboratory 
' Reactor Engineering Division, Argonne National Laboratory 

file:///rgonne
file:///nalysis
file:///dvanced
file:///rgonne
file:///dvanced
file:///rgomH'
file:///dvanced


Contents 

II-o. Comparison of SXG, DSX, DTK, and REX Calculations 86 
J. WHITE 

II-O. Studies with the EL.MOE Progran^ for Fast Critical Analyses 88 
D. MENEGHETTI 

II-7. Publication of Lecture Xotes on Fast Reactor Physics Analysis 90 
D. AIEN'EGHETTI 

II-8. Investigations of a (iOO-Liter Uranium Carbide Core (ZPRAT Assembly Xo. 2) 91 
G. K. RuscH, E. R. BoH.ME,« L. R. DATES, S. GRIFONI,^ W . V. K.\TO, (;. W. 

MAIN, H . H . .MEISTER,'* M . X'OZAWA,^" and R. L. STOVER 

II-9. Recent Calculations for Representative ZPR-III Fast Assemblies 110 
D. MENE(;HETTI and J. R. WHITE 

II 10. Comparison of ZPR-III Shape Factor Calculations By Transport and DitTusion 
Methods 11:^ 

D . MENEfiHETTI 

I I - l l . Feasibility Study of Zone Loading for Fast Critical Facilities 114 
F. H". HEL\I 

11-12. Physics Measurements in Tungsten-Based Alumimmi Reflected I''ast Reactors. . . . 116 
R. C. DoERNER, K. K. ALMENAS, R . A. KARAM, W . Y. KATO, W . G . KNATP 

and W. B. LOEWENSTEIN 

Il-l.i. l*aranielric Survey of Homogeneous L^nmoderated Rocket Reactors 123 
W. B. LOEWENSTEIN and J. WHITE 

11-14. Super-Prompt Critical Excursions in Unmoderated Cores with Moderating Re
flectors 127 

W. B. LOEWENSTEIN and J. WHITE 

II-1.5. X'^atural Tungsten Cross-Sections for Fast and Intermediate Xenlron Spectra 12!) 
R. KAISER and W. B. LOEWENSTEIN 

11-1(1. Verilicalion of Tungsten Cross Sections 131 
K. ALMENAS 

11-17. The Neulronics of Iteactor Control with Reflector ^Materials 134 
K. ALMENAS 

I M S . Investigation of a Rocket Fuel Test Reactor 138 
J. T. MADELL and D. R. MACFARLANE 

11-19. EBR-II Physics % 141 
W. B. LOEWENSTEIN 

11-20. Proposed Physics Measurements in FARET 147 
P. J. PERSIANI 

11-21. FARET Fuel Performance Program 149 
T. R. BUMP,'- J. HANDWERK," W . J. KANN,»2 E . L . MARTIXEC,'- P. J. PERSIANI, 

G. F. POPPER, ' - S. B . SKLADZIEN'- and A. B. SMAARDYK'-

II 22. Preliminary Considerations on the Safety Analysis of FARET 152 
P. J. PERSIANI, A. WATANABE, U . WOLFF,'^ S . GRIFONI,^ and R. WARMAN 

11-23. Xuclear Peiformance of Large Fast Power Reactors 155 
W. B. LOEWENSTEIN and D. OKKENT'* 

11-24. Physics Studies of Some Molten-Salt-Fueled Fast Reactor Systents 156 
D. BUTLER and D. MENEGHETTI 

11-25. Fast Reactor Reactivity Coefhcients; The Effect of Excess Reactivity 159 
W. B. LOEWENSTEIN 

8 Kernreaktor, Karlsrulie, (lermiiny 
" Comituto Na/.ioniil I'cr L'Kiiergiu Nucleare, I taly 
'f Jiipiiii Atomic Kiiergy Research Institute, Japan 
" Metallurgy Division, Argonne National Laboratory 
'- Ueactor Knuineering Division, Argonne National Laboratory' 
'^ Allgemeine Elecktricitafs—(iesellschaft, (lerniany 
" Laboratory Director's Office, Argonne National Laboratory 



Contents 

III-2t). Paper withdrawn prior to publication 160 
III-27. The Control of Fast Reactors; Current Methods and Future Prospects 161 

W. B. I^OEWEXSTEIN 

III-28. Sodium Void Coefficient for "Hetei-ogeneous" Fast Reactors If'l 
W . B. LOEWE.N.STEl.N 

111-29. Fuel Cyele Studies 162 
(',. .1. FiscHEH and L. E. LI.NK" 

111-30. Theoretical Investigation of a .Major Excursion Caust>d by Fuel Element Failure. . • 16-1 
V. Z. .I.\NKliS 

III-31. Coolant Pressures Durinn Transients 16.5 
Ii. (). BKITT.W 

III-32. Ei|uatioii of State for .Mixture (jf .Materials in Heactor Excursion 169 
V. Z. .J.WKUS 

III-33. Behavior of Irradiated .Metallic I'uel l^lcments Exposed to Xuclear Excursions in 
TREAT 171 

.1. H. MoNAWECK,"̂  C. E. DicKERM.AN and E. S. Sow.^"" 
III-34. TREAT Study of the I'enefration of Molten Uranium and Uranium-.") w/o Fission 

Alloy ThrouKh Type 304 Stainless Steel 173 
C. .M. W.\LTER '̂ and C. E. I^ICKEHMAN 

III-3.'). Photof^raphic Experiments on Meltdown of Irradiated .Metallic Fuel Pins 173 
C. E. DicKERMAN and L. E. HOBI.NSON 

III-30. Calculations on Coherence of Failure in Hypothetical .\lelid<Avn -\ccidents in an 
EBR-II-Like Reactor 174 

D. V. (iopi.NATii,'* C. E. IJicKERMAN and I.. BRYANT" 
III-37. Behavior of Uranium Sulfide Fast Reactor Type Fuel Specimens Under Transient 

HeatiiiK in TREAT 17.') 
L. E. HoBiN.sox, C. E. Dit'KER.MAN and C. .\UC:UST 

III-38. In-l'ile Experiments on McUdown of EBR-II Mark 1 Iniel Elements in Stagnant 
Sodium 176 

C. E. DicKERMA.x, E. S. SowA,"> .J. H. -MONAWECK" and A. BARSELL" 

SECTION IV 

EXPERIMENTAL TECIINiyi ES ANI) FACILITIES 

IV-1. Orlhoiioiinal Expansion of .Xenlron Spectra with .\ctivalion .Measurements 181 
R.C .M.n 

IV-2. .\n Iteralive Sohuion of the .Matrix Representation of Detei'tion Systems 185 
R. GOLD 

IV-3. A Statistical .Method for thi' .Measurement of li.n 188 
R. A. KARAM 

IV-4. .Analysis of Fast .\eutron-Spectrum .Measurements by .Magnet ii-.\nalysis of Charged 
Particles Produced by .\eulron Interactions 190 

R. A. KARA.M 

IV-.5. Comparison of Linear and S(iuare-l,aH Detectors for Noise Measurements 192 
C. E . COHN 

IV-6. Note on the Simulation of Higher Order Linear Systems with Single Operational 
Amplifiers 194 

C. E. CoH.N 

"•Laboratory Director's Office, Argonne Niiliuicil l.ultofulory 
'* Rejictor Enpiiieeririd Division, Argonne National Lalioratory 
'̂  Metallurgy Division, .^r^onnc National Laboratory 
'^Atomic Knerny F^slabli.slnncnl, Tronibay. India 
'•Applied Mallii.MKilics Division, Aruonne Nal ional l.ahmalory 

file://-/ccidents
file:///ctivalion
file:///eutron-Spectrum
file:///nalysis
file:///eulron


Contents 

IV-7. Expedit ing IJanger-Coeflicicnt .Measurements by -Measuring Two Samples .-At Once. . 19.') 
C. E. CoHN 

IV-8. Argonne Fast Critical Facilities 196 
W. Y. KATO, L . R . DATES, R . L . STOVER, W . G . KNAPP and G. K. RUSCH 

IV-9. Automatic Foil Activity Counting Facility and Data-Reduction Program 199 
.J. M. CiiKisTENsoN, K. E. PLU.MLEE, W . R . ROBINSOX and G. S. STANFORD 

IV-10. A Calibrated Gamma Counting Facility 202 
R. .1. ARMANI 

IV-11. Attenuation of Epicadminm Neutrons by Cadmium Foil Covers 203 
G. S. STANFORD 

IV-12. The Activation of Gold I'oils and Spheres for Xon-lsolropic Xeutron Incidence. . . , 20() 
F. H. HELM 

IV-13. A Study of the .'Applicability of Simple Reai-lor Kinetics to the Interpretation of 
Reactor Noise Experiments 209 

C. E. CoHN 
IV-14. Errors in Noise Measurements Due to the Finite.Amplitude Range of the Measuring 

Instrument 211 
C. I'̂ . CoHN 

lV-1.'). Improvements in Particle and Radiation De1e<-lioii 213 
A. DEX'OLPI and K. POROES 

IV-16. .Automated Data .Acciuisition and Processing with an On-Line Computer 216 
.1. F. WHALEN, .1. \V. .MEADOWS, A. B. SMITH and \V. F. .MILLER-'" 

IV-17. Development of Solid State Fission Counters 217 
G. W. MAIN 

IV-18. Preparation of Source and Source .Afount for Beta Covmting on a 47r Proportional 
Counter 219 

D . .M. S.MITH 

lV-19. 4Tr Recoil Counter Neulron Spectrometers 221 
E. F. BENNETT 

IV-'20. In-Core Fast Neutron Spei-lroscopy 22.'j 
E. F. BENNETT and .1. HAUGSNES 

I \ ' -21. A Study of Rossi-.AIpha Measurements in Ci-itical Facilities '227 
V.U. HELM 

IV-22. Radiochemical .Measurement Techni(]ues in ZPR-\T and-IX 228 
R. .1. ARMANI 

I\'-23. Rejection of Gamma Background in Hornyak Fast Neulron Detectors 229 
K. PoRGEs, A. DEVOLPI and P. POLIXSKI-' 

IV-24. EBR-II Fuel Element Failure Detector 231 
K. (J. PORGES 

IV-2o. Fuel .Meltdown .Alonitoiing in TREAT by Fast Xeutron Detection 232 
A. D E \ < ) I . P I 

SECTION V 

MISCELLANEOUS 

V-1. Some Problems in Reactor Theory 237 
B. I. SPINRAD 

V-2. Effects of Resonance Interference 243 
C. N. KELBER 

V-3. Resonance Parameter .Analysis 246 
E. M. PENNINGTON 

=" Applied Mathematics Division, Argonne National Laboratory 
^' Electronics Division, Argonne National Laboratory 



Contents 

V-4. An Imporlanie-Weighting Procedure for Averaging (Jroup Parameters in Multi-
group Diffusion Theory 240 

D. H. SHAFTMAN and H. GREENSPAN" 

V-."). Neutron .Attenuation Calculations and Intercomparison 2.51 
M. GROTENHUIS,^' C . N . KELBER, A. E. MC.AKTHY and A. D. RossiN^* 

A'-fi. Thermionic Energy Conversion with a Plasma Thermocouple 2.51 
H. K . RICHARDS 

A'-7. Flux Monitoring of Radiation Damage Experiments 2.54 
IL .1. .ARMANI and A. D. ROSSI.N-* 

A'-8. Comparison of .Accelerators and Reactors for Steady Neutron I'lux Production . . . 2.5.5 
C. N. KELBER 

\ ' -9 . Evaluation of a Rotating Power Generating System 256 
.A. .1. ULRIC'H, J. C. CARTER, R . O . BRITTAN and R. G. POST'-' 

A'-IO. Investigation of a Direct Nucleonic Process in the Production of High Temperature 
Effluent 259 

i l . B . RODIN and .1. C. CARTER 

A' 11. Zero Gradient Synchrotron A^ertical Beam Study 260 
H. MOSES, ' ' R . L . MARTIN,- ' .1. I'CASTNER'^'' and A. .1. ULRICH 

V-12. Evaluation of a Thermionic Diode for Space Power Using a Liquid Metal Electron 
Collector 2fjl 

A. .1. ULRICH 

V-13. Numerical Integral ion by Iterative Procedures and by Rational Osculatory Inter
polation 262 

H. C. THACHER, ,IR. 

A'-14. Evaluation of Functions by Shifted Chebyshev Polynomials 263 
H. C. THACHER, .IR. 

A'-15. Generalized Recursive Inlerpolalion 2(54 
P . M . LUKEHART 

A'-l(>. Kulla-Merson Solutions of Ditferi'iitial I''c|uations 265 
P. M . LCKEHART 

A'-17. Nuclear Data Compilation .Activities 266 
A. B. SMITH and \V. G. VONACH 

A'-18. Reactor Physics Constants Center 266 
L. J. TEMPLIN 

\^-19. Resonance Integrals for Dilute Solution 266 
P. .1. PER.SIANI, A. E . .AIC.ARTHY and J. ,1. KAGANOVE'" 

V-20. A FORTRAN Code for Cylindrical Lattice (\)llision Probabilities (B092/RP) 268 
E. Al. PENNINGTON 

V-21. Foil .Activation Programs, B.512, RP 269 
K. M. PEXXIXGION 

V-'22. Multigroup Constants Code MC-' 270 
D. M. O'SHEA 

V-23. Ancillary Computing Programs 271 
L. C. KviTEK 

V-24. Solution Techniques for Elasticity Problems in Cylindrical Coordinates 271 
C. K . YOUNGDAHL 

V-24a. The Exact Elastic Stress DLstribution in the Viehiity of a Hole in a Thick 
Plate Loaded in Uniaxial Tension 273 

^̂  Applied Matliemalics Division, Argonne National Laboratory 
2> Personnel Division, Argonne National Laboratory-
^' Metallurgy Division, Argoruje National Lal)orator\' 
-̂  University of .\riz(nia, Tucson, Arizona 
" Radiological Pby.sics l)ivi.sion, Argonne National l.ab.ii'iit..ry 
" Particle Accelerator Division, ArKoiinc National l.alioralory 



Contents 

V-24b. Thermoelastic Problem for Fuel Rod with Cladding 283 
V-24c. Thermal Stresses in Reactor Fuel Plates 284 

V-25. Gain Stabilization of Analog Amplifiers in the Nanosecond Regime 285 
K. G. PoRGES and J. B. BJORKLAND^ 

V-26. A Simple, Compact Control Rod Drive Using a Stepping Motor 286 
E. F. GROH and C. E. COHN 

SECTION VI 

PUBLICATIONS ANI) REPORTS 
REACTOR PHYSICS DIVISION 

(April 1. 1963—March 31, 1961) 

Open Literature 289 
Reports 290 

^ Electronics Division, Argonne National Laboratory 



N^yg 



Section I 

Fission Properties and Cross Section Data 

111 close suppoit of the reactor program, cxpfrimcutal and tlieoretical studies of 
neutron interactions with those nuclei found in the structural and fuel components 
of reactor systems are being carried out. A major portion of the effort is de\oted to 
those processes which involve fast neutrons. Particular attention is given to the 
experimental studies of neutron scattering, neutron capture, and to the properties 
of the neutron-induced fission process. Of necessity, considerable effort is also 
devoted to the design, optimization, and increased efiiciency of the re(]uisite 
experimental systems. The theoretical interpretations deal principally with average 
neutron resonance properties and reaction mechanisms in medium and hea\"y 
nuclei. 
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I - l . Fast Neutron Scattering 

A. B. SMITH, \ V . Ti. VOXACH, S. G . BCCCINO, .1. A. M. DEVILLIERS,* D . REIT.MANN* AND C . EXGELBRECHT* 

OBJECTIVE AND METHOD 

A systematic study of fast neutron elastic and in
elastic scattering has been in progress. The measure
ments have extended over an appreciable portion of 
the periodic table with emphasis upon the structural, 
fertile, and fissile materials employed in fast re
actors. Results obtained as of now have given a good 
picture of the scattering process in many regions of 
the periodic table and permit the rational considera
tion of the theoretical concepts underlying the scat
tering process. 

Fast neutron scattering studies usually dcnrand a 
neutron spectrometer with high resolution. One such 
device is the powerful time-of-ffight system employed 
in this work. It consists of a pulsed Van de Graaff 
machine supjilying an intense pulsed beam of charged 
particles, a magnetic bunching system, and timing and 
storage equipment including an on-line digital com
puter, Ma.jor asjiects of the apparatus are shown in 
Fig, I - l - l , The system is kept at peak performance 
by constant modification and development, AA'ith this 
equipment, it is iiossible to achieve excellent scat
tered neutron resolution, .As an example. Fig, 1-1-2 
shows a time spectrum resulting from the scattering 
from 1,0 MoV neutrons from AA'-184, Elastically and 
inelastically scattered components are clearly re
solved. Similar measurements throughout the incident 
energy interval 0,3-1,5 MeV and at a number of 
scattering angles have yielded detailed microscopic 
cross sectional values for a wide range of nuclei. 
These results are fully corrected for experimental 
I)erturbations. such as multijile scattering, and are 
stored upon jHinched cards for direct use in reactor 
and in nuclear theory calculations. 

RESULTS 

Resumes of the experimental results have been jire-
sented in several review papers,^--' 

In addition to these reviews, detailed results arc 
given in a number of published jiapers as follows. 

Elastic and Inelastic Scatterinei of Fast Xciitrons from 
Co, Cv, and Zn* 

Cross sections and angular distributions were meas
ured for the clastic and the inelastic scattering of 

' S o u t h African Alomic Knergy Hoanl, llepobli,- ,,f Scnith 
Africa, 

neutrons from natural Co, Cu, and Zn in the energy 
range 300 keV to 1.5 Me\^ The measured values are 
coini>ared with the results of optical model calcula
tions using spin assignments which are either known 
or consistent with shell model jiredictions. The effect 
of resonance width fluctuations is investigated, 

Scattcnnij of Fast Neutrons from Xatiiral Zr and Nb-' 

Fast time-of-flight techniques were used to measure 
the differential cross sections for the elastic scatter
ing of neutrons from natural Zr and Nb (see Fig, 
1-1-3). The measurements were made at Si50 ke \ ' 
intervals throughout the incident neutron energy range 
0,3 to 1,5 MeV, In addition, the cross sections for the 
excitation by inelastic neutron scattering of a 0,92 
MeV level in Zr and 0,74, 0,81, 0,96, and 1,08 MeV 
levels in Nb were measured. The results of these meas
urements are compared with those obtained in other 
experiments and with o]itical moilel calculations. 
Tentative sjjin assignments for the low lying levels 
in Nb-93 are made on the basis of Hauser-Feshback 
calculations and shell model predictions. 

van de Graaf f 

steering 

R-F Deflector 

11 nsec 

^ ^ A —D 

Fl(i, 1 1 1 . Schematic Diagram of tlic Fast Time of-Fliglit 
-\])paratuH, [A. The Pulsed Xan de (Iraaff Accelerator; B. The 
Magnetic Bundling System; C. The Timing Circuitry and 
Digital Computer.) 
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Fio, 1-1-2, Time .•Spectrum Olifaincil by ScallciiTiK l.ll-McV 
Xeulron.s from \V-184. The l':lastic t Iroup and the Inelastic 
('omponents Leading to the Fir.st I'^xcited State (UO keV, 
'2-1-) and the Second lOxcited State i;!ll5 ke\". 4-|-) are Evident, 

Fast Xeutron Scattering irotn Ta-lSl^''^ 

The spectrum of neutrons scattered from Ta-181 
was measured at incident neutron energies ranging 
from 0,3 to 1,5 ileA', Time-of-flight techniques wei'e 
employed to resolve the elastically and the inelasti
cally scattered components. The angular distribution 
of the elastically scattered neutrons was measured at 
< 50-keV intervals with an incident spread of neutron 
energy of ~20 ke\ ' , Inelastically scattered neutron 
groups resulting in the excitation of residual nuclear 
levels at 140 ± 10, 300 ± 10, 620 ± 20, 725 ± 25, 
900 ± 30 keV were observed. The measurements in-
dicateil that the levels at 725 and 980 ke\ ' were coni-
jjosed of two or more components. In addition, 
inelastic scattering to a 480 ± 20-keA^ level was tenta
tively observed. The magnitudes of the differential 
elastic cross sections and of the inelastic excitation 
functions were determined relative to the known 
elastic scattering cross section of carbon. The experi
mental results were com]>arcd with those obtained in 
previous measurements and a cjualitative comparison 
was made with theoretical calculations. 

The Seaftennq of Fast Neutrons frmii ir-J.S'4''' 

Neutrons with energies of 0.3 to 1.5 MeV are scat
tered from W-184, Pulsed-bcam fast time-of-fiight 
technic|ues including a magnetic bnnc-hing system are 

utilized to resolve the elastically scattered neutrons 
from those inelastically scattered. The differential 
elastic cross section is measured at 50 keV intervals 
with an ~20 ke\ ' incident neutron energy spread. The 
diffci-ential cross sections for inelastic scattering re-
sultmg m the excitation of residual nuclear levels at 
111 ± 5, 365 ± 10, 690 ^ 40, 900 ± 25, 1000 ± 30, 
and 1120 ± 30 ke \ ' are determined, (see Fig, 1-1-4), 
In all instances the inelastically scattered neutrons 
are emitted, within experimental error, isotropically. 
The ex|)erimental results are compared with those ob
tained in previous work and with the predictions of 
theory, 

FAaslie and [iiilastie Scattering of Fast Neutrons from 
.L/, H,j. and TI" 

The I'lastic and the inelastic scattering of 300-1500 
kcA' neutrons from TI, Hg. and .Au was studied using 
time-of-flight techniques. The res])ective chfferential 
cross sections were measured at incident neutron inter
vals of <50 ke\ ' . The inelastic excitation of a number 
uf states was observed including, a I 205. 280. 620, 
680, 920. and 1080 keV levels in Tl ; bl 160. 210. 3.50. 
440, 6,50, and 980 keV levels in Hg; and cl 77, 270, 
540, 830, 940. and 1220 keV levels in .Au. A number 
of the obser\-ed states htive not been previously re-
piirtcd. The inea>urcd elastic scattering was com]iareil 
with optical model calculations using the spherical 
|H)t(Titial of Moldauer, The Hauser-Feshbach method 
is used to obtain inelastic excitation functions for 
comparison with experiment, 

A final ri'port of the above work is now in prepara
tion. These three elements are essentially symmetric 
and lie near the doubly closed shell at .1 = 208, The 
clastic scattering results, extended with those of Bi 
anil Ph. should show any effect on the scattering po
tential due to the approach to the doubly closed nu
clear shell at .1 = 208. Such was found as illustrated 
in Fig. 1-1-5, Here the measured differential elastic 
cm^.- .sections for .Au. Hg. Tl, Pb, and Bi are compared 
with the cross section calculated from the optical 
model. .A steady decrease in the imaginary (nuclear 
absoi'ption) i)otential is noted as the doubly closed 
shell is approached (solid curves). A note describing 
this effect has been submitted to "Physics Letters". 

Elastic Scatt) ring al Fast Neutrons from r;?.SJI»l 

The diherential cross section for the elastic scatter
ing of neutrons from U-235 was measured at ^50-keV 

. intervals throughout the incident neutron energy 
range 0.3 to 1.5 Me\' , Pulsed-beam time-of-flight 
techni(|ues were employed to resolve the elastically 
cattcred neutrons from those inelasticallv scattered 

ami from the spectrum of fission neutrons. The experi 
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mental resolution extended from ~25 to ~65 keA' at 
respective neutron energies of 0.3 and 1.5 MeV, All 
neutrons incurring an energy loss at the time of scat
tering, equal to or less than the respective resolution 
function, were considered "elastically" scattered. The 
experimental results were expressed in the form 

da(el) _ aid) 

^Zm 47r 
1 + E I I -"] 

where ofel) is the total elastic cross section, P, are 
Legendre polynomials, and IFj are experimentally de
termined coefficients. The elastic transjiort cross sec
tion was derived from the measurements. 

Scattering from the fissile nuclei such as LT-235 is 
complicated by the profussion of low lying excited 
nuclear states. Despite this difficulty, the available 
experimental apparatus made it possible to obtain the 
above results with precision. 
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Scattering of Fast Xeutrous front Xatural I'ranium^" 

'f'lie clastic and inelastic scattering of fast neutrons 
fioin natural uranium was studied. The incident neu
tron energy was varied from 0,3 to 1.5 MeA', Time-of-
flight techniques were utilized to determine the energv-
si)ectrum of scattered neutrons. The differential elastic 
scattering cross section was determined at incident 
neutron energy intervals of ~50 keV. The cross sec
tions for the inelastic excitations of residual nuclear 
levels at 45 ± 3, 150 ± 5. 630 ± 20, 720 ± 20, 930 ± 
30, 1000 ± 30, and 1050 ± 30 keV were measured 
(Fig, I-l-O), The differential cross section for in
elastic scattering to the 45 koA^ level was essentiallv 
symmetric about 90 degrees. The remaining inelasti' 
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^rou])s were emitted )sotro])icaUy. All cross sections 
were determined relative to tiie known elastic scat
tering cross section of carbon. The experimental re
sults were compared with Hauscr-Feshhach theoiy 
and possible evidence for direct interaction processes 
is discussed. 

Sl̂ MM.\RV 

This systematic study has already resulted in a 
much improved understanding of fast neutron scatter
ing. This is indicated in Fig. 1-1-7 where these meas
ured elastic scattering cross sections are shown tiiree 
dimensionally as a function of incident neutron energy 
and target mass number. The work is being extended 
in several directions; a) to include more of the ele
mental table in the energy range 0.3-1.5 MeV, h) to 
])rovide more detail in the resonance structure of 
lighter nuclei of importance in fast reactor design, Fe 
for example, c) to higher energy regions where an in
creasing demand for precise scattering cross sections 
exist. The installation of a complex ten channel sys
tem now underway should greatly s|)eed tliis work. 
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1-2. Fast Ne i i l i on Folal Cross Seolioii*. 

W. (;. \'(j.\A('ii, J. v. Wn.\LEN A\i> A. B. SMrrn 

A study of fast neutron total cross sections jtrovides 
an insiglit into tiie average and detailed structure of 
nuclei, and provides important information for tiie 
construction of multi-group fast reactor cross section 
sets. In many instances the results form the foim<la-
tion upon which the normalizations of i)artial cross 
sections determined by other methods are l)ased. To 
be of value, the experimental measurements must be 
reliable to a few percent in magnitude and often have 
an energy resolution of 1 keV or less. These severe 
re(^|uirements can be met with the automated ami 
pulsed facilities of this grou]). For these reasons, a 
program of precision fast neutron total cross section 
measurements is tmderway. 

Tiie studies iiave employed two techniques. In tl»e 

first, an intense white source of neutrons available 

from the pulsed Van de Craaff is used togetlier with 

the fast timing einii])ment to achieve an experimental 

resolution of 0.15-0.05 nsec/m. This excellent resolu

tion provides a detailed knowledge of resonance struc

ture in light nuclei and is achieved with a high degree 

of productivity as the method is inlierentlv a multi

channel approacli. All of the time-of-flight data are 

acciuired and jirocessed with the on-line loinputer 

system. 

The second technique utilizes the couv,^ntional 
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monoenergetie source method to obtain high precision 
cross sections with a resolution of a few keV, In this 
method the entire experiment, including the acceler
ator and the detection equipment, is fully automated 
and under the programmed control of the digital com
puter. All data processing and logical decisions are 
made by the computer system. The result is a rapid 
acquisition of total cross sections of high quality with 
essentially no manual supervision. As in al! ]}roper 
applications ot "process control", the saving in time 
leads to a very real economy and increased ])roductiv-
ity. 

Experimental results have been obtained for the 
light nuclei Al, S, Mg, and F, the medium weight 
nuclei Co and Fe, and the heavy nuclei U-Nat, 
U-235, W and Re. Examples are shown in Fig. 1-2-1. 
The Fe curve at the top of the figure was obtained 
using the timing techniques while the two lower cross 
sections ])ertaining to Al and to U were determined 
with a monoenergetie source and the automated 
system. All of the experimental results are stored on 
punched cards. These can be used directly to derive 
multi-group reactor cross section sets and to carry 
out resonance or optical model calculations. A pro
gram for resonance fitting the data has been developed 
by members of the Theoretical Reactor Physics Sec
tion. 

The future work will emphasize the light nuclei 
employed as reactor coolants and the heavy fertile 
and fissile materials iNa and r -235 for example). 

b 
:;,jW A ^ ' • 

AE-2 5 kev ] 

;. 12 1. Tin. 
of Fc, .W. an 

isurcd l'';is1 Neutron Total Cross Scc-

I-,3. KasI Neulron (Capture 

S, A. Cox, .1, W, .ME.\I)OWS ,\.NII .T, F , W I U L E N 

Studies of fast neutron capture arc not a jnimary 
concern of this group since other laboratories devote 
considerable attention to such processes. However, 
specific measurements (activation cross sections) are 
carried out to provide requested information and to 
resolve discrepancies in important quantities. Two 
sets of experiments have been completed during the 
past year. 

Xeutron Activation Cross Sections of Br-79, Br-Sl, 
Rh-WJ, In-115,1-127, and Ta-lSim 

Xeutron activation cross sections of Br-81, Br-79, 
Rh-103, In-115, 1-127, and Ta-181 have been meas
ured in the incident neutron energy range 130 to 1800 
keV. The results agree rather well with other activa
tion measurements. The activation measurements are 
combined to form the total neutron capture cross sec-
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tions of the natui'al elements and comjiared with the 
capture gamma-ray data of B, Diven, et al,- and S, 
Gibbons, et al, ' The elemental cross sections agree 
rather well with the results cited in Ref, 2 but do not 
agree with the lower results cited in Ref, 3, 

\i-5Sin,p)Co-5Sm.g Cross Scctitoi awl L^^oiucr Ratio 
from 1.04 to 'i.l>7 ilcV* 

The cross sections ami i,.-oiner ratios fur the Ni-
."i8(n,/(lCo-.58m,g reaction lia\T been nicasui'ed rela
tive to the U-235(n,f) reaction loi' neutron energies 
of 1,04 to 2,67 MeV, The absolute yield of Co-58 was 
determined by counting coincidences between the 
0,800 MeV gamma-ray and annihilation radiation of 
the positrons from the decay of the Co-58 ground 

state. The observed cross sections and isomer ratios 
are comjiared with calculated values obtained by as
suming comjiound nucleus formation and proton emis
sion only to the 5+ and 2+ states in Co-58, 
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I - l . Camil la FJays from Inelasl ir Neiitroii Scatter ing 

,1, V. \^.\\in\'^ .\M> 1). S j u i ' K i i r \ t 

A study of the y-rays following inelastic neutron 
scattering can yield valuable information about the 
level schemes of nuclei. In certain cases, it can also 
yield neutron inelastic scattering cross sections, of 
particular value at energies close to each inelastic 
threshold where cross sections cannot easily be ob
tained by neutron detection methods. In this threshold 
region, experimental data provides an especially sen
sitive test of reaction model ])rcilictions of cross sec
tions. 

Experiments are in progress to measm-e cross sec
tions and angular distributions of y-rays following 
inelastic neutron scattering in the elements Fe, .Au, 
Zr, Nb, Ag, Ho, and Re for neutron energies up to 
1,5 MeV, The method employs a 5 cm x 5 cm sodimn 
iodide scintillation counter for y-ray detection and a 
time-of-fiight system to jirovide a high degree of dis
crimination against background. Neutrons from a 
pulsed source bombard ti hollow cylindrical sam|>le 
and the rcsultiint y-rays are detected in the heavily 
shielded scintillator which can be rotated about the 
sample position. Pulses from the detector are re
corded only if they bear the correct time reLationshi|> 
to the pulse from the neutron source. This eliminates 
airproximately 90% of the time-uncorrelated back-
groimd as well as pulses from scattered neutrons and 
from y-rays originating at the neutron source which 

Weapons Research ICstahlisliiiiciil , * On leave from .\u 
Aldermaston, I'aijilaiid 

t Chemical I'^nuincc HI; ]livi>. 

scatter into the detector. The remainder of the back
ground is measured in a run with the sample removed, 
Neuti'on flux is monitored with a long counter. 

Figure 1-4-1 is an example of the y-ray spectra ob
tained and shows spectra from neutrons of various 
energies incident on niobium. The y-rays observed 
conc.-pond to excitation of known levels. The 335 
ke\ ' y-iay ap|icaring at the highest neutron energy 
results from decay of the 107(i keV level which goes 
through the level at 741 keV. This contribution to 
the y-rays of 741 ke\" energy nmst be taken into ac
count when determining the cross section for inelas
tic ,seattering to the level at that energy, 

.\nalysis of the y-ray spectra to obtain the counts 
in each of the total absor]ition jieaks requires a knowl
edge ol the line shapes due to monoenergetie y-ray. 
This is obttuned for the geometry used from measure
ments with sources prepared from suitable y-ray 
emitters distributed throughout a laminated sample. 
The counting efficiency of the system is also obtained 
from this measurement since the sources used are of 
kno\\-n strength. 

It is planned to improve the gamma spectra 
measurements before making an analysis to obtain 
cross sections, A larger and more efficient shielding 
tank is being constructed to minimize neutron and 
y-ray backgrounds. Inside this tank the detector will 
be smrounded with an 11 in, diameter plastic scintil 
lator operating in anti-coincidence with the detector 
This reduces considerably the Compton eontribution 

file:///nalysis
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to the y-ray line shapes and also reduces the detector 
background. A further improvement to the line 
shapes will result from replacing the relatively thick-

walled cylindrical samples with thin plates which 
have an aljsor])tion of lO'̂ r or less for the y-rays of 
interest. 

1-5. Energy Dependence of Prompt v for Nei i lron-Indueed Fission of U-235 

J . W . ] \ I E . \ I ) O W S AN!) .1. F . \ V H . \ L E X 

INTRODUCTION 

The measurement of the energy dependence of the 
number of prompt neutrons, Pp , emitted for neutron 
induced fission of U-23n reported in a previous paper' 
is being extended to higher neution energies. Results 
in the energy range 3.9 to G.4 ^leV are reported be
low. 

EXPERIMENT.VL M E T H O D 

In this work all measurements of Vp for U-23.') are 
made relati\'e to Vp for spontaneous fission of Cf-252. 
The experimental method in\olves the counting of co
incidences betw-een a fission detector and a neutron 
detector. In order to a\oid errors due to a change in 
the accidental coincidence rate or in the overall neutron 

file:///Vh./lex
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detection elhciency, measin enii'iits on U.23."), Cf-2."i2, 
and the accidental rate are made simultaneously. The 
two fission detectors are placed in a common containri 
in a tube through the center of the neutron detector, 
Xeutrons from the D(d,n)T reaction enter through a 
collimator. Fission pulses from either fission detector 
start a time analyzer which records the neutron count 
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P^ic. 1.5.1, Time Dependence i.j' Neutron Count ita 
a Fission, 

l a t e for t he hilhjwiiig 1200 ;jsec, I ' igure I-.5-1 shows t h e 

timi' spectra from a typical run. Fission neutrons 
plus accidentals are counted in the first 170 Msec of the 
time sweep wdiile the accidentals are counted in the 
last 340 jusec. 

RESULTS 

The results are listed in Table I-.')-!. Column 3 of 
this table lists the measured \alues of the ratio, 
c„(Cf-2.")2)/c,(U-23.")), A number of corrections totaling 
~4 ,7 ' ; must be applied to these data. These are: 

1, .•\nalyzer Dead Time, This correction can be 
acem-ately determined from the time spectra, A typical 
\alue is -t-0,ti*';, 

T,\HI.E I .5 I, P:XPERIMENTAI. l!Ese],TS FOR p„fU-235) 
HKI.ATIVE TO ii„lC'f-252) = 3,782 

3,910 
4,520 
5,,140 
,').7li(l 
c 3iil) 

A/C. , 
MeV 

0.260 
0.152 
0,08(i 
0,08(1 
n 074 

•,(Cf-252)/ 
•,(U-235) 

Meas- Cor-
ured reeled 

1,324 
1,301 
1,271 
1.245 
1 1.S3 

1,296 
1,261 
1,232 
1,208 
1.148 

P,(U-23S) 

2,918 
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Error, % 
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2. (jeometric Asymmetry of the Xeutron Detector. 
The efficiency of the neutron detector may be different 
for the two fission neutron sources due to their differ
ence in location. This is measured by making traverses 
through the volumes occupied by the fissionable mate
rial with a small Ra-y-Be neutron source. For the data 
presented here the correction is —0.2 9!. 

3. Thermal Xeutron Fission. This can be measured 
accurately using a pulsed source method. Xo measure
ments have as yet been made at these energies l)ut 
measurements at lower energies indicate a conection 
^ + 2 . 4 % . 

4. Energy Dependence of the Xeutron D<'tector 
Efficiency. The difference in the energy .spectra of the 
neutrons from 11-23") and Cf-2')2 results in a small 
correction which varies slowly with the excitation 
energy of the fission fragments. A typical value of this 
correction is + 0 . 5 % . 

5. Angular Dependence of the Xeutron Detector 
Efficiency. This is due to the angular anisotropy of the 
U-235 fi.ssion fragments. Although accurate determina
tion of this correction awaits the results of a Monte-
Carlo calculation, preliminary estimates indicate a 
value of - 1 . 0 7 . . 

Preliminary values of i^;,(Cf-252) Pp(U-235) based on 
the appr(tximate correction factors are listed in column 
4 of Table I-5-I. Column 5 and Fig. 1-5-2 give the cor
responding values for Vp of 1 -̂235 based on 3.782 for 
Vp of Cf-252. Due to the present uncertainty in cor
rections (3) and (5), only the errors from counting 
statistics are listed in colunni tl. 

KEKEHENCES 

1. J, W. Meadows and J. F. Whalen, Energy Dependence of 
Prompt V for Neutron Induced Fission of U-BSS, Phys. 
Hev. 126. 197 (]im2). 

1-6. Fission Neutron Yield Experiment 

A. D E A'OI .PI A M I K . (J. I 'omiES 

The fundamental iiaranii'ter i-,], . the average num
ber of neutrons emitted in thermal fission, has not 
been directly measured with a precision better than 
2%; the best values are derived indirectly from 
cross sections and neutrons-per-absorption experi
ments. There is a growing body of agreement in 
absolute measurements of Cf-252 spontaneous fission 
neutron yields, which then provides a reference for 
calibration of U-235 determinations. It is note
worthy that all of these Cf-252 results are obtained 
from the use of large liquid scintillators, which require 
efiiciency calil)rations based on the number of de
tected events i>er incident neutron and on simulation 
of the fission neutron energy spectrum. To avoid 
these particular restrictions, a measurement by a 
completely dift'erent technique has lu'en in prepara
tion for some time. 

The approach underway has been to determine the 
number of fissions by absolute counting in a fission 
counter and to evaluate the number of neutrons 
emitted by use of the manganese bath technique. For 
both U-235 and Cf-252, precision counting of frag
ments is improved by fission-neutron coincidences. 
With the aid of a large hydrogenous integrating neu
tron detector, nearly all neutrons supplied by the 
fission chamber (located at the sphere center) are in
tercepted. This can be done for both the spontaneous 

fission source anil for a thermal i)eam impinging on 
U-235.' A separate experiment in which the concen
tration is varied is required to find the ratio of H, Mn 
absorption. The activated manganese is assayed in a 
liquid counter designed for high efficiency and long-
term^^tability. 

All this equi]nnent has been constructed and tested. 
It is necessary to intercalibrate the liquid monitor, 
wliich is a large volume gamma-gamma coincidence 
unit, with an absolute iir beta-gamma coincidence 
system. Thus ultimate reliance has been placed on 
well-tested precision tcchniciues of coincidence count
ing anil on one relative measurement of absorption 
ratio which avoids the need for significant cross sec
tion corrections. 

Absolute techniques require careful attention to a 
multiplicity of details normally ignored in less jirecise 
\\ork. Thus, in order to aim at an over-all measure
ment of 1% accuracy or better, each component must 
be tested for proper and reliable behavior. For ex-
am])le, beta-gamma results are being compared to 
4jr beta proportional counting data and other stand
ardizations. The liquid counter is intercalibrated 
daily with the reference system, and activations of 
the 42-in. diameter manganese batli are currently 
being conducted with a radium-beryllium .source to 
ciieck long-term reiiroducibility. In addition, a con-
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centration run to obtain the manganese to hydrogen 
cajiture ratio with a hard spectrum neutron source 
(radium-beryllium) is being carried out; this should 
be of use to groups involved in absolute neutron stand
ardization of such sources. 

RF;FKRE.\CE 
A, IJe \ i.lpi and K, Porges, Direct and Absolute Measure

ment of Arerage Yield of Neutrons from Thermal fission 
of U-lSe, Interiiati..ii!il Conference on Nuclear Physics 
with Reactor Neutrons, October 15-17, 1963, ANL 0797, 
(1963), pp, 4.50-4.54, 

1-7. ]\Iass a n d Kiiiolic- Enerf;y Di s l r ibu l io i i s in MeV N e u l r o n I n d u c e d F iss ion 

.J. W, Mi.;-\Dows .\N!) .1, F. \Vn.\LEx 

IX'rRODrC'TION 

One of the more interesting jn-oblems in the study 
of the fission process has been the dependence of the 
mass and liinetic energy distributions of the fragments 
on the excitation energy. Measurement by many ex
perimenters have been made over a large range of 
excitation energies for many different nuclei,^ How
ever, in much of this work, the identity of the fission
ing nucleus and its excitation energy is uncertain due 
to the possibility of neutron emission before fission. 
Consequently we have undertaken a study of the 
mass and total kinetic energy distribution in neutron 
induced fission below the threshold for («,«'/) re
actions (~6 MeVi, Results for thermal neutron fis
sion of U-235 and Pu-239, 1,0 i\IeV neutron fission of 
U-235, .and 1,5 MeV neutron fission of U-238 are re
ported below. 

E.XPKRIMENT,\L M E T H U D 

The experimental method involves the simultaneous 
detection of a pair of fission fragments in two solid 
state detectors and storing tlie pulse heights in a 64 x 
64 array with the rows representing the pulse height 
of one fragment and the columns the pulse height 
of the other. Bias levels and amplifier gains are set 
so that only the energy range between ~40 to ~12ll 
MeV is covered. The pulse heights are con\erted to 
energies and corrected for energy loss in the source 
and detector windows, for the imlse height defect, and 
for center of mass motion. The first two corrcctiims 
are based on work by J, Alexander and M, Gazdik,-
and H, Britt and H, Wegner," These energies are re
lated to the total kinetic energy, Bj., and the mass 
ratio by 

£,. = A'l -h A'. 

Ml E, 

wheie E, and i,\. are the energies of the fission frag-
i t ients, 

REKULT,S 

The results are illu.strated in Figs, 1-7-1 and 1-7-2 
and some average quantities are listed in Table I-7-I, 
Fission fragment masses determined by the method 
used in this experiment are subject to a dispersion 
due to the decrease in fragment energy caused by 
neutron emission."' The mass yields in Fig. 1-7-1 have 
not been corrected for this effect; consequently the 
mass peaks are broader and the valleys somewhat 
shallower than is actually the case. However, the dis
tributions of Et in Fig, 1-7-2 have been corrected. 
If it is assumed that on the average each fragment 
emits an equal number of neutrons, then for a given 
mass split 

Af, = ^- (-Ih + ^ 
2iMi + M,J\M, Mj 

The average neutron numbiT ]ier pair of fragments, 
V, is estimated from 

E, -b A\ - E, 

M, -h .1/= !•:, + E, 

B„p -h 1,21 
where E, is the energy obtained by sjilitting the fis
sioning nucleus into two fragments with masses -l/i 
and -U- , c„ is the kinetic energy of the incident 
neutron, E^ is the energy einitted from the fragments 
in the form of gamma rays, Bnc is the average neutron 
separation energy of the fragment* and 1,21 is the 
average kinetic energy of the emitted neutron, 

.\s yet there is not enough data to warrant any 
conclusions. However, the values of o^{M) listed in 
Table I-7-I show that the mass distribution for 1 0 
Me\ ' neutron fission of U-235 is appreciably broader 
than in thermal neutron fission. This increase is more 
than can be accounted for by the increased number 
of prompt neutrons. Also, most of the additional 
wi<lth appears on the asymmetric side. 
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T , \ l i l , l ' ; 1 7 1. ,AvEKA<it: T O T A L K I N E T I C K N K R G I E S IBK 

M A S S E S (,17,. , .1?/,), A N D T H E X A R I A N C E O F T H E - M A S 

DiSTRIBLTICJN [<r.(.1/jl. 

Target N 
Nucleus 

U-2.35 
XT-235 
Pu-2,39 
U-238 

Neutron 
Energy 

Thermal 
1 MeV 
Thermal 
1.5 MeV 

EKT , 
MeV 

168.1 
168,0 
172,9 
169,4 

Mt 

96,2 
96,2 
99,4 
98,8 

M„ 

1.39,6 
139,6 
140,3 
1.39,2 

,'IM) 

34,9 
38,5 
48,0 
37,8 

KKFEUEXIIC-

19,59, . 1. l l a l | , e r i L Nuclear l-ission. Xnu. l l i -v. N u c l , Se i , 9 , 

p . 245 t. '^taiifurd C a l i f o r n i a , A n n u a l K e v i e w s J . 

E , K , H y d e , A Review of Nuclear Fission. P a r t l~Fission 
Phenomena at Low Energy, t I C l i L - 9 0 3 6 ( J a n u a r y , 1960), 
P a r t 2 — F i s s i o n Fhenouiena al Moderate and High Energy, 

U C I i L 9065 ( F e h r u a r y , lilliOl, 

J . K. H u i z e n g a a n d I t , \ ' a u d e n h ( ) s c l i , Nuclear Fission in 

Nurh-ar Reactions, \ o l , I I , e d i t e d b y P , M , E n d t a n d 

P . B . S m i t h ( N o r t h H o l l a n d P u b l i s h i n g C o m p a n . v , A m -

s t e n l a i n , 1962) p , 42-112 , 

, .1 . M , A l e x a n d e r a n d M , F . ( l a z d i k , Reeoit Properties of Fis

sion Fragments, P h y s . l i e v . 120 , 874 (1960), 

, H , C , B r i t t a n d H , E , W e g n e r , Response of Semi-Conductor 

Detector to Fission Fragments, Hev . Sr i . Ins tr . 34 , N o , 3, 
274 (1963), 

,r, Terre l l , Neulron )o7J .v from In.linduat Fission Frag

ments, P h y s , l i e v , 127 . 8S(I (1962 L 

l-K. Niu'lear Reaolion Theory and Optical Model Studies 

1*, A , M o i . D A t ' E l t 

This tlieoretical itro^rjim litis been pursued with the 
objective of improvinf^ the fundamcnttil understand
ing of neutron induced nuclear processes. In addi
tion, these theoretical stutlies have proved an in-

vtiltKible iiid in guiding anil interpreting experimental 
elfiirts and extrapolating measured results to provide 
dtita of importtmce to the nuclear energy proiTam 
The results have been submitted or reported in 
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journals or at conferences under the following titles 
and abstracts or summaries. 

Widths of Single Particle Bound States^ 

The radial shape of the nuclear optical model ab
sorptive potential, W{T), is shown to affect the dis
tribution of single particle wave function components 
among highly excited nuclear bound states, Deuteron 
stripping and gamma-ray scattering experiments are 
suggested by means of which it may be possible to 
determine the shape of W\r), 

Resonance Statistics and Average Cross Sections-

The effects upon average cross sections of the 
statistical distributions and correlations of nuclear 
resoiKincc iKirametei's are discnssefl, 

.Xnclear Cross Section Fluctuations'^ 

The dependence of the amplitudes of the energy 
fluctuations of nuclear cross sections upon resonance 
parameter statistics and resonance width to spacing 
ratios are discussed, 

.\iieragc Compound Nucleus Cross Section,s* 

A brief historical review of tt\-er;tg(' cross section 
theories is followed by a new classification of avertige 
cross sections and a summary of the latest theoretical 
results, together with comparisons of their predictions 
with the measured neutron inehistic sctittering datti, 

Itpticiil Model of IAIW Energij Neutron Interactions 
irith i'^pherical Nuclei'' 

The optical model is used to study available datti 
on absorption, scattering and polarization by spheri
cal nuclei of neutrons with energies below 1 JleV, .\ 
good fit is obtained with a diffuse surface model hav
ing a sharply jieaked absorjitive shell at the surface. 
The sensitivity of various cross sections to changes in 
optical model jiarameters is discussed, both qualita
tively ;ind f]tiantitati\'ely, 

.\verugt Risonance Parameters and the t)ptical 
Model" 

.\i'erages over resontmces of the elements of the 
collision matrix are derived from i?-matrix theory for 
the general many-channel use. Of special interest are 
the average diagonal elements because of their rela
tion to the com]ilex jihase shifts of ojitical models for 
the channels. In the absence of correlations among 
channel width amplitudes, the formula relating an 
average diagonal element to the average resonance 
parameters is found to be the same as that obtained 
by R, Thomas' for the single channel case, or when 

competing channels have small transmission factors. 
The evaluation of this formula with the aid of the 
single particle level picture of A. Lane, R, Thomas, 
ttnd E, Wigner" is discussed, as well as the effect of 
correlations among channels which are indicative of 
direct reaction effects. 

Statistical Tlieorii of Nuclear Collision Cross Sections' 

A formalism is developed for a statistical treatment 
of the energy variations of nuclear scattering and 
reaction cross sections, A statistical collision matrix 
V' is defined which has the form of an energy-
independent direct-transition matrix plus ti fixed 
simple resonance-pole expansion, the matrix residues 
of which are products of comiilex channel-width 
amplitniles. By direct comparison with the Wigner-
Eisenbud'" and Kapur-Peierls" collision matrices it 
is found that under widely a|)plicable conditions the 
statistical collision matrix may be used to calculate 
a\'erages of observables over energy intervals con
taining many resonances and many total widths. The 
jiroblem of determining the statistical i)roperties of 
the i)aranieters of V" is defined and is solved for sev
eral special cases by relating it to the statistics of 
/('-matrix parameters. Using these methods, aver
ages and mean-square fluctuations of total and re
action cross sections are calculated under general 
conditions admitting direct and compound processes 
and arbitrary average values of the total widths r 
tind the resonance spacings D. The results are ex
pressed in terms of the direct-reaction matrix ele-
nient» and the statistical properties of resonance 
|i;iitimeters apjiropriate to the energy region under 
consideration, and are related to the locally applicable 
t)|itical-model phase shifts and transmission coeffi
cients, Simplifications are obtained under special 
assumptions such as uncorrelated width amplitudes, 
small tind large T/D, [lure compound-nucleus reac
tions, many competing open channels, and many com
peting tlirect processes. In the limit of small r/D 
one obtains the leading terms of an expansion of the 
a\'erage cross section which had pr^•eiously been de-
ri\Td from i?-matrix theory directly. In the limit of 
large F I), many competing channels, and no direct 
reactions, the nonelastic fluctuation lor average 
compounil nucleus) cross sections approach the 
Hauser-Feshbach formula. Except in this limit, cor
rections due to partial-width fluctuations tmd reso-
ntince-resonance interference are applicable. The 
former are sensitive to the magnitudes of direct re
action matrix elements, the latter to the correlations 
of resonance energies. Competing direct reactions are 
shown to require reductions of the transmission co-

file:///iieragc
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efficients. The mean-square fluctuations of cross sec
tions are found to apiiroach T. Ericson's results^" in 
the limit of large r/7> and many competing chan
nels, but are in general much larger for moderate 
r / D and few channels. They are also sensitive to the 
details of resonance parameter ."Statistics. 

I)istril'iitlon>^ of the Poles ami f^esidiies of the Colli
sion ^[atrix^•'^ 

The relationship between the statistical proiKTties 
of the parameters defining the i?-matrix and the 
distributions and correlations of the poles and resi
dues of the statistical collision matrix are ex])lored 
by means of some limited numerical computations 
involving models for reactions in the presence of 
large numbers of competing strongly absorbed chan
nels. The results shed light on the distributions of 
resonance energies and widths and on the relationship 
between the partial widths to s])acing ratios and the 
channel transmission coefficients. The calculations 
also yield substantial channel-channel and resonance-
resonance correlations in the complex amjilitudes which 
define the collision matrix pole residues. These are 
important for their effects on average cross section 
and fluctuation calculations. I t is found that the in
vestigated statistical relationships depend on the 
choice of i^-matrix boundary conditions and the im
plications of this for the choice of boundary conditions 
are discussed. 

Proidem of Measurentenf^'* 

A discussion of questions dealing with the inter
pretation of the measuring process in (]uantuiii me

chanics is given. I t is argued that the conventional 
interpretation does not give ri.̂ e to real concei)tual 
difficulties. 
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1-9. Nei i l ion f i e l d s f iom llipli Enoifry Proton Bonibardinent 

.1, W. ,\li;.U)invs, .1, 1'. W'H.M.KN, A, li. SMITH AMI (',. 1!, IliM.o* 

The yield of neutrons resulting from the bombard
ment of various target material with high energy 
lirotons is of interest for space shielding and for the 
assaying of the suitability of high energy accelerators 
for the production of intense neutron sources. For 
these reasons the following two investigations were 
carried out, 

Xeutron Production hij J^.^D-MeV Protons^ 

Measurements on neutron production in T", Ph, A\, 
and D2O targets inside an hydrogenous moderator 

* Physics Divisinii 

have been made with ;i Iieam extracted from the 
University of Chicago cyclotron. With targets 10 cm 
in diameter and 1.5 cm thick, U gave 5,7 ± 1 , 4 neu
trons per ]3roton and a maximum flux in the moderator 
of about 0,012 ± 0,002 neutrons cm^= proton^ ' Pb 
gave about one-half as much, and A\ and D,.0 much 
less. 

Thick Target Neutron Yiehls for 6 BcV Proton^'-

fO\aluation of the possible use of very high enerev 
accelerators as neutron sources for time-of-flieht 
spectroscopy requires a knowledge of neutron pro-
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TABLl'^ I-9T. NEUTRO.N ^'IKLD I*ER L\CIDE.\T pRirm.v FRUM 

HIGH ENERGY PROTON BOMBARDMENT 

Target Length, 
cm 

5 
10 
1.5 

U 

34 
74 

113 

Target 

PI) 

8 
18 
27 

.\1 

— 
1,7 

DtO 

— 
1.7 

duction in thick targets, .Vceoriiingly, we luu'e made 
several measurements of thick target neutron yields 
for 6 BeV protons. The experimental procedure con
sisted of allowing the protons to strike a thick target 

in the center of a large water tank then measuring 
the neutron flux distribution in the water by gold foil 
activation. The proton beam intensity was measured 
by the A\-27lp,3pnl Xa-24 reaction. The results in 
neutrons per incident proton for various targets 10 
cm in diameter arc given in Table I-9-I, 

EEFERE.\CE,S 

1, .1. \V. .Meadows, G. Ii. liiiigo and .\, B. Smith, \rulron 
I'rodurlirm bl/ iSO-.MeV Pridons, Xucl. liislr. ,\lclhi.lls 
26, No, 2, 349 (1904), 

2, .1, W, Meadows, J, F , Whalcii ami A, B, .tniith, Thick Target 
Nrulrim Yields for 6 BrV Protons, Bull. Am, Phys, .Soc, 
9, N'ci. 4. 4i;l, (lflli3). 

I - I O . S t r i p p i n g K e a c l i o n s 

THE Be' 'ld,n)B"' RE.UTIOX IS , G , Buccino 
and A. B, .Smith I 

Measurements of the angular distribution of neu
trons from the Be'M(/,"lB^" reaction have been made 
using the pulsed-beam time-of-flight facility on the 
Reactor Physics Division's 3 M\" Van de Graaff, 
The measurements were cani id out at incident neu
tron energies of 2,6, 3,0, 3,1, and 3,2 MeV, .and in 10 
deg intervals from 0 deg to 70 deg. The target con
sisted of metallic Be 120 keV thick to 3 MeV deu-
teronsl evaporated on a 10 mil tantalum backing, 

..\t bombarding energies of ~ 3 MeV, 8 distinct neu
tron groups were seen in the data corresjionding to 
the ground state and the first seven excited states of 
B'", The energy resolution at an 18 m flight jtatli was 
sufficient to clearly resoh'e the doublet at 5,11 and 
0,16 MeV excitation. There is no indication of unre
ported levels below 5,16 Me\ ' nor any evidence for a 
level at 5,18 MeV which had been previously re
ported. Figure I-lO-l shows a typical time siiectrum at 
a bombarding energy of 3.0 ^teV and an angle of 20 
deg. The data are being reduced to relative dift'erential 
cross sections and the Butler theory of stripping reac
tions is being used to extract /'-\'alues. 

THE Fe-54ld,n)Co-.55 
L, J., Lee, .Ir„* .1, P, 

R E , \ C T I O X 

Schiffer,* 
(D, S, Genmiell,* 

and A, B, Smith) 

.\ time-of-flight system incorporating the pulsed 
deuteron beam of the Physics Division's tandem Van 
de Graaff accelerator, a 9,5 m flight path and a 4 in, 
diameter licpiid scintillator was used to study angular 
distributions from the Fe-54(d,n)Co-55 reaction with 

* Phvsics Division 

7-MiV deuterons. Preliminary results indicate six 
inominent groups at the following excitation energies 
with ^values in parentheses: 0,0 MeV (3), 2,12 ( I ) , 
2,54 (II , 2,92 111, 3,60 l3,4i, 4.10 i l l . The errors in 
the energies are less than 50 ke\' . 

— tn 

|o 

..X.k..JLA 

.fl̂ ^ w / v.-./ '..~̂  ' V..- ....... J i 

1_JU /LA^^. 

BeVn)B'° 
1/50 kev 

- f , Ê  = 3 2 Mev 

TIME 
Ki<;. I-lO-l. The Time Dislribution of Neutrons Resulting 

from the Be-9{d,n)B-10 Reaction. The First Seven Excited 
States in B-lOare Evident. The Curves are Taken with Respec
tively Lower Energy Neutron Sensitivity Top to Bottom, 
thus the Inset of the Lower Energy Neutron Groups can be 
Clearh' Observed. 
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Section II 

Thermal Reactors 

Woik iu this section ranges from general reactor theory motivated by analysis of 
tliermal reactors to detailed design problems associated with specific programs: 
Plutonivmi Recycle in EBWR and tlic Argonne Advanced Research Reactor. 

Studies apphcable to a wide range of existing designs of thermal leactors, such as 
l)oihng water reactor kinetics, are included in this section. 

In the area of fuel conservation in burner reactors, studies were conducted on the 
use of depicted lU'anium as a fertik' control material and on the analysis of water 
lattices with high conversion ratios (the Hi-C lattices). 

Some interesting experiments on the U-D2O systems with 'flux traps" are re
ported here; these include the lattices with predicted k^ < 1. These lattices were 
maiie critical by moderation of neutrons to energies below the resonance capture 
range while in the reflector regions. 





I I - l , Remarks on the Definition ot k\j/ for Off-Crilical Keactors—I 

D. H. SHAFTMAN 

MODIFICATION OF THE FOUR-FACTOR FORMI'LA AND 

twff FOR OFF-CRITICAL REACTORS 

In its usual form, the "four-factor fornmla" relates 
tlie infinite multiplication factor, k^, to neutron-loss 
and neutron-gain processes in a ;j-group partitioning of 
the neutron energy range. In the formula k^ = {vf)tp, 
the factor e takes account of the fast fissions in fertile 
material. The factor p accounts for resonance neutron 
absorption in fertile material. The factor (77/) therefore 
nuist account for all other neutron source and sink 
terms in the infinite medium. In the original application 
of the four-factor fornuila, which was to well-thermal-
ized media, (??/) was calculated as the nuntber of fission 
spectrum neutrons pi'oduced per ^/;rrma/-neutron ab
sorption. 

In this approach, foi- a finite reaet(n-, the effective 
multiplication factor, A,//, typically is evaluated as a 
product of /r« and an appropriate combination of non-
leakage probabilities for the neutrons in the various 
eneigy groups. The accuracy of this implicit assumption 
of the separability of absorption processes and leakage 
processes depends upon the detailed properties of the 
reactor medium being studied. There is, however, a 
more basic difficulty, in the manner in which Z;̂  fre
quently is determined, namely, by simulating the cas
cading of neutrons as they slow down from fission-
spectrum energies. 

The problem is stated in the cdntcxt of a o-gro\ip 
diffusion-theory model which is anak)gous to the physi
cal model of the four-factor formula. Assinne that tiie 
reactor is a source-free, uniform sphere of radius r,,, and 
that the group fluxes all vanish at the surface of this 
sphere of geometric buckling B'. Assume that neutrons 
are not scattered up from lower energies to higher 
energies. For much more general conditions, (1. Habet-
ler and M. Martino' have proved the existence of a posi
tive dominant eigenvalue, X,,, for thi' nuiltigroup sys
tem: 

\ ^j S n. 

(1) 

and therefore, in particular, tor this :i-gionp prnbleni. 
The group fluxes, <̂ j, are positi\'e inside the sphere and 
vanish at its surface. 

If Xo = 1, the system will be said to be "critical." 
More generally, whether the systein is critical or not, 
k,ff will be defined to be 1/Xo. 

For the case of the bare sphere, the group fluxes are 
well known. They are of the form 

«. = -1, 

where the functions . 1 , are constants which depend ii|)oii 
the diffusion theory paiameters and upon the flux nor
malization. The problem of solving for the eigeiixalue, 
Xo, therefore may be simplihed to the problem of solving 
for the dominant positive eigenvalue of the system: 

0 = -U),B' + i:,.,.,]«,(0) + E 2;'-'«,(0) 
r<j 

+ XX, l ; (i-Sj-),<*;. (0); (2) 

1 S J g 3, 

In Rrp (2), 

'", + -/, + : 
and 

w,/j ^ macroscopic cross section for slo\\iiig down 
^ into groups (/, > ;) of lower energies, 

Kcpiation (2) is the familiar 'fundamental-niodc" 
system, and !,•,// = 1/Xo corresponds to the usual defi
nition of Av//, C'leaily, if, in FA\. (2), the (v2/)i were re
placed uniformly by (i-S/)!. = Xo(>'S/)i., the resulting 
lictional medium would be "critical". In particular, if, 
in Ecp (2), X]< (''-/)i*<(0) were set equal to unity, 
then the calculated group fluxes, *t(0) , would satisfy 
1 = C,. (,/-,);.0,.{O), and 0,(0) = 0^(0), Therefore, 
'•'.// = 2Z< ("-/Iw^ilO), Eqnivalently,/,-,//maybe deter
mined by formally introducing this unit source density 
in the actual systein, solving for the group fluxes, 
101.(0)1,., and setting t.;,, = J ] , . (^2/),^,(0), Indeed, 
this usually is the method for determining Av// for the 
fundamental-mode model. 

In Ei\. (2), the non-fission neutron source events may 
be grouped either with x, ("2/),- or with z'',". With the 
former choice, such processes as {n,2n) reactions are 
treated in a manner similar to the treatment of the 
fission process- and this seems to be a natural thing 
to do. With the latter choice, > ] ,» 2 i ' ' is larger than 
the cross section, Ŝ ^̂  for slowing down out of group J. 
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The extra "slowing-down" terms are the source con
tributions, to groups of lower energy, from (n,2n) re
actions in group j . In i;„„, = 2,,, + S/, + S,i,, the 
term 2,, includes the (n,2«) capture cross section, 
2(°',!»),, minus the (n,2«) source contribution for group J, 

Let us solve the ."i-group system in detail, to obtain 
formulas for !;„ and for A,//. Assume that age-diffusion 
applies, in the sense that neutron slowing down is en
tirely from the one group to the next group down, i.e., 
s r ' = 0 ii k yi (j + 1). Then, with the additional 
simplifying assumption that X,, = 0, Eci, (2) may be 
solved readily for Xo, and, after some algebra, we obtain: 

A-, )«.//?'1,0 

In Eq, (:i) 

,.,. = [ = I + 
X n X i ' ^ - - (1 +ai)S/,1 

x,iX,ui;,)i J 

Cll 

(41 

• b ' - ^ l 

Lj 

LX 

V.I 

„ 

s 

^ 

^ 

3 

V 

1 

1 + 
1 

1 + 

(i-S/) 

-r , ,„ , 

D,B'-

T,B- • 

'rXg' 

3 

' 

+ 1\ 

P = 7h, 

Ii, 

D, 

''' S. , - XoX,(v3/), 

If the (iroup-2 fissions arc included in the delinition 
of an "eH'ecti\-e (rif)'\ a fnrniiila of the more familiar 
t^'pe is obtained: 

vheie 

'1,0.. 

I'cfl = e.,.,l>ir,()L,L,L,, 

2„„„ L ivZ,h/st„,..J 

(•<} 

((i) 

and the other notation is defined above, 
.Vs defined, e^f/Li is the total source rate into group 2 

if the total rate of production of fission spectrum neu
trons from groups 2 and "> is unity. The product pL^ is 
the probability that a neutron introduced into group 2 
does not capture or leak out while in group 2, The factor 
(T)f),.f/L:, is the total rate oi production of fission spec
trum neutrons from groups 2 and '•', if the .source rate 
into group '.i is unity. 

Thus, e,ffLi is the generalization of * to the finite, 
off-critical systein. For an infinite, off-critical system, 
the f<jrmnla for e becomes [see lv|, (4)]: 

XoX/^-S/h - (1 
x „ x , U 2 . i , ^ l ' r>d 

If X.J = 0, this reduces to 

Xo( vSf)!- (1 -hj^ijJA 
«-// = 1 + ,„„, - XoUS/li 

instead of' 

I + 
(•"-S/li (1 + a,)2 

(•"S/h 

The usual deri\ation of the fast-lission factor, t, from 
consideration of the cascade processes of fissions and of 
diffusion in group 1, does not correspond to Eq, (2). 
riather, for the case x,. = 0 = X:,, it corresponds to 
E(|, (2') with B- = 0: 

0 = - [ i + (.'i:/),|0,(O) 

-h X* E (.'2/)<-«,-(0), 

0 = - 2 , . , „ > , ( 0 ) + t.''"''<i,,-i(0); 
(2') 

The resulting definition of A-,,//, as the reciprocal of 
the dominant positive eigenvahie, Xo, of Eq. (2 ), yields 
A-,,// 5̂  kfff unless A'..// = 1. By comparison of Ecis. (2) 
and (2'), it is clear tha t : (a) if X„ < 1, then Xo* < Xo; 
and (b) if Xo > 1, then Xo > Xo, Equivalently, if the re
actor is "subcritical" (i,e,, Xo > 1), then A,// < A-,//. 
If the reactor is "supercritical" (i.e., Xo < 1), then 
A-,// > kf/f. Note that it is k,ff which is obtained from 
the standard multigroup programs (c,g,, .\rgonne's 
REX program), not Ac,-/. 

E(|uation (rt) looks like a modified version of the 
formulation of A-,,// as a product of A« and group non-
leakage probabilities. However, Xo = 1/Av/f appears 
nou-liiiearly in the formula for t,//, and Ecj, (.5) defines 
k,ff implicitly, not explicitl,v. The explicit solution for 
A,// is obtained readily, but it is not of the form of a 
single product of terms. 

It is significant that the critical systein is unambigu
ously defined as the case where k,,j = 1, In this case, 
the modified formula for Av//, Eq. (.">), reduces to a 
standard formula when the approximations otherwise 
match, e,g,, Xi = 0, or (KI , ) . . = 0, etcetera. For the 
case where A,,/ ^ 1, the numerical difference between 
k,„ [as defined by Eq, (5)] and k.,j as defined by one of 
the more familiar formulas may be (piite important 
with respect to the kinetics problem, l-'or k,ff ^ 1 it is 
not necessary to adhere to the definition of Av// as the 
reciprocal of the doniiuant positive eigenvalue, Xo of 
VA[. ( 1 ) , It is important to define the kinetics problem 
correctly, but this may be done without introducing the 
concepts of A,// and of the mean prompt neutron life
time, (. (see I'apei Xo. 11-2), 
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;, J. Ilabetler and M. A. Martinfj, Existence Theorems and 
Spectral Theory for the Multigroup Diffusion Model, 
Proeeedinfts of tfie Kieveiith Symposium in Applied 

Mathernalifs of the American Matheniatiral Society, 
Nuclear Reactor Theory, 1%!, pp. 127-139. 

Reactor Physics Constants, AXL-5800 Second Edititm (19G3), 
pp. 15(V155. 

II-2. Keniaiks on the Definit ion of/,.// for Off-Critical Kea<tor^—II 

I ) . H . S H A F T M A N 

H K L A T I O N S H I P B E T W E E N D E F I N I T I O N S O F AV// A N D T H E 

M E A N P R O M P T XEt 'TuoN L I F E T I M E , (• IN M I ' L T I -

GROUP D I F F U S I O N T H E O R Y 

Modified pseudo-statics formulas for k^ and Av// are 
developed in Paper No. II-l. With these modifications, 
the definitions of these terms correspond to the defini
tions used in the standard programs of multigrovip dif
fusion theory. 

Actually, it is a substantive (iviestion as to what is 
meant by a single, time-independent k,// ^ 1 unless the 
time-dependent multigroup ('(luations have dominating 
solutions which are separable, asymptotically in time, 
into simple products of fimctions of space position and 
energy, and a single function of time. For (|uite general 
conditions on the multigroup parameters of one-dimen
sional systems, (J. Habetler and ^I . Martino' have 
proved asymptotic separability of the solutions of a 
simplified form of the time-dependent nuUtigroup diffu
sion e<|uations. The following discussion will be within 
the context of nuiltigroup diffusion theory for source-free 
media. It will be assvmied that non-trivial solutions exist 
and that these group fluxes are separable, asymptot
ically in time. The multigroup parameters are assumed 
to be constant in time. To simplify the geometric setting 
of the remarks, it is assumed that the reactor is a bare 
homogeneous sphere, and that the fluxes all vanish at 
the outer surface of this sphere. Finally, attention is 
restricted to a model where all nevitrons are emitted 
promptly. 

A. Weinberg and IC. Wigner" have derived a time-
dependent diffusion ectuation for one-group theory, a 
form of the Telegrapher's E<iuation, which involves a 
second partial derivative with respect to time. A modi
fication of this etiuation will be considered wherein only 
the first partial derivatives appear, in a multigroup 
version: 

(i/r'j)[a^,(r,0/a(l ^ .,)<i',{r,/) 

A.{r,0. (1) 

1 ^ ./ ^ m. 

In YA\. (1), Vj is an eft"ective velocity of the netitrons 

in energy group j (sec iief. '1). The term -scTurr, includes 
all processes which introduce neutrons into group./ from 
group A', other than .scatterings within the group. 

Let the normalized solutions, \^j\„ of Eq. (1) have 
the asymptotic form 0j(r,/) :=t: ^ j ( r ) r ( / ) . For m-group 
theory, there are m sets of solutions, ^/p(r)Tp(/), where 
Tpit) = exp { — api). It is assumed that there exists a 
real eigenvalue, ao, which is algebraically larger than 
the real part of all other eigenvalues, ap. (Habetler and 
Martino have proved that such an a(, exists, for a wide 
variety of one-dimensional systems. ) If this ao exists, 
then an effective multiplication factor, Av/, and a mean 
jji-ompt neutron lifetime, C may be defined. 

If, \vith respect to the particular theoretical model or 
to its partictdar application, there is no flux component 
which is asymptotically separable and dominant, it is 
difficult to see what ad\antage would be sen-ed by in
troducing a time-dependent Av// and some sort of an 
average mean lifetime, /"(/). The space-time problem is 
described already by E(i. {!), togetiier with pertinent 
auxiliary conditions. E(|uation (1) may be solved for 
the group fluxes, <>j(r,/), without interjecting concepts 
of k.ffit) and ((t)—even if a dominant ao does exist. 
However, often it may be psychologically useful to em
ploy the concepts of an importance-weighted rate of 
production of excess neutrons, /.v// — 1, and a mean 
prompt neutron lifetime, f, as assists to physical in
sight. 

For the sphere, of buckling B', substitvition of 
i/',{r)7'(0 for0/(r,/) in E(!. (1) yields: 

0 = -[z>,B- -f- r . . , + (a vMAO) 

+ Z r ' : . ;„ . ^ , (0 ) , \ ^j ^ m 

Wc may rewi'ite Eq, (2) in matrix form: 

( - 1 - a l )<p = <j>. 

(2) 

(3) 

where / is the m X n\ identity matrix and ^ is the flux 
sector. The matrix A has m characteristic roots: ao, ai, 
• • • , a„-i. Note that the value of the real, dominant, 
simple eigenvalue, au, is not affected by the particular 
choice of definition of /,,// (see Paper Xo. I I - l ) . The 
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TAIiLE II-2-I. Twn-(iHinir PAHAMETERS FOR THE CORK" 
I hula from Ref. S) 

Parameter 

D, cm 
Sc -+ Z,, c n r ' 
1.2/, cm-' 
2 ;* ' , cm-' 
X 
V, cm/sec 

(Iroup 1 

3,2325 
0,0«i4fi 
0.011)12 
0.03397 
0,574 
2,13 X 10' 

(iroup 2 

2,2140 
0,0061)8 
0,00il7i; 

— 
0,42(1 
6,1)7 X 10» 

"This core was stu<lied experimentally in tin- ZPR-III 
facility of Argonne National Laborati>r>-. 

familiar first-order foriiinla lelating "/o//" and "(" and 
ao is ao ^ (Av// — 1);'(. More generally, ao is a function 
of Av/ and /", and Ae// and ( must be defined so as to 
provide the correct value of ai,. Also, all "coefficients 
of reactivity" must be defined so as to be consistent 
with the definition of Av//. This is not a trivial point, 
since we are accustomed to working with coefficients 
of reactivity rather than with "coefficients of asymptotic 
reactor period". In the simplified model adopted in the 
present discussion, the existence of an asymptotic 
reactor peiiod is assumed. For many reactor opei'ations, 
the concept of "coefficient of asymptotic reactor 
period" should be at least as useful as the concept of 
coefficient of reactivity. 

In Paper \ o . II-l , on modification of the four-factor 
formula, it was noted that the Av// of nmltigroup diffu
sion theory could be defined in more than one way. 
Let us examine the implications of this ambiguity in 
the context of two-group theory. It will be assumed 
that: (1) all fission neutrons are emitted promptly; 
(2) the fission spectrum distribution is independent of 
the energy of the neutron causing the fission; (S) there 
are no processes of neutron multiplication other than 
fission; and (4) neutrons do not upscatter to groups of 
higher energy upon a scattering collision. 

With these simplifying assumptions, Eq. (2) may 
be rewritten as: 

0 = -[D,B' + :;,„„, - xAv^,),+ {a,'r,}]^,(0)| 
+ Xi(''2/),,A2(0), [ 

0 = - [ Z ) . B - + 2 . , . , - x ' d - r , ) , + {a'hMm\ 

InEq . (5) , theterms[a/ r>, (0)and[-X,( i '2 / ) j ] i^ ; (0) 
arc treated as effective loss terms, grouping them with 
the actual loss terms D,B'4>j{0) and Z;.,^j./'/(0). This 
treatment corresponds to the grouping of terms in Etj. 
(2') of Paper No. 111. From Kq. (:») a lirst-order 
solution for ao is obtained: 

a u ^ (A-*-/- 1 ) ; ^ , (0) 

where the effective miiltiplieation faetor is defined to tie: 

'••<// = — ^ = J • 

and the iiiean prompt neutron lifetime is defined by. 

r s ( i / s ,2„ , ) + ( i / »22„ j , (8) 

with 2„,. = D,B' + r „ „ , + X,(r2/) , . 
AIternativel.v, the grouping eorresponding to Eq. 

(2) of Paper .\'o, II-l may he chosen: 

0 = - l A B ' + i:,„„ + (ce'h)]h(0) 1 

+ x, E (.:/)*(0), 
0 = -IDjf- + 2„„„ + (a/i>2)]h(0) 

(9) 

To first order, from 10(|, (!l) we obtain: 

^ X i (yS/ ) i 

' " ' " DiB'- + 2„„, 

(v2/ l2 

+ I);B- + 2.. 
r , '<i2;-' 1 
X; + ~ , 

(10) 

(11) 

and 

( : 

( 

r Xi(;.2,)i 1 
L IhB'- -f 1\,„„J 

1 ' " AIB' + 2„,„ J [f̂ ;̂̂  + f ^ J ' 

112) 

S,, + X,(v2/),]li;,, + X.fDS/l,.! (*. 
(13) 

If non-fission soiu'ce reactions occur, e,g,, (H.2;I) 
events, then an additional ambiguity exists iu the defi
nition of k,.ff. Siiould tliese source events be treated in 
a manner similar to fission source events, or should they 
be included as additional net slowing down? Of course, 
the numerical magnitude of Av// is affected. The tisual 
procedure is to treat in,2n) reactions strictly iu terms 
of removal plus additional slowiug-down, and this 
decision is reflected in the delinition of {. (see Paper Xo. 
11-1,) 

111 IJiuations (7) ami (8), it has been a.ssumed im
plicitly that neither 2«, nor 2„. vanishes. If one of the 
2„, vanishes, but not the other, then the right hand 
side of E(|, (11) exists although the appioximatiou to ao 
might be very poor. In this ease, of course, lu'ither En. 
(7) norE(i, (8) is meaningful, independently. Equation 
(i:i) is exact, and it is valid if at least one of the 2 .'s 
differs from zero. 



/ / . p . Iskendcrian 27 

T . i B L I - ; 11-2-11. . \ c i ' i to . \ f i{ TO C ' R I T I C , \ I , I T Y BY 

\ ' A R Y I N ( ; TUP: B i i K i . i N ' i 

Buckling (S^J, 
lEq, (11)1 lEq, (7)1 k,„.i 

0,002045 

0,00203(1 

0.001999 

0.001t),54 

1.(101X1 

1.0020 

1,0100 

1.0200 

1.0000 

1.0042 

1.0212 

1.0427 

2 . 1 0 0 

2 . 1 0 3 

2 , l l l> 

2,1,33 

If both 2w,'s vanish, then E(], (o) may be solved 
directly for ao, getting: 

a„ = V l S ^ " + X'.(v2/),lc,|xi(^2/)2K (14) 

It is assumed that neither 2/,, vanishes. I t is easil.v 
shown that the following exact relationship holds: 

/-•,// - 1 

.[Mi^][,«^j,,^ 
(l.i) 

Thus, if the reactor is not eiitieal and it is made to ap
proach eritieality by vaiying some parameter, e.g,, B', 
then separately Av// —̂  1 and /,«// —> 1, but (Av// — 1),.' 
(/r,// — 1) may approach a value <iuite different from 
unitv. It is therefore essential that the definition of 

mean prompt neutron lifetime be consistent with the 
delinition of /,-,//, and this consistency is ct|uivalent to 
the condition implied by Ei), (10), namely, that 

(k,,, - 1), f 
1 k,,, - 1, 

Consider the following example of a two-group model 
for a fast reactor,' chosen to illustrate the uumerieal 
differences in the \alues of the effecti\e mulfiplicatiou 
factor. The two-group parameters for the bare core arc 
listed in Table II-2-I, 

The results of an approach to eritieality by varying 
the buckling, B', are shown in Table II-2-II, Note that 

[ik'r, 1) a-. 1 ) 1 ' 2,1, 

and that this ratio is inseiisiti\e to the \-alue of B^ over 
the range in (|uestion. 
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1I-.3. Use of Depl f led I r a n i u m in ^hernia l Hfac_tors with Slightly Enriched Fuel to 
.Vehieve High Neutron Economy and llifih Burnup' 

I I . I*. I s K E M ' H I i l . W 

The use of de])leted ur:iiiitini has been jiroposed for 
long-term shim control in EBWR, In the proposed 
scheme, " D " fuel elements of depleted uranium (0,2% 
enriched) are distributed in such a manner as to break 
up local critical zones that could result from the use of 
2,7̂ ^̂  enriched "E"' elements only. This scheme can be 
compared with a core uniformly enriched to 2.07%, 
The thermal flux in the " D " elements is relatively high. 
These elements, by virtue ot their geometric positions 
and high thermal fluxes, have high importance func
tions. Endowed with this property, the " D " elements 
make it feasible: 

1, Initially, to obtain control of reactivity for a cold 
shutdown with a minimtun of control rods: i.e,, mini
mize use of poison for shim control, 

2, To obtain a bnilduii of reactivity for an apjireeia-
hle length of reactor oi^eiating time, followed by a slow 

loss of rcacti^'ity due to the buildup of fission products. 
The buildu]! of reactivity is possible because of the 
greater reactixity worth of a Pu-239 or Pu-241 atom in 
a " D " element with a high importance function than 
the reactivity worth due to a loss of U-23.T or Pu-239 
atom in an " E " element. This advantage is largest 
when the jjower in the " D " elements is lowest; thus, 
even though the initial conversion ratio is less than 
one, an appreciable reactivity gain may be realized. 
Eventually as power becomes more uniformly distrib
uted the advantage tends to he lost. 

Three group reactivity and burnup calculations 
made on a pressurized core of EBWR size but tighter 
lattice with H ĵO, UO^ volume ratio of 1,29, and an 
average initial enrichment of 2,07% have shown that 
there would be burnup of 14,500 MWd tonne and 
8,.')(l(l AHA'd tonne in the 'T']" and " D " elements, re-
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of the core returned to its initial 

i:idial power ratio in the 

spectively, before k 
value. 

The maximum to avi-ra 
proposed core is at least as good as that in a core hav
ing uniform enrichment. This is achieved by careful 
placement of " D " elements, in which the thermal flux 
peaks, thus raising the power in neighboring "E" ele
ments located far from the core center. 

/ / , Tliermal Reactors 

The conclusion thus reached is that the suggested 
use of intermixed depleted and enriched fuel elements 
is of jiotential value for advanced converter water 
reactors, 
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U - l . Dynamic Analysis of Coolant Circulation in Boil ing Nuclear Reactors 

C K. S.\.SATI1,\.\AN, .J, ( ' , C U R T E K , \ . \ 0 1'. . \ l l lHLOI* 

This p;ipcr constitutes ;in aliridged account of a basic 
study of the (.lynamics of coolants in boiling reactors,^ 
Initially the work applied to water although it may be 
extended to other coolants. Further (le\-elopments are 
described in Pajier Xo, 11-."). 

The dyniimics of two-jihase flow through the coolant 
channels of a natural circulation boiling water nuclear 
reactor were studied analytically. One-dimensional 
conservation equations describing the flow through 
each channel were written in the linearized, perturbed 
form, A systematic procedure has been developed to 
approximate the solution of tliese sjiace-time dependent 
equations which yield: (l l the transient void distribu
tion along a coolant channel and (21 an under,standing 
of the hydrodynamic stability. Having (II , it is then 
possible to estimate the void contribution to the feed
back reactivity for a given reactivity worth distribu
tion. This is not attempted in this pa]ier, however. 

One of the dependent variables \^{z,tl, the per
turbed portion of the void fraction, was expressed as: 

^aiz.tl = ( ) „ ( / lP , iUI + h,lttPilz\ 

+ b..itiP.,{z> + ••• , 

where the coeflicieiits b,,. h,. etc.. are unknown func
tions of time only and /',„ f,, etc.. are orthogonal 
functions of the space variable z. .Similar expressions 
were used for the other dependent variables. The na
ture of the problem and the boundary conditions sug
gested the use of Legendre polynomials for the above 
series exjiansion. The coefficients (<„, (),, etc., were ob
tained by substituting the series expansions of the un
known variables into the conservation equations and 
applying orthogonality conditions. This method of se
ries approximation of the solution is useful only il' the 
series converges fast enough for practical application. 
Further, one iiiav note that it î  iiece^sarv that the so

lution converge in both space and time. An i 
])roof of convergence is not available at the 
time. However, a detailed demonstration of 
gence in both s|iace and time has fieen made for 
cal problem,^ 

Laplace tran.^foniiation of the einKitions in t 
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ables one to write transfer functions such as that be
tween ^Vfiz,t} and ^<p\z,t). the perturbed portions of 
the liquid velocity and the channel heat flux respec
tively, and thus to investigate the hydrodyuaniic sta
bility. 

It was found that the solution may be oscillatory 
both in time and space, and that the stability depends 
largely u])on the nature of the steady state profile of 
the heat flux along the channel. The locations of the 
major pole positions which dictate the flow dynamics of 
a channel (length 4 ft and diameter 1 in.) correspond
ing to three different heat flux profiles are illustrated 
in Fig. II-4-1. Since the real parts of the ])oles are 
negative, all three cases are stable in the absolute 
sense. However, the angular position with respect to 
the origin indicates that the 20 kW/'liter channel with 
uniform heat distribution is relatively more stable 
than the other two. Similarly, the linear heat distribu
tion case is relatively more stable than the uniform 
case for efjual ])ower density. 

Many complementary ])robleni> were also investi
gated. For the same steady state distribution of void 
fraction and velocity, it was demonstrated that the 
longer the channel, the more o.-^cillatory tlie transient 
flow in it would b e 

It has been observed in the past that the introduc

tion of a constriction at the inlet to a channel, in order 
to increase the inlet pre.>isure drop, tends to stabilize 
the flow. A theoretical verification of this was made. 
Further, it was shown that the acceleration pressure 
drop in the downcomer also stabilizes the flow. In
creased acceleration pressure drop in the downcomer 
may be achieved by increasing its length or l)y reduc
ing its cross sectional area, or both. An experimental 
confirmation of this predicted efTect is not yet reported 
in the literature. 

The study of the jiaridlel rhanuei .̂ y.<tem led to the 
conclusion that in the case of a natural circulation boil
ing water power reactor one may neglect the coupling 
between the channels and treat the stability of each 
channel individually. This is possible because in a re
actor of usual design, the cross sectional area of the 
downcomer is large and its length is nearly ecjual to 
that of the channels; consequently, the acceleration and 
friction pressure drops in the downcomer are negligible. 

It may be noted that the analytical techniciues de
veloped during this study are applicable to both nat
ui'al and foreed circulation systems. 

. K. S;ni;ilti;in:in. 
iu liuiltn.i W'll, 

HEIVAIKSVK 

hyiKuuic Autitysis of Coolunt Circulation 
Xucinn- Rrnclors. .\XL-(iS47. (Iltfi4). 

II-5. Fu i lher Developmenl?^ in Dynaniio Analysis of Coolant < .ii<ulali<ni in 
Water Nn<'lear Kearlois 

Roili Jig 

K. >ANATI[.\.\.\N 

This paper recoimts results of further developments 
on the theme of Paper Xo. II-4. This work may also 
be extended to other coolants. 

In a boiler or a boihng water reactor, the makeup 
water introduced is usually below saturation tempera
ture. Conseciuently, boiling does not occur immediately 
at the inlet to the heated chaiuiels. It has been found 
possible to dispense with the simplifying assumption 
made iu work reported in Paper Xo. II-4; namely, that 
the inlet water is at saturation temperatiu'e. 

A more realistic system is considered in which the 
inlet subcooling is constant. The earlier analytical 
method' camiot be applied directly to a system in which 
subcoohng is not negligible. This is so because the 
boundary condition tliat the void fraction is zero just 
at the inlet at all times is insufficient. It is, in fact, zero 
in the entire nonboiling portion of the channel. Further, 
in the latter ease, the boiling length becomes a function 

of time during transients and hence introduces another 
mikuown (|uantity into the con.servation c<iuations. 

The following is a brief illustration of the method 
vised to consider tiie more general case of coolant circu
lation in boiling reactors, including subcooling. 

The e(|uations describing the space-time dependent 
flow througli a channel wiitteu in accordance with tiie 
principles of conservation of mass and energy are:t 

(dp\ dt) + {(->(!*, dz) = 0, (1) 

ai<^*^^*' + a; (C*H*I = ** (2) 

where the dependent variable p'(z,t) is the volume 
weighted mean density, H'{z,t) is the volume weighted 
mean enthalpy, H'(z,t) is the flow weighted or mixing 

t .See Ref, 2 for a detailed derivation of these equations and 
the uuantitative definitions of the dependent variables. 
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cup ("iiflialpy, a' is the mass flow rate in the positive 2 
direction (upwards), and 't*(z,t) is the heat flux per 
unit length of the channel. 

There are two boundary conditions: 
1, Iu the case of a natural circulation reactor, the 

sum of the pressure drops around a closed hydraulic 
loop consisting of the channel, its inlet, its outlet and 
the downcomer is zero. 

In the case of a forced circulation system, it is reason
able to consider that the sum of the pressure drops along 
the channel, at the inlet and at the exit is a constant 
(i,e,, there is no downcomer), 

2, H*{0,t) is a constant, since it is assumed that the 
inlet subcooling is constant. 

In E(is, (1) and (2) it is noted that there are two dif
ferent enthalpy ternts; namely, H* and H*. They are 
different because of the presence of slip flow. 

The obvious difliculty in solving E(|s, (1) and (2) is 
that there are too many dependent variables, 

A reasonable way to reduce the number of dependent 
variables is suggested by .1. E. Meyer,' I t is assumed 
that p* and H* are functions of H* only, and that these 
functional relations are known through suitable experi
ments. In other words, one may evaluate p* and H* 
solely from the knowledge of H*. The implication of 
this assumption is that during transients, the slip ratio 
is not a function of time. This was explicitly assumed 
in the previous formulation, otitlined in Paper II-4 (see 
also Ref, 1), 

It is further assumed that all fluid properties corre
spond to a certain refei'ence pressure, Conse([uently, 
given **(j,(), there remains only (l*(z,l) and H'(z,t) to 
be determined in E(|S, (1) and (2), .\n analytic .solution 
to these nonlinear er|uations is found to be impossible. 
However, it is felt that the solution to their linearized 
perturbed form would be ade(|uate to understand the 
transient behavior of the flow for small changes iu the 
heat flux, and the stability in the neighborhood of a 
known steady operating condition. 

Each of the dependent variables is expressed as a sum 
of its steady state part and its perturbation. For exam
ple, 

a'(z,t) = (Kz) -+- M!(z,l). Ci) 

Substituting the fnriii given in l'/|, Ci) for the de
pendent variables in Kqs, (1) and (2), and eliminathig 
the steady state part and terms with the second or 
higher degree for the perturbations one may wi-itc: 

/ilp\dAH , SAG „ 

Note that the (piantities in parenthesis in ih'' ^'- t hand 

<V 

[• 
dll 
iiii + III '"Sr 

side of E()s, (4) and ('>) are known functions ™ " • 
and hence known functions of 2, I t is assumed that 
Ai>(z,t) is a product of a known function "f *''"^ *™ ^ 
known function of space. 

It is the object of this paper to .solve for A/I and AG 
in E<is. (4) and (it) analytically. 

The two boundary conditions now are: 
1, In the case of a natural circulation reactor, the 

sum of the perturbed pressure drops around a closed 
hydraulic loop consisting of the channel, its inlet, its 
outlet and the downcomer, is zero. 

In the case of forced circulation systems, one equates 
the stun of the perturbed pressure drops in the channel, 
at the inlet, and at the exit, to zero (i.e,, there is no 
downcomer). 

2. Since it is assumed that subcooling is constant 
the perturbation in the mixing cup enthalpy at the 
inlet is equal tf) zero fOr all (: 

A//((),() = 0. 

.\ series approximation of the quantities All and AG 
is utilized. For exaniple. All is expressed as follows: 

AH(z,t) = h„{nP„lz) 

-j- h,(t)P,iz) + lhAI}P-2{z) -)- • 
(6) 

./// 
dz dz 

(o) 

where the coefficients he, h,. /ij, • • • , are unknown func
tions of time only, and 1\,, 1\, P., • • • , are orthogonal 
functions of the variable z. .\n analogous expression is 
also written for AC}. The unknown coefficients in the 
expressions for AH and A<! may be evaluated using 
earlier techui(iues;' namely, by applying the boundary 
and the orthogonality conditions. It is found that the 
series expansion given by Eip (:i) converges rapidly. 

If the time dependence of A4> is kept arbitrary, say 
c(t), one may evaluate the transfer functions, such as 
['io(.s)/c(.'i)], [A,(s)/(-(s)], where s is the Laplace trans
form \-ariable. The transfer functions are used to in
vestigate staf)ility, 

Subcooled boiling is also considered in this study. It 
is assumed that subcooled i)oiling restilts iu a certain 
change in the coolant density, enthalpy, e t c , and the 
appropriate steady state j-variations of these (pianti-
ties are used in the conservation e<piations. 

It is found in general that subcooling does improve 
the system stability. This is in agreement with previous 
experinienfal obsiavations, such as those for I-'RWR.^ 
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II-6. Space Dependent Kinet ics of Boil ing Keactort^ 

C K. SAXATHAX.\N 

31 

A need has arisen to develop methods of arriving at 
a good understanding of the transient behavior of boil
ing reactors. It has been recognized in the past that the 
classical method of obtaining a solution to the kinetic 
equations of a reactor by separating the time and space 
variables and assuming the nuclear parameters to he 
space independent is erroneous, particularly in the case 
of the boiling reactor. The nuclear parameters are 
strongly space dependent due to considerable \ariations 
in the coolant density throughout the core. 

A rigorous dynamic analysi.s of such systems must in
clude the simultaneous solution of the space dependent 
neutron kinetic equations along with the space-time 
dependent conservation efpiations of mass, energy and 
momentum of the coolant flow through the heated 
channels in the core. Since the e(|uations are highly 
nonlinear, their analytical solution necessarily becomes 
cumbersome. Consequently, it is necessary to resort to 
use of digital computers,' rather than to seek closed 
analytical solutions which invariably demand oversim
plification of the problem. 

However, for the purposes of understanding tin- sta
bility and the transient beha\'ior of the system in the 
neighborhood of a known steady operating condition, 
one may resort to the analytic solution of the linearized 
perturbed form of the kinetic eipiations. In attempting 
to do this here, the usual simplifying assumption of the 
knowledge of the reactor thermal power distribution 
during transients is not made, in view of the strong 
coupling between the neutron flux and the coolant 
thermal energy. 

In many boiling reactors, the only significant spatial 
dynamic effects are those associated with the coolant 
along the axial dimension of the reactor, the other two 
dimensions being assigned point model properties. 
Hence, the kinetic etiuations are solved as a set of two-
dimensional partial difl'erential e(iuations in the distance 
along the core axis and in time. Only the one group 
diffusion model for the neutrons is considered in the 
analysis presented here. This is done merely to sunplify 
the algebra so that the new mathematical techniques 
can be clearly illustrated. 

GENERAL APPROACH TO THE PROBLEM 

The neutron kinetics equations in two-dimensional 
form (length .: along the core axis and time) are written 
as follows: 

D ^.^ + .Si -h \C = 

-AC + So 

1 a* 

dC 
dt ' 

( I ) 

whert.'^ is the neuti'on llnx, (' i.s the precui'sor concentra
tion, and .S'l and S-< are suitable source terms for neutron 
flux and the precursor. .S'l and .S2 depend upon the void 
fraction in the core and are expressed approximately 
as follows: 

S, 

S2 

(1 - i^jFiia)^, 
(2) 

where a is the steam void fraction, /i the fraction of the 
fission neutrons that aic delayed, and f\{a) is a known 
function of a. 

In Eq. {1), D and ^., are assumed to be known func
tions of a and (dD/dz) to be negligible. Perturbing K(|. 
(1), removing the steady state portion and retaining 
only the linear part of the perturbed (piantities, one 
obtains: 

i ) ( a , ) ^ * - X , ( . 
dz-

,1 - (1 - li)Fi(aa)A-ir 

4- I 1 - filJiAn*,, -f \Af - Al'„*„ 

-\A(' -I- f(/-'ilQolA* - iili'i'„la 

1 (U* 

3AC 
at ' 

(.3) 

where the subscript n indicates steady state (luantities 
and A^. AC, and Aa are perturbations iu '^, (\ and a 
respectively. h\Aa is the linear term in the expansion of 
Fi{a» -\- Aa) around a,,. 

Following are the Ixnmdaiy conditions: 

^^(O,/) = 

AC (0,0 = 

A* (.',0) = 

A* (/,,/) 

ACiL,t) 

Af(z,n} 

= 0 for all (, 

= 0 for all (, 

= 0 for all z. 

Jj = Length of the channel. 

In Eq. ()i), AI,, is expressed as 

Ar„ = Ar„, + AZ„., (4) 

where Al'„, is due to fluctuations in the void fraction, 
and Ai;„. is due to external (arbitrary) addition or 
withdrawal of poison. Ai;„, is considered as a linear func
tion of Aa. AS„, is assumed to be of the form fi(z)J2(l) 
where f\ and 1-. are known functions. 

The problem is to solve for A'I'fz,*) and AC(z,t) in 
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Eq, (:i), given AS,,. (^,0- To accomplish this, it is 
necessary that Aa(z,t) be known. 

For any pertti-hation A* in neutron flux, there is a 
corresponding perturbation in the heat flux in the re
actor. With a time lag characteristic of the fuel element, 
cladding and coolant thermophysical properties, this 
heat enters the coolant channels, and a corresponding 
perturbation in the void fraction, Aa, along each channel 
is produced, Aa(z,t) is determined by the conservation 
equations that dictate the two phase flow through the 
coolant channels. 

Many attempts"^'*'^ lia\e been made in the past to 
obtain a suitable relationship between Aa{z,t) and 
A^(^,/), .411 except the nuiiierieal approaches have some 
oversimplifying assumptions with i-egard to the space-
time dependence of Aa, and therefore the results from 
these are not reliable. In the present study the oversim
plifications with respect to the space or time depend
ence of Aa during small trtmsieuts ha\'e been success
fully dispensed with, 

INTKOOUCTION TO THE PHESKNT MioTiiun 

The dependent variables A* and AC of Eq, (,'i) are 
expressed as a series of iirtliogonal functions. For 
example, 

A(t>(z,s) 

A<('{z,t) = e„{t)P„(z) 

+ e,(t)i\{z) + e.,(i)P.,{z) + 
( o ) 

where the coefficients ft,, 6,, ft, • • , are unknown func
tions of time only, and I',„ /',, P-,, • • , are orthogonal 
functions of variable z. .\ similar expression for AC 
may also be written. The problem is soh-ed if the coef
ficients of the series expansion are deterniined. 

The coefficients So, 6,, 6.., • • • , are deteniiiiied by 
substituting the .series expansions for A* and AC in 
Eq. (:i) and applying the suitable boundary and ortho
gonality conditions. Rut, before proceeding to do this 
the effect on the nuclear paiameters due to the neutron 
flux perturbation must be known. It is assumed that 
the nuclear parameters are primarily aft'eeted by the 
local transient void formation. This implies that a suit
able relation between A* and Aa must be established. 
Note that the temperature changes are considered small 
enough that they do not affect these parameters. 

The heat flux A<j>iz,t) corresponding to A* may be 
expressed as follows: 

1 -+- sT 

Ws) -t- e,is)i\iz} -+- eiisjP^izi + • • -1, 

(0) 

where s is the Laplace transfoini variable in the place 
of I, F^iz) is a space dependent function to convert the 
neutron flux to the ei|uivalent heat flux, and T is the 
time delay before this heat enters the coolant channels. 
More complicated forms for the time delay may he 
necessary in some eases. 

Each term on the right hand side of Eq, (fi) is of the 
form <\.{s)Pt(z). The author has developed a method' 
of obtaining AQ(2,S) cori'esponding to a heat flux per
turbation along a channel iu the above form. In doing 
SO, no simplifying assumption is made with respect to 
the space or time dependence of Aa as was done in 
earlier works. The perturbations in the void fraction due 
to each of the terms Ct(s)Pk(z) of the perturbation in 
the heat flux in Ecp (ti) may be added togetlier to obtain 
the total perturbation Aa(z,s) due to A*, 

Since it is assumed that the nuclear parameters are 
linear functions of Aa, they nia.v now be expressed as 
linear functions of A^ by the above procedure. It is 
thus that the feedback in the boiling reactors is taken 
into consideration in the present approach, 

Eipiation (ii) now contains only the unknown coetfi-
eients of expansion of A* and AC. These coefficients 
may be evaluated l)y the orthogonality conditions and 
the existing boundary conditions, 

.\tteiiipf is Ix'ing made to apply the above techniiiues 
to specific prolilems, and thereby obtain a better un-
derstanduig of the space-time behavior of the neutron 
flux in a boiling reactor, 
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11-7. H i g h C o n v e r s i o n C r i t i c a l E x p e r i m e n t 

A. li. KoYXTOx, Q. L. 15.\iKr), J. M. CHKISTENSON, K . E . PLUMLEE, W . C . KEDM.W, W . R . KOBIXSOX 

and G. S. ST.WFGRD 

INTEODIC'TIOX 

Reactors with high conversion coefficients to allow 
high burnup are expected to become increasingly im
portant in the utilization of nuclear energy. The cur
rent High Conversion Critical Experiment Program 
(Hi-C) was undertaken to extend the range of investi
gations with light water-moderated, slightly enriched, 
uranium oxide cores. The progi'am takes its name from 
the fact that as the moderator fraction is decreased, the 
conversion ratio goes through a maximum for any given 
size or enrichment. Although no specific reactor design 
is planned from these investigations, they are of inter
est for several rea.><ons. For example, the undermodcr-
ated condition is not unlike the situation existing in a 
boiling water reactor, and so this information should 
be of use in under.'^tanding the reactor physics of iioil-
ing systems. 

Previously, few studies of uranium-water >y.-trms 
have extended into the range of H to r -238 atom 
ratios covered in the Hi-C investigations. Systems 
having H:28 atom ratios from 5 to as low as 1 have 
been assembled. These H:28 ratios cories]Knid to 
water-to-UOo volume ratios ranging from 1.7 to 0.3, 

The fuel used in the Hi-C cores was 3.04 w o en
riched uranium in the f<n'm of Vi)_: prl!rr> loaded in 
either stainless steel or aluminum ciadiling tube.-. In 
addition, the boiling zone fuel for H* )HAX-\' was 
available for a short time and studies with H:28 atom 
ratios from 5 to 3 were done with it. This fuel was 4.95 
w/o enriched UOii pellets in stainless steel cladding 
tubes. The details of the fuels and claddings are given 
in Table II-7-I. 

The several H to U-238 atom ratios were obtained 
by using square and triangular grids of various jntclies. 
In addition, some loadings were done with fuel pins re
moved in a uniform pattern. The loading in wliii'h 
every ninth fuel pin is removed is referred to as the 
8/9 loading, the loading in wiiich every sixth fuel pin 
is removed is referred to as the 5 '6 loading, etc. A de-
scri|ition of the different cores is given in Table II-7-II . 
Because of a finite fuel supjily several of the cores were 
not critical with a uniform loading ami recpiired a 
feeder zone of a higher H:28 ratio for eritieality. Some 
stainless steel cores were comjiosed of a central zone of 
stainless steel clad fuel pins located inside an annulus 
of aluminum clad pins with a uniform lattice through
out. About 400 stainless steel rlad pins were nornially 
used, resulting in a central zone aliout 12-14 ciii in 

radius. All cores were cylindrical unless noted other
wise. 

The Hi-C program is being conducted in the ZPR-
VII Critical Facility^- at Argonne. Figure II-7-1 
shows core No. 11 loaded in the ZPR-VII tank. 

TAHLI'; i l - : - I . IIi-C \M. littK,\\-\" FiKi. .\.M. 
C ' i . . \ i i i i i \ ( i I )f;sf H n " i i i i . \ 

Fuel: 
Knrichniont, w/o 
I )i;inieter, cm 
Length, cm 
Oxide density, g/ec 

Cladding: 
Type 
Inner diameter, cm 
()\\\i-T diameter, cm 
Wall thicknes.s, cm 

3.04 
n.(l35 

122 
10.17 

(i0lil-T6 Ai I 304 SS 
0.962 0.1(58 
l.OoS 1.057 
(1.048 O.II4!t(i 

'I'AHLK II-7-II. ili-C \M. m i i ; . \ . \ - \ CORE I>KM Kti'Ti.iNs 

3 
4 
5 
« 
7 
8 
9 

10 
11 
12 
13 
14 
15 
ll> 
17 
18 

BORAX V Fuel 

1.27 square 
1.27 triangular 

! Uniform SS clad 
I Uniform SS clad 

Hi-C Fuel 

1.27 square" 
1.24 square 
1.24 sciuare 
1.24 square 
1.24 stiuare 
1.24 square 
1.27 triangular 
1.27 triangular 
l.llili triangula 
l.Kid triangula 
1.127 triangula 
1.127 triangula 
1,127 triangula 
1.127 triangula 
1.127 triangula 
1.127 triangula 

3/4 loading SS clad 
7/8 loading SS clad 
Uniform SS clad 
I'niform SS zone 
Uniform .\l clad 
Uniform W clad 
Uniform SS zone 
Uniform .\l clad 
Uniform SS zr)ne'̂  
5/6 loading Al clad 
8/9 loading AI clad 
11/12 loading Al clad 
15/10 loading Al clad'' 
Uniform SS zone"" 
I'niform Al zone^ 

4.05 
3.53 

3.24 
5.1(1 
3.90 
2.93 
2.93 
2.93 
2.30 
2.30 
1.33 
1.33 
1.90 
1.60 
1.43 
1.31 
0.99 
0.99 

" This core refers to measurements in the peripheral zone of 
tlie superheater critical experiment. 

•> These cores required an outer feeder zone uf higher H:28 
ratio for eritieality. 

•• This core was rectangular. 
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For each of the cores, measurements related to con
trol and safety must of necessity be done. These in
clude: control rod worth, reactivity worth of the to]) 
reflector, reactivity worth of various poisons added 
during measurements, such as cadmium foil covers, and 
the reactivity worth of in-core and peripheral fuel 
pins. In each of the non-zoned cores measurements of 
critical masses, bucklings, and cadmium ratios were 
made. In some cores the temperature coefficient of re
activity was determined. In each of the uniform and 
zoned stainless steel clad cores the initial conversion 
ratio was measured as well as the following other mi-
croparameters: thermal disadvantage factors, U-238 
to U-23o fission ratio.-, ami cadmium ratios for U-235 
fission and U-238 captui e. The results of many of these 
measurements have been reported.^'' In these reports 
])reliminary comparisons of tlie experimental results 
with theory luive been made. The study by J. Bengston 
and K. Hellens^' has l)een used for theoretical compari

son. Their computations (for unclad oxide rods) were 
made utilizing MUFT-IV and SOFOCATE to generate 
con.-tants for three fast groups and one thermal group. 
\\'hilc considerable disagreement was found between 
experimental and calculated bucklings. the calculated 
microparameters. such as the initial conversion ratio, 
appear to be in reasonable agreement with the experi
mental values within the range of H :28 ratios reported. 
Whether this agreement will exist at still lower H:28 
ratios will be determined in future experiments. 

A description of the parameter measurements made 
to date follows. 

B K INi.-- . \M) C l i i T U A l . M As.-^Ks 

Axial and radial relative activation distributions 
were measured in the various cores with two or more 
of the following foil materials: 0.21 w/o uranium, 
highly enriched uranium-aluminum alloy, dysprosium-
aluminum alloy, gold, lutetium-aluminum alloy, and 



manganese. Both bare (aluniinuiu-eovered) and ead-
mium-covered irradiation.s were made with the various 
materials. 

The traverses were made by sandwiching the foils 
between fuel pellets in specially slotted fuel j^ins. 

The value of the critical buckling was obtained from 
the clean critical core size and cosine and Bessel func
tion fits of the axial and radial activation traverses. I t 
was found in fitting the radial distributions that the 
flux was not influenced by the reflector to about oo-G0% 
of the extrapolated dimension. In the axial direction it 
extended to 70%. The criterion used for this determi
nation was constancy of the extrapolated dimension 
with reduction of the radius or length for which data 
were used in the fitting. This test was done in all of the 
uniform cores (Nos. I, 2, 6, 8, 9, and 11). Critical 
masses and critical core sizes were determined for con
trol-rod free, fully reflected, cylindrical cores. These 
\'alues were obtained by evaluating the reactivity 
worth of peripheral and in-core fuel pins in a core of 
known loading and known excess reactivity. The re
sults of these bucklings and critical parameters are 
seen in Table II-7-III . In addition, plots of critical 
mass and critical buckling versus H to U-238 atom 
i;ilio are seen in Figs. II-7-2 and II-7-3. 

INITIAL CONVERSION R.^TIO I K ' H I 

The ICR is the ratio of the Pu-239 |)rodui'lion rate 
to the U-23.5 destruction rate in a fresh core. I t was 
measured by comparing the relative activity of foils 
irradiated in the Hi-C fuel to the activity of foils ir
radiated simultaneously in a reference thermal spec
trum."' For this spectrum the relative activity can be 
calculated using the Westcott formulation." The ICR 
was computed from 

^"' \ii/ W^ .,J\i + «=V 
( I ) 

Here, JV-* and A'-" are the atom densities for the fuel, 
the cross sections are the effecti^'e values for the ther
mal column spectrum and a"'' is the average cajiture-
to-fission ratio in the Hi-C sjicetrum. P is the ratio of 
the relative plutonium production in a foil irradiated in 
the Hi-C fuel to the relative plutonium ])roduction in 
a foil irradiated in the thermal column. R is the ratio 
of the U-23.5 fi.ssion of a foil irradiated in the Hi-C 
fuel to the U-23.5 fission of a foil irrailiateil iu the ther
mal column. 

Uranium metal foils, of various enrichments (usu
ally 0.21 and 3.23 w.'o) and the same diameter as the 
fuel pellets, were irradiated in the fuel pins in flux-
symmetric positions. Similar foils were placed in the 
thermal column of the .\rgonne Thermal Source Reac
tor (ATSR) and both sets of foils irradiated simulta
neously. 

The relative amount of Pu-23y produced in the foils 
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WAS (k'ttTiiiiiiotl by tlic ^ainnia-^aiiinia coincick'HCf 
tt'chniquc." About half of the liota tk-cayy of the Np-239 
result in an excited state of Pu-239 which emits a 10(i-
keV ^aninia ray followed mainly by either a 228- or a 
278-keV gamma ray. The 228- and 278-keV gamma 
rays have hir^e internal A'-conversion coefficients 
giving rise to X-ray> of cimiparable intensity to the 
106-keV gaiimia ray. A nominal 100-keV i)eak is then 
funned by the roughly er|ual mixture of unresolved 
106-keV gamma rays and the Pu-239 X-rays. Thus, a 
most satisfactory measurement of Pu-239 ]n-oduction 
is based on observing coincidences between the 100-
keV gamma ray and the Pu-239 X-ray. 

For foils in the thermal column, all of the fission 
product activity is considered to be tlie result of 
U-235 fission; however, for foils in lli-C an ajiprecia-
ble ])art of this activity i.s the result of fast fission in 
r-238 and it is necessary to irradiate foils of two iso
topic concentrations to identify the coinponeiU of the 
activity that is due to U-235 fission. 

The foils were gamma-counted in a double detection 
setup as shown in Fig. II-7-4. Two well-shielded Nal 
crystals were used as the detectors. Two analyzers 
were centered on the nominal 100-keV compound peak 
from the Pu-239 cascade. The channel width used was 
a comjiromise between rejection of fission product 
gamma rays and increased coincidence count rate and 
was usually 36 keV wiilc. The outputs from these dif
ferential selectors were fed into a slow coincidence cir
cuit with a resolving time of 0.5 ^uscc, as w êll as being 

recoi'ded iiidi\-idually. In addition, two other analyzers 
wvvv usetl in the integral mode as discriminators to se
lect gamma pulses above 411 keV to be used as a meas
ure of fission rate. 

IIei)eated checks of the relative Pu-239 pi'oduction 
a.~ determined by the coinciilence counting of uranium 
metal foils has agn'cd. within experimental errors, with 
radio-ciicmical separation iiietliods ou irradiated oxide 
j i c l l e t - . 

Tbe average U-235 captiire-to-lis>ion ratio in the 
lattice spectrum, a-'', was determined by a semi-empcri-
cal method in which the .<ubcadmium and epieaclmium 
a's are weighted liy the fission cathniuiu ratio a- fol
lows; 

lCR)f • 1 (2) 
' (CR)f {CR)f 

llcic. the <(. and «, values used were results of GAM-1 
and THEHM(.)S calculations for the Hi-C cores and 
:\1UKT and SOFOCATE calculations for the BORAX-
V cores. The U-235 fis.^ion cadmiuni ratios used were 
tbe experimental values. 

Table II-7-IV presents the results of the ICR meas
urements as well as the values used in Eq. (11 to com
pute the ICR. In Fig. II-7-5 the values of tiie ICR ob
tained are plotted versus H :28 ratio. 

U-238 C.Vl'Tt HE C.\I)Mlt-M U.\Tio (<"-s) 

The U-238 caiiture cadmium ratio, C28. was deter
mined by two methods. The first was the straightfor-
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Cort \ o . 

1 
2 
7 

10 
12 
17 

TABLE lI-7-I\ 

H:28 

4.65 
3.53 
2.93 
2.30 
1.33 
0.99 

(CdR), 

4.94 
3.90 
4.49 
3.75 
2.55 
2.15 

. INITIAL CONVERSION RATI 

C/B 

0.182 
0.184 
0.179 
0.180 
0.185 
0.185 

Otr 

0.470 
0.469 
0..509 
0.509 
0.507 
0.525 

.» 

0.241 
0.255 
0.252 
0.208 
0.312 
0.3419 

O.S IN IIl-C AND 

ICR 

0.271 ± 0.027 
0.349 ± 0.035 
0.495 ± 0.004 
0.501 ± 0.030 
0.798 ± 0.007 
0.921 ± 0.010 

I«)l! . \ - \ -

5f, 
b 

2.92 
3.075 
2.89 
2.89 
2.90 
2.89 

V CoKK.S 

h 

507.90 
567.89 
567.98 
507.98 
507.91 
567.98 

(CdR).>„ Ihermal 
Column .\TSR 

90 
50 

115 
115 
105 
11.5 

.Note: 
dl'ith) = 2.72 b. 
jf( t l i) = 581.95 h. 

2 . 5 3 . 0 

H TO U238 ATOM RATIO 

w.ird nietlioil of irradiating Ijotli liaro and cadmium-
covered depleted uranium metal foils and computing 
the cadmium ratio from the mea.sured Np-239 activity 
as determined by the coincidence counting method iire-
viously described. Tliis was the only method u?ed to 
obtain C^s in the BOR.\X-V cores. This direct method, 
however, become.s unsatisfactory and gives large error 
limits when Ci>8 approaches unity. 

Of interest is the ratio of epicadmium-to-suhcad-
mium captures in U-238, pi", wdiich is given by 

= [1/(C»., - 11]. 

when its value is l.UG, 

(3) 

,,.s in Hi <• ami Bl)K.\X-V Cmi-s. 

determination of C'l-s — 1 directly and was used in all 
of the Hi-C lattices. 

Briefly stated, the technique compares total absorp
tions in U-238 to thermal absorptions in an intermedi
ate material, usually dysjirosium, having a much higher 
jirobability of thermal absorptions. Then, the thermal 
absorjitions in the intermediate material and uranium 
are normalized in a thermal irradiation. The technique 
allows the cadmium-covered uranium measurement to 
be eliminated, and thus avoids cadmium perturbations. 
The capture cadmium ratio was evaluated from 

C,, 1 
A 1% error in C^N, when its value is l.Ub, results in a 
16% error in pi". A second method for the determina
tion of C28, designed to give increased accuracy as C28 
approaches unity, is the thermal activation method of 
R. Lewis, et al.'" The method is designed to allow the 

•(t),C-^),(^).-
(4) 

where the A's signify weight-normalized activities 
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I Np-239 in the depleted uranium foils), the subscript 
28 refers to U-238 and x to the intermediate material, 
the superscript h refers to a bare irradiation, ( denotes 
an irradiation in the critical experiment lattice, n de
notes an irradiation in a normalizing thermal flux, 
and C is the cadmium ratio. All the factors in Eq. (4) 
are measurable except A'. I t is noted that K will <lepart 
from unity when the intermediate material departs 
from a 1/v behavior in the^- and ^-irradiations. When 
copper is used, K = 1.000; however, when dysprosium 
is used. K must account for its slight non- l /v behav
ior. 

The results of both the direct and th{'nnal acti\'ation 
measurements of C^s fii'e given in Table l [ -7- \ ' . The 
K factor given for each core is for dysprosium a> thi' 
intermediate material. In core No. 17 both copper and 
dysprosium were used. I'bc v:due for Cos for this core 
was found to be inde|)endent of tbe intermediate mate
rial, indicating that the non-l/V correction for dys
prosium was satisfactory. The error limits shown on 
C-2H are computed from the data scatter as the standard 
deviations from the mean. It is readily a])i>arent that 
the thermal activation method gives the smaller error 
limits. A plot of the C^s values is given in Fig. 11-7-0. 
The epicadmium-to-subcadmium U-238 capiiiie ratio, 
pf, was coinjiuted from the C-^s obtained by tbe ther
mal activation inethoil in tbe Hi-C cores and from the 
Cos obtained by the direct method in the BORAX-V 
cores. 

U-238 TO U-235 Fissiox K.-VTIO (8-'M 

The U-238 to U-23o fission ratio. 8-^ was measured 
in cores Nos. 1. 2, 6, 10, 12. and 17. The method as de
veloped by V. (irob, et al . ," and D. Klein, et al.,'- was 
used. In this method, the time-dependent ratio of the 
ineasurerl fission j^roduct activity per uranium atom of 
a partially depleted foil to the measured fission prod
uct activity jier uranium atom of an enriched foil, y[t), 
is related to S"̂  by a factor P ( f ) . This factor is the time 
dependent ratio of the gamma activity ])er fission from 
the fission products of U-238 to the gamma activity 

r.\|{|-l'; II-7-\ ' . C'.M'TCRE C.\1)M1IM lI.VTm l.\ 
Ili-C .WI. BOIJAX-A 

Core 
No. 

1 

2 
7 

10 
12 
17 

=0 

4.05 

Ci, (Direct) 

1.182 ± 0.041 

C., Thermal 
.Vclivalion 

_ 

Pr^ 

5.49 ± 1.24 
3.53|1.188 ± 0.083 — 5.32 ± 2.35 
2.931.236 ± 0.01111.243 ± 0.002 4.12 ± 0.03 
2..301.170 ± 0.011 1.1.S5 ± 0.003 5.41 ± 0.09 
1.33 1.105 ± 0.007 1.1011 ± O.OOlllO.O ± 0.1 
0.99 1.107 ± 0.1122 l.OUl ± 0.002 14.5 ± 0.4 

Kfor 
Dys

prosium 

— 
— 

1.022 
1.020 
1.039 
1.049 

T~^ 

10 Sj>2 h 

NUMBERS DESIGNATE 

CORES IN WHICH 

MEASUREMENTS 

WERE MADE 

4.0 j O FOILS IN FUEL PINS 

• FOILS BETWEEN FUEL 

^ 

17 , ^ = 

^t . 
0 2 4 6 3 10 12 14 

H-ATOMS/BARN OF THERMAL ABSORPTION (x l o " ^ ) 

Flc^. II 7 II. r 2:K Cainurc iiml 1-235 Kission Cadmium 
Hatios in MiC and Ii( II!.\X \ ' (•nn...̂ . 

t 

jier fission from the fission products of U-235. The cor
rection factor P{t\ as determined by A. Futeh^-' was 
used in arriving at the values for 8-**. 

The quantity -/(t\ was measured by irradiating en
riched uranium metal foils and depleted foils in flux 
symmetric jiositions in fuel pins, .\fter irradiation the 
foils were removed and the fission product activity 
counted with a Nal scintillation counter. The counter 
was biased to reject pulses due to gammas below 1.2 
MeV. eliminating pulses due to Bremsstrahlung from 
U-239 beta rays. Radiochemical fission analysis was 
performed for some foils, as a check on counting meth
ods. 

The results of these measurements are presented in 
Table II-7-\T. .\11 y(t) measurements were taken in 
stainless steel clad cores. 

T H E R M . \ L Dl.SADV.\XT.iGE F.\CTOR {0 

The tliermal disadvantage factor, f. was determined 
in cores Nos. 1, 2, 7, 10, 12, and 17 by obtaining the 

file:///fter
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T.KHLK II : 
l l i - ( 

r - 2 3 S TO l! .235 F I . S S I O N H A 

A.M. l i ( l K . \ . \ - \ ' C O R E S 

Core No. 

1 
2 
7 

10 
12 
17 

H:2,s 

4.05 
3.53 
2.93 
2.30 
1.33 
0.99 

S'-" 

0.0050 ± 0.006 
0.1190 ± 0.010 
0.1014 ± 11.0007 
0.1160 ± ii.ooii; 
0.1539 ± 0.0037 
0.1877 ± 0.0020 

U-235 fission cudiiiium ratio in liotli the fuel and mod
erator and the bare moderator-to-bare fuel hssion 
ratio. 

The foil material used was uranium-aluminum alloy 
of 17.5 w'/o uranium enriched to 92.75 w/o U-235. .\fter 
irradiation the foils were assayed for fission product 
activity by gaiiiiiia counting in a scintillation counter 
biased to reject pulses from gammas whose energies 
were below 411 keV. Before irradiation the foils were 
intercalibrated by countin;i the natural galllllla activ-
itv. 

tor volume of the unit fuel-moderator cell. Small .strips 
of foil material, placed in cadmium tubing which was 
flattened to fit into the moderator volume, were used 
for the cadmium-covered moderator volume folks in 
the three tightest lattices. In the Hi-C lattices, the 
cadmium ratios were corrected for thermal self-shield
ing and extrapolated to zero mass of cadmium. The 
results of these measurements are assembled in Table 
II-7-VII. Plots of the fission cadmium ratio are shown 
in Fig. II-7-6. 

It is of interest to comjiare the Hi-C disadvantage 
factors with the recent calculations and experimental 
values reported by H. Honeck" and the calculations 
of E. Pennington.'"' Both calculations were THKRMOS 
multigroup problems using the Xelkin scattering ker
nel. Figure II-7-7 presents this information as a plot 
of thermal disadvantage factor versus water-to-oxide 
volume ratio. I t should be noted that Honeck's data 
and calculations are for 3.00 w/o enriched, 1.128-cm 
diameter, 0.071-cm thick stainless steel-clad oxide 
rods, while the Hi-C fuel is in the form of 3.04 w o en
riched. 0.935-cni diameter, 0.0496-cm thick stainless 

T.iBLE II-7-MI. U-235 FISSION CAD.MIC.M RATIO TlIKRMAI, lllSADVANTAliK FACTORS IN H l - C AND B O R A X . \ ' CoRES 

Core No. 

H:28 
Fission eaiiiiiiiini ratio in fuel 
Fission eadinitim ratio in moderator 
Bare moderator-to-bare fission ratio 
Thermal disadvantage factor f.,, 
Epicadmiuni-to-subcadmiuin t'-235 fis

sion ratio, p-^ 

1 2 

4.05 ' 3.53 
4.94 ± 0.20 ,3.90 ± 0.10 
5.04 ± 0.20 3.44 ± 0.15 
1.159 ± 0.0491.197 ± 0.051 
1.105 ± 0.0.52 1.142 ± 0.051 
0.274 ± 0.0070.345 ± (1.1111 

' 
2.93 

4.49 ± 0.11 
5.19 ± 0.15 
1.118 ± 0.007 
I.IIG ± 0.010 
11 L'sii ± 0.009 

10 12 17 

2.30 1..33 1 0.99 
3.75 ± 0.08 2..55 ± 0.06 2.15 ± 0.05 
4.14 ± 0.10 2.72 ± 0.08 2.33 ± 0.08 
1.075 ± 11.0091.11.54 ± 0.0041.051 ± 0.008 
1.110 ± 0.015 1.(197 ± 0.0251.110 ± 0.038 
0.:)li4 ± 0-0110.645 ± 0.0250.870 ± 0.038 

The fuel foils were the same diameter as the fuel 
and irradiated between fuel pellets in the slotted fuel 
pins. The cadmium-covered irradiation was obtained by 
placing cadmium discs between the foil and the fuel 
pellets, as well as placing a cadmium sleeve over the 
fuel pin. Several lengths of cadmium sleeve were u>ed. 

The moderator foils for the bare irradiations were 
shaped to fit the roughly triangular moderator area en
closed by three fuel pins in the triangular lattices, and 
either the whole or one quarter of the cross-like mod
erator area enclosed by four fuel pins in the sr|uare 
pitch lattices. The foils were held in position between 
Incite pieces which were shaiied to match the foils. 

The small triangular iiiteh in cores Nos. 10, 12, and 
17 made it impossible to irradiate a foil co\ered with 
a cadmium cover that was shaped to the moderator 
area. I t had been found, however, that in tight, water-
uranium oxide lattices the epicadmium flux is flat 
enough so that the cadmium-covered moderator foils 
need not be matched to the cross section of the niodcra-

T.Mil.i: II-7 
li.\TI.l .\IE. 

•-\ 11 

A S I R K M 
I 'o l l . .Mvi 

ENTS IN 11 

I .SKI) F O R ( ' A I . M I I M 

H ( > l i . \ . \ - \ CoHES 

Target 
Nuclide 

ll.v-l(i4 

l.o-lTi; 

l.u-175 

In 115 
.\u-197 
Mii-65 

Cu-03 
11-235 

ir-238 

T,„ 

2.3 h 

0.8 da.v 

3.7 h 

54.0 min 
2.7 (lav 
2.58 h 

12.8 h 

56.3 h 

Energy- of 
Principal 

Resonance, 
eV 

-
0.142 

^ 
1.457 
4.91 

337 

580 

Foil Material 

Alloy: 3 7 % Dy, 
96.3 Al 

Alloy: 2.5''<: Lu, 
97.5':c Al 

Alloy: 2.5% Lu, 
97.5%, AI 

Metallic indium 
-Mptallif gold 
Alloy: 90% Mn, 

lOe; Cu 
Metallic copper 
U-AI alloy: 17.5 

w/o U, 92.75 
w/o enriched 

Metallieuraniuni. 
0.21 ' ; depleted 

Nominal 
Thickness 
of I'oil, 

mil 

" 
10 

10 

1.2 
1.1 
2.5 

2 
2. 5, 10, 

15 and 
25 
5 
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steel-clad oxide rods. The di.-advantage factors meas
ured in the Hi-C lattices are U-235 fission disadvan
tage factors while the data Honeck presents are dys
prosium-activation disadvantage factors. Honeck 
reports that (or and [̂25 have been found to agree to 
within less than 3%. Both the calculations of Penning
ton and Honeck give number density disadvantage fac
tors rather than neutron flux disadvantage factors. 

Honeck" noted a systematic discrepancy between 
the experimental and calculated values of the disad
vantage factor. He states that theoiy predicts disad
vantage factors that are 3-5% higher than measured, 
the 3% corresponding to the largest lattices (water to 
uranium ratio about 4) and the 5% to the smallest 
lattices (ratio about 1.2) for which he had experimen
tal data. I t would appear from the Hi-C data that this 
trend continues in the very tight Hi-C lattices. For the 
tighter Hi-C lattices, the theory predicts disadvantage 
factors from 6 to 10% larger than measured. 

CADMIUM R.ATKIS I.\ I I I - C CORES 

Cadmium ratio measurements havo been made in 
all of the uniform Hi-C lattices—specifically in cores 
Nos. 1, 2, 3, (), 8, 9, 10, 11, 12, 17, and 18. Tables 
II-7-I and II-7-VIII give descriptions of the cores 
and foil materials, respectively, and the results of the 
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i l l , 

— 

-
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-

— 
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. I I - 7 - 7 . 
r L a t t i c e ; 

WATER TO URANIUM OXIDE VOLUME RATIO 

r i i e rm; i l I l i . s a d v a n t a g o F a c t o r in H i - C 

cadmium ratio measurements are contained in Table 
II-7-IX. 

The methods used in making these measurements 
varied somewhat from core to core, and will not be 
discussed in detail. For the most part, howe\'er, the 

T . \ l i L K II 7 l . \ . C A O M I I M l i . OS IN I l i - C AND K l l l ; . \ . \ \ ' C O R E S 

Cure No. 

17 (SS) 

H;28 

0.99 

X 10-' 

3.58 
Between pins 

18 (Al) 0.99 j 3.90 
12 (S,S) l.,33 1 4.80 

Between pins 
11 (AI) 1 1.33 5.31 
10 (SS) 1 2..30 8.25 

Between pins 
9 (Al) 2.30 9.11 
0 (SS) 2.93 1 10.41 

Between pins 
7 (SS) 1 2.93 1 10.41 

Between pins 
8 (Al) 2.93 j 11.50 

Between pins 

3 (AI) 
2 (SS) 

3.24 
3.53 

12.74 
8.42 

Between pins 
1 (SS) 1 4.05 1 10.98 

Between pins 

Dy Lu-176 Lu-l/.i In 
21.9 mg/cm' 

.\u 
.S3.y mg/cm' .M„ Co 

1 
Vf v» 

t . „ „ M „ . _ h 

7.0 

7.1 
8.73 

9.18 
13.8 

14.1 
17.4 

10.4 

18.0 

20.9 
13.4 
14.2 
17.7 
17.7 

± 
— 
± 
± 

— 
± 
± 

± 
± 

— 
— 
— 
± 

± 

± 
± 
± 
± 
± 

3 

3 
12 

30 
15 

8 
7 

5' 

5' 

0 
10 
11 
7 

14 

— 
— 

4.6 ± 7 

— 
— 
— 
— 
— 
— 

11.1 ± 10 

— 
— 
— 
— 

— 
9.5 ± 8 
7.4 ± 10 
9.0 ± 4 

— 
— 

— 
— 

1.027 ± 

— 
— 
— 
— 

— 
1.065 ± 

— 
— 
— 
— 

— 
1.083 ± 
1.056 ± 
1.075 ± 

— 
— 

15 

— 
— 

1.204 ± 20 
1.234 d= 5 

— 
1.260 ± 8 
1.373 ± 7 

:1.398 ± 15 
15 1.469 ± 8 

1.483 ± 20 

— 
— 

1.68 ± 5i' 
1.482 ± 15 
1.85 ± 5" 
1.518 ± 20 

20 1.551 ± 30 
30;1..383 ± 30 
251.392 ± 40 

1.472 ± 20 
1.531 ± 40 

1.1«2 ± 15 

— 
1.177 ± 10 
1.201 ± 5 

— 
1.221 ± 8 
1.346 ± 15 

— 
1.361 ± 15 
1.435 ± 8 
1.442 ± 8 

~ 
— 

1.455 ± 10 

1.503 ± 15 

1.522 ± 30 
1.288 ± 30 
1.337 ± 40 
1.414 ± 25 
1.495 zt 45 

1.587 ± 

~ 
1.574 ± 
1.80 ± 

--
1.863 ± 
2.63 ± 

— 
2.58 ± 
3.00 ± 
3.19 ± 

— 
— 

3.118 ± 

3.307 ± 

3.515 ± 
2.01 ± 
2.70 ± 
3.20 ± 
3.40 ± 

201.500 ± 

— 
30 1..520 ± 

2 1.07 ± 

--
15|1.801 ± 
102.40 ± 

._ 
0 2.49 ± 
3 2.750 ± 
53.02 ± 

— 
— 

30b.950 ± 

20 3.100 ± 

303..352 ± 
82.43 ± 
8 2.57 ± 
6 3.10 ± 
0 3.39 ± 

30 2.15 ± 
2.33 ± 

30' — 
4 2.55 ± 

2.72 ± 
30 — 

43.75 ± 
4.14 ± 

5 
20 

— 
— 

3 — 
4.49 ± 
5.19 ± 

30 

20 — 
50 — 
10 3.90 ± 
15:3.44 ± 
7i4.94 ± 
7 5.04 ± 

5|1.069± 2 
8 — 

6 
8 

— 
l . l O O i I 

— 
— 

8|1.185± 3 
10 — 

— 
— 
— 

11 1.243 ± 2 
15 

16 
15 
20 

~ 
" 
— 

— 
1.188 ± 8 3 

— 
1.182±41 

20 — 

' U'.ffj is the number of hydrogen atoms per thermal ham of absorption in the cort . 
*- Errors quotrd are in the last digits given; e.g., 1.500 ± 15 means 1.500 ± 0.015, 13.8 ± 15 means 13.S ± 15 , and l.Ht ± 2 means 

1.19 ± 0.02. 
' Measurement made in early loading (July lUOl). 
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' I ' I ' I M 
DYSPROSIUll 2< 

NUMBERS DESIGNATE 
CORES IN WHICH 
MEASUREMENTS 
WERE MADE 

I i I 

H-ATOMS/BARN OF THERMAL ABSORPTION U 10 

FIG. II-7-8. Dysprn.siurii C'ailniiuni Italio in Hi-C 
BORAX-V Cores. 

foils had a diaiiiotur of 0.82 cm, and were enclosed in 
20-mil thick capsules made of cadmiuni or aluminum. 
For the measurements in the fuel pins, the capsules 
were sandwiched between fuel pellets, while for the 
measurements in the moderator between the pins, the 
capsules were in a vertical position, taped to plastic 
or stainless steel strips slipped horizontally through 
the core. 

In Figs. n-7-(3, II-7-8, TI-7-9, and 11-7-10 are 
plotted the measured cadmium ratics as a function of 
the ratio H/uj., the number of hydrogen atoms per 
barn of thermal absorption. Consistent with experi
mental precision, the resulting curves are linear, al
though they do not in general extrapolate to the origin. 
Results from two cores using the more highly enriched 
BORAX-V fuel (cores Nos. 1 and 2) are consistent 
with the Hi-C curves. Application to fuel elements of 
different sizes or shapes is less certain, although at 
least rough agreement is to be expected. 

The hnearity of the results plotted in Figs. II-7-6, 
II-7-8, II-7-9, and II-7-10 is probably due, at least in 
part, to a fortuitous cancellation of errors since the 
data are uncorrected for several effects which sliould 
in principle be allowed for: 

(a) The quantity o-̂  (barns per unit volume in the 
core) was calculated a.-̂  though the core were homo-

gencou-s, I.e., witli no allowance for self-shielding or 

loeal flux dejjrossion. , , , , t ,„i 
(bl Since the foils were sandwiched between fuel 

,,ellets, their activation would be nonuniform, particta-
larlv the thermal activation. While this factor shou d 
he i-oughly the same for all the Hi-C cores, it should 
be different for the BORAX-V fuel, where the enrich
ment was higher. The directions of effects (a) and (b) 
are such that they would tend to cancel. 

Icl The magnitude of (bl is mitigated by the use of 
20-mil aluminum capsules, permitting some streaming 
of thermal neutrons. 

The utility of these plots is enhanced by their sim
plicity—thefact that the data, uncorrected for effects 
that iire tedious to calculate, are empirically linear. 

As an explanation of the observed linearity, it may 
be noted that the ratio Hiar should be at least ap
proximately proportional to the ratio of the thermal 
(moderatedI neutron density to the epithermal density 
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' I I ' M I ' 

MANGANESE 3 « / ^ 

1 0 J ^ ^ 9 

6 ? ^ 

NUMBERS DESIGNATE 

CORES IN WHICH 

MEASUREMENTS 
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FIG. II-7-10. .Manganese and Copper C'adTniuiii iialins in 

Hi C and BOIi .W V Cores. 

TABLE II-7-X. TicMrKRATCRE COEFFICIENT OF REACTIVITY 
IN- Ili-C AND B()I!,\.X-V CORES 

Coie No. 

1 
2 
6 
9 

11 

H:28 

4.65 
3.53 
2.93 
2.30 
1..33 

Temperature Coefficient, 
%(Ak/k)r c 

-0.0131 ± 0.0005 
-0.009S ± 0.01X)5 
-O.OIOt ± 0.0004 
-0.0101 ± 0.0007 
-0.0095 ± 0.000.5 

—i.e., to the ratio of subcadniium-to-epicadniium ac

tivation, which is the cadmium ratio minus one. To 

explain the failure of the curves to extriipolate to the 

origin would require further elaboration. 

TEMPERATIRE COEFFICIENT OF REACTIVITY 

The temperature coefficient of reactivity has been 

determined for core Xos. 1, 2, 6. 9, and 11. Two 

methods were utilized: the change in the critical con

trol rod setting of a previously calibrated control rod 

versus change in moderator temperature; and posi

tive period measurements to a fixed point versus 

change in moderator temperature. The temperature of 

the moderator spanned approximately 20°C. Besults 

of these measurements are shown in Table II-7-X. 
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H-ii. Hi-C Uniform Laltice Calculat ions 

E . M . FEN.MNirrON 

TxTKODfCTIU.V 

Preliminary calrulatioiis of folir-gniup ccmstants 
and material lnl(•kllng^ have been carried out for the 
light water moilerateil, high conversion (Hi-Cl lat
tices in the ZPR-VII critical assembly. Calculations 
were also done for lattices using BORAX-V fuel. These 
were studied experimentally at the beginning of the 
Hi-C program. The Hi-C fuel consists of pellets of 
UOo approximately 3 ^ enriched and clad in either ,\1 
or SS; while the BOR.\X-V fuel is CO.. of apjiroxi-
mately 5% enrichment and clad in SS. 

The constants for the three fast groups were deter
mined from the GAil- I code,' while those for the 
thermal group were found using the THERMOS code." 
The lower energy limits for the fast groups were 1.3.5 
MeV, 1.23 keV, and 0.414 eV. Cross sections in the 
GAM-I code are obtained using a 68 group library 
and cither the P-1 or B-1 a]ti)roximation. Resonance 
absor|)tion in r-238 is treated according to the meth
ods of F. Adler, G. Hinman and L. Xordheim.-' Except 
for the calculation of resonance absorption in U-238, 
the constituents of the lattice cell are treated as a 
homogeneous mixture. 

THERMAL PARAMICTERS 

The THERMt IS code computes the scalar thermal 
neutron spectrum as a function of position in a lattice 
by solving numerically tlie integral transport equation 
with isotrojiic scattering. Thirty thermal groups and 
20 space points are allowed in the code. Free gas scat
tering kernels are used exce|)t for hydrogen for which 
the Nelkin, Brown-St. -lolin. and free gas models are 
all available. The slowing down source for the problems 
reported here was taken as being due to hydrogen only 
and was spatially Hat in the W.AI region. Since the 
transport kernels in THERMt IS are (ieii\ed on the 
basis of mirror image reflection at the cell boundary, 
the method of H. Honeck' was used in which an extra 
region consisting of a heavy scatterer was placed out
side the acttutl unit cell boundary. This method jiro-
duces an essentially isotropic distribution of the neu
trons returning to the actual unit cell. 

THERMOS one-group calculations were also done 
using cross sections averaged over the first 27 groups 
(0-0.415 eV) of the Xelkin kernel multigrou]) ])rob-
lems. These one-grou|i cross sections were tilso used in 
the three-region collision probability code B(J92/RP 
to yield average thermal fluxes in the framework of 
the flat flux approximation. 

Use of the three .scattering kernels for hydrogen 
yields cell ])arameters which do not differ greatly from 
each other excejit in the case of the average scattering 
cross section. Some of the parameters are compared 
m Table II-8-I for the ca.se of the Hi-C square lattice 
with 1.24 cm pitch and Al clad fuel. 

Table II-8-II coin])ares fluxes for the Hi-C and 
BORAX-V lattices obtained from multigroup THER-
.MOS, one-group THERMOS, and B692/RP problems. 
Subscripts 1, 2, and 3 on 0 refer to fuel, clad, and 
Yi-^O regions respectively. 

FAST FISSION CALCILATIOXS 

Fast fission calculations have been done for some 
of the lattices using constants obtained by averaging 
either (;.\M-I or M r F T - 4 cross .sections over the fis
sion spniiiiiii above 1.3.') MeV. Both the homogeneous 
method and a tiansport approximation" involving col
lision probabilities were used. The transport approxi
mation was, roughly speaking, an ajiproximation to the 
BB92 RP code which had not lieen written when the 
calculations were made. For some homogeneous cases 
the cross sections from the output of GAM-I problems 
above 1.3.i MeV were also used. MUFT-4 cross sec-
lions resulted in higher values of S-" and lower values 
of £ than (;.\M-I cross sections, where 8"' is the ratio 
of the number of fissions in l'-238 to fissions in U-235 
and e is the fast fission factor. The heterogeneous val
ues of 8-̂  and € were not much larger than the corre-
si>on(ling homogeneous ones since the long mean free 
jKiths for fast neutrons ami the close spacing of the 
fuel rods result in little peaking of the fast flux in the 
rods. (l.\M-T outinit cross sections led to values of ir^ 

TAHI.i: I is-I . THERMAL PARAMETERS 

ARE LATTICE, .\1 CI.AD 

FOR Hi-C 1.24 CM 
FlKI, 

Hydrogen Scattering Kernels 

I aramcler 

/" 
/r,„.i 

I'' ' 
, ,1 .11-1 

n' 
Z,„ cm-' 
vZ,, cm-' 
Z., cm-' 
,ji,„-i 
,j,l.d 

4".o 

H Gas 

0.83642 
0.94500 
2.0625 
1.8230 
1.7251 
0.14594 
0.26176 
1.0177 
1.0000 
1.0960 
1.1584 

Brown-St. John 

0.83624 
0.94570 
2.0633 
1.8246 
1.7254 
0.14847 
0.25618 
1.4348 
1.0000 
1.0934 
1.1 ISO 

Nelkin 

0.83605 
0.94002 
2.0619 
1.8223 
1.7239 
0.14251 
0.24572 
1.375:! 
1.0000 
1.0894 
1.1572 
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TABLE II-8-IL THERMAL FLCX RATIOS FOR Ill-C .i.Mj B(lllAX-\ LATTICES 

tDala in part from Ref. 5) 

Core and Lattice Mux 27 Group 
Ratio THERMOS 

Mil 
i-Jii 
* . i / * i 

i-i/ii 

i-i/ii 
<fi/«i 

* • ; / « ' 

« i / * i 

1.1150 
1.2535 
1.1124 
I.2299 
1.0894 
1.1572 
1.0819 
1.1709 
1.0880 
1.1480 
1.0807 
1.I0I5 

One Group 
THERMOS 

1.1125 
1.2402 
1.II05 
1.2249 
1.0890 
1.1551 
1.0815 
1.1687 
1.0879 
1.1477 
1.0807 
1.1007 

B692/RP 

1.1173 
1.2394 
1.1142 
1.2203 
1.0902 
1.1497 
1.0836 
1.1634 
1.0887 
1.1413 
1.0824 
1.1544 

Core and Lattice 

Hi-C 
1.166 
Hi-C 
1.166 
Hi-C 
1.127 
Hi-C 
1.127 

AI 
cm A 
SS 
cm AJ 
Al 
cm A 
SS 

Flux-
Ratio 

h/ii 
h/ii 

i-,/ii 

27 Group 
THERMOS 

1.0853 
1.1286 
1.0781 
1.1375 
1.0831 
I.1271 
1.0772 
1.1367 

One Group 
THERMOS 

1.0865 
1.1299 
1.0789 
1.1391 
1.0848 
1.1200 
1.0785 
1.1395 

B692/RP 

1.0870 
1.1299 
1.0801 
1.1397 
1.0858 
1.1260 
1.0798 
1.1363 

and £ slightly lower than those from calculations using 
cross sections averaged over a fission spectrum. In 
terms of reactivity, heterogeneous calculations in
creased reactivity only by the order of O.l':^ from that 
for homogeneous calculations. However, use of 
MUFT-4 constants in place of G.\M-I constants de
creases reactivity by 1 to 2%. Thus use of accurate 
cross sections is much more important than hetero
geneous effects in the fast fission energy range. 

CRITICALITV CALCI'LATICXS 

Material bucklings calculated using Ci.AM-I param
eters for nonthermal neutrons and THERMOS ]>a-
rameters for thermal neutrons are much higher than 
experimental bucklings. The differences become greater 
as the moderator-to-fuel volume ratio is decreased. 
Calculations using the B-1 option in GAM-I yield 
somewhat higher values of B- than those using the 
P-1 option mainly because of the differences in dif
fusion constants. For the Hi-C 1.24 cm square lattice 
with Al clad and the Hi-C 1.1B6 cm triangular lattice 
with Al clad, the calculated reactivities using B-1 con
stants are 4.0^ ;̂ and 7.6% higher than experimental 
reactivities, respectively. Corresponding values for 
P-1 calculations arc 3.4% and 7.5%. 

The following considerations of possible sources of 
inaccuracy show that much of the large reactivity dis
crepancy must be attributed (by the process of elimi
nation) to the G.4M-I cross sections. . \s mentioned 
above, transport effects are of little importance in the 
fast fission region. The use of the THERMOS code 
with an extra scattering region should yield good 
thermal parameters. In the resonance region, the .\A-
ler-Hinman-X^ordheim treatment should give an ade
quate value for the U-238 resolved resonance integral 
Jirovided a reasonably accurate value for the Dancoff 
factor is used. In the unresolved region, calculations 

TABLE II S-III. RAI.IAI. UEFLE.T. IR SAVI.NC.> 
idK Hi-C LATTICES 

Lattice 

1.24 cm n Al clad 
1.24 cm D SS clad 
1.27 cm A Al clad 

\K iB-lt, XB t/--!), 
cm cm 

8.07 1 8.27 
7.40 7.58 
S.C,3 S.70 

Xft (Experi
mental), cm 

8.13 ± 0.16 
7.69 ± 0.08 
8.77 ± 0.07 

are made for f = 0 neutrons only (f is the orbital 
angular momentum). .\n increase in the unresolved 
resontmce integral is necessary to allow for absorption 
with higher f \-alues, but this increase would decrease 
calculated reactivities by only about 1%. The U-235 
resonance absorption in G.\^I-I is treated in the in
finite dilution approximation. Considerations of shield
ing of t"-235 resonances would decrease reactivity 
somewdiat, although capture and fission effects would 
tend to cancel. Shielding of U-235 would be important 
for com])utation of the initial conversion ratio. 

Recently new versions of U-235 and U-238 for the 
GAM-I library have been obtained from Hanford. 
Till y differ from the original versions in the values of 
ir,. IT,, va, and in the l'-238 resonance parameters. Use 
of these modified values in a G.\M-I problem for the 
Hi-C 1.24 cm square lattice with .\l clad led to a cal
culated reactivity 1.0% higher than the experimental 
value rather than 4.0% higher as obtained using the 
original library. More work will be done in connection 
with the use of different cross sections in the GAM 
library. 

REFLECTOR SAVINCS 

Radial reflector savings calculations were made for 
the lli-C 1.24 cm square lattice with both types of clad 
and for the 1.27 cm triangular lattice with .\1 clad 
using the RE-122 iREXi multigroup diffusion code. 
Both four-group and two-grou|i problems were done 
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using THERiVlOS constants and GAM-I constants for 
the core in both B-1 and P-1 approximations. GAM-I 
and THERMOS constants were also used for the radial 
H2O reflector. Corresponding four-group and two-
group values of reflector savings, AK, differed by less 
than 1 mm, while P-1 calculations produced values of 
\a one or two mm larger than those from B-1 calcu
lations. Although the core constants used jiredicted 
reactivity very poorly, they led to values of Au in 
rather good agreement with experiment. Four-group 
values of X,,. are presented along with experimental 
values in Table II-8-III. 
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II-9. Evaluation of I lux l i a p Experiments in D^O-MotUiatetl 1 h o i i u n i - l l a n i u m Cores 

K. E. PLUMLEE 

IXTEODCCTIOX 

As research continues, there are an increasing num
ber of experiments which are limited by the neutron 
flux intensities available from current irradiation facil
ities. The need for higher neutron flux and beam inten
sities for research purposes has resulted in increasing 
interest in the design of reactors which produce large 
flux peaks in internal thermal columns IITC) or flux 
traps. Such facilities are of interest since they have the 
ability to produce very high flux at modest reactor 
power levels, and to produce a very high thermal neu
tron source with a relatively small fast neutron com
ponent. 

An ITC may be visualized as an internal reflector 
region surrounded by a fuel region. The resulting flux 
jjeak may be several times larger than would be ob
tained in an external reflector because an internal re
flector has a more favorable geometry. 

The experimental physics work carrieil out at .Ar
gonne with heavy water flux traps was limited to the 
use of existing fuel and facilities. While the resulting 
data are very encouraging, it is likely that improve
ments could be obtained by further work with an ex
perimental system specifically designed for experimen
tation with heavy water-moderated cores and incor
porated flux traps. 

DESCRIPTIO.X OF CORES AND FLUX TRAPS 

Three types of fuel elements' were utili/.ed for flux 
trap cores. These were designated by their atom ratios 

(Th,'U-235l which were 1.5/1, 2.5/1, and .50/1. .\verage 
weights of oxide per fuel element were estimated to 
be 434.6. 357.2, and 349.8 g, respectively. Xominal 
length of the stacked jiellet columns was 152.5 cm. 
The 15/1 fuel was contained in nominal 0.793-cm o.d.. 
Type 110 aluminum tubing weighing 34.5 g in 155-cm 
length. The 25'1 and 50/1 fuel were contained in 
nominal 0.793-cm o.d., Type 1100 aluminum tubing 
weighing 81.5 g in 155-cm length. 

Lattice spacings were Ao (0.953-cm or | - in . ) , 2 Ao, 
3 .\i,, and 6 Ao, all being based on an equilateral tri
angle lattice in the same grid. 

DISCUSSION 

Experiments have been performed with 25 D^O and 
3 small HirO-filled internal thermal columns inside 
annular thoria-tirania-fueled cores. Moderator and re
flector were D:;0. A wide range of dimensions and sev
eral fuel loading densities were used. These data are 
given in Tables II-9-I and II-9-II. The largest ITC 
was 104 X 104 cm. .A fairly densely loaded fuel zone 10 
cm thick (forming the boundary) was sufficient for 
eritieality. Very rlensely loaded tmnular fuel zones as 
thin as 3 cm were found to be sufficient tor eritieality 
with ITC radii in the range 16 to 28 cm. One such core 
is shown in Fig. II-9-1. 

ITC acti^•ation peaks in radial traverses at the mid
plane of the reactor were as great as ten times the 
tA\o-dimensional (midplane) average in the fuel zone. 
The ITC peak was roughly three times that obtained 
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Loading and 
Run Nos. 

449-1, -4 
448-1 
447-1, -2 
440-1, -2 
399-1 
398-1, -3 
397-1, -4 
39li-l 
395-1, -2 
3t)4-l, -4 
393-1 
391-1 
.374-1, -2 
367-1, -2 

365-1 

304-1, -6 
303-1 
361-1, -4 
359-1, -2 
358-1, -3 
357-2 
357-1 
350-1, -2 

271-2 
270-2 
209-1 
2i;8-:i 
2lili-2 
2li5-l 
264-2 
263-2 
262-2 
261-1 
253-3 
252-1 
251-3 

Approx. f̂ fpBak/Specific 
Power, Fuel Zone 

.Average Maximum 

Not measured 
Not measured 
Not measured 
Not measured 
0.033 
0.035 
0.032 

— 
0.025 
0.048 

— 
— 
— 

0.154 

O.llit 

— 
— 

0.182 
0.130 
0.112 

— 
— 

0.031 
(central <>) 

0.070 
(reflector ip) 

0.115 
0.136 
0.150 
0.112 
0.12il 
0.115 
0.091 
0.t)70 

— 
0.78'' 
0.78'" 
0.78 
0.,32 

(central <>) 
0.72 

(reflector <(>) 

0.023 
0.025 
0.026 

— 
0.016 
0.019 

— 
— 
— 

0.052 

0.070 

— 
— 

0.091 
0.084 
0.060 

— 
— 

0.021 

0.049 

0.080 
0.080 
0.098 
0.084 
0.076 
0-070 
0.066 
0.049 
0.059 
0.42 
0.36 
0.36 
0.32 

0.32 

T.ABLE 11-9-1. 

Ratio of Central Peak to 
Midplane Fuel Zone Activity 

.Average Max
imum 

Not measured 
Not measured 
Not measured 
Not measured 

6.9 
7.4 
0.7-

— 
5.2 

10.0 

— 
— 
— 
4.4 

4.7 

— 
— 
5.2 
3.9-
3.2-

— 
— 
0.88 

(central) 
2.0 

(radial reflector) 
3.3+ 
3.9-
4.3+ 
3.2-
3.7 
3.3 
2.6 ' 
2.0 

— 
2.4 
2.4 
2.4-
1.0 

2.2 

4.9 
5.3+ 
5.4 

— 
3.2 
4.0 

— 
— 
— 

1.5 

2.0 

— 
— 

2.6 
2.4+ 
1.9-

— 
~ 

0.61 

1.4 

2 .3 -
2 .3 -
2.8 
2.4 
2.2 ' 
2.0 
1.9 
1.4 
1.7 
1.3-
1.1 + 
1.1-
1.0+ 

1.0+ 

.ACTIVATION IATIOS A 

Fiu.x irap 

Material 

D2O 

None 
D.O 
IFO 

Void 
D2O 

* None 

None 

D.,0 

None 
D.O 

1 None 

None 

Dimensions, cm 

67.9 X 67.9 
64.6 X 64.6 
63.5 X 63.5 

104.0 X 104.0 
27.7- radius 
26.9 
25.4 
16.4 
15.3 
13.8 
10.0 

None 
~2S.O radius 

5.1 

7.0 
5.1 
3.2 
2.6+ 
2.6+ 
2.0+ 
None 

None 

30.6 radius 
23.7 
17.1 
17.1 
16.2 
12.9 
9.3 
4.3 

None 
11.1 radius 
8.2+ 
5.4 

None 

X^one 

ND .ASSEMBLY DESCHleTIoN 

.Approx. Fuel Zone Dimensions, 
t 

Inner 

67.9 X 67.9 
64.6 X 1)4.6 
63.5 X 63.5 

104.0 X 104.0 
27.7- radius 
26.9 
25.4 
10.4 
15.3 
13.8 
10.0 
0 

~28 .0 radius 
Ilex. 5.6-

e(iuiv. radius 
Hex. 5.2 

equiv. radius 
5.6- radius 

~ 7 . 9 
5.6-
4.4 
2.6+ 

1 1 0 

0 

.30.5 
23.7 
17.1 
17.1 
16.2 
12.9 
9.3 
4.3 
0 

11.1 
8.2' 
5.4 
0 

0 

m 

Outer 

83.8 X 83.8 
83.8 X 83.8 
83.8 X 83.8 

124.5 X 124.5 
30.5 radius 
30.6 
28.1 
19.3-

^41.0 radius 
29.0+ 

30.5 

30.5 
30.8 
30.5 
27.6 

44.5 

1 1 31.1 

99.0 

Critical H2O 
Height in Fuel 

and Trap, 
cm 

148.8+ 
116.1 
107.7-
142.3 
115.9-
108.0-
118.5-
142.2 
136.9 
145.2 

Not critical 
Not critical 

147.8-
101.9 

139.1 

138.2 
Not critical 

137.0 
140.9 
132.6 
137.4 
131.7 
133.2+ 

133.2+ 

123.2 
91.0-
76.8-

137.2-
118.6 
108.0-
103.1 
103.3-
104.5 
122.7 
113.5 
108.2 
105.3 

No. of 
Fuel 
Pins 

488 
588 
624 
930 
670 
840 
668 
403 
550 
715 

1032 
1482 
739 
812 

893 

899 
925 
899 
743 
765 
755 
755 
762 

762 

970 
1268 
1520 
051 
743 
829 
901 
953 
977 

1047 
1064 
1076 
1082 

Lattice 
Spacing, 

cm 

1.905 

0.953 

1.905 

5.715 

Fuel 
Type 

15/1 

25/1 

' Ratio of estimated I 
* Calihrated ineasureii 

il flux 
of the 

flux t rap peak tn hssions per liter-sec in the fuel region, at the midplane 
al flux intensit\' and fission rate. 
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Fuel 
Ratio, 
U-235/ 
Th-232 

26/1 

15/1 

Lattice" 
Pitch 

5.715 
2.858 
1.905 
1.905 
0.963 

Fuel 
Pellet 
Radius, 

cm 

0.2972 
0.2972 
0.2972 
0.3302 
0..3.302 

Cell 
Size, 
cm^ 

28.28 
7.00 
3.14 
3.14 
0.78li 

U-23.S 
Density, 

g/Uter 

2.86 
11.46 
25.74 
49.79 

199.0 

(Approx. 
Values) 

0.0051 
0.0191 
0.0406 
0.0628 

Z,' 
(.Approx. 
Values) 

0.0031 
0.0120 
0.0259 
0.0445 

•' Triangular hittice spncing in (in 
'' Because of the variation in THMI 

tlic thin fuel zones having;; I .\i, lattic 
1,^ or Z/ was made, since tlie>;e an' 
vary with radius. 

•• All averaged nKU'ri)sc(i]iie cross 

niTi energy spectrum in 
• spacing, no estimate of 
.peetrum dependent and 

ectious. 

in tlio radial reflector, and five tiniey tlie highest level 
in the fuel zone. Figure,-^ II-9-2a, II-9-2h. and II-9-2c 
show representative tra^'orses takrn with \-cry densely 
loaded fuel zones. 

Although only three small H:.U-filled aluminum 
tiiimbles were flux map])ed, the most effective land 
largest) one produced a greater activation peak than 
was obtained with similar fuel zones and D^O-filled 
ITCs. The HsO-filled ITCs produced greater flux 
peaks in much smaller dimensions than were obtainf(.l 
with DsO-tilled ITCs. However, greater reactivity 
losses were involved with H2O, and increased de-
pcnilcnet on fuel zone thicknes,-; was indicated. Figures 

IT-9-3 and 11-9-4 show traverses taken with DjO and 
H.,()-filled ITCs, respectively. 

Althou^li the relation of ITC radius to the magni
tude of the accompanying flux peak is also a function 
of the thickness of the surrounding fuel zone, the effect 
is shown for a simple case in Fig. II-9-5. Commencing 
with a core of moderate fuel density, the axial flux 
traj) was produced and enlarged by removal of fuel 

I ; I ;i \ I \ \ \ \ r 

DYSPROSIUM 

• F U E L 

^^^^^^""--^^^^^WM 

TRAP REGION 

II '.) 1 - ; i c n i Thick .\nnular Fuel '/.ouv I'jidosiiig a Flux Trap. 
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ffoiii tlif axi.s or inner edge of tlie fuel zone. The ITC 
flux peak increased with ITC radius relative to flux 
in tlie fuel region up to a maximum near 16 cm 
radius. Loading additional fuel on the outer edge of 
the fuel zone without changing the radius of the ITC 
resulted in an increased peak. 

Reactivity generally increased in these cores as a 
flux trap radius was increased up to 10 em. This effect 
was attributed to the reduction in resonance capture 
in the fuel region as a larger fraction of neutrons was 
thermalized in the ITC and was "reflected" back into 
the fuel zone with energy levels below the Th^jz reso
nance. This effect is shown in Fig. II-9-6, for the 
moderate fuel density loadings. 

One of the more interesting categories of flux trap 

RADIUS, c m K A U i u b , c m 

Fro. II-9-2b. Radial .Activalic.ii Traverse 
litli Fuel I)eii»ily--I.oa(lillK 397. 

ill Core with 

IG 24 32 
RADIUS , c m 

Fi(i. ll-!t-2e, Kadial ,Ael i\'atiMii Traverse in C<ire wi 
Kh Fuel Density I.oadiiiB ;i99. 
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R A D I U S , c m 

Fid. II-il-4. Kadial .Activation Traverse in Core with 
Moderate Fuel Den.sily and IL.O-Filled Flux Trap Loading 
ilr.l. 

coiitigui'iitions in\"olveil \-ery densely loaded fuel zones 
for which k̂ o < I, as usually defined in the four-factor 
formula. Such cores are shown in Fig. II-9-1 and Ta
ble II-9-I, Loadings 391-399. The small value of reso
nance escape probability resulting from the very close 
packing of ThO^.-UOo fuel in such a fuel zone precluded 
eritieality in a fully reflected cylindrical core contain
ing 1,482 fuel elements (see Table II-9-I Loading No, 
391). Installation of an internal reflector resulted in a 
larger fraction of neutrons reaching thermal energy. 
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T^n~^T 

DATA TAKEN WITH LARGE CORE 

FUEL PERIMETER AT UU,5 cm 

DATA TAKEN WITH SMALL CORE FUEL 

PERIMETER AT 31.I cm 

_L_ I I I I _L _L_ _L. I > I i I 
12 le 

D 0 FLUX TRAP R A D I U S , cm 
2 

FIG. II-0-5. Klfcct ..1' Flux Trap Radius im Activatimi Di.sl rihutimi "( Co I Moderate Fuel Density. 

I ' M ! ' ——'—^^—'—'—' r 
CORE DESCRIPTIONS OUTSIDE FLUX TRAP GEOMETRY 

FULL SIZE D O TRAP 

FULL S IZE D O TRAP 

FULL S IZE D O TRAP 

H O TRAP 

5 . 1 cm H „0 TRAP 5 0 „ 0 

H O TRAP 

VOIDED TRAP 

D O TRAP 

A 

• 
0 
D 

• 
• 
O 
A 

RAD US OF FUEL ZONE, 

2 9 . 6 

? l . 1 

U1I.5 

2 7 . 6 

2 8 . 6 

3 0 . 5 

2 7 . 6 

2 7 . 6 

r.' 

I I i I I 
20 211 26 32 36 no 104 

RADIUS, cm 

F I O . II-9-l i . C r i l i i ' a l 1 K(( lli^iglil \ ' e i ™ s F l u x T r a j i KadiuK for C O I T S w i l h .Alo. i inate F u e l Den .^ i ty . 

and consequently, in increased reactivity. This is 
shown in Loadings Xos, 393 to 396, Loading No, 396 
consists of the 403 fuel elements at or nearest the 
periphery of Loading No, 391, and was obtained by 
stepwise removal of a total of 1,079 fuel elements fioiii 

Loading No. 391. Loading No. 396 was critical, yet 
Loading No. 391 containing nearly four times as much 
fuel was well subcritical. The gain in reactivity was 
indicated to be a function of thickness of the annular 
fuel region with an optimum thickness of 3.5-4,0 cm 
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0 — 6 IQ — 

0 ^•^•/^.^•r.-'^ 

TABLE n -9 - I I I . E.XTR.ypoL.yTED PrtwER TO PRODCCE 10'* 
PE.^K THERM.\L F'LL'X 

FUEL ZONE T H I C K N E S S , cm 

Fin. II-9-7. Variation in Crilieal 1)5(1 Height for Cores 
with High Fuel Density. 

optimum was not found during experiments with this 
fuel loading density. Ajiparently increasing the ITC 
radius beyond 13.8 cm, the smallest size with which 
eritieality was obtained, resulted in a gain in reactiv
ity although there were superimposed variations ac
companying reductions in fuel zone thickness, in the 
sequence of experiments performed as shown in Fig. 
II-9-8. 

EXTR.\POL.ATED PoWER REQUIRED TO PRODUCE 

lO'" PEAK THERM.AL FLU.X 

Rough estimates of the power levels required to 
produce lO'" peak thermal flux tire given in Table 

Loading 
No. 

399 
398 
397 
395 
394 
367 
36.5 
361 
359 
358 
271 
270 
269 
268 
266 
205 
264 
263 
261 
253 
252 

Cell Dis
advantage 

Factor 

1.28 

1.20 

1.24 

1 

r-235 
Density, 
g/lite'r 

199.0 

25.74 

2.86 

1 • 

Volume of 
Fuel Zone, 

liter 

59 
70 
54 
59 
87 

412 
.395 
387 
329 
315 
406+ 
400 
407 
291 
263 
272 
285 
308 

3731 
3471 
3322 

Estimated 
Power Level 

for 10" Flu,\, 
MW 

418 
468 
357 
549 
420 
621 
559 
494 
561 
662 
821 
693 
631 
603 
473 
549 
728 

1022 
1110 
1033 
!I,S9 

1 1 ! 1 
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F I G , II-9-8. Critical I ) / ) Height Versu.s Flux Trap Radius for Cores with High Fuel Density, 

as shown in Fig, II-9-7, Reactivity was also found to 
he a function of the radius of the ITC although an 
11-9-111, The lowest power, approximately 357 MW, 
was indicated for Loading No. 397, This extrapolation 
does not account for the effects of power coefficients 
of xenon poisoning, 

.Absolute flux and fission rate measurements were 
made during two runs. These measurements agreed 

well with the values obtained by applying standard 
corrections in calculating the ratio of peak flux to 
reactor power from the radial and axial activation 
traverses. I t was necessary to use flux-averaged cross 
sections,^ fuel disadvantage factors,'-^ and foil flux per
turbation* corrections in this comparison. The radial 
activation traverses were with 0..584-cin diameter, 
0.0086-cm thick 90'c manganese-lO'^f copper alloy foils 
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for loadings nuiiibi'rrd lower than 357; and were 0.584-
cm diameter, 0.0023-cm thick 3.7% dysprosium-86% 
tduminum alloy for the remaining loadings, 

RI ;KERE. \ ( 'KS 
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11-10. P u O - L O ; Fueled Themia l Ciitieal Evperimeii ls 

C. E. TILL 

.A study was carried out to outline the imjrortant 
problem areas and requirements for a proposed iiro-
gram of critical assembly work with plutonium fuel 
moderated by light water. Calculations have indicated 
that Pu has considerable potential as a thermal re
actor fuel, but very little integral information as yet 
exists on the physics beiiavior of this niati-rial in 
thermttl systems. 

FUEL -\I.\TKKI-\I. 

The fuel material selected was natural UO2 con
taining a small percentage of PUOL.. The high cross 
section and prominent low-lying resonances of all tlie 
Pu isotopes mean that self shielding of the Pu will 
strongly affect the physics of this type of fuel. The 
fuel fabrication should be such that the fuel material 
is sufficiently homogenized that any self shielding 
effects due to local concentrations of Pu. over and 
above the self shielding present in a homogeneous 
element, are not significant. This also means that the 
PuOi. particle size should be kejit small. For example, 
calculation indicates that for a tyitical case, self 
shiehling in the thermal region would lie about 7'̂ r 
greater than that of a homogeneous blend in which the 
PuO^. is distributed in the form of 100-/a diameter 
spheres. This extra self shielding would be correspond
ingly greater in the resonances anil the reactivity ef
fects causetl by the discrete particle size could be \-ery 
difficult to take into account properly. 

The possibility of using fused microspheres of 
PuO- as the Pu portion of the mixed oxide was con-
sidercfl. The contamination-free properties of these 
spheres are very attracti\'e, Howe\-er, if their size is 
decreased to the point where particle self shielding is 
not significtint, they would, if released to the air, re
main airborne tor a considerable time and thereby 
present a clear ingestion hazard. Calculation indicates 

the compromise between self shielding and reaily flis-
persion in the air cannot be a good one. 

F U E L Ci,-\n»i.\(i iLrrERi.\L 

The high toxicity of Pu demands that the fuel clad
ding be inviolate at all times, .\luminum is a suitable 
chukling from the material viewpoint ot ease of inter
pretation of results. Calculations based on the 8PERT 
series of oxide fuel transient tests' indicate that for 
the severest credible excurison, the clad temperature 
will remain clo.se to the boiling point of water. Thus 
the fuel element should retain its integrity in spite of 
the low melting jioint of the cladding material. 

The requirement that the fuel be clad at all times 
presents serious problems for reaction rate measure
ments in the fuel. The streaming path introduced on 
either side of any measuring foil in the fuel by the 
presence of a cladding o\"er the adjacent ends of the 
fuel can introduce a significant error. ]>articularly 
\\liere resonance effects are important. 

I'LtTi: COMPOSITION 

lutonium in a tlarmal 

l.NIU.M K m i i i 

The ]ihysics la'ha\"ior of 
reactor is very sensitive to its isotopic composition. 
Isotopic comjtosition was a variable of major interest 
in this proposed program. Isotopic contents of interest 
range from pure Pu-239 to material that contains up 
to 70'; of the higher Pu isotopes. The behavior of Pu 
with low concentrations of the higher isotopes is of 
interest in connection with long-burnu|i, uranium-
fueled, once-through reactors which build in signifi
cant (piantities of Pu, but which do not burn the Pu 
to the point that large fractions of the higher isotopes 
are produced. The com]iositions of interest to reactors 
on a Pu-recyele scheme litive contents of higher iso
topes ranging from 30' ; to 70' ; , .Ai this time, avail
ability may dictate a first-loading composition under 
20';;. in the content of higher isotopes. 

file://-/I./tkki-/i
file:///-ery
file:///luminum
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liKArnVITV C'.ALt_'rL.\TIONS 

Survey calculations were done for PUO2-UO- mixed 
oxide fueled, water moderated lattices for the 27 com
binations possible using three values each of the three 
principal variables: PuOi- content, Pu isotopic com
position and water to oxide volume ratio. The PuO^ 
contents were 2, 4 and 6 w/o; the isotopic com])osi-
tions were 100'=;;. Pu-239, and ratios of 90:10 and 
80:20 Pu-239 to Pu-240: the water to oxide volume 
ratios were 1, 3 and 5. Tlie uranium was natural UO^. 
The lattice was assumed to lie made u]) of 5-in. di
ameter rods cla<l in 40 mils of Al. The calculational 
method used was four-j^roup treatment that ga\e 
satisfactory agreement with the measured buckling 
values of the Hanford Pu-Al alloy subscritical ex
periments and a liomofiencous aqueous critical exjieri-
ment.-••'*"' 

KKsn.T.s 

Results of the calculations of bucklings are shown 
in Table II-IO-I, wliich illustrates the rather complex 
interplay of the three variables (PuO- content, iso
topic composition and water to oxide ratio) on the 
lattice reactivity. 

The column ru.o/l'oxhi,. = 1 (Tablr II-lO-Ii illus
trates the effect of increasing the Pu-240 content in a 
tight lattice. The reactivity of the lattices in which 
the Pu was pure Pu-239 steadily increases with in
creasing enrichment over the range covered here. This 
is similar to the behavior expected for U-235 enrich
ment, With Pu containing 10% or 209f Pu-240, how
ever, the buckling versus Pu content relationship i.s 
almost flat; in the 10% case the buckling appears to 
peak at an enrichment of about 4%, while for the 20% 
case the buckling actually decreases with increasing 
enrichment over the entire range covered. This latter 
effect has previously been noted by K. Puechl,'' whose 
calculations, however, indicated that the effect is 
much greater than do the calculations presented here. 
The effect is due to spectral hardening with increas
ing enrichment which results in a progressively larger 
fraction of neutrons being captured in the low-lying 
Pu-240 resonance. As the lattice pitch is increased 
and the spectrum thus softened, the effect tends to 
disappear, as illustrated by the columns in Table 
II-IO-I corresponding to volume ratios of 3 and 5. 

Based on the bucklings listed in Table II-IO-I cal
culations of the number of fuel rods needed to main
tain eritieality as the lattice is tightened to a volume 
ratio of unity show that this number is fairly insensi
tive to enrichment. It depends mainly on the isotojiic 
composition, approximately doubling for each 10% 
increase in Pu-240 content. The amount of Pu re
quired, however, increases ajiproximately linearly 

TABLE II-IO-I. C.\i.fi i.ATEi) BrcKi.iNi; VERSUS PLI TONUM 
CONTENT, LSOTOFIC COMI'MSITHIN .K\U \VATER-TO-()XII>E 

\ ' « I L r . \ l E l i . ^ T l i i 

Pu"»0., 

% 

2 
4 
6 

1.8 
3.6 
0.4 
1.6 
3.2 
4.8 

Pu'"0,., 

% 

0 
0 
0 

0.2 
0.4 
0.6 
0.4 
0.8 
1.2 

Fa 

Buckling BMXIO' 

^ = 1 

79 
93 

101 
47 
51 
.50 
30 
29 
28 

' HBO 

F « i d . ~ 

123 
149 
160 
101 
122 
130 
86 

103 
111 

3 

cm 

V, 

-' 

^ = 5 

115 
152 
166 
94 

12tl 

142 
SO 

111 
124 

with cnrichmem. Thus the rffeet of boosting tin- PuO-
content above 2% is only to increase the Pu inventory; 
the core sizes and number of rods required remain 
almost the same. The lower the PuOi; content, the less 
the external hazard in handling the fuel, and at 2% 
PuO^ the characteristics of the fuel are dominated by 
the Pu anyway. Hence there seems to be little incen
tive to go above 2% PuO- content. Also, a compromise 
between once-through and recycle usages is offered 
by 2% PuOi;, so all-in-all this is probably a good 
choice for these expnimrnts, 

BlOLOtiIC.\L H.AZ.̂ KOS 

In addition to Pu being highly toxic in a cluniical 
sense, the radiological hazard set by the combination 
of high alpha particle energy, long biological lifetime 
and bon^-seeking character of plutonium result in a 
very low maxinuun-allowable body burden. Handling 
and monitoring procedures were worked out to ensure 
essentially that an intact barrier between the fuel and 
its environment exists at all times that personnel 
might be exposed to the environment. The fuel also 
presents an external hazard and exposure times during 
loading changes must be suitably limited. 

X E U T R O . M C H. \Z . \KI ) (.'nN>-n)KH.\TIO\S 

The delayed neutron fraction of Pu-239 and its 
effective neutron lifetime both tend to be shorter than 
those in comparable U-235 fueletl assemblies and 
hence the excess must be more carefully controlled. 

The Dopi)ler effect of the fuel containing a few per 
cent PuOj should be about as strongly negative as it 
is for comparable U-235 enrichment. Similar amounts 
of U-238 are present and its resonance capture will be 
practically unaffected by the small amount of Pu-239 
present. The calculations of Section D indicate that 
the Pu-239 resonances arc not very strongly self 
shielded at these concentrations, so this potentially 
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positive contribution to the Dopjiler effect is expected 
to be small. Further balancing any positive effect is 
the presence of the 240 isotope which these calcula
tions indicate is strongly self shielded in its 1 eV 
capture resonance. 

The effect of increased neutron temperature is ex
pected to be negative at these Pu concentrations. Thus 
a prompt negative temperature coefficient of the same 
magnitude as that for a comparable U-238:U-235 sys
tem is to be expected. Calculations indicate that any 
credible excursion would be safely terminated without 
core damage by a prompt negative temperature coeffi
cient of this magnitude. 
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I I - l l . .4rgonne .Advanced Research Reactoi—Physics .Advantages of I i i ter inediale Cores 
for Research Reactors' 

C. X. KELBER 

The outstanding reason for the use of low cross 
section materials in researcli reactor fuels is the fact 
that in a homogeneous medium the thermal neutron 
flux is inversely proportional to the absorption cross 
section. The demand for higher fluxes (hence power 
densities) coupled with increasingly complex experi
mental arrays has led to the design of research reac
tors in which neutrons are thermalized in specific 
locations well removed from the core. Under these 
conditions the penalty in flux level and reactivity 
from the use of moderately high cross section materials 
may be small. 

As the fuel investment increases, liowe\-er, it is 
expected that the incremental reactivity of fuel adrled 
for burnup will decrease, so that the reactivity swing 
over a cycle of given length is decreased; alternatively 
longer cycle times ai'e available without the use of 
unusual control methods. Of at least as great impor
tance is the possibility of retaining complete xenon 
override even at power densities of the order of a few 
megawatts per kilogram of fuel, or more. This implies 
a core of intermediate neutron energy, and this is tlu' 
case. The disadvantages of such cores are well known 
and, hence, will not be discussed. 

In a typical AARR core design the median energy 
of fission varies from t5eV at the core center to h'\' 
at the edge. The effective value of ij, the neutrons re
leased from fission (of U-235) ])er absorption in V-
235, also varies, A typical value of y, is 1,81 in tlu' 
center of a fresh core. Eta increases with burnup to 
2.05 at the edge of a heavily burnt core. In this way, 

the incremental reactivity worth of fuel increases with 
burnu}). 

The hardness of the spectrum also implies a reduc
tion in the worth of typical control rod materials. 
Thus, hafnium or europium in the core are expected 
to be three to four times as effective as cadmium. In 
a typical thermal reactor core massive hafnium rods 
are commonly 15 to 20*̂ 0 more effective than cadmium 
rods; but in cores such as those being discussed the 
flux in the range 1 to lOeV (the region of hafnium 
resonances) is 5 to 10 times that in the range 0 to 
0.4eV, .-Vt the core edge this is not the case; the dis-
crciiancy between cadmium and hafnium is much less 
there. 

Concomitant with the reduction of effective cross 
section of thermal resonance absorbers such as cad
mium is a reduction in Xe-135 and Sm-149 worth. 
Except for small regions near the core edges the ef
fective xenon cross section is much less than that en
countered in typical thermal reactor cores. 

In a high flux thermal core the xenon residence 
time is governed almost completely by the lifetime 
to absorption; in these cores the lifetime to absorption 
is about the same as the decay time and the mean 
residence time is thus very long. In terms of recoveiy 
from itartial or complete scrams this means the kinetic 
beha^•ior of the system at 100 MW resembles that 
of a thermal reactor in the 1-5 X 10" flux range. 
The necessary response time is long; typically an 
hour or more is alloxyed for recovery if only l̂ r̂ Si-
is a\'aiiable. 
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TABLK I I -U-I . A TYPICAL X E I T R O N INVENTORY B-\SED ON 
O N E \ ' IR( ; IN NEUTRON PER TIEACTOR 

Note: Leakage—0.18. 

Fuel 
U-235 plus eiiuilihriiiiii . \e and 

Sm-149 
Fission products 

Hydrogen 

In I ,T,C, ' 
In Be 

Light elcnicuts 
0 
Be 
Al or Zr 

Heavy metals 
Fe 
Ni 
Cr 

Total 

Captures 

0.17 
0.01 
0.005 

0.185 

0.003 
0.02 
0.03 

0.053 

0,001 
0,02 
0,01 

0,031 

0,02 
0,007 
0,004 

0,031 

0,09 

0,390 

Fission 

0,43 

0.43 

-

-

-

0.43 

Even more im]iortant, the totttl S/,' needed for o\'er-
ride at any time is small, ~2.3^i at 100 MW, so that 
recovery from scrams nectl be considered a problem 
only near the end of a fuel cycle. For the same reason 
Sm-149 is not a problem even in irradiated cores 
stored for a long time; the reacti\ity gain from decay 
of xenon more than compensates for the buildup of sa
marium. 

By way of summary a typical neutron inventory 
is given in Table I I - U - I , The U-235 captures include 
the captures in equilibrium xenon and samarium. 
These two hold ilown about 3"̂ ; in k. The term 
"fission products" refers to non-saturating fission 
products. The core studied here included some burn
able poison, samarium, and a small amount of poison 
is still present at this stage, which is about halfway 
through a core cycle. Captures directly associated 
with the fuel are thus 0,185 (per virgin neutron). 

Captures in hydrogen I in water) account for 0,053 
while the remaining moderator or light elements 
capture only 0,031 neutrons. The stainless steel cap
tures are (coincidentally) also 0.031, so that the par
asitic capture in hydrogen is actually larger than 
that of stainless steel. In this core design, power 
flattening shims were emjiloyed and they captured 
excessively: 0,09 neutrons per virgin neutron. Spatial 
fuel variation accomplishes the same end; excessive 
parasitic losses are at the same time decreased. It is 
concluded that the stainless steel does not add an 
objectionable amount of parasitic capture. 

The full utilization ot such heavily loaded cores 
requires as large a fuel inventory as can be achieved 
and controlled in the design. With 37 w/o UOj dis
persed in stainless steel plates, cores have been de
signed with cycle lengths of 35 to 90 days at 100 MW. 
Later results show that much longer cycle times 
(~1.50 days at 100 MW) may be achieved if loailing 
densities of 1 kg U-235 per liter of core can be real
ized. The plates themselves, however, can jirobably 
take irradiations of 120-1.50 days. It is desirable that 
the reactivity life be comparable to the irradiation 
life in costly cores. Desirable improvements in these 
fuels center on increasing the fuel content. Alterna
tive fuels include dispersions in zircalloy or zirco-
nium-clatl, metal fueU. 

The use of heavily loatled cores implies some dis
advantages. At the interfaces of the core and reflec
tor or flux trap, incoming thermal neutrons are 
readily absorbed by the fuel iinil ;i power peak is 
created. This may be a\'oided by the use of shims 
which al5sorb mtiinly thermtil neutrons or by S|iecial 
variation of the fuel loading. The latter has been 
found to be the more satisfactory method. Since the 
diffusion area for thermal neutrons in such cores is 
typically of the order of 0,1 cm", fuel variations must 
be sizeable over distances of 0,3 cm (0,1 in,) or less, 

.\nother problem is that a heavily absorbing core 
in a diffusive medium creates a thermal neutron sink 
and hence a neutron concentration gradient in the 
reflector; this depletes the neutron flux in the re
flector. A crude estimate of this depletion is 2exp 
I —2-\/T/L-). In H-X) this is small, but in pure berj-l-
lium the relative variation can be extremely large, 
approximately a factor of 2,5. 

REEERF.XCE 
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11-12. Argonne Advanced Research Reacloi^—Optimizalion of ihc . \ARR Core and 
Reflector Design for Fhix Enhancement ' 

C, X. KEI.HEK 

The design of the Argonne Advanced Research 
Reactor has reached the stage where the effects of 
small design changes on the flux can be profitably 
studied. In particular, a strong effort was made to 
find those design changes which yielded at the ex])eri-
mental facilities the maximum thermal neutron flux 
per unit power. 

The first ]iroblcni iiuestigtitetl was that of cur-
relating the results of calculations in idealized geom
etry with the actual design. An approximation which 
has been used for many years is to preserve the rela
tive volumes of various regions. This approximation 
usually gives good prediction of reactivity but it is 
not ob\'ious that the flux will be so well predicted; 
indeed, comparison of calculations in square anti cir
cular geometries showed this was not the case. 

If one is concerned with predicting the maximum 
thermal flux in an internal thermal column iITC), 
then the following argument can be used. 

Suppose the flux of fast neutrons on the column 
periphery is uniform and isotropic. Assume two 
grou]) theory applies in the ITC, Then the source of 
slow neutrons arising from fast neutrons emitted at 
a point on the periphery is proportional to the mean 
chord length from that point, and the average source 
density of slow neutrons in the ITC is proportional 
to the mean chord length, (It is assumed that if the 
ITC is not convex, the surrounding region is non-
moderating.) Calculations of fluxes in square or cir
cular geometries confirm that I T C s of the same mean 
chord length have very nearly the same maximum 
flux, 

(In the basis of preserving the mean chord length 
tlie basic hexagonal pattern of the ITC core was 
chosen to yield an optimum mean chord length (dis
tance between flats) of 14 cm. The basic hexiigonal 
side is then 8.083 cm. 

The problem of jioiyer distribution was the next 
to be considered. Since the power must be flattened it 
was necessary to find the effect of such flattening on 

the jieak fluxes. The inner 10% ot the core volume 
gives rise to almost one-half the central flux and 80% 
the central flux comes from the inner 35% of the core. 
Hence, the power should be at a maximum o\(r the 
inner 10% of the core and decrease slowly over the 
next 25% of core volume. The situation with respect 
to external reflector fluxes is similar at the outer core 
edge, but not so severe. 

There is little effect of core blackness on thermal 
neutron fluxes once the fuel concentration is high. 
Substitution of aluminum for stainless steel at A.ARR 
fuel loadings makes a difference in experimenters' 
fluxes of less than 2%, for a given power distribution. 

To enhance the flux in experimental beam facili
ties the power density is increased at the outer edge 
(a small marginal gain I an^l a composite reflector is 
introduced, 

.\ thin layer (^2,5 cinl of beryllium suffices to 
moderate most of the neutrons leaving the core to the 
jwint that they are rapidly thermalized in water. The 
eftective slowing down length in water is so small for 
these neutrons that a layer of water 4 cm thick en
hances the a^-ailable thermal flux by 25%, The water 
layer is followed by a beryllium reflector. This ar
ray is superior to other constructions of water and 
beryllium. 

Increasing the leakage from the core by decreasing 
the moderator density obviously increases the avail
able flux. Changing from metal to water volume ratios 
of 1:1 to 5:3 yields a 25%c increment in flux at the 
expense of reactivity loss and increased heat removal 
difficulties. 

Finally, the use of fuels such as U-233 or Pu-239 
will increase the available flux because of the increase 
in the number of excess neutrons available per fission. 

REFERE.N'CE 

1. C. X. Kelber, Enhaneemenl of Experimenters' Fluxes in the 
Argonne Advanced Research Reactor (A.iRR), Trans, .\ni, 
Xucl. Sor. 6, 1 (1963), 



13. Kristianson anrl Kelber 57 

11-13 . . A r g o n n e . A d v a n c e d R e s e a r c h R e a c t o i - — P h y s i c s C a l c u l a t i o n s 

B. . \ . KHISTUXSO.V and C, X. KELBER 

Calculations performed in support of the Argonne 
Research Reactor include flux and power distributions; 
spatial distributitjiis of equilibrium Xe-135 and Sm-149; 
prompt neutron lifetime and effecti\e delayed neutron 
fractions; and distributed x'oid worths and other 
distributed perturbation effects. The power coefficient 
was also determined, using temperature-dependent 
cross section sets. All calculations assume the reactor 
to be near the start of its lifetime. 

The core composition used for the calculations is 
based on a physically realizable configuration. The use 
of variable loading to flatten power is represented by 
the designation tif two compositions, fuel and diluent. 
The fuel composition represents the core composition 
when loaded with 37 w/o UtJ. fuel plates. The diluent 
composition represents the core composition when 
stainless steel is substituted for UO-., The core volume 
fractions and elemental densities at STP are gi\'eii in 
Table II-13-I. 

A circular cylindrical configuration with an active 
core height of 45 cm was assumed. In addition, a verti
cal reflector saving of 15 cm was assumed. Regional 
radii and compositions are given in Table II-13-II, 

The fine core dimensions are used so that a varying 
UO2 loading from one plate to the next may he used. 
The water gap in the reflector regions overestimates the 
reacti\'ity loss there since it will not extend over the 
entire height of the reflector. Also, this gap may be 
eliminated in tho.se regions where a higher, smoother 
fast flux is desired. 

The basic cross section set used was that of Hansen 
and Roach.' The U-235 self shielding at 300 b atom 
scattering was taken into account, and the treatment 
below 1 eV was altered. Two types of sets were used— 
three sets (at 21, 85, and 100° C) with 18 energy 
groups each with downscattering into 5 groups and 
upscattering into 3 groups, and the second type, a 
set with 10 energy groups with downscattering into 5 
groups and no upscattering. .\ll the sets were identical 
iu the energy range abo\-e 1 cN. In the 18-group sets, 
the energy range beliny 1 e\' was divided into 5 groups: 
0,64-1,0 eV, 0,4-0,04 e\', 0.1-0.4 eV, 0,02-0.10 eV, 
and 0-0.02 eV. A 1/E spectrum was assumed for 
the range 0.04-1.0 e\'. The spectrum in the lower energy 
groups was generated by a lO-group Radkowski kernel 
using the SLOP-1 code,'- In the consistent P-1 approxi
mation, this code computes the spatial thermal flux 
distribution iu the reactor model and yields the few 

TABLE II-13-I, AAKI! CORE VOLCME FRACTIONS AND 
ELEMENTAL XUMBER DEXSITIES (STP) USED IN 

PHVSICS CALCCLATIO.VS 

H , 0 
SS 
UO, 
Zr 

11,0 

SS 

VclunK-

Fuel 

0,502577 
0,.371.301 
0,124420 
0.0017 

Element 

H 
0 
Fe 
Ni 
Cr 

•raetions 

Diluent 

0.502577 
0.495721 
0 
0.0017 

Elemental Densities, 
atoms/b-cm 

0.004472 
0.0.32236 
0.06:i3I0 
0.006682 
0.016433 

UO, (10 glee, M.V.l U-2S5 in U) 

Zr 

U-235 
U-238 
0 
Zr 

0.021110 
0.001419 
O.O4506 
0-0423. 

TABLE ri-i;i-ll. luEAijzKi) HE.;1(> 
RADII AND COMPOSITION 

Region ?^. 

1 
2 
3 
4 
5 
0 
7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
IS 
19 
20 
21 
22 

Outer Radius.cm 

2.65982 
0.85 
0.95 
7.00 
7.1883 
7..3718 
7,5508 
7,7257 
7,8967 
8,0641 
8,2281 
8,3887 
8,5467 

23,2172 
23,613 
23,8084 
24,0022 
24,2 
24.7 
27.2 
31.5 
55.5 

Composition 

Sample 
Water 
Stainless steel 
Water 
Core 
Core 
Core 
Core 
Core 
Core 
Core 
Core 
Core 
Core 
Core 
Core 
Core 
Core 
Zr (followers) 
Inner Be reflector 
Water 
Outer Be reflector 
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"1 

_L I _J_ 

12 24 4S 30 36 4; 

RADIUS, cm 

FIO. II-13-1. Axially .Averaged Fluxes in .\AIiIi al 240 .MW ((in.ups 1-6). 

thermal group cro.ss section averages. Moderation is free gas model. The IG-group set (at room temperature) 
by hydrogen alone. The energy dependence of the cross " was based largely on the Hansen and Roach set' except 
sections is that given in Ref. 3. Beryllium cross sections that the thermal groups were generated by the SOFO-
were generated separately and were based on a mass 9 CATE code.' Each type of set contained some cross 
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sections of materials not in Kef. 1. These were gener
ated by (iAM-li''i except for fission products which 
were taken from Nephew's compilation.^ 

Fluxes, reactivities, power distributions, and over
all reactivity coeHtcients were calculated using REX, 
the multigroup diffusion theory code.' The effective 

dela.ved neutron fractions and promiit neutron hletime 
were calculated using A.XE code 1188, P.P." (The 
prompt neutron lifetime calculations were deficient 
because the spatial variation in the average reciprocal 
velocity in the thermal groups ctmid not be taken into 
account. For this reason tbe resulting numbers are 
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61 

6 8 10 12 m 16 18 2C 22 

REACTOR RADIUS, cm 

F I G . 11-13-5. A A I ! i ! C o r e P u w o r D i s t r i b u t i o n at O p e r a t i n g T r m p o m t u r e (240 M W P n w c r ) . 

lower limits.) Tho PERT code {\{V-2rA) calculated 
changes in reactivity due to various perturbations 
inserted in the reactor. A new code (2166/RP) was 
written to calculate the concentrations of Xe-135 and 
Sm-149 in the reactor. A least squares code (RP-167) 
was used in some instances for curve fittinj^ purposes. 

The fluxes and power distribution plots at the start 
of life with all rods out and with equilibrium Xe-135 and 
Sm-149 concentrations are given in Figs. 11-13-1 
through n-13-5. The values are normalized to a power 
of 240 MW. The first six energy groups represent fast 
neutrons above 17 ke\ ' . The entire fission spectrum is 
contained in these groups. The intermediate energy 
spectrum, from 17 keV to 3 eV, is represented by the 
next six groups. Except for a small amount below 3 
eV, all self shielding of U-235 occurs in the intermediate 
range. 

The power distribution is normalized to one virgin 
neutron per reactor. Discontinuities in the plot cor
respond to changes in enrichment from one region 
to another. The enhancement distribution, Si, that 
yields the power plot is given in Table II-13-III. A 
\alue of St equal to unity corresponds to a region in 
wliich there is 37 w/o UO2 in stainless steel cermet. 

The prompt neutron lifetime and the effective de
layed neutron fractions at the start of life as deter
mined by the perturbation theory code (1188/RP) us-

T A l i l . K I I - 1 : M I I . i;K<,inN.M, Fl 'EL T>nADINGS 

("nrt- Rl-gi"!! 

5 
0 

« 7 

8 
tl 
10 
11 
12 
13 
14 
15 
16 
17 
18 

s; 

0,17590 

0,22828 

0,29319 

0,37420 

0.47.5.'iO 

0.00148 

0.7.5,588 

0.93988 

1.10000 

1.00000 

1.10000 

1.09982 

0.75047 

0.50244 

" S, = fuel/Miluonf 4- fuel I. 

ing an 18-group cross section set are displayed in Table 
II-1.3-n'. The prompt neutron lifetime was not cor
rected for the spatial variation of neutron velocity in 
each group or for the fact that the flux distributions 
used correspond to a supercritical system. The latter 
correcton should yield a 10-20% mcrease in the prompt 
neutron lifetime. For each delayed neutron, 0.967 was 
assumed born in the energy range 0.4-0.9 MeV, and 
0.033 was assumed born in the energy range 0.1-0.4 
i leV. 
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TABLE II-13-1\' . FFFKCTIVE DELAYED NEUTKON FRACTIONS, 

0,ff, ANU pRdMi'T N E U T R O N L I F E T I M E , (p 

tJroup 

1 
2 
3 
4 
5 
6 

\ , , sec ' 

0.01244 
0.0.3051 
0.11140 
0.3014 
1.13li 
3.014 

3 . / / , 

0.000255 
0.00170 
0.00152 
0.00308 
0.000896 
0.000325 

/3,// = 0.00778 
I, = 9.98;jsec 

T A B I . K I I - 1 3 - \ . Di.^TKiBcTEi) ^^:HT^I1B.^T^IX^ 

(Ali/lc X lO' l 

Region 

1 
2 
3 
4 
5 
6 
7 
8 
tl 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Perturbation 

1 cm' 
Void 

-1-1.047 
-1-0.978 
No water 
-1-1.013 
-l-0.li78 
-1-0.380 
-^0.216 
-0 .055 
-0 .299 
-0.440 

1 g 
U-23S I g S S I g B e 

-0.301135 

0.09110 
4.32945 
3.087 
2.20226 
1.52458 
1.09826 

-0.541 0.8I2S52 
-0.007 ,0.0241.50 
-0 .043 
-0 .022 
-0 .400 
-0 .353 
-0.267 
-0 .139 
No water 
4-0.001 
4-0.0082 
-1-0.00819 

0.4il9i;00 
0.216542 

-0.258799 
-0.208335 
-0.1631)90 
-0.125351 
-0.093414 
-0.0li7094 
-0.047703 
-0.032713 
-0.021862 
+0.005582 

0.200045+0.016734 
0.305780 4-0.008354 
0.472125 
0.703912 

-0.004.334 
-0.02192 

+0.110713 

I g Z r 

+0.0025 

+ 0 0111719 -O.I1I100S2 

The Ki-group cross section set was used in the 

perturbation theory code to determine the changes in 

reactivity due to the removal of various volumes of 

materials from the reactor. The resulting reactivity 

changes due to these perturbations are given in Table 

n-13-V. 

The reactivity change induced by a coolant tempera

ture change has been determined and related to the 

temperature increase in vai-ions portions of the reactor. 

The reactivity change is related to the temperature 

and density changes by the e<iuation: 

rfhi A- = (2.5 + 0.019 Tu) \0-'d7\ - 0.019 dlnpr 

- 1.9 X ]0-'dT, + 0.19r/lnp, 

- 0.37 X lo-^^r,, , , 

where 

7'fl = reflector coolant tempeiature, °F 

7'̂  = core coolant temperature, °F 

7'n, = fuel temperature, "̂ F 

pff = reflector coolant density 

pc = core coolant density. 

The Doppler effect lias been omitted from the above 

equation. Of the terms in the equation, the least cer

tain are the terms proportional to dTa and dTe. These 

are most sensitive to the thermalization model and to 

small changes in cross section. The equation is based 

on 18-group calculations. By using the 16-gioup cross 

section set in the calculations, the term in d7\ was 

about half the size given here. 
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n - 1 4 . A r g o n n e A d v a n c e d R e s e a r c h R e a c t o r — S h i e l d i n g A n a l y s i s o f P l a n t D e s i g n 

H. F. REEO 

Shielding analy.ses and further study of the AARK 
design suggest certain modifications to the tentative 
240 MW design.i.2.3 

The use of a special holdup tank to jiroteet quality 
resins in the primary coolant deionizer system against 
N^^ radiation is unnecessary. Experiments indicate 
some resins lose only 1% of their exchange capacity at 
exposures ot 4 X 10* r.^ Without holdup, the N " dose 
rate to the deionizer resin is about the same as the de
sign value for the resin activity during normal opera
tion; i.e., 10^ r/hr. For low quality resins and/or to 
minimize the deionizer cubicle shielding requirements 
for N^^ radiation, the degassifier output can be used 
for the deionizer input. This has the attendant advan
tage of low pressure design for the deionizer system.^ 

From the standpoint of shielding and heat transfer, 
the operating experience with the Canadian National 
Research Universal Reactor (NRUj indicates the 
possibility of operating AARR with a heavily con
taminated coolant.^ Should such operation [irove 
feasible with respect to other factors such as corrosion 
and gas concentrations in the coolant, it would elimi
nate the need for extensi\'e decontamination of the 
primary coolant system except when access to the 
system is required. In this connection, system decon
taminating facilities might be simplified or incorpo
rated with the primary coolant deionization system. 

The use of a 6-in. steel shadow shield within and 
circumscribing the top closure of the reactor vessel 
allows a three foot reduction in the depth of the re
actor pool. I t also reduces the thermal stresses in the 
top closure, thereby permitting a smaller thickness. A 
tertiary feature is one of safety should the reactor 
pool water drain to the level of the fuel transfer 
chute. In this case the shielding, axially above the 
shutdown core, is increased from 8 to 11 ft of water 
equivalence thereby limiting the dose rate to 1 r /hr 
at shutdown. Another possibility is the reduction in 
the reactor building height. 
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11-15. A r g o n n e . \ d v a n o c d R e s e a r c h R e a c t o i ' — C r i t i c a l E x p e r i n i e n l P l a n n i n g a n d 
H a z a r d s . V n a l y s i s 

C. \ . KELBER 

The course of ramp-input accidents in the .\ARR 
critical experiment has been calculated in an approxi
mate manner through use of the assumptions and 
approximations which are set out in connection with 
each example. Rapid transients have been described 
semiquantitativcly through reference to SPERT data ' 
from cores of similar properties. 

The basic methods used ha \e been nmltigroup diffu
sion theory and, where applicable, transport theory. 
The one-dimensional code RE-122f-i was used for most 
calculations; rod worths and water height effects were 
determined from two-dimensional PDQ' calculations. 

The cross sections were taken from Ci. Hansen and W. 
Roach." SOFOCATE^ was used to compute constants 
of the thermal groups. Some cross sections, when not 
found in Ref. 4 were derived from GAil-fl ' l or MUFT ' 
libraries. Kinetics calculations were performed using 
the RE-129BI code. RE-2.541»I has been used for one-
dimensional perturbation calculations. 

Cores composed of fuel plates containing 0.0127 cm 
of highly enriched m'anium foil, and clad or backed by 
seven times this thickness of stainless steel moderated 
by water channels of 1 mm have been calculated. Three 
core sizes are forecast: 
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1. .\ clean core with outer beryllium reflector contain
ing lO'/; water by volume; the total loading is 
13.4.5 kg of U-23.T with 1 kg of excess loading 
corresponding to about 2 ^'i excess k. 

2. The same core and reflector as in item 1 hut 
poisoned uniformly with B-IO to a concentration 
of 1 atom of B-10 for each 20.7 atoms of U-23.5; the 
total loading is 2li.9 kg of U-235 with 1 atom of 
B-10 per 31 atoms of U-235 corresponding to 
reactivity gain of 2 *̂  . 

3. Maximum non-uniform loading fo) iiowei Hat-
tening, with distributed poison eoiicentratiun of 1 
atom of B-10 per 13.!1 atoms of U-235; the total 
loading of uranium is 70.3 kg. 

Control rod worths vary during the course of experi
mental work, but typical values range from 1 to 2 dollars 
per rod. Successful execution of the experiments re
quires that in general the rods be withdrawn from the 
core to a position of low worth (the so-called clean core 
position). In this case, most of the excess reactivity 
will be held down by fixed poison in the form of B-SS 
plates clamped to the fuel. A small amount of reactivity, 
typically less than 0.5"%, is required for operational 
control. There are exceptional experiments, e.g., to 
find the power distribution near a partly inserted rod. 
When the reactor is critical, under these conditions, as 
much as one dollar of reactivity might be added by 
removing the rod; but the late at which this may be 
done is mechanically and electrically restrained, so 
that reactivity may not be added at rates greater than 
0.05 7c/sec. Under these conditions the transient in
duced by this reactivity addition would cause a scram 
through action of the pniod and the high level Htix 
t r ips . 

T h e var ious )ea(-tivity effects listed in T a b l e 11-15-1 

TABI.K IM5-I . RE.UTIVITV EKFEITS 

TABLE 11-15-11. PARAMETERS CKED IN THA.NSIENT 

EFFECT STUDIES 

Delayed Neutrons 

Void effpi'ts 
Void in fuel /.miv 
10% void over all internal 

thermal column 
60% void over all inlernal 

thermal folninii 
Temperature change in furl zmn 

only, (no density change, 
no Doppler effect) 

Temperature change in fuel ztnic 
(fuel plate ('x|)ansion with 
radially restrained fuel-
zone boundaries, no water 
density change, no Doppler 
effect) 

Doppler effect 

-U.2-2' , A/,7'( vtiid 

0.040'( ^k/k per ' 

0.01S% Sk/k per 

+0.00080 Ak/° C 

= 0 
-10-s [iAk/k)/° K\ : 
300° K; coeficient 
tional to 1/7'/. {Tf 
le.np.) 

0 vi)id 

',j v o i d 

t T, -
)r.,p..r-
= fuel 

Lifetime, X, sec 

1.244 X 10-' 
3.051 X 10-' 
1.114 X 10-1 
3.014 X 10-1 

1.130 
3.014 

.\bundance, l3 

2.28 X 10-' 
1.52 X 10-» 
1..36 X 10-" 
2.75 X 10-' 
8.0 X 10-' 
2.9 X 10-' 

H.ft 

2.549 X I0 - ' 
1.7 X 10-' 
1.52 X 10-' 
3.0745 X 10-' 
8.944 X 10-' 
3.252 X 10-' 

Prompt neutron lifrtimo 
Heal capacity of f 

. Iti frsec 

. 7.0 X 10' W/8ec/° C (based 
on 00 kg U) 

Heat capacity of SS 120.2 X 10' W/sec/" C 
Heat capacity of water 150.5 X 10' W/sec/° C (in 

core only) 
{•liangc .if water density IPu-jO 

with temljcraturc din (PH,o/o«)/rf( - 0.207 X 
10-'/° C 

II..O density at 20° C p„ 
Ditfusivity of air 0.179 cm'/sec 
DilTusivity of SS 0.173 cm'/sec 
Long-term shutdown coefficient . - 1 . 0 X 10-' SA/.MW-sec 

(water expulsion) 
llo])pler coellicicnt IslLort term 

only -0 .244 X lO"' S*7W-sec 
(average over range 300 
to 800° K) 

Ih'jit to raise hottest fuel plates to 
melting (5^, of the fuel) 

liisnlated fuel 3.8MW-sec 
.Ml steel and t ' in tliermal equi-

lihrium 03.0 .MW-sec 
laLtirc core in tli('rm;d c(|nilili-

riiim LKl.O MW-sec 
H(.at to melt all fuel. insulate<l 

plates 14.tl MW-sec 
Heat to cause hulk 1.oiling 27.8 MW-sec 

ha\e been calculated for the hea\ily loaded core 3 with 
powtu' flattening since most of the experimental program 
will be devoted to this core. The Doppler coefficient 
listed last in Table II-15-I was taken from the results 
gi\'en in Ref. 10 for systems whose median energy of 
hssion and fission distribution are similar to those of 
. \ . \RR. Similar results ba^•e been obtained by .\. Mc-
Whirter and ,\. (loodjohn." 

The parameters used in transient effect calculations 
are listed in Table II-15-II. The gap between the foil 
and the steel clad is assumed to \w of the order of 
2.5 X 10-' cm (0.0001 in.) and possibly as large as 
2.5 X 10-^ cm. .\ thermal relaxation time, r = {A.r)̂ ; 
fi- where Ax = gap width and a- = diffusi\ity can then 
be estimated. The tliffusivity of air is 0.170 em-,/sec 
ami of stainless sttH'l 0.173 cm- sec. Even for very large 
gaps (2.5 X 10-^ cm) the relaxation time across the gap 
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is hut 'M') psvQ, so that the ^^p does not insulate the 
plate unless the period of a transient is extremely small 
{6k'^ S65). 

The relaxation time across a fuel plate, shim stock, 
and backing plate bundle, i.s about O.Oti sec .so that lor 
periods longer than GO msec tliose approximations are 
good. 

The analysis of the effects of fast transients follows 
the suggestions of S. Forbes, et al.' The suggestion is 
made there that, following a large step insertion, the 
maximum reactor power and the energy pioduced to 
the time of peak power correlate with the reciprocal 
period and scale approximately as \/Cr/Y, where C,. 
is the void coefficient (% AA-/cm )̂ and ( is the lifetime. 
Ramp insertions with a given maximum reciprocal 
period produce about the same effect as step insertions 
characterized by the same reciprocal period. 

For the AARR critical C„ Y ~ :^0; T,, and f and their 
ratio arc similar to the parameters of two plate-type 
cores discussed hi Ref. 1. One, designated B-24 32, 
is an aluminum core while the other, P-IS'^IQ, is a 
stainless steel core. Since the AARR critical is a stain
less steel core the scale factor ->/(',•{ was taken with 
respect to the data for core P-18/19. The scale factor 
in this core is 1.3. Using this factor the data presented 
in Ref. 1 may be scaled to estimate the results of step 
or ramp insertions in AARR. 

From Table II-15-II it is fomid that the .smallest 
amount of heat needed to cause fuel melting is 3.8 
MW-sec. To find the excursion corresponding to this 
energy release and to determine that the time constant 
is short enough that the fuel may be considered ther
mally insulated, reference is made to Fig. IFl ' ) - ! 
(Fig. 13 of Ref. 1) and the scale factor of 1.3 is applied 
to the ordinate. From the P-18 19 curve, a stored energy 
of 3.8 MW-sec at a reciprocal period of oO sec~' is 
expected. This corresponds to a step insertion cf SI.11 
or a ramp insertion of 30̂ ^ sec. Under these conditions 
the time constant is too long I'nr the fuel to be consid
ered thermally insulated. 

Contnniing this process it is noted from Table 1I-15-II 
that 63.9 MW-sec stored enei'gy is needed to melt the 
hottest fuel if all the steel is heated. Such an energy 
release corresponds to very large reciprocal periods for 
which sufficient data do not exist. More conservatively, 
however, if only the uranivmr and the steel clad are 
heated, 12.4 MW-sec are needed to iieat tlie hottest 
fuel to melting; referring again to Fig. IFl.")-! (Fig. 13 
of Ref. 1) it is found that such an energy release cor
responds to a reciprocal period of 250 per sec, which, 
in turn, represents a step insertion of SI.50 or a ramp 
rate greater than 50(*, sec. Since the time constant is 
small enough imder these conditions to consider the fuel 
and clad to be thermally insulated, this is regarded as 
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the most reasonabk' estimate of the excursion re(|uired 
to melt the fuel. 

The total energy dissipated in the excursion is esti
mated at 1.') times the energy-to-peak-power (nuclear) 
or 18.6 MW-sec, plus the heat of combination of 12 kg 
U with water—alxjut 25 MW-sec. The steel does not 
react with the watei-. 

The total number of hssions is 5.8 X 10'^ melting the 
hottest 5 % of the fuel lowers the reactivity by about 5 % 
so that the nuclear reaction is shut down. 

Credence is lent to the Sl 'ERT data by the suggesti(m 
that ramp rate studies be correlated on the basis of the 
minimum period. Comparison of the data given in 
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Fig. IF15-2 (Fig. 12 c 
with the slow excui 
dicates good agiccmci 

'. 1), using a 1.3 scale factor 
tabulated previously, in-
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11-16. Prcparalitni of (Critical Exjieriinent for Vr*:oiiin' A<lvaiir<'<l l{rsearoh Keartor 
(AAKR) Desi-i i 

K. K. PLUMLEE, F . (IHOH and <\. S. ST.WEOKD 

A critical experiment is being a.-^senilileil to provide 
a facility for zero-power measurements of character
istics of the AARR core design. The facility includes 
an axial IF.O intci'iial reflector or flux trap (volume— 
4.8 lilersi in a hexagonal fuel zone I volume-—78 
liters! which is enclosed by a iK'ryllium radial reflec
tor (see Fig. II-16-1). Fuel density is 0.9 kg,, liter 
and nietal-to-water vohmie I'atio is unity in tlie fuel 
region. The fuel is 93':f enriched uranimri metal toil 
in pieces 0,011 x 5.7 x 45.7 cm in size and the cladding 
is a 0.007 cm thick stainless steel envelope with 
welded closure. Burnable poison is simulated by UV 
boron stainless steel foil. A fuel plate consists of a 
fuel foil, a boron or a plain stainless steel foil, and 
cli])s uhich secure these jiieces. Each rhombic fuel 
as>eMil)ly contains 27 fuel plates 0.10 cm thick with 
0.20 cm eenti'r-tii-centei' .spacing. Forty-five assem-
hlie> eoiiipri.'̂ e the fuel region. The internal and ex
ternal hexagonal boundaries have sides 6.4 and 25 em 
wide, resi)ectively. Six hafnium control blades are 
located in the fuel region and six hafnium safety (or 
cutoff) blades separate the fuel region from the beryl
lium reflector. 

A major purj)o>e ot the expt'i'inient is to measure 
and to optimize the power distribution in the reactor. 
Design studies have indicated that a peak central 
thermal neutron flux of 10^" nV may be obtained at 
a power level of ajtproximately 240 MW. This re-
fjuires an average power density of about 3 MW/liter. 

Conse(|uently it is necessary to flatten the ])Ower dis
tribution so that the greatest local power density re
mains reasonably near the average (i.e. within a 
factoi' uf —21. 

Spatial vai'iatinn.- in powri' ilensity and in neutron 
density will he measured by foil activation techniques. 
The ratio of central thermal flux to reactor power as 
well as the jieak-to-a^'erage powei' density will be 
determined. 

Rearti\'ity worth and reactiini rates of various core 
component materials must he measured to jirovicle 
information on the amount of fuel and jmison re-
quiiTd for eritieality, and to forecast burnout rates in 
\'arious ]tarts of the core during its lifetime. Since 
fuel and poison will be consumed rapidly in the high 
flux reactor, both the reaction rates and the reactivity 
effects accomjianying the burnup must be known. 
These measurements are ]>articularly important be
cause of the dependence of reaction cross sections on 
neutron energy. The subeadmium flux will be strongly 
depressed in the densely loaded fuel region and as a 
result a largf- fraction of the fi.ssions will result from 
epithermal neutron reartions. Although most of the 
cross sections are known for this range of energy. 
little prior information i.- available from nuclear re
actor measurements involving a similar neutron 
energy spectrum, ^loreover at the core boundaries 
there will he rather abrupt spatial variations both in 
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the neutron flux intensity and in the neution eneigy 
distribution, both of whieh affect the reaction rates. 

E.xpcriraents will be performed to determine the 
effect of various methods of flux suppression for con
trol of power peaking near the fuel-reflector interfaces. 
These may include volume displacement of reflector 
to reduce the thermal neutron density locally, inser
tion of poison for flux suppression, or reduction of fuel 
density to reduce the fission rate in regions where the 
power density is high. 

Measurement ot critical masses, reactivity coeffi
cients, and control blade worth will be made to verify 

calculated results. Because of the hardened neutron 
energy spectrum, resonance effects and epithermal 
reactions will be much more significant than in more 
thermal reactor systems. Various materials will be 
compared for effectiveness as control rod constituents, 
burnable poisons, and flux supjjressors. 

The experimental program may continue into the 
period of operation ot the J ^ . ^ R R since it is lilvcly 
that further development may be done for the second 
and subsequent cores. The immediate purpose is to 
measure characteristics of the design core and any 
subsequent modifications which may be made. 
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11-17. Argonne Advanrod Reseaixh l l car lo i—Sample Opt imiza l ion 

C. \ . KELBER and H, l'. HEED 

Physics work has been done to aseertain the In
ternal Thermal Column (FrC) diameter plus the 
sample radius and absorption area which will provide 
the greatest reaction rate in the target material. Cal
culations were made for a 70 liter or larger fuel zone 
uniformly loaded with about 50 kg of U-235 as VU-j 
and containing 46 x/o H2O jilus 40 v/o stainless steel. 
Although large differences between the spectral-
temperature reactivity coefficients for this core and 
the core variably loaded with fuel (which more closely 
resembles the design core) are apparent, such core 
differences are less imiiortant for reaction rates in the 
sample.* 

The results of the study are j)resented in Table II-
17-1. In variation 2 the metal cross sections for neu
tron energies up to 0.4 e^' were averaged over a water 
spectrum which is harder than the spectrum calcu
lated in the ITC. For the other two variations a fuel 
zone si^eetrum, ^ '̂hich is harder still, was used for the 
averaging. 

It is observed that a niaxiiiiuni i-eactiun rate can be 
expected in the sam])lc target matei'ial for target ah-
sori>tion areas in excess of 100 cm", for sample radii 
larger than 3.5 cm. and an ITC dianu'ter of about 
14 cm. 

The larger the sample I'adius the greater the re-

* The optimization calculations arc to a large e.vitent inde
pendent of core details; thus an early core design was used in 
these calculations; later designs call for a larger IK);, inventory. 

TABLE II-17-I. S.wipi.t; < )i'Ti\n/..\Tio\ .WD 
CORE HEACTIVITV 

Variation I: Flux versus absorption area (ITC diameter— 
11.4 cm; sample radius—3.15 cm; sample volume—l.:i8 liters 
iiiclu'liii^ O.fiO liter uf II,(); fuel /one vnliiuie 70.(1 liters). 

Sample .\ 

Metal 

l).75 
13.5 

119.0 

sorption .Area, 

HiO 

13.9 
13.9 
13.9 

Total 

20.7 
27.4 

133.0 

Pcrturl;ed .\eulroti I'luxt-s for 101) MW 
(X 10"J 

3.01 
2.7il 
1.18 

Vuriulion .!: \'\ii\ versus ITC diameter (sample radius— 
3.15 eni; .sample volume- 1.38 liters ineluding O.tiO liter of \l,ti, 
ahsorptiou area eonslant at 27.4 eiu^ fuel zone tliieknes.s C(Ui-
stant al 17.4 em). 

ITC Diameter, 
em 

11.4 
14,(1 
lli.O 

luel Zone Volume, 
liter 

70. () 
7(i.8 
81.7 

I'erturliefl .\'eulrt)n I-lux 

at 100 MW 
(X 10") 

2.79 
3.01 
2.88 

at 1.42 MW/ 
Uter (X 10") 

2.79 
3.28 
3.33 

Vt.nuliou 3: VUix vrr. 
nnslaiit at 17.5 cm-; ITC 
-7li.S litfT.S). 

ii.s radius (metal absorption area 
(liaTiKMer—14 cm; fuel zone volume 

Sample Radius, 
Total Sample .\bsorp- Perturbed Neutron 

i tion Area, ! Flux at KX) MW 
I cm= (X Wl 

ITC Diameter, 

Relative Core Reactivity (Sample as in 
variation 2| 

Constant fuel zone 
volume of 70.6 liters 

11.4 
14.0 

Constant fuel zone 
thickness of 17.4 cm 

1.0 
0.99 

Notes: 1. The non-design neutmn Huxes in units of n/cin-
sec lie within tlie (Ml.l e\ ' energy range (as do the absorption 
areas) and represent the radial average over the sample mid
plane. 2. The sanu)lc arid core have a height of 44.5 cm. 

activity increase of the system when the sample is 
voided of its water. For the largest sample studied 
about $1 of excess reactivity would result if the sam-
]ile were completely voided. It is possible to reduce 
this source of reactivity to $1 or less by the use of low 
absorption structure-cladding plus filler materials 
such as zirconium and beryllium in sufficient amounts 
to kee]) the water volume in the sample below 10-12% 
of the ITC volume. 

file:///eulroti
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n-18 . . \ rgonnc .Advanced Keseaich Reactoi-—Preliniinarj- Safety . \nalysis 

('. \ . KELBEH 

The jireliminary safety analysis of the Argonne 
.Advanced Research Reactor (AARR) reveals that a 
heavy burden is placed on control by rods and burn
able poison. Design criteria are: 

1. Eleven out of twelve rotls sufficient for shutflown. 
2. Proin])t .shutdown margin at least ten dollars to 

insure prompt decrease to emergency power level 
on scram. 

3. .\i)proxini;itely four per cent ?,k available ini
tially to compensate for reacti\ity to be hckl up 
in Xe and Sm at equilibrium. 

4. Movable rod insertion at power limited to \ivv-
vent severe power distortions. 

5. It i« desirable to have as much owi-j-ide of Xe 
available as possible. 

Rod worths were determined by a series of calcula
tions using four group, flux weighted cross sections in 
x-y geometry. Later calculations using multigroup 
cross sections in r-6 geometry failed to converge; one 
dimensional calculations in cylindrical geometry also 
were used successfully. In the cour.se of these calcula
tions a negligible difference was found between the 
use of black boundary conditions and diffusion theory 
in the thermal group. This is a reflection of the small 
number of thermal neutrons in the core. 

The safety rods (at the core-outer-reflector inter
face) are found to be worth eight to nine per cent in 
reactivity, the six control rods to be worth eleven to 
twelve per cent. Since the clean cold reactivity is 229e, 

it is found that there must he at least five per cent 
reactivity held up in burnable poison initially just to 
satisfy criterion 1. .\ctually we expect to have much 
more. 

Criteria 2 tind 3 imply that initially no more than 
7.o^,c 8k be held up in mo\'able control in addition 
to the 4% Sfc used to compensate tor Xe and Sm. 
After cfiuilibrium Xe and Sm is reached the total held 
up in movtihle control can he as high as 11..59( ; but 
this violates criterion 4. 

Xenon recovery calcuhttions show that about 6 ^ 
A/, i.- needed for complete xenon override at 240 MW 
while 3 ' . A/.' should give several hours recoven,' time. 
Earlier A.ARR core designs had too little fuel content 
and saiiKirium was useful as a poison. Even though 
it burned out ra]3idly. it was sufficient to comjiensate 
for excess reactivity until enough fuel was lost to keep 
the maximum Sk in rods to about 6%. Witli the newer 
core loadings, samarium burns out much too ftist and 
rod insertion a little beyond 11..5rJ is required. 

.Alternative burnable poison choices incluile ii-IO 
(which burns out a little too slowly), eurojiituo, non
uniform B-10 loading, or Sm and B-10 conibintititins. 

Criterion .5 can be met by using grey rods to give 
a better power elistribution or, possibly, half rods 
may be used. The latter must be carefully examined 
to see tlnit on scram they do not add reactivity as 
half rod jections leave the cc;ic and full rod sections 
enter. 

-19. E B ^ R Pli itoii i i ini Recycle Evpei-iinent 

H. .1. ToI'PEL 

The ]iotential advantages of plutonium recycle 
have been long recognized. In the fast reactor area 
these advantages are primarily, if not exclusively, 
related to the possibility of achieving a fuel cycle 
with a substantial breeding gain. At .Argonne a vig
orous ])rogram is being pursued in connection with 
the fast system. In the tliermal tirea, the potential 
advantages are perhaps less clear cut, though not 
necessarily less real. I t is probably true that |iluto-
niuni recycle in thermal reactors is ])rimarily moti\ated 
by the desire to achie^•e irratliations not otherwise ]ios-
siblc, either longer irradiation.-, or the use of a lower 

enrichment feed. In either the fast or thermal area the 
ultimate justification must, of course, come from con
sideration of the economics of the system. 

A joint .Argonne-Hanford program, which will make 
use of the EBWR facility is now underway for the 
purjiose of obtaining information useful for the utili
zation of plutonium as a fuel in light water thermal 
systems. Such utilization could be made in either an 
all thermal plutonium recycle system, or as the ther
mal part of a mixed fast-thermal reactor complex. 

.An example of the latter system is the following. 
.A normal fast power reactor is used. The blanket 
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fuel elements arc irradiated until the desired pluto
nium concentration is achieved. The blanket elements 
are then transferred without rejjrocessing to the 
thermal reactor where they are used as fuel. The fuel 
elements are irradiated in the thermal reactor to as 
high a burnup as is achievable. The fuel, which con
tains a considerable amount of the higher jilutonium 
isotopes is reprocessed, and the plutonitim is used as 
makeup material for the fast reactor core. 

.An encouraging facet to this cycle is that studies 
carried out on fast systems have indicated that the 
blanket may not be able to pay for itself in such 
systems. The above system would alleviate the 
charges against the blanket since these costs would 
be the same as those required tor fueling the ther-
nial core. Calculations indicate that plutonium con
taining much of the higher isotopes is advantageous, 
in terms of neutron economy, as fast reactor feed 
material. 

The physics information re(|uired for the <.le\'elo]3-
ment of either the all-thermal or mixed fast-thermal 
concept is essentially the same. Since the attainment 
of certain rather basic nunrbers, in particular obtain
ing data on the isotopic behavior of plutonium as it 
is irradiated in a thermal reactor, is the main objec
tive, it appears desirable that the experiment be 
made as simple as possible while still yielding this 
information so that it would be most amenable to 
analysis. 

In specifying an 1<;B\\'R experiment which would 
be useful in the plutonium recycle i)rogram the fol
lowing considerations were kept in mind. It is advis
able that modifications to EBWR should be kept to a 
minimum. It should remain a boiling H -̂O system. 
EBWR should be used primarily as an irradiation 
facility rather than in support of an active reactor 
experimental program. In the jtlanned experiiuent on 
EBWR, the 148 element core is divided into four 
zones; the central 6 x 6 square, the immediately ad
jacent 28 element ring, the next 32 element ring (ex
cluding the fuel elements on the 45 degree symmetry 
lines), and the remaining 52 outside elements. One 
of the outside elements will be replaced with tin Sb-Be 
neutron source. 

Each fuel element contains a square 6 x 6 array 
(10.569 in. pitch) of zircaloy tubes about 0.372 in. i.d. 
with 0.025 in. walls. These elements are similar to 
those of the EBWR Core 2 reference design.' 

The central zone represents the plutonium test 
region. It contains mixed plutonium-uranium oxides 
with 1.5 w/o PuO; in UO^. The Pu will initially con
tain about 8% Pu-240. 

The two rows surrounding the Pu regio ay be 
referred to as the enriehnl ui'anium oxide shim zones. 

and it is these rows which m.ay have their composi
tion periorlically altered in order to vary the reac-
tixity of the over-all system. They will be enriched 
to (y; in r -235 and will initially be identical and con
tain europium oxide and samarium oxitle burnable 
poisons to minimize the reactivity variation with 
burnup. Initially the shim fuel will contain 0.158 
w/o EU2O3 and 0.0288 w/o Sm^Oa. 

The outer 52 elements contain natural uranium 
oxide and will not be replaced during the experiment. 

The core loading described above is the result of 
physics studies wdiich proceeded in the following 
manner. Various loadings were considered and the 
Itrojiei'ties of each system were determined. The 
loadings were of three different types—one, two, or 
three zone. This classification refers only to the 
core. One zone refers to an initially uniform core; two 
zone refers to a central 36 element Pu region sur
rounded by a driver uranium region of a single en-
I'ichment; three zone refers to a central 36 element Pu 
region surrounded by a one row region (28 element) 
with uranium of one enrichment wdiich in turn is 
surrounded by a uranium i-egion of a second I lower I 
enrichment. 

Two fuel element designs were considered. One was 
the EBWR Core 2 reference element design' consist
ing of tt 6 X 6 pin array of fuel tubes with outer 
diameter of 1.07 cm. The other design consisted of the 
same element and tube size except in a 5 x 5 pin 
array. Various initial Pu-239 enrichments in the 
range of 0.005 to 0.05 were considered for the central 
region. Fuel for the uranium region had the 6 x 6 
pin array in all cases. The Pu enrichment range of 
most interest to current technology is from 0.015 to 
0.035. 

The central ])lutonitim zone system wtis favored 
over the uniform system for several reasons. It re
duces the necessary plutonium inventory withotit ma
terially reducing the information obtained from the 
experiment. Furthermore, reactivity may have to be 
IK'iiotlically restored to the system and in terms of 
the tmalysis of the experiment it would be best if this 
were done in a region outside of that where one is 
studying the long term behavior. Higher ]ilutonium 
eiirichnients in the central region are ruled against 
largely by control requirements. They would have too 
large a cold to hot void reactivity variation. Lower 
jilutonium enrichments are ruled against >ince too 
small a fraction of the total reactor power would be 

- geneiated in this region. The plutonium would, of 
course, reach its asymptotic i,-otopic composition at 
an i':uiier date if a lower enrichment were used, 
which in itself would be bislily ilesirable. The svstem. 
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however, would again be one wliich is not of greatest 
interest. 

Enrichment of 1.5'c in the Pu zone and the shim 
zone containing 60 elements, as indicated above, re
sulted from the desire to achieve a nine control rod 
shutdown without boric acid requirement, at the same 
time attaining a reasonable power level. The inter-
rlependence of the enrichment and the shutdown crite
rion conies about in the following manner. Although the 
control rod w'orth does not change significantly, the void 
reactivity coefficient increases significantly with plu
tonium enrichment. This occurs because the core is ef
fectively smaller as the enrichment increases since more 
of the reactivity of the system is concentrated in the 
center. If one were to retain the 9 rod shutdown without 
boric acid requirement in a 2,5% Pu region, the power 
which could be reached would be unreasonably low. 
A reasonable pow'er can be achieved if the void coeffi
cient is decreased by using a 1.5% enriched Pu zone. 

Generally, one anticipates that the enrichment of 
most interest in plutonium recycle w'ill be initially of 
the order of 1.5% and will gradually increase as 
higher burnu]) systems are contemplated. 

The plutonium fuel elements are designed for a 
burnup of 0,025 (—25,000 MWd/tonne), although no 
definite duration has been set for the experiment. 
It should be continued as long as feasible and as long 
as useful information on isoto|iic change behavior can 
be obtained. It is anticipated that the interesting 
range may only be up to about 9,000 MWd/tonne. 
The higher tiesign burnup allows for continuation if 
deemed worthwhile. 

The fuel element boxes in the central region are 
somewhat dift'erent from those in the remainder of the 
core. They are of a "take ajiart" design and allow 
the witlulrawal and replacement of individual rods 
within the element. This feature is necessary to permit 
isotopic analysis studies of the central region as the 
burnup proceeds. These studies are the main objective 
of the experiment. 

To provide a greater degree of control to accommo
date the planned experiment changes have been made 
in the control rods as compared to previous EBWR 
operation. One of the control rods will be similar to 
that used previously, being fabricated from hafnium 
and it will again be used for oscillator measurements. 
The remaining eight control rods will be boron-stain
less steel rods as before but the boron will be enriched 
to a])proximately 90% in B'° rather than containing 
natural boron. The greater w-ortli compared with 
natural rods is due to the increased epithermal ab
sorption afforded by the higher boron enrichment. 

Prior to tho start of irradiation, critical experi
ments will l.ie iierformetl. These experiments will be 

performed jrartly at Hanford, where experiments will 
be performed on rods similar to those to be shipped 
to Argonne for assembly into the fuel elements. At 
.Argonne, critical experiments will be performed within 
the EBWR vessel. In particular, it will be highly 
desirable to obtain a clean, i.e,, no control rods in
serted, critical configuration ot only the plutonium 
fuel elements where the system is controlled with 
boric acid. The usual reactivity coefficient and other 
standard measurements will also be made. In particu
lar transfer function measurements to test the system 
stability will be made after loading of the driver 
zones and during the approach to power. The system 
will then be irradiated a predetermined amount, of 
the order of 2,000 MWd/tonne, This will require •.;.! 
elapsed time of about 4 months, assuming sustained 
operation at an initial jtower of about 40 MW, At 
this point a major investigation of the irradiated 
system will be undertaken. This will consist ot re
moval of some plutonium rods from the system, .A 
selection of the order of 10 rods should be suflicient 
to give a thorough mapping of the jilutonium region, 
.Among these will be a selection of special rods sup-
jilied by Hanford designed to yield information on the 
irratliation of fuel of varying initial compositions. 
The rods will then be examined for isotopic analysis. 
Further measurements will at this time be made on 
the reactivity of the system. It would again be highly 
desirable to come to a clean condition, that is, where 
tbe assembly contains only the plutonium elements 
and the system is made critical by the addition of 
tbe ]iro|)er amount of boric acitl. Further measure
ments of*itenis related to \'arious reactivity coeffi
cients will also be made at this time. After these 
measurements are made the irradiation will ])roceed 
for the next major time step, ]terhaps again of the 
order of 2.000 MWd/tonne, Owing to burnu]) of the 
plutonium zone and redistribution of the ]iower, this 
second step will require an elapsed time of about 5 
months, again assuming sustained operation of a 
power of about 40 MW, 

The observed reaeti\dty ami control ro<l worth 
variations during the course of the irradiation will 
determine the desirability of alteration of the enrich
ment or poison content ot the shim zone. It is ex
pected that if such variation is desirable, it would be 
accomplished by altering the composition of the 
shim zones. 

Related theoretical calctdations will be made during 
execution of the experiment to aid in interpretation 
of data and to ser^'e as a guide to subsequent experi
mental effort. 

The program of irradiation and periodic sampling 
and analysis of the jjlutonium fuel outlined above 
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will be continued as long as the useful information 
derived thereby is consistent with the interest in the 
experiment and the effort re(|uired to achieve the re
quired irradiation. Measurements of the U and Pu 
isotopic composition of the fuel as the irradiation 
proceeds are by far the most important aspect of the 
EBWR plutonium experiment. 

Comparison of the isotopic analyses obtained for 
the plutonium fuel with calculational iiredictions dur
ing the course of the irradiation will facilitate the 
setting up of a mathematical model which should 
serve as the basis for future calculations for jiroto-
typc systems of either the all-tbermal ri'cycle type or 
of the fast-thermal complex. 

During the routine portion of the irradiations, 
studies wdll be made in support of Argonne's interest 
in the mixed fast-thermal reactor comjjlex. These 
will include theoretical fast reactor blanket studies 
to relate plutonium buildup to associated burnups. 
Exjicrimental experience may be gained by irradia
tion in EBWR and subsequent analysis of special 
fuel elements designed to mock up material deri\-ed 
from a fast reactor blanket. 

In preparing for the experiment, detailed physics 
calculations have been performerl to determine the 
initial core characteristics and the core behavior 
under irradiation. These calculations have been in
fluenced by the experimental information obtained from 
the EBWR operating experience and by various other 
a\'ailable experimental data. 

The computational model ha> iinol\-ed the use of 
the GAM-1= and SOFOCATE-' codes to generate 
multigroup cross sections for use in one and two-dimen
sional neutron diffusion theory coiie-. 

Many of the results obtaineil lia\-e been useful in 
])reparing the Safety Analysis for the planned experi
ment. Some of the results of this Safety .Analysis are 
presented here. 

In considering the safety of a plutonium loaded 
reactor, the two distinguishing areas of concern are 
related to the potential hazard associated with dis
persal of the plutonium and effect on the kinetic be
havior due to the reduced delayed neutron fraction. 
It has been show-n in the safety analysis that the 
proposed experiment and the pre\ious KBAA'R core 
are closely related in iTganl In plutoiiimii content 
and effective delayed neutron fraction, ar. \\o\\ as 
plant configuration. 

The initial core contains only tibout oO'( more plu
tonium than did EBWR at the time of shutdown after 
the previous 100 MW operation. In addition, since 
oxide fuel is to be used exclusively, the proposed ex
periment has a significant safety ailvantage over the 

previous EBWR core with regard to the degree to 
which iilutonium could be disjiersed if a fuel rod 
failed. 

The /i.ii of the full system varies from about 0,005 
initially to over 0,006 at a jilutonium zone bui-nup 
of 0.006, By comparison, the ,8,/, for EB\\ 'R was 
about 0,0054 at the end of the 100 MW operation,-" 
For the jilutonium critical configuration, since Pu-
239 is the only fi.ssile isotojie, /J,// is lower and has 
a value of about 0.003, 

Even though the exjiected operating power is less 
than that previously attained safely in EBWR, the 
stability of the proposed system is not being taken 
for granted. The stability of the system w-ill be in
vestigated during the approach to power using es
sentially the same techniques and equipment which 
were successfully used iltiring the previous 100 Mfl' 
program. 

The jirojiosed system exhibits the same inherent 
safety characteristics as ilid the previous EBWR 
cores. In addition, the jwesent oxide fuel loading has 
significant advantages, from a safety jjoint of view, 
over the jirevious metal fuel core loadings. Events 
which jireviously did not lead to serious core damage 
w-ill again not be damaging for the present core. 
Events w-hich jireviously w-ould have caused core 
damage may now not be damaging. For example, 
whereas the Jirevious core could, by virtue of the 
Doppler effect combined w-ith metal expansion, sus
tain a steji ]eai-ti\it\- insertion of about i).3^< above 
jiromjit critical, the eort-er.|ionding conservati\-e value 
for the jireM-nt core ba-eil .-olely on tbe Dojijiler eh'ect is 
about I ' ; . 

The same jioteiitial --maximum credible a(-eident " 
is jiostulated for the jireseiit exjieriment as wa> pos
tulated for the Jirevious core. This accident which in-
^•olves no nuclear violation corresponds to complete 
loss of water during full pow-er operation antl results 
in melting of the fuel. The consequences of this ac
cident wiiuld be less severe for the projtosetl experi
ment because the use of oxide fuel iiuplies a lower 
likelihood and le-\-el of chemical reaction with the 
water and subsei|uent jilutonium disjiersal w-hen com
pared with the j)re\-ious jiredominantly metal fueled 
cores. 

It has been concluded that the Jilutonium recycle 
exjiei'iment is as >afe as tbe system jireviou-ly used 
ill LBWK; in fact, that it rejiresents a significantly 
more reliable reactor jilant configuration. The chief 

.reasons are: jtlant improvements, the use of an oxide 
core, benefit of exjieriencc from j>ast operation, and 
similai-ity of the jilutonium recycle exjieriment to the 
jire^-ious system. 
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11-20. EBWR P l u t o n i u m Recycle Safely Analysis 

P, H , KlEH 

F A S T T E . \ N S I E . \ T SHUTUOW-.\ 

For a rapid reactivity insertion, the only inherent 
shutdown mechanism available for preventing melt
ing of the oxide fuel of the Plutonium Recycle Experi
ment is Doppler broadening of the resonances of 
U-238, Pu-239, and Pu-240, Calculations were made 
to determine the largest steji insertion of krj. that 
can be introduced without causing the oxide fuel to 
melt, A realistic configuration is all control rods in
serted except a corner rod, which has the greatest 
reactivity worth. 

The first step in the calculational jirocedure was 
to obtain cross section changes due to elevation of 
the fuel temjicrature. The next steji was to determine 
the spatial temperature distribution in the case for 
a variety of conditions and energy injiuts to the 
system. Because it was assumed that heat is not trans
ferred to the moderator, the temjicrature distribution 
was easily related to the spatial pow-er distribution 
by using tabulated values of the specific heat of VOj. 
When a corner rod is removed, the pow-er distribution 
is dejiendent on azinmthal angle so the two-dimen
sional PD(^' code w-as used to obtain the Dopjiler 
coefficient of reactivity due to the energy inputs. The 
reactivity feedback obtained for the Dojijiler coeflB-
cient was then used in the A129 R P code- to compute 
integrated enei-gy as a function of reactivity insertion. 
Finally, the assumed power distribution and sjiecific 
heat ot UO2 were again used to obtain the sjiatial 
temperature distributions resulting from \-arious re
activity insertions. 

The specific heat of L'Oo is such that the melting 
Jioint w-ill be reached for an energy density of 8,22 
kW-sec/cm^, Table II-20-I gives the reactivity in
sertion and total energy release for w-hich this energy 
density will occur at the hottest point in the assembly. 
Included in the table for refei-ence ai-e calculations 
for cores w-ithout control rods. 

For reactivity insertions that carried the center of 

T-\IJLE II--J(1-I, SiKi- I{P:.\(TIVITV I.NSKHTION.- I .K^UIM; TU 

FI KI, MKI.TIM; 

Sx-slcm 

Cold, 0 Burnup unroddcd 
Cold, O.OnO Burnup uiirodileil 
Cold, 0 Bunuii) oiih ronicr 

rod not iii,<crtcil 
Cold, n.ntlO HuriHip oiifv 

corner rod not iii,.;('rtrd 
Cold, 0 Burmi|) nnniddeil, I'u 

critical contiiiiirat ion 

Step it,„ 

% 

1,6 
1,5 
0.95 

1.1 

1.5 

Inli-gratcd 
Energy 
Release, 
MW-sec 

1000 
1100 
190 

170 

390 

Reactor 
Period, 
msec 

2.4 
3.0 
0.2 

5.8 

3.3 

the oxide fuel to se\-eral hundred degrees above the 
melting point, calculations pi-edicted that the outer 
surface of the oxide w-ould not melt and that thermal 
stresses tn the cladding w-ould just reach the elastic 
limit of about 18,000 psi for zircaloy-2. These calcu
lations show-ed that the present oxide core greatly 
exceeds the previous EBWR metal fueled system with 
regard to its ability to sustain, without permanent 
damage. se\-ere reactivity insertions. This result is 
exjiected from SPl^RT-1 exjicrience,^ 

Ft EI. S'roR.\nE 

Calculations w-ere made of the reactivity of fuel 
from the Plutonium Recycle Experiment when placed 
in the existing EBWR storage racks. The calculations 
predicted that the south rack, when loaded with fuel 
froin the shim zone with 0.006 burnup would have an 
infinite multiplication constant w-ithin a few percent 
of unity. To preclude the jiossibility that the rack can 
become critical, a new- i-ack. consisting ot a rectangu
lar array of 148, 4-in, square boxes formed by inter
locking | - in , thick sheets of stainless steel conttiin-
ing a nominal 1,2 w/o boron, is being manufactured. 
The new- rack w-ill be subcritical by some 20%. 
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W.\-rEKL(l(;GING 

The mixed oxide fuel is constructed such that if a 
crack develojis in the cladding, w-ater can leak into 
and remain in the interior of the fuel pin. Calcula
tions w-ere made of the reactivity effect of this 
"waterlogging" when it is assumed that ten percent 
of the volume of all the mixed oxide fuel pins is water. 
The results of these calculations show-ed that "water
logging" would not change the reactivity of the 

Jilutonium critical but w-ould cause a decrease of 0,3% 
in till- miilti|ilication constant of the full system. 
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H-21. Expci imenlal Boiling Water Reactor (EBWR) Physics Review 

H , P, IsKE.NIlEItlAN 

100 MWiti PKHIIIH.\IAN(-E, REACriviTV A'ER,sr-s 
Pu\\-KR 

Coi-e loading lA, docribed in P.ef. 1, had :is its 
objective an ojierating level of 100 MWlt ) , In jilan-
ning for EBWR operation at 100 MW, the number of 
boron-stainless steel strijis attached to the higlily 
enriched "spike" elements w-ere to be adjusted to 
provide sufficient reactivity to overcome the effects ot 
steam voids at 100 i l W w-hile still satisfying cold 
shutdow-n recjuirements. The predicted increment in 
tbe multiplication factor had been estimated to be 
\k,„ = 0,054 for 100 MWlt l ojieration. Following 
jirocedures outlined in Ref, I, it was determined 
that the average number of boron-stainless steel 
strijis jier spike should be 1.57 to comjiensate for 
AA-,„ = 0.0.54. 

I'llW KH KIXS ZERO TO 60 .\IW 111 

This increment in k.ff (0.054) w-as in fact used up 
when the pow-er h've\ reached 60 MW(t l . The source 
of the discrepancj' w-as int-estigated and, at the same 
time, more reactivity w-as added by reducing the 
boron-stainless steel strijjs to an average of one per 
spike. The performance characteristics of EBWR in 
the range zero-60 jMW(t) arc summarized in Ref. 2, 
.A grajihical summary of re:icti\it,\- \-ersiis |i(n\-er is 
.•̂ hown in Fig, II-21-1, 

It was found that the disci-ejiancy in reacti^-ity 
held up in voids stemiued from tw-o sources: 

a. The pow-er-voitl iterations in Kef, 1 systemati
cally underestimated the mean void content of the 
core as a function of jiow-er, .At 100 i l W ( t ) the mean 
void content was estimated to be 20,8%, The ju-in-
cipal reason for the underestimate was a lack of 
knowledge of steam beha^-ior in the downcomer,-

b. The icailivity coefficient jiredicted in Ref, 1 was 
25'r too high. Two changes dependent on void con
centration had been omitted: the changes in the 
Dancoff factor and in the fast fission factor. 

\A'ith revised steam void calculations yielding a 
27 ' / mean void content at 60 MW(t) and a low-er 
void coefficient, the revised computed value of 0.052 
for AA-,„ is in good agreement w-ith the observed value, 
0.054. 

rowKit Hf.Ns .Mim-p: 60 MW(tl 

For powers of tip to 60 M W l t ) , the reactor jjow-er 
was a function of the core injiut reactivity and carry-
under of steam in the dow-ncomer area.-

AA'ben the w-ater level in the pressure vessel w-as 
low; i,e,, nominally 21 in, above the top of the core, 
the behavior of the reactor at powers above 60 
i l W ( t ) w-as quite similar to that at lower powers; a 
maximum of 73 MWlt l w-as obtained. When the 
nominal height of the w-ater level in the jiressure 
ves,sel was raised (Fig, II-21-1, H > U ft 10 in.) by 
jiumjiing more w-ater into the core at about 130°F, 
the i-eacti^-ity of the coi-e w-as increased, and the 
hydrodynamic conditions of flow- changed- resulting 
in greater aniounts of steam extraction and of pow-er, 

F i E L Bi-Rxrp C A L C T L A T I O N S 

Biirnuji of t'-235 and btiilduj) of jilutonium in the 
fuel i-lements of EBAA'R from its initial day of ojiera
tion (December 1, 1956) to the end ot the core life of 
loading LA (December 31, 1962) was evaluated, 
jMonthly calculations were made during the operation 
of the retictor fiom zero to 100 MW(t) levels. During 
jiower runs from .lune to December 1962 it w-as noted 
that: 

file:///XL-5800
file:///-ersiis


21. Iskenderian 75 

REACtOR POWER. MW 

Fic , 11-21-1. Reactivity \'er,sus Reactor Power, 

Average burnup of U-235/MWd 
= 3015 g/2785 MWd = 1,083 g/MWd; 

Average buildup of Pu /MWd 
= 1153,5 g/2785 J lWd = 0,414 g/MWd; 

Average buildup of Pu/Average burnup of U-235 
= 1153,5/3015 = 0,382. 

(This work was done in connection with the "Four 
Reactor Inspection Agreement" between the U,S,.A, 
and the I,A,E,A,) 

The method used was based mainly on the ap-
Jiroach to core dejiletion outlined by K, K, Almenas,' 
Values of neutron flux in each region of the core (three 
axial values for each fuel element) were obtained for 
average burnup conditions ot the core (e,g. 5000 MWd 
is the average exposure for a total exposure of 10,000 
MWd). Three group diffusion theory as described in 
Ref, 1, with allow-ances for resonance absorption, w-ere 
used w-ith PDQ code calculations,"' Following the his
tory of each fuel element in the core, the exposure 
time " t" was determined for each element and the 
time-integrated neutron flux was obtained with the 
aid of the PDQ calculations. From the plots of the 
solutions of the appropriate differential equations 
values of nuclear concentrations w-ere then obtained 
for each isotope, allowance being made for resonance 

absorption. Thermal cross section data w-ere obtained 
from Ref, 1, 

DESIGN CALCULATIONS OF A CASK FOR SHIPME.NT 

OF EBWR FUEL 

Design calculations of a cask for the shipment of 
fuel elements from core LA, and of Pu fuel elements 
(Plutonium Recycle project) have been made. These 
calculations w-ere undertaken to determine the design 
which would enable the transport of a maximum 
number of EBWR fuel elements in one shipment. A 
cylindrical steel cask 106.7 cm (42 in.) in diameter, 
provided with 7 top holes 13.97 cm (5,5 in.) in di
ameter (a central hole surrounded by 6 holes sepa
rated by 15,24 cm (6 in,) center to center) would result 
in y activity of 36 mr/hr at the cask surface, and 5 
mr/hr at a point 3 m away from the cask surface, 
w-hen highly enriched elements fill the cask holes. 
Thin and heavy slightly enriched elements (TE and 
HE) should give appreciably low-er y-doses. 

The AEC imposed the requirement that the shield 
be made ot steel and that the y-dosage not exceed 
10 mr/hr at a distance 3 m from the cask surface. 

The source strength determinations and the over
all method of calculations'-' w-ere verified by storage 
pit measurements at EBWR. 
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Section III 

Fast Reactors 

Activities related to fast reactor dt^velopmeiit ai'e summarized in this chapter. 
Most of the studies are oriented toward fast power breeder reactors; some work is 
directed toward development of a fast spectrum nuclear rocket. Many neutronic 
problems in the two general areas of application are closely related. 

Indi\idual papers fall into a number of related topical categories: Cieneral Fast 
Reactor Research and Development, Support of Project Activities, Fast Reactor 
Safety, and General Studies of Fast Reactor Concepts with related Evaluations. 





I I I - l . Predicted Doppler Effects for S o m e Typical Large Ceramic Fueled Fast Reactors 

H. H. HUMMEL and A. L. RAGO* 

The importance of the Doppler effect to the safety 
of large fast reactors is now widely recognized. A review 
of the current computational status of the fast reactor 
Doppler effect has been given lecently.' 

The first calculations made at AXL' used an 18-group 
set of cross sections, Set 199. This was constructed by 
taking the first 11 groups of the ^ '0M cross sections,^ 
extending down to 125 keV, and appending 7 additional 
groups extending down to :̂ 0 cV used by Greebler, et al.^ 
Temperature and composition (expressed by o-p, the 
equivalent scattering cross section per absorbing atom, 
in barns) dependent cross sections from Ref. 4 were 
used in these calculations. Flux calculations were per
formed using the I'^LMOE code," which allows use of 
hundreds of fine groups in a fundamental mode calcula
tion. Such a cakuilation i-e(iuires the use of an effective 
core temperature and also assumes that the neutron 
energy spectrum is constant over the core, which is not 
an um-easonable assumption for a large reactor. 

The resonance integral calculations of Greebler, et 
al.* were perfoj-ined in the narrow I'esonancc approxi
mation, assuming isolated resonances. A similar pro
cedure was sul>se(|ucntly followed at ANL in construct
ing a 22 group set of cross sections, Set 215. This had 
the same energy divisions as the 199 set, except that 
the lower groups were further subdivided, particularly 
in the vicinity of the 2.85 keV resonance in Na. 

A series of calculations for oxide and carbide fueled 
reactors with 52 v/o Na and stainless steel structural 
material was performed with the 215 set^ with results 
given in Talile III-l-I. Some of these repeated the earlier 
work with the 199 set,^ witii results that were not much 
different. This is not too surprising, as the assumed pa
rameters as well as the method of resonance integral 
evaluation did not differ greatly from that of Greebler, 
(•/ al. 

The sensitivity of the calculated results to the as
sumed parameters was explored.*^ It was concluded that 
for what appeared to be reasonable variations in param
eters the Doppler effect was not changed by more than 
about 20^'c. However, hssile material properties are 
quite uncertain and in pai'ticular multilevel effects were 
not examined. On the other liand, the effect of fissile-
fertile resonance interaction' makes the calculated 
fissile material contributions very small. The results in 
Table III- l-I do not include this interaction effect. 

* Applied Malli('tiKi(ii-s Divisi.ui. 

Another source of vmcertainty in Doppler effect cal
culation in addition to the parameters arises from the 
calculation of tlie neutron eneigy spectrum at low ener
gies (<25 keV). There are two aspects to this (|uestioD. 
One is the problem of calculating how many neutrons 
pe*" fission source neutron are slowed down to low 
energy, and the other is the matter of the spectral dis
tribution of low energy absorptions. There is an un
certainty in inelastic scatteiing properties which affects 
the first of these but not the second. The magnitude of 
this uncertainty is illustrated by the fact that the new 
Cross Section Set 224'"' gives 10 to 20 '."<• more low energj' 
neutrons than does Set 215. The new set has the same 
group structure as Set 215, but has updated cross sec
tions. A comparison of results using the various cross 
section sets is given in Table III- l-II . The Pu-2;i9-
F-288 overlap effect is taken into account in Set 224 
using calculations of R. Hwang.^ 

The nmnber of neutrons slowing (.low n to low enei'gies 
is characterized here by q, the fraction of lission neutrons 
slowing down below 9.1 keV. From 80 to 90 ' - of the 
Doppler effect in a fast ceramic-fueled reactor occurs 
below this energy, depending on composition. This 
quantity is also detei'inined by the \'alues of fission and 
capture cross sections and by elastic scattei'iiig effects. 
The difference in q between Sets 215 and 224 is really a 
combined effect of inelastic scattering, fission, and cap
ture; but it is felt that inelastic scattering is the major 
effect. It is believed that elastic scattering effects are 
ade(iuately treated by the ELMOF program. 

An indication of the sensitivity of the Doppler effect 
to low energy spectral shape can be obtained from the 
results in Table III- l -I . It is seen that although both 
dk and q vary by a factor of two when sodiiuu is re
moved, for these compositions with 52 v/o Na, 5k/q is 
not very sensitive to the presence or absence of sodium. 
This is true even though the 2.85 ke\ ' scattering reso
nance in Na produces a considerable displacement of 
the neutron spectrum to lower energies. The {6A.-)Doppi.r 
per neutron absorbed becomes appreciable below about 
25 keV and rises rapidly with decreasing energy down 
to an energy of about 4 ke\ ' , below which it does not 
vary sharply with energy. This behavior makes it 
plausible that the Doppler effect would be relatively 
insensitive to the low energy spectral shape. For this 
reason it seems unlikely that errors in calculating this 
shape would be important unless they were very gross. 
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TABLE I I I - l - l , DOPPLER EFKECT CU.- DXIDE- AND C A R B I » B -

FuELED REACTORS, 75O°-150O° K, AS A FUNI-IION 

OF U-238/PU-239 HATIII 

Cross Section Set 215 

Fuel 

O x i d e (32 v / o 

fuel @ 10,9 
g / c c , 16 v / o 

.steel) 

C a r b i d e (30 
v / o fuel (ol 

13,5 g/ee, 18 

v / o s t e e l ) 

U-238/ 
Pu-239 

9 

7 

5 

3 
2 

9 

7 

52 v / o 
Na 

Y e s 

N o 

Y'es 

N o 

Yes 

Yes 

Y'es 

Yes 

N o 

Yes 

. \ o 

- % J * 

0 .87 

0 . 3 8 

0 . 5 3 

0 . 2 3 

0 . 2 8 

0 .008 
0 .025 

0 .59 

0 .25 

0 .30 
11.15 

?" 

0 .220 

0 .117 

0 .161 

0 .0775 

0 too 

- « * • / ? 

0 .0384 

0.0324 

0 .0328 

0.029(i 

n (IL'.SII 
(1 iil;;nii iil.'is 

II ni'lls II or j i i 

(1.103 (i,ii::r._' 

0 .0807 

0 .113 

0 .0529 

n.OHLM 
0.113I,S 

0.0384 

Posit ive 
Pu-239 

I'ercentaKe 
of Negat ive 

U-2J8 
Effect 

13 

10 

17 

13 

-23 

38 
41 

12 
9 

10 

12 

" Fraction of H.s; 
9.1 keV. 

ouree neutrons slowing down below 

TABLE I I l - l - I I . DOPPLER EFFECT, 760° 1500° K , 
OF 7 U-238/1 Pu-239 OXIDE-FUELED REACTORS 

FOR DIFFERENT CROSS SECTION SETS 

tSi v/o Na, SS r/o Fuel) 

(-ross 
Section Set 

199 
215 
224 

-%«* 

0 . 6 0 

0 . 5 3 

0 . 7 3 

? 

0 .152 

0 .161 

0 .188 

-Sti/q 

0.0328 
0 .0304 
0 .0388 

Posit ive Pu-239 Effect as 
Percentage of Negat ive 

U-238 Effect 

21 

17 

5 

.V hardeiiiiig (il the .spectiiiiii tciid.s to decrease {H'/q) 
because a greater fraction of low energy absorptions 
ticctir in the upper part of this energy region, in which 
5^ per ab.sorptioii is less. Any error in the calculated 
low energy spectral shape would arise from the values 
assigned to hssion and captiiri' cross sections, as clastic 
moderation effects shoukl be adetiuatelv taken into 
account by ELMOK, 

The low energy flux hardens w itii increasing tempera
ture because of increases in average hssion and capture 
cross sections. It was found that the negative dk for a 
cross section variation for 7."iO to l.'iOO°K w-as about 10 "̂ e 
greater if the flux and adjoint for V.̂ iÔ K w-as used in a 
perturbation calculation instead of the L500°K flux. 
It was likewise found that for a change from l.oOO to 
2500°K the use of the l.'i00°K fluxes gave an effect about 
10',' greater than the use of the '2;)00°K fluxes. This 
gives an idea of the probable inagnitude of the error 
occasioned by a mismatch of buffer and test zone tem
peratures in a zoned loading expeiinient. 

The calculations in Tables I I I - M and I I I - M I were 
based on systems with 52 v /o Xa, and with fuel com
posed only of Pu-239 and r-238. .\ii increase in the Na 
to fuel ratio to 70 v/o Xa with 18 v/o fuel for an oxide 
system increases the Doppler efTect by a factor of two 
because of the increase in low energy flux." A substitu
tion of Pu-240 ftir r-2:{8 to the extent of 0..5 of the 
l'u-23(t decreases the Doppler cflect by about .30% for 
r-238 Pu-'239 = 7, .Uldition of fi.ssion products corre
sponding to .")'. Iim-nup decreases the Doppler effect an 
additional 10' i, 

It would be expected that the addition of sodium 
might affect calculated resonance integrals significantly 
because ot the change in ap, particularly in the vicinity 
of the 2,8."i keV resonance. This has been found not to be 
true, however, because of the flux depression in the 
\-ieiiiity of the resonance and because of the slow- varia
tion of 5a-, of 1-238 with Cp in the range of interest. 
Significant heterogeneity effects might be expected be
cause of the large part of the total ,scattering cross sec
tion associated with pin clad and with sodium. Using 
the eriuivalence theory in current use, which involves 
the flat flux approximation, such effects do not appear 
to be significant. This is so even for pins as large as 1 in. 
in diameter, which might be used in reactor or critical 
experiment measurements of the Doppler effect. More 
rehiied calculations are desirable to verify this, however. 
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III-2. Inlorferenoe Interact ion in Doppler Theo iy for Fas t Keaclors 

Because of gj-eat concern about the effect of inter
ference interactions on the Doppler effect calculations, 
extensive studies have been made in order to include the 
contribution of these interactions in our current calcu
lations of the Doppler broadened cross sections for fissile 
isotopes. Two types of interference interactions are of 
practical significance. The first type, which is referred 
to as the "self-overlap effect, is attributed to the inter
action of neighboring resonances of a particular fissile 
isotope. The second type, which is referred to as "ac
cidental "-overlap, is attril^uted to the interaction be
tween resonances of two or more isotopes in the mixture. 
The interference interactions give rise to a change in 
the fine structure of the neutron Hux and consequently 
may bring about a substantial reduction in the Doppler 
liroadening as obtained by the well-known isolated 
lesonance approximation. 

The direct evaluation of the temperature dependent 
effective cross section becomes extremely complicated 
and time consuming when inl<'rference interactions are 
considered. However, the problem can be simplified 
greatly by some analytical aj)proximations. 

"SEI.F"-<)Vl-:in..\l' I'^FFECT 

Two methods generally known a.s ".Method A" and 
".Method l i" were used in eai'lier studies' for the Doppler 
coefficient calculations in the unresolved region. 
".Method A", in which the Doppler broadened reso
nances are assumed to overlap stronji^ly, is applicable 
only in the high energy region, whereas "Method B," 
ill which resonances are ti'cated as isolated, is presum
ably valid only iu the low energy region. However, 
neither "^fethod . \ " nor "Method B " is clearly appli
cable in the intermediate en<'igy region which is of great 
concern iu the current studies of large fast reactors. 

An improved method' ba.sed on the nari'ow resonance 
approximation and single level fornuila has been de
veloped to take uito account the self-overlap effect in 
the intermediate energy region. Tiic method can be sum
marized as follows: 

1. In general, the temperature dependent effective 
cross section can be considered as the superposition of 
a non-overlapping and an overlapping part; that is, 

S|.o, J ^̂ .̂  L w,d ,h j ,p , „ 

where o-p is the potential scattering cross section per 
atom of the isotope under consideration; / / , the overlap 
correction term defined in Kef, 2; (.S)j average spacing; 
and r „ the level width of the process x. ( ) and [ ] repre

sent the statistical averaging o\-er width and spacing 
distributions respecti\-ely, 

l-'or the high energy region, the term [(I',//)) ap-
pi-oachos its asymptotic form' as V.i\. 1 becomes identi
cal with --.Method A." On the other hand, the overlap 
term which depends strongly on the ratio of the Dop
pler width to the a\-erage spacing \-anishes in the low 
energy legion as Eq, I approaches the ".Method B" 
approximation, 

2, In order to evaluate the overlap term, it is neces
sary to determine the function <i, the probability of 
finding any level within an interval d | Ei — /i',.. | at a 
distance | lit — Ei., \ from a gi\-cn level k. The function 
S! is assumed to satisfy a l-'altiing type integral ei|nation 
depending on the statistical distribution of the level 
spacing. In the present work, a x-s(|tiare distribution 
with p = 8, which gives reasonabl,v good fit to experi
mental \alues at low eiierg.v, is used for fissile isotopes, 
ĥ or the p = 8 distribution, the function U(y) becomes 

fi(.'/) ' sin 4i/ (2) 

where 

\Et -E,.\ 

" - {S} 

is the ratio of local to average spacings. 
'.'}. Since the typical fast reactor potential scattering 

cross sectit)u Zh is generally much larger than the reac
tion cross .section 2/? of the Hssile isotope in the energy 
region of interest, it is possible to expand the overlap 
term into a power series. The integration has been car
ried out for each term in the series. An analytical ex
pression for the overlap term was obtained in terms of 
Fresnel integrals.' It is tlierefore possible to evaluate 
the overlap term inf)ie accurately by retaining more 
terms in the series. 

4. Calculations have lieeii made litr both \'-'2'.'>'> and 
Pu-2;i9. For r-2o."), the "self-overlap causes a reduction 
in dar and &ffy varying from about 2i)'"f at several him-
dred e^' to 3')*' at se\eral ke\ ' from the corresponding 
\alues obtained by the isolated resonance approxima
tion. For Pu-239, the reduction varies from 4'. ' to 25 ' ' ; . 

"Arril>ENT.\L"-OVEKL.\l' 

The effect of the "accidental"-overlap between the 
hssile and fertile isotopes in a large fast reactor was not 
fully realized in the earlier work on the Doppler effect. 
Extensive studies have been made since the discovery 
by J. Codd and P. Collins.' 

A straightforward evaluation of the temperature-
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dependent cross section is extremely difficult and time 
consuming. In order to simplify the problem of numeri
cal integration and utilize the existing code, a method of 
approximation has been developed as described in Kef. 
2. Again, the temperature-dependent effective cross sec
tion is expressed as a superposition of a non-o\'erlap 
and an overlap term. Since there is no correlation be
tween resonances of two different isotopes, the separa
tion of levels in this case is taken as random distribu
tion. It was found that the "accidental," overlap also 
exhibits asymptotic chai-acteristics. In the very high 
energy region, the overlap term in a^ e^'entually be
comes temperature-independent and hence the effect of 
the "accidentar'-overlap on ba^ due to temperature 
vanishes. On the other hand, the effect of the "acci
dentar'-overlap also becomes small in the low energy 
groups since the number of interfering resonances iu the 
energy interval under consideration decreases with 
energy. These arguments seem to indicate that the 
maximum effect occurs somewhere in the intermediate 
energy region. 

Calculations of the Doppler broadenings ha\'e been 
made for both r -235:r-238 and Pu-239:U-238 sys
tems with various enrichment ratios and at \arions 
energy groups. It is most convenient to express the in
terference effect in terms of the percent leduction in bk 
or 6/t'j {the change in reaction rate of the process .r with 
temperature) from the corresponding values obtained 

by the isolated resonance approximations. The peicent 
reduction in 8R^ was found to depend strongly on (1) 
neutron energy and (2) enrichment ratio at high energy 
(beyond 2 keV) but less so at low energy. Calculations 
of 8k seem to indicate that the "accidental"-overlap will 
essentially wipe out or may, in the case of U-235 sys
tems, ]nake negative the positive component of bl: due 
to the fissile isotope. 

So far, two types of interfeience interactions have 
been considered separately. An attempt is being made 
to improve the method further hi order to include the 
combined effect of two types of interference interac
tions. A general expression for an interacting system 
with more than two resonance absorbers is also under 
investigation. Since all theoretical .studies have been 
based on the narrow lesonance approximation and sin
gle level formalism, the validity of these basic assump
tions is yet to be investigated. 
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I I I - 3 . D o p p l e r E f f e c t E x j > e r i n i e n t s 

G. FISCHER, J. FOLKKOD * K. (JROH and D. MEXELEY 

Tlu'sc experiments lun'C been ui' will Ijc (.loni.' on 
ZPR-III with zoned loadings. The central zone in 
which the measurements are made is a mockup of some 
soft spectrum composition of current interest for large 
power reactors; this is surrounded by a high reactivity 
driver. A suitable filter is placed between the zones to 
provide spectrum matching of the central zone to that 
of the large reference core. The central zone is designed 
for relatively flat radial and axial flux distributions in 
order to minimize expansion renctivity changes upon 
heating the Dopjiler elements. 

The measurements are made by exchanging hot ;ind 
cold samples, or samples and dummies in the assembly 

' Reartor Eiit;iii('('rinn l>ivisiiin. .Vi'ti" 
tory. 

wliile holding the reactor at constant power level. The 
power level is maintained by moving a fine control rod 
located in the driver zone. Reactivity changes are de
termined from the relative positions of this rod. Air 
cooling is provided for the hot element to prevent the 
dissi|)ated heat from causing temperature drift of the 
assembly. 

ME-VSTREMENTS ON ZIM^-IIT .\SSEMBLIES 43 .wn 

43A' -

Assembly 43 was a zoned tiiorkup of a oOUO liter 
uranium monocarbide power reaetor with sodium vol
ume fraction of 48^r ami with .stainless steel clad and 
structure. Assembly 43A was c(mstructed by replacing 
40*̂ ; of the sodium in Asseiuljly 43 with grajihite in 
order to increase the low energy fluxes and hence the 
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Doppler effect. Two matrix tubes, one above and one 
below the central drawer of the assembly, were voided 
to allow insertion of two elements. The measurement 
procedure was to exchange the hot element in one 
channel with the cold element in the other channel and 
to observe the reactivity change. The difference in re
activities when both elements were cold was added or 
subtracted as appropriate to give the reactivity change 
on heating the element. Results are shown in Table 
1II-3-I. The calculated values shown were derived 
from cylindrical and spherical 1-D diffusion theory 
calculations using ANL cross-section set 215.'' 

These values were obtained from several iiot-cold 
sam|)le exchanges. The overall confidence level is 
about ±0.02 Ih. Tests were made to estimate the efi'ects 
of resonan<'e shielding of the sample by the surround
ing U-238, the fraction of the signal due to non-
Doppler sources, the error in element position, and jios-
sihle axial expansion of the sample. These errors were 
all smaller than 5% of the signal. 

The basic sample used in the measurements was 
1.4 in. in diameter and 11 in. long, made up of 1-in. 
)K'llc1>. The natural uranium dioxide was ground and 
pressed to 70% of theoretical density using 1 w, o so
dimn metasilicate bonding agent. I t was found that 
this tyjie of pellet, when heated, could be restrained 
from expanding with very little thrust. The sample 
was contained in a thin-walled Hastelloy tube which 
served as the electrical heating element. This tube was 
supported inside a stainless steel outer can with sil
vered inner surface, by means of a ceramic tube at 
each end. A bellows at one end of the Hastelloy tube 
allowed it to expand while the supports maintained 
llie cold length of the sam])le. The space between the 
(inter and inner cans was evacuated to reduce condue-
ti\'c heat transfer. The •\'acuum was held to about 1 
micron by continuous pum]iing during the ex]teiiment. 
Power required to heat the element to SOO^K was less 
than SOW. 

Some difficulties were encountered during ojieration. 
X-ray examination showed that with continuous cy
cling the cold length of the sam])le slowly decreased, 
indicating that the pellets were deforming when hot. 
This reiluced the eft'ectiveness of the length restraint 
system. Also the temperature distribution was uneven 
due to higher resistance and hence greater power input 
at the bellows end of the Hastelloy inner can. The fuel 
expansion worths mentioned above showed that the 
I'rror due to sample expansion was small, and apjiropri-
ate temperature averaging was done to reduce the nou-
luiiformity error. 

Tliese results (lemonstrate<l that this ty|)e of meas-
in-enieut could be made in a critical as.sembly with 

TABLE IH-3-I. REACTIVITY CHANGES ON SAMPLE 

HEATING, Ih 

ilnhours per percent reactivity = 444) 

Sample Exchanges 

2 ciild tl, 1 hot ( f = 800° K) 
1 cold to 2 cold IT = .300° Kl 

\ c t 
f cold to 2 hot i f = W)ll° f\l 
2 cold to 1 cold ( f .. -.mi K) 

Net 
Average 
Calculated 
Calculated/e.xperimental 
f cold to 2 hot ( f = 553° K) 
2 cold to 1 nihl i f = :«l(l° f\) 

.\ct 

-\ssembly 43 

- . 2 5 1 
- . 1 5 1 

- . 4 0 2 
- . 5 4 9 
+ .151 

- . 3 9 8 
- . 4 0 0 
- . 4 4 4 
1.11 

— 
— 

Assembly 4i.\ 

- , 5 9 3 
- , 0 8 9 

-,1)82 
- ,7( i5 
+ .089 

-.(174 
-.1178 
- .981 
1.447 

- . 437 
+ .089 

- . 3 4 8 

good accuracy, and they gave some valuable ^uide.-
to the design of new eciuipment. 

K Q I I I ' M E N T FOR FlRTHKR ME.\SUHEMEXT.N 

Recent work on Dojipler effect experiments has Ijcen 
directed along two main lines. The first has been an 
attempt to mea.sure the effect of sample size on the 
measured Doppler effect jier gram of heated material. 
I t is of interest to estimate errors by comparing these 
measurements on relatively large diameter samples 
with smaller prototype j)ower breeder fuel pins. The 
second has been the i)reparation of samples containing 
fissile isotopes and mixtuics of fissile and fertile mate
rials. 

New equipment lia> been designed in accordance 
with the following main principles: 

1. The maximum amount of nuiterial heated in any 
one matrix drawer should approximate the amount in 
a normal drawer of the mockup. 

2. Only low captuie materials should be used. (This 
limits the maximum operating temperature to about 
lOOO^C, using Inconel lor the sample can.) 

3. Flexibility of matrix po>ition and sample com-
jtosition must be attained. 

4. The e(|uipment should be sufficiently rugged to 
allow measurements of the same samples in several 
assemblies. 

5. Reactivity changes due to sample expansion must 
be kept to acceptable levels by the proper design of 
critical assemblies as well as of the fuel elements. 

6. Sufficient air cooling must be jirovided to remove 
all heat dissipated from the element in order to control 
reactor drift. 

7. Samples must be effecti\'ely sealed in two en-
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closures while heating—that is, the sample can and 
the outer vacuum can, (Ion vacuum pumping was 
made necessary by this requirement I. 

8, Leakage from the sample can during heating 
must be detectable, (This led to inclusion of helium 
inside the can and a licliimi ma,̂ s spectrometer in the 
vacuum system I, 

9, Temperature diftercnccs along the sampli' length 
should be held to a mininiuni. 

A cross-section of the element is shown in Fig. 
ni-3-1. 

The basic samples are O,o-in, diameter, 6-in. long 

uranium and/or iihitonium dioxide, fabricated in 
0..5- or 1-in, lengths. The pellets are made in the same 
fashion as those for the first set of measurements. As 
before, two of the samples, enclosed in heater cans, are 
supported at the ends in a silvered stainless steel tube. 
The heater cans are wound with insulated nichrome 
heater wire with a closer iiitch near the end suiijiorts 
to make the sample temperature more uniform, 
(Quartz spacers inside the cans also serve this riurpose. 
Three thermocouples are placed in a reentrant tube 
which passes down the axis of each sample. 

The sample can is allowed to exjiand against a spring 

O-RING GfiOOVES 

THERMOCOUPLE SEiL • 

FIO, III-3-1, Doppler EhMiieiit. 
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at one end; this s]»ring holds it firmly against the op
posite support. One of the fixed supports is located at 
the end of the sample nearest the reactor centerline 
while for the other sample it is at the outer end. This 
layout provides some cancellation of expansion reac
tivity changes. 

The outer can is sealed with O-rings to ])eniiit easy 
changing of sam]>les. The whole assembly, approxi
mately 25 in. long, is placed into a drive tube which 
in turn moves in fixed guides in the matrix drawer. 
The outer dimension of these guides is roughly 1 | in. 
square. The remainder of the drawer is filled with ZPR 
jilates. The drive tube contains sjiace for two | in. x 
1 ft. ZPR plates in the sections not occupied by the 
elements. This reduces reactivity changes when moving 
highly reactive samples. A dummy element drawer is 
attached to the rear of the drive tube. Up to four com-
jilete assemblies as described above may be driven in 
tandem during a measurement; many combinations of 
radial position are possible. 

A measurement consists of pulling the drive tube out 
of the assembly to exchange the element and dummy 
at the reactor center. Hot and cold comparisons ari' 
made to complete the measurement. 

The movable drive table is positioned at one end of 
the matrix. This table contains the vacuum manifold, 
mass spectrometer and ion inunp. Maximum stroke of 
the table is 48 in., with a minimum transit time of 30 
sec. This could be reduced by use of a lai'ger drive 
motor. 

Auxiliary e(|uipment includes a roujiliin^ pump, 
heater controls, tliermocoui)le recorders and cooling 
air refrigeration system. This system will cool 100 
scfm of air from 90°F to 50°F for use in element cool
ing. Condensers, filters, and traps are included as well 
as a variable heater to adjust the air inlet temperature 
to balance heat losses. There is also a blower and suc
tion manifold for drawing room air through plutonium 
bearing assemblies to remove sj^ontaneous fission heat. 

iSamjiles being ])rei)ared for measurement are natural 
uranium dioxide. 7:1 U-PuO::. low Pu-240 content 
PuO^, high enricimient UO:; and 17', enriched UOi.. 

A second set of elements has been constructed to ai'-
commodate 1 in. and 0.73 in. natural uranium oxide 
samples in order to investigate rod size effects on this 
type of Dojipler measurement. These elements are 
similar in detail to the unit described above. The drive 
table, pumps, etc. may be used for either element. 

CoxcLfsioxs 

\\ liile several refinements could be made to improve 
the design described above, it is felt that not very 
much more could be gained from building new equip
ment of this type. The main restrictions of the design 
are the sample size necessary to give a reasonable 
signal, the elaborate canning and insulation neces
sary, and the large amount of cooling required for 
elements to run at significantly higher temperatures. 
Also, as F. Storrer^ has shown, the "hot sample in cold 
reactor" error increases markedly for large tempera
ture differences between sample and core material. A 
method of avoiding this difficulty as suggested by 
Storrer would be to heat a zone consisting of core 
materials to some intermediate temperature and then 
heat a sanijjle inside this zone to a higher tein])erature. 
The ex])ansion effect of the buftVr zone would not be a 
spurious factor since it would remain constant through
out the measurement. The difference between the 
buffer and sample t i i i ipera t iu 'es would be kept to 200-

300° C. 

A relatively long program of importance concerning 
the fast reactor Dopi)lcr effect measurement is antici-
jiated with the use of the equipment which has just 
been completed. Plutonium-uranium systems will be 
studied at ZPR-III . and U-235-U-238 systems will he 
examined at ZPR-VI. Dopjtler calculations for FARET 
and SEFOR will be checked during critical experi
ments on ZPR-III. The very important recent theo
retical prediction that interference absorption by the 
resonances of U-238 can considerably reduce the jtosi-
five Dojtpler coefficient of Pn-239 will be checked. 
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11. II. Hi'MMEL, L. KviTEK, K. K. PiiiLLii's aiid A. L. R.\<.:o* 

A review of the problem of positive sodimn \'oid ef
fects in large Pu-fueled fast reactors has been pre
sented recently.* Certain as|)ects have been explored 
in more detail in another paper.-

The problem arises fi'oiii the fact that the lission 
cross section of Pu-239 varies less rapidly with energy 
than do the capture cross sections of reactor materials. 
As a result •iiiE\, tlie neutrons produced in the reactor 
per fission, and the closely related neutron inipoi'tance 
function, are inonotonically increasing with energy 
over most of the energy region of interest. The re
sult is that the inelastic and elastic scattering energy 
transfers provitled by sodium reduced reactivity, and 
conversely a positive effect is produced when sodium is 
removed. It has been found that this spectral compo
nent of the sodium void effect is mainly dependent on 
core composition and relatively insensitive to core 
geometry for uniform removal of sodium from a uni
formly loaded core. There is another—a smaller posi-
ti^'e effect also dependent on the core spectrum—which 
results from radiative cajiture in sodium. These com
ponents of the sodium void effect are at a maximum 
at the center of the core and become small at the 
outer edge. The leakage component of the void effect, 
which is negative, is zero at tiie center of the core and 
its absolute value passes through a maximum in the 
outer part of the core. 

The spectral component becomes more positive as 
core enrichment decreases because rjiE) becomes more 
rapidly varying with energy. Means of dealing with 
the ])roblem have mainly involved raising core en
richment by increasing core leakage, thereby reducing 
the positive spectral comi)onent. This can be accom
plished by reducing one or more core dimensions, or 
by reducing reflector effectiveness. It has been found-' 

* Applied Mathematics Division. 

that infinite slab cores have a smaller leakage com
ponent than sjiherical cores of the same composition 
because the increase in reflector effectiveness that ac-
lompanies removal of sodium is more important as 
the minimum dimension of the core decreases. 

If reflector effectiveness can be reduced in such a 
way that neutrons leaving the core have a reduced 
probability of returning, then less of an increase in 
effectiveness can occur on sodium voiding. The bare 
core condition is thus approached, for which the leak
age component is a maximum. Reducing reflector 
cfYectiveness does, however, introduce problems with 
the core inaximum-to-average ])ower den.sity and also 
increases the difficulty of cajitui'ing all neutrons es
caping from the core. 

An increase in the leakage comi)onent offers the 
possibility that, if it is permis-sihle to balance a larger 
ne^iative leakage component against a larger positive 
.-pectral com]>onent, a lower core enrichment can be 
permitted. This has the advantage of a larger Doppler 
effect and a larger core conversion ratio. It is not clear 
that this balancing is permissible to any extent desired, 
since a boiling sodium accident may void sodium first 
from the center part of the core, where the leakage 
component is not effective. Resolution of this point de-
l)enrls on more information about the possible move
ment of sodium in .-ucli an accident. 
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I I I - 5 . (:. . i i i |>aris.)ii o f S N G . D S N . D T K . an<l K E \ C a l o i i l a l i o n s 

.1. WlllTK 

Comiiarison calculation.- Iiave been made for the 
Oodiva' and Top.-y' ^y.-telll^ using D.SN= and DTK' 
with 4, 8, and 16 angular aiiproximations, ('on\cr^etice 
criteria were 10~"' for Clodiva .and 10""' or 1(1 " for 
Top.sy, .\n SNG-" case was also studied. .Vnalyses were 

made with 16 energy groujis and eritieality was ob-
taiiiid by variation of radii for all regions. The differ
ences in critical radii as given by n S N and DTK 
with n = 4" were due to the low angular ajiiiroxiina-

* n is t h e nuiii l i i ' r ot iiiiniihir i i i t c rv i i l s . 
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tion and were not cau.sed by tbe convergence criterion 
of 1 0 - ' . I t can be seen in Tables III-5-I and I1I-5-II 
that, for the case of tbe bare system (Godival, the 
DTK code gave smaller critical radii than DSX for 

T.ABLE III-5-II. TopsY 

Program 

D.SN 
DTK 
DSN 
DTK 
DSN 
DTK 

T.\jil,K I l l - i - I . CiiiDiv,\ 

» 

4 
4 
8 
8 

10 
ii; 

Convergence 
Criterion 

1G-' 
10- ' 
10- ' 
10-' 
10-' 
10-' 

Critical Core 
Radius, cm 

8.7557 
8,7080 
8.8032 
8.78425 
8.813:! 
8.8053 

Program 

DSN 
DTK 
SXIi 
11S,\ 
DTK 
IISN 
DTK 
DSN 
I1S \ 
DTK 

4 
4 
4 
4 
4 
8 
8 

16 
ir. 
Ill 

Convergence 
Criterion 

10- ' 
10-' 
10-' 
io-« 
10-• 
10-1 
i(r« 
10-' 
lll-« 
111-' 

Critical Outer" 
Radius, cm 

20,3200 
20,3870 
26,4424 
20,,3200 
20,3872 
20.0343 
20.6023 
20.70!125 
2li.70<12 
20.01)01 

" Outer radial dimension of the Tops\-
core radius to outer radius is 0.2201. 
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111-5-1. . \ Co i i ip i i r isn i i (if h i i rus in i i Tl i iM.rv w i l h S N i ; and D S N . 

the low ap]iroxiiii:itiiiii " = 4. For the case of the re
flected system (Topsy) the DSN code gave smaller 
critical radii than DTK for « = 4. 

A coni]iarison litis also been made among SXG, DSX, 
and REX'"' calculations of a liigb-void fast core with 
several reflectors (20 cm tbiclcl consisting of various 
ratios of Be to U-238. The SXG and DSX calculations 
utilized H = 4 angular intervals. The analyses were 
with 4 energy grouiis and in all cases the convergence 

criterion was 10-''. Figure III-.3-1 suuiiiiarizes tlie re
sults of this comparison. 

In general, it was found that as the atomic Be den
sity in the reflector increases, the SXG method gives an 
inadequate description ot the system reactivity. 
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III-6. S t iu lus u i l h Ihe EI.MOE Profirani foi Fasl C:iili<al Analyses 

1) . .\lE.NK(iHf-;'i"ri 

INTRODUCTION 

The increasing use of the ELMC)E proyirani^- tu de
termine the group transport and grouj) elastic-trans
fer cross sections for suhscciuent use in multigroup 
niultiregion reactor analysis have gi^en rise to numer
ous questions regarding the suitability and possil)le er
rors in its use. For a given composition the ELMOE 
program solves for the fundamental mode using hun
dreds of very fine energy groups, and yields coarse-
group cross sections for possible use in reactor eriti
eality codes. The details of the elastic scattering 
resonances present in nonfissile and nonfertilc atoms of 
structural and coolant materials are thus accounted foi-
in the case of a l)are core system. Its applical)ility 
for determining effective cross sections for niultire
gion cores differing in regional composition and for 
determining effective group cross sections in tlie case 
of reflectors containing light elements becomes an im
portant consideration. Furthermore as the ELMOE 
jjrogram contains the o])tions: P-1, consistent P-1, A'-l, 
and consistent B-1, it is of interest to know the differ
ences in critical masses eomjnited using effective group 
cross sections Ijased upon the different ELMOI'] op
tions. 

E K F K C T OF NEHiHBuRiNG F I N E F L U X S F I X T R U M 

UPON EFI-KCTIVE CROSS SECTIONS 

The pos>ible efl'eets of the fine flux >|iecti'UMi of ad
jacent regions upon effective cross sections are in
dicated in the following situation. 

Aluminum at lowered density is often used to simu
late Na coolant in fast critical experiments. The reac
tivity effects of Xa i'elati\-c to Al are found by 
rcplaecnienl expcriniehts iu various regions of the 
cure. Xa and Al have different resonance scattering 
cross section dependence with energy in the neutron 
range of fast systems. Theoretical analyses of replace

ment ex|)eriments are generally carried out with multi-
grouj) cross section jiarameters having grou]) energy 
incri'ments which encompass many scattering reso
nances, Furthermure the multigroup constants may 
also have been evaluated a-i)riori. taking into con
sideration the differing fine group structure of the Na 
and Al-containing regions. Still unaccounted for is the 
po.^sible effect of the resonance-produced fine struc
ture flux spectrum of the surrounding Al-containing 
region upon the effective group cross section of the in
ternal Xa-containing region and vice-versa. 

Possible eft"ects of the adjacent Al-containing regions 
in modifying the eft"ective group cross sections for 
transjiort and elastic transfer in the Na-containing re
gion are indicated in Table III-6-I. Results are given 
for an EBR-II assembly and a ZPK-III Assembly 31 
core composition. The ratios of effective coarse group 
cross sei-tiun.- of the Na-containing com])osition de-
teiniined l)y resonance-produced fine group fluxes of 
tlie Al-eontaining composition to those of the Na-con-
(aining composition determined by the resonance-
in-odueed fine group fluxes uf the Na-containing com
position are given. The modifying effect is seen to be 
gi'eater for the elastic removal than foi' the transport 
iToss sections in these cases. These res\iits were ob-
taimd by averaging the fine group cross sections of the 
I\1I,M<»K library for the com[)osition of the Na-con
taining systems with the tine grou]) fluxes. The latter 
were determined with th<- l-T.MOf: cotle for the Al
and Na-containing cores res|)ectively. 

Ei'FKtTivE C R O S S SECTIONS FOR R E F L E C T O R S 

BY r > E OF E L M O E C O D E 

In the calculation of critical mass of a fast critical 
tissembly the ELMOE code' - is often employed to 
obtain ilie eft'ective group cross sections for transport 
aufl ela.-tic-transfer for the core composition. As EL
MOE is a fundamental mode analysis code, strietlv it 
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TABI>L IIl-O-I. HAini.s i,y TK-WSI-ORT AND OF EI.A.STIC 
H?:\HJV.\[, CROSS SECTIONS 

Ent-rny Group" 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

KBR-11 

Transport'' 

1.00 
1.00 
1,00 
1,01 
1,00 
1,00 
1,00 
0.99 
1,02 
1,00 
0,975 

Elastic 
removal*^ 

0,98 
1.035 
0.93 
0,82 
0.93 
0,93 
1,10 
1,48 
0,67 
1,98 
0,75 

1,00 1.04 
0,99 
1 1)7 

0,93 
0.17 

ZPR-Ill, .\ssy. Xo. 31 

Transport'' 

1,00 
1,00 
1.00 
1.01 
1.01 
1,01 
0,99 
0,98 
1,03 
0,95 
0,945 
1,00 
0.99 
1.25 

Elastic 
removal" 

0.97 
1,06 
0,94 
0,81 
0,91 
0,90 
1.175 
1.61 
0,59 
2,02 
0.5'25 
0,99 
0,97 
0.19 

' lief. 5. 
• i!;i l i<. nf t o l a ! Ill oy;('nizcii core crus.s section for t rans-

' Uatio ol litrht element (Na and stainless steel) hnmoyc-
rii/cd core cross sections for elastic transfer. 

is neither aiiplicable to the outer regions of a reflected 
core nor, in i)artieular, to a reflector region contain
ing light scattering materials such as steel, sodium, 
aluminum, etc. (In the past, critical assemblies such as 
many of the ZPR-III assemblies,-' had reflectors that 
contained primarily only r -238. Hence, the question of 
light element scattering resonances in the reflector ilid 

not enter and fine group averagings for this effect were 
not necessary.) To obtain an indication of the sensitiv
ity of critical mass to choice of light element group 
cross sections in a reflector three sets of aluminum cross 
sections have been considered for the reflector of the 
aluminum-reflected .system, ZPR-IX, Assembly l.[*i In 
two cases the ELMOE code was used to generate these 
cross sections making, however, certain sim]tlifying 
assumptions on buckling and .source spectra. 

The three cases are: 

(a I The YOM"' aluminum cios,^ .-ections 
11)) The EL]\IOE-determined aluminum cross .sec

tions in an applied fission spectrum .source as
suming zero buckling 

(cl The ELMOE-determined ahmiinum cro.ss .sec
tions in an a])plied source which is constant with 
respect to energy and assuming zero buckling 

The cross section sets are compared in Table III-6-
II. The ratio of critical core volumes using Set (b) 
re!ati\-e to Set la) in the reflector was calculated to be 
1.17, As the cross sections of Set Ic) are closely simi
lar to those of Set (bl no subsequent eritieality calcu
lations were made with Set ici. 

Current studies of calculated a\'erage group cr'oss 
sections for reflectors containing light materials indi
cate that the choice of an apitlied fission source to
gether with the assumption of zero buckling lead to 
negligible error in reflector grou|) transjiort cro.ss sec
tions. Such is not the ca.se, however, for the group 
transfer cross sections. In a reflector region the trans
port cross sections will gi-nerally be more important 

Energy (Iroup 

1 
2 
3 
4 
6 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

T.Mii.i: i n li II. ( 

Group Lower Energ\-
.\leV 

3,668 
2,225 
1,35 
0,825 
0.5 
0,3 
0,18 
0,11 
0,067 
0,0407 
0,025 
0,015 
0,0091 
0,0055 
0.0021 
(1.1)005 

l i M r \ K l . s o N s i i r ( i m 11 (• CR 

Seta" 

Transport 

1,37 
1,60 
2.00 
2.48 
2.97 
3,17 
3,82 
5,02 
5,98 
2,78 
6,34 
0,75 
1.13 
1,51 
1,37 
1.37 

Elastic 
transfer 

0.118 
0,162 
0.216 
0.332 
0.404 
0.420 
0.484 
0.632 
O.(i90 
0.308 
0.721 
0.081 
0.121 
0.161 
0.0.507 

0 

.SS S E I I I . ' N S H. H .Vl.1 \ U M \ I , i i \ R N s 

Set 4 

Transport 

(l-37)» 
1.36 
1.90 
2.10 

2.90 
2.66 
2 40 
2.17 
1,97 
0.639 
0,711 
1.10 
1.49 
1.37 

(1.37) 

Elastic 
transfer 

(0,118) 
0,238 
0.321 
0.378 
0.481 
0.466 
0.468 
0.547 
0.497 
0.3-23 
0.202 
o.ioi; 
0.163 
0.184 
0.105 

0 

Sett 

Transport 

1,33 
1,90 
2.09 
2,77 
2,90 
2,66 
2.40 
2.17 
1.97 
0.638 
0.711 
1,10 
1.49 
1.37 

Elastic 
transfer 

0,198 
0.299 
0.368 
0.47H 
0.462 
0.467 
0,546 
0.496 
0.3-23 
0,202 
0.106 
0.163 
0.1S4 
0.105 

" Parentlicses indicate use 
groups. 

nf tlip same value as in Set a for crilicalit.\- comparison. Xo 1';L.\H)1'; values were obtained for tliese 
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than the ti-iin.sfi')- ci-oss .si'Ctioiif' insofar a.s t')-iti('al 
core mass is I'OiU'Ci-nt'd, Therefore, the faetor, 1,17, 
calculated for the ahuninuin-refiected assemhly sliould 
be a reasonable indication of the error which would 
arise if direct YOM-'' aluminum cross sectiiDis hail been 
used. 

EFFECT UF DIFFFSIO.X THKORV .\XI) C'o.\'si,sTKxr 

B-1 E L M O E - E F F E C T I V E CROSS SFK'TIDNS ON 

CRITICAL MASS CALCVL.ITIONS OF Z P K - U I 

F A S T CRnicAL .ASSEMBLIES 

The ELMOE code' - was often employed to obtain 
the eft'ective grou|) ci-oss sections for transport anil 
elastic transfer for several fast critical cores. The 
critical masses wei-e then usually calculated with the 
DSN code" in the .s'r approximation. For these studies 
the ELMOE averaging has gcnei-ally been in the P-1 
approximation. As the ELMOE program also has con
sistent P-1 and consistent B-1 options, it was of in
terest to calculate a few ZPR-III assemblies'' using 
effective cross sections obtained with the consistent B-i 
option. Four assemblies (No, 14, with gi-aphite diluent; 
No, 22, with U-238 diluent; No, 23, with (duminum 
diluent; and No, 32, with steel diluent) were studied. 

The i-ali-uhited ratios of critical volumes using the con-
.sistent H-\ averaged cro,ss sections relative to the criti
cal volumes using the simple P-1 averaged cross 
sections are 0,991, 0,993, 0,984, and 0,951, respectively. 
The ratios correspond to increased calculated reac
tivities of -I-0,20J, -1-0,19;, +0.i'/c, .and -1-1,2'% Afc/fc, 
respectively. It may be noted that as ZPR-III calcula
tions usually tend to be too reactive, use of consistent 
/i-l averaging (rather than sim|)le P-1 averaging) 
tend to increase the reactivity even further. 
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III-7. Publicat ion of I><-<'liii'e No tes on Fast Keaolor Phys ios -4nalysis 

D, .MENECIIETTI 

The lecture scries of a seminar course in fast reactor 
physics analysis presented by the author has been 
published as a laboratory report.' The primary pur
pose of the lectures was to teach the ludiments of fast 
reactor physics with emphasis on calculations. The 
subject matter was chosen as an introduction to fast 
reactor analysis for persons reasonably familiar with 
thermal reactor physics. I t was the author's intent to 
present a practical course which would introduce suf
ficient subject matter to enable the student to sense 
pitfalls in blindly adhering to recipe calculations. Such 
ealcuUations are tempting because of the ready avail
ability of multigroup cross section sets and major re
actor computing programs. 

The subject matter includes discussions of fast re
actor characteristics, breeding, multigroup methods, 
cross section definitions and evaluations, discrete ordi
nate transjiort methods, ti'ansport approximation, By 
))iethod, asymptotic diffusion theory, equilibrium spec-
tr:i, lesonance effects, perturbation analysis, shape fac
to)-, lifetii))e, delayed-neutron fraction, reactivity-pe-
))od i-elations. eou]iled systems, sodimn void effect, and 
Dopplel- effect, 
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i n - 8 . I n v e s t i g a t i o n s o f a 6 0 0 - L i t e r U r a n i u m C a r b i d e C o r e ( Z P K - V I . \ s s e n i b l y N o . 2) 

G. K. RUSCH, E . R . BOHME,* L , R . D . W E S , S . GRiroNi.t \ \ . Y. KATO, 

G. W. MAIN, H . H , MEISTER,* M . NozAWA,t and R, L, STOVER 

INTKOOUCTION, COMFOSITION AND t'lirricAL .MASS 

ZPR-VI .\sseinbly No. 2 was a nominal liOO-liter 
uranium carbide (UC) core used primaril.v for sodium 
versus void reactivity worth studies. The core was re
flected both axially and radiall.v with a :^0-cm thick 
blanket of depleted uraniiDiL Table III-8-I details the 
core and blanket conipositions. The height of the bare 
core, neglecting the l,()-mm stainless steel gap at the 
interface of the halves due to the drawer ends, was 91,4 
cm. Figure III-8-1 shows an outline of the core and blan
ket cross section. This coiiHguration contained .'>.")0,.") 
kg of U-2:j.5 and had an excess reactivity of 0,20.5 "̂ e. 
Correcting for this excess reactivit.y by substituting 
depleted uranium for core materials at the radial bound
ary of the core restdted in au experimentally determined 
critical mass of .'i44,0 kg of r-2:5.x§ losing the above 
numbers for critical mass and core height, the critical 
diameter of the hare core was calculated to be 92,1 cm, 
and the critical volume to be 010 liters. 

I'igure III-8-2 shows a typical drawer loading, F]ach 
drawer is 61 cm long, tbe back \fi.2 cm of the drawer 
being loaded with blanket material. The movable 
drawer loadings were mirror images of the stationary 
half drawer loadings. 

Besides the sodiuiu-voitl eoefifieient studies, central 
leactivity coefficients of various materials, fission ratios, 
Rossi-a measurements, and other miscellaneous meas
urements were of interest. These are discussed below, 

(['ONTHOL ROD CALIBRATIONS 

The results obtained by using a dynamic-rod calibra
tion technique^ were compared (Table III-8-II and F'ig, 
III-8-3) with results obtained by conventional period 
and step function (rod drop) reactivity change meas-
in-cments. In the dynamic-rod calibration techni<me 
the rod to be calibrated was continuously withdrawn 
from the initially critical reactor. The resulting flux de
cay was analyzed b.y the usual spaee-iudependent ki
netic e(iuations using calculated dela.ved netitron pa
rameters ()3 = 0.007:i and 4.')1 Ih = 1':?- Ak/k). 

For all rod calibrations the neutron intensity was 
measured with a r-2:i.") fission chamber operated as a 

* Kernreaktor, Karlsruhe, Germany, 
t Comitate Nazional Per L'Energia Nucleare, Italy, 
t Japan Atomic Energy Research Institute, 
§This includes an extra eolunui of enriched fuel—Hod No, 

5 (Fig, n i .8-1) to increase tin i r l h . 

pulse chamber, a current pulse amplifier,* a prescaler, 
and a multi-channel analyzer. Control rod position 
data were obtained from a photocell system wherein a 
light beam was modulated l.y a .seLsyn )nd-positioii in
dicator. 

The calibration curve hiimil by the dv)iai)iic--rod 
technique exhibits oscillatory fluctuations with ampli
tudes increasing from ± 2 Ih at the end of the curve. 
These non-random \ariations lesult from a four-point 
smoothing procedure used in analyzing the count late 
data. 

Dynamic rod worth measurements taken at various 
power levels, rod speeds, and at various positions were 
consistent. 

Sl'ECTRAL I\])1(-ES 

MEASUREMENT OF FISSION I{,\TI().S 

Fission ratios of se\-eral isotopes ha\-e been deter
mined with a pair of absolute gas-flow lission chambers 
and also with a set of solid-state detectors. The meas
urements were made near the center of the core, first 
in the regular loading pattern with sodium-filled cans 
throughout the core region, then in a central voided 
region (^41 em diam x 41 cm long) in which the sodium 
cans were replaced by empty cans. 

The gas-flow counters (."> em diam x 2,.5 em long) were 
made of stainless steel, 0,:i-inin wall thickness, and were 
similar to those described by !•', Kirn,' Each counter 
contained a known (luantity of fissionable material 
electroplated with a superficial density of ^ 1 0 0 >ig/cm' 
on a stainless steel backing plate. Two counters, one of 
which contained a V-ZVi coating, were placed in the 
center of the core so that each of them occupied a void 
volume, 2,.') cm deep by ,') cm scpiare, in the front part 
of the central drawers. The pulse cables and gas supply 
tubes were lead through an axial duct, 2.') cm x 1,3 cm 
wide, located in the middle of the drawers; the loading 
pattern in the remaining part of these drawers was 
shifted by 1,6 mm with respect to the normal pattern. 

The two solid-state detectors (l..'i cm diam and 
•^100 Mg/cm" coating thickness) were centered between 
the two fuel columns of drawere S,M-2321,** about 10 

** .S/M means stationary and movable drawers; the first two 
digits of the number indicate the row number in the matrix, 
and the second two digits indicate the column number. To
gether they define a ])arlicular location in tlie matrix (see 
Fig. III-S-1). 

file:///ssenibly
file:///sseinbly
file:///fi.2
file:///ariations


92 / / / . Fa.'il Reactors 

U-235 
U-238 
C 
Na 
Fe 

Cr 

Ni 

SS-304 

TAIil,!'. III-S-I. Zl ' l t - \ ' I , ,'\ssi.;Mni.v No. 2 Cnitt; 

Core 

Atom density, 
atom/cm" X 10" 

0,002285 
0.009853 
0.01290 
I) IIOT'.llO 
O.DIOW 

0.002983 

0.001390 

0.01475 

Average density," 
g/cm* 

0.8915 
3.982 
0.2573 
0 ;i019 
0.9621 

0.2.575 

0.l;i.55 

1.;).55 

YOM volume'' 
fraction 

0.04760 
0.2052 
0.1540 
0.3595 
0.1226 

0.037-24 

0.015-22 

0.17506 

\NI) l i l , . \ N K K r CoMI-l srrin.\s 

Blanket" 

Atom density, 
atom/cm' X 10" 

8.104 X 10- ' 
0.0.3993 

-
0.004-2-23 
0.006782 
0.001214 
0.001950 
0.000566 
0.000909 
0.006003 
0.00965 

Average density, 
g/cm' 

0.03162 
15.777 

0.:i916 
0.6289 
0,1048 
0.1683 
0.0552 
0.0887 
0.552 
0,8865 

YOM volume 
fraction 

0.001688 
0.8318 

— 
0.04986 
0.08008 
0,01516 
0.024.35 
0.00(i2 
0.0100 
0.071-22 
0.1146 

•' Densities wore ciiIi'iilEitetl from known wei^lits and vnlunies. 
' 'The YOM vfilurnc l>;icti(uis were iil)tuined l)y dividing the arlii;il ilminnti 

densities used by Yiftali, Okront and Mnldauer." 
" I t is noted that two .sets nf values are given I'nr the slainh'ss steel cnnleiit 

part of the blanket wa.s i-otilained in stainlews steel drawers while the outer pen 
matrix tubes, l̂ 'or nmsl calcnlatinns, the resulting difference is negligible. 

•d) alum densities by the corresjumding atom 

lanket. This is due to the fact that the iimer 
"tbeiilaiiket were inserted directh" int ' i the 

cm radially outwai'd from the center of the core. Katies 
of atomic fission cross sections obtained in tliese experi
ments are listed in Table III-8-III. The values are 
corrected for fission contributions of isotopes other than 
the principal ones. The experimental errors are based 
on statistical counting accuracies which were better 
than 0.5 %. The uncertainty in the amount of fissionable 
material deposited was less than 1 ̂ /r in cases where the 
coatings were prepared from solutions of gravimetri-
callyknownconcentration. Errors from 1.5 *'<' to4 ^'e were 
assumed where the amount was determined by its 
alpha activity on the basis of the known isotopic com
position. 

Except for the I'u-2M'.I r-2o.") ratio, j>;ood agreement 
between the resuits of the fission chambers and solid-
state detectoi's is found. This indicates that the spectral 
perturbations of both detector types are either small or 
nearly e(]uai. 

The compaiisou between solid-state deteetor aiitl fis
sion chamber data, howe\'er, does not reveal systematic 
errors in the samph' masses since, for most isotopes, the 
same stock solutions were used to prepare the c<iatings 
for both detector types. A comparison of fission chamber 
data obtained with samples which were prepared from 
different stock solutions is given hi Table III-8-III for 
the isotopes U-2;̂ li and r-238. Agreement within 2% 
or better indicates that the assumed uncertainties of 
sample masses are realistic. 

FINE STRUCTURE OF U-235 AND U-238 FISSION RATES 

The distribution of the I'-235 and r-238 fission rates 
across the heterogeneous structure of a coic drawer was 

measured by irradiating a set of enriched and depleted 
uranium foils. Pairs of these foils (9.27 mm diam, 0.13 
nnii thick) were placed between the mockup plates of 
drawer S2325 or S2322 at a distance of 10 cm from the 
interface. (Janinia activities above 412 keV were meas
ured relative to enriched and depleted uranium foils 
which were irradiated during the same run between the 
sensitive areas of the l'-235 and r-238 fission chambers, 
thus providing a calibration of foil activities in terms of 
absolute fission rates. 

I'oil tra\'erses were measured in loading patterns, 
both with sodium-tilled cans and with empty stainless 
steel cans. Results are shown hi Figs. III-8-4 and 111-8-5. 
In either case, there is a very smooth variation of the 
r-235 fission rate similar to the over-all macroscopic 
fiiix distribution, and a pronounced fine structure iu 
the r-238 fission rate with maxima at the fuel columns. 

With the sodium-hlled cans, the resulting fine struc
ture fission ratio, af, a} , varies within +10'~( and —7'̂ r 
about the ratio of the volume-averaged fission rates, 
aY/a}" = 0.0358.* The 1^-238, r-235 fission ratios found 
with the solid-state detectors are 3.9'"i lower than this 
value and agree closely with the value aj^ a}^ = 0.0344 
taken from the foil traverses at the middle of the drawer 
{z = 2.8 cm) where the solid-state detectors were lo
cated. The fission ratio a'//(T}^ = 0.034(1 measured with 
the gas-flow counters is 3.4'̂ ;) below the volume aver
age, showing that the spectrum at the detector position 
inside the 5-cm cube void volume is slightly different 
from the \(ihniie-averaged spectrum. 

vt.Unne 
; the ftiil 

iveraged fi.ssion rates were determined by 
fission rate data (Figs. I l l S-l and III-S-5). 
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EftwĤ ---: ̂  
1 I I I i 1 1 I ! i - | i ' 

I ' 1 1 

T l m mil 

^ ^ ^ 

1
1

1
1

1 
1

1
1

1
1 

1
1

1
1 

1 M 1 M 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M 1 1 1 1 1 1 1 1 M I I 1 

or 

03 

0 » 

OS 

06 

DT 

in 

11 

1 3 

,, 
15 

I B 

1 9 

IS 

: i 

22 

23 

7, 

26 

29 

31 

33 

35 

3T 

39 

30 

4 1 

01 02 03 04 05 3 10 1 1 1 2 1 ] 1 4 I 5 1 B 1 7 18 19 20 2 1 2 2 2 3 24 2 ) 2 6 2 7 29 29 3 0 3 1 3 2 3 3 3 4 1 ) 3 6 3 1 3 a 3 S 1 0 4 

TOTAL U-235 IN COftE - 550.5 Kg. EXPE R I M E N T A L CRITICAL 

MASS - 5it<i.O Kg U-235. CRITICAL VOLUME 610 LITERS 

CORE ( H E I G H T / D I A M E T E R ) = 0.99 

a D.P. CONTROL ROD 

D INSERTION SAFETY ROD 

Fni. III-S-1. Outline uf Core and Blanket C'mss Seetion. 

In the measurement with tiie empty cans, somewiiat 
smaller fluctuations in the local r-238 fission rate were 
observed. The r-238 r-23.") fission ratio measured with 
the fission chambers was 2.1'r' lower than the volume 
average af/d'/. Similar measurements were made in an 
luibunched fuel configuration containing four 0.8 mm 
fuel columns per drawer. This loading pattern was es
tablished in a central region of 3 x .") drawers in each 
half. Figui'e ni-8-(i shows a smaller variation (=b') ' ;) 
of the r-238 fission rate, while the fission ratio found 
with the flow counters was only 2^( below the volume 

average. Compared to the noi-mal pattern, however, all 
fission ratios are smaller in this case since each drawer 
of the test region contained 17^"< less fuel. 

The spectral softening at the fission chamber location 
inside the central o-cni cube void volume, which was 
encovmtered in all three foil measurements, may be ex
plained ill the following way. Among the neutrons en
tering this voided cube, only those emerging from four 
sides represent the average neutron spectrum, while 
those coming from the two surfaces formed by the 
horizontally adjacent drawers are expected to have a 
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TABLE III-S-ITI. ExpERiMENT.vL FISSION R. \TIOS 

95 

Isotope Ratio 

U-233/U.2.35 

U-234/U-235 
U-236/U.235 
U-238/U-236 

Np-237/U-235 
PU-239/U-235 
PU-240/U-235 
,\m-241/r-23.') 

Sodium-Filled Region 

Flow counter 
(.r/A,") 

1.620 ± 0.020 
1,522 ± 0,020 
0.225 ± 0.004 
0.074 ± 0.004 
0.0346 ± 0.0005 
0.0.354 ± 0.0005 
0.174-
1.045 ± 0.020 
0,249 ± 0,005 
n.lOl" 

Solid state counter 

1.45 ± 0,04 

0.233 ± 0.007 

0.0344 ± 0.0010 

0.174 ± 0.006 
1-09 ± 0.006 

Void 

Flow counter 

1.526 ± 0.020 

0.2.50 ± 0.004 
0.082 ± 0 . 0 0 4 
0.0376 ± 0.0005 

0.188-
1.002 ± 0.020 
0.268 ± 0.005 
0.110-

.;e;;ii)n 

Solid state counter 
(•r/A/") 

1.51 ± 0,04 

0.250 ± 0.007 
0,087 ± 0.004 
0.0375 ± 0.0011 

0.187 ± 0.005 
1,12 ± 0.04 

« No accurate isntiijjic analysis is yet avaihdile; data are l)a.sed fni an assumed 100'j isolnpif purity of the \j)-237 and Ain-241 
samples. 

Fi<i. TII-8-4. llelative 1 )ist riliuti. 

Z, cm 

(if Fissions within Core Drawer with Na Filled SS Cans. (Central Core Tiegion.) 
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^ 0.38 

F I G . III-8-5. Relative Distrilmtion nf Fi.ssions within Core Drawer with Knii)ty SS (void) Cans. (Central Core Regicm.) 

softer spectrum which is characterized by the lower 
local fission ratio at the wall of the matrix tube (see 
Fig. I I I -8-4or r ig . IIl-8-o). 

In addition, a spectral softening is expected to occur 
by inelastic scattering hi the surrounding 1.0-nmi thick 
stainless steel walls of the central matrix tube, which 
represents an excessive amount of stainless steel with 
respect to the average composition of a drawer. The 
spectral perturbation by the fission counters themselves 
adds to this effect, but is probably much smaller. 

FOIL 1HH.\I)I.\TIOX Fon RADIOCHEMICAL ANALYSIS 

A pair of enriched and depleted uranium foils was 
closely attached to the sensitive area of the flow counters 
and irradiated for a radiochemical analysis of l'-2;i5 
and U-238 hssions, and U-2;i8 captures (see Table 
III-8-IV). The radiochemical 0-23") hssion rates found 
by the Mo-99 method (see Paper No. I V-23) agree 
within 3 % of those measured directly with the hssion 
chambers during the same run. The radiochemical 

fission ratios tT/'*/a->̂  agree with the fission chamber data 
within 1 %. 

COMI'ARIriOX OF SPECTRAL INDICES WITH CALCULATED 

VALUES 

l''or a comparison with calculated values, the experi
mental data are corrected to represent the hssion ratios 
in the volume-averaged heterogeneous spectrum, which 
is expected to resemble closely the spectrum in a homo
geneous assembly of the same material eoniposition. 
To this end, the fission ratio of material ".r" relative to 
U-235 is multiplied by the correction factor ./'J: = 
[(o}/df )/(ff///a-)DKeotor], whlch is a monotonic func
tion of the threshold energy and is known for the two 
extreme cases: the r-238/r-23ri fission ratio from the 
foil traverses (/̂ a = 1.034 for the reference core, /sa = 
1.021 with the central region voided), and the fission 
ratio of two non-threshold isotopes where/x ~ 1- Cor
rection factors for the t)ther threshold substances were 
estimated by interpolation (Table III-8-V). 
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Fiii. III-8-6. 
Core Region.) 

Hfhilivc Distriljulioi 

Z, cm 

ot Fissions within Cure Drawer with Foul' id .\a Filled SS Cans. (Central 

The corrected experimental fission ratios are com
pared in Table III-8-V with calculated values. These 
were derived using Ki-group fission cross sections (ANL 
set i\.^o) and from the neutron spectra in the center of 
the core which were obtained î y Ki-group diffusion 
theory calculations in spherical geometry (Code RE 
122). For the isotopes Np-2;i7 and .\ni-241, Ki-group 
fission cross sections were derived from tlie cross section 
(•tin'cs in BNL-:i2."). 

For all threshold (letet^tors, fission ratios re]ati\-e to 
F-2;?5 are found to be considerably lower than those 
derived from the calculated spectra. Deviations range 
from ii% for r-2:i8 up to about 12 ' ; for U-234, V-2:Mi 
and Pu-240, while deviations as high as :M '7 are found 
for Xp-2:!7 and .\m-241. In the case of Xp-2:57 and 
.\.M-241, however, there are considerable uncertainties 
concerning the attributed sample weights which have 
i)een determined by alpha counting on ttie basis of an 
uncertain isotopic composition. 

The observed non-throshold fission ratios (l'-233/ 
F-23.5 and Pu-239. r-2:!.i) are only slightly siualler than 
the calculated values, with the exception of the Pu-2.S9 
fission chamber data which deviate by .i '̂ ; from those 
found with the solid state detectors. 

In general, the experimental fission ratios indicate 
that tlic actual spectrum is considerably softer than the 
calculated spectrum and that this shift to lower energies 

T.\BLF ni .S- I \ - . RADIIK'HEMICAI. FISSK.N 

. \ . \n C.M'TURK R A T E S 

U-235 fission rate {fissions/ 
min-g U-236) 

Hadioffieinical 
Fission chamber 

Radiochemical 
Fission chamber 

Radioclieniical 

1.270 X 10' 
1.238 X 10' 

0-l);i45 
O.O.'Mfi 

Void Region 

1.100 X 10" 
1.085 X 10' 

0.0378 
0,0376 

is more pronounced in the energy region near the r-2:)4 
threshold than at higher energies. 

The radiochemical capture-to-fission ratios were 
found to be 2091 lower than calculated. If the experi
mental data are correct, it would imply that either the 
observed spectrum is considerably harder than the cal
culated one, in contradiction to all the fission ratio 
measurements, or that the l(>-group capture cross sec
tion of U-238 is greatly in error. Both possibilities ap
pear to be very unlikely and it is more conceivable that 
some calibration error occurred in the radiochemical 
technifiue. 

A comparison of the spectral indices measured in both 

file:///ni-241
file:///m-241
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T A H L I ' ; 1 I I - 8 - V . I'lxPERIMENT.M, FiSSION .AND l''lSSI<)N-TO-C'.\l'TI-RE R A T I O S ((. 'oRRt;*-IKO KI>R V O L I ' M E - A V E R A G E D 

S P E C T R U M ) I N C 'OMI ' .VKISDN W I T H C A [ . ( T L A T E D V A L C E S 

Isotope Ratio 

U"«/U" ' 

Np"VU"» 

P u " ' / U " ' 

P u " V U " ' 
Am"' /U=" 

U!i"/U"> 

Method" 

F 
S 
F 
S 
F 
S 
F 
S 
F 
s 
F 
s 
F 
F 

11 

J. 

1,00 
1,00 
1,015 
1.015 
1,025 
1.025 
1,034 
1,039 
1.015 
1,015 
1.00 
1,00 
1,02 
1,025 

1.00 

Sodium-Filled Region 

Experimental, 

1,620 ± 0.025 
1,45 ± 0.04 
0,228 ± 0.005 
0.236 ± 0.007 
0.076 ± 0.004 

0.0358 ± 0.0005 
0.0358 ± 0.0010 

0,177 
0,177 ± 0.006 
1.045 ± 0.020 
1.09 ± 0.04 
0.254 ± 0.005 

0.104 

T.-'A," 

0.106 

Calc. 

1.5317 

0.2665 

0,0857 

0,0381 

0.2500 

1,1130 

0,2730 
0,1505 

0,1281 

f. 

1,00 
1.00 
1.01 
1.01 
1.015 
1.015 
1.021 
1.024 
1.01 
1.01 
1,00 
1,00 
1,012 
1.015 

1.00 

Void Region 

Experimental, 

1.526 ± 0,025 
1.51 ± 0.04 
0.252 ± 0.005 
0.252 ± 0.007 
0.083 ± 0,004 
0.088 ± 0.004 
0.0384 ± 0.0005 
0.0384 ± 0.0011 

0,190 
0,189 ± 0,005 
1,062 ± 0,020 
1,12 ± 0.04 
0,271 ± 0.005 

0.122 

"Pl",'^ 

0.0991 

Calc. 

1.541 

0.2930 

0.0934 

0.0409 

0.2754 

1.139 

0.3000 
0.1644 

0.1249 

Ratio Void/S 

Experimental 

1.004 ± 0.010 
1.041 ± 0.010 
1.105 ± 0.010 
1.068 ± 0.11 
1.092 ± 0.015 

1.073 ± 0.010 
1.073 ± 0.015 
1.073 ± 0.015 
l.OliS ± 0.011 
1.016 ± 0.010 
1,027 ± 0.010 
1.067 ± 0.010 
1.077 ± 0.015 

dium 

Calc, 

1,006 

1,100 

1,090 

1,079 

1,101 

1,023 

1,101 
1,092 

0.935 ' 0.9750 

' F = Fission chamber. 
S = Solid-state detector. 
R = Radiochemical analysis. 

core conhtiurations (sodium and void) shows that re-
inovhig the sodium from the central region of the core 
causes a hardening of the spectrum as shown by a 
measurable increase of all fission ratios and a decrease 
of the r-238 capture to r-235 hssion ratio. The ob
served fractional changes of the hssion ratios (which 
are not afl'ected by uncertainties of sample masses) are 
in good agreement with the calcuhitetl \'alues. 

HOSSI-ALPH.A. MEASUREMENTS 

The prompt neutron decay constant a near delayed 
critical ( —7.(5 Ih) has been deterniined by the Rossi-a 
techni(iue. Two fission chambers were used: one of them 
(located in the central drawer S2323) was used to start 
the timing cycle, while the pulses of the other chamber 
(at S2314) were recorded by the time analyzer (channel 
width 1.̂ 1 X 10~ sec). I''roiii the measured distribution 
of chain-related counts, 

a = (3.44 ± 0.12) X lO'.sec^' 

u'as (^ibtained, Afeasuroncnts with only one lission 
chamber located at S2323 gave the same result within 
the experimental error 

a = (3.52 dz 0.15) X 10'sec"'. 

Krom the average of both values, the decay constant at 
delayed critical was found to be 

a, = &,jj/l = (3.48 ± 0.10) X lO'sec"'. 

Hence, the prompt-neutron lifetime 

( - (21.4 ± 0.()) X 10"'sec 

is obtained on the basis of the calculated delayed-
neutron fraction /3,// = 0.0073. 

(i.\i' WORTH ME.\SUREMENTS 

(lap worth measurements were pertormed on Assem
bly \ o . 2 so that corrections could be applied to exper
imental data. Measurement? were performed both with 
air and type 304 stainless steel in the gap, the latter 
being of interest since the gap is in part attributable to 
the stainless steel drawer eiuls. 

The air gap measurements were made by bringing 
the table halves to a preselected separation and estab
lishing eritieality. The change in reactivity necessan.' 
to aehi(>ve eritieality with the gap was determined by 
the positions of calibrated control rods. The table 
separation is measured with a precision of dz0.02 iiini 
relative to an arbitrary zero determined by the mini
mum possible separation of the reactor halves. True 
zero of the core is different by at least the thickness of 
the drawer ends, approximately 1.0 iimi. 

The stainless steel gap wortli curve was obtained by 
placing sheets of stainless steel of known thickness across 
the entire face of tlie stationary half of the reactor and 
driving the movable half hrndy agahist it. Criticality 
was achieved with calibrated control rods resulting in 
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data fin- the gap curve. Figure III-8-7 is a plot of the 
data thus obtained. 

Tvi'K 304 ST.\INLESS STEEL—WOKTH ME.ASUREMBNTS 

The worth of t.ype Ii04 ,stainleys steel was measured 
as a fuitction of radial and axial position within the core 
of Assembly No, 2. The measured values are compared 
with calculated values, 

.A not of four radial positions was selected for in\-esti-
gation, .At each radial position the steel worth was de
termined at tliree axial positions. Figure III-8-8 sche
matically shows the positions involved. The resulting 
experimental data are shown on Fig, III-8-9, Figure 
IH-8-10 displays the measured worths, as a function 
of radial position at the axial center of the core versus 
calculated worths as a function of radius in a spherical 
core. The perturbation calculations were made using 
ANL code lloo./UP". 2.')4 and ANL cross section set 199. 
Spherical shell calculations, in which the density of 
stainless steel between two spiierical radii was varied, 
were made using . \NL diftusion theory code RE 122 
and cross section set VhM). 

S O D I U M C O E F F I C I E N T ME.tstjREME.NTs 

These expei'iinents are part of a program de\oted to 
an understanding of the sodium versus void coefficient 
behavior in fast reactors. The experiments consisted of 
replacing all of the sodium-hlled stainless steel cans 
witii empty cans in various regions of the core and ob-
serviitg the change iit reactivity. The cans were arranged 
in the drawers in such a wa,y that modification occurred 
outside of the region where the sodium \'oid effect was 
being measured. Empty and full cans of the same size 
and weight were used in corresponding positions. 

Experimental errors as large as iO. ' i Ih are associ
ated primarily with uncertainties in table and rod posi
tions when relatively small inunbeis of drawers are 
handled. When large luimbers of drawers (^100) are 
handled, the uncertainties increase to ± 1 Ih, 

The experiments are grouped as follows into four sets 
according to the size and shape of sodium voided 
regions: 

1, three c,ylindrical central regions {L o^ D) 
2. three cylindrical regions (0..") < I. D < A) 
'•). twelve cylindrical rings 
4, central regions with dilferciit core diluents (Nb,S) 

Cylindrical Central Regions 

The sodium void effect was measured for the regions 
and corresponding cross sections shown in Fig, III-8-11 
( . \ ) , (B),(C), The shapes were as close as possible to 
cylinders with /. =i /.*. 

Comparisons of the experimental data in cylindrical 

FKI . III-8-7. Varialioi th Size of Cap. 

geom(4ry to the calculated icsults in spherical geometry 
re(|uire knowledge of a shape factor for the voided 
region. In this work the same shape factor was used for 
the voide'd region as was calculated for the entire core. 
The cross section sets used in the calculations were the 
. \XL cross section set 03")"' (which is a modification of 
the ^'().\I cross section set ) and the . \NL cross section 
set 199. The latter is an 18-group set which was pre
pared at .\rgonne.' ' 

The I'csults of the experiments, together with the cal
culated results, are presented in Table III-8-VL It may 
be seen that set 199, which includes self shielding, pre
dicts the experimental results much better than set 63') 
(see for example Hef. 9), 

Cidindrical Rcyions d).5 < I. D < ,S) 

.\\\ of these regions were done in only one lialf of the 
reactor and were therefore asynmietrical. .A study of a 
symmetric void region relatixe to an asymmetric void 
region showed that the etfect of asymtuetry was less 
than the experimental error. Therefore, it was as-
stimed that the measurements in an asymmetric Na 
region can be used to predict the symmetric Na void 
coefficient without introducing any significant errors. 
The cylindrical regions are shown in l''ig, III-8-11 
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(D),(E),(K). The expeiiiiieiital icsnlts for these re
gions are presented in Table l l l -8-\TI. 

(.f/linilncal Riiii/s 

This set of experiments was done to "map" the so-
diuni void coefficient tiu'oughout the core, Foiu- ring 
conhgurations of various diameters were formed, one at 
a time, at each of three axial positions. The axial length 
of each s-oided region was in ever.y case 10,2 cm; the 
geometric conhgurations of the regions are shown in 
Fig, IlI-S-11 ( ( i ) , (n) , ( I ) , ( . I ) , f:xi)erimeiits in\-iilvi)ig 

the conhguiations SIHIHM in I ig, III-8-11 (Hf,(.I) were 
performed with half lings after a.scertaining that the 
error involved in exti'apolating the results to complete 
rings was less than the experimental uncertainties 
associated with a measurement. 

The experimental results obtained are compared with 
calculated values in Table I I I -S- \ I I I . Calculations for 
this set of experiments \\ere perfoitned with a one-di
mensional code (liI'M22) in sltib and cylindrical geome
tries, Cioss section ,set 1!I',| was used. Only the sum of 
the \-ahles measured I'm' the iiuliviilual rings at each 

file:////ere
file:///-ahles


2.0 

1.0 

0 

-1 .0 

- 2 .0 

- 3 .0 

-H.O 

- 5 . 0 

1 

'— ^^-^ 

~ 

— T ^^^,^^^ 

1 1 1 

T 
1 

'^ ^ ^ ^ ^ ^ 

^.^^'^^ i 

T j < / d POSITION •! 

X y ^ / 0 POSITION -2 

...'''''^ / D POSITION -3 

/ POSITION LOCATlOHS IN 0H*HERS 

/ POSITIO, . 1 - ^ ^ 3 | . ^ 3 | . ^ ' ^ " « " -

^ ' x ^ 

A X I A L CENTER / 

'A \-:\ y/r><\ 

lU 
h — ^ 15 — 

— POSIT ION ' 3 — 

OF REACTOR 

D I M E N S I O N S U I N C H E S 

1 
R A D I A L P O S I T I O N - D B A W E R S FROM C E N T E R 

F I O . I I I .S- ' . I . l^i.li^il Wc.rlli "f Type :ill4 SOiiiilpss Steel. 

- 5 

m TTTT 0 X I T H r I E I 3 E 

RADIAL POSITION - DRAWERS FROM CENTER 

Fm. III-S-10. Cninparisnii nf C:llcul:ited aiui Measured SS AVerllis as Functinii nf Hailius. ).\xial Ceiit<'r nf Core,) 

101 



H E A V I L Y O U T L I N E D A R E A S ARE NO - V O I D 

R E P L A C E M E M T S E C T O R S 

DIMENSIONS ORE; IN INCHES (CENTIMETERS) 



Ru-'ich, Bohme, Dates, Grifoni, Kato, Main, Meister, Nozawa, and Storer 103 

T A B L I - ; i n - 8 - \ ' I . ICxi'ERIMENT.VL liE.SIl.TS AND ANALYTICAL 

I ' H K I U C T I ' I N S F O R C ' E . N T R A L R E C I O N S 

Region'' 

A 
B 
C 

Measured 
Effect, 

Ih 

- 2 , 0 ± 0,5 
- 1 1 , 8 ± 0,5 
- 4 5 . 0 ± 1.0 

F.\perimental 
Sodium 

Coefficient, 
Ih/kg of Na 

- 1 . 0 
- 2 . 0 7 
- 2 . 9 9 

Calculated 
Sodium 

Coefficient, 
Set 199, 
Ih/kg 

- 1 . 4 7 
-2.0!) 
- 2 . 8 0 

Calculateil 
Sodium 

Coefficient, 
Set 635, 
Ih/kg 

+0..32 
- 0 . 4 4 
- 1 . 3 0 

' npjiiniis refer tn cure vuliiines shown in Ki^. III-8-II. 

'JWIiLI'v I I I - 8 - A ' I I . I*;XPERIMENTAL H E S I L T S FOR 

C Y L I N D R I C A L H E C H O N S 

liegion" 

F 
E 
1) 

.Measured Effect, 
Ih 

17.0 ± 2 
- 8 4 . 3 ± 1 
- 4 7 . 7 ± 1 

E.xperimental Sodium 
Coefficient, Ih/kg 

- 4 . 5 
- 4 . 8 9 
- 6 . 3 4 

Hcginn.s refer In slinwn ill Fig. I l l S-II. 

T.Mil.i; 111 S VIII . I IF T l I K C l I . I . M l R K 

The cxpciiiiiciital \aliies, plus estiiiiatfd values for 
the axial positions where no tneasureiueiits were taken, 
are sumnied over the entire core and eoinpared with 
calculated (code HE 122) reactivity changes when the 
entire core is voided of sodium. The results are shown 
in Table III-8-IX. 

In addition, perturbation calculations in spherical 
geometry, from a .")0% voided core (in order to give an 
average worth of sodium from full to void), were done 
with cross section set 19!), The results of these calcula
tions are presented in Figs. 1II-8-12 and 111-8-13, to
gether with the experimental sodium coefficients from 
the ring measurements, as functions of height and 
sodium resp(!ctively. The experimental results arc shown 
in these figures by the horizontal lines. The horizontal 
line in each case represents an a\erage coefficient over 
the region spamied by the line in the figure. The solid 
curves wei'c drawn through the experimental points. 
The detailed shapes of these curves were derived from 
the results of perturbation calculations. These perturba
tion calfMilations, as well as k,.// calculations performed 

I ! I M ; MKV.STREMLN IS w n f \i .n i.\ iinNs 

A.̂ ial Position (see Fig. 111-8-11) 

I I I 

I I 

I 

Experimental results for cylindrical shells 

Calculated results for cylindrical shells 

Discrepancy 

Radial C 

G 

onfiguration (see Fig, 111-8-11) 

H I J 

Experimental 
Results for 
Whole Slab 

Calculateil 
Results 

for Slal) 

(Negative inhours) 

14,75 
8,71" 
7,92 
3.78" 
3,70 

38.9 

34,6 

+ 12% 

22,54 
14.73' 
17..i4 
13.OO-
18.29 

80.1 

82.2 

+ 5 % 

30.97 29.25 = 97.5 
24.IK)' 27.31» = 74.8-
:!:! . ] : ! 4.'j.82 = 104.4 
20. U» 42.71" = 85.0" 
35.77 * 02.04 = 120.4 

150,0 207,7 

132,8 182,0 

+ 1 3 % +14% 

482.7'' 

431,0"! 

+ 12% 

74,8 
03,0" 
80,4 
04,0" 
83.4 

371.6' 

Discrepancy 

+ 13% 
+ 19% 
+ 2 1 % 
+34% 
+44% 

+30%, 

" I'^xtrupolated values f(ir the zones between tlie riiif;?-. 
'' Experimental value for half core. 
" Calculated value for half core in slali KC'^if'try. 
'' Calculated value for half core in cylindrical geometry. 

axial position or tlic siiin ot tho values incasuied at the 
individual axial positious (plus estiiiiatod values for 
the two intermediate axial positions) for each radial 
confi^iuratioii can be compared to calculated values 
because of the limitations imposed by the one-dimen
sional code. 

The agreement between experimental values and cal
culated values is not as good as was obtained for tiie 
first set of experiments when the calculations were 
performed in spherical geometry. This is probably due 
to the ilitficulty in evaluating the correct leakage terms 
for use in the slali and cylindrical calculations. 

T.\HLi^ III-S-IX. EKKECT I)F \"()IDIN(; TIIK VVIHILE C'ORE, 

Experimental —2.14 sum nf all rinj^s 
I , f — 2,12 all core void 
I ! —2.00 sum of snigle spherical shell 

Calculated '̂ _̂̂ |̂  / - ] , 7 ( i all core void 
I — 1.05 sum of single slabs 

; cylinder - l . ! )2 of single cylindrical she 

in spherical geometry, which are not reported here, 
show that cross section set 199 does predict reasonably 
well the magnitude of the sodium coefficient in tho 
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center of the reactor and also in the outer regions of the 
core. However, the increase of the coefficient in gohig 
outward from the center of tho core is underestimated. 
It is difficult to rigorously compare the calculated atid 
expeiiniental re.sults because the geometries utilized to 
obtain them are different. It appears that two dimen
sional calculations are necessary to obtain higher resolu
tion of the agreement between experimental and 
calculated results. 

Central Rcffions with Dijj'ercnt Diluents 

These experiments were performed to detenniue the 
effect on the sodium coefficient due to modifying the 
cort! composition. Two materials were studied: niobium 
and sulphur. They would possibly replace the stainless 
steel for cladding and fonn I'S instead of UC for fuel in 
a fast reactor core. The limited availability of the two 
materials, however, was such that only a small region 
could be modified. This region had the same cross section 
as region (B) in I''ig. III-8-11 but was 22.9 cm long in 
each half. The region in which the void was measured, 
however, was identical to region (B) in Fig, III-8-11 so 
that this can be considered as reference. 

To compare the niobium with the stainless steel, it 
was necessary to replace some of the other materials 
present in the core with these two materials. It w-as de
cided to replace the four columns of depleted uranium 
Hrst with niobium and then with stainless steel, noting 
ttie difference in the sodium void effect. 

In the case of sulphur, two ii.'.M'-t mm thick columns 
were introduced in place of two ;>.18 mm tiiick columns 

of graphite and one (i,:i.") mm colunui of sodium. This 
was equivalent to replacing two-thirds of the carbon 
(0.0086 X 10" nuclei/cm') with sulphur, (0,0070 
nuclei/cm'), resulting in a net decrease of sodium in 
the core. The columns of sodium had to be removed 
due to the small atomic density of sulphur. The core 
size was not the same in the three experiments dis
tinguished by niobium diluent, stainless steel diluent, 
and sulphur diluent. The core size had to be increased 
in the case of tiiobium with respect to the reference core 
because of the greater negative worth of niobium com
pared with depleted uranium. The contrary is true for 
the stainless steel. In the case of sulphur, the core size 
had to be increased relative to the original core because 
of the greater absorption of sulphur compared \vith the 
replaced materials. The results of these experiments, 
together with other pertinent data and with the results 
of calculations, are shown in Table III-8-X, These cal
culations were done by the same method used for the 
central regions. It may be seen that the cross-section 
set 199 predicts the correct change in the sodium coef
ficient in changing from stainless steel diluent to nio
bium diluent, while the ci'oss section set 201 (which is 
basically the Hansen and Koach'" cross section set) 
does not give the correct answer for sulphur even if 
compared with the reference experiment. It may lie 
noted that if the depleted uranium reiuained in place 
and if niobium were to be substituted for the stainless 
steel in the matrix, the drawers and th(? sodium cans, 
the sodium ctK'fficient would lie about +.').8 Ih kg prti-

T.-VHLi: IIl-S-X. SnuiiM Vnin ilrer.i '11 Dll-FERENT C O R E Dl l . rKNTS 

Reference 
core 

Stainless 
steel 
diluent 

Niobium 
diluent 

Sulphur 
diluent 

Volume Fractions, ^^'c ^nd Nuclei/cm^ X 10-' 

U-23S 

4,8 
0.002285 
4.7 
0.002205 

4.7 
0.002265 
4.8 
0.002285 

U-238 

21 
0.000853 
0.3 
O.OOOIBO 

0.3 
0.000100 

21 
0.0011863 

C 

15 
0.0129 

15 
0.0129 

15 
0,0129 
5 
0.00430 

Na 

30 
0.00791 

30 
0.00791 

30 
0,00791 

27 
0.00593 

SS 

17 
0.01475 

38 
0.03221 

17 
0.01475 

18 
0.01348 

Nb 

-

— 

21 
0.01123 

-

S 

-

I 

— 
20 
0,00090 

Core'' Ra
dius and 

E,\cess Re
activity 

with Sodi
um, Ih/kg 

40.3 
40 
44,9 
51" 

47,0 
45 
40,7 
43 

Measured 
ESect, 

Ih 

- 1 1 . 8 

- 7 2 . 3 

- 1 7 . 0 

- 5 . 3 

E.xperi-
mental 
Sodium 

Coeflicient, 
Ih/kg 

- 2 . 0 7 

- 1 2 . 7 

- 2 . 9 9 

- 1 , 2 5 

Calculated 
Sodium 

Coefficient 
Set 199, 
Ih/kg 

- 2 , 0 9 

- 9 , 5 

- 0 . 1 6 

-

Calculated 
Sodium 

Set 201, 
Ih/kg 

0.64 

-

-
- 1 . 0 9 

' Four additional drawers had to be added and their worth measured {17.5 Ih/drawer) when the vi.tid was made. 
' The core radius was obtained by equatinn the actual cross secti(mal area of the core to an equivalent circular cross section. 
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T,\JiLK n i - 8 - X I . SoDU M LOADED 1)R.\WERS TAHLK III-S-XII. SoDiiM COEFFICIENTS 

Set 
.••Jo, 

1 

2 

Typical Core Drawers 

S/M-2222, S/M-2223, 
S/M-2224, S/M.2323, 
S/M-2323, S/.\I-2324, 
S/M-2422, S/M-2423, 
S/.M-2424, 

S/M-2122, S/M-2123, 
S/M.2124, S/M-2221, 
S/M-2222, S/M-2223, 
S/M-2224, S/M-2225, 
S/M-2321, S/M-2322, 
S/.M-2323, S/M-2324, 
S/M-2325, S/M-2421, 
S/.M-2422, S/M-2423, 
S/M-2424, S/M-2425, 
S/M-2522, S/M-2523, 
S/M-2524, 

Fc|uivalcnt Bunchei 

S-2222, S-2224, 
S-2422, S-2424, 
M-2322, -M 2324 
M-2423, 

M-2122, S-2123, 
.M-2221, S-2222, 
S-2224, M-2226 

S-2321, M-2322, 
M-2324, S-2326, 
S-2422, M-2423 
M.2425, M-2522 

S-2523, M-2524, 

I'alUrn 

S-2323, 
M-2223, 

M-2124, 
M-2223, 

S-2323, 
M-2421, 
S-2424, 

Drawer 
Set 

1 
1 
1 
2 
2 
2 
2 

Configuration 
Voided 

18 in, of drawer 
Front 3 in. 
Back 3 in. 
Front 7 in. 
Front 4 in. 
Hack 4 in. 
IS ill. 

Loading, 
Ih/kg 

- 4 . 6 
- 1 . 6 

— 
— 

- 1 . 9 
- 7 . 5 

--

Bunched Sodium, Ih/kg"^ 

Sodium cans 
replaced by 

void^ 

- 9 , 1 ± 0.4 

— 
— 

- 4 . 3 ± 0,4 
- 4 . 9 ± 0,6 

- 1 4 , 9 ± 0,3 

Sodium cans 
replaced by 

empty SS cans 

— 
- 3 . 0 ± 0.4 

- 1 0 . 3 ± 0,4 
- 4 , 3 ± 0,1 
- 4 , 2 ± 0,2 

- 1 0 , 7 ± 0,2 
- S . 9 ± 0 . 1 

M51 Ih = I 'c p. 
*• Measurements corrected for stainless steel-void worth to 

correspond with other measurements. 

TAHLK III S X I I I . CKNTKVI. KK\ . • ivr rv CllEFFK-IENT 

Can Wt, 
g 

20,0 (SS) 
26,8 (Al) 
19,2 (Al) 
19,4 (Al) 

19,5 (Al) 
19,2 (Al) 

4 (Al) 
19,4 (AI) 
19,4 (.\I) 
19,2 (Al) 

_ 
4,3 (SS) 

__ 

49,4 (SS) 
49,7 (SS) 

8 (SS) 
30,3 (SS) 
55,8 (SS) 

Material Wt, 
g 

272,95 
123,40 
92,97 

177,08 
224,47 

1052 
257,85 
173,74 
237.14 
211,44 
209.37 
103.59 

1154 
106.9 
1.55.2 
499.6 

1183.0 
103 
488 
137,3 
152,3 
220,73 
481,20 
33.30 
29.07 (B'») 

Material 

U ' " 
Pu 
Pu 
WO, («0) 
W (*5) 

w 
W (*1) 
W («2) 
W (*3) 
W («4) 
W " (i«6) 
W " ' 0 , (i«7) 
D.U, 
Al 
AUO. 
SS.304 
Au 
C 
Fe 
F e j O j 

UO, 
Cr 
Nb 
1511. 

Rod * 5 , 
A cm 

-0 ,206 
-1 ,038 
-4 ,005 
-1,'271 
-0 ,777 
-0 ,972 
-0 .711 

Rod i«8, 
A cm 

4-18,3 
-1-12,5 
4-9,42 

-0 .590 | 
- 0 ,400 
-2 ,879 
-0 .114 
-1-0,149 
-0 ,089 
-8 ,719 
4-0.696 
-0 .500 
-0 .075 
-0 ,328 
-0 ,353 
-3 ,294 

-16,125 -10.240 

Inhours 

28.5 
19.6 
14,7 

-0 .515 
-2 .596 

-11 ,51 
- 3 , 1 8 
-1 ,943 
-2 .430 
-1 .778 
-1 .490 
-1 .000 
-7 .198 
-0 ,286 
4-0.373 
-1 .723 

- 2 1 , 8 
+ 1,74 
-1 .400 
-0 ,188 
-0 .820 
-0 .883 
-8 ,235 

- 6 3 , 8 

± 0,5 
± 0,6 
± 0,5 
± 0.05 
± 0.06 
± 0.05 
± 0.05 
± 0,05 
± 0.05 
± 0.05 
± 0.06 
± 0.05 
± 0.05 
± 0.06 
± 0.05 
± 0.06 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.2 

Can t^orreclion, 
Ih. 

-0 .009 
0.045 

-0 .033 ± 
-^1.033 ± 

— 
-0.0,33 ± 
-0 ,033 ± 
-0 ,033 ± 
-0 .033 ± 
-0 .033 ± 
-0 .033 ± 

— 
— 

-0 .015 ± 

— 

— 
— 

-0 .170 ± 
-0 .171 ± 
-0 .193 ± 
-0 .104 ± 
-0 .193 ± 

0.006 
0.006 

0.006 
0.000 
O,00li 
0.006 
0.006 
O.0O6 

0.001 

Net Inhours 

4-28.5 ± 0,5 
+ 19,0 ± 0,5 
+ 14,7 ± 0,5 

-0 .482 ± 0,056 
-2 .562 ± 0.056 

- 1 1 . 5 ± 0.06 
- 3 . 1 6 ± 0.056 
- 1 . 9 1 ± 0.060 
-2.397 ± 0.0.60 
-1 .745 ± 0.056 
-1.4.57 ± 0.056 
-0 .967 ± 0.056 
-7 ,198 ± 0.05 
-0 .285 ± 0.05 
+0.388 ± 0.051 
-1 .723 ± 0.05 

- 2 1 . 8 ± 0.05 
+1.74 ± 0.05 
-1 .400 ± 0.06 

0.005 -0 .018 ± 0.055 
0,006 -0 .649 ± 0.055 
0.006 
0.003 
0.000 

-0 .690 ± 0.050 
-8 ,131 ± 0.063 

-.53.0 ± 0.2 

Ih/kg 

+ 104,4 
+ 158,7 
+158,1 

- 2 , 7 2 
- 1 1 , 4 
- 1 0 . 9 
- 1 2 . 2 
- 1 1 . 0 
- 1 0 . 1 
- 8 . 2 5 
- 0 . 9 6 
- 5 . 9 1 
- 6 . 2 4 
- 1 , 7 1 
+2..50 
- 3 . 4 6 

- 1 8 . 4 
+10,9 

- 2 , 8 7 
- 0 . 1 3 
- 4 , 2 0 
- 3 , 1 3 

- 1 6 , 9 
-1843.0 

± 1,8 
± 4,1 
± 5,4 
± 0,32 
± 0,25 
± 0.05 
± 0.22 
± 0,32 
± 0,24 
± 0.27 
± 0.27 
± 0.34 
± 0.04 
± 0.44 
± 0.32 
± 0.1 
± 0.04 
± 0,5 
± 0,10 
± 0.40 
± 0,30 
± 0.26 
± 0.11 
± 7.0 
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\'i(lc(l u!l cITfcts !ii-(' :i(l(liti\'c. II' all nf the carlxin wcrr 
replaced by aulpluir, the sodium cocftiricnt. would drop 
to about —0.5 Ih ki^. 

SODIUM VERSUS \'oin COKKKECIENTS—.MODIFIED 

OH-WVEK LOADINGS 

TIK.' drawer loaiiJuy; pattern of Asseinbly \ o . 2 was 
iiioditied to obtain expeiinieMtaJ iuforiuation coueeniiiij; 
the dependence of tlie sodiuni-void coefficients on the 
sodium distribution. Alternate drawers were tilled with 
sodium-containinii cans and tlu' iiitennediary drawers 
were filled with fuel, depleted uranium, and graphite. 
Matinf^ drawers frotn opposite halves of the reactor 
contained different materials; i.e., a sodiuin-fiJIed 
drawer iu the stationary half of the reactor was opposite 
a fuel, depleted tuanium, and carbon containing drawer 
in the movable half. Because of the synunetry of the 
halves, each radial location in tliis bunched sodium ar
rangement still contained on the aveiage the same 
quantity of the same core materials as the typical core 
drawers. Figure III-8-14 shows the modified drawer 
loading patterns. I''igure III-8-15 shows the drawers 
contained in two experimental regions for a typical core 
loading and for the eciuivalent bunched loading. Table 
III-8-XI shows the drawers contained in two expei'i-
mental regions for a typical core loading and for the 
equivalent bunched loading. 

Table III-8-XII contains the residts of these measure-
ments compared to the iiicasurciiieiits obtained for the 
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r(|ui\'a.lent typical core drawer loadings. It is s<'en that 
in general the bunched sodium-void worths are greater 
than tliose obtained for typical drawers; the difference 
approaches a factor of two. 

CENTRAL HKArnviTv COEKFK'IE.N'TS 

'iabic III-S-XIII colliaiiis central reactivity coef-
(Icieiit data. Tlii' data witli assigned error limits of 
rtO.O'i III \\i-\v obtained using a mechanical sample 
changer, in these instances the table halves were not 
separated between reference and .sample experiments, 
and conse(|uently higher precision measurements 
resulted. 

FAT ]\IAN EFFECT 

.Multiplication measurements were made on Assem
bly No. '2 to obtain an indication of tlie possible useful
ness of the multiplication techni(|ue for predicting tlie 
worth of reflecting and moderating material between the 
separated halves of larger diameter reactor assemblies. 

aV 20-cm thick moderating material {Fat ]\lan) hav
ing an approximate hydrogen density of 5.5 X 10" 
atoms cm' and large enough to cover the entire face 
of the core and blanket was used for the moderating 
reflector. As the initial core loadings were made during 
the approach to a critical asseml)ly, Fat ]\Ian effect 
measurements were made. The measurements were made 
witli IV"F:{ pulse counters located on top of the reactor 
assembly as well as with fission pulse counters located 
in the center of the core. 

Normalized iiu'crse counting rates and luniiialized 
ratios of tlu- covmting rates without the Fat Man to 
those with the Fat Man are plotted in Fig. III-8-16 
versus kg of r-235 loaded into the stationary half of 
the reactor.* For Assembly No. 2. which had a L. D 
ratio of 0.99 and a critical volume nf (UO liters, the Fat 
Man savings is estimated from the inverse count rate 
data to be of tbr order of CO kg of V-2:Vi. 

REACTIVITY COEFFICIENTS OF EXPANSION 

An expansion experiment was performed with 28 
drawers comprising a sector having a volume approxi
mately I that of the stationary half of the reactor. The 
drawers in this region were loaded with 5-cm long plates 
of enriched uranhmi, depleted uranium, and graphite, 
as well as a normal complement of sodhim. In addition, 
the sodium columns were extended through tlie 15.3 cm 
of blanket material contained in the back of the drawer. 
A reference run was then made using the metal spring 
normally contained in a drawer to hold the drawer con
stituents firmly against the front of the drawer. The 

* F i s s i o n c l i a in lxT (l:il;i ;n-c tint .-̂ lu 

lint solf d i l l si s t e n t , a p p a r e n t l y iluf t n c 
nee t l ic d a t a were 

nic iiiiisi' prnliliMiis. 

file:////i-/v


8. Ransh, Bohme, Dales, Grifoni, Kato, Main, Meister, Xfzawa, and Stover 109 

drawer kiading and the sector of the core hivolved are 
shown in Fig. III-8-17. 

To simulate expansion, the holding spring was re
moved and the 5 cm plates of uranium and graphite 
were uniformly spaced (axially) with spacers to obtain 
an over-all "expansion" of 0.754 cm. The spacers were 
carefully removed and the drawers were carefully in
serted into the reactor to maintain as closely as possible 
the prescribed spacings. The 15.3 cm of blanket ma
terial within the drawer was also moved, as a whole, 
toward the back of the drawer. The resulting reacti\ity 
change measured was — 14.3 Ih. This expansion corre

sponds to a whole core reactivity change of —228 Ih or 
- 0 . 5 K ; lk;k. 

Calculations were performed in cylindrical and slab 
geometry using the .\NL one-dimensional diffusion 
theory code HE-122, and AXL cross section set 199. 
Csing slab geometry with a radial buckling term incor
porated, the axial analytical model is as close as possible 
to the experimental model. The cylindrical calculation 
assumed an axial buckling term which was modified by 
increasing the height of tlu.' bare core by the amount 
of the expansion. The two calculations gave respectively 
224 and 230 Ih for the entire core. 
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Iiiil)rovcil kiiouicilni- "f iiiieniM'opie eross sections 

togetlier with mote involveil iitoeedute-s for determina

tion of multigroup constants liavc recently led to the 

development' of an up-dated multigroup cross section 

set. A comparison has therefore been made between ex

perimental results and calculated (luantities, using this 

I'ecent ero.î s section set, for a representative series of 

ZPR-III fast critical assemblies. Critical masses, cen

tral detector response ratios, and prompt neutron life

times have been calculated. Because ot the relatively 

hard neutron flux sjiectra in these assemblies, the pres

ent comparison indicates the characteristics of this 
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26 ^roHp cross section sft only down to ;ihout No. 13 
having lower energy 9.1 kv\. 

For any given core composition tlie effective group 
cros.s sections for transport ;incl elastic transfer at
tributed to structural and siiiiulateil coolunt materials 
were obtained by using the l-ILMOE program.- Tbe 
luttei' solves a fundamental nioilr jirobleni using hun
dreds of line grou]is and yieliis coarse-group cross 
sections for use iu the >ubs('(|ueut multiregion-inulti-
group reactor analysis. Tlir details of the elastic scat
tering resonances pre-sent in the light element .struc
tural and the coolant atoms were thus taken into 
account. The data on tlie light element angulai' scattii-
ing were provided by a library of Legendre polynomial 
coefticicnts. 

In the present study the effective group rross ser-
tions for transport an{l elastic transfer were deterniined 
by ELMOE analysis using the consistent B^ oi)tion.-
The subsequent reflected systems criticality analyses 
were carried out using tbe DSN neutron transport 
code-' in the .Ŝ  approximation with spheiiral geom
etry. The latter calculations assumed tlii' coi'es to be 
homogeneous spheres. The DSN results were then cor
rected to account for the increased reactivity effect of 
the thin fuel plate heterogeneities"* and, when neces
sary, for tbe cylindrical core geometries. The result
ing ])redicted parameters are listed in Table III-9-I. 
The experimental values'' " ' ^ are li.sted for comparison 
with the corrected calculated ])aranieter. (The rela
tively small corrections for experimental irregular 
boundaries and for assemlily center-gap are not in
cluded I. 

The increase in reacti\'ity due to heterogeneity wa> 
estimated at I9c ^k/k ex<'ept for a few cases whei'e 
direct analyses bad been niade.^ The reactivity in
crement was then related to incremental change in 
core peripheral fuel ina^s tlii'o\igh calculated (AM/M)/ 
IA/I'/AM ratios. Tbe latter ratios were calculated using 
the DSN program in tbe .̂ 4 apjiroximation. The cor
rections to convert the calculated spherical hetero
geneous systems to cylindiical geometry were liaM-d 
upon estimated sbai)e factors (ratio of sjiherical criti
cal mass to corresponding cylindrical critical mass I 
except in the few indicated eases where directly cal
culated shape faetoi'.- wefe a\'ailal)le, Foi- the esti
mated eases the shape factors were taken to IH' (1.94, 
0.93, or 0.92 depending upon wliether the coir size was 
considered relatively small, moderate, or large in tlie 
limited range of core sizes studied herein. The previ
ous general studies of \A'. Loewenstein and (1. Main ' " 
and W. Davey'" togeihei with the few directly calcu
lated values were ii~ed as liducial guides in these 
choices. As Assembly 'M't had (|uite a large L/D ra
tio, the shape factor w;is e>.|iniated from a\-aliable 

(Mii'N'es'•'•'" of shape factoi' \-e!'sus L/J) ratio. Because 
of uncertainties in the slia])e factor and heterogeneity 
corrections, it was estimated that the percent error in 
reactivity of the final adjusted calculated masses rela-
ti\'e to the experimental values should be assessed 
on the estimate that the order of magnitude of error 
due to these uncertainties may be 0.5 to 1% in k,//. I t 
is noted, furthermore, that the .systems containing large 
amounts of light materials, i.e. Al, Na, steel, C, etc., 
were calculated to be most overly reactive relative to 
other selected materials. 

Table III-9-I also lists the calculated detector re
sponse ratios at the core centers and tbe calculated 
prompt neutron lifetimes. For comparison with ex-
perimrntal reported ratios, the experimental values of 
detictoi' I'esponse ratios were corrected for counter wall 
thickness." The lifetimes were calculated by the l/v-
insertion method. It may bo noted that the calculated 
lifetimes are in better agreement with experiment than 
]irevious studies of ZPH-III a.ssemblies using other 
cross section sets."*••'•'-
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111-10. Comparison of ZPK-III Shape Factor Calculat ions by Transport and Diffusion 
Methods 

D. MENEGHETTI 

It has boon usual in ZPH-III criticality calculation-
to ajiply sliajie factors to convert calculated spherical 
critical masses to the analogous cylindrical critical 
masses. This circumvents the necessity for a multi-
group two-dimensional analysis of a reflected fast 
critical assembly by employing instead a multigroup 
one-dimensional calculation. Estimates of shape fac
tors are often based u])on puljlisiicfP-'' experimental or 
calculated curves. These do not necessarily corres|)onfl 
to the particular assembly of interest. 

This study calculated exi)licitly the shape factors 
for three ZPR-III fast asscnililies, using two neutron 
energy groups, by trauspoit atid dift"usion theory meth-
(iils. The lower limits of the energy groups arc 1.3.i 
MeV and 9.12 keV. The contributions to reactivity by 
neutrons IH'IOW these groujis ari- negligible. 

Tlie as.semlilies calculated are Xos. 23, 32, and 31 
which are fueled l]y l'-23.') and have as diluents alumi
num, steel, and alumiiuiiii and stei'l, i'especti\'ely.' The 
L/D ratios (height to dianieteii of tlie cores are 0.84, 
1.17, and 0.69 respectively.' 

For tile cylindrical calculations, TDC, the Los .\hi-
nios two-dimensional H-Z transport code"* was used. 
The .-|iliei'ii-al configuratiiiiis were calculated using the 
corresponding one-dimensional DSN transiiort code.^ 
In all cases the .S4 a])i)roxiiiiation was used. TDC anrl 
DSN calculations give sliajie factors of 0.944, 0.932, 
and 0.913 for assemblies Nos. 23, 32, and 31 respec
tively. It may be noted that the calculated value for 
assemlily Xo. 31 differs from the experimentally re-
liorted value of 0.921 ± 0.002 by about - 1 ' , ; . 

The analogous shajie factor calculations have also 
been carried out by iliffusion theory, using the two-ili-
iiiensional PDQ code"' and the one-dimensional EE-122 
code." .\s TDC calculations are comparatively costly, 
it is of interest to determine what difference in shape 
factor might be expected by using diffusion theoiy. In 
the diffusion theory cylindrical iPDQl problems, the 
calculated shape factors derived from transjiort the-
oi'y were applied to tiie diffusion theory critical 
spherical systems. This determined the cylindrical in
put volumes for the two-dimensional diffusion anal
yses. The resulting values of k,.„ were then l.OOOSi, 
ll.9991,i, and 1.0007,,. The sliapi' factors by diftusion 
theory are thereby estimated to differ by -t-O.KJ, 
-0 .4^ ; , and -1-0.4'; fnim the corresponding .Ŝ  trans
port \-alues. 

Critical core volumes determined by diffusion theory 
arc generally larger than critical core volumes deter

mined by .Sj calculations. .\n o t imate uf tlii> effect 
upon the sliajie factor was made by decreasing the 
difl'usion theory critical volume to e(|ual the .S criti
cal volume for assembly Xo. 31. The difl'u.sion theory 
volume is about 4.9s; larger. Kf;-122 and PDQ cal
culations for krfi had been carried out assuming the 
previously calculated critical s])licrical and cylindrical 
.'̂ 4 volumes. The difference obtained for the resulting 
non-critical multiplication factors, A,„(PIKj) — 
A,„lRE-122l, for the reduced volumes was 0.00078. 
This is essentially equal tn the previously obtained 
difference, A-,,„(PDQ| - 1. of (t.00079. This suggests 
that the effect of volume change on shape factor is 
small, even when compared with the small calculated 
differences observed between .^, and diffusion theory. 
It is, llowe\-er, interesting In iiole that the diftusion 
theory shape factors are not necessarily larger than 
those deri\"ed from S„ calculations. The calculated 
differences between .S4 and diffusion tlienr>' are siitli-
ciently small that diffusion theory >liape factor cal
culations should generaUv be adeiiuate for analysis. 

It may lie noted that geiiei'al slia|)e factor curves--'' 
should be used with cau t ion for o the r t han the a p 

p rox ima te size- and cnmpn>ilinn.~ nf coil 's and rellec-

tors intlicated. For exaniiile, reactor No. 3 in Kefs. 2 
anrl 3 differs from assemlily Xo. 31 only by having 
37.6'; Na jnstead of 23..5'; .K\. It might be expected 
that reactor X'o. 3 would be ade(|Uate to estimate the 
shape factor for assembly 31. In fact, from reactor 
Xo. 3 of Hef. 2, a diffusinn theniy >liape factor of 
about 0.91 is estimated. Thi> ...eenis to compare 
fa^'orably with the flirectly calculated diffusion theory 
\'alue of ^0.917 reported here. More recent ealcula-
tion> by the same authors,*' have resulted in a lower
ing of the slia])e factor for reactor Xo. 3. The esti
mated value for assembly Xo. 31 based on the more 
recent values-' is about 0.88,^ which is about 3..5*̂ ; 
smaller than the directly calculated 0.917 value re
ported here. 
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I I I - l l . Feasibili ly Sliuly of / o n e Loading for Fasl (^iili<al Faci l i l ies 

V. II. HELM 

IXTRODUCTIO.N 

Moai^urenu'iits of tlu' propi'rtii\-^ of lur^c ililutc re
actor cores arc often jierfornu'd in a zoned ^ystelll.' -
Tiic simplest core consists of two zones, one having 
the properties of tlie core to he stuthed and the .-second 
heing a driver region containing an economical amount 
of fuel. When the two are coupled together the system 
is critical. The driver may he either internal or e.vK iiial 
to the zone to he studied, depending upon the ri(iuiie-
ments of the ])rogi'ani of measurement. In this re|)ort, 
the results of critical mass calculations are given and 
the advantages and difficulties in jterforming reactivit.y 
and spectrum measurements are discusse<:i for two 
right cylindrical zones of equal radii joined axially 
(secFig. III-11-l l . 

For convenience the large dilute zone of interest is 
referred to as Zone .1 and the driver zone as Zone B. 
Either zone made critical liy itself i> called Core ,1 
or Core B and the critical length i> called /., and /,(, 
respecti\'ely. 

CRITICAL ^I.\.^s 

In pi'inciple, a part (jf the large dilute Core .1 \>. in 
the zone systein, replaced hy the more concentrated 
driver region, Zone B. In practice. Zone />' is assemhlcd 
first and its critical length, //,, deterniined. Half of 
Core B is then removed and Zone A loaded to deter
mine the total critical length, I = z^ + (/,; 2). Tho 
length ZA of Zone A for wliich the zone sy.-̂ tem heroines 
critical is approximately e([ual to half the critii-al 

I 1/2 LENGTH OF A 

1/2 LENGTH OF B -

F i c . I l l II ] . -l-vvM -/...uv \.n:v 

length of Core -1. This ran he .-liown hy the following 
consideration. If eaeii of the zones were exactly one 
iialf of a critical core and if it is assumed that these re-
s|>ective cores have the same spectra and radial flux 
distrihutions then, when the two zones are coupled the 
houndary conditions of continuous flux and current are 
fulfilled hy the same flux distribution which would 
exist in a .system consisting of two identical zones. Ac
cording to diffusion theory, this implies that the sys
tem fulfills boundary conditions and stcady-.state flux 
etiuations in each zone, and is therefore critical. 

Actually, however, the neutron spectra in the two 
zones will he ditTerent and there will also be differ
ences in the radial flux distributions. Particularly this 
is true if there i> a radial reflector which yields dif
ferent reflector savings for the coni]>ositions of the two 
zones. 

In order to determine the critical length IA of Core 
.1. a cahailated coiTection teiiii Â  is ap])lied to the 
length ^.i, such that IA = 2u.i — Sl). Machine cal
culations of the con'cction term A/ were performed 
for a test case. The comi)ositions and dimensions which 
were a>>umed for Cores A and B are listed in Table 
l l l - l l - l . Â  was calculated using the two-dimensional 
Pl)t^ code-' with cross section set No. 193 and the one-
dimensional DSX-transport code"*-'' with the cross sec
tion >et Xo. 192. 

The results of the ealculations are shown in Tabic 
l l l - l l - l l . The valui's for A/ found with the two codes 
lia\-e difterent signs hut their absolute difference 
(about 1 cm I corresponds to a ditfci'ence of only about 
two pel' cent in the critical ma>>. 

M E . \ s r R K . M K \ T s OF R E . \ r T l V I T V .\XD 

N F . L T R O X S r f : c T R . \ 

('entral reactivity coefficient> cannot W- ilirectly 
mea.sured in the zone system, as the center of Core .-l 
corresponds to a i)oint on the interface between Zone 
.1 and Zone B. For the same reason the zone system 
dees not allow a direct measurement of a central si)ec-
tiiiiu. The best approximation to the central s]>ectrum 
of Core .1 is the spectrum near the center of Zone .-1. 
HeMill> of DSX spectra calculations for Zone .1 and 
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TABLE I I M l - I . CoM|.nsiTio.\-s USED run THE ZO.VE 
LoADi.'>iG CALCULATIONS 

Core 

.1 

;; 
licllcdor 

Core Compositions, v/o 

U-23S 
(93% 
Enr.) 

4.96' 
5.02'' 

10.0" 
8.03'' 

— 

U-238 

20.0 

88.0 

Fe 

12.0 

12.0 

12.0 

Al 
(56% 

density) 

83.04 

58.0 

— 

Core 
Radi

us, cm 

50 

50 

g
 

! 
C

ri
ti

ca
l 

'~
 :

 
L

en
gt

h,
 c

m
 

27.4 

Calcu-
lated 

Critical 
Mass, kg 

617 

378 

— 
" Numbers used in PDQ falculiitinit. 
'' Numbers used in DSN calculation. 
These numbers were ehnseii so that the PDQ calculation 

t;ave the same results as the DSN calculations for the critical 
leny;thB of the Cores .1 iiTid H. 

TAIiLE III-11-IL H E S I L T S OF ZO\E-LO.ADIN<; 

C'.^LCULATIO.XS 

Method 

two-nniup dilTusiiui 
sixtecn-grnui) dilTusiuri 

Correction l-'actur 

SI, cm 

0.,52 
- 0 . 4 7 

Per cent of 
critical mass* 

4-1.2 
- 1 . 0 

Fuel Sav
ings, >• % 

19.5 
23.6 

" I n ttiis cnhmm. A/, was converteil into the fraction hy 
whicli the critical mass measured by tlie zone technique is 
greater than the actual critical mass. 

^ In this column the percentage of fuel is shown which can 
be saved when the critical mass is measured by the zone tech-
iii((ue instcinl of b\- a full ^ize mockup (tf C'nre .1 . 

< 

IN
T

E
 

< 
ZD 

o 

(N
O

R
M

A
L

IZ
E

D
 

T
 

6 

5 

4 

3 

2 

1 

5 

1 

-

-

-y 

1 

1 

J* 
/// 

1/ 

1 1 1 

• 
s ^ 

1 

\ 

0 1 0 .01 

1 

\̂ 

\ 

_ ON THE AXIS OF ZONE 
A , 21 cm OFF BOUNDARY -

1 1 1 1 1 T"^^^»^ n 
10 12 13 

GROUP NUMBER 

III-11-2. Nputnin Spoi-lni liy Si.xteen l lmup HSN Ciilc-iihili..ii-

Corc .-1 arc shown in Ki^. 1II-11-2. For tlu- cure jiji-
raineters given in Tulile III - l l - I tlie DSN calculation.^ 
showed tliat in the center of Zone .-1 the spectnini 
is \-ery similar to tlie central spectrum of Core .1. 

While the zone system described here is not \-eiy 
suitalile for the measurement of centrtil (-ore pa-
i-tinieters it does offer the opportunity of spectia tinil 
reactivity measurements at points near the zone 
houndaiv for which the conditions in Core .4 :ire well 
simulated. 

COXCLUSIO-NS 

The main advtintage of the zoned system lies in tlie 
fact that the critical mass of a large core ctin be de
termined using considerably less fuel than would he 
necessary for a full-scale mock-uii. This ilifference 
is shown in the last column of Table n i - l l - H . 

.Approximate nieasureiiients of the central spectrum 
are jiossible, but the measurement of central reactivity 
coefficients can be done better with the more conven
tional zone loading in which a central zone with dilute 

file:///-ery
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fuel is surroundcil hy a driver zone with lii<ihcr hw\ 
concentration.^- On the other hand, properties near 
the core edge can be studied in the zone dsysteni tle-
sci'ihed here. This is not possible in a systi'iii with a 
central zone. 
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111-12. Physios Measi ironienis in Ti ings len-Based .Vluniinum Kcfierled Fast Keaclors 

R. C. DoEiiNER, K. ! \ . Ai,ME.\.\s. li. A. K.\H.\M, \V. Y. KATO, W . C . K.NAIT and W. B. LOEWE.NSTEIN 

iNTHOIHrriO.N 

There have been no studies reported iu the litera
ture concerning moderate-volume (100-300 liters) 
fast reactor cores in which tungsten is a major diluent 
material. Neither have there been reported studies of 
aluminum reflectors in cores of this size. The results of 
a parametric study of the effects of increasing volume 
fractions of tungsten as a diluent material and of the 
reactivity effects of an aluminum reflector are reported 
in this paper. Because of the interest in tungsten-
rhenium alloys in high-temperature, high power-density 
applications, a number of exploratory measurements 
made with rhenium are also reported. All measure
ments were made in the Argonne ZPR-IX facility (see 
Paper Xo. IV-8) and may be compared to the well 
known and extensively studied depleted uranium-
diluted and reflected assemblies constructed on ZPR-
VI (Assembly Xo. 1) and ZPIMIl (Assemblies Xo. 11 
and 22). All of the experimoiital data obtahied from 
corresponding ZPR-III and \l assemblies were nearly 
identical and so the results of the.sc measurements are 
used as reference points for corresponding measure
ments reported here. 

COKE COMFOSITIO.N 

The first core studied was the standnrd 7: 1 \<)luinc 
ratio of U-238 to U-235, which differed from the refer
ence assembly only in the use of aluminum rather than 
depleted uranium as a reflector material. In subse(|uent 
assemblies, the U-238 diluent material was replaced in 
a stepwise maniiei with tungsten. The phy.sical prop
erties of these assemblies are shown in Table III-12-I. 

The calculated critical masses listed in Table III-12-I 
were determined by a Ki-group one-dimensional diffu
sion theory code- using AXL cross section sets.''̂  Al

though this particular U-238 cross section set over
estimates the critical mass of U-238 diluted assemblies 
by 10 to 1')% it was used in an identical manner (code, 
mesh points, convergence criteria, etc.) for all assem
blies in order that different cross section sets, particu
larly for aluminum, could be compared. 

One of the major calculational problems in assemblies 
containing major amounts of full density aluminum 
is the proper theoretical treatment of the resonance 
scatteiing in the 0.1 to 1 MeV region. Another is the 
difficulty of treating the spatially varying spectrum in 
the region of the core-reflector interface; these I'egions 
have radically differcMit asymptotic spectra. Table 
III-12-I shows that the error in the experimental critical 
mass relative to the calculated critical mass decreases 
as the fraction of tungsten diluent increases or the 
U-238 content decreases. A study was made on one of 
the assemblies (Xo. 1) of the effect of the calculational 
technique and of the effect of using different aluminum 
cross section sets, incltiding YOM and an ELMOE^ 
generated sets. Tho results show that the use of a diffu
sion theory code compared to the more exact transport 
theory code (DSX) overestimates the critical mass of 
similar assemblies by G to 10'"('^i and that the alumi
num contributes ar additional r>% because of an ovor-
(•stinuite of core leakage. Such an overestimate would 
resnlt in an increased calculated critical mass and an 
increase iu the reflector fluxes which should lead to 
higher calculated reaction rates in the reflector. For 
the limited number of reaction rates measured in the 
reflector this is indeed the case. 

As the core vohime increases, ei'rors introduced l)y 
tltf use of ditTusion theory and by reflector-induced 
discrepancies will decrease. Both sources of error are 
estimated to account for not more than I '^'c of the 
experimeiital-to-calculated critical mass difference. The 
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T.Mil.H 11112 I. 

Reflector material 
Volume/Densi ty uf U-238 

U.236 
W 

Critical mass,'' k^ U-235 
Length/Radius, cm 
Volume, liters 
Homogeneous critical mass'- cxji/cak-
(exp-caic)/(calc), ','' 

P H V . - ^ K . M . I 'RoPtRTIES OF Tu.NGSTE N-B,\SED R E . \ C 1 

KL-l\-r(.-ni:c 
-Assembly 

U-238 
87/0.033C. 

il/(l,(K14.52 
ll/U 

241 
61.0/29.0 

134.7 
23(1/278 

- 1 4 

OR C(.>RE..i 

ZI'R-IX Cores 

.Assembly No. 1 

Aluminum 
87/0.0338 

9..5/0.00451 
0/0 

•278.5 
50.8/31.4 

158 
2(17/332 

- 1 0 

Assembly No. 2 

Aluminum 
li2/0.0242 
9/0.00451 

25/0.0123 
382. () 

()0.9/34.1 
224 
3Cii;/441 

- 1 7 

Assembly No. 3 

.Aluminum 
44/0.01118 
9/0.00447 

44/0.0214 
493.0 

71.4/35.0 
283 
474/.5i;2 

- i i ; 

Assembly No. 4 

Aluminum 
0/0.000480 

14.5/0.00072 
81/0.0390 

285.2 
50.2/24.9 

109.4 
271/-294 
- 7 . S 

" The approximate volume percent and the at(>m density X 10̂ ^ for eacli of the materials. 
'' Experimental critical mass corrected only for excess reactivity. 
' Experimental and calculated critical masses corrected for excess reactivity, lielerofrcneity of the fuel {-\-0.C}% Ak/k), central 

ip ( — 0.1% Ak/k) and converted to equivalent Hi)lieric;d volumes througli the shape factor (0.80-0.94. see Hef. 1). 
'' Relative percent dilTcrences hctween ex|)erimenf al and calculated critical masses. Predicted parameters are for cores of experi-

.(•ntat cnTniKisilinii. Core radius was varied In ;icIiifVf predicted crilicality. 

important improvement in the agreement is du<' to the 
exchange of U-238 for tungsten. 

CENTRAL REACTIVITY WORTHS 

One of the more sensitive measurements of spectral 
dependence that can be made is that of a central danger 
coefficient. In particular, the central reactivit}' worth 
of U-238 provides a measure of the flux above the 
fission threshold energy; that of U-23.") reflects the 
importance weighting for fissions at the core center; 
and tho worth of B-10 tests the softer component of the 
flux spectrum. A comparison of the tungsten worth 
relative to that of U-238 for each of the assemblies is a 
moderately sensitive measure of its inelastic scattering. 
In some cases, tbe real and adjoint fluxes were calcu
lated by a Ki-group one-dimensional diffusion theory 
code (RE 209) and usetl in a perturbation calculation. 
Results of the measured and calculated worths for these 
materials are shown in Table III-12-II. 

As was the case for the critical mass calculations, 
predictions of effects associated with tungsten are 
consistently more accurate than those associated with 
U-238. Table III-12-II also summarizes the data for 
Refor which the calculated results are significantly more 
negative than the experimental values. 

A number of separated isotopes of tungsteo were 
made available by Lewis Research, XA8A. Central 
reactivity worths of each of the samples and their 
isotopic enrichments are given in Table III-12-III. 

IIvDHUtiE.N BORUX MlXTVRE WoRTU.S 

It is of interest from the control point of view to deter
mine the degree to which hydrogen can be used to 
enhance the centra! Uiroo worth. Central worths of 

various homogeneous mixtures of powdered lucite and 
amorphous Iwron were made in Assembly Xo. 4. 
Specially fabricated aluminum sample cans were filled 
w'ith 63 cm^ of mixtures having known weight ratios 
of lucite to boron. Because of the different densities 
of the materials, (lucite powder :^0.4 g/cm^ solid 
lucite ^1 .18 g/'cm^, powdered boron :^0.0 g cm^, 
amorphous boron :^2.34 g cm'), it was necessary to 
normalize the measured worths of the samples to unit 
weights. The measured points are shown in Fig. III-12-1 
as circles. From the smoothed curve (A), the worth 
per gram of boron was determined and is shown as 
curve B^)f Fig. III-12-1. It appears that a ti5:3.5 weight 
percent mixture of lucite to boron has the maximum 
w(nth per gram of boron. 

A parametric study of the worth per gram for dih'ei-
cnt sample sizes was made in Assembly Xo. 4 for boron 
and in assemblies 3 and 4 foi' lucite and polyethylene. 
The Assembly Xo. 3 results arc shown in Fig. III-12-2 
and those for the all-tungsten dihited core are shown 
in Fig. III-12-3. Figure III-12-2 clearly illustrates the 
extreme degree of self shielding that is characteristic of 
hydrogen samples. In the all-tungsten diluted system, 
not only is the sign of the hydrogen worth reversed 
but the self shielding etfect is not nearly as prominent. 
A small correction has been made in Fig. III-12-2 for 
the carbon in the lucite samples. 

SPATIALLY DEPENDENT REACTION R.\TES 

U-235 and U-238 fission rates were determined by 
foil activation techniques for Assembly Xos. 3 and 4. 
The Mo-99 was radiochemically separated and counted 
to determine the fission rate per gram of material. This 
techni([Lie is reported by R. J. Armani (see Paper Xo. 
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TAH1.1-; 111 12-11. CENTR.II . l iE. i iTivm WORTHS, Ih/kK 

U-235 

U-238 

B-10 

Re 

Graph 
Gold, 

exp. 
calc. 
calc.-exp. 

calc. 
exp. 
calc. 
calc.-exp. 

calc. 
exp. 
calc. 
calc.-exp. 

calc. 
exp. 
calc. 
calc.-exp. 

calc. 
exp. 
calc. 
calc.-exp. 

calc. 
te, exp. 
xp. 

Facility 

ZPR-III 

Assy. No. 22 
(132 liters) 

270 
205 

+0.02 

- 1 1 . 7 
- 1 3 . 5 

+0.13 

-2700 
-2840 

+0 .03 

-24.(1 
- 2 7 . 3 

+0 .10 

- 6 4 . 7 
- 7 9 . 5 

+0.19 

- 2 7 . 3 

ZPR-IX 

Assy. No. 1 
(158 liters) 

240 
270 

+0.13 

- 1 0 . 9 
- 1 7 . 9 

+0.39 

-2430 
-2645 

+0.09 

- 2 3 
- 2 6 

+0.11 

- 0 0 
- 8 4 . 1 

+0.-25 

- 3 7 . 3 
- 3 3 . 7 

Assy. No. 2 
(224 liters) 

189 
248 

+0.24 

- 9 . 7 
- 1 2 . 1 

+0.20 

-2395 
-2490 

+0.04 

- 1 7 
- 1 7 

~ 0 

- 4 9 . 3 
- 7 2 . 4 

+0.32 

--27.4 

Assy. No. 3 
(283 liters) 

1C.2 

164 

^ 0 

- 0 . 3 
- 9 . 5 3 

+0..34 

-2110 
-1920 

- 0 . 0 9 

- 1 4 . 8 
- 1 5 . 4 

+0.11 

- 4 4 . 3 
- 5 8 . 5 

+0.24 

- 3 7 . 9 
--23.4 

Assy. No. 4 
(109 liters) 

270 
316 

+0.14 

- 5 . 5 
- 4 . 7 

- 0 . 1 7 

-3<)«0 
-.3740 

+0.02 

- 1 9 . 6 
- 2 4 . 1 

+0.18 

-71 .7 
-121 

+0.42 

- 2 2 . 0 
- 3 9 . 3 

TAlil.l-: 111 12 III, C E N T R \ I . WciRTlls (,t SKI-

Sample 

No. 0, normal WO3 
No, 1, W metal 
No, 2, W metal 
No, 3, W metal 
No. 4, W metal 
No. 5, normal metal 
No. 6, W-186 metal 
No, 7, W-184 0 , 

20.4 
36.9 
-24.1 
12.5 
5.8 

26.4 
1 6 
1 91 

14.4 
17.7 
14.7 
9.x 
5.7 

14.4 
2 1 
1.S7 

30.6 
31.5 
34.2 
30,8 
23,3 
30.6 
11.6 
94.3 

28.4 
13.9 
26.9 
46.8 
65.1 
28.4 
84.7 

1,91 

Wcit+t. 

" 

117,08 
•257.85 
173,74 
237.14 
211 44 
224 47 
-209 37 
163 ,-)S 

Worth 

,\ssy, Xo, 1 

- 2 4 , 3 
- 2 7 , 1 
- 2 1 . 9 
- 2 4 . 2 
- 2 2 . 0 
--24.7 
- 2 1 . 0 
--23.2 

Ih/kg 

Assy No. 4 

-13 .7 
--20.2 
-18 .7 
- 1 7 . 0 
-14 .7 
- 1 9 . 3 
-13 .1 
- 1 4 . 6 

IV-22). These data, as well as the U-235 to U-238 Hssion 
ratios are shown in Fig. III-12-4 for Assembly Xo. 3 
and in Fig. III-12-5 for Assembly No. 4. There is a 
slight but consistent tendency for the calculated reac
tion rates to be overestimated in the aluminum re
flector. This implies a lower experimental flux in the 
reflector than calculated and, as noted earlier, indicates 
that the alumimim cross sections overestimate the core 
leakage. In all of the assemblies, the calculated U-238 
to U-235 fission ratio is aljout 6% higher than the meas
ured values and is consistent with extensive ZPR-III 

experience. \V. Davey^ ascribes this discrepancy to a 
low value of the U-235 cross sections, though this is not 
born by the U-235 central reactivity worth measure
ments. 

KINETIC P.VH.WIETERS 

It is standard practice in these assemblies to deter
mine the value of /3.// from the measured value of Rossi-
alpha {=iSef//0 and tlie calculated prompt neutron 
lifetime of the particular ass(>mbly. Only recently has it 
been po.ssible to determine /J,// independent of the 
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Fid. 1II-12-4. KCiilivi- Fission Kates (cr Asscnihlv X.i. 3. 

lifetime. This detcrniiiiutidii is based on tlie measured 
variaiice-to-meaii ratio and is leported In- R. Karam 
(see Paper Xo. IV-3). 

Early measurements in aluininunt reflecti-d assemlilii-s 
showed the existence of two components to the Hossi-
alpha. The model chosen to evaluate the data was that 
of a one-group two-region reactor^ in which the prompt 
neutron balance equations for the core and reflector are 
given as 

ilNj ^ NJ'Ml - li) 
dt 

and 

lit 

f<-

77 " ( ^ 

fr 
(1) 

(2) 

where 
P^ = probability of a disappeariiij^ core neu

tron producing; a fission neutron in the 
core, 

L,. and Lr = probabilities of a disappear!iif;; core 
neutron appeariiif; in the reflector and 
conversely, respectively, 

/5 ^ effecti\e delayed neutron fraction, 
/, and /, = neutron lifetimes in the core and re

flector, respectively. 
Delayed neutrons and their precursors have been 

neo;lected because they do not affect the Rossi-alpha 
measurement. Solving Etj. (1) for A'',, differentiating 
with respect to time and etiuating to Eq. (2) gives a 
second order differential e(|uation for A'̂ ,̂ having the 
general solution 

A', - .-Ic"'' + Be"-', 

w here 

--•;i[^'+;,] 

In these expressions /', in l-;i|. (1) has been replaced 
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LcLr ke^, (see by (1 —kei); at critical the product 
Paper Xo. IV-3). 

Substituting this solution into E(|. (2) gives a similar 
expression for the neutron population in the reflector. 

The time behavior of prompt neutrons in the whole 
system is then the sum 

Nr{t) = NM) + A^r(0 = A'e"'' + B'e"-'', 

where . 1 ' and B' are fimctions of k^j and (3e//. 
A parametric study was made of the relationships 

among different ratios of C/C, ke^ and the products 
aiC and a2('c. The results are shown in Fig. 111-12-6. 
In all cases, it was assumed 0^// = 0.007. The solid 
curves go with the a-yfc scale to the left of the figure 
and the a/^ scale to the right is used with the dashed 
curves. 

The spectrum in a depleted uranium reflector of a 
fast reactor is not expected to differ significantly from 
the core spectrum and C '^ (r = f- To a good approxi
mation 

10^ 

1 + k... 
10' 

Measurements^ on such systems show that if the ai 
component exists, it is at least two orders of magnitude 
less than a-.. 

A similar argument applied to a theinial reactor in 
which ĉ ~ r̂ ~ lO""* sec gives ai ^ 10* and 02 ^ 10^ 
and a Rossi-alpha measurement essentially measures 
the a\ component. 

In the ZPR-IX assemblies, the ratio of fr to C is 
not known, but the \'alues of ai and a2 can be measured 
and Fig. III-12-6 can be used to determine both f^ and 
fr if '̂rj is known. 

The measured kinetic parameters are compared to 
the calculated values in Table III-12-IV for the various 
assemblies. The \'ery large error associated with the 
calculated lifetimes may be attributed to the calculated 
spectra being too hard and the average neutron velocity 
being too high. This conclusion is not entirely sup
ported, however, in the central reactivity worth meas
urements which use the same real and adjoint fluxes 
but produce much better agreement. 
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ft// (calc.) 
Rossi-alpha X 10^^ 

measured a\ 
measured a.. 

Prcimpt lifetime X 

((-ak-.-exp.)/(ral(-,i 

sec 

10^'' 

1 (calc.) 

.sec (calc.) 
(exp.) 

Reference 
Core 

0.00738 
11.8 

10.0 ± 0..5 
G2.9 
73.8 

-0 .17 

Assembly No. 1 

0.00728 
12.0 
0.022 
8.2 

1)0.1) 
88.8 

- 0 . 4 7 

ZPR-IX 

Assembly No. 2 

0.00723 
9.78 
0.018 
0.9 

73.9 
105 
- 0 , 4 2 

.\ssembly No. 3 

0.00708 
8.06 
0.025 

0.57 ± 0.38 
81.7 

107 
- 0 , 3 1 

.Assembly No. 4 

0.00664 
0.99 
0.012 

5.19 ± 0.28 
95.0 

128 
- 0 35 
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III-13. Parametric Survey of Homogeneous Unmoderated Rocket Keactors 

\V. B. LOEWENSTEIN and J. WHITE 

The neutronics of a variety of nuclear rocket con
cepts were investigated in detail. This study was ac
companied by a limited amount of pertinent correla
tion between theory and experiment. The correlation 
studies served to emphasize those areas where pre
dicted reactor neutronics for the rocket concepts are 
uncertain and further neutronic studies are required. 
These studies include an extension of analytical tech
niques, accelerator cross-section measurements and 
pertinent critical experiments. 

INTRODUCTIOX 

Conceptual nuclear rocket reactor cores are consti
tuted primarily of those materials that show signif
icant high temperature capability. For neutronic in
terpretation these may he categorized as follows: 

a. Significant parasitic neutron ah-'^orjition; e.g. 
tungsten based cores 

b. Moderate parasitic neutron ab.^orption; e.g. 
molybdenum based cores 

c. Little parasitic neutron absoiption; e.g. mixed 
carbide cores ba.sed on ZrC 

The conceptual reactors may be fueled by a \ariety 
of fissile compounds, the use of a specific one being 
dictated by high temperature caj)ability as well as 
high temperature compatibility with the base material. 
Fissile compounds of U-235, l'-233 and Pu oxide, car
bide and sulfide.-̂  were parametrically studied. The 
effect of using low (~2^r) and high (-20^-;) Pu-240 
content was also investigated. 

The rocket reactor cores were parametrically studied 
in the 300 to 2500 liter range of core volumes. Each 
core A'olume was analyzed with several thicknesses (5 -
25 cm) of light metal reflector at 70^^ density. The 
volumetric provision for propellant in the core para
metrically ranged from 20-70 v/o. In principle, the 
parametric survey covered a wide range of jiotential 
power levels and missions; the details of the latter 
are determined by propellant flow and heat transfer 
considerations. 

The neutronic investigations were designed to give 
self-consistent quantitative data on: 

a. The critical mass 
b. The critical fuel loading per miit core volume of 

base material 
c. The power distribution and the critical mass 

penalty for flattening the jwwer distribution 
d. The prompt neutron lifetime 
e. Reactivity effects including jjotential control 

mechanisms, propellant reactivity worth and tem-
]ierature dependent feedbacks. 

Some of the detailed calculations are reported in 
Refs. 1 and 2. In addition a few metal based reactor 
cores were analyzed to determine whetiier non-opti
mum heterogeneous core dilution with high temi>era-
ture moderator tends to produce favorable neutronics 
when compared with the compact homogeneous core. 
Similarly, the analyses formed a basis for evaluating 
the fuel penalty for clustering several small nuclear 
rockets as opposed to a single large nuclear rocket. 

The materials of interest in these studies and the 
anticipated neutron energy distribution for various 
systems were beyond those common to most fast re
actor cross section libraries. The group structure and 
cross sections from Ref. 3 are appropriate for the pur
pose of the parametric survey in that the spectral 
range from 10 MeV to thermal is covered. However, 
the fast groups are quite broad in lethargy, suggesting 
that systems with little or insignificant inelastic scat
tering would be predicted to be too energetic. The sys
tems of most interest feature significant inelastic scat
tering; hence the constants are quite appropriate 
except, perhaps, for a precise prediction of interaction 
between moderating reflector and unmoderated core. 
With resjiect to materials the Ref. 3 library was aug
mented by interim constants for .-iulfur and tungsten.^ 

Most of the calculations utilized multigroup diffu
sion theory. However, ancillary studies involving gaps 
and thin regions were verified by multigrouii DSN cal
culations. 
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Fl'EL REQIIREMENTS 

It v/ns expected that total fuel iet|uireraents for the 
tungsten based cores would e.xceed those for the 
molybdenum based cores wliich in turn would exceed 
those for the ZrC based cores. Howevei, tin IT hail been 
very little previous work re|)orted on tungsten bear
ing systems, which were found to lie (|uite parasitic. 
On a volumetric basis, tungsten is more |iai'asitic than 
U-238 in fast neutron systems. The measured fa,-t iirii-
tron tungsten capture cross section is not more and 
probably is less than that for U-238; the total tung
sten inelastic scattering cross section is iirobably not 
more than 10% greater than that for U-238. Thus the 
more parasitic nature of tungsten is primarily due to 
the ~ 3 0 ' ; gretitcr atomic density when conijiared to U-
238 metal. This observation has been experimentally 
confirmed for some unreflected tungsten "Jemima" as
semblies^ which may be comjiared to U-238 diluted 
reference Jemima assemblies."^ For example, a critical 
high density spherical core containing ^38 Vy'o lT-235 
requires about 90 to 129 kg of U-235 when diluted with 
U-238 and tungsten, respectively. Similarly a core con
taining ~29 v/o U-23.T requires about 108 and 174 
kg of U-235 when diluted with U-238 and tungsten, 
respectively. In both of these cores, criticality was 
achieved in cylini,lrical geometry by \-arying core size 
with fixed core composition. 

The molybdenum based system ri'iiiuieiiu'nts were 
not surprising. In small core (^300 litiisi \-oluines 
the Mo enhanced reactivity, while in the larger sys
tems the Mo becomes quite parasitic. 

The ZrC based systems were, as expected, found 
to be very favorable on total fuel requirements, es
pecially in the largi' (>1000 litei^i sizes with low 
intermediate energy spectra. 

Typical calculations for U-235 fueled systems with 
a 4 in. thick 70'V' ilensity Be reflector are gi\-en in Ta
ble III-13-1. Similar calculations with different re
flector thickness and systems fueled with both U-233 
and Pu are given in Hef. 2. The se\-er;il hinnlri'd liter 
core volume requirements, especially foi high void 
cores, are quite sensitive to reflector thickness. For ex
ample, the reactivity will increase ~ 1 0 ' ; Sk k by 
doubling the reflector thickness 14 in, to 8 in,i on a 
300 liter, 45% void tungsten based eorc, (lu a 70% 
void core, a similar reflector will change the rettctivity 
by ~20%- ^k/k. Such reflector thickness reactivity 
effects are roughly halved when analyzing l.'idl) liter 
core volume systems. 

E(]uivalent studies with U-233 and I'li iiieleii sys
tems demonstrated again that fuel leiiiilniiu'iits for 
a given system are roughly 40% less than those re
quired for a similar U-235 fueled system. 

The results given in Table 111-13-1 may be used 
to give semi-quantitative answers on the inventory 
penalties associated with clustering small systems and 
core dilution with moderator. For example, a 1500 liter, 
45''; void, US in \V system would require about 2000 kg 
U-235. Five similar 300 liter systems and two 800 
liter systems would require about 2880 and 2410 kg 
U-235, respectively. The clustering penalty is less than 
.50%, for the smaller systems and on the order of 20% 
for the two 800 liter systems. The percentage penalty 
for clustering is more pronounced for the neutronically 
advantageous ZrC based systems. A 1500 liter, 45% 
void, carbide based core requires about 490 kg of 
U-235. Five similar 300 liter and two 800 liter cores 
retiuire 1515 and 828 kg of U-235, respectively. The 
)iercentages are significantly greater than for the 
siiiiilai' eiiinparison above on the \V based systems. 

The iiniiitory advantages of heterogeneous core di
lution witli iiiiiili'i'ator may be evaluated only by com
paring cnies with siiiiilat' \'olumes of heat producing 
material. For exaiiiiile, the homogeneous 1500 liter, 
45% void, US in W core re(|uires about 2015 kg of 
U-235. .\ 2000 liter core with - 5 0 0 liters of hetero-
geneously distributed Be moderator requires about 
1900 kg of U-235. It is not clear that the ~ 6 % saving 
in fuel oft'sets the requirement for the increased core 
size. 

The last i-iihiiiin ill Table 1I1-13-I gi\'es the volume 
jiereent of fissionable material in the critical reactor 
fuel matrix. In general, as this number decreases, the 
high temperature ]iotential of a given core material 
tends to increase. 

POWER nisTRIBlTlON 

The i'ehiti\ely high rocket iierformanee require
ments place a premium upon knowing and devising 
means to tailor the power distribution of the system. 
In general it wa> foiiml that the iniiderating reflector 
lii'oihieed a ileal' theniial "spike" near the core-re-
flei'tiir liDiiiiihiry, Cores with high void content thus 
lane a "llattei" power distribution than similar cores 
with heavy metal reflectors. It was found that the total 
inventory penalty to ]iroduce an acce]itable radially 
flat (lower distribution, by \-aiyiiig fissile loading, is 
of the order of 10%. 

.\xial powei shaping was also studied by using two 
slabs of core, having different constituent materials. 
The inlet reflectors may be Be while the outlet re
flector is a heavy metal. The core inlet might be 
constituted of UC in ZrC while the core outlet is a tung-
sUn based material (Utt. or U8 in W). The calcula-
tion> required essential continuity of power density at 
the boundary between the core slabs. The shaping 
parameter is the core height of each slab for a fixed 
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T A B L E I I I -1 .3 - I . . \ C O M P A R I S O N O F R E I J I I R E D F I S S I O . N A B L E M.vrERi.vL F O R V . V K K J I S C O R E S Y S T E M S " 

Core 
Volume 

liters 

300 

600 

1 
1 300 

1 1 800 

1 
I 1007 

i 800 

i 
1 IfiOO 

1 
1 800 

1 
1 1500 

1 
i 2000 

1 
1 l.llKl 

1 
;i000 

1 i 1500 

1 1 2500 

1 1 3300 

1 
1 2600 

1 1 5000 

1 
1 2500 

1 ! 

H e a t Producing 
Volume, 

l i ters 

300 

800 

1500 

2500 

Hea t P rofjucing 
Mater ia l 

U S in W 

1 
1 U O . ill M , 

U C in Z r C 

i 
1 U S i n W 

UO. in M„ 

UC in Zrc 

1 1 US in W 

UO. in M„ 

UC in ZrC 

1 1 US in -W 

U02 in Mo 

UC in ZrC 

1 1 

% Void in Heat 
Producing 
Material 

20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 
•20 
45 
70 
20 
46 
70 
20 
45 
70 
20 
45 
70 
20 
45 
70 

Core Diluent 

Material 

_ 
— 
— 
— 
— 
— 

BeO 
BeO 
BeO 

— 
— 
— 
— 
— 
— 

Be 
Be 
Be 

— 
— 
— 

Be 
Be 
Be 

— 
— 
— 
— 
— 
— 

Be 
Be 

«Be 

— 
— 
— 

BeO 
BeO 
BeO 

— 
— 
— 
— 
— 
— 

Be 
Be 
Be 

— 
— 
— 

BeO 
BeO 
BeO 

— 
— 
— 

v/o 

_ 
— 
— 
— 
— 
— 
.50 
,50 
.5(1 

— 
— 
— 
— 
— 

~-25 

• -25 

- 2 5 

— 
— 

50 
50 
50 

— 
— 
— 
— 
— 
25 
25 
•25 

— 
— 
— 
50 
50 
50 

— 
— 
— 
— 
— 
— 
25 
25 
25 

— 
— 
— 
50 
50 
50 

— 
— 
— 

Predicted 
Critical 
Mass , 

kg U " ' 

647 
576 
543 
4(>9 

4B1 
478 
515 
4Ci0 

475 
216 
303 
423 

1459 

1207 

1025 

~1350 
- i r 2 5 
-1050 

969 
883 
865 

1180 
970 
870 
260 
414 
655 

2539 
2015 
1600 

~2850 
~1900 
~1550 

1611 
1392 
1292 

~2100 
-1600 
-1,300 

305 
488 
848 

4040 
3115 
2343 

-3700 
~2850 
-2100 

2489 
2063 
1813 

-3300 
-2400 
-1800 

333 
550 

1029 

l-'issionat)le 
Material in Fuel 

Malirx, v/o 

0.3046 
0.3946 
0.6816 
0,2404 
0.3436 
0,6.533 
0,265 
(I,:i4'2 
Il,i;ii2 
1) (1746 
(Kl.i'iS 
(1,31106 
0,2577 
0.3102 
0,4826 

- 0 , 2 4 
-0 ,292 
-0 ,440 

0.1862 
0.2467 
0.4435 
0.2'27 
0.'270 
0.435 
0.0350 
0.0781 
0.22()5 
0.2392 
0.2762 
0,4019 

- 0 , 2 3 
-0. '265 
-0 .370 

0.1651 
0.2074 
0.3530 

-0 .215 
-0,'242 
-11.365 

0,0211 
0.0492 
0.1565 
0.2285 
0.'2563 
0,3.532 

- 0 , 2 2 
-0. '25 
- 0 , 3 4 

0,1.530 
0.1844 
0.2971 

- 0 , 2 1 
- 0 , 2 4 
- 0 . 3 6 

0,0138 
0,0.3.32 
0.1139 

i tliiuk 70'c dr t\' lie roHector. 



126 / / / . Fast Reactins 

total core volume. Substantial axial power tailoring 
may be achieved in this manner with some saving of 
fuel requirements relative to a single tungsten based 
system. This sort of flux sha))ing can be achieved in a 
300-500 liter core, while axial variation of fuel loading 
may be more satisfactory for cores larger than 1000 
liters. However, the fuel inventory savings for the 
small cores are less signifirant than for tbe larger sys
tem. 

PROMPT XEI"TK(.IN LIFETIME 

The average core sjjcctra in these systems are gen
erally quite energetic, especially in the metal based 
cores. However, the promi)t neutron lifetime is not as 
dependent on core composition as it is upon Bo reflec
tor thickness. Some ty|iical calculated promjit neutron 
lifetimes are given in Table 111-13-11. 

RE.\CTIVITV EFFECTS 

The study focused on only a few, but extremely im
portant, reactivity effects. These included potential 
control mechanisms, propellant reactivity worth and 
temperature dependent feedbacks. 

The rocket reactor core operates at extremely high 
temperatures. It is therefore desirable to investi
gate control mechanisms which do not operate in a 
high temperature environment. Initial calculations 
dealt with the movement of reflector material away 
from the core, the interchange of poison and reflector 
and finally the interchange of fuel material with poison 
in a moderating reflector. 

Reflector motion does give significant reactivity 
changes in the smaller ( ^-300 liter I cores. For example, 
a gross 5 cm radial motion of a 20 cm thick Be reflec
tor can give between 2.5 and 7.0*;̂  AA'/A-. However, un
certain propellant distribution in the reflector while 

TABLE I I M 3 - I I . PROMPT NEUTRON LIFETIMES 
(45^:; Vnin CORES) 

Core Composition 

UC in ZrC 

US in W 

., 
u s in W" 
US in W' 

Core Volume, 

300 
300 

1500 
1500 
300 
.300 
.300 

1500 
1500 
1500 

30(1 
1.5(10 

Be Reflector 
Thickness, 

in. 

n o n e 
4 

n o n e 
4 

n o n e 
4 
8 

n o n e 
4 
8 
8 
S 

Prompt Neu
tron Lifetime, 

Msec 

0,37 
1,2 
1,5 

> 2 , 5 
<0,11 

0,49 
10.0 

<0.13 
O.'iS 

>4 ,0 
>5 ,0 
>2,4 

TABLE III-I3-III , N , iTrmi , B,C CONTROI. C M 

Core Vol-' 
ume, liters 

300 
1.500 
300 

1.500 
300 

1500 
300 

1.")(I0 

Description 

R e f e r e n c e 

0 , 5 e m W l i e l w c c n c o r e a n d p o i s o n 

2 ,54 cm W lietwei ' i i c u r e a n d poi.son 

1.28 c m W anil \ 2H em Be h c t w e e n 
core a n d pniso i i 

CULATIONS 

roA*/*" 

14.6 
5.9 

11,3 
4.4 

11.7 
4,8 
5 9 
2,2 

' 45 ' ; void with 20 cm thick TOVt, density Be reflector. 
I' Tlic B / ' annulus is about 3.8 cm thick at ^^70% density. 

TAHI,!': TII-13-IV. EFFECTIVENESS OF F U E L .AND B^C 
I \'l'Kl{l'lI.\N(iE I.N H E F L E C T O R f45'",'c VOID, U S IN W 

S Y S T E M ) " 

Core Volume, 
liters 

300 
300 

1.500 
1.5(10 

To ta l lip 

Core 

479 
433 

18118 
1764 

C-23S 

Reflector 

1 0 
53 

0 
149 

Reactivity Change, 

14. Ol" 
21,5" 
5,9i> 

10 3' 

* 0,5 cm tunfasten slicet licl ween euro and reflect nr. 

' 20 cm thick ^ 7 0 ' t density Be reflector. 
' Exchange of B^C with reflectnr. 
• Exchange of B4C with reflector annulus (-^3.8 cmj con
ning fuel. 

such motion takes place raises some serious operational 
(luestions. 

Spherical geometry calculations were used to evalu
ate the general reactivity behavior of the jioison-re-
flector interchange at the core boundary. Typical re
sults are given in Table III-13-III. Such reactivity 
changes can probably not be realized in a practical ap
plication. They are, however, indicative of potential 
design difficulties. It is ajiixircnt from Table II1-13-III 
that engineering com])romises can substantially reduce 
the available reactivity for such B^C-Be interchanges. 
Therefore, the interchange of fuel embedded in a re
flector with B4C was similarly studied. Such results 
are given in Table IIM3-1V. 

In general these results in s])herical geometry indi
cate that significant control may be achieved by 
mechanical material movements in the moderating re
flector. Ancillary calculations show that for reason
able ratios of core height to diameter, the values in 
Tables III-13-III and III-13-IV should be reduced by 
about 30% to apply in the more realistic cylindrical 
geometry. 

The basic temporattue ami power coefficients of re
activity for the bard core spectrum pro|ndsion reactors 
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are similar to those for equivalent fa.st power reactor 
systems in the absence of sodium coolant. These effects 
can be attributed primarily to axial and radial ex
pansion of the core structure. The Doppler coeflScient 
of reactivity may be important in a reactor startup 
but it is not expected to be significant at high tempera
ture operating conditions. Some typical spherical core 
expansion calculations are given in Table III-13-V. 

Perhaps the most interesting reactivity effects in 
these systems are due to the gaseous hydrogen pro
pellant in both core and reflector. To a fair degree of 
approximation, the effect in the core and reflector 
were found to be essentially additive except for very 
extreme circum.stances; hence each region will be dis
cussed separately. As hydrogen is introduced into the 
core, the spectrum is softened. At low hydrogen density 
this can cause either an increase or a decrease in reac
tivity, depending upon core size and composition I e.g. 
UOi; or US). If a reactivity increase is incurred by low 
density hydrogen introduction, a further densification 
of the hydrogen does not always cause a further in
crease in reactivity. In fact, the introduction of ex
tremely dense hydrogen nuiy make the system less re
active than the reference configuration containing no 
hydrogen. Such effects have been only initially ex
plored, and it is ex])ected that both detailed experi
ments and analy.-^is will be rcciiiircd for confid<'nt un
derstanding. 

The reactivity effect of inci'eascd hydrogen density 
in the reflector is frequently positive. I t is sensitive to 
the detai ls of how the re t ler tor is coupled to the core 

TAHLi; III-13-\ ' . ESTIMATED HE.VCTIVITY EFFECTS D U E TO 

I'-MFORM CORE EXPANSION AND ESTIMATED ISOTHERM.\L 

CORE EXP.VNSION TEMPERATURE COEFFICIENTS {US IN W 

SYSTEMS) 

r- ' Void Core ,, „ \i 1 Con-Volume, , ^ 
liters 

300 
.•̂ 00 

1500 
1500 

% 

45 
70 
45 
70 

Core Expansion tiy 
Moving Reflector 

Ali/f 
AV/V 

0.28 
0.30 
0.19 
0.27 

Ak/kf-
AT 

4.2 X 10- ' 
4.5 X 10-1 
2.9 X 10-" 
4.1 X 10-" 

Core E.xpansion 
into Gap between 

Core and Reflector 

AV/V 

0.18 
0.11 
0.15 
0.10 

Ak/k^ 
AT 

2.7 X 10-> 
1.7 X 10-" 
2.3 X 10- ' 
2.4 X 10-1 

" Keactivity effect per unit CIHIIIKI" in ere vnliinii' (iiiitlerials 
conserved). 

I 'Temperature eneffieieiit ut reaetivitj ' per °C assuming 
that A l ' / r = 15 X 10-'/° C. 

and may cause a slight i'i';u-ti\'ity loss with a lessening 
of reflector effectiveness. 
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111-14. Super-Pronipl ta'ilical Excursions in L nnioderaletl Cores wi lh Moderat ing 
Kefleetors 

W . B . I.OEWENSTEIX ailll .1. WilLlE 

Siiiier-proiniit critical excursions for ty]iical fast 
neutron systems have been extensively studied in the 
past.'--'^'* Systems with light element and/or mod
erating reflectors (e.g. a nuclear rocket or a coujiled 
fast-thermal breeder) lia\'e not in the past been sub
jected to similar detailed analyses. I t is therefore of 
some interest to attomjit to compare the super-prompt 
critical excursions in these systems with those of the 
extensively studied fast systems. \ meaningful com
parison of the overall safety of such systems with the 
extensively studied fast neutron systems is ver>' dif-
fleult. It would require detailed comparison of the ef
fect of prompt neutron lifetime and power distriliu-

tion, as well as the very iiiiportant considerations 
pertaining to the manner in which the prompt period 
is established (e.g. the manner in which reactivity is 
inserted at or near prompt critical). Xo such overall 
comparison is implied, or attempted, in this study. The 
detailed analyses were simiily addressed to the fol
lowing ([uestion: Assuming certain initial prompt 
periods, eorresponding to some reactivity insertion 
rates, what is the subseciuent behavior of the system? 
What is the maximum pressure, total liberated energy 
and liberated kinetic energy from such an excursion? 

The analyses were carried out with the .-^X-I pro
gram.'' The major absolute uncertainty is related to 

file:///lnienas
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TAIi 

Approximate 
Core 

Volume, 
liters 

200 

250 

900 
.300 
700 
700 
300 
300 
SOO 
SOO 

,[••. I I I - l l -

Reflector" 
Material 

Be 

Bo 

Be-U 

I'ltllMI'l' C]UTIl',\l. I']XI TRSIllNS 1 

Core'' 
Type 

H 
H 
H 
HI. 
HL 
PF 
PF 
PF 
PF 
PF 
H 
H 
H 
HL 
PF 
PF 
PF 

Approximate 
Prompt Neu
tron Lifetime, 

^sec 

15-20 

10-15 

^ 0 . 5 

Initial 
Prompt 
Period, 

^ec 

1000 
2.50 

31.7 
1000 
250 

lOOO 

345 
297 
168 

~250 
250 
400 
250 
250 
250 
400 
250 

\' rNMiiDi': 

Shortest 
Prompt 
Period, 

^sec 

715 
220 

31.3 
1000 
199 
950 
263 
188 
129 
260 
228 
370 
238 
241 
227 
373 
240 

IIM'KD ItlHKKI' CllltKS W 

Time Period" 
Becomes 
Negative, 

/isec 

2800 
1188 
327 
125 
453 

3020 
1470 
1240 
900 

2410 
1060 
1880 
1360 
400 

1080 
1990 
1450 

IIII \ ' \Kr 

Energy Liherated, 
10" ergs 

Kinetic 

0.0005 
0.04 

21.0 
0.004 
0.007 
0.003 
0.10 
0.18 
0.54 
0,56 
0 05 
0.11 
0.33 

-0 
0.05 
0.10 
0.30 

Total 

1.9 
5.2 

98.0 
O.U 
0.28 
3.2 
8.2 

10.8 
15.5 
37.0 
2.9 
7.3 
9.2 
0.4 
2,9 
7.4 
9.7 

II S KllKI-lOl 

Peal; 
Pressure, 
megabars 

0.053 
0.15 
1.23 

— 
~0.07 

0.10 
0.16 
0.19 
0.26 
0.16 
0.15 
0.12 
0.16 
0.009 
0.25 
0.20 
0.25 

in Its 

Time of" 
Peak 

Pressure, 

^ec 

2650 
1090 
340 

— 
~ 7 5 
2900 
1410 
1210 
890 

2240 
1140 
2000 
1480 
150 

1160 
2090 
1560 

' B P - U = 50 v/u He and 50 v/n C-lMN. 
' H = HninnnpnPoUs ; H L = "HnTiKitiflH'nus 

• Af t e r iiiili:il i inui in l \)i-vun\ is f.«t;il.li.sli('il. 

' Layered; PF = Powor LlattcneJ. 

the [)r(»[)ticty of tin' "u.^u;tl" (Munition of state for ura
nium. Tu iilToi'il ;i coniiKtrison with previous analyses 
on fast nt'utrnn sy.-trins. the "Sti^arron" eciuation of 
state' was used with appropriati.' iiuniifications for 
siniuhitcd voids i)rescnt in the core. The u.sc of this 
(•f]u;iti()n of state docs iin|)ly considerahlf uncertainty 
on the absolute values of the calculated iiaranieters 
of interest; however they may he u.-cd for ipialitative 
comparisons under \"rry i'i'>ti'ieteii eireunistanccs. To 
accommodate' thi' I'ajiid spatial variation of the neu
tron spectrum near the cure boundary, four energy 
groups (two fast, one intermediate and one thermal) 
were used for the neutronics calculations. Tyjtica! re
sults of the e.\<'Ui>ion aii;dyM'> are liiven in Tabic III-
14-1. 

TIK' .-y>tems eho>cn foi' anaK>i> were r-23o fueled 
cores with a heavy metal diluent. The cores contained 
about 459^ simulated void. Some systems had a Be 
reficctor, others had a mixture of Be and U-238 in the 
reflector. The moderatinp; material in tlie reflector 
tended to lentitlien the prompt neutron lifetime as well 
as to pi'ovidc a power density at the core-reflector in
terface which was higher than that at the core cen
ter. During an excursion on sucli systems, initial ma
terial motions may take place near the core boundary. 
In some cases such motions may tend to shorten the 
prompt period relative to that used to initiate the ex
cursion (e.g. an autocatalytic effect). This shortening 
of the ])eriod may be due to a change in the prompt 
neutron lifetime dui'ln^i; the excursion. It may also be 

due to increased reactivity due to initial material mo
tions. The detailed influence of both these considera
tions remains to be investigated. 

Some additional studies were concerned with the 
effect of radially "flatteniuii;" the power di.-tribution. 
This was accomplished by ili>conlinuou>ly varying 
the loading of fuel in the diluent material to provide a 
"chopped" radial power distribution which is essen
tially flat. It was found that for given initial promj)! 
periods, the total energy released, liberatecl kinetic 
energy, and ])eak jircssurcs generated tended to be 
higher in the power-flattened system relative to the 
system with a homogeneous core com]>osition. The dif
ference was most ]tronounced for the longer promiH 
neutron lifetime systems. 

Finally, the effect of "layering" the core was found 
to .significantly reduce the severity of these excursions. 
Layering is accomplished by calculating a system of 
spherical shells. Some of these contain high density 
-̂s.i.i i^ietal. The others contain diluent materials and 

simulated void; the overall composition is the same as 
the single region homogeneous sphere. The ef̂ 'ect of 
layering found here is quite similar to that obtained by 
Stratton.i 
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III-15. Natural T u n g s t e n Cross Sect ions for Fast and Interniediale \ e u l r o n Spectra 

K. KAISEK and W. B. LOEWENSTEIN 

Several interim sets of nmlti-group tungsten cross 
sections for fast and intermediate s]iectra have been 
compiled. The constants are generally based on micro
scopic cross section data available as of September, 
1963. The sixteen group constants were subsequently 
used to calculate experimental integral parameters 
(critical size and material replacement effects) wdiere 
tungsten cross sections are important. The sixteen 
group structure is the same as adopted by "Hansen-
Roach"^ and all integral analyses utilized their multi-
group constants for materials other than tungsten. 

The microscopic data were spectrum averaged as 
follows: 

Groups 1, 2 and 3 (900 keV to 10 Mi'Vi u>e<l the 
U"'̂ ^ fission s])ectrum. 

Groups 4 througli 14 l0.4 eV to 900 ke\'l u>ed a 
calculated spectrum for a reflector moderated core 
with tungsten constants from Ref. 2. 

Groups 15 and 16 (thermal to 0.4 eV| were a\'eraged 
over a modified Maxwell-Boltzmann distribution 
which is flat from 0.2 to 0.4 eV. 

Averages were carried out \\\{h the follo\\'ing two 
prescriptions: 

faAE)^-^dI-
J cr, (/•;) 

X / i ) 
ilE 

and 

b) 
I aAF)^{F)dL 

j ^(E}dE 

where: 
(T.,. is the reaction cross section to be averaged 
(Tt is the total cross section 
(f> is the appropriate sjiectrum. 

Elastic removal cross sections were oi)tained by cal
culating a "spectrum w^eighted" logarithmic energy 
decrement for each group. Table III-15-I smiunarizes 
the results. 

Inelastic cross sections and transfer matrix are based 
on available measurements at low energies (<2 
MeV I. At high energies the statistical model of the 
nucleus was applied. The resulting matrix was then 
normalized to be in substantial agreement with the 
"si)here transmission" measurements-*. Table III-15-II 
gives both the total inelastic and the inelastic transfer 
cross sections obtained. 

Cajtture tn.y) cro-ss section.- are particularly uncer-

TAHLiC III-I.'>-I. WEH!H['INO SPECTRUM .\.\IJ S I 'ECI IUM 
WKHMriEll LiKJARITH.Mir I'^INERUY DECREMENTS 

(]6 Group Format) 

% 
Energy 
Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
10 

Lower Bound
ary of Energy 

Group 

3.0 MeV 
1.4 
0.9 
0.4 
0,1 

17 keV 
3 
0.55 

100 eV 
30 
10 
3 
1 
0,4 
0,1 

Ttiernml 

Weighting 
Speclrum" 

Vt 

422.0 
881.0 
762.0 

2593.0 
3920,0 
1200,0 
165,0 
43, li 

9.72 
2.07 
0.34 
0.54 
1.08 
0,43 
11,18 
0,12 

AC^ 

1.2 
0.76 
0.44 
0.81 
1.39 
1.77 
1.74 
1,70 
1.71 
1.20 
1.10 
1.20 
1.10 
0.92 
1.39 

— 

m 

0.041 
0,020 
0,026 
0.021 
0.0093 
0.0049 
0.0081 
0.0077 
0.0074 
0.0O64 
0.012 
0.029 
0.016 
0.013 
0.039 

— 

^ ̂ j = I 4i{E)dE\ u.sed only for groups 4-14. 
•^Slower. 

' ft.n,.t,. = 0.01084 
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TABLI'i n i -15 II . ToT.VL INEL.\STIC -\m> INELASTIC 

TR.\.\.SFKR CROSS SECTIONS FOR TUNCJSTEN, h;irns" 

(16 Group Format) 

Energy 
Group 

1 
2 
3 
4 
5 

Lower Group 
Boundary, 

MeV 

3.0 
1.4 
0.9 
0,4 
0,1 

Total 

"... 

3.0 
2.85 
2.40 
1,48 
0,.!0 

Transfer Cross 
Section, (r.„ j- . ,>t 

A- = 0 

0.60 
0,48 
1.08 
1.08 
0.18 

1 1 2 3 4 1 5 

1,21 (1 :i:iH .',111 -in,(1,01 
0 !I7 n '.i!i() :;r, (1 do' 
0.83 (i,::'.io,ui 0,02 
0.38 
0.12 

0.02 

— 
— 1 — — 

— 
' Croup ^ilnicturc identi I IIKII ..r Tiil.l.' I l l 15 I, 

TABLE I I M 5 - l n . TOT.IL, TOT.\L EL.\STIC, TR.INSPORT 

.\ND C.\i'TtrRE CROSS SECTIONS FOR TUNGSTEN, barns* 

(16 Group Format) 

Energy 
Group 

10 
11 
12 
13 
14 
15 
16 

Lower 
Boundary of 

Group 

0.025 
0.080 
0.10 

3.0 MeV 6.14 3.11 
1.4 6,99 4.07 
0.9 6,52 4,0; 
0,4 I 6,60 5,03 0,09 10,09 
0.1 7.93| 7,500.16 0,13 

0.026 
0,072 
0,10 

17 keV 
3 
0,65 

100 eV 
30 
10 
3 
1 
0,4 
0,1 

Thermal 

10.14; 
12.99| 
15.22 
17.87 
13.54 
41.68 
13.89 
8.43 
9.26 

12.91 
20,02 

9,87 
12,34 
13.39 
14.63 
12.89 
.33.33 

6.15 
5,33 
5.52 
5,58| 
5,(>1 

0.263 
0,651 
1,824 
3,238 
0,645 
8.359 
7.745 
3.101 
3,741 
7,326 

14.412 

4.56 
4.63 
4.38 
4.63 
6.64 

3.47 
3.77 
3.81 
4.29 
6.56 

0.410.14 
0,410,20 
0.46 0.32 
0.60|0,54 
0.830.82 

9.62 
12.84 
15.17 
17.81 
13.49 
41,56 
13,87 
8,41 
9,24 

12.89 
20.00 

0.947 
0.987 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0,996 
0,996 
0.996 

l n t ; i c ' h l ^ = tot:il ciipturc; <r,. ' m = total; 
total transport. 

I' .Most frequently u.sed for integral analyses; see te.xt. 

tain. Some experimental results differ by a factor of 
two, probably because of normalization difficulties. 
Table n i - l S - H I yummurizes the compiled spectrum 
averaged cross sections. The most fii'i|ueiilly used 
capture cross sections for analysis are denoted \vith an 
asterisli. Tliese rc|)resent some .judgment as to which 
of the inicro-scopic data nuiy be uoiiiialized consistent 
with the U-''-' fission cross section>. 

Table III-15-III also gives tipitropriate spectrum 
averaged total (IT,), total elastic ia,) and transport 
iatr) cross sections as well as the constant relating to 
the average angle of scattering Ip) in the laboratory 
system. With respect to tht- latter one again finds re
ported differing data at high energies; hence two sets 
have been assembled at high energies with the most 

frerpiently usetl (ĵ  ilenoted by an asterisk. Tliese repre
sent some judgement, based on criticality calculations, 
as to the validity of some reported angular di.stribu-
tions. 

A similar set of tungsten multigroiiit constants was 
assembled having 24 energy groups to thermal. Here, 
the high energy inelastic cross sections were not nor
malized to integral sphere measurements. Subsequent 
application showed that calculated spectra are prob
ably too energetic although the reactivity of a tung
sten ".Jemima" assembly- was cjuite well predicted. 
Table HI-IS-IV gives the group structure and all 
cross-sections except the inelastic transfer cross sec
tions which are given in Tabic in-1.5-V. The inelastic 
transfer cross sections out of groups 1 and 2 on 
Table III-15-V are ptirticularly uncertain and should 
be reevaluated before extensive ap|>lication of these 
constants. 

T.^BLE I I I 15 IV. ToiAL, TOT,IL EL.ISTIC, TR.VNSP<JRT 

ANO C',\eTt RE C'RflSS .SECTIONS F()R Tt'.VGSTEN, l i a m s * 

(-?4 Group Format} 

En-
crg)' 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Lower 
Group 

Boundary 

3.67 MeV 
2.23 
1.35 
0,83 
0.50 
0,30 
0,18 
0,11 
07 keV 
41 
25 
15 
9.1 
5.5 
2.1 
0.5 

100 eV 
30 
10 
3 
1 
0.4 
0,1 

Tliermal 

<rt 

5.86 
6.83 
6,99 
6.93 
7.04 
7.45 

<r. 

2.61 
3.60 
3.68 
4.19 
5.45 
6.30 

8.08 7.31 
8.66 
9.32 

10.05 
10.88 
11.81 
12.66 
13.29 
14.33 
15.39 
20.82 
15.37 
51.90 
16.15 
8.50 
8.67 

12.98 
20.12 

8.21 
9.11 
9.81 

10,58 
11,42 
12.13 
12.56 
13.26 
13.18 
17.24 
14.58 
41.52 

7.26 
5.38 
5,21 
5.60 
5.61 

ffc 

0.021 
0.045 
0.086 
0.101 
0.090 
0.181 
0.117 
0.157 
0,217 

i-a 

0.41 
0.41 
0.41 
0.48 
0.62 
0.75 
0.83 
0.88 
0,94 

0.238 0.96 
0.300 
0.385 
0.531 
0.729 
1.074 
2.203 
3.576 
0.789 

10.378 
8.885 
3,120 
3,468 
7.384 

14,514 

0.97 
0.98 
0.98 
0.99 
0.993 
0.996 
0.996 
0,996 
0.996 
0.996 
0.996 
0.99(i 
0.996 
0.996 

Olr 

4.35 
4.72 
4,85 
4,75 
4.99 
5.89 
6.86 
7.73 
8.81 
9.65 

10.,57 
11.57 
12.48 
13.16 
14.24 
15.34 
20.75 
15.32 
51.75 
16.12 
8.49 
8.65 

12.96 
20.10 

a-) 
0.038 
0.028 
0,025 
0.021 
0.028 
0.025 
0.022 
0.022 
0.022 
0.022 
0.023 
0.021 
0.022 
0.022 
0,012 
0 010 
0.0O92 
0.010 
0.012 
0,020 
0.015 
0.0081 
0.039 

-

Weight
ing Spec
trum ^j^' 

0.024 
0.164 
0.277 
0,342 
0.472 
0.815 
1.15 
1.21 
1.25 
1.30 
1.34 
1.40 
1.44 
1.50 
1.57 
1.91 
3.51 
5.30 
6.77 

15.6 
63.4 

_ 

— 
••m, = total fraii.s]>,,rl ; <r, = t.ilal;cr, = total elastic; <7,, 

total capture (ti,-y), 
^ = cosiod for elastic scattering, 

t 
ifi " spectnini weiglilcil loRarithmic ilecrcmeiit. 

/•«.„„..., 
/ f{E)dE 

•IK, 

AE; 

file:///vith


16. Almenas 131 

'IWHLI-; III-15-V. ToT.\L INELASTIC AN'D INEL.\STIC TRANSFER CROSS SECTIONS FUR TTNGSTEN. l)arns" 

{2I^ Group Formal) 

Energy Group 

1 
2 
3 
4 
5 
6 
7 
8 

Lower Group 
Boundary, 

MeV 

3.67 
2.23 
1.35 
0.83 
0.50 
0.30 
0.18 
O.U 

Total <r,„ 

3.23 
3.18 
3.22 
2.64 
1.50 
0.971 
0.65 
0.30 

A' = 0 

(1.08) 
(0.706) 
0.477 
0.586 
0.580 
0.370 

1 

(2.15) 
(2.320) 
2.028 
1.575 
0.769 
0.55 
0..38 

2 

(0.148) 
0.466 
0.090 
0.063 
0.014 
0,23 
0.096 

Transit 

3 

0,249 
0.165 

4 

0,084 

r Cross Sect 

5 

0.052 
0.030J0,021 0.014 
0.0150,0090,000 
0.040 — 
0.0810.051 0,030 

5 

0,032 

im,!" 17 

7 

0,020 
0,009,0.006 
0,0040.002 

0.018|o,015 

- t - , . 

8 

0 012 
0.003 
0,001 

0.009 

9 

0.007 
0.002 

10 

0.004 
0.002 

11 

0.004 
0.001 

12 

0.002 

13 

0.001 

" Grouj) structure identical to that of Table III-15-IV, 
'' The values indicated in parentheses should be carefully evaluated to be consistent with measured distributions of inelastically 

scattered neutrons. 
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III-16. Verification of T u n g s t e n Cross Sect ions 

K. ALMENAS 

The utility of a series of measurable critical as
sembly parameters for the verification of tungsten 
multigroup constants was stutlied. >teasurable [la-
raineters as used here refer to experimentally deter
mined quantities such as fission ratios. Rossi-a's etc. . 
The basic analysis included preiliction of the inter
esting parameters by using five separate sets ot tung
sten cross sections. These differed from one another 
primarily in details of averaging the basic microscopic 
nuclear constants. They also reflected some uncer
tainties in the knowdedge of nuclear data. The calcu-
liited differences in the five sejiarate calculations were 
then analyzed. The ob.iectives of the study were pri
marily to determine which measurable parameters 
should be employed in the verification of the tungsten 
multigroup cross sections. 

The measurable ]iaranieters included the critical 
mass, central material replacement data, fission ratios, 
Rossi-a, and capture cross sections. Most of the meas
urable parameters were indirectly influenced by the 
presence ot tungsten since the tungsten affects the 
core spectrum. In the measurements it is necessary 
that tungsten be a major constituent ot the core. 

Three critical assemblies have been analyzed: 
(1) .\ core containing U-23.5, U-238 and tungsten; 

this assembly facilitates comparison of the ttiiig-
sti'U constants with U-238 constants 

(21 A core containing U-23r), aluminum and tung-
s\en; the spectrum is fletermined by and is 
sensitive to the tungsten inelastic cross sec
tions 

i3l .\ core containing U-23"). carbon and tung.sten; 
this assembly has a less energetic siiectrimi than 
the above two systems 

The influence of several reflectors was also con
sidered. These were fast spectrum assemblies with non-
moderating reflectors and were typical of those for the 
initial ZPR-IX investigations. In such reactors, only 
the cross sections above 100 eV (groups 1-9) have any 
significant effect. This is demonstrated in Table III-
16-1 for the softer siiectrum system cited above. All 
of the calculations utilized the multigroup con.stants 
and structure of Ref. 1, The tungsten con.stants are 
based on Paper No. III-l.'), 

Some of the results ]iertinent to the analysis are 
given below. 

CHITIC.iL M. \ s s 

The critical mass is one of the more accurately meas
ured and one of the more important parameters for 



132 / / / . Fa.1t Reactors 

T A B L E 1 I I - 1 6 - I , \oKMAi.i / .Eii V J V ' V A L U E S . I T 

C E N C E H OK A Z P K - l . X A S S E M B L Y ' ' 

l ^ , W r/o i r . ^ , K r/o C and ^W r/o V-2S5) 

Energv 
Group J 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Lower 
Energy Limit 

3.0 MeV 
1.4 MeV 
0.9 MeV 
0.4 MeV 
0.1 MeV 

17 keV 
3 kcV 

0.55 keV 
100 eV 
30 eV 

ipjif'^ at Core Center''' « 

W30 

0.0398 
0.0920 
0,0li50 
0,2008 
0.3436 
0.1997 
0.051 
0.0076 
0.0004 

— 
1.0 

W3.S 

0,0381 
0.0907 
0.0810 
0.2217 
0.3282 
0.1913 
0.0428 
0,0055 
0,00044 
0.00003 

W37 

0.0.379 
0.0903 
0.0804 
0.2200 
0.3337 
0.1893 
0.0426 
0.0055 
(1,(K)044 
0.O0OO3 

1,0 1,0 

W40 

0,0380 
0,0904 
0,0805 
0.2203 
0.3341 
0,1899 
0,0415 
0,0050 
0.00027 

— 
1,0 

W43 

0.0373 
0.0890 
0,0798 
0,2200 
0.33.52 
0.1901 
0.0427 
0.0055 
0.00044 
0,00003 

111 

!)4', Al. 
I IH 

" T h e a s s e m b l y is ref lec ted In' 'M) 

C a l c u l a t i o n s a r e n i u l t i g r t i u p ilifTii.-ii 

g e o m e t r y . 

'' -PI = (leulniTi t l u \ 

ifj = n e u t m n i n i p o r t i i n c e . 

^•W;?7 " M o s t F r e q u e n t l y U s e d " f rom Ref. 2. W 43 " A l -
t e r i K i t e " f rom lief, 2, W 35 a n d W 40 a r e s i m i l a r c o n s t a n t s 
d i f fer ing p r i m a r i l y in t h e m a n n e r of a v e r a g i n g liiKl' enc r t ty 
c a p t u r e c ro s s s e c t i o n s . T h e n u m b e r (\V 30, e t c ) rcfci' 1n i l ie 
m a t e r i a l d e s i g n a t i o n in A N L M u l t i g r o u p Set N o . 201 

T A B L E I l l - H i - I I . C' . \LcrL.\ i 'En .\i\i) I - I X P E R I M E N I ' V I . 
( ' R I T I C M . i : \ n r i n m l i \UE L 23") l"-23S \V 

. \ S S K \ 1 H I . 1 I ' > ' 

Core Composi t ion, v / o 

U-235 

.53.5 

.37.5 
28,8 

U-238 

3.8 
2,7 
2,1 

\V 

42,6 
59,8 
69.1 

Critical Radius , cir 

E.\p. ' ' W 35^ 

12.67 12.66 

16 .00 16.11 

19.27 19.43 

VV 37': 

12.61 

19 .15 

VV40« 

12 .61 

19.14 

' C a l c u l a t i o n s p e r f o r m e d li,\- K K:i 
t h e D.^X code in t h e Si ajiprnxinKit in 

1' U n p u b l i s h e d l . . \ S I . .h i la 
' See f o o t n o t e ,• of T id . l c I I I 16 I 

i d f u l l . ' 

cross section studies. Tables lII-16-l l and I l l - l l i - l l l 
cite a series of critical mass calculations. 

Table III-16-II comiiares the only available experi
mental tungsten-diluted critical assembly data (prior 
to ZPR-IX operation) with calculated values. The 
ci'itii'al assemblies were bare, compact anil had ex-
li'i'iiiely liai'il spectra, duly tin- upjier five energy 
groups (above U.l .MeVi had any significance in these 
calculations. Table III-16-II shows that the agreement 
of the iiredicted critical radius with the experimental 
radius is within ex|ieriniental error. Xo .significant dif
ference exists among the four sets. The BSX analytical 
program and the U-23.') cross sections have been suc
cessful in predicting critical radii for this type of .sys
tem. Tlierefore, the agreement (Table III-16-IIl in
dicates that reasonable multigroup constants were used 
for the high energy grou|is. 

Table I11-16-III gi\'es critical mass computations 
for tliiee ZPR-I.X. assemblies. The spectra of these 
asM'iublies were considerably less energetic than those 
for the a>seiiil)li('s of Table III-16-II. In these cases, 
the dili'i'ieiices in the tungsten cross sections become 
significant and resitltnl in diffennces that may be 
experimentally detected, 

C E N T R , \ I . T t X O S T E N W i i K i n 

Ceiitrtd material replacement metisurements can 
gi\'e information about the combineil effect of capture 
and inelastic scattering constants. The measurements 
ie(|iiire only small amounts of tungsten and were per
formed on a number of ZPR-III systems. .A compari
son of theory and experiment is gi\'en in Table III-16-
I\ ' , 'I'lic pertiirbatiiin tlieiny calcuhttions have been 
pel foniied with both unperturbed and ]ierturbed real 
Ihixrs, Thus the linvi T "lilnclY" of figures in Table III-
l()-l\ ' Is liaM'd on real fluxes (calculated hy DSX I 
wliicli lia\-e been perturbed by a 1.2 kg tungsten sam-
iile at the center of the core. Two methods of com
paring tlieniy and experiments were used. These refer 
to the inaiiner in wliicli peiioil uieasiu'ements are re-

T . M i l . K I I I II, 111, C l .M V OMK Z P I ; 1, \ .\ssKMBI,IES 

Critica 
Critica 
t.'ritiea 

radius (cm) 
volume (liters) 
mass (kg lI-'235) 

.\ppro\imate Core Composition (W Cross Section Set'') 

.^35 v/o W, ~3S v/o U-238, 
~10 v/o U-23S 

W30 

43.1 
352 
651 

W3S 

41.55 
300 
5.56 

W37 

40.07 
269 
497 

W40 

40.0 
268 
495 

W43 

40.55 
279 
515 

--3Sv/o \V, ^ 1 6 v / o . \ l , 
^10 v/o U-235 

W30 

39.2 
253 
467 

W35 

38.0 
229 

'423 

W37 

37.1 
213 
394 

W40 

37.0 
212 
392 

W43 

37.6 
2'22 
410 

~ 3 5 v/o VV, ~35 v/o C, 
^10 v/o U-235 

VV30 

35.7 
190 
.351 

W35 

35.6 
188 
348 

W37 

34.9 
177 
328 

W40 

35.0 
179 
330 

W43 

35.4 
185 
342 

" A l l c a l c u l a l i f i n s 

re f lec to r , 

' ' S e e f o o t n o t e c of T a b l e I I I - K i - I . 

ult i y r n u p diffuHion 1 h e r o r e s a r e re I h ick 0 4 ' ; d e n s i t y Al 

http://Fa.1t
file://i:/nri
file:///ppro/imate


T A B U ' : I I I K; \X. ( ' ( i M i ' \ t i i > n \ ,,v P R K I I K - I K T •i£ M K . V S I K K I I T r \ ( i S T E N M.ri 'KHMi. L K I ' I . M K M K N T E F K K C T S -

X-section 

W 30 

W 3 5 

W 37 

W 40 

VV 43 

W 3 0 

W 35 

W 3 7 
W 40 

W 43 

Z i ' K - l U .AssemhiyXo. 

. \bsolu te normalizat ion 

(Ap)" 
I h / k g 

- 2 4 . 4 3 

- 2 2 . 6 0 

- 2 0 . 7 9 

- 2 0 . 7 6 

- 2 0 . 7 6 

- 2 6 . 5 6 

- 2 4 . 0 9 

- 2 3 . 1 1 

- • 2 3 . 0 6 

- 2 3 . 0 5 

(Ap)" 
I h / k g 

- 2 4 . 6 

- 2 4 . ( i 

- 2 4 , 6 

- ' 2 4 , 6 

- • 2 4 , 6 

- 2 4 . 6 

- 2 4 . 0 

- 2 4 . 6 

- 2 4 . 6 

- 2 4 , 6 

A - C 
A 

-1-0.007 

-1-0.008 

- fO .15 

- t-0,16 
- fO,16 

- 0 . 0 8 

- t -0 ,02 

- f 0 , 0 6 
-1-0,06 

-1-0,06 

22 

Relat ive normal iza t ion 

*f, 
m b . 

- 1 7 9 . 4 

- 1 6 6 . 1 

- 1 5 2 . 8 

- 1 5 2 . 8 

- 1 5 2 . 8 

- 1 8 6 . 9 

- 1 7 5 . 3 

- l ( i 2 . 8 
- 1 6 2 . 8 

- 1 6 2 . 0 

5f. 
m b . 

- 1 7 0 . 1 

- 1 7 0 . 1 

- 1 7 0 . 1 

- 1 7 0 . 1 

- 1 7 0 . 1 

- 1 7 0 . 1 

- 1 7 0 . 1 

- 1 7 0 . 1 

- 1 7 0 . 1 

- 1 7 0 . 1 

A - C 
A 

- 0 , 0 5 5 

-1-0,0-24 

-1-0,102 

- t -0,102 

-1-0,102 

- 0 . 0 9 9 

- 0 . 0 3 1 

-1-0.043 

-1-0,043 

-1-0.048 

Z P R - I I I Assembly N o 

. \bsolu te normalizat ion 

{Ap)<^, 
I h / k g 

- 1 5 . 0 3 

- 1 4 . 3 3 

- 1 3 . 3 6 

- 1 3 . 3 6 

- 1 3 , 4 7 

- 1 6 . 0 8 

- 1 5 . 0 0 

• - 1 3 . 9 7 
- 1 3 . 9 4 

- 1 3 . 9 3 

(Ap)", 
I h / k g 

- 1 4 . 4 

- 1 4 , 4 

- 1 4 . 4 

- 1 4 . 4 

- 1 4 . 4 

- 1 4 . 4 

- 1 4 . 4 

- 1 4 . 4 

- 1 4 . 4 

- 1 4 . 4 

A - C 
A 

- 0 . 0 4 

4 - 0 . 0 0 5 

-1-0.078 

-1-0.072 

-|-0,0(i4 

- 0 1 1 7 

- 0 . 0 4 6 

-1-0.03 

4 - 0 . 0 3 2 

4 -0 .033 

38 

Relat ive normalizat ion 

5f. 
m b . 

- 1 6 1 . 2 

- 1 5 1 . 1 

- 1 3 9 . 6 

- 1 3 9 , 6 

- 1 4 1 . 8 

- 1 6 9 . 1 

- 1 5 8 . 3 

- 1 4 6 , 8 

- 1 4 6 . 8 

- 1 4 6 . 1 

'?.. 
m b . 

- 1 5 9 , 2 

- 1 5 9 . 2 

- 1 5 9 . 2 

- 1 5 9 . 2 

- 1 5 9 . 2 

- 1 5 9 . 2 

- 1 5 9 , 2 

- 1 5 9 , 2 

- 1 5 9 . 2 

- 1 5 9 , 2 

A - C 

E 

- 0 . 0 1 3 

4 -0 .051 

4 -0 .123 

4 - 0 . 1 2 3 

4 -0 .109 

- 0 , 0 ( ) 2 

4 -0 .006 

4 - 0 . 0 7 8 

4 - 0 . 0 7 8 

4 - 0 . 0 8 2 

Z P R - I I I . \ssembly N o 

Absolute normal iza t ion 

(Ap)<^ 
I h / k g 

- 1 0 . 4 0 

- 9 . 2 1 

- 8 . 4 5 

- 8 . 4 3 
- 8 . 4 4 

- 1 0 . 7 6 

- 1 0 . 2 5 
- 9 . 4 

- 9 . 3 8 

- 9 . 3 9 

(Ap)" 
I h / k g 

- 7 , 6 8 

- 7 . ( i 8 

- 7 . 6 8 

- 7 , 6 8 

- 7 , 6 8 

- 7 . ( i 8 

- 7 . 6 8 

- 7 . 6 8 

- 7 , 6 8 

- 7 . 6 8 

A - C 

E 

- 0 . 3 6 1 

- 0 . 2 

- 0 . 1 

- 0 , 0 ( 1 

- 0 , 1 

- 0 . 4 0 1 

- 9 . 3 3 5 

- 0 . 2 2 4 

- 0 . 2 2 1 

- 0 . 2 2 3 

39 

Relat ive normal iza t ion 

sf, 
mb. 

- 1 6 0 . 6 

- 1 4 9 . 4 

- 1 3 6 . 1 
- 1 3 6 . 1 

- 1 3 6 , 1 

- 1 5 7 . 3 

- 1 5 0 . 1 

- 1 3 7 . 9 

- 1 3 7 . 9 

- 1 3 7 . 9 

'?.. 
m b . 

- 1 ' 2 8 . 6 

- 1 2 8 . 6 

- 1 2 8 . 6 
- 1 2 8 . 6 

- 1 2 8 . 6 

- 1 2 8 . 6 

- 1 2 8 . 6 

- 1 2 8 . 6 

- 1 2 8 , 6 

- 1 2 8 . 6 

A - C 
A 

- 0 . 1 6 2 

- 0 , 0 5 8 
- 0 . 0 5 8 

- 0 , 0 5 8 

- 0 , 2 3 3 

- 0 . 1 ( i 7 
- 0 . 0 7 2 

- 0 , 0 7 2 

- 0 . 0 7 2 

" Explanation of table: Superscripts C and E refer to calculated and experimental values, respectively. All calculations based on perturbation theory. Upper "block" utilized 

perturbed real fluxes (obtained from 1>SN). lower block utilized unjierturlied multigroup diffusion theory. Comparison with exjieriment was done by two methods: (a) Absolute 

basis. Calculated 0,// and a normalization integral for each assembly. Calculated reactivities were tlieii converted to inhours; (b) Relative l)asis. An average value of (i- — 1 — 

a)af Pu-239. 

"•See footnote V n( Table IIl-Ki I. 
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TABLE III-IO-V. ff/CNp-237)A/{r-23.')} KOH .\ 
TYei t 'M. A S S E M B L Y - ' 

Tunpsten Constants'' 

At core center 
5 cm from reflector 
Core average 
12 cm from core in .a 

VV reflector^ 

VV30 

0.378 
0.363 
0,369 
0,099 

ir/(Np-237l/ir,(U-23,S) 

VV35 

0.406 
0.385 
0.394 
0.104 

W37 

0,404 
0.382 
0.391 
0.099 

VV40 

0.404 
0.382 
0.391 
0.098 

W43 

0.402 
0.383 
0.391 
0.107 

"Calculated for a core conlainiiig --35 v/o VV, ^16 v/o 
.\1 and ^ 10 v/o U-235 reflected by 30 cm of 94';;, density Al. 

1' See footnote c of Table III-16-I, 
"• A separate calculation where 30 cm full density VV re

flector was used. 

lated to reactivity. This is done by calculating the re
lationship between inhours and reactivity or by as
suming that one may accurately predict the central 
worth of PU-239. As shown in Table III-16-IV, the use 
of perturbed fluxes and the two different methods of 
correlating calculated and exjierimental data result 

in significant absolute differences. These are suffi
ciently great that a choice of the "best" set of con
stants could depend on the method of reactivity corre
lation. 

Fissio.N R.wios 

The fission ratios of U-238 or Xp-237 to U-23.5 can 
give an estimate of the neutron flux fraction in the up
per three to four energy groujis. The ratios are thus a 
reasonable indication of the accuracy of the slowing 
down matrix. The high tungsten-content assemblies 
can provide evidence regarding the inelastic cross 
sections in groujis 1-4. Some typical spatially de
pendent calculations for o} ' ' ' ' ' " ' / ' ' / ' ' " ' ' ratios are given 
in Table III-IB-V. 

REFERE.NCES 
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III-17. The Neulronics of Reaetor Control with Reflector Materials 

K. .\LMEN.\S 

IXTRODUCTIOX 

In some fast reactor api)lications it is extremely 
advantageous to control the system without utilizing 
moving mechanisms in the core. The use of control 
mechanisms outside of the core is freipiently inspired 
by the high temperature core environment. This causes 
engineering problems in connection with iiuning con
trol mechanisnrs. These problems may be circum
vented if it is feasible to relocate such control mech
anisms in the reflector ad.iacent to the core, where the 
environment is at a lower temperature. This study 
was initiated to identify the imjrortant fpialitative 
and ciuantitative neutronic parameters related to re
flector control mechanisms. The parameters include 
the nuclear constants of the ]ioison, the reflector and 
the core as well as the relative importance of their 
interaction. The analyses distinguished among ab
sorption, energy degradation and leakage iihenomena 
in the reflector. The indi^'idual reactions were analyzed 
as a function of energy and iio>ilioii, 

.\NALYTICAL MKTUUDS 

I'^ight reflectors were considered. The reference core 
contained tungsten and highly enriched UO- with 

about 40% void. The reflectors were assumed to con
tain a single material for each investigation. They 
were 25 cm thick and contained about 3 0 ^ void. 

The control poison was simulated in the reflectors 
with a 2 cm thick concentric region located 4 cm from 
the core reflector interface. This region was assumed 
to contain about 50% void. The remainder of the an
nulus contained 20 v o control material and 30 v 'o 
reflector material. 

DSN calculations in .-plierical geometry with the 16-
group Hansen and Roach cross sections' and modi
fications (see Pa]ier No. III-15) were used in the 
analysis. The geometric model overestimates the effect 
of the reflector when comjiared with realistic finite 
cylinders with control poison located in the radial re
flector only. For this study such an overestimate is 
advantageous since it tends to em]ihasize eft'ective 
neutronic dift'erences of various control and reflector 
materials. 
* The following three calculations were carried out for 

each of the reflectors : 
1. .\ reference problem including a reflector free of 

poi.son. The calculated reactivity for this con-
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TABLE III-17-I. .SUMMARY OF CONTROL PROBLKM RESULTS 

Kellector 

U 

U 

u 
Al 

Al 

Al 

Al/J i 
Al'jOi 
AI2O, 
N i 

Xi y. 

Fc 

F e 

F e 

M o 

M o 

M o 

C 

C 

C 

Zr 

Zr 

Zr 

Poison 

No B 
B 

B 4- H 
No B 
B 

B 4- H 
No B 
B 

B -1- H 
No B 
B 

B -b H 
No B 
B 

B 4- H 
No B 
B 

B -1- H 
No B 
B 

B 4- H 
No B 
B 

li + 11 

Control Span, 
% (Ak/k) 

1,04 
1.22 

0.52 
0,70 

2.66 
2.40 

1.51 
1,71 

1,14 
1,17 

1.19 
1..36 

3.45 
3.18 

1..57 
1..54 

Relalive Worth 
of Reflector 

0 

- 5 . 0 

+ 2 . 7 

4-1,0 

- 1 , 8 

-f2, l 

+0,67 

+0.83 

Net Outward^ 
Leakage 
Fraction 

0.3825 
0.3841 
0.3856 
0.3489 
0.3525 
0.3525 
0.27(i3 
0.30.35 
0.2982 
0.3025 
0.3147 
0.3147 
0.3239 
0.3330 
0.33U 
0.2969 
0.3058 
0.3061 
0.2862 
0.3208 
0.3156 
0.3033 
0.3159 
0,31.30 

Total Fraction" 
Absorbed in B 

0,0462 
0,0359 

0,0291 
0.0184 

0.0693 
0.05'26 

0.0462 
0.0.392 

0.0389 
0,0308 

0,0415 
0,0304 

0,0893 
0.07'25 

0,0422 
0,0306 

/-N., H — ^H'' 

-0,00165 
-0,0031 

-0.0O367 
-0,00363 

-0,0'272 
-0,0219 

-0,0121 
-0,01'22 

-0.0091 
-0.0072 

-0,0089 
-0,0092 

-0,0346 
-0.0'293 

-0,01-26 
-0,0097 

Control Span 
7.,\o a — 7,B 

6 , 3 

3 , 9 

1.42 
1,94 

0.98 
1,1 

1.24 
1.40 

1.26 
1,6 

1,33 
1 47 

1,0 

1.1 

1,24 
1,51 

' Leakage fr 
' Core leaka 

e normalized to one flssion neutron produced in the core, 
lisoned system minus core leakage of poisoned s.vstem. 

figuration represents the most reactive system 
configuration. 

2. A ])roblem with natural biiroii iu the "poison" re
gion. 

3. .\ problem with one-half of the natural boron vol
ume occupied by water density hydrogen. (Un
der some circumstances a mixture of poison and 
moderator was found to be more effective than 
jioison without moderator in the core.-1 

R E S I L T S . \ . \D I.NTEEl'RET.VTIOX 

The antilytical results are summarized in Table 
III-17-I. The table presents a comparison of the con
trol-related effectiveness of the various reflectors. The 
parameter of greatest practical importance is the "con
trol span". This is defined as the reactivity difference 
existing between the boron-free and boron-containing 
reactors. This parameter is given in the third column 
of Table III-17-I. In terms of "control span", alumi
num is shown to be the jioorest reflector while .'VUO.̂  
is quite good, second only to carbon. 

The fourth column of fable III-17-I illustrates the 
neutronic differences of the unjierturbed reflectors. 
The predicted reflector worth is given relative to the 
depleted uranium refltx'tor. The definition of this term 

IWorll l of Reflector .\\ 

k,,, (reflector A) - A-, (depleted U reflector) 
(depleted U reflector) 

(1) 

The observed difference between aluminum and AI2O3 
reflectors becomes even more pronouncetl on this basis 
than is implied by the "control span". 

There is no siinjile correlation between reflector 
worth and control span. This may be seen by compar
ing the values for the carbon and the molybdenum. 

The fifth column gives the net leakage from tlie 
core. The leakage fractions were evaluated from a de
tailed energy dependent neutron balance. Tbe energy 
dependence of the leakage fraction is given in Table 
I I I - I7-II for the reference reactors. Except for the 
depleted uranium reflector, the leakages become nega
tive for all cases below 17 keV. This means that for 
neutron energies below 17 keV, there is a net leakage 
into the core from the reflector. The absolute value of 
the back leakage is small. It is, however, very im
portant since the reflector-located poison most directly 
affects it. Table III-17-II illustrates the dispropor
tionate importance of the lower energy neutrons [17 
keV-100 eV] in producing the observed differences 
in the reflectors. .As seen, the total leakage and the 
group leakages down to 0.1 MeV differ only slightly 
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Energy 
G r o u p 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 
14 

15 

16 

T . i l a l 

•PABLI': 111 17 I I , 

Lower En
ergy Limit 

3 M e V 

1.4 M e V 

0 ,9 M e V 

0 .4 M e V 

0 . 1 M e V 

17 keV 

3 ke\ 
0 , 5 5 keV 

100 eV 

30 eV 

10 eV 

3 e V 

1 eV 

0 . 4 eV 

0 . 1 eV 

T h e r m a l 

Depl, Uranium 
Reflector 

0 .04275 

0.08081 

0 ,05713 

0 .10760 

0 ,06580 

0,02768 

0.000579 

0.000110 

6 .93 X 10-« 

1.16 X 1 0 - ' 
5 ,92 X 1 0 - " 

1,54 X 1 0 - " 

4 . 7 1 X 1 0 - " 

3 .66 X 10- '> 

- 8 . 1 4 X 1 0 - " 

- 5 . 3 7 X 1 0 - " 

(l,3S'247 

( b t o r p D K I - K . - ^ D K N I ' C O 

.Vluminum 
Reflector 

0.0-2319 

0 ,04043 

0 ,04255 

0,10.501 

0 ,10670 

0 ,03187 

- 0 . 0 0 0 . 3 9 2 

- 0 , 0 0 0 4 0 2 

- 6 . 9 0 X 1 0 - ' 

- S . 0 7 X 10-« 

- 1 . 1 3 X 1 0 - ' 
- 1 . 6 4 X 1 0 - ' 

- 1 , 8 1 X 1 0 - ' 

- 2 , 4 8 X 10-» 
- 4 . 0 2 X 1 0 - ' " 

- 3 . 8 0 X 1 0 - " 

0 ,34888 

AbOi 
Reflector 

0 .02773 

0.04.542 

0 .04753 
0 .10896 

0,09liS2 

0,()0( 19-24 

-0,0-.>-.>4x 

- 0 , 0 1 4 0 5 

- 0 , 0 0 7 6 0 
- 0 , 0 0 3 1 4 
-0,0(116,H 

- 0 . 0 0 1 0 6 

- 0 . 0 0 0 5 0 5 

- 0 . 0 0 0 2 6 3 

- 0 . 0 0 0 1 9 4 

- 0 . 0 0 0 1 4 8 

0,-276--'6 

w. L K , \ K , \ I ; | ' ; V 

Nickel 
Refleclor 

0 .02612 

0 .04846 

0 .03489 

0.08871 
0,09394 

0 .01708 

- 0 , 0 0 1 2 6 

- 0 . 0 0 2 5 4 

- 0 . 0 0 1 4 8 

- 0 , 0 0 r . 8 4 

- 0 , 0 0 0 3 7 3 

-0 ,000 -231 

- 9 . 0 2 X 1 0 - ' 

- 3 , 0 1 X 10-> 

- 9 . 2 3 X 1 0 - ' 

- 8 . 1 4 X 1 0 - ' 

0,30-251 

ut v,\Ri(H's r 

I ron 
Reflector 

0 .02391 

0 .04730 

0 .04042 

0 ,09577 

0,09787 

0 .02510 

- 0 . 0 0 2 7 0 

- 0 . 0 0 2 2 4 

- 0 . 0 0 0 7 7 6 

- 0 , 0 0 0 3 . 5 0 

- 0 , 0 0 0 1 9 7 

- 0 . 0 0 0 1 2 5 

- 5 . 2 4 X 1 0 - ' 

- 1 . 8 7 X 1 0 - ' 

- 6 . 1 2 X 1 0 - ' 

- 6 . 5 5 X I 0 - ' 

0-3-2389 

J l 'nIsnM.;o I d a 

.Molybdenum 
Reflector 

0 .02582 

0 .04781 
0 .03329 

0 ,08261 

0 ,08587 

0 .02277 

- 0 . 0 0 1 2 9 

- 3 , 3 2 X 1 0 - ' 

+ 1.75 X 1 0 - ' 

+ 1,75 X 1 0 - ' 

- 1 , 2 9 X i ( r » 

- 2 , - 2 7 X 10- ' ' 

- 3 . 6 1 X 10- '» 

- 5 . 9 3 X 1 0 - " 

- 6 . 4 9 X 1 0 - " 

- 1 . 9 9 X 1 0 - " 

0 ,29688 

LKCI- ' IHS 

Carbon 
Reflector 

0 .03003 
0 .05132 

0 ,05112 

0 .12068 

0 .10823 

0 .00690 

- 0 , 0 2 4 3 7 

- 0 . 0 1 9 6 2 

- 0 . 0 1 3 5 7 

- 0 , 0 0 ( i 9 9 

- 0 , 0 0 4 6 7 

- 0 . 0 0 3 7 4 

- 0 . 0 O 2 3 2 

- 0 . 0 0 1 5 7 

- 0 . 0 0 1 6 4 

- 0 . 0 0 3 5 4 

0,-28625 

Zirconium 
Reflect'ir 

0 . 02 ( i l l 

0 .04729 

0 .04301 

0 .08832 

0 ,08936 

0 ,01688 

- 0 , 0 0 5 5 9 

- 0 , 0 0 1 7 5 

- 0 . 0 0 3 1 7 

- 4 , 4 6 X 1 0 - ' 

- 7 , 8 1 X 10- ' ' 

- 1 , 5 3 X 1 0 - ' 

- 2 . 3 5 X 1 0 - ' 

- 4 . 2 3 X i r " 

- 8 . 7 5 X 10-» 

- 1 . 1 7 X 10-» 

0 ,30326 

for the various rrHector.-;, l)Ut the itiffcri-'iict's hclnw 
17 keV in some caycs amount to orders of magnitude. 

The sixth column of Talile 111-17-1 shows the neu
tron fraction ai)Sorbed in the control poison. The data 
show that u])on introducing hydrogen into the control 
region the fraction of neutrons al)sorbed in the boron 
decreased for all reflectors, even for those for which 
the hydrogen addition rcsiiltefl in an increased control 

span. This is due to the fact tiiat neutrons can be 
prevented from re-entering the core by down-scatter
ing as w êll as by absorption. The energy distribution 
of the core adjoint function show-s a trough in the 
energy region from 5 keV to 3 eV. This decrease in 
neutron importance reflects the resonance absorption 
in tungsten in this energy region. Reactivity can tlius 
Ijc decreased even in the core by down-scattering 

T A H L i : I I I 17 i n I O N E R C Y D i s T n i B i i i i i N OF HoRON A B S O R P T I O N I N \ .• 

(Siturre iu Btinm Free Problems Xormalized to 1) 

H K F L K C 

Energy 
Group 

1 

2 

3 
4 

5 

6 

7 
8 

9 

10 

11 

12 

13 
14 

15 

16 

T o t a l 

C o n t r o l 
s p a n (% 

a k / k ) 

Depl . Uranium 

0.000606 

0 ,00140 

0,000607 

0 ,00366 

0 ,01972 
0,01512 

0 , (»449 

0,000.555 

0 ,0000325 

7,77 X 1 0 - ' 
8 .82 X 1 0 - ' 

8 .64 X 1 0 - " 

8 .55 X 1 0 - " 

1.57 X 1 0 - " 

1.88 X l O - " 

8 .88 X 1 0 - " 

0 .04619 

1.04 

. \ luminum 

0.000104 

0.0004-22 

0.000'271 

0.00201 

0.01087 
0.01042 

0 ,00398 

0 .000923 

0,000143 
0,0000133 

1,21 X 1 0 - ' 
1,09 X 1 0 - ' 

8 .66 X 1 0 - ' 

7 .64 X 1 0 - " 

8 .73 X 1 0 - " 
6 .26 X 1 0 - " 

0.02914 

0 .523 

. \ b O , 

0,000148 

0,000447 
0.000209 

0 .00158 

0.01042 

0 ,01822 

0,01635 
0 ,01133 

0 .00642 

0,00237 

0 .00100 

0.000468 

0.000189 

0 .0000755 

0.00004,37 
0 .0000242 

0 .06930 

2 . 6 6 

Nickel 

0 .000452 

0,000767 
0,000398 

0,002802 

0 .01280 

0.01431 
0 .00664 

0.003851 

0 .002365 

0 .000959 
0 .000440 

0 .000230 

0 .000091 

0.000032 
0,000010 

9 , 3 X 1 0 - ' 

0 .04616 

1.51 

I ron 

0.0000827 
0,000324 

0,000.346 

0 ,002528 

0.01-2631 

0.01-2568 
0 .005821 

0.002846 

0,001094 

0 .000393 

0.000178 
0.0000886 

0,0000331 
0,0000103 

3 . 2 X 1 0 - ' 

3 . 3 X 1 0 - ' 

0 .03894 

1.14 

M o l y b d e n u m 

0.0000858 

0 .000398 

0 ,000565 
0 ,00374 

0 ,01487 
0 ,01492 

0,0(1.592 

0,0009-22 

0 ,0000683 

2 . 3 3 X 1 0 - ' 

6 .79 X 10-» 
3 .92 X 1 0 - ' 

3 .22 X 1 0 - " 

3 ,51 X 1 0 - " 
3 .32 X 1 0 - " 

9 .79 X 10- ' * 

0 .04150 

1.19 

Ca rbon 

0.0000871 

0 .000428 

0 .000223 
0 .00144 

0 .00861 

0 .01486 

0 ,01765 

0.01687 
0 ,01314 

0 .00652 

0.0036(i 

0.002-29 

0 .00128 

0 ,000706 

0 .000623 

0 .000882 

0 .08927 

3 . 4 5 

Zirconium 

0.0000848 
0 .000392 

0-00143 

0 ,00250 

0 ,01302 

0 ,01462 

0 ,00748 

0 ,00222 

0,000411 

4 . 4 5 X 1 0 - ' 

4 . 8 8 X 1 0 - ' 

5 , 6 3 X 1 0 - ' 

5 , 8 3 X 10-" 

6 , 5 6 X 10-> 

9 ,34 X 1 0 - " 

8 . 8 3 X 1 0 - " 

0 ,04220 

1.57 
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TABLI'] III-17-I\ ' . I'̂ NERGv DISTRIBUTION OF LEAK.VGE DIFFERENCK FOR \'ARi{irs HEFLEI 

{('ore Leakage to Unpoisoned Reflector Minus Core Leakage lo Poisiinetl ReJIietor] 

Energy 
Group 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
16 

Total 

Depl. Uranium 

0.00155 
0,00-284 
0.00103 

-0,00060 
-0.00772 

0,00090 
0,00031 

4.2 X 10-' 
- 1 , 0 X io-« 
- 8 , 0 X 1 0 - ' 
- 4 . 2 X 1 0 - " 

- 1 , 4 X 1 0 - " 

- 3 . 2 X 1 0 - " 

1.49 X 1 0 - " 

1.82 X 1 0 - " 
- 3 . 2 0 X 1 0 - " 

- 0 , ( ) o i r i 5 

Aluminum 

0,00017 

OOOOII 

- 0 , 0 0 0 0 3 
- 0 . 0 0 1 2 4 

- 0 . 0 0 2 7 1 

0 .00010 

0 ,00003 
- 0 - 0 0 0 0 6 

- 3 . 0 6 X 1 0 - ' 

- 5 , 9 X 1 0 - ' 

- 1 - 0 1 X 1 0 - ' 

- 1 - 6 X 1 0 - ' 

- 1 - 8 1 X 10-" 

- 2 . 4 8 X 10-» 

- 4 . 0 2 X 1 0 - " 

- 3 . 8 X 1 0 - " 

- 0 , 0 0 3 6 7 

•AbO) 

0 ,00190 

0 .00239 

0 ,00197 

0 .00124 

- 0 , 0 0 - 2 8 0 

- O . 0 O 6 5 3 

- 0 , 0 0 ( i 9 4 

- 0 . 0 0 6 7 2 

- 0 , 0 0 5 , 3 2 

- 0 , 0 0 2 7 0 

- 0 . 0 0 1 5 9 

- 0 , 0 0 1 0 5 

- 0 . 0 0 0 5 0 

- 0 . 0 0 0 2 6 

- 0 . 0 0 0 1 9 

- 0 . 0 0 0 1 5 

-0,0-27-25 

Nickel 

0.00O(j9 

0 .00122 

- 0 . 0 0 0 8 1 

- 0 . 0 0 3 3 5 

- 0 , 0 0 4 . 3 2 

- 0 . 0 0 2 5 9 

- 0 . 0 0 0 1 5 

- 0 , 0 0 0 7 5 

- 0 . 0 0 0 8 8 

- 0 , 0 0 0 5 4 

- 0 . 0 O O 3 3 

- 0 . 0 0 0 2 2 

- 8 . 6 6 X 1 0 - ' 

- 2 . 7 6 X 1 0 - ' 

- 8 . 1 X 10-« 

- 7 . 0 2 X 1 0 - ' 

- 0 , 0 1 2 1 5 

Iron 

0 ,00047 

0 .00107 
- 0 . 0 0 0 0 4 

- 0 , 0 0 2 2 7 

- 0 , 0 0 4 2 5 

- 0 . 0 0 1 3 2 

- 0 . 0 0 0 5 6 

- 0 , 0 0 0 9 4 

- 0 , 0 0 0 5 3 

- 0 , 0 0 0 3 0 

- 0 . 0 0 0 1 9 

-O.O0O12 

- 5 . 2 1 X 1 0 - ' 

- 1 . 8 7 X 1 0 - ' 

- 6 . 1 2 X 1 0 - ' 

- 6 . 5 5 X 1 0 - ' 

-OOlKlOli 

M o l y b d e n u m 

0.00036 0 .00072 

- 0 , 0 0 1 2 1 

-0 ,00 -289 

- 0 , 0 0 4 4 6 

- 0 . 0 0 1 3 8 

- 0 . 0 0 0 0 9 

+ 4 . 3 2 X 1 0 - ' 

+ 2 . 1 8 X 1 0 - ' 

+ 1,73 X 1 0 - ' 
- 4 . 9 X 1 0 - ' 

- 1 . 9 6 X 1 0 - ' 

- 3 , 5 X 1 0 - " 

- 5 . 8 9 X l ( ^ " 

- 6 . 4 7 X 1 0 - " 

- 1 . 9 9 X 1 0 - " 

-o , (K)s : i i 

Carbon 

0,00.383 

0.005(i0 

0,0O3S5 

0,00391 

-0.0(X172 

- 0 . 0 0 4 3 0 

- 0 . 0 0 6 5 0 
-0.(K),S.54 

-(1.00.S94 

- 0 , 0 0 5 7 7 

- 0 . 0 0 4 3 2 

- 0 . 0 0 3 6 5 

- 0 . 0 0 2 . 3 0 

- 0 . 0 0 1 5 7 

- 0 . 0 0 1 6 4 

- 0 . 0 0 3 5 4 

- I I (1346(1 

Zirconium 

0 ,00065 
0 , (Kill 2 

0,(KK)19 

- 0 , 0 0 3 1 7 

-0,(«l.5.57 

- 0 , 0 0 3 2 8 
-0- (X)161 

-0,(X1071 

-0 , (X)021 

- 3 , 7 ( 1 X 1 0 - ' 
- 7 . 4 1 X 1 0 - ' 

- 1 . 5 2 X 1 0 - ' 
- 2 , . 3 5 X 1 0 - ' 

- 4 , ' 2 3 X 10-» 

- 8 , 7 5 X 10-» 

- 1 . 1 7 X 1 0 - ' 

-0 .01-264 

manee region. The cft'ect in the re
st, neutrons are scattered into this 
'^ion; second, the lower energy 
del' pi'obabiiity of re-entering the 

neutrons into the re 
flector is twofold: t 
lower importance 
neutrons have a sn 
core. The ai)s()i'ption fractions thus illustrate that both 
duwn-scatterinii and absorjition can be effective meth
ods in decreasing reactivity. 

The seventh column of Tabh- 1II-17-I ^ives the dif
ference between the net core leakage for tiie poison 
free case (corresponding to the nio^t leactive cdu-
figurationl and tlie case with the poison section (cor
responding to the least reactive configuration). This 
re])resents the difference in the neutron fraction I'eaeh-
ing the reactor produced by the movement of a con
trol mechanism. This difference would be expected to 
correlate ()uite closely with the control sjian. That this 
is a|)|)roximately the case is shown in the last column 
of Table III-17-I. This gives the ratio of the differ
ence in the leakage to the control span. With the ex
ception of the depleted uranium reflector, the value of 
the ratio is fairly consistent, varying from 1 to about 
2. The systematic increase in this ratio for the boron 
plus hydrogen control sections again demonstrate the 
added control tluit may l)e pi'oduced by the down-
scattering of neutrons. 

The energy dependence of boron absorption is given 
in Table III-17-III. The table demonstrates the im
portance of the al>sori)ed neutron energy. For ex
ample, the ratio of the total neutrons absorbed in an 
Al:.0:i to an Al reflector is 2.4. However, the resulting 
control span differs Ijy a factor of 5. 

Thi,' energy dependence of h'akagr (hffririifi',- is 
given in Table III-17-IV. Thi> tabh' .~h(,w> that the 
addition of ]ioison to the reflcctni' cnn.--i.-tciitly rciuccs 
the leakage from the core for tlie uppci' two and in 
some cases for the upjici' foui' cnei'gy group.-. Vov 
some reflectors (e.g. cai'boni thi> rcchictinn in h'ak-
age for the high energy neutr<)n^ iTpresmts a large 
fraction of the net inci'caM' in Icakagi' between the 
least and nio>t reactive conhgin'ations. Such an effect 
lowei's the ovci'-all coiiti'ol ^pan. The introduction of 
jjoison decreases the fast neuti'on source near the core-
reflector interface. Tliis decreases leakage for all 
energy groups, the largest reduction being associated 
with the high energy neutron>. 

Qualitative conclusions from thi.- study may pro
vide guidelines for subsef]uent analyses. Zirconium, 
molybdenum, nickel, and iron were found to have 
quite similar control characteristics. The study will 
be extended to cover other materials (e.g. BeO) and 
other related aspects (e.g. the effect of coolant reac
tivity and power distribution). 
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III-18. l i ives l igal ion of a Rockol Fuel Tesl Kt»aclor' 

,1. T. M.ADELL and D. K. .\l.\r]''.\HLA\E 

This pa])er deals with the investigation of a test 
reactor to evaluate rocket fuel elements. In the initial 
stages of the investigation it is necessary to decide the 
major objectives of the test program; that is. which 
properties of the fuel must be most thoroughly investi
gated. The test facility may then lie designed to carry 
out these objectives. 

Since the nuclear rocket program is in its initial 
stage and the fuel has not been operated at design con
ditions, the most critical projK-rties of the fuel have 
not been determined. It is therefore necessary to en
vision a general test program, in which the fuel is 
represented by single elements or clusters in an en
vironment duplicating as closely as i)ossibly the en
vironment of the nuclear rocket. 

Duplicating the environment of a nuclear rocket 
presents some se\'ere performance rec]uirements. Both 
the Kiwi and Argonne types of rocket cores are char
acterized by a fast neutron spectrum, principally 
above one keV; a high temperature, greater than 
1500°C; and high power densities ranging upward 
from a few ]\IW/Iiter. On the other hand, the test 
facility is assumed to be the product of advanced exist
ing technology; that is, it operates at substantially 
lowei' tein])eratures and jtowcr densities th:ui is true 
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for rocke t cores. T h e majo r cons ide ra t ions to which 

this study is addressed are the following: 
1. Investigation of a test facility in which the 

])Ower density in the test section is several times 
greater than that in the rest of the facility. The 
ratio of power density in the test section to the 
power density in the test core (conventional core) 
is the major criterion in the design. 

2. Tailoring the spectrum of the neutrons entering 
the test section to produce the characteristic 
power and temperature distribution within the 
test section. 

3. Protection of the test facility from the high tem
perature hydrogen flowing in the test section. 

The general arrangement of the test facility is 
shown in Fig. III-18-1. This arrangement was used in 
most of the calculations. The innermost region is the 
test section. Next to it is a liner which protects the 
test reactor from the high tem]ieratures in the test 
section. The next radial region is the test reactor core 
or a buffer region. The reactor is surrounded by a re
flector. 

In the study, three approaches were considered to 
aciiieve the desired requirements for a test facility. 
In one approach the test reactor core was of more or 
less conventional design; that is, a water or sodium 
cooled system fueled with elements that have been 
previously fabricated. This ajiproach is discussed 
using an ANL-ty|)e rocket fuel element in the test sec
tion. In the ANL design the fuel elements are com-
])osed of uranium-oxide and tungsten, and the jiower 
densities are assumed to range from a few MW/liter 
to about 10 ]\1\V liter. Survey calculations were made 
to investigate the types of reactors which were judged 
to offer the greatest ])roniise in meeting the design re-
(]uirements. These typL's include light- and heavy-
water moderated and cooled reactors and sodium 
cooled reactors fueled with either uranium oxide-
beryllium oxide, or uranium-zirconium. The uranium 
loading in these tyi)es of test reactors was selected to 
be about one-fourth to one-fifth of the loading in the 
test section in order to achieve the desired power 
density ratio. The coolant volume was about 50*"̂  in 
all cases. The results of the survey calculations are 
shown in Fig. III-18-2. 

It is seen that light and heavy water systems ex
hibit lower pow^r density ratios and large power peaks 
in both the test section and the test reactor, compared 
to the sodium cooled systems. The results can be 
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readily explained by looking at the spectrum plots in 
Fig. III-18-3. The characteristic neutron spectrum of 
the test section (rocket core) is fast. When a thermal 
or epithermal system surrounds the test section, power 
peaks naturally occur at the interface from the thermal 
or epithermal neutrons entering the test section. The 
soft spectrum in the test reactor also leads to a greater 
fissioning rate in the test reactor and this results in 
a lower power density ratio. That is, the peak power 
density is limiting in both the test section and the 
test reactor. A maximum power density is associated 
with a flat power density distribution in both regions. 

The main conclusion of the survey calculations is 
that a fast test reactor matches more closely the spec
trum of the test section and thus a larger power den
sity ratio can be achieved. Therefore, fast systems of 
uranium oxide-beryllium oxide or uranium-zirconium 
were studied further. The characteristics investigated 
were the influence of the uranium and moderator con
centrations in the test reactor and the size and uranium 
loading of the test section on the design goals of iiower 
density ratio and spectrum matching. The influence 
of increasing the moderator concentration is to reduce 
the critical size and i)ower output at a fixed test reac
tor power density at the same time producing a poorer 
match in siiectruni and hence a tower jiower density 
ratio. 

The influence of the parameters—loading of Ihe test 
reactor, type of test reactor, size, and loading of the 
test section—are presented in Fig. III-18-4 which in
dicates the relationship between the test reactor 
power and the maximum power density ratio. First, in
creasing the uranium loacUng in the test reactor re
duces both the power density ratio and total power 
output. The presence of the moderator in this case 
(uranium oxide-beryllium oxide system) results in a 
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lower power production and a jtoorer s|)ectrum match 
for a particular power density ratio. The size of the 
test section does not have a strong influence on the 
relation between the power and power density ratio, 
although it is generally true that a larger test section 
results in a smaller amount of power being produced 
in the test reactor. The influence of the uranium load
ing in the test section is Cjuite pronounced in the case 
of the heaviest uranium loading; the power production 
is fairly reasonable. For the lightest loaded test sec
tion, the total power production is excessive. Some con
clusion* which are drawn from the study are: 

1. A test reactor should have a fast neutron spec-
tnun. 

2. Even under most favorable values of uranium 
loadings in the test section, and moderate values 
for the maximum power density ratio, the total 
power production of the test reactor is high so 
that the facility would be expensive. 

3. The systems under study exhibit a desired ver
satility in the possible dimensions of the test sec
tion; that is, the test section may be made larger 
or smaller without influencing the outer dimen
sion of the test facility. 

Other comments are also in order. Improvements are 
possible in the test reactor design. For example, vary
ing the loading of fuel and moderator to reduce the 
total power production while keeping the power den
sity ratio constant, and by using a thicker liner or 
buffer region between the test reactor and the test 
section. Results of calculations in which the test 
reactor has a variable loading of fuel and mod
erator are shown in Table III-18-I. For a maxi-
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TEST REACTORS 

tUO, (UO,-BeO) «U (U-Zr) 

0 1-25 
• 2.5 
A 5.0 

O 3.0 
a 5.0 

J L 

I l I - l S 1. TfSt iicMct. 

M i x POWER OENSI TY RATIO 

P u u c r Vrr.suH M a x i i i u n n P o w e r D e n s i t y P a l i u fnr IC, 22. a t id :{() v/o T O , T e s t Sc<'ti.. 

T A P P i ' ; I I I IS I. (•< 

.\Ni> V A R I A B L Y L ( 

t i soN OF U N I F O R M L Y 
1 T E S T I I E . \ C T O R S 

Type 

trniiiirm 
UOs BEO 

Variable 
UOi-BeO 

Uniform 
U-ZrH. 

Variatjie 
r-ZrH. 

Max Power 
Density Ratio 

4.0 

4.0 

4,0 

4,0 

Tesl Section 
.\Iax/.\v 

1.17 

1.11 

1.02 

1,04 

Volume, 
liters 

815 

490 

~1370 

920 

Power, 
MVV(/) 

lOOO 

740 

^ 2 0 0 0 

1380 

mum power density ratio itf fniii', a variable loaded 
system of either uranium oxide-JKiyllium oxide or 
uranium-zirconimn hyihide rcsuhs in a lower power 
outi^ut and also a hcttei' match of the si)ectrum, as 

indicateii by the values of maximum-to-average power 
density in the test section. These values are shown for 
a moderately loaded test section and are normalized 
to an arbitrary maximum power density in the test 
section of 10 MW/liter. Although it is felt that fur
ther improvements would be jiossible, no substantial 
reduction in the size of the itower output is envisioned. 
Therefore, this approach to the design of a rocket 
fuel test reactor is Mvenly limited by the size and 
]iower output of the system. (_)ther ajiproaches which 
ajipear to be more promising have been studied. The 
results of these studies will be pre.-^ented at a later 
date. 

KKKKRENCKS 

1. D . p . M a c F a r l a n e a n d .f. T . MiuM\. Inresligation of a Rocket 
Fuel Test Reactor iRFTR), T r a n s . . \ in- X u c l , Soc . 7 , X o . 
1, ti8 (1964). 
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111-19. EBR-II Physics 
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I.NTHODICTIOX 

The Experimental Breeder Reactor-II I KHH-II) ' -•' 
is a fast neutron system designed to produce 62.5 MWt 
with a maxinmm power density exceeding 1000 kW/ 
liter. The core is fueled with 370 kg of uranium con
taining 5 w/o fissium- alloy. The uranium is about 
48% enriched in the U-235 isotojie. The core is sur
rounded on all sides by a thick depleted uranium 
blanket. Most of the conversion (~90 ' ; i of fertile 
(U-2381 to fissile (Pu-239) atoms takes i)lace in the 
blanket. 

The Dry Critical Experiments (without coolant so
dium)"' were conducted during the latter half of 1961; 
the Wet Critical Experiments (with coolant sodium)^ 
were conducted during the latter half of 1963; the 
Low Power Experiments which were related to and 
simply extensions of the Wet Critical Experiments 
were conducted during the spring of 1964. The A])-
proach to Power was initiated during June 1964. 

This report is concerned with work pii'fdi'iiied pi'ior 
to the initiation of the Apiu'oach to Powei'. Data ob
tained during this latter iieriod have not yet been 
analyzed in detail. Howevei-, it may be noted that a 
preliminary measured power coefficient of reactivity 
of - 4 . 2 X 10-^ ( A A V / . ) / M W at full flow comiiares 
favorably with predicted values cited in Talilc I I I -
19-1. 

The high intensity unmoderated EBR-II neutron 
flux also jirovides a useful tool for irradiating jiroto-
type fast reactor fuels. :>ome considerations and prob
lems pertaining to this ap])lication are also described. 

P(.)WKi{ CoEFFK'iEXT OF HE.vrTivrrv 

The ])ower cocflicient of reactivity in the EBR-II 
depends ujton: 

1. Thermal expansion of cure materials, 
2. Fuel subassembly bowing that may lie incurred 

by radial temperature gradients, 
3. The position of axially movable control rods rela

tive to the stationary core subassend)lies. 
The first two major comjionents of the jtower coeffi

cient have been extensively studied.'-•' These results 
are summarized under "Previous Analyses" in Table 
in-19-i. 

There it may be seen that if subassembly bowing is 
significant there may by power level ranges where a 
positive power coefficient may prevail. I t is expected 
that bowing will not manifest itself in as pronounced 
a manner as indicated in T;d>Ic 111-19-1. However, it 

is jjossible that suba>scmhiy bowing may cau>e a sig
nificant decrease in the magnitude of the dominant 
negative power coefficient of reactivity. That the nega
tive sign of the power coefficient is retained even if 
subassembly bowing were to conform with the most 
})essiniistic ]iredictions- conies from considering the 
third of the major efi'ects cited above. 

In the KBH-Il. the core subassemblies arc supjiorted 
near the bottom of the primary tank by the reactor 
gridplate. The control .-ubas>enibhe>, containing fuel, 
are supjiorted by the control lod drive mechanisms 
which are fastened to the smaller of the rotating jilugs. 
As the reactor power increases, the subassemblies sup
ported at the bottom tend to thermally expand ujnvard. 
The control suba.s.semblii's which are supjiorted at 
their upper extremities tend to thermally expancl 
downward. The overall cft'ect of this relative motion is 
a reactivity loss. A thermal analysis'' shows that —0.46 
cm of such relative motion takes place between zero 
power and 62.5 MW. This relative displacement rep-
resent.~ between -0.(13 and -0.105% \k/k for twelve 
control rods. The lower value prevails if the control 
rods are almost lOO'; inserted (e.g. essentially no ex
cess reactivity) whih' the larger value prevails if the 
control rods are about 50% inserted. Initial reactor 
operation is intended \̂•ith most of the control rods 
about 80% in.serted. 

These reactivity changes arc exjuessed as contribu
tions to the power coefficient of reactivity under "Pres
ent Analysis" in Table III-19-I. Even with control 
rods 100% in.serted. the adverse influence of bowing, 
if it indeed occurs in a significant manner, is severely 
reduced by this effect. Furthermore, it may be seen 
that with lesser effective control rod insertion, all net 
power coefficients can he made negative or all power 
levels under all assumed conditions. This is true in a 
dynamic as well as static sense since the time constant 
associated with the relative motions is essentially the 
same as for subassembly bowing and expan>ion of so
dium coolant. 

Ev.vLv.vrioN ul- DHV CKITHAL EXPERIMENTS 

The ICBK-II Dry Critical Experiments^ were con
ducted in the reactor prior to filling the primary sys
tem with sodium coolant. All mechanical components 
and reactor fuel used in these experiments were those 
that are used for normal plant operation. The experi
mental results have also been compared with similar 
ones conducted in the sodium filled system.' Reactivitv 
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TABI.K III 19 I, PijWER COEFFICIENT OF REACTIVITY 

{Full Reactor Flow) 

Power 
Range, 
MW 

0-02.5 

0-02.5 

0-25 
25-34 
34-625 

0-20 
20-56 

56-62,5 

System Description 

No uniform radial 
expansion 

Uniform radial ex
pansion 

The most probahle 
configuration 

Subassembly bow
ing is significant 

A possible but im
probable sul)as-
sembly 

Bowing configura
tion 

Previous .Analyses" 

Total 
reactivity 
cfiange, 
Si Ak/k 

- 0 . 2 0 

- 0 , 2 7 

-0 .088 
-1-0.086 
- 0 . 1 1 

-0 .068 
-1-0,031 

-0 .028 

Power coefficient 
of reactivity, 

KA/fc/zH/MW] X 10' 

- 3 . 2 

- 4 . 3 

- 3 . 5 
+ 1.0 
- 4 , 0 

- 3 , 4 
-1-0.9 

- 4 . 3 

Present 

.Additional contribution to 
power coefficient of reactivitv. 

l(A*/*)/MVV] X Vf 

100% Insertion-

- 0 . 5 

- 0 . 5 

- 0 , 5 
-0 , .? 
- 0 . 5 

- 0 . 5 
- 0 . 5 

- 0 . 5 

50% Insertion" 

- 1 . 7 

- 1 . 7 

- 1 . 7 
- 1 , 7 
- 1 . 7 

- 1 . 7 
- 1 . 7 

- 1 . 7 

\nalysis'' 

Revised power coefficient of 
reactivity, 

[(A*/«r)/MW] X 10' 

100% Insertion" 

- 3 . 7 

- 4 . 8 

- 4 . 0 
-t-0.5 
- 4 . 5 

- 3 . 9 
-F0.4 

- 4 . 8 

50% Insertion" 

- 4 . 9 

- 6 . 0 

- 5 , 2 
- 0 . 7 
- 5 . 7 

- 5 . 1 
- 0 . 8 

- 6 . 0 

* Expansion of core iniiterials and suhasspmhly bowing. 
^ Motion of control subassemblies relative tn core subassemblies. 
•̂  Control rod in.scrtinn. 

effects associated with sodium were thus directly ob
tained. Such comparison may become increasingly im
portant for large core reactor systems where the sign 
of the sodium void coefficient of reactivity may be in 
doubt. 

In another sense, the Dry Critical Experiments 
were ciuite useful in evaluating experimental data per
taining to EBR-II that were obtained during studies 
of both the basic assembly and reactor mockup on the 
ZPR-III facility.'^ As expected, the ZPR-III experi
ments confirmed the general nature of analytical pre
dictions for the EBR-II. What had not been expected 
was the fairly good accuracy associated with analyti
cal extrapolations based on the ZPR-III data. These 
extrapolations were, to a large extent, based upon 
rather crude material replacement experiments which 
could not be very accurately predicted at the time. 

The Dry Critical Experiments were also instru
mental in finalizing a number of design iiarameters 
which either were not or could not be precisely meas
ured on ZPR-III . Perhaps the most significant of these 
is the final control rod design. The mockuj) experi
ments on ZPR-III did indicate the general range of 
control rod worths. However, experiments in the dry 
reactor with the actual control rods in the actual geo
metric disposition indicated that the control rod re
activity worths were somewhat greater than antici
pated. The greater rod worths obviated the need for 
providing more effective fuel-jtoi.son interchange con
trol rods. 

These experiments provided the only data on details 
of the power distribution within a single reflector sub
assembly. Such a subassembly adjacent to the core is 
subject to large gradients in the power density. This is 
due to the rapid spatial sjiectral shift between that 
portion of the subassembly facing the core and that 
portion of the subassembly facing other reflector sub
assemblies. All reflector subassemblies contain depleted 
uranium. 

Verification of the low power monitoring capabiUty 
of the normal reactor instruments was also a result of 
the Dry Critical Experiments. It was definitely deter
mined from these experiments that in-core instiiimen-
tation need not be i)rovided for I'cactor startup. 

The Dry Critical Experiments for EBR-II were 
])art of the pre-operational nuclear investigations 
which included critical experiments on ZPR-III and 
analytical studies. Tlie large amount of experimental 
investigation for the EBR-II was to some extent ex
ploratory to determine how such investigations might 
be conducted in the future. In retrospect, not all of 
these experiments need be conducted for a future fast 
reactor and certainly not for a future EBR-II loading. 
However, it is envisaged on the basis of EBR-II ex
perience that a careful but not overly lengthy critical 
assembly program will be useful for future fast re-
aators. Whether or not this should include a dry criti
cal experiment will depend jirimarily on the experi
ments that can be conducted on a zero power critical 
assembly. 

file:///nalysis''
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EVALUATIOiN OF W F . T CRITICAL EXPERIMENTS 

The EBR-II Wet Critical Experiments^' were de
signed to provide two general, but not mutually ex
clusive, types of information. First are the data essen
tial for operating the power reactor system. These 
include control rod worth, neutron source strength, 
nuclear instrument response, etc.. The second types of 
data are of more general interest including both the 
incremental and total wortli of the sodium coolant, 
critcal size, and the isotiieinia! t('iii]ierature coefficient 
of reactivity. 

The most interesting implication of results from the 
Wet Critical Exjieriments comes from comparison with 
pretlicted parameters and measured results from both 
the earlier Dry Critical Experiments and the EBR-II 
Mockup of ZPK-III. In general, it was found that 
extrapolations of the previous experimental data are 
in substantial agreement with results from the Wet 
Critical and Low Power Ex]ieriments; they are also in 
good agreement with theory. The performance of all 
three types ot critical experiments (e.g. Zero Power 
Mockup, Dry Critical, and Wet Critical Experiments), 
along with satisfactory extrajiolations among the 
three, does suggest that some of the investigations 
may, in fact, have been redundant. That this is the 
case could not have been ascertained with confidence 
prior to the performance of these experiments. How
ever, the general analytical imjirovenunts tiiat ha\'e 

been developed since this program was initiated, cou
pled with the EBR-II experience, may serve as a guide 
toward a judicious choice of experimental neutronics 
for future fast reactor systein investigations. In mak
ing such choices one should not overlook the implica
tions of zero power experimental investigations of 
systems in clean geometry. The latter do not usually 
feature the exact details of the engineering design. 

A summary comparison between measured and pre
dicted values for \'arious reactor parameters is given 
in Table III-19-II. 

The only disturbing com])arison between theory and 
exjieriment concerns the power calibration. While it is 
by no means certain, this may easily be attributed to 
a every small impurity content in the graphite shield 
where the low power instruments are located. 

The Wet Critical Experiments also demonstrate the 
adctiuate reactivity behavior of tlie oscillator mecha
nism.-* Finally, no significant reactivity effects related 
to flowing sodium, at zero power, were measured at 
315°F. 

K H H - I I AS A F i F L li{i{.\i)].\riox F A C I L I T Y 

The relatively high core flux in the EBR-II (i^„nter 
;^ 3..5 X 10^^) provides a great incentive to utilize the 
reactor for prototype fuel sample and fuel element ir
radiations. Provisions to irradiate prototy]>e fuel ele
ments ha^e been incorporated into the EBR-II ]iro-

TAiJLic iri-io-ir. Pith 

C r i t i c a l m a s s , k ^ U*^^ 

R e a c t i v i t y w o r t h , ''/(Ak/k 

C o n t r o l r o d ( a v ) 

C o n t r o l r o d s ( 1 2 - b a n k e d ) 

P o i s o n ( B i " C ) ' ' 

S a f e t y r o d s {'2) 

S o d i u m 

T o t a l 

C o r e , C r j ^ t A l / k g 

I s o t h e r m a l t e m p , coef. , [{Ak/k)/°C\ X 10"'^ 

S t r u c t u r e ( i n c l u d i n g fue l ) 

C o o l a n t 

T o t a l 

P o w e r c a l i b r a t i o n , c o u n t s / W — s e c 

S u b a s s e m b l y s u b s t i t u t i o n , ^'^Ak/k 

C o r e c e n t e r 

How 5 ( R a d i u s = 21 c m ) 

How 0 ( R a d i u s = 27 c m ) 

IHCTKII . \ N I ) A T E 

Original 
Predict ion 

(Ref. 1) 

172 

0 . 4 5 

— 
— 
1.5 

— 
0.14 

- 1 . 1 ) 

- 1 . 7 

- 3 . 6 

— 
1 . 4 3 ' 

— 
— 

ISI-RED lOBU I I 

Z l ' R - l I I 
M o c k u p « 

Measurement 
(Ref. 8) 

165 

0 .37 

— 
0 . 5 5 

1.36 

6 . 9 

0 .116 

— 
— 
~ 

730 

1 . 5 3 ' 

0 . 7 7 ' 

— 

N r c i . K \ H P A R 

Dry Critical 
Measurement 

(Ref. i) 

228 

0 . 3 5 

— 
0 . 5 8 

1.0 

— 
— 
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gram. However, the relatively small core volume as 
well as rapid attenuation of neutron flux in the 
strongly absorbing radial blanket pose some peculiar 
problems when brought within the framework of realis
tic heat removal considerations. 

CORK IRR.'XDL-VTIO.NS 

The most important problem associated with the 
core irradiations is that the prototype fuel element 
irradiation subassembly holds less reactivity than tho 
standard core subassembly it replaces. This lesser re
activity worth comes from two sources. First, the pro
totype subassembly contains only 19 fuel elements; 
the standard core subassembly contains 91 fuel ele
ments. Second, the reactivity per fuel element is limited 
by decreased fuel enrichment which may be dictated 
by heat removal considerations. 

To provide for the irradiation of a single ii'radiation 
subassembly at the center of the core, about 1% Afc/fc 
must be provided elsewhere. In principle this may be 
achieved by increasing the enrichment of the reference 
fuel alloy. In practice this is a very difficult and ex
pensive approach; it may ultimately be adoi)ted how
ever. With the reference fuel subassembly it will be 
necessary to add about three fuel subassemblies at the 
core boundary to provide the same excess reactivity 
as the unperturbed core. Assuming relatively fixed 
total heat removal capability (~62.5 MW), these pro
visions tend toward a lower peak fission rate in the 
irradiation subassembly and a lower power density 
throughout the core. However, if the irradiation sub-

T.\HLE III-19-III. C'oMPOSiTioN AND GEOMETRY 
OF "ALTERED BL.VNKET" 

Case 

1 
la 
2 
2a 
3 
3a 
4 
4a 
4b 
5 
5a 
6 
Oa 

Radii of ".\ltered" 
Blanlcet, cm 

Inner 

40 
40 
40 
40 
40 
40 
35 
35 
35 
40 
40 
35 
35 

Outer 

74 
74 
65 
65 
55 
55 
74 
74 
74 
74 
74 
74 
74 

Moderating 
Material 

Be 
Be 
Be 
Be 
Be 
Be 
Be 
Be 
Be 
C 
C 
C 
C 

Volume I''tactions" 

Moderator 

0.85 
0.43 
0.85 
0.43 
0.85 
0.43 
0.85 
0.43 
0.'22 
0.85 
0.43 
0.85 
0.43 

Steel 

0.07 
0.49 
0.07 
0.50 
0.07 
0..50 
0.07 
0.50 
0.71 
0.07 
0.50 
0.07 
()..5(> 

" Remaining volume occupi 
'•Reference blanlcet contai 

v/o steel and 20 v/o sodium. 
and 79 cm, respectively. 

asscmhly is placed in a position* of lower reactivity 
worth, as well as somewhat lower flux only one addi
tional fuel suhassembly is required at the core bound
ary to provide the original excess reactivity. Thus it 
is evident that about three irradiation subassemblies 
may be thus located" with about the same reactor 
system perturbation as one suhassembly at the center 
of the core. The unjierturbed peak flssion rate at this 
location* is about 80% of the maximum fission rate at 
the core center; the average fission rate is in excess of 
70% of the maximum. 

It, as is anticipated, there is a multiplicity of re
quests for prototype fuel irradiations, there are ad
vantages to schedule such irradiations in positions that 
represent a realistic compromise between maximizing 
flux and minimizing the perturbing reactivity re
quirements. On the other hand it would not be un
reasonable to make up a single subassembly contain
ing prototype fuel elements from all reciuestors for 
irradiation in a higher flux position. 

Bi..\.MvET iRRADi.\Tioxs I W. Loewenstein and D. Fuller) 

The EBR-II system is such that for about every two 
neutrons that are born in the core, roughly one neutron 
leaks from the core to be absorbed in the fertile 
blanket. The blanket is very efficient because of the 
relatively high density fertile material (- '60 v/o) . 
Because of this efficiency, the leakage flux is rapidly 
attenuated. If the leakage flux were not rapidly at
tenuated but merely somewhat degraded in energy, it 
is possible that fission rates commensurate with those 
in the core could be obtained. In this connection it 
may be noted that the EBR-II core spectrum is con
siderably more energetic than those sjiectra anticipated 
in the large power breeder reactors of current interest. 
In the EBR-II core there are virtually no fissions be
low 9 keV. In large power breeder reactor systems, core 
fissions below 9 keV can range from three to thirty 
])ercent of the total fissions. Thus there is some prac
tical irradiation interest in spectra that are more de
graded than the EBR-II core spectrum, provided the 
fission rates are conmienstirate with those in the 
EBR-II core. 

.\n explortitory study was initiated to ]iroduce a 
fission density in the radial blanket of the EBR-II 
which is similar to that of the core center. A number of 
sjiecific calculations were carried out. In each case the 

U-23o fission densitv Wla})4iA w:l e\-aluate(l as a 

s 60 v/o depleted uranium, 20 
Inner and outer radii are .".-25 

fimction of radial jiosition. The flux was jierturbed by 
altj'iing the material composition of the ratlial blanket. 
Beryllium and carbon were eacli useil in combination 

* Approxiinate].\-
core l>oundary. 

idwav I.I llu and 
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with sodium for coolant and stainless steel foi' the 
structural and diluent material. The volume fractions 
and the radial thickness of the "altered" radial blanket 
region were parametrically evaluated. Some calcula
tions simulated gross perturbations of the altered ra
dial blanket due to irradiation "assemblies," assumed 
to be about o cm thick. Other calculations simulated 
only relatively small sample irradiations. 

All of the analyses utilized multigrouj) diffusion 
theory in cylindrical geometry with sixteen energy 
groups^ extending to the thermal region. A basic but 
arbitrary criterion in all the analyses required that 
there be insignificant neutronic interaction between 
the core and the "altered" reflector. To achie^•e tliis 
objective, at least a 10 cm (and usually 15 cm) thick 
region of normal depleted uranium blanket was inter
spersed between the core and the "alteretl" reflector. 

The data extracted from the analyses were the U-235 
fission density as a function of po.sition, "altered" 
blanket dinien.sion and "altered" blanket composition. 
Information on the spectrum giving the fission rate 
may also be extracted. Table I1I-19-III identifies the 
basic reactor configurations that were analyzed. 

Figures III-19-1 through III-19-5 give the U-235 
fission rate as a function of radial position for the vari
ous cases described in Table 111-19-111. Separate 
gra]ihs are given for fissions above 1.0 eV and above 
30 eV. The influence of fissions below 1.0 eV markedly 
increases the peak fission rate; however most of these 
will tend to be or can lie significantly eliminated 
through the use of realistic clad materials and/or 
thermal neutron absorbing sleeves (e.g. cadmium). 
The effect of all fissions relati^'e to fissions above 1.0 
eV and 30 eV is shown on Fig. III-19-5. 

R A D I U S 

III 19 5, U"^ Fission liate as a Function of Position (Case 4h). 
Fi(i. ni-19-6, U"'FissicMi Distribution. 
Fid. I IM9-7. I"" 'Fission DIslrll.ution. 
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In general it may be seen that fission rates com
mensurate with those in the core can be obtained for 
small samples throughout large regions of the 
"blanket" with a judicious choice of moderator and 
diluent material. Case 4a, with 43 v/o Be and 50 v/o 
steel will probably be a "good" blanket for small sam-
l)le irradiations. Case 6, with 85 v/o carbon, is attrac
tive if the number of small samples exceeds those that 
can be handled by the rather narrow spatial "peak" 
of Case 4a. 

It may also be noted that the whole railial blanket 
of the KBK-II need not be substituted to provide the 
irradiation environment described in Figs. III-19-1 
through III-19-5. One or two sectors of the hexagonal 
radial blanket will be adec|uate to provide a suitable 
neutron environment. 

The effect of gross jierturbations of the "altered" 
blanket was also studied. The etfect was overestimated 
by assuming an annular |)erturbation, representing a 
sodium ga]) or ring of prototyi>e fuel. Thus the pre
dicted spatial flux and fission rate depressions are 
overestimates of what will actually be observed if a 
single prototype fuel subassembly were to be placed 
in the "altered" blanket environment. (It is to be 
noted that realistic heat removal considerations and 
capability have not yet been factored into these 
analyses.) 

Figure III-19-6 shows the effect of a 5 cm thick 
annular sodium gap upon the U-235 fission rate in 
Cases 4a and 4b. Figure III-19-7 shows the effect of a 
o-cm thick annular simulated jirototype fuel gap. The 
latter region is assumed to consist of 3 v/o U-235, 22 
v/o U-238, 25 v/o steel and 50 v/o sodium. These 
results show that extreme care must be exercised in 
contemplating the irradiation of large aggregates of 
strongly absorbing materials under these conditions. 
t^ertainly a whole "ring" of prototype fuel, as shown 

in Fig. III-19-7 is an inappropriate techni(|ue. The 
problem of irradiating a single subassembly, as oji-
posed to a small sample, in this irradiation environ
ment is the subject of future investigation. 

The exploratory calculations cited in Figs. 111-19-1 
through III-19-7 show that high reaction rate irradia
tions are feasible in the EBK-Il blanket. I t appears 
that an advantageous blanket composition would 
consist of 40 to 45 v, o Be and 60 to 55 v/o steel and 
sodium. 
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III-20. Proposed Physics Measurements in FAKET^ 

PAUL J. PERSIAM 

The Fast Reactor Test Facility (FARET)- is !)eing 
designed for the purpose of generating physics and 
engineering data required in the development of large 
fast power i)reeders. 

REACTIVITY MEASUREMENTS 

This study is concerned with the physics phase of 
the anticipated experimental inogram, and in i>articu-

lar with the measurement of the fuel tem]ieraturc co
efficient of reactivity wliich is comjirised of the fuel 
expansion and Doppler effects. 

The immediate objective of the experimental pro
gram being planned for FARET is the measurement 
of the Doppler coefficient which can be assigned to a 
reference ]iower reactor. To allow these measurements 
to be made for several reference reactor systems, zoned 
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loadings will ln' utilized. The zoiU'd loading will roii-
sist of a relatively small test zone in the center of the 
reactoi-. which in turn is surrounded by a buffer region 
followed by a dri\-e!' ;iiid a reflector section. 

The test zone would .-iniulate the composition, struc
ture and neutron s])ectrum of the reference reactor. 
The buffer region serves to equilibrate the neutron 
s])ectrum in the test zone to that of a corresi)onding 
zone in the reference system. The driver section will 
be fueled with uranium metal and will furnish what
ever additional I'cartivily i> reipiirrd to ;tcliievr criti
cality. 

The fuel trmper;ituiT of the tf.-t zone i> viiiied to ob
tain a static nieasuri'ineiit of tlie co)'res|)oiiding cii;iiigt.' 
in reactivity. The measured reactivity coefficient of the 
test zone can then be extrapolated to the full-size ref
erence reactor by the theoretically determined ratio of 
the Doppler coefficient of the reference test zone to 
that of the total core. 

The varying power \vw\ method is iieinjj; used to 
confine a significant temperature change in the fuel 
elements of the FARET test zone. In this mctln>d fuel 
pellets are slip-fitted inside the clad. The fuel tciupei'a-
ture change is dependent on the power density, the 
conductivity, and the I'mhus of the fuel pin. 

The coolant and chid temperature changes in the 
test zone are minimized by varying the coolant flow 
rate in direct proportion to the cluaige in the jiower 
level. The initial temperatures in the buffer ;ind 
driver regions iire maintained essentiidly c<)ii.-t;nit by 
the increa.sed coolant flow. 

The initial experiment in the FARKT zone system 
will be the investigation of the Doppler efl'ect h)r an 
oxide-fueled, uranium-blanketed reference icjutor. 
The poor conductivity of the uranium oxide allows :i 
significant temperature increase in the fuel pin. 

The problem of isolating an interju'etabU' Dopplel' 
effect in a reactivity measurement depen<ls on the con
tributions to the signal by effects due to fuel exjiansion 
in the test zone, and the temperature changes of cool
ant and structure in the whole .-system. Although the 
coefficients (other than Doppler) ajJiieai' to he mtn-
negligible, an eiTor analysis indicates that the Doppln 
reactivity effect, based on a 'AiWi' fuel tempei'arure 
rise in the test zone, can be ohser\'ed with an uncei'-
tainty of 209; -

The expected Dojipler reactivity change. \k k. for 
a 500°C fuel temperature increase in the te>t zone is 
— 410 X 10"". The extraneous contribution i.- predicted 
to be —232 x lO"^ with a standard deviation of about 
12%. Assuming that a series of determinations on the 
experimental value of —642 X 10^" yields an eiror' of 
10%, the Doppler coefficient can be determined within 
20%. 

The estimateii eri'ors are by no means final. Efforts 
toward imjirovements, such as i)erforming critical ex-
])erinients to determine sodium coeflficients, the fuel 
exi)ansion effects, and associated errors, will be made 
in order to be able to a.<sign error limits with a good 
ilegree of confidence. 

To establish nioiv firiidy the extraneous contribu
tions to the fuel temperature measurement, the 
FARET experiment will include the replacing of the 
test zone fuel elements with non-enriched uranium 
oxide elements. Criticality will be achieved by adding 
driver subassemblies in the driver region. This ex
periment will include errors which may arise fi'om the 
hydrodynamics of the sy.-.tem. 

Sodium void and exjiansion coefficients will he 
.studied in critical assemblies. However, the multi-
I'egion core loading in FARET offers an ojtportunity 
to investigate the jjositive sjK'Ctral component of a 
large core by measuring the sodium coefficient of re
activity in the test zone. The coefficient can be deter
mined by varying the coolant flow rate as well as by 
i-liaiiging the temjicrature level of the coolant. With 
the fuel tem|)erature effect having been determined 
^eJlaratl•ly. the sodium effect can be isolated. 

CROSS SECTIOX MEASUREMENTS 

Iiradiation studies in the center of the zoned system 
are also jdanned. The neutron spectrum is similar to 
that of a large dilute reactor. The integral reaction rate 
measurements include cajiture-to-fission cross section 
ratios of fi.s-;ih' materials and capture cross .sections for 
r -233, l'-234, U-235, U-236, U-238, Pu-238, Pu-239. 
Pu-24(). Pu-241. Pu-242, and Xp-237. Attempts will 
be made to measure the cajUure cross sections of Np-
239 and Pa-233 which have relatively short half lives 
(on the order of days). Measurement of the cajiture 
cross sections of various structural materials will also 
be considered. 

The jiresent state of knowledge leads to considerable 
uncertainty in the reaction rates in a neutron spectrum 
characteristic of a large dilute fast reactor. More mi-
ci'oscopic measurements should be available in the near 
future. However, confirmation with measurements in 
a reactor spectrum will be valuable. In some cases, re
actor specti'uni mea.-ureineiits will be the only source 
of .̂ uch data. 

At the maximum total powei' level oi M) M\V(/I. 
the jiowei' density in the test zone is exjiected to be 
apjii'oximately 0.061 MW litei For macroscopic 
ti.->ion cross section of 0.0024 c m - ^ the average flux 
m the test zone would be 9 X 10^-'n/cm--scc. For a 
samjile reaction cross section of one barn, the reaction 
rate is about 0.20'̂ r per month. Therefore, irradiation 
of one to two months dui'atioti will be sullii-iont to de-
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termine average capture cro^s .sections for isotopes of 
interest (average cross sections ~0.5-1.0 b). Isotopic 
changes of the order of 0.1% can be measured with 
great accuracy. (Note: The above power densities in 
the test zone are those calculated for the large core to 
be used in the physics |)rograin: power densities up to 
1.5 MW/liter can be obtained with the smaller cores to 
be used later for the fuel development program). 

FIRST CORE SCHEDILE (CALENDAR 19681 

The experiments to be performed on the first core 
may be summarized as follows: 

1. Doppler effect 
a. Calibration of control rods 
b. Oscillator tests for measurement of transfer 

function 
c. Two power experiment—basic Doppler coef

ficient measurement 
d. Small step reactivity changes 
e. Small ramp reactivity changes 
f. Reactivity coefficient due to change of flow at 

zero power 
g. Na "V'oid woi'tli measurements (partly for cor

rection to Dop|)Ier measurement! 
h. Structural and fuel ex|)ansion coefficients 
i. Power coefficient at selected constant flow 

rates. (Many of the tests (a-il woulil be done 
at various reactor temperatures) 

j . Dunmiy test zone (depleted oxide I—repeat 
tests a-i 

2. Reaction rates (effective cross sections) deter
mined from isotopic changes under sustained ir
radiation. Samjilcs include: 
Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, U-233, 
U-234, U-235, U-23e, U-238, Np-237, Np-239, 
Pa-233 

3. Repeat the fuel reaeti\ity effect measiu'ements 
after sustained irradiation in order to study any 
effects that may have resulted from fuel segrega
tion, movement, or cracking. 

ZPR-III critical exjieriments will be |ierforiued on a 
mockup of the first F . \RET loading. The initial inves
tigation will bo instrumental in establishing fuel speci
fications. The other main ob.iectives of the FARET 
critical experiments on ZPR-III arc: 1) to investigate 
spectrum matching characteristics of the buffer zone; 
2) to determine reactivity contribution of the test 
zone; 3) to determine various reactivity effects to 
facilitate the interpretation of Doppler effect meas
urements in FARET, and 4) to make Dojipler effect 
measurements in the critical assembly itself. 
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T. R. HrMp,* .1. H.vMiwEHK.t \V. .1. I'L^NN,* E . L . MARTIXEC,* P. .1. PERSIANI, (I. F. POPPER,' 

S. B. SKLAnziEN* and A. B. SMAARDYK* 

.\ primary ob,iective of the F . \RET experimental 
program is to investigate fuel or fuel-clad systems 
under high jierformance conditions. Areas of investi
gation related to fuel performance under conditions 
approaching those expected in a full-scale power re
actor include the use of ceramic fuel systems contain
ing plutonium, new fuel cladding concepts and de
signs, the attainment of high power densities and high 
temperatures, the achievement of high fissile atom 
burnu]), 0]ierating experience with components and 
systems, fuel stability, and corresponding safe opera
tional reactivity feedback. 

* Heactor Ktigineering Uivision. .\rgoiine National I.abora-
tor.v. 

t Metallurg.v Division, .\rgoniie National Laboratory. 

At this stage of development of fast breeder reac
tors, a number of fuel-clad systems using various fuel 
element design concejits are under consideration. 

Questions or choices related to fuel-clad systems 
under consideration include: 

1. Various fuel types: carbides, oxides, metals, 
other ceramic or cermets 

2. \'ariotis claddings: stainless steel. A'-Ti alloys 
3. Bonding: Na bonding, no Ijonding 
4. \'arious radial and tixial gap sizes: e.g. fuel ele

ment vent 
5. Stoichiometry efi'ects, including effects of burnup 
6. Effects of design, including axial expansion re

straint 
7. Metal fuel burnup exp:msion space: enlarged 
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radial j^aps between fuel and clad, axial expan
sion space 

Small, high power density cores, allowing up to lO'^ 
burnup in ten months, will be utilized to study fuel 
performance characteristics in FAHKT. The design 
and geometry of a large reactor can be simulated with 
the small core but the fuel enrichment will be differ
ent. The Pu-239 content can be made identical with 
that of a large reactor liy replacing U-238 with U-235 
to achieve criticality. 

In cases where it is important to mock up the core 
height, FARET can accept active fuel elements up to 
three feet in length. Thus, FARET cores having a 
high L/D ratio wdll still be able to achieve criticality 
with total core volumes slightly in excess of 50 liters 
and, therefore, at full or only slightly reduced power 
densities. 

Fuel systems will be tested to establish their per
formance at high power density and high temperature. 
The determination of burnuj) capability and the ef
fect of power density and temperatui'e on that capa
bility are of particular imiiortance. 

The systems may be tested to failure (with exten
sive instrumentation) in order to establish their 
specific operational limitations. It is also planned to 
investigate advanced fuel concejits which present too 
great a degree of risk to be considered initially in 
existing reactors. Such concepts will include those 
which jirescnt a high lu'obability of contaminating 
the primary coolant system as. for example, vented 
fuel elements. In addition to the ca])al)ility of reactor 
operation at temperatmcs up to 1200°F |650°C), pro
visions will be made for ojieration of indivi{hial fuel 
assemblies or small zones of the reactor at higher 
temperatures. 

Provision for considerable core instrumentation 
with great flexibility of arrangement is one of the 
salient features of the FARET facility. Special in-
core instruments will be refpiired. particularly for the 
measurement of fuel jiin tenijieratures and neutron 
and gamma fluxes. The development of thermocouples 
which will measure fuel pin teniperatures greater than 
2000°C and perhajis uj) to the melting jioint of 
uranium oxide, is a major pha^e of the FARET ex
perimental program. Several icft reiice fuel pin ther
mocouple designs have been selected. A variety of 
refractory metal sheath materials with thoria insula
tion in combination with tungsten-rlieiiinni type 
thermocouples are now bem^ in\-e>ii^ated. 

Temperature indicators are being explored as a 
back-up to the thermocoujile temjicrature measuring 
devices. The indicator techniriue currently mider 
study uses a variety of perforated refractory metal 

foils ]ilaced between fuel jiellets in two or three axial 
planes. The metal foils are chosen such that the 
range of melting points spans the temperature range 
of interest. This technique has the potential of brack
eting the maximum temperature expected in the fuel 
|iin. 

To facilitate the discussion of the proposed FARET 
fuel test jirogram, some of the tyjies of experiments 
and measurement techniciues that will be performed 
on the facility are described below. 

Post Mortem MetaUargical Tests Consisting of the 
Removal of Representative Fuel Elements at Pre
determined Intervals of Exposure for Destructive 
Testing 

The jirimary function of these tests will be to in
vestigate the dimensional changes, physical proper
ties, and condition of the fuel pellets and cladding 
materials. Fission gas release measurements and in-
sjiection of the temperature indicators will be made 
at this time. Exj)erimental information on the dimen
sional behavior of ceramic fuel due to temperature 
changes, rate of temperature changes, history of the 
fuel, and degree of irradiation is at present limited. 
Thi.s behavior must be established under conditions 
which would allow a high degree of understanding and 
predictability. 

Uiinattnc Rciictii'it;/ ('ortfiricnt Measurements 

The small core ex|ieriments are primarily intended 
to develop information relating to fuel performance. 
Howevei', they will also provide an opportunity to 
investigate irradiation-induced changes in projiertics 
affecting reactivity coeflRcients. The reactivity of a 
small, high leakage core is cjuite sensitive to fuel di-
men.-^ional changes. Furthermore, the Doppler effect 
is (|uite small. Measurement of the temperature and 
power coefficients of these cores initially and period
ically during exposure will jirovide an indication of 
reactivity-inducing jaojierty changes. The measure
ment teclinir]ue will be similar to that used for the 
zoned core. That is. the fuel temperature will be 
varied as the clad and coolant temperature changes 
are minimized (by varying reactor jiower and flow 
simultaneously). 

Analysis of kinetic behax'ior, both from transfer 
function measurement and from resjionse to small 
ramps and stejis of reactivity, will give information 
about the time constants of the reactivity coefficients. 

An imjiortant jioint is that these measurements can 
be rejieated several times on a core wdiich has under
gone considerable burnup and thermal cycling. 
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Measurements in a Closed Loop Facility 

It is |)lanned to insert a closed loop into FARET. 
This will permit a variety of exjieriments related to 
fuel failure and fission product release to be per
formed. The loop eould be large enough to displace 
seven of the FARET subassemblies. In addition, if 
required, several closed loojis can be j^laced in the 
reflector region. The power density would only be 
down approximately a factor of two from that at
tainable within the core. These loops might be par
ticularly useful for controlled studies of fast neutron 
irradiation damage to cladding and structural ma
terials. 

Tests on Vented Fuels 

The degree and type of fission product release as a 
function of fuel, burnup. ojierating conditions, and 
fuel clement design will be investigated using closeil 
loops. 

E.rperimenfs on Proposeii Methods of Fuel Element 
Failure Detection 

These experiments will again make use of the closed 
loop. 

Tests of Proposed Special Design Features or Reaetor 
Fuses to Enhance Safety 

Examjiles of a safety design feature are the con
trolled - expansion fuel element or modifications 
thereof. The small FARET core is very sensitive to 
neutron leakage efi'ects on reactivity, making it an 
excellent diagnostic tool for most such devices. These 
exjieriments may or may not recjuire a closed looji 
dejicnding upon whether any fuel or fission jiroduets 
are likely to be released in the test. 

Mcl(<loicn Experiments Including Effects of Fuel 
Transport by Coolant 

These experiments, which would be jierfornied in 
the closed loop, should give information on the 
mechanism of fuel failure. They are liasically similar 
to meltdown tests in the TREAT sodium loojis with 
two important differences. Reactivity feedback efi'ects 
due to the meltdown would be significant in FARET 
and there is a reasonable chance that they may be 
susceptible to analysis. The second important difi'er-
ence is that the aliility of FARET to operate at sus
tained high Jiower makes jiossible the study of differ
ent mechanisms associated with fuel element failure. 
One examj;)le would be a gradual failure in jicriods of 
minutes or longer, due to ojiieration at excessive tem
peratures. An imjiortant feature of any such tests is 

the study of the transjiort of the failed fuel by the 
coolant. Loss of coolant exjieriments, e.g., effects due 
to coolant blockage, could also be studied in the 
closed loop. 

The detailed plans for the FARET program of fuel 
testing are the following; 

CORE I I—FUEL PERFORMAXCE TEST CORE— 

JANI-.\RV, 1969 TO JUNE, 1970 

1. Fuel tyjies deemed most likely to be relevant to 
the jirototyjx- will be tested. Argonne has a strong 
interest in high-burnuj) carbide and metal fuels using 
vanadium-titanium clad. Oxide fuel is the other major 
contender. If the number of different kinds of fuels 
deemed worthy of test is sufficiently large, there may 
be no single jiredominant fuel being tested. The mode 
of ojieration w'ould then resemble that of a test re
actor in which the assemblies imdcr test <irive each 
other, 

2. Additional test pins of current interest will be 
included. 

3. Some measurement technique and instrumenta
tion develojinieiit during this coi'e irradiation is ex
jiected. 

4. Three to six months of irradiation should be pro
vided before the first jirototyjie core must be sjiecified. 
At maximum jiowcr this wouhi jirovide a sizeable jiart 
of the design burnup. 

CORE III—PRUTUTVPE I PHUOF T E S T — 

JULY, 1970 TO DECEMBER, 1971 

1. liy this time the first core of the prototype will 
have befti sjiecified. This FARET core will be a proof 
test on fuel elements mocking up those of the jiroto-
type as closely as possible. 

2. In all jirobability these elements will be some
what different from those tested in Core II. If Core 
II has been prudently selected, however, at least 
some of its elements will resemble those of Core I I I . 

3. The loading will be run to and beyond the speci
fications for the [trototyjie, if jtossible. 

CORE I\'—PROToxvrE I S.\FETV . \ \D LIMITS OF 

PERFORMANCE TEST—JANUARY, 1972 TO 

JUNE, 1973 

1. This core will consist jirimarily of Prototyjie I 
elements. Some of the same elements irradiated in 
Core III may be used. I t may also include special 
advanced subassemblies. 

2. This core wdll be ojierated under more extreme 
conditions to determine the limits of performance. 

3. Closed loop tests will be conducted for meltdown 
exjieriments. 
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4. Special fuel elements may be vented to the 

coolant in a closed loop. 

5. Special design features to enhance safety (such 

as the controlled expansion elements—CEX) may be 

tested. 

C O R E V — P R O T O T Y P E 11 T E S T — . I U L Y , 

TO D E C E M H E R , 1974 

1973 

1. The second core for the jirototypc should reflect 
some of the things learned aliout high performance 
elements. 

2. Whereas Prototyiie I will jirobably be selei'tcil 
as an element which will work satisfactorily but not 
necessarily with exceptional performance, Prototype 
I I should be a good approximation to a high per
formance element. 

3. Advanced subassemblies will be included in the 
loading to the extent that they are available. 

4. Experiments aimed at determining performance 
limits will be conducted lin the closed loo]) if there is 
significant probability of failure). 

CORE VI—NEXT GEXERATIO.X FUEL CO.VCEPT.S 

JANUARY, 1975 TO JUNE, 1976 

Most of the elements studied in previous cores may 
not have been of the "far out" category. If elements 
having greatly increased potential (higher tempera
tures, higher burnups, vented) will have survived 
earlier small scale tests, they may be tested at this 
time. This core might consist of a number of different 
tyijc elements of this category. 

CORE VII—SAFETY STUDIE.S—JULY, 1976 

This could be a series of meltdown exi)eriments in a 
central test loop or it could be a core specially de
signed to test our understanding of various accident 
conditions. These include, flow coastdown on loss of 
pumi> power, fuel slumping at meltdown or near-inelt-
down conditions, etc. 
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The Fast Reactor Test Facility (FARET)- ' ' - ' is 
being designed to accommodate a variety of fast re
actor configurations, compositions, sizes, and experi
ments. The reactor kinetics for a variety of positive 
reactivity insertion rates and tbe effects from tcmjiera-
ture-dependent negative reactivity feedbacks on a series 
of incidents which may lead to core melting have been 
analyzed for the two typical reference core loadings 
in FARET. The two cores considered were the small 
core loading which is proposed for the engineering 
performance experiments and the zoned core loading 
which is planned for the reactor physics and safety 
phase of the FARET program. For detailed dimen
sions and material compositions, see Ref. 1. 

The range of external reactivity insertion rates 
studied for the two systems were those considered to 
be associated with credible or near-credible condi
tions for FARET. For example, ramp insertions in
cluded dropping a fuel subassembly, unplanned re
moval of a control rod, and expulsion of the sodium 
coolant. Small reactivity insertions which resulted in 

* Allgemeine Elecktricitats—Gesellschaft, (.lerniany. 
fCotnitafo Nazional Per L'Knerjfia Nucleare, Italy. 

a slow power rise until the fuel e^-entually melted and 
collapsed were also included. These conditions may 
be associated with possible startup accidents as well 
as with the slow loss of bulk coolant or coolant flow. 

The reactor incidents considered were assumed to 
terminate only by disassembly of the core. The analy
sis was separated into two phases; reactivity insertion 
and core disassembly. 

In the disassembly jjhase, the estimate of energy 
yiekl and explosive force of a variety of hypothetical 
nuclear incidents was made using the AX-1 code.° 
The injiut information needed for this computation, 
in tiddition to the usual reactor parameters and equa
tions of state, was the inverse power period at the 
start of disassembly. The energy yield is very sensi-
t i \e to this parameter, which in turn is dependent 
upon the reactivity insertion rate during the initial 
stages of disassembly. 

The objective of the reactivity insertion phase was 
the estimation of the maximum inverse power period 
for reasonable initial reactivity insertion rates. In 
tins respect, the reactivity insertion eventually re
sulting from core melting was based on the assumed 
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model in which the core collajises under gravity in a 
time- and space-wise continuous manner. It was fur
ther assumed that as the fuel collaj^ses, it is redis
tributed over the new core configuration by displacing 
the coolant. The use of this "continuous reactivity" 
model is a dejiarture from the use of tbe "reactivity 
threshold" model in safety analyses. The latter as
sumes that aj>proximately the U|)JHT half of a molten 
core drojis as a single unit into a somewhat more 
densified lower core region. 

The degree and the amount of core which densifies 
and reassembles is (luestionable; counter arguments 
as to the credence of the "threshold reactivity" model 
have been advanced by H. Bethe.'' A situation is ad
vanced by Bethe in which the fuel, as it becomes 
molten and comes into contact with sodium, vaporizes 
the sodium which, in turn, exj^els the molten fuel. This 
would probably inhibit any extensive, abnormally 
high concentration of fuel from forming in the lower 
jiortion of the core. This is judged to be a reasonable 
sequence of events for the case of rapid jiower rises 
where the fuel becomes molten in tenths of millisec
onds before cxjielling the coolant. 

The situation differs in the case of a slow power 
rise in whicii the coolant is boiled off before the fuel 
melting jirocess begins. However, the credibility of 
the "reactivity threshold" model remains ((uestionablc 
for the following reasons. To rearrange the core and 
create conditions for the "reactivity threshold" model 
to be valid would probably require much more than 
100 msec. The time required for comj)lete meltdown 
of the fuel from the start of melt is of the order of 
tens of msec. During the time between melting in situ 
and rearrangement of core configuration, it can be 
argued that some reactivity is inserted by collapse 
under gravity. This would lead to power periods of 
several msec. With such j)eriods, the molten fuel could 
vaporize and create j>ressures within tens of msec 
which would tend to inhibit the formation of the 
jjcssimistic geometrical configuration suggested by 
the "reactivity threshold" model. 

The assumj)tion made here is that the collapsing 
of a molten core would result in a jiositive reactivity 
insertion during the early stages of collaj>se. It is dur
ing this jiliase that a "continuous reactivity" model 
would appear to be more appropriate for the iiurjiosc 
of estimating energy yield. 

In the FARET analysis, the collapsing of the core 
was allowe^l to j)roceed until the total energy density 
input reached a value of about 2 X lO"* J /cc of fuel. 
whereuj)on the core was assumed to start to disassem
ble. This was taken as the energy required to vaporize 
the fuel. The inverse jiower jieriod eorresponding to 
this energy density was then used as the input pa

rameter for the comjjutation of the energy yield i AX-1 
codej. This approach affords a detailed evaluation of 
core conditions and jiarameters which may exist (.lur
ing meltdow-n and reassembly. 

The results of the meltdown computations for the 
small core indicated that the lower external ramp 
rates could lead to greater reactivity insertions than 
higher external ramp rates. That is. the extent of col
lapse of the core was greater for the lower ramj) rates 
since the time interval is longer for a given energy 
inj)ut. This can be seen from the twti curves (3 and 41 
onFig. III-22-1. 

The reactivity insertion resulting from core collajjse 
was also studied by introducing negative temperature-
dejiendent feedbacks iDojijder cft'ect) of dift'erent 
magnitudes. Two cases shown in Fig. III-22-I (curves 
1 and 2) demonstrate the influence of a Doppler feed
back. The effect of Dojtpler broadening on the inverse 
power period is illustrated in Fig. III-22-2. It can be 
seen that a greater reactivity insertion occurred as a 
result of core collapse for the case with negative feed
back. The magnitude of the Dojijder coefficient was 
not large enough to effect a reactor shutdown. 

In the case of the zoned system it was generally 
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observed that for a range of external ramps studied 

($2/sec to §10/sec I, negligible reactivity was intro

duced by the collai)sing core. 

The effect on the inverse jiower period of introducing 

a Dojipler feedback is shown in Fig. III-22-3. The 

power was reduced but the Dojijiler effect was not 

great enough to completely overcome the externally 

ajiplied ramj) insertion. The core jirocceded to melt. 

how initial insertion rates did give shorter jiower 

periods insulting from the gravitational eoUajise of 

the cort'. A case studied is ju'esented in Fig. 111-22-4. 

Low initial insertion rate.< usually resulted in higher 

energy yields. 
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III-23. Xuclear Pcrfornianoe of Larjfo Fas l Power Keaeloi> 

\V. H. LoEWE.NSTKiN a n d I ) . O K K E X T * 

The jierformance characteristics of a wide range of 
reactors were calculated in idealized sj)herical or infi
nite slab geometry using the first 22 groujis (to 30 eV) 
of a newly develojjcd 26 group (to thermal) cross-sec
tion set.^ The general results are being rejiorted to the 
1964 fleneva Conference- while the detailed results 
are in jmblication,'' 

The Pu-V-238 fueleil .^y^tem.- anaiyze-l at e(|ui-
lihrium core and Idanket compositions sliow that 
high-density metallic fueled reactors using steel 
structure have jn'cdicted breeding ratios between 1.6 
and 1.9. (Increments of 0.1 to the brcechng ratio are 
Jiossible if blanket leakage can be reduced.) For the 
lower-density oxide fuel, the i)redicted breeding ratio 
ranges from 1.18 to 1.4, the higher breeding accom
panying greater fuel concentrations. Carbide breeding 
ratios fall between those for oxide and metal. 

The Dojipler effect, T{dk/dT), at operating tem-
j)erature is estimated to be in the range of —O.OOI to 
—0.0025 for the large metal-fueled reactors con
sidered, and -0.003 to -0.008 for the large oxidc-
or carbide-fueled reactors treated, when deliberate 
spectral softening or a strongly absorbing structural 
material is not ur-ed. If all core sodium were lost, 
spectral hardening would significantly reduce the 
Doj)j)ler effect. This reduction would be most pro
nounced for initially high sodimu-content systems. 

Sodium coefficients and the sodium-void reactivity 
effect are shown to be a strong function of reactor 
size, composition, and geometry. The effect of core 
composition at fixed core volume as well as the effect 
of core size at fixed core comjiosition were separately 
studied in spherical and infinite slab geometry. Cal
culated sodium reactivity effects include uniform 
removal from the whole core as well as the core sodium 
from only those inner jtortions wdiich contribute a 
Jiositive reactivity effect. 

For nominal core comjiositions 130% fuel, 20*̂ ^ 
steel, and 50% Na) at a given core volume, the so-
dium-\'oid effect is more jiositive for the higher-den
sity fuel wdiich has more V-238 j>resent. Thus, at 1000 

* Lahoratorv Director's Ollice. .\r^oiuie National Laln.ra-

liter^, the metallic fuel gives a jiositive effect for uni
form core removal, the carbide is slightly negative, 
and the oxide is more negative. If reactors are com
jiared on the basis of equal jiower outi)ut, however, 
the higher jiower density cajiability of the metal and 
carbide tends to reduce this difference. 

A large-volume core having one ilimen.'^ion deliber
ately foreshortened I e.g.. a flat cylimlerl will have 
more neutron leakage, a higher fuel enrichment and 
critical mass, and a sodium-void effect more character
istic of a small, spherical reactor. However, an infi
nite slab does have a somewhat more positive sochum-
void effect than a sphere of identical composition. 
The jiractical reactor of the same comjiosition should 
have a sodium-void effect between that of sjihere 
and infinite slab. For s])here or slab, in large sizes 
there may be a large, jiositive. central sodium-void 
effect. For small fuel and large coolant concentra
tions, the sodium-void cft'ect may be strongly negative 
for uniform core removal, although slightly jiositive 
for the central region alone. This "worst case" is not 
as bad \wth 15/15/70 as with 30/20/50 comjiosition. 

The deliberate introduction of some BeO will de
grade the sjiectrum of either a metal- or ceramic-
fueled reactor enough to enhance the Doppler effect 
markedly. The jiresence of some fixeil moderator ap
preciably lessens the usual large reduction in Doppler 
effect due to spectral hardening in the advent of a loss 
of sodium. The introduction of BeO may result in a 
tendency for a less jiositive sodium-void effect. How
ever, the ilegraded sj)ectrum also result> in an ajipie-
eiable reduction in breeding ratio. 

The use of BeO, combined with a strongly capturing 
structural material like Nb. reduces the breeding ratio 
drastically and still tloes not result in a large negative 
Dopjiler coefficient. The small Dojijiler effect is due 
partly to a lessened low-energy flux and jiartly to a 
reduced neutron worth at low neutron energies. 

The Jiresence or absence of fission products and 
Pu-240 in the core, and Pu in the blanket, has signifi
cant effects on breeding and reactivity coefficients. 
large enough to change the sign of the sodium coeffi
cient between a "clean" and an "equilibrium" reactor. 
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Nuclear perfoniiance, witli vanadium as the struc
tural material was found to be similar to anil |>erliaps 
slightly better than that with steel. 

Reactor performance calculated with the new .4NL 
26-group set of nuclear constants is compared with 
that for the Hansen-Roach^ and YOM'' sets. The new 
cross sections lead to a more negative sodium coeffi
cient and more low-energy flux than unmodified 
16-groui) YOM cross sections. Breeding ratios and 
critical masses are the same, howex'er. With shielded 
cross sections, the Hansen-Roach set usually gives 
somewhat higher critical masses and breeding ratios, 
and somewhat more negative sodium coefficients than 
the ANL 26-group set. With unshielded Hansen-
Roach cross sections, the critical masses rise markedly, 
and the sodium coefficients become much more posi
tive. 

The etfect of \arious potential clad or structural 
materials on performance was also investigated. Ti, 
V, Cr, Fe, Ni and Zr are fairly similar in their etfect 
on nuclear performance. The strongly capturing ma
terials Nb, Mo, W, and Ta increase the critical mass, 
decrease the breeding ratio and lead to less desirable 
reactivity coefficients. 

The performance of "clean" Th-U-233 and U-238-
U-233 reactors is also studied. The Th-U-233 combi
nation is now predicted to give somewhat lower 
breeding ratios than bad been ]»re\-iously pretlicted. 

primarily due to a downward revision in elE) for 
U-233. The sodium-void eflects are calculated to be 
very negative, and the Doppler coefficients appear to 
be similar to those for corresponding Pu-U-238 fueled 
reactors. 

An approximate multi-multigrouj) treatment of 
elastic scattering in lighter elements was used for the 
survey. "ELMOE"-averaged" elastic transport and 
moderation cross sections were generated once for 
each light material in an appropriate calculation, and 
these were then held fixed throughout the survey. 
Modest errors were introduced by this procedure. 
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III-24. Physi fs Studies of Some .'Mollen-Sall-Fueled I'asl Keaclor Sysle i i i s 

D . BuTLEK a n d D . M E N E G H E T T I 

I.N'TRODUCTIOX 

The neutron statics of sevei'al molten-salt-fueled 
fast reactor systems have been investigated. The sys
tems utilize salt mixtures which contain PuCla, UCI3, 
MgCl,, and NaCI. 

Three different compositions were studied which 
correspond to systems suggested for this preliminary 
physics study by members of the Chemical Engineer
ing Division of Argonne Xational Laboratory*. The 
first is an externally cooled homogeneous reactor 
(labelled Type A in the Tables). The second (labelled 
Type B) corresponds to a homogeneous salt mixture 
containing the fuel and fertile materials, but would be 
internally cooled by soilium metal circulated through 
channels in the core. The third case (labelled Type C) 
simulated the core fertile material as metallic elements. 

" P . Nelson, N. Gill lov and A. Teveljaugh. 

The compositions of the systems studied are given 
in Table 111-24-1. In these ealculations no attempt 
was made to optimize compositions. 

METHI.)! ) OF . \ \ A L V S I S 

Critical masses, concentrations, and breeding ratios 
were determined for each type. The efi'ects of changing 
from metal to oxide blankets were examined and the 
sodium void coefficients and thermal expansion coeffi
cients were studied. Finally, some implications of 
several uncertainties in the cross sections used were 
determined. 

The calculations utilized multi-group diftusion 
.theory with the 16 group cross sections of Hansen and 
Roach.' Spherical geometry was assumed, with no 
correction made for effects which would probablv 
exist in an actual cylindrical system. Except where 
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Core volume (liters) 
Critical mass (kg) 
Core volume fractions 

Pu-2:i9 (metal eiiuivalent) 
U-238 (metal ei|uivalenl) 
Sodium" (metal equivaliMit) 
Iron 
Nickel '' 
Molybdenum 

Core atom densities (in units of 
10*" per cm~'l 

Pu 2.39 
U-238 

Blanket volume fractions 
U-238 (metal eiiuivalent) 
Sodium 
Iron 
Leakage from lilunket 
Core breeding ratio 
Total tireeding ratio 
a = te/oi 

T A B L E I I I 24 I . NurLE.VR CH-\R-\CTERISTieS OF Ml 

Type \ , Externally Cooled 

.\-l 

Refer
ence 

10,000 
2,100 

0.011 
0.063 
0..367 

5.290 
29.410 

0.60 
0.20 
0.20 
0.025 
0.73 
1.71 
O . l l i l 

.A-,S 

Oxide 
b lanket 

10,000 
2,093 

0.011 
0.063 
0.367 

5.274 
29.428 

0.31 
0.20 
0.20 
0.0O35 
0.76 
1.72 

.\-6 

Fluoride 

10,000 
2,615 

0.014 
0.060 
0.367 

6.591 
28.109 

O.tiO 
0.20 
0.20 
0.011 
0.855 
1.39 

O.lliS 0.274 

A-7 

Self 
shielded 

10,000 
2,022 

0.011 
0.063 
0.3(i7 

5.095 
29.60* 

0.60 
0.20 
0.20 
0.025 
0.69 
1.68 
0.171 

A-8 
Self 

shielded 
oxide 

blanket 

10,000 
2,002 

0.011 
0.063 
0.307 

5.040 
29.654 

0.31 
0.20 
0.20 
0.025 
0.72 
1.62 
0.182 

B-1 

Refer
ence 

20,000 
4,510 

0.012 
0.055 
0.397 
0.007 
0.111 
0.017 

5.676 
25.544 

0.600 
0.200 
0.200 
0.015 
0.62 
1.17 
0.103 

Tj pe B, 

B-2 

NoCl 
absorp. 

20,000 
4,460 

0.012 
0.55 
0.397 
0.007 
0.111 
0.017 

5.616 
25.000 

0.60 
0.20 
0.20 
0.015 
0.69 
1.22 
0.177 

Internall 

B-3 

Reduced 
nickel 

capture 

20,000 
4,204 

0.011 
0.055 
0.397 
0.007 
0.111 
0.017 

5.373 
25.847 

0.60 
0.20 
0.20 
0.014 
0.69 
1.25 
11 176 

i.TEN S.\LT S Y S T E M S 

• Cooled 

B-4 
Struc
tural 

material 
iron 

20,000 
3,784 

0.010 
0.0.57 
0.397 
0.127 

4.768 
26.452 

0.60 
0.20 
0.20 
0.015 
0.83 
1.49 
iMsr, 

B-5 

Self 
shielded 

20,000 
4,330 

0.011 
0.055 
0.397 
0.007 
0.111 
0.017 

5.460 
25.759 

0.60 
0.20 
0.20 
0.014 
0.57 
1.11 
II 174 

Type C, lnternall>' Cooled Metallic Uranium 

C-1 

Refer
ence 

10,000 
2,817 

0.015 
0.083 
0.500 
0.007 
0.111 
0.017 

7.103 
39.107 

0.60 
0.20 
0.20 
0.017 
0.72 
1.33 
II 1.53 

C-2 

No Cl 
absorp. 

10,000 
2,797 

O.OIS 
0.084 
0.500 
0.007 
0.111 
0.017 

7.053 
39.160 

0.60 
0.20 
0.20 
0.016 
0.73 
1.34 
0.1.54 

C-i 

Reduced 
nickel 

capture 

10,000 
2,709 

0.014 
0.084 
0.500 
0.007 
0.111 
0.017 

6.828 
39.382 

0.00 
0.20 
0.20 
0.016 
0.78 
1.41 
0.163 

C-4 
Struc
tural 

material 
iron 

10,000 
2,482 

0.013 
0.086 
0.500 
0.127 

0.255 
39.955 

0.60 
0.20 
0.20 
0.018 
0.88 
1.60 
0.169 

C-.S 

Oxide 
blanket 

10,000 
2,821 

0.015 
0.084 
0.500 
0.007 
0.111 
0.017 

7.110 
39.100 

0.31 
0.20 
0.20 
0.002 
0.73 
1.34 
0.157 

in Core 

C-6 

Fluoride 

10,000 
3,312 

0.018 
0.081 
0.500 
0.007 
0.111 
0.017 

8.348 
37.862 

0.60 
0.20 
0.20 
0.010 
0.74 
1.17 
0.203 

' Includes sodium tiict 
'• Includes chnmiiurn. 
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specifically mentioned, 45 cm thick solid metal 
blankets (60 v/o uranium-238, 20 v/o iron, 20 v/o 
sodimn) were used. It was assmned that the nuclear 
projierties of magnesium and chromium were identical 
to those of sodium and nickel respectively. Since 
these were minor constituents, this introduced little 
error into the calculations. 

RESULTS AND DISCUSSIOX 

The characteristcs of the reference systems and the 
results of the calculations arc smnmarizcd in Taltlf 
III-24-L 

The highest breeding ratio (neglecting out-of-i>ile 
inventory) is found to be that of the externally cooled 
homogeneous reactor lA-1). The internally coolcii 
homogeneous reactor lB-1) has the smallest hrrcdin^ 
gain. The internally cooled reactor with uranium 
metal in the core has a breeding ratio between the two 
cited extremes. 

The parasitic absorption of nrutrons by chlorine 
(radiative capture and the {n,p) and (»,«! reactions) 
is of some concern in evaluating fast molten chloride 
systems. In order to estimate the significance of such 
absorptions, the second and third types of reactor 
(B-1 and C-l) were reanalyzed (B-2 and C-2) assum
ing no chlorine absorptions. It can be seen that the 
breeding ratio is slightly higher ('—5%) without the 
absorptions. This should not be considered a final 
test of the deleterious effect of chlorine absorptions. It 
is possible that the cross section library does not rep
resent the true physics of chlorine. Fast neutron data 
for this material are very limited. 

The calculation .shows an even more significant loss 

TAHLK III-24-II. iICM \'lHD .\M) EXP.\NSI()N lOKFKr'I'S 

1 

2 

1. 

2. 

3 . 

4. 

5. 

Reactor 'I'ype C-l 

Remove 50% nf sodium (•(ntliiiit from 
the core .. 

Remove ^% of nmlten saU fuel fruiii 
the core {12-J° C to 25° C tempera-

Reactor Type B-1 
liemove 20% of sodium coolant 

from the core . . . 
Remove 50%, nf sodium cnolant from 

the core 
Remove i%, nf molten salt fuel from 

the core (12^ C to 25° C tempera
ture ri.se) 

Transfer ^%, of molleii .sail fuel fn.m 
the core and add it to tlic inner (i 
cm of blanket 

E-xpand molten sail \' ',. makin(^ room 
tor f'.\]ia[|[iiion IJ\- movinii 1 he 
Mankct radially oulward 

KL-acti 

Ak = 

Ak = 

Ak = 

Ak = 

Ak = 

Ak = 

Ak = 

v-it_\- Cliaiijic 

-1-0.0124 

-0.002S 

+0.(1072 

+0.U1N2 

-0,0024 

-0.(1020 

-0.0022 

of iK'ufrons (titan tliut incuffed by Cl .-xbsorptions) 
to the structural material required for tlic internally 
coojcii systems tB-1 and C- l ) . The high nickel con-
centriition i.s particularly important. In order to ob
tain a quantitative estimate of the effect of these 
ah.^nrpfions on breeding, the effect of reduced capture 
in the nickel and iron substituted for nickel, chro
mium, antl inolybilenuin was studied. The reduced 
nickel capture cross sections were obtained by reduc
ing the very large number of captures between 3 and 
17 keV. The effect of the reduced nickel absorption is 
shown by cases B-3 and C-3. The breeding ratios are 
incrca.sed in both instances. .Substituting iron for the 
other structural materials (B-4 and C-4) results in 
an ('\rn more fa\'orable breeding latio than obtained 
witli reduced nickel ca])tures. 

Another variation of the sy.steins considered was 
that of replacing the metal blanket with one made of 
uraiiiimi oxide (60 v/o VO-j of density 10.16 gm/cm', 
20 v o iron and 20 v o sodium). A 15 cm thick iron 
reflector was |)laced outside the 60 cm oxide blanket 
fo reduce the blanket leakage. The results for the ex
ternally cooled homogeneous reactor (A-5) and the 
internally cooled reactor with metallic uranium in the 
core (C-5) show that the decrea.«e in breeding ratio is 
only a few jiercent when the metal blanket is replaced 
with oxide. It should be noted that an iron reflector 
would have improved the breeding in the metal 
blanketed systems by several percent, so that the net 
effect of substituting the oxide for the metal blanket 
is a net reduction in each case. 

The use of fluorides rather than chlorides in the fuel 
was also examined. The cross sections indicate that 
fluorine has less radiati-\-e capture but has greater 
inelastic plus elastic moderation. The comparison of 
Huiirides with chlorides as fuels is given for cases A-6 
and ('-(). The fluoride systems show much lower 
breeding ratios than the corresponding chloride sys
tems. These calculations also indicated that absorp
tions due to ln,p) reactions in these fluoride systems 
are about as important as those for the chloride sys
tems. 

The calculations indicate that the systems con
sidered here have signifieant numbers of neutrons in 
the groups in whicli resonance effects are important. 
Because resonance self-shielding can have an appre
ciable influence on breeding ratio, three analyses 
utilized self-shielded cross sections. Potential scatter
ing cross sections of 600 barns ])er atom for Pu-239 
and 100 barns per atom for U-238 were used. The 
results for systems corresponding to the mcfal blan
keted type A-1, the oxide blanketed A-5, and the in
fernally cooled B-1, are labelled tyjies A-7, A-8, and 
B-5 respecfi\-ely in Table III-24-I. These results 
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slio\\- sdiiiewhat lower breeding ratios than those ob
tained with the cross sections which assume infinite 
dilution. For the case of the oxide blanketed system 
(A-8) the apparent much larger decrease in breeding 
ratio is due essentially to the omission of the iron 
reflector in that calculation. 

Two properties of the molten salt systems were 
studied in addition to the neutron inventories. These 
were the sodium void coefficients for the sodium con
taining internally cooled reference systems, and leac
tivity coefficients for thermal expansion of the molten 
salt. The results are summarized in Table III-24-II 
and were obtained with infinite dilution cross sections 
for |)lutonium and uranium. Since the sodium void 
effect depends significantly on the effect of resonance 
self-shiekling, the calculations were repeated using 
the appropriate self-shielded cross sections. The re
sults for both 20% and 50'/ coolant expulsion showed 
a decrease of 33% relati\'e to the unshielded cases in 

Table III-2-1-II. It is noteil that the Xa void efl'ect is 
positi\-e and the thermal expansion eflects of the salt 
are negative. The last two coefficients listed in the ta
ble were obtained to determine what change in the 
reactivity coefficient of expansion results if the fuel 
remains in the system. Calculations of the first coeffi
cient assumes that '/2% of the core salt-mixture is ex
panded info and mixed with the first 6 cm of blanket. 
Calculation of the second coefficient assumes the salts 
in the core to be expanding, and the blanket to be 
pushed radially outward to accommodate the increased 
volume of core. In both investigations the difference in 
the coefficient when compared to that obtained when 
the fuel is ex])elled from the leactor system is (]uite 
small. 

RKFEHE.XeE 

1. G. E. Hansen and W. H. lii.acli. Six and Sixteen Group 
Cross Sections for Fast anil Inlirniiiliale Ciitieal Assem
blies, LAM.S-2543 (fStifl. 

ni-2,5. Fast Keaclor Keactivity (Coefficients; the Effecl of Excess Keaclivity 

W . B. LOEWE.NSTEI.N 

In order to provide a relatively long uninterrupted 
fast reactor ojierating cycle, it is necessary to jirovide 
built-in excess reactivity at the start of core life. The 
amount of such required excess reactivity is a sensi
tive function of the fuel cycle, reactor schedule and 
core conversion ratio. Such excess reactivity may be 
controlled by jioisoning the core (e.g. with control 
rods) at the start of core life. Such jioison woukl then 
lie gradually withdrawn as burnup jiroeeeds. Excess 
reactivity may also be jirovidcd with fuel that ini
tially resides outside of the core and is gradually in
serted as burnuj5 proceeds as well as combinations of 
fuel, moderator and jioison. Whatever the control 
scheme, it is of signifieant interest to ascertain if im
portant reactor jiarameters (e.g. Na coefficient, Doji
jiler coefficient and breeding ratio) are significantly 
affectetl by the provision of excess reactivity that al
lows a relati\'ely long uninteiiujited reactor ojierating 
cycle. 

Proposed jilans for large fast reactor operation and 
fuel burnuji cajiability are not too well defined. There
fore the efl'ect of built-in excess reactivity that is con
trolled with jjoison was parametrically evaluated on a 
variety of conceptual fast jiower breeder reactor sys
tems. These include typical oxide, carbide and metal 
fueled svstems and systems which feature deliberate 

spectral softening by introducing BeO in the core. 
Tyjiieal results are given in Table 1II-25-I. 

In evaluating the results it should be noted that core 
fission jiroduet concentration was held fixed through
out the ^tudy for each reactor. In actual jiractice, 
fission jiroducts will "grow in" as reactivity demands 
will reijuire a less-jioisoned core, thus tending fo 
slightly reduce the effects of the cited results. 

The systems recjuiring the most excess reacti\-ity 
for long core life (e.g. low core conversion ratio) seem 
to show the most jironouncetl variation of Na void 
coefficient with poisoned excess reactivity. Sign 
changes as well as large changes in the magnitude of 
the core sodium void coefficient may also be realized. 

No sjiecific Doppler effects were calculated here. 
Howe\-er, the variation of the number of fissions below 
9.1 KeV is indicative of the variation of the Dopjiler 
coefficient with core j3oisoning. 

The breeding and core con\-ersion ratios are not 
significantly aff'ectcd by jioisoning for excess leactiv-

ity-
Tlie results in Table IlI-2.'i-I are only illustrative in 

that actual details of poisoning the reactor were not sjie-
cifically considered. If poison rods are used, as oji-
jiosed to a uniform jioison concentration, the effect ot 
local Jioison concentration can have more marked local 
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Sphcricali' 
Core 

Volume, 
liters 

3(X)0 

3000 

3000 

.3000 
5000 

5000 
5000 

5000 

•2000 

2000 

2000 

2000 

1000 

1000 

1000 

1000 

3000 
300O 

300O 

3000 

2000 

2000 

20O0 

2000 

T , - \B1 . 

Fuel T y p e 

O x i d e 

O x i d e 

O x i d e 

O x i d e 

O x i d e 

O x i d e 

O x i d e 

O x i d e 

C a r i i i d e 

C a r b i d e 

C a r b i d e 

C a r b i d e 
M e t a l 

M e t a l 

M e t a l 

M e t a l 

O x i d e 

O x i d e 
O x i d e 

O x i d e 

M e t a l 

M e t a l 

M e t a l 

.Metal 

•: I I I -J.S f. f'.\sT 1!E,I 

Core Volume i-"ractions 
l - ' uc l /Clad /Na/BeO 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / - -

30/-20/50/— 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

3 0 / 2 0 / 5 0 / — 

2 7 . 5 / 1 7 . 5 / 4 7 . 5 / 7 . 5 

2 7 . 5 / 1 7 . 5 / 1 7 . 5 / 7 . 5 

• 2 7 . 5 / 1 7 . 5 / 4 7 . 5 / 7 . 5 

2 7 . 5 / 1 7 . 5 / 4 7 . 5 / 7 . 5 

1 5 / 1 5 / 5 5 / 1 5 

1 5 / 1 5 / 5 5 / 1 5 

1 5 / 1 5 / 5 5 / 1 5 

1 5 / 1 5 / 5 5 / 1 5 

•TOR PAn\MI-;TERS 

Poison^ 
Mater ia l 

— 
B 

B ' " 

B'» 

— 
B 

B '« 

B>" 

— 
B 

B'» 

B'» 

— 
B 

B '» 

B '» 

— 
B 

B'» 

B ' " 

— 
B 

B ' " 

B ' " 

Poison 
Atoms per 
CC X 1 0 " 

— 
0.000134 

0 .000029 

0 .000067 

— 
0.000123 

0 .000027 

0 .000002 

O.OOOIIU 

0.00003(1 

0.000080 

— 
0.000213 

0 .000079 

0.000107 

— 
0.000130 

0.000024 

0 .000065 

— 
O.OOOIO 

0.000010 

0 (11100.50 

AS A F U N C T I O N O F P O I S O N E D E X C E S S 

Poisoned 
Excess 
Reac
t iv i ty , 

% A * / « 

— 
1.011 

1.031 

2 .317 

— 
1.019 

1.051 

2 .347 

— 
0.85X 

0.884 

1.920 

— 
1.998 

2 .37 

2 . 7 0 

— 
0.984 

0 .917 

2 .657 

— 
0 .836 

0.8.52 

2.161 

/ PuiJ . + PuHl \ 

\ P u " » -)- U ' » / 

0 .148 

0 .150 

0.1.50 
11.1.54 

0 .134 

O.Kili 

0 .136 

0 13(1 
11 f2.S 

11.13(1 

11.1311 

(1.132 

11.101 

fl.Kli; 

(1 1(17 

0 . 1 5 8 
0 .160 
11.16(1 

0.16(1 

0 . 1 5 

0.1.53 
11.1.53 

(1.1.57 

Core N a 
Void 

Effect,'! 
%Ak/k 

-1-0..340 

-l-O.373 

K E A C T I V I T Y ^ 

Frac t ion 
of 

Fissions 
Below 

9.1 keV 

0 . 1 4 8 

0 .150 

-1-0..391 0 .142 

-1-0.474 : 0.1.35 

4 - 0 . 7 0 1 0 .157 

+ 0 . 7 2 3 0 . 1 5 3 

-F0 .746 0 . 1 5 1 

-1-0.823 

- t -0.31 

-1-0.335 

0 .144 

0 . 1 1 3 

0 . 1 1 0 

-1-0..350 1 0 . 1 0 8 

+ 0 . 4 0 8 1 0 . 1 0 3 

+ 0 . 4 3 0 .027 

+ 0 . 4 9 2 ' 0 .0264 

+ 0 . 5 0 8 

+ 0 . 5 2 5 
+ 0 . 1 4 

0 .0252 

0 .0246 

0 . 2 3 5 

+ 0 . 1 5 9 0 .229 

+ 0 . 1 7 3 0 . 2 2 8 

+ 0 . 2 7 1 ; 0 . 216 

- 0 . 0 3 ] 0 . 277 

+ 0 . 0 0 6 0 . 2 7 3 
+ 0 . 0 2 1 0 .272 

+ 0 . 0 9 7 0 .262 

Core Con
version 
Ra t io 

0 . 7 9 

0 . 7 7 5 

0 . 7 7 5 

0 . 7 5 3 

0 . 8 8 

0 . 8 6 2 

0 . 8 6 2 

0.8.38 

0 .87 

0 . 8 5 2 

0 .851 

0 . 8 3 1 

0 . 9 5 

0 . 9 3 3 

0 . 9 2 3 

0 . 9 1 5 

0 .77 

0 .744 

0 .746 

0 . 7 1 9 

0 . 7 6 

0 . 7 4 3 

0 .743 

0 .724 

Breeding 
Rat io 

1.29 

1.273 

1.274 

1.249 

1.29 

1.264 

1.264 

1.234 

1.46 

1.438 

1.439 

1.417 

1.75 

1.726 

1.717 

1.707 

1.18 

1.202 

1.205 

1.176 

1.31 

1.30 

1.30 
1 2,S 

" R e a c t o r s s i m i l a r t o t h u s c a 

*• R e a c t o r s h a v e 18 in . t h i c k I 
3 5 % N a . E x c e p t fnr poi.^nn, l he 

fue l . P u " V P u 2 ^ » = 0.15 for nift 

t y p e . 
" D i s t r i b u t e d u n i f o r m l y i h i n 
^ Ak/k c o r r e s p o n d s t o uii ifur 

ns idcr i 'd in Krf. 1. M u l t i g r o u p c o n s t a n t s u s e d a r e 22 g r o u p s of t h e A N L - 2 6 g r o u p s e t (Ref . 2 ) . 

>l;nik(ts u i l h fi in . t h i c k r e f l ec to r s . T h e b l a n k e t c o m p o s i t i o n is 4 5 % f e r t i l e m a t e r i a l , 2 0 % s tee l a n d 

•itn- f(itiii)ii,sili(in is " o ( | u i l i b r i u m " wi t l i fission p r n d u c t s e q u i v a l e n t t o 5 % b u r n u p r e p l a c i n g t h e core 

ll . n.-J i'.ir .-;irlii<lr, a n d O.'Jo for oxi<ic. T h e b l a n k e t f e r t i l e m a t e r i a l t y p e is t h e s a m e a s t h e core fuel 

l l ic X a o r i g i n a l l y i i rcscnt in t h e cort 

cffcct.s than the rei>ults in Table Tn-2;i-I would indicate. 
It may al^o be noted that >li^ht variations may l)e ob
tained by poisoning with natural versus enriched 
boron. 

Some preliminary analyses ])roviding excess reac
tivity with fuel residing outside the core indicate less 
pronounced variation of reactivity coefficients with 
the reactor operating cycle. 

The implication of these results is simply that it 
may not be possible to consider a single reactivity 
coefficient for some reactors. The coefficient must !)e 
considered within the framework of the reactor oper

ating cycle. Finally, the reactor oi)erator an<l or an 
automatic flux level control system must be capable of 
accommodating to the changes implied by the results 
of Table III-25-I. 

I ) . O k r e n t . 1. <'nli 

(///./ Safety Cons 

I'ou-er Reactors, 

f(-

HKFERENCE.S 

iM] a n d \V. Lncwei i . s t e in . Souie Xuclear 

ileralums in the Design of Large Fast 

( P r e s e n t e d t o t h e 19ti4 C c n e v a Con-
ice). 

t. O ' S h e a , H . l Iu innH 
'I'terNly SIX Croti), r , 
l i s h e d ) . 

W. L n e w e n s t e i n a n d I ) , O k r e n t . 
<.v Sections, ANL-( i858 ( t n be p u b -

P a p e r 111-26 withdrawn 
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III-27. The (Control of Fast Reactors; Current Methods and Future Prospeols' 

W. B. LOEWENSTEIN 

The practical aspects of providing adequate reac
tivity for the control of fast reactors differ signifi
cantly from those used to control thermal neutron 
systems. The differences are primarily due to the 
rather small fast neutron cross sections. There are no 
strong poisons in a fast neutron system. As a result, 
the strong thermal reactor fission product poisons 
(e.g. Xe and Sm) require significantly less reactivity 
override than the reactivity loss due to destruction, by 
fission and cajjture, of fissionable material. Because 
the fast spectrum atomic cross sections are relatively 
small compared to their thermal counterparts, the 
atomic density of the material plays an important role 
in the choice of control materials. 

The reactivity for control is dictated by reactor 
shutdown retiuiremcnts, the reactor fuel cycle (excess 
reactivity) and to a lesser extent the dominant feed
backs. The excess reactivity requirements can be 
quite well specified in terms of a given fuel cycle but 

may vary considerably for several similar systems 
operating on different fuel cycles. The rcfjuired shut
down reactivity may be almost arbitrarily specified 
beyond certain limits. Tyjjical power and temperature 
dependent feedback parameters are used to determine 
their influence upon the control reactivity require
ments. 

The methods used to preihet tlie reactivity worth 
of control mechanisms have evolved from crude esti
mates to quite reliable calculations which can be con
firmed by experimental data from critical assemblies. 
Exploratory analytical stucUes demonstrate problems 
of control for large core volmiie conceptual systems. 

KEFEKENCES 

1. \V. Loewenstein, The < 'antral of Fast Reactors; Current 
Methods and Future Prospects, Proc. IAK.\ Sponsored 
Symposium of Physics and Material Problems of Reactor 
Control I{(.ds, Vienna, li(fi:i, (to be published). 

III-28. Sodium Void Coefficient for "Heterogeneous' ' Fasl Uca<loi> 

W . B. LOEWEX.STEIN 

Exploratory analy.--es to deti'ritiine IIDW a eon.' with 
an inherently overall ])ositive sodium void coefficient 
might be assembled to produce a negative sodium void 
coefficient were considered. In these particular calcu
lations, it was initially assumed that the change in 
sign of the void coefficient might be produced by pro
viding se^'cral loosely coujiled cores with a higher fuel 
enrichment as opposed to the reference single region 
comiiact core. 

The multigroup diffusion tlieory calculations uti
lized one dimensional slab geometry with an appro
priate transverse leakage term. The reference reactor 
was a 1500 liter core. In all subsequent calculations. 
the transverse radial leakage term was held constant 
and the sum of the axial core dimensions were held 
fixed. Thus there was some assurance that systems of 
equal size and power capability were, in fact, com
pared. The multigroup constants for these calculations 
were taken from Ref. 1. The reactor core contains a 
metallic Pu-U fuel and the reflector contains depleted 
uranium. 

The results of the calculation.- wliei'c the cure was 
separated into se\'eral slab region.-- loosely coupled by 
inter.--persed fertile material regions arc given in Table 
III-28-I. 

I t can be seen that the character of the .sodium void 
coefficient of reactivity may be markedly altered by 
]iro^iding several loosely coupled slabs of smaller 
thickness rather than a core of one large slab. A most 
interesting result is the one case where natural ura
nium was used for the separating slab. This ajiproxi-
mates a condition where significant Pu jiroduction has 
taken place in the separating slab. The Na void coeffi
cient is loss negative than for the separating slab using 
depleted uranium. 

In all cases, the provision of a negative sodium void 
coefficient is at the expense of increased fuel recjuire
ments. The increased fuel enrichment reriuired to ac
complish criticality for the loosely coupled slabs may 
harden the spectrum sufficiently to improve the overall 
breeding ratio of the system even though the internal 
core breeding ratio will suft'er. However, the fuel re-
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TABLK III 281, KXIM,OR.\TURY Sdi.mM VOID C.UX-UL.VTIONS 

F(»R "HK'I 'EHOGENEOUS" F . \ST HE.XCTOR CORES (1500 LI'I'ER 

SY.STEMS: M E I A L F U E L AND REFLECTIIR) 

Number of 
Regions 

Corel 

1 

2 

2 

2 

2 

2 

3 

3 

3 

3 
5 

5 

Re
flector' 

2 

3 

3 

3 

3 

3 

4 

4 
4 

4 

(> 
i; 

Axial 
Thicltness of 
Region, cm 

Core 

142 
71 

71 

71 

71 

71 

48 

48 

48 

48 

28 

28 

Reflec
t o r ' 

0 

10 

10 ' 

5 

15 

20 

10 

15 

20 

25 
10 

2(1 

Critical 
Enr ichment , 

.V(Ptj) 

^ ( P u ) -1-
.\ '(U-238) 

Re
ference 

0 .08775 

0.10376 

3 0 % Na 
re

moved' ' 

0.087(i3 

0 .10405 

0 .10323 0 .10350 

0.00S40 0.09S42 

0 .10505 O.lOlil.'i 

0 .1068l !0 .10742 

0.10717jO.10708 

0.1144110.11445 

0 . 1 1 0 7 2 0 . 1 2 0 1 3 
0.12340,0.12408 

0.1242210.12397 

0.1.5246 0.15289 

React ivi ty Cliangc 
for 3 0 % Core 
Na Removal 

Sign 

p o s i t i v e 

n e g a t i v e 

n e g a t i v e 

p o s i t i v e 

n e g a t i v e 

n e g a t i v e 

p o s i t i v e 

n e g a t i v e 

n e g a t i v e 

n e g a t i v e 

p o s i t i v e 

n e g a t i v e 

Magn i tude 
( % A t / * ) 

0 .033 

0 .143 

0.1.30 

0 .0188 

0.21i4 

0 .074 

0 .024 

0 .187 

— 
O.Ki 

-

(piirements for the 1500 liter "heterogeneous" cores 
analyzed here seem quite moderate when comi)ared 
to the reference single slab core. 

REFERE.N'CE.S 

1. S. Yiftah, ]). Okrent and P. Moldauer, Fast Reactor Cross 
Sectiojis, (Pergamon Press, New York, 1960). 

" Core contains 25 v/o Pu-U metal, 25 v/o steel, 50 v/o Na. 
^ Reflector contains 00 v/o depleted U, 20 v/o steel, 20 v/o 

<iii. 

' Only interspersed reficclnr ret^ions. Outer reflector always 
^45 cm thick. 

"^ From core regions oidy. 
' Central reflectf>r region (•nntiiin.s natural uranium. 

n i - 2 9 . Fuel (;>< Ic Slut l i ts 

G. J . I'lKCHEH a n d L. E . L I . \ K * 

The economic potential of fast power breetler reactor 
systems whicli might he Iniilt in the near future, with 
very little extrapolation of jiresent technology, was 
recently evaluated. The results of this study are sum
marized in a jiaper jiresented to the 1964 Geneva Con
ference." This paper contains a jiartial re-evaluation or 
normalization of the four 1000 MWe fast reactor 
studies recently prei)ared for the USAEC.- ' ' ' ' The 
normalization was effected with consistent a.s.sumptions 
on fuel fabrication, processing, and shipping costs. 

The 14 fast reactors whose fuel cycle physics antl 
economies were calculateil for the Geneva report are 
briefly described in Tables 111-29-1 .4 and B. 

The physical dimensions, then lynamic ellicii'n-
cies, fuel pin diameters, etc.. we're i-hoscn to be con
sistent among the tlu-ee fuel types, but a careful o])ti-
raization jtrogram was not pursued. The assigned costs 
and charges shown in Table III-29-II rejiresent those 
felt to be consistent among the fuel types. Faliricating 
and processing plant costs are based on a near-future 
total operating level equivalent to reactors having a 
power output of 1.500 MWe. 

* Laboratory Dire(^tor'n Olfiec, .\rgonne National Labora
tory. 

T.\BLK 111 20 I.\. liKvc r..R C.^sE IDE NTIFIC.\T1(.\ 

Case 
No . 

1-C 

2-.M 

; i -o 

Fuel T y p e 

U C - P u C 

U - P u 

U O . - P u O . 

R e f e r e n c e 
l i t e r s 

R e f e r e n c e 

c a r t ) i d e fuel s t u d \ -

m e t a l fuel s t u d 

1000 l i t e r s 

R e f e r e n c e o x i d e fue s lud \ - , 

• > 

1250 

cores . 

:iO(H) l i t e r s 

I (• 

5 M 
tl-O 

7 C 

S-C 
9-M 

10-M 

n o 
12 () 

13 C 

14 (• 

r e i>uC' 
r i ' u 
I ' O . - P u O , 

U C - P u C 

U C P u C 
U P u 

U - P u 

U O s - P u C i 

U O j - P u O j 

T h C - U C 

U C 

Case 1 C l . , 
Case 2 M } " ' ^'verage core burnup 
Case 3-0 increased 50'~'( 

C a s e 1 -C ' 

C a s e 1-C 
C a s e 2-M 

C a s e 2-M( 
C a s e 3 - 0 

C a s e 3 - 0 

with 
outer 

25% 
50% 
25% 
50% 
25% 
50% 

of riidial 
and 
axial 
blan
kets 
re
moved 

Thorium-U"' carbide fuel study 
j isiHusj (j.„jg) carbide fuel ..Jiudv: 

TliC blanket 

file:///rgonne
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TABUr 

Case 
No. 

III-29 IB. RE.VCTOR 

Core (CyUnder Shape) 

Diam, cm Ht, cm 

J1MEN.S10NS 

Blanket Thickness 

Axial, cm Radial, cm 

TABLE i n - 2 l M n . Cnsr.^-mills/kWh 

Reference cases 

1-C 
2-M» 
3-0 

145 
113 
252 

75 
100 
liO 

00 
00 
70 

30 
30 
35 

Reference cases—core burnup increased 50% 

4-C 
6-M-
6-0 

145 
113 
252 

75 
100 
60 

60 
60 
70 

.30 
30 
35 

Blanket thickness variation 

7-C 
g-C 
9-M" 

10-M" 
11-0 
12-0 

145 
145 
113 
113 
252 
252 

75 
75 

100 
100 
60 
60 

45 
30 
45 
30 
53 
35 

23 
16 
24 
17 
27 
19 

V" fuel 

13-C 
14-C 

106 
106 

100 
100 

60 
(iO 

30 
30 

ore svstem; diameter listed for each core. 

TAHLK III-2!t-II. U M T COSTS .\ND C I U R G E S 

1. Fabrication—ceramic fuels 
core and axial blanket 
radial hljinket 

0\ide 

S140/kg 
SOl/kg 

Carbide 

S188/kg 
$63/kg 

2. Processing—ceramic fuels—S55 to 00/kg (core and blanket 
fuel mixed). 

3. Fabrication and pynmietallurgical reprocessing—melal fuel 
core = S230/kg'' 
radial blanket = S180/kg. 

4. Shipping charges—total fnr spent and fabricated furl— 
$24/kg. 

5. Annual charge on value nf c<]uilil)riuTn cure lissile material — 
10'',. 

(). .\nnual eliarge on average faliricatinn investment in core 
and blankets—10V(. 

7. Losses in fabrication and processing—1.5'j. 
8. Fissile material price—SlO/g based on U^'', Pu-'*, Pu-^' only. 
9. Cycle thermodynamic etbeiency 

with ceramic fuel—tO',. 
with metallic fuel—35';. 

Note: Costs listed for 1. 2 and 3 are valid bir the 1500 .MWe 
scale assumed, 58 MT/yr fnr metal and 38 MT/yr for carbide 
and oxide. 

" Valid fnr eore/l)Iankct ratio in reference cases. 

Case 
No. 

Fabrica
tion 

Process
ing 

Shipp- Pu Fab. Pu 
ing Invent.-'I Invest.'ICredit I ' ° " ' ' 

Reference cases 

1-C 0.35 I 0.18 
2-M < 1.22 
3-0 0.26 I 0.17 

0.06 
0.13 
0.05 

0.24 
0.34 
0.48 

0.03 
0.14 
0.04 

0.46 
0.78 
0.39 

0.40 
1.05 
0.61 

Reference cases—core burnup increased S0% 

4-0 
5-M 
6-0 

0.24 I 0.13 
0.81 

0.18 I 0.12 

0.04 
0.10 
0.04 

0.21 
0.35 
0.42 

0.03 
0.14 
0.04 

0.38 
0.68 
0.32 

0.27 
0.72 
0.48 

Blanket thickness variation 

T-C 
8-0 
9-M 

10-M 
11-0 
12-0 

0..33 0.16 
0.30 i 0.14 

< 1.11 > 

0.25 I 0.16 
0.23 0.16 

0.05 
0.04 
0.12 
0.11 
0.05 
0.04 

0.24 
0.24 
0.35 
0.35 
0.48 
0.49 

0.03 
0.02 
0.11 
0.09 
0.04 
0.03 

0.38 
0.25 

o.no 
0.53 
0.30 
0.19 

0.43 
0.49 
1.00 

1.00 
0.08 
0.70 

V" fuel 

13-C 
14-C 

0.34 
0.33 

0.19 
0.16 

0.06 
O.Ofi 

0.26 
0.20 

0.02 
0.02 

0.09° 
0.27 

0.78 
0.50 

Note: Losses are included in fabrication and jjmces.sing. 
"Charge for plutonium inventory. 
'' Charge for fabricaliim inveslnient. 
c (̂ ;2S) credit. 

The results of ai)plying these costs and charges to 

the equilibrium core and blanket cycles of the reactors 

are shown in Table III-29-III. A partial breakdown 

of the total costs is given. These results indicate that 

even for restrictive assumptions of cost estimates based 

on total fast reactor power limited to L500 MWe for a 

given type fuel and about 500 MWe per jilant, rela

tively attractive fuel cycle costs can be hoped for in 

near-future fast reactor designs. 
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III-30. Theoreli<*al l i ives l igal ion of a Major Evcursion Caused by Fuel E l e m e n t Failure 

Y. Z. J.WKUS 

TIU'LVT cxpcrimriits lia\(' shown' that a sodium-
bonded staitdews-stt'el-clad metallic fuel piu exposed to 
transient heating expeiienees faihue when the tempera
ture reaches about 1I00°C'. At the time of failure an 
opening develops at alK>ut the middle of the pin and 
the molten uranium is ejected within --0.L5 sec. Simi
lar pin failures in an operating reactor might cause re
activity addition. Increased power, in addition to the 
possible eutectic action of ejecting molten uranium on 
stainless steel clad, could cause failure of neighboring 
pins and thus initiate an autocatalytic excursion. If 
reactivity insertion would continue unchecked until all 
the fuel is collected at the icactor midplane, the maxi
mum excess reactivity could reach 0.14 Ak/k for EBR-
II.- Maximum possible reactivity caiuiot usually be 
readied since a reactivity reduction mechanism gener
ally takes over liefore all a\ailablc reacti\ity has been 
inserted. Wheii the reactivity insertion rate, A'o, is 
constant, it has been shown-' that the maximum I'cae-
ti\-ity attained is 

when 

; kj( • c/b, 

k , ^ Vfk.Vin (Qln~H0)r'ku), (1) 

where r is the pi'ontpt lifetime, /((()) is initial power and 
(̂ 1 is the heat necessary U)V etfeetive I'eactivity reduc
tion. If it is assumed that all pins fail simultaneously at 
the rate observed in TREAT, one may obtain ko ̂  140 
dollars/sec in EBR-II.- However, with increasing pres
sures the reactivity insertion rate may become even 
larger. First, the speed of fuel ejection is proportional 
to the square root of pressure. Secondly, penetrations 
of the cladding are likely to increase with increasing 
pressures. Consistent application of this quasistatic 
model for reaeti\ity inseition may lead to very high 
insertion rates. 

It should be recognized that the ([uasistatic model is 
valid only for relati\'ely long periods, so that the gen
erated pressure can traverse the pin several times and 
become essentially uniform. When inverse periods, a, 
become larger than c b (where c is the \elocity of sound 
and 6 the half-height of the core), reactivity effects of 
pressure can be adequately repicsented by neglecting 
wave propagatioTi^: 

/ "^''"•' IV m 
wlieie tb(; Laplacian ot luel wtuth, V'-'ic, is negative and 
tlie pleasure f^etieiatcd lueally results iu iiefrati\'e k. 
Autocatalytic reacti\'ity iiisertiou slunild be terminated 

wliere tbe suttscript "a" refers to autocatalytic reac-
t i \ i ty. It is assumed tliat eflects initiating the auto
catalytic events are not significant. In the initial auto
catalytic stage the pressure in the fuel elements can 
pessimistieally be asstmied to be spatially uniform. 

In the following stage the reacti\'ity is obtained from 
liq. (2) and reactivity reduction is initiated. The energy 
yield can be shown to be a function of kmax obtained from 
E(|. (1). Fortunately, k„,.,r is not sensitive to the details 
of the reactivity insertion mechanism. The autocatalytic 
reactivity insertion rate is assumed to be caused by 
generated heat or energy lk„ ^ Q", where n is a constant, 
Q is the energy density and k,, is the "reactivity inser
tion rate" due to autocatalytic processes). At the end 
of the autocatalytic insertion it can be shown that: 

\^lk., = k„\/n/(n 4- 2). 

kn is thus fairly inseusiti\'<' to the details of the reactivity 
insertion mechanism. k„,„^ depends only logarithmically 
oil the "initial" power, (i(0), when A„ lias been reached. 
Thus k,n„r is not \'eiy sensiti\-e to the parameters diu*-
ing the autocatalytic insertion stage. Exploratory cal
culations ha\o sliown that H(0) is almost independent 
of tbe power when autocatalytic insertion is initiated. 
The autocatalytic form of reaeti\'ity increase causes 
n(0) to be many times larger than the initial power used 
earlier,' in core collapse accident analyses. The auto
catalytic excursion is milder than k„ wotild tend to in
dicate. The reactivity increase is only about half that 
of a reactivity insertion caused by meclianieal rather 
than thermal effects. 

The energy yield during the last stage of the excursion 
is known to depend strongly on effective Noids iu the 
reactor. These are likely to depend principally upon 
details of initial reacti\ity insertion and a few calcula
tions are being performed to obtain some numerical 
examples. Similarly a more precise definition of A'a 
would be desirable. Howe\-er, from present considera
tions it is already clear that excursions caused by melt
ing pins will not be larger than those calculated for 
the collapse of reaetor core. 
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111-31. Coolani Pressures During I ransienls 

R. (). BKITTAX 

IXTKODUCTION 

Tlic problem of estimating core pressure rises dur
ing excursions in water cooled systems has long been 
studied witliout success. It was necessary to estimate 
such pressures in sodium-cooled systems because of 
the advent of the sodium Ioo]i tests in TREAT. This 
paper constitutes a record of ujijjcr limit pressure esti
mates made for the large sodium loop, during tran
sients in TREAT, and some sui)se(|uent investigations. 
These investigations form the basis for a continuing 
examination of the iiroblcni of prcdiciting such pres
sures. 

It sliould be noted that in order to assure upper 
bounds for the pressures estimated, extremely con
servative assumptions have been made. I t would he the 
purpose of subsequent investigations to reduce this 
conservatism, allowing a closer ai)proach to realism. 

In this case it was necessary to utilize a physically 
intuitive approach in making the estimates. Hence, a 
short description of the system and the ]ihenomeno-
logical aspects are needed to gauge the conservatism. 

DESCRII'TIOX or THF: SYSTKM .\XD PUKNUMKNUX 

First, the pliy^iral helia\-ioi' of the coolant in a fuel 
channel or sul)assembly during a nuclear transient can 
he descril)ed in terms of the energy release rates, heat 
transfer rates, the thermal and mechanical inertia of 
the system, and an ef|uation of state of the coolant. 

The system may be simi)Iy characterized by a ver
tical tube containing coolant moving upward through 
an active (heated! section into an inactive I non-
heated} section. Heat is generated in the active sec
tion and transferred to the coolant in that section. 

The primary nuclear energy release rate for a po.-i-
tivc fc,,,. condition is characterized by the nuclear vari
able [{l/n) {dn/dt)]~^ which for constant A,,, and 
after a short time, becomes the asym])totie period or 
e-folding time (1 a l . This characteristic continues 
until i)hysical changes bring about a reduction in reac

tivity, causing (1 /() l(//( <lt) to heeonie zero and then 
negative. 

Only the "heat" energy release is of intere.-t. It is 
manifest from two forms: kinetic energy of the fission 
fragments and ^ particles; and energy of the gamma 
rays. The latter heat the fluid directly by giving up 
energy on their passage through the fluid. The time 
from original acquisition of energy to transfer to the 
fluitl is of the order of lO""* sec. Thus, fluid heating 
rates from this source are characterized by « with no 
delay. The other transfer path to the fluid is more 
tortuous: the fission fragments and /^'s are slowed 
down very near to the location of the fission, trans
forming their kinetic energy to heat in the active tube 
material. 

Fuel elements or subassemblies are small conii)ared 
to the reaetor core; therefore, the fission fragment 
heat source will be considered uniforndy distributed 
in the active portion and proportional in strength to 
the aversi^e fission rate at tiie location of the element. 
This fission fragment heat is >l(ncd in and gives rise to 
a temperature increase in the active material whicli 
forces the heat to flow by conduction to the tube-fluid 
interface (when the fluid is cooler than the tube, of 
course). The character of the active material with re
spect to heat storage, temperature rise, and heat con
duction is given by (hmension, heat capacity, and 
thermal conductivity as the jjarameter "thermal dif-
fusivity." This parameter is likened to a thermal 
"inertia" and introduces a time lag for the heat trans
ferred by conduction between the nuclear energy re
lease and heating of the inactive section. 

The backed-up heat in the active section is stored 
causing a continuing tem])erature rise in the active 
nmterial in accordance with the heat capacity. The 
characteristic time for this temperature rise is gov
erned by a. Tlie heat conducted to the surface of the 
tube (tube-fluid interfacel and transferred to the 
fluid, has a time lag introduction also characterized 
by a l)ecause the temperature rise increases the "driv-
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ing pressure." Tbe eoiubiiuition of the driving pre.s.sure 
acting against the tliermal resistance and inertia dic
tates the time lag for the heating rate of the fluid. 
This thermal resistance is manifest if the active ma
terial is clad. If the cladding is thin and a good heat 
conductor, or, if the active fuel is directly exposed to 
the fluid, the heat transfer is characterized by the 
temperature difference across the interface tmd by the 
thermal diffusivity of the coolant. 

A third characteristic whicli is important in .some 
transients is the fluid flow velocity. For very small 
heat transfer rates and large flow rates, the flow is not 
significantly altereil and no pressure rise occurs, the 
fluid sweeiiing away and condensing fluid vapor bub
bles. For very small flow velocities and small heating 
rates (approaching stagnation), the vapor bubble 
grows slowly and, if there is no mechanical restriction 
on fluid motion, pressure will not build up. 

If a is large, so that the heating rate rapidly becomes 
large, a rapid expansion of the fluid in the active |)or-
tion eould occur because of the heat dump; howe\-er, 
this expansion may be inhibited by the inertia of the 
column of fluid in the inactive portion of the tube, re
sulting in a pressure rise. 

It may be possible for heating rates to be snutll and 
thermal resistance very large. A specific example would 
be a case where the cladding is thick and acts as an 
insulator. Then all the heat would be stored in the fuel 
material and duniiK-d suddenly on the loss of integrity 
of the clatlding. Sudden exptinsion of the fuel tube 
would act like a solid piston on the fluid. This coupled 
with the sudden heat dump, the inertia of the fluid in 
the active portions and in the inactive jiortions, could 
lead to a jiressure rise. 

Thus, in the general case, pressure buildup is a func
tion of the rapidity of heat dum]> to the fluid and the 
rapidity of expansion of the fuel element into the 
fluid space. The pressure is linked to the heat dump by 
the heating and exjiansion of the fluitl and by the in
crease in vapor presstire. 

From this sumnuiry of the jilienonienology a physi
cally intuitive ajijiroach will allow estiinates of an 
upper limit on the j)ressure builduji in a transient. 
This can be done by considering two jiressure sources 
separately. That caused by temperature rise of the 
fluid with inertia restrictions is the first, and that 
caused by jiressure builduj) in and sudden exj)ansion of 
the fuel j)in is the second. 

P R K S S I K I : P1I...1: IN IHE F l . t ' H l 

The theoretical luaxiniiuii heating rate is that ob
tained by assuming instantaneous heat transfer to the 
fluid so that the teiujierature of both fuel and coolant 

are always equal and the total available heat is divided 
or iijijiortioned in accordance with the heat capacities. 
I t must also be assumed that the energy release rate 
corresjionds to that in a reactor on tm asymjitotic pe
riod (l/it) without reactivity change. Then the total 
heat a\'ailable is: 

/ / = li/alPiAe" - 11 = / / , -f //„ 
I\ = initial heat generation rate in the subas

sembly tit ^ = 0 
/ / , = total enthaljiy of the fluhl in the active sec

tion 
//„ = total eiiihaljiy of the tictive jjortion of fuel 

element. 
.\s the fluid heats uji. it exj)aiuls and drives the fluid in 
the inactive portion ujiward. It is assumed that the 
fluid is incompressible so that any thermal ex
jiansion must result in a \-olumetric displacement of 
the fluid column in the inactive jiortion. Using tem
perature as the index, if a change in specific volume 
in illation to temjierature is known, the variation of 
vertical disjilacement of the fluid column can be tabu
lated. If the relation between enthaljiy and tempera
ture is known, the enthaljiy versus temperature data 
can also be tabulated. From the expression relating 
enthaljiy to energy release rate, the corresponding 
c-fohling time may be tabulated. This provides the re
lation between time and disjilacement necessary to de
termine velocities and accelerations. From the acceler
ations and the inertial mass loadings, the jiressures 
recjuired to accelerate the fluid to allow for exjiansion 
are determined. 

This relationshiji continues until the vapor pressure 
of the fluid becomes greater than the fluid weight and 
atiuosjiheric head and inertial pressure due to expand
ing fluid. Continued heating causes increased vapor 
Jiressure. anil the fluid motion now becomes jirimarily 
a function of the jiressure, rather than the reverse as 
originally obtained. Even though the vapor jiressure 
moves the fluid out, leaving an increasing gas space 
below the whole fluid column, the fluid expansion con
tinues to move the fluid in the inactive portion as be
fore. Surface tension resistance has been neglected, but 
may be included if important. The relation between 
temjierature, enthalpy, and vapor pressure is main
tained !it saturation values. Too rajiid expansion re
sults in further vaporization using more heat, while 
too slow an exjiansion would cause condensation. The 
amount of heat required to produce the few cubic 
inches of vapor is small enough to be ignored, but suf
ficient to guarantee the eiiuilibritim of the saturated 
eonilition. 

Continuing with temjierature as the index, if the 
variation of vajnir jiressure in relation to temjierature 
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is known, the vajior jiressure may be tabulated and 
the pressure-time relationshiji established. By double 
semi-graphical integration of the pressure-mass-aecel-
eration relation, the vertical motion of the fluid column 
is obtained. The pressure buildup will continue until 
the vapor bubble has forced the fluid out of the active 
region. By this time, heat transfer will have greatly 
diminished and the eorresjionding jiressure will be an 
upjier limit. 

This pressure is of course an over-estimate, since the 
heat transfer lag, rates, and temperature variations 
have been ignored. 

These "upjier limit" calculations were carried out 
for the EBR-II fuel subas-sembly, using the informa
tion on heat cajiacities given in Table III-31-I. ' and 
the sodium thermodynamic jirojierties given in Ref. 2. 
The relation between jiressure and temperature given 
in Ref. 2 above 2700°F and uji to the suggested critical 
temperature (3632°F| was altered to: 

log;) = 1.046202 (9 1(1(101 - 0.097203 (jisia) 

in order to conform to the suggested critical jiressure 
(343 atm). The.se calculations were started with the 
sodium at about 400°F initially to yield maximum 
heat duiuji rates at the time the vajior pressure be
comes significant. 

The variation of limiting jiressure and other quan
tities with a was found to lie: 

T. iBbE I1I-:31 I. .M.MEHiiL PROPERTIES' 
1.3', f-fissium) 

a, 1/scc 

e, °F/°C 
V, f t / s ec 

p, psiii 

itip, sec 
v.ip, f t / spc 

Et, f t - lh 

1 

1810/990 

7 . 8 

21 

0 .27 

.54 

7:io 

5 

1925/1050 

14 .2 

4:i 

0 . 1 7 5 

82 

1680 

10 

2076/1150 

ICi.li 

84 

0.12li 

l l l i 

211 

2620/1450 

.33 

4;iO 

0 .050 

260 

50 

3500/1940 

95 

3(i20 

0 .020 

770 

3.370 l(i900 14,8000 

where 
a = inverse period 
6 = coolant and fuel temperature at time of peak pressure 
V = velocity of fluid column in riser at time of peak pres

sure 
p = peak ])ressure in vapur liul>l)lc 

t,zp = time after peak pressure to i-oin])Iete exjiulsion nt' liuid 
v,ip = velocity of coolant at time of expulsion (maximum) 
Ek = kinetic energy of coolant at time of expulsion. 

The other mecliani>ni for jiroducing pressure, i.e., 
pin thermal ex]iansion, was examined briefly. This ex
pansion was treated as augmenting the fluid expansion, 
in effect only. The largest efl'ect foimd for the EBR-II -
type subassembly was 3''c of the fluid expansion. 

Subsequently, similar calculations were made sub
stituting water for sodium. A\ith water it was neces-
sarv to start the calculations at 32°F. and final tem-

pCp I Temp. Range, ^ C 

O.OfitU? 
0.10780 
O.IKJC. 
0.0852 

0.7089 
0.90115 
4,7873 
0.ti058 

2()0-ti30 
(i:iO-1010 

1010-1100 
>1100 

pAll 

62.825 
0.0 
0.0 
0.0 

k = llicrnial conductivity [c;d/sec-em^-° C]; pCp = density 
times specific heat [cal/cm^-° ( ' ] ; pAH = density time.s heat of 
transformation [cal/cm^]. 

peratures were of cour.-̂ e much lower. The resulting 
pressure maximums for e([ual uV were significantly 
lower due to larger heat capacities and lifjuid exjian
sion coefficients, and smaller pressure coefficients. 

The efl'ect of degree of subcooling was studied for 
both sodium and water. For eciual a's, an order of mag
nitude reduction in pressure was realized by starting 
the heating at the boiling jioint instead of the melting 
point, in both cases. 

A single calculational deserijition will suflict- to rep
resent all of these. Assumptions made are: 

1. The heat of fusion has been added, so that the 
zero enthalpy reference is jnst above the melting point 
of coolant. 

2. The sjiecific heat of the vu'aniuin pin is assumed 
con-stant uji to the first jiiiase transformation. It is 
then increased several fold to a new constant value be
tween the first and second pha.-̂ e transformation. Fol
lowing this second transformation, it is reduced again 
to a new constant value up to the mp of uranium. A 
new constant value is used above this point. Heat 
added id effect the phase changes is neglected. 

3. The sjiecific heat of the coolant is constant; and 
the heat of vajiorization is neglected. 

4. The coolant maintains saturated conditions after 
.-•ubcooling becomes zero. 

.1. Vajior does not ajijiear in the active jiortion until 
the vajior pressure balances the inertial resistance to 
the exjianding fluid plus the atmospheric pressure. 
Hence, this balance jioint marks the beginning of ejec
tion of the fluid from tlie active region. 

6. The lirpiid in the active portion expands into the 
tube (riser! forcing all tlie non-heated water in the 
riser ahead of it. 

7. The inertial mass loading is that of the column of 
liquid divided by the cross sectional area of the cool
ant jiassages in the active portion. 

8. The sjiecific heats, sjiecific volumes, vapor pres
sures, and enthalpies are known, each as a function of 
temjierature. 

9. The Jiower increases exponentially with a con
stant period. 
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10. Tliei-mal condiicl i\'ity is infinite. 
On the basis of the foregoing assumjitions, culrula-

tions are made in the following manner: 
111 Tabulate the ratios of vapor pre.-^sure to mass 

loading for a number of convenient tenijieratures above 
atmosjilieric boiling temperature. 

(2) For each tempeiature increment, calculate and 

(imp Pre.'<snres, psi 

lust be added to effect 
of fuel element and 

tabulate the total heat wh 
the increment frinii enth; 
coolant. 

t3) Integrate the heat increments and tabnlate 
them. 

(4t The velocity of the inertial mass due to fluid 
exjiansion alone is e(|ual to the jiower level multiplied 
by the derivative of sjiecific heat of coolant w.r.t. total 
energy release, by the dcri\'ati\'e of specific \'olunie, ol 
coolant w.r.t. specific heat of coolant, and the ratio of 
the weight of fluid to cross .sectional area of coolant 
passage. The power level is equal to the product of the 
total energy release times the inverse jieriod, plus the 
initial power. The acceleration or inertial jiressure is 
equal to the velocity times the inverse jieriod. From 
these relations the inertial pressure can be calculated 
for each temperature and tabulated. 

(;il The net accelerating jiressure is obtainet.l next 
at each temjierature liy >ulistracting ste|i )4l from 
step 111. 

(Ul The time increment between temperature jioints 
is next calculated by diviiling the natural logarithm 
of the sum of one plus the ratio of total heat increment 
to total heat by the inverse jieriod, and tabulated. 

ill The product of steji (6l and the incremental net 
pressnre of step (5l next yield the incremental veloc
ities which are tabulated and integrated to provide 
velocity at each temjierature. 

(8l The jiroduct of steji (6| times the velocity in
crements of step (7) yields the incremental rise of the 
column in the inactive jiortion. These motion incre
ments are integrated and tabulated for each tempera
ture. 

l9l The motion of >tej) l8l, when niiiltiplied by tlie 
ratio of riser cross section to area of coolant jiassage 
in the active portion, yields the jiosition of the vajior-
lifpiid interface in the active jiortion. 

) 10» When the interface jiosition coincides with the 
iippei end of the active jiortion, the maximum jiressure 
has been reached and it is efjual to the saturated \apor 
|ire>.-ure at the corresjioncling tem|ierature. 

This comjiletcs the calculational sc(|uence, whicli 
may bi' rejieated for any inverse jieriod and degree of 
siihcnoling. The pres.-nres attained, for the EBR-II 
subassembly with .sodiuni. are tabulated for various 
inverse periods, and lor \ariou> degrees of Mibcooling 
at one in\"erse jieriod: 

Inverse Period, a, sec '-* 

Degree of subcooling, °F 

1 
1410 (melting point) 
1218 
800 
l.W 

11 

1 

14 
6 

5 

41 
29 

10 

KiO 
69 

20 

670 
415 
200 
44 
17 

50 

7900 
3600 

The ealeulations also showed that the inertial jiressures 
resisting the exjjansion of the liquid jihase alone ean 
become considerable. Rejiresentative values for so
dium on reaching atmosjilieric boiling are: 

Inertiiil Pressures, 

Inverse Period, a. 

Degree of subcooling, 
°F 

psi 

1 

1410 (melting jioiiit) 0.02 
70.-I lo.Ol 
111 |o.0O2 
11 1.00003 

10 

2.1 
1.0 
0.21 
0.002 

20 

8.5 
4.2 
0.85 
0.008 

50 

53 
26 
5.3 
0.053 

100 

210 
105 

200 

850 
420 

500 

5300 
2600 

21 85 530 
0.210 85 513 

All the estimates for water yield pressures far in 
excess of those actually exjierienced for these small 
a's in SPERT. It has been found experimentally for 
the water system that significant pressures do not de-
veloji until a. approaches several hundred/sec. This in
dicates that the assumjitions made to yield upper lim
its are far too conservative. To continue efforts in 
jiredieting pressures, some drastic changes in these 
assumptions will have to be made. The course of the 
detailed ealculations has jiointed uji some of the 
changes which must be maile to yield more realistic 
estimates. 

One of the more obvious of these changes is that be
cause of the shajie of the jiower burst curve, and its 
integral'' the heat release is better characterized by a 
linear relation after lO*̂ ; of the total heat has been 
released than by an indefinitely increasing exjionential. 
In many cases, the heating rates will diminish before 
coohint ejection is realized. 

Another area for change is that the heat transfer 
characteristics and vapor blanketing effects do not 
allow realization of the heat dumji rates found in the 
calculations. 

In TREAT excursions the shajie of the heat release 
history is jircscribed by the nature of the reactor tran
sient, and unaffected by the behavior of the test sec
tion. In the SPERT tyjie tests, nuclear shutdown be
gins before significant pressures can occur and the 
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heat release rates iluhng develoj)inent of significant 
Jiressures are usually diminishing rapidly. That is, the 
jieak Jiower occurs considerably before the pressure 
jieak, even for very large a. Often the total heat added 
is insufficient to boil the coolant, and the only motion 
is due to liquid expansion, the only jiressures developed 
short of fuel melting are those due to inertial resistance 
to fluid exjiansion. These can be significant only for 
very large a. For examjile, with water at an a of .500, 
the inertial pressure for 20° subcooling was found to 
be 250 jjsi fiy the time boiling jioint was reached, but 
only about 2 jisi for an a of 50. 

At present it apjiears that if the history of the heat 
dumji to the coolant is known, the jiressure history can 
be Jiredicted with jirecision. The jirineijial unknown 
with respect to heat duniji rates to the sodium is the 
heat transfer rate from the solid fuel element to the 
coolant. This can be obtained directly by integral ex
periments in which sodium is heated in a long tube. 
To couple such basic experiments with reactor excur

sion data available for water from the SPERT and 
KEWB tests, comjianion experiments with water will 
be necessary. This conclusion is based on the difference 
in behavior during calculations made for the two 
coolants. It is evident from this difference that water 
cannot be used directly as a substitute to study the 
behavior of sodium under most dynamic conditions 
in out-of-pile ex|ieriments. 

Consideration of these factors is being given in our 
continuing eft'orts to ju-edict jiressures, and the suc
cesses will be detennineil by comjiarison with experi
ments. 

REFERENCES 

1. A, W. Bjirsell, Argonne X;itional l-atnjrator>', (iVivale 
Communication). 

2. E. L. Dunning, The Therniodynaune and Transport Prop
erties of Sodium and Sodium Vapor, ANL-624t> (1900). 

3. R. Brittan, Reactor Containment, Including a Technical 
Progress Review, ANL-5948 (1959). 

III-32. Equal ion of S ia lo for Mixture of Matena l s in Kraclor Excursion 

\ . Z, J.WKUS 

In a realistic approach to a major excursion one en
counters conditions when not only fuel but also struc
tural material and coolant are present in substantial 
amounts in the reactor core. The major effect of non-
fissioning material is, ob\iously, reduction of the \'oids 
and. because of this, considerable reduction of the se
verity of the accident. For a detailed calculation of the 
excursion, other parameters are also of importance 
(e.g. (7-I) of the Bethe-Tait analysis,' velocity of wave 
propagation, etc.). While these can often be roughly 
estimated, a more formal approach is appropriate. 

A major excursion in a fast reactor takes place in 
such short time that conduction of heat is negligible. 
Fuel temperatures reached during this time are too low 
for appreciable radiative eneigy loss. Pressures depend 
only on the local energy input and expansion of the 
material. For determination of the pressme, an ecjua-
tiou of state giving pressure, p, in terms of internal 
energy, e, and specific volume, /•, is required. (If one 
neglects the Doppler effect, the temperature does not 
enter explicitly into the computations.) To describe the 
motion of reactor material attention need be focused 
only on e = e{p,v) describing the mixture of materials. 

This relation can be obtained (piitesimply by employ
ing two extreme assumptions. The first (isothermal as
sumption) postulates a case in which all materials are 

so finely dispersed that they lia\'e the same temperature 
locally. The second (adiabatic assumption) supposes 
that only fuel is heated and no heat is transferred to 
any other material. In the first assumption both internal 
energy artd specific \olume for each material are gi\en 
in terms of pressure and temperature. Eliminating the 
temperature gives the ie(piired relation among pressure, 
average specific volume (/), where 

(Z "''f'O ( S '"<). (1) 

and a\'erage specific internal energy r, where 

e = ( E "M-,) ( E m,)- (2) 

Here, in, are the masses of the materials (i). 
Ill the adiabatic assumption the equation of state 

for the fuel is: 

'ilp.'i (3) 

Then using the iseiitropie equations for the second 
material: 

i-i = c.(p) (4 ) 

e., = P2(p); (SC'. dp) = —p(dr.i dp), (5 ) 

and definitions (1) and (2), the intermediate r, and e, 
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are eliminated to obtain a relation between iiiteinal 
energy, pressure, and speeilie volume: 

—, e-Ap) + 
nit + '"•> 

[ '"i + m. in- , ,\ 
P, I' 1-2 ( P ) • 

in, m, J 

(b) 

In AX-1 ealculatioiis,= the equation of state usually 
is approximtaed by that of Stratton.' The pressure is 
assumed to be zero until the threshold tempei'ature, 
e*, is reached. After this the pressure is a linear func
tion of temperature, B, and density p: 

T -\- C\p -\- lid. (7) 

where T, a, and /i are constants. 
The specific heat, c,, is assumed tii be a linear finietion 
of the temperature, d: 

c, = (de/dO), = .1 4- Be, (8) 

where A and B are constants. 
From these e(iuations a relationship anmng T. p, and -
can be easilv derived:' 

U//3)(p- ap) -\- (B •2d'){p • • ap)-

TV — a In r -\- const. 

Thus the energy is expressed as a quadratic function 
ot pressure (when p > 0). The specific volume is not 
expected to change drastically during a contemplated 
power burst in a fast reactor. One can expand I'̂ q. (9) 
in a power series in {v — c*) and keep only first order 
terms where v* is the specific volume at the threshold 
t<'mperature, 6*. 

On -|- a\p -|- a-ip"- -i- l)n{r — ''*) 

+ I'^pic -
(10) 

+ 
where numerical \'alues of the coefficients can be ob
tained from Kq. (!)) in a straightforward fashion. Con
versely the eoeffieients in the expansion, E(|. (10), de
termine the coefhcients in Stratton's equations: 

(11) 

Obviously only relations {A/13) and (B/^^) are obtained 
since Eq. (10) is not altered by a change in temperature 
scale. 

a 

A 

|8 

B 

= 

= 

= 

= 

'2a7 

- 2 6 , 0 2 

-2li„ir, 

2a:. 

+ W(a 
2a2 

+ '-,"1 

1 ~ 

+ 

• I 

Oi 

'*) 

The coeflncient Oo = Q* depends upon the initial tem
perature and the expression for the .specific heat used 
at p = 0. The numerical program (AX-I) generally 
uses Eq. (8) for tho specific heat at zero pressure. While 
Kq. (8) is simple, it is inconsistent with the assumed 
equation of state for positix'c pressures. It is known from 
tliermodyiiamics that 

(lie,, dr), = eid'p.tW^). 

Thus, the specific heat given at one density determines 
the .specific heat at other densities when the equation of 
state, Eq. (7), is known. Where the specific heat for 
positive pressure is given by Eq. (8) for \anishing pres
sures, the ('([nation becomes: 

.1 + Be + 
alii 

'r-i-, 
(12) 

This expression is used only bir p = 0 (when saturated 
vapor pressure is neglected). Its complex appearance 
may only be condoned as a formal expression used to 
provide a logical eoiitinuation for Stratton's equations 
(for /) > 0). 

Suppose it is desired to express the etiuation of state 
for the mixture iu Stratton's form when the equations 
of state for the components are also given in Stratton's 
form. When the isothermal assumption is applicable, 
one can first express the tenrperature in terms of pres
sure and volume. Sub.stitutiiig Eij. (7) into Eq. (1), 

' E '". = E 
i3,e - T, 

(13) 

Because E(i. (10) is applicable for positive pressures 
only, the threshold temper.ature, 6*, must first be found. 
Considerable expansion of materials can be expected 
until e* is attained. Theiefore, 9* is determined numeri
cally from: 

n.e* 
+ E m,i',o 

where r,u aie the initial specific \olumes and e, is the 
initial volume of voids corresponding to masses m,. The 
initial \'oid fraction is r, ir,. + E ni,r,i,). Coefficients 
T, are determined so that at the initial temperature (?n 

After (i* is determined, a iiiiwer series expansoiu of Kq 
(l:i) gives 

(E"' . )0 ' - "*) 

- E '"•"• 
; i-r, - I3,e*) 

+ E '"•" 

^-AP - ii.(e ^ e*)] 

{-T, - ts,e*} 
„ - l p - 0.(e - e*)f-\- •• 
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This equation is sohed for id — 0*} in terms of the power 
series in p and (e — e*). The \'alue obtained is substi
tuted into the equation for the internal energy expressed 
in a power series of (0 — e*) and p. When initial terms 
are collected, the internal energy acquires the foim of 
Eq. (10) aud the corresponding Stratton's coefiieients 
are obtained from Eq. (11). 

The procedure is simpler when the adiabatic assump
tion is valid. Then the specific volume of the diluent 
(which experiences only iseiitropie compression) can 
be expressed as a function nf pressure; 

i'2»(i + I'lP + C'P- + • • • ) ; (14) 

2̂0 is the initial specific \olmne of the diluent material; 
Cl and C2 are constants. The corresponding change in 
internal energy is 

-|'''ii/'ip- + (1." 

If the e(iuation of state for tlu' diluent material is given 
in Stratton's form, the eoeflicients r, are determined 
from: 

f 1 P, r* (r — ir-

171 

,..]. 
where I'l = cu, + U\ in,) is the specific volume of the 
fuel at the beginning of pressure generation and i* = va 
and (' aud r* are defined by Eq. (1). If the equation of 
state for the fuel is taken in the form of E(|. (10), sub
stitution of Eqs. (14) and (lo) is straightforward. Col
lection of initial ter^^s yields the e(|uation of .state 
representing the mixture in the same form. 

It may be noted that, for the mixture, the higher 
powers of pressure in the expression for energy do not 
vanish, even if the equations for the components arc 
strictly in Stratton's form. In general, neither adiabatic 
nor isothermal assumptions are .strictly satisfied. More 
thoiough treatment of these points does not seem war
ranted because the thermodynamics of the component 
materials are not well known under these conditions. 
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-i'2i}(.^-i02t''iii — B2T2V20 — B^ai) 

e-i 

a-AAiBiVm — B-iT^r.o — 

a2l'2o(^2/32!'2ll — ftT2ll2n 

B.a,) - SivUnv^a + a,) 

- B,a,)'' — 5.42/3.!tiM(r2ti2o + 02) 

(16) 

[a2(.42^2t'20 - BjTse.o • 

Equation (6) may now be rewritten as 

m2 

" l l + »i2 
- f 2 ( p ) + 

in, -\- nr. 

ftaz) - lilii«(T2i'-2„ -\- ai)]' 
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n i - 3 3 . Behavior of Irradiated Metal l ic Fuel E lements E.xposed to Nuclear Excursions in 
TREAT' 

.1. II. MONAWECK,* ('. I-̂ . DICKEHM.W and E. S. SOWA* 

Previous controlled out-of-pile experiments on the 
behavior of uranium fuel elements under meltdown or 
ncar-meltdown conditions have been performed using 
direct electrical resistance heating- or furnace heat
ing.•*••' These experiments, although not mocking up 
reactor conditions precisely, indicated that fuel luelt-
down shotild be accompanied by significant short-
time swelling due to the fission gas inventory in the 
fuel. However, these data did not appear adeiiuate to 
permit estimates to be made of failure threshold ef
fects, or rates of fuel movement, under actual melt
down conditions for cither Fermi Core A or EBR-II 

* Ifeactiir Kiigiiieeriiig Divis 
tory. 

Ill, -\rnuiiiie Naliimal l.abnra-

Mark I fuel. As a step toward obtaining more com-
j>lete information on reactivity effects accompanying 
fuel meltdown, the behavior of irradiated EBR-II and 
Fermi .\ samples under transient nuclear heating in 
TREAT has been studied. 

The EBR-II elements were irradiated at a calcu
lated maximum center line temjjerature of 445°C to a 
maximum burnup of about 1 a/o. The Fermi A ele
ments were irradiated at 460°C maximum center line 
temi>erature to a maximum s]iecified burnup of 0..5 a/o. 

.\fter irradiation the elements were removed from 
their containers by remote procedures and examined. 
The EBR-II samples apjieared to be good. These 
samples were further annealed by furnace heating for 
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biur liiiurs a( .ViO'C, In aililidnn to a rlieek iif (lie ex-
U'llml element eonditiiiii, the fuel-cladding bond was 
determined to be aceeptable by non-destuctive tests 
performed using the cyelograith eddy current tech
nique.'' Eddy current scanning of the elements before 
and after heat treatment showed that the treatment 
produced a change nttiibiitiil to changes in the fuel 
and a tendency toward nnniialization of the condition 
of the elements. None of the Fermi A elements tested 
had visible defects. However, 12 of the total of 20 ir
radiated displayed deteetable swelling and/or clad 
splitting near the top end fitting. Thermocouples were 
welded to the cladding of the samples. The elements 
were then remotely encapsulated in graphite-lined 
helium-filled stainless steel containers." 

Results, and comparison of the eflects of TRE.AT 
transients on unirradiated fuel elements with those on 
the pre-irradiated specimens, are as follows: 

Uranium—5 ir/o Fissni m 

1. Irradiated and unirradiated ]iins start swelling at 
apjiroximately the same excursion conditions. 

2. The amount of burnup does not have a great ef
fect on the thresliiilil of failure for tlie ranges con
sidered. 

3. The failure mechanisni of very low burnup ( ~0.09 
a/o) samples is es.sentially the same as that of un
irradiated samples. 

4. The meltdown residue of nimlerate burnup (—1 
a/o) samples has more nuiiieiniis and larger voids and 
a density of about 8.3 g, ec which is about half the 
density of unirradiated elements. 

The void per gram of fuel is pro]iortional to the 
burnup, within about 20%. 

Uranium—niolybiieniini 

1. t'nirriidiated Fermi ])ins withstood bursts up to 
34-37 .MW-sec total integrated jiower in TREAT with
out noticeable damage. Irradiated pins began to swell 
at 27 MW-.sec. and failed at the melting point (about 
29 MW-sec I by splitting of the cladding. 

The short-time swelling upon meltdown, |ireilicted on 
the basis of out-of-]iile experiments, has been eon-
firined. If the densities determined after these TRE. \T 

excursions are indeed typical of tlmse for metallic fuel 
during the fuel failure and meltdown, a mechanism has 
been found which can limit considerably the amount 
of reactivity available ujjon meltdown of a fast reac
tor. In fact, extrapolation of the EBR-II element re
sults suggests that a core of such fuel, if irradiated 
to a burnup of about 2 a, o. would undergo sufficient 
expansion upon meltdown to fill all the core spaces. 
.Since EBR-II has a sizable negative sodium void co
efficient of reactivity, this ex])ansion would tend to 
shut down the reactor, at least temjiorarily. A reactiv
ity addition could still occur ujion meltdown for a 
reaetor with a jiositive sodium void coefficient, of 
course. The short-term swelling rejiorted for an EBR-
II fuel segment of 1.24 a.'o burnuj> heated in a furnace 
to 954°C' is about 25St less than jiredicted by the re-
lationshij) for the four failed EBR-II elements of this 
study. Howe^•er, in another fui'naee study,'' performed 
with sijecimens of 0.14 a/o to 0.38 a/o bumuj), mini
mum densities between 1.8 g/cc and 7.6 g/cc were ob
served. Final densities were higher (between .5.8 g, cc 
and 18.0 g/cc). 

These sjiecific results do not necessarily describe be
iiavior for difl'erent burnujis or the fuel density during 
the entire course of ineltdowii, and do not include jios
sible effects of elustering of elriiients or of a sodium 
coolant. 

RKEERE.XCES 

I . J . II- Miiiiawci-k, ('. 10 Diikcniiaii and K. S. Sc.wa. He-
liarior of /rrailialiil .Mi tallic pint Eteuicnts Eiposeil lo 
\iiclear Excursions in TRE.\T, Trans. Am. Xucl. Sue, 
6, Xo. 2,374 (19(B). 

2. I) . G. Freas, A. Lcalliermaii and J. K. tLates, Mellitown 
Slullies of Irraitialril Vruniuni-10 ic/o ilotijbdenum Fuel 
K M , B.MI-PHlKMiai (HIIIO). 

:i. .1. F. Buddery and K. T. Si-oli, ,1 Slmlii of the Melting of 
Iiiailiated Uranium, J. .Xucl. .Mat. 5. .\'o. 1, 81 (1%2). 

4. J. H. Moiiaweok and E. S. .S,,wa, Summary Report on Irradia
tion of Prototype EHR II Fuel Elements, ANL-0010 (19(30). 

5. v.. S. Sowa and E. L. Kinionl. DeirlopnienI of a Process for 
Sodium Bonding of EHR II Foil unit HIankel Element.^, 
AXL-(i384 (19(il). 

6. Ii. J. .Schiltz, F. L. Willis and J. H. Monaweck, .1 Process 
for Remotely Encapsutaling Prr-Irradiated Fuel Elements 
for Exposure in TRE.iT, AXL-li752 (to be publishedl. 



3.5. Dickermaii anil Robinson 173 

III-34. Treat Study of the Penetrat ion of Molten L raniuni and I raniuni-5 w/ o Fission 
Alloy Through Type 304 Stainless Steel' 

C. M. WALTER* and C. E. IJICKEHM.VN 

The rate of jienetration of fuel element cladding by 
molten fuel must be known, at least approximately, 
if analyses are to be made of the degree of coherence 
of fuel failure and the rate of fuel movement during the 
early stages of a meltdown-tyjic accident. Transient 
experiments were run in TRE. \T to measure penetra
tion rates of tyjie 304 stainless steel by molten EBR-II 
.Mark I fuel (U-o w/o Fs alloy), under in-pile con
ditions with heat generated in the fuel, actual fuel ele
ment geometry, and representative fuel-cladding inter
face conditions including the sodium bond. Earlier, 
exjieriments had been jierformed isothermally and out-
of-Jiile in a furnace, using a diji method in the tem
jierature range 1100 to 13.50°C.-' 

A temjierature range from 1100 to 1250°C was in
vestigated in-jiile. Desired samjile energy inputs w'cre 
obtained by programming different TREAT initial 
reactivity injiuts for self-limiting jiower bursts termi
nated by the jironijit negative temjierature coefficient 
of retietivity.'' 

Eiich reaetor exjieriment was jierformed with a 
TRE.\T ojiacjue meltdown capsule, modified to con
tain two half-length ERB-II-tyjie samjiles, one with 
sodium bond and one without. The time of ejection of 
material from the cladding was marked by an elec
trical signal from a siiiijile failure deteetor. 

The unbonded elements gave erratic results, which 
were attributed to excessi\-e thermal stresses occurring 
in the cladding when hot fuel slumjied against it. 

For the less se^-ere transients of the sodium-bonded 
elements, penetration times were about 1.5 sec, while 
penetration times for the more severe were about 1 
sec. These data are in good agreement with the fur
nace results. The most se\-ere excursions caused fail
ure within 0.1 sec but jirevious calculations indicated 
that this eould be caused by bursting of the cladding 
by internal jiressure. 

Two sarajiles, run in a check exjieriment using a 
transjiarent meltdown cajisule, confirmed the analyses 
of the ojiaque tests. These results indicate that the 
basic, out-of-jiile laboratory exjieriments can gi\'e re
liable safety information, but that tliiy should be sub
stantiated by the more realistic in-jii!e exjieriments for 
sjiecific ajijilications. 
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111-3.5. Photographic Experiments on IMeltdown of Irradiated Metallic Fuel Pins' 

C E. DicKERM.v.N and L. 1'/ HOIUNSON 

Metallic tiraniuiii fuel jiiiis containing ajijireciable 
fission gas inventories have been shown to swell sig
nificantly under transient nuclear heating to failure 
in meltdown exjieriments.- However, in evaluating the 
cotu'se of a hyjiothetieal meltdown accident, it is neces
sary to know not only the total amount of fuel move
ment Jiossible, but also the rates of movement and 
degree of coherence of the motion. .Accordingly, melt
down experiments were jierformed in the Transient 
Reactor Test Facility (TRE.\T) using recently de-
velojied equijiment" which jiermits behavior of ele
ments exjiosed in an inert gas atmosphere to be re
corded by high sjieed color jiluitograjiby. 

Two I'diU-II and two Fermi -\ sjieeimens were 
studied in order to oliser\e directly the modes of fail
ure and material motion. Each EBR-II element had 
been irradiated previously in the Materials Testing 
Reactor at a calculated maximum centerline temjiera
ture of 445°C to about 1 a o burnuji. Fermi .\ elements 
were irradiated to a lutiximum burnuji of 0.5 a/o with 
a maximum calculated centerline temjierature of 
460°C. 

Post-exjieriment conditions of the sanijiles were con
sistent with those of the five irradiated pins run to 
failure in the earlier exjieriments,- if the difference in 
TRE.AT flux dejiression caused by substitution of the 
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trans]iarent meltdown facility for the smaller opacjue 
capsule is taken into account. 

Photographs of each EBR-II sanijile showed the oc
currence of preliminary failures, which w^re indi
cated hy the release of small amounts of opaque vapor, 
hefore a single large failure with characteristic high
speed release of bond sodium which filled the capsule 
and prevented further observation. Unirradiated 
EBK-II specimens photographed during tests to fail
ure have not shown these multiple failures. 

One Fermi A sample received an energy input in the 
range between one initiating failure hy swelling and 
clad splitting and one producing incipient fuel move
ment from the clad. The final sample appearance was 
intermediate between these two modes of behavior 
and there apparently w'as no delay between power 
transient and swelling. Upon failure, a thin opaque 
vapor, presumably from fi.'^sion products volatile at 
around 1()00°C, was exiielled from the sample. The 

other Fermi A sample, which was run to extensive fail
ure, lu'odueed apjireciably more vapor when it failed; 
liowe\'er, fuel movement was not completely obscured 
and "frothy" fuel could he seen moving in discrete 
agglomerations. Mild expulsion of fuel in the form of 
globules through the clad was observed, with tra
jectories suggesting internal pressures of the order of 
magnitude of that from the hydrostatic molten ura
nium head of a few centimeters of Ilg. 

KEFERKNCE.^ 

1. C. VJ. Itickerniaii :uid L. E. Hobineiiii, Photographic Experi
ments onMeltdoum of Irradiated Metallic Fuel Pins, Trans. 
Am. Nucl. Soc. 7. No. 1, 137 (June 1964J. 

2. J. H. Monaweck, C. E. ]->ickerman and E. S. Sowa, Behavior 
of Irradiated Metallic Fuel Elements Exposed to Nuclear 
Excursions in TREAT, Trans. Am. Nucl. Soc. 6, No. 2, 
374 (1903). 

3. L. E. Robinson an<i C. Augu.st, Transparent Facility for 
THE A T Meltilown Experiments on Preirradiated Samples, 
(to he publisfied). 

I I I - 3 6 . C a l c u l a t i o n s <>(' C o h e r e n c e o f F a i l u r e i n H y p o t h e t i c a l M e l t d o w n A c c i d e n t s i n A n 
E B R - I I - l i k e R e a c l o r 

1). V. r; C. K. DuKEUM.̂ N and L. Huv.\NTt 

In the event of an accident in a fast reactor leading 
to fuel element failure, the time distribution in melt
down of dift'erent fuel elements could jilay a significant 
role in deciding the ultimate severity of the accident. 
If fuel element failure produces addition of reactivity 
and if many of the elements were to fail simultane
ously, the rate of reactivity insertion could he large 
enough to lead to a destructive nuclear burst. For 
this reason, the time distributions of failure have been 
calculated for fuel jiins in different positions in an 
Experimental Breeder Reactor-II-like core under a 
range of hypothetical accident conditions, using re-
cently-develo])ed theoretical techniques and data from 
transient experiments in the Transient Reactor Test 
Facility (TREAT). 

Three general accident cases were .-tudied: 
(1) Pumi) power failure witliout scram 
(2) Blockage of subassembly inlet orifice 
(3) Central subassembly dropped into a reactor 

whicli is critical at low jiower. 
Feedback for an intact core w'as used in the analysis. 

However, the calculations did include spatial vari
ations in power and coolant flow, transient heat trans-

* Atomic Energy EsliililislimcTit. Tn. 
t Applied Mathemalics IJivisiim. 

lav, India. 

fer, and propagation of failure from one pin to 
another. The transient heat transfer digital code "AR-
dUS"- and an electronic analog technique operating on 
the logarithm of neutron density, combined wdth 
feedback from a transient temperature circuit,^ were 
used. Fuel failure data included failure thresholds 
for samples run in an inert gas atmosphere^ and in 
stagnant sodium,'' and the time required for cladding 
to be penetrated by molten fuel.^ Because reactivity 
effects caused by movements of material were neg
lected, the resulting spreads in failure time must be 
considered to be estiinates. 

Results of the calculation- may be sununarized as 
follows: 

Case 1 
Even if the (negative) temperature feedbacks are 

neglected and the power remains constant at full 
design level, spreads in failure can be as large as two 
seconds for a single subasxiubly and about three 
seconds for the core. 

Case 2 

If How blockage oecui> Minultaneously for the entire 
core, the spread is about one second, when feedback 
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is included. Smaller spreads occur for individual sub
assemblies, or for the entire core if feedback is neg
lected. 

Case 3 

Simple kinetic^ calculations based on adiabatic fuel 
heating yield a spread of about 0.004 sec. More de
tailed calculations which include transient heat trans
fer indicate a spread about an order of magnitude 
greater. 

This study spans a variety of conditions, ranging 
from an accident in which the duration of reactivity 
change due to failure is principally determined by 
the time for cladding to be penetrated by molten fuel, 
through an extreme case in whicli the time for move
ment of fuel must be combined with the spread in 
failure time in order to obtain the duration of reactiv
ity change. In the less severe cases, variations in power 
and coolant flow within subassemblies are signifieant. 
Changes in assumptions on the rate of orifice block

age and in the number of bineked subassemblies do not 
appear to change the results significantly for Case 2. 
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III-.37. Behavior of I raniuni Sulfide Fast Reactor Tvpe Fuel Spec imens Uixler Transient 
Hea l ing in TREAT 

K. VJ. ROBINSON, C . E . DKKEHM.XN and C. AUGUST 

Ui'tuiiuin moiiosidfide is a ceramic material with 
uranium atom density comparable to that of uranium 
ilioxide, thermal conductivity and melting point simi
lar to uranium carbide, and good com]iatibility with 
cladding materials and sodium.--^ Early steady state 
irradiation studies have shown good dimensional sta
bility and fission product retention for irradiations 
with high power generation ratings.-* As a continuation 
of the investigation of uranium monosulfide for use 
as reactor fuel, and extension of earlier transient tests 
(in EBR-II-size UO:.. samples,' transient irradiations 
were conducted on jireviously unirradiated uranium 
sulfide fuel specimens using the Transient Reactor 
Test Facility (TREAT). 

Transient siiecimens con.si.sted of i^ellets of apjiroxi-
mately 95^^ theoretical density or higher. 0.381 cm in 
diameter, stacked in lengths of about 19.0 cm, and 
hondetl with 1 atm of argon gas at room temperature 
to 0.022 em thick tantalum cladding tubes with 0.436 
cm outer dia. Samples were exposed to power pulses 
of 0.3-0.4 sec duration in standard TREAT trans
parent meltdown capsules in a helium atmosphere. In
strumentation consisted of a high speed motion picture 

camera and last I'esponse \V-,')'; Re versus '\V-2()'"; Re 
thermocouples spot welded to the cladding. The range 
of exposures is given in Table III-37-I. 

Upon post-transient inspection, pellets from sample 
one appeared to be essentially imchanged from the pre
irradiation condition. In each of the remaining four 
specimens, however, fuel pellets were found fused to-
getlu'r, and the highly oxidized surface prior to ex-

TABLK 1II-37-I, TREAT EXPOSURE CONDITIONS 

Sample 

1 
2 
9 

:i 
;i 
4 
5 

Experi. 
ment 

1 
2 
3 
4 
5 
6 
7 

TRF..\T 
Knerg\' 
Release, 

MW-sec. 

43 
38 
60 
60 
87 

111 
130 

Max. Cladding 
Surface 

Temperature, 

1060 
890 

1270 
1210 
1720 
2020 
2400 

Est. Max. 
Central US 

Temperature, 
°C 

1270 
lOfiO 

1.520 

14.511 

201)0 

2440-

2462-

" T h e U S m e l t i n g ]ii ' int is 2-iiV.i'^ C^. B e c a u s e of i h e p r e s e n c e 

of appreciable quantities of the lower melting point UOS, some 
melting should have occurred for both samples 4 and 5. 
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IHisiirr liail ilisa|i|n'ari'd. Furl cylinders from sample 
three IKUI inereu.sed in diameter apiiroximately 0.002-
0.005 cm due to slumping while some melting occurred 
in samples four and five, both of whicli had under
gone a mild cladding failure. The motion pictures of 
transients six and seven showed jiatches on the clad
ding, darker than the cladding as a whole, wliuli a|i-
jicared and moved downward as though pruduced by 
local fuel niovenient in contact with the cladding. Pel
lets from samjile five showed evidence for fuel melting 
and freezing against the inside of the cladding. 

In no case was there observed the central zone of 
loosely-bonded ceramic found to be typical of similar-
sized gas-bonded UO2 sjieeimens, given transients 
with maximum cladding temperatures in the range 
covered by samples three aiul four. Tantalum-clad 
UO2 samples exposed tu a cladding temperature 
comparable to that of sample five failed extensively 
with expulsion of the cerainic fuel froui the cladding."' 
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n i - 3 8 . In-pilo E\ | ) f i in ienls on Mt l ldown of EBK-Il Mark 
Sodium' 

Fuel Eleiiieiits in SlaenanI 

C E. DuKEiiM.v.x, E. 8. Sow.\,* .1. II. .Mo.\.\WErK* and .A. H.UISELL* 

Experiments were jierformed in jiile. in the ' rKE.\T 
reaetor, to study the meltdown behaxiur under tran
sient heating of EBH-Il .Mark I fuel elements con
tained in stagnant sudiuni. Threshold of failure, modes 
of failure, and jiost-experiment distribution of fuel 
were obtained for a range of exjierimental conditions. 
These included uniform axial jiower and an axial power 
profile shajied to ajijiroximate a tyjiical jiower jiro-
file of a fast reactor core. Stimjiles were exjiosed in a 
special capsule both with sodium initially at satura
tion conditions and with sodium pressurized tu inhibit 
boiling. Samjile temjieratures were checked by means 
of central fuel thel'iuocoujiles (of two different ty j io l . 
thermocoujiles in the sodium bond between ftul alloy 
and clatlding, and thermocoujiles attaclu'd to the steel 
tube containing the sodium. 

Exjierimental results were conelated against cal
culated sample temjieratures. The jiower calibratinu 
used for the calculations was obtained from the tber-
mocoujile readings from the steel tube, which seiwcd as 
a short-ternr colormeter. 

Results, related in terms of calculated maximum 
transient fuel-chidding interface temjieratures, may 

ng llivisinn, .\rv.i, • Xali ll l.al.ora-
tory. 

be summarized as follow>, for fourteen Z^i enriched 
sjieeimens; 

1. 800-913°C. No damage, excejit jiossibly slight al
loying of fuel and cladding. 

2. 98.'i-1012°C. Failure threshold range. 
3. «13-1004°C. The formation of voids in the fuel 

and extensive alloying of fuel and cladding. 
In addition, one natural enrichment samjile was run. 

Its maximum calculated interface temperature was 
904°C'. which falls at the ujijier end of range 1. .\l-
thougli its ajijiearance eotild be classified as belonging 
to the third range, the diserejiancy is only 9°t'. 

Thus, these results may be correlated in the same 
fashion as those obtained with single dry elements. 
Interface temjieratures are also in good agreement with 
those established for dry elements.-

Tbe two failures of elements with shajied axial 
power luiiHle produced appreciably less concentra
tion of fuel than found aftei- ...iiiiilar tests ran in the 
iibsenee of sodium coolant.-

These tests show that tbe jiresence of a thin annulus 
of stagnant sodium does affect tbe course of failure. 
llowe\'er, the results may be correlated in a fashion 
similar (o that for dry i'X|Hiiuients. The tests do not 
mclude jiossible eftects due to ajipreciable cjnantities 
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of fission product ^ase.^, or flo\vin<^ sodium environ

ment, and are not necessarily tyjiical of clusters of 

elements. 
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Section IV 

Experimental Techniques and Facilities 

Measured integral reactor physics parameters are necessary for either ilircct in
troduction into reactor design calculations or for comparison with values ol>tained 
theoretically using basic microscopic cross section data. In the latter ease the ob
jective is to verify either the cross section data or the calculational technitiues. 
Integral parameters are obtained using special measurement techniques in expo
nential or critical facilities. The papers presented in this section deal with the de
velopment of such special techniques, facilities, and radiation detection devices. In 
addition, there are papers which discuss methods for the analysis and interpretation 
of experimentally determined quantities, and others which treat the development 
of special eijulpment for the detection of power reactor fuel element failures. 





n - 1 . O i l h o n o n i i a l Expansion of N e n l i o n Spectra wi lh AoUvation Measurement? 

R. GOLD 

In many cases of interest, the ineasurement of neu
tron spectra with conventional detectors is not possible. 
Circiuustances, such as hostile environs or severe space 
restrictions, usually leave no other recourse but to 
utilize an activation method. In this event, it is im
portant to consider the different alternatives which 
activation methods may afford in the determination of 
(neutron) spectral inforniation. The present investiga
tion is concerned with one such method, namely, the 
utilization of activation measurements to determine an 
approximate expansion of the neutron spectrum with 
an ortlionornial set of functions, 

III tliis method, the flux of neutron.s pw unit energy 
interval, (^(f), is approximated by the form 

* ( 0 ^ / /J7i,7. ' - Zyd'.ii). (1) 

The set of functions 1 //, i()\ is urtlioiionnal in the sense 

{u„u,) = 5,,, I,J = 1,2, (2a) 

where 6,, is the customary Kronecker delta function 
and' 

iu.,u,) = I pU)u.{t)u,U)dt, (2b) 

with pit) the appropriate weight function. The set of 
coefficients I7.I are determined by experimental activa
tion measurements. 

In order to determine the set of eoeffieients \y,\ in 
¥A\. (1), we shall retjuire an expression for the activa
tion rate of neutrons, p,, in the /"' foil material. This 
expression can be written in the inrni 

•'fi 
1,2 (3) 

where 3,{e) ^ g{p,T^) is the monoenergetie activation 
function for the j " " foil material. The argument of this 
function is a product of p,{€), the macroscopic activa
tion cross section, and T„ the thickness of the t"' ma
terial. Different approximations of the monoenergetie 
activation function, (j,(e), ean be found in the litera
ture. The correct approximation of this function should 
accni'ately account for flux perturbation and self-de
pression which arises due to the presence of the foil. 

* Tlie liiiiils nf the iiitefiratinti in l-'.q. ('2li) are .specified liy 
the (liii.iaiii uf nrdiegenality uf the scl ef finicticiiis |ui(«)l. 

Two po.ssiblc alternatives for the determinatiou of 
the set IT.I are considered separately below. 

.Mcthiiil I 

In what may be called the orthogonalized cross sec
tion expansion or the Cram-Schmidt method, one 
must make the assmiijitiiiu that M.r, « l , i = 1,2 •• • «.t 
It follows that <i,(e) may be approxhuated by 

g.(t) S M,(e)r, = ii,a,U)r,, i 1,2, (4) 

where n, is the nmnber of nuclei per cc and a,it) is the 
activation cross section, respecti\ely, for the i"' foil ma
terial. Using this approximation in Er|. Ci), one may 
define the reduced aetivation integrals 

PI - f 

where 

'i>it)a,{e)i!t, I = 1,2, 

( « . r , ) ' - / l „ i = 1,2, 

(.-la) 

(.^b) 

.\u additional assuiiiption must also be employed. 
Namely, the set of ;i cross section functions |<r,(e)| are 
assumed to be linearly independent. Consecjuently, one 
can construct from tlie.se fnnetions an orthonormal set 
li', (f)| by tbe (Iram-Schmidt process. Let this con-
structiiiiftake the form 

e , (0 = T.a„ai((), i.k = 1,2, ••• n, ((ia) 

or iu matrix iiotatinu 

l'(e) = . l i ; (e) . (6b) 

where .4 is the n X ti matrix of the coefficients (a.^) 
and T'(t) and - ( e ) are column matrices containing 
elements of the sets |i ',(e)| and |!r,(e)|, respectively. 
Here the fimctious !e,(e)[ satisfy the ortliouormality 
eonditiiiu 

( " „ ! • , ) = / r.(t)r,(t)iU = 5,„ i,j = 1,2, ••• n. (7) 

The solution of the .system fif Eijs. (I'l) and (tib), which 
must exist, is given tiy 

: ( 0 = -1 'V(e), (8) 

t This assuini)ti(in is easih' .satisfied, pruvided all foil ma
terial can he cluisen .sulllciently thin. 
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TABL?" IV-l-I. AcTiV-VTioN CROSS SECTIONS 

Index 

1 

2 
3 
4 
5 
(1 
7 
8 
9 

10 

(Ti 

V"'(n,f) 

S"(n,p) 
Al"(re,p) 
Si^"(n,p) 
Inii''(il,n') 
K»(n,p) 
Al"(n,a) 
Li'Ct,")" 
Np'-'Ci./) 

P"{n,p} 

Product 

Fissitin 
products 
p32 

M n " 
AP" 
I I I" ' "" 

A»» 
N a " 
H» 

Fission 
jirnducts 
Si" 

Half-Life 

-
14.22 day 
9.5 min 
2.3 min 
4.5 ll 

2(15.0 yr 
15.0 il 
12.2 yr 

2.(12 h 

Keference 

3 

3 
4, 6 

4 
3 
4 
4 
3 
3 

3 

" For a cadmium covered re.sponse, one can assume (his re
action cross section is effectively zero below 0.5 eV. 

where - P ' is the inverse of the matrix .1 . In order to 
obtain an approximation of the neutron sjieetrum in 
the form * 

H„U) = n - ( 0 , (9) 

where r is a row matrix of the elements |7 , | , one uses 
E(j. (8) in E(j. ('->). This substitution yields 

(10) /' . 1 " r , 

where P' is a column matrix containing the measured 
reduced activation elements | p , | . The set of elements 
l7,i, of the column matrix V, are given by 

J «(e)r,(e)rfe. (11) 

T h e solntion of E i j . (10) for th is u n k n o w n set is given 

by 
r = .\P'. (12) 

Using Eijs. ((ib) and (12) in \'A\. (9), one ean write 

//„(e) = P'DZ(e), (l:i) 

where I) is a positi\-e definite matrix given by 

I) = .1.1, (14) 

and n is the dimension of the sy.steni. 

Method II 

The second method, which may be called an approxi
mation in the mean, or a least-squares expansion, also 
entails assumptions, .\ssuniing that Ecj. (1) is exact, 
multiplication of both sides of Eq. (1) by gt,{.t) and 
integration over the entire energy domain (0 < t < » ) 
yields 

/ ' = BV, (l.-i) 

where / ' is a column matrix with the measiued activa
tion elements |p , | and B is a square n X " matrix whose 
elements are defined as 

g,U)ii.{i)iU, i,k = 1,2, (IB) 

* According to cusdunary notation .1/ repn'senls (lie trans
pose of tlie matrix .M. 

In order to solve Eq. (l.'i), it is necessary to employ a 
second as.simiption, namely, that the matrix B is non-
singular. It follows that the solution of Eq. (l.'i) is 
given by 

r = B'l', (17) 

where / r ' is the imerse matrix of B. I'sirig this result 
in \<)i[. (1), this approximation for the neutron spec-
tiuui may be written in the form 

/ / . ( O = U{t)B-'P, (18) 

where U(e) is a row matrix containing the set of ele
ments 11(,(«)|. 

Numerical Comparison of .Methods I ami JI 

Our mmierical comparisons require the choice of a 
definite neutron spectrum. It is natural, therefore, to 
choose a spectrum which is representative of a class 
of spectra that often arise in practice. .\ spectrum of 
such general interest is that of the prompt neutrons 
accompanying the thermal neutron fission of I ' ' ' ' . For 
the analytical description of this spectrum, a modified 
fonii of the Watt fission spectrum* has been chosen and 
is gi\eii by 

0 ( 0 = ac '" siuh (ce)''", (lya) 

where 

a = 0.4.-13 
b = 1.03,5 (19b) 
c = 2.29. 

0(f) also satisfies the uoiiiialization condition 

j 0(f)(/« = 1. (20) 

Table R'-l-I enumerates the cross sections wdiich are 
utilized in the subsciiuent calculations. Included in this 
faille are the activation product, half-life of this 
product, and the reference from which the respective 
cross section has been obtained. In order to keep the 
numerical calculations tractable, the total number of 
cross sections utilized has been limited to ten. Inspec
tion of Table IV-l-I reveals that most, if not all, of 
the cross sections eliosen are frequiMitly employed in 
praidJee. 

In order to effectividy compare those methods, the 
ajiproximation cited in VA\. (4) for Method I has also 
been introduced iu .Method 11. In this event, Eq. (lo) 
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T.\BLE IV-I-II . HEDUCED .\eTiv.\Tio.\' I.NTEOR.XLS 

Inrlex 

1 
2 
3 
4 
5 
6 
7 
g 
9 

10 

/.; X 10" set-' 

0.3090 
0.0(14(1 
0.00352 
0.00909 
0.1719 
0.0.5(14 
0.000583 
0.3776 
1.1920 
0.02814 

of Method II reduecM to 

/ ' ' = Li'v, (21) 

where the matrix elements of B are given by* 

h'ki = j (Ti,.(e}u,(€)de. (22) 

The column matrix F in Eq. (21) can be identified as 
the same matrix introduced in Eq. (10) of Method I. 
The elements of this matrix are the reduced activation 
integrals, p,, given in Eq. (oa). Using Eq. (5a), one 
can determine the elements of P , for the spectrum 
defined in E((. (19) and the cross sections given in 
Table IV-l-I. Table IV-l-II presents the evaluation of 
these matrix elements by numerical integration. This 
table furnishes, so to speak, a common starting point 
for our numerical comparison. 

As a (luantitative measure of the error attributed to a 
given approximation / /„(e) , we shall use the integral 

/:„ [i"'^ (e) - 0(e) \rh. (23) 

In view of the normalization condition, IMJ. (20), one 
may regard A'„ as the relative error associated with the 
given approximation H„((). Equation (23) will be 
evaluated by numerical integration for the various ap
proximations furnished by Afethods I and II . 

Computer programs ha\'e been developed for both 
Methods I and I I . t The associated Lagnerre poly
nomials of the second kind were chosen as the complete 
system of functions for the least-stjuares method. The 
results of these computations are presented below. 

Figures IV-1-1 and IV-1-2 present E„ versus n for 
Methods I and II respectively. Figures IV-1-3 and 
IV-1-4 display the best approximations determined hy 
these two methods, respeeti\'ely, for the test problem 
employed. 

* Method II , nmdified in (his obvious way, would employ 
(he matrices P' and B' instead of the matrices P and B, re
spectively. 

t The computer program for Method I was facilitated liy em
ploying .1 SHAKK subroutine.* 

-\ comparison of the numerical results fuinished by 
Methods I and II for our test problem re\eals that the 
least-scjuares method affords better approximations. 
Figures IV-1-1 and IV-1-2 reveal that .Method II pos
sesses a much greater rate of convergence. In fact, ap
plying Method II with only three or four cross sections 
(i.e., n = 3 or n = 4) will yield approximations which 
are as good as the limiting accuracy a\-ailable from 
Method I. I'urthermore, ^Method II possesses an addi
tional advantage which is not revealed by the behavior 
of the relative error £„, but which becomes apparent 
upon the direct examination of the approximations, 
H„(t). .\ comparison of Fig. IV-1-3 of .Method I with 
Fig. IV-1-4 of Method II demonstrates that the Cram-
Schmidt method does not yield the same smoothly 
varying approximations as tho.se furnished liy the least-

1 . 2 — I I 1 I I ; 1 

1.0 — \ — 

0.8 — \ — 

0.6 - \ ^ — 

0.4 — ^ \ ° — 

0.2 — ° — 

0.0 " J : \ \ \ \ \ L ^ 
2 3 4 5 6 7 8 9 10 11 

n 

, K m . I V - l l . E„ V e r s u s n for .Mi l l iod I. 

0 . 4 

0.3 

0 .2 

U.l 

0 0 

_ 

-

-

-
— 

1 

I ' M ! ' 

•̂  
\ 
\ 

^̂_̂  
X 

X 
X 

/ 
^ n ^ 

! . : . 1 

' 1 

^^^ 

1 . 

' ' 

' ^ ~ - - O -

1 

1 

-

-

-
" 
— 
-

--

2 3 4 5 6 7 8 9 

n 

Fio. IV-1-2. E. Versus n for Mctliod II. 
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"TH T 1 I I I I M 

I r\ /\ i T r T ' i I , I i-^h.-K I , IVT , I 

F I . ; . IV- l - ; i . ('( 

9 10 11 12 13 14 15 16 17 18 

€ . MeV 

•f H , ( ( l a m i <t>{f] U>r M<-!lin.l I. 

F I G . IV-1 -4 . C.mii .ari .son .,f H , ( t ) ;in<l *(e) fur M f l h m l I I . 

S(|uares method. The maxima and minima and generally 

sharp variations that are exhibited in the Ciram-Schmidt 

approximations arc not only undesirable but unrealistic. 

Such erratic behavior must be classihed as a general in

adequacy of the approNiiiiatioiis ol)taiiied fioiii the 

Gram-Schmidt method. 
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IV-2. All Iterative So lut ion of the Matrix Kepreseiitation of De lee l ion Sys tems 

R. GOLD 

Since ideal detection systems do not exist, the meas
urement of a spectrum of physical interest is often 
complicated by the problem of finding the actual spec
trum from the observed experimental data. This un
folding problem can be conveniently formulated in 
terms of a matrix representation. In this approximation, 
one has 

Y + E = .IX, (1) 

wiierc Y, X and E arc // clement column vectors and .4. 
is an (/( X n) matrix. Here Y represents the output 
data of the detection system and E is the inherent 
experimental error in the measurement. The matrix ,4 
is commonly called tlie response matrix of the detection 
system. 

The solution of 1M|. (1) for the unknown vector X, 
which represent.s the desired spectrum, ean be written 
as 

X - A '(Y + E) , (2) 

where .4 is the inverse matrix of .4. The crux of the 
present problem stems from the fact that the solutions 
determined by K(|. (2) are nonuni(]ue. This nonuni(iue-
ness property, which arises from the existence of the 
error vector E, is complicated by the fact that most 
response matrices of interest are ill-conditioned. 

Thus instead of a uniciue solution, one generally finds 
an infinite set ot vectors 

!X Y + E .4X1 (3) 

which satisfy VA\. (2). Consequently, one must employ 
subsidiary conditions to determine which element of 
the (generally infinite) set x is the desired solution. 
For example, smoothness criteria have been utilized 
with some success.'" An iterative method has also been 
employed with limited success.'^ 

In this iterative method, the recursion relation be
tween successive approximations of the elements of X 
is given by 

„(-n+ll ^ -'-j Ui 

'../ 1.2 (4) 

Here the elements ij, , / -- 1,2 • • • /;, of the output 
vector Y contain the error inherent in the measurement 
and the set of coefficients \a,j\ arc, of course, those of 
the response matrix .1 . The elements .r'"", i = 1,2 •• • n. 

form the column vector X"" , which is the m"' approxi
mation of X.* 

While the iterative method has ade(|uately treated 
the unfolding problem of the \ a l (Tl) crystal detection 
system for gamma rays, it should be noted that only 
the triangular or {luasi-triangular response matrix has 
been tested. To examine the more general case, the 
iterative method has been employed for a Li'' solid 
state neutron spectrometer. The Ij ' '(/(,a)ir ' reaction is 
employed in coiijimetion with two separate silicon sur
face barrier detectors. Kacli of the two charged parti
cles, which result from this reaction, impinge on each 
of the silicon surface barrier detectors and the output 
of these two detectors is summed. The resulting pulse 
is suitably amplihed and fed to a multiehamiel analyzer 
for pulse height analysis. 

Since a correction for the liiiite resolving power of 
this detector was desired, the response matrix was de
termined by measurements with a thermal neutron 
spectrum.t Table IV-2-I presents the first ten rows and 
columns of a {'X.\ X 'XV) response matrix determined 
from such measurements. This matrix is typical of 
that which is found for many detectors, namely an (ap
proximately) Gaussian representation of the response 
resolution. Since it is well known that matrices of this 
type arc \'ery poorly conditioned,' this response matrix 
will provide a much more rigorous test for the iteration 
method *haii the (|uasi-triangular response matrix of 
the XaI{Tl) gamma-ray detection system. 

The neutron measurements <if interest were taken in 
the center of a fast critical reactor assembly. In (uder 
to unfold tlic experimental data, the representation was 
symmetrized. This is accomplished by multiplyhig the 
modihcd form of Eq. (1 ) on the left with ^4, the trans
pose matrix of ,1 . (The moditied form of VA[. (1) sup
presses the error vector E and therefore implies that 
the inherent error enters implicitly through the vector 
Y.) (")ti(̂  then treats the .system 

V = HX. (5a) 

with 

B AA, (5h) 

* A nmrc delailetl analysis nf lliis iterative inethnd. a.s well 
as an investigation nf ccmvergetice pmperties, ha.s been .sub
mitted fi.ir publication. 

t Since the resolution of this detector was assumed inde
pendent tif neutron energy, measurements at zero neutron 
energy (i.e., with thermal neutrons) define the response matrix 
completely. 



T A H L I v I V - 2 - I . H E S P O N S K M X T R I X F O R T H E N E U T R O N D E T E r r o R 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 

1.0000 
0.8244 
0.5083 
0.2.310 
0.0579 
0.0209 
0.0054 
0.0010 
0.0019 
11.01124 

2 

0.8142 
1.0000 
0.8244 
0.5083 
0.2310 
0.0579 
0.0209 
0.00.54 
0.0010 
0.0019 

3 

0.5948 
0.8142 
1.0000 
0.8244 
0.5083 
0.2310 
0.0579 
0.0209 
0.0O54 
0.0010 

4 

0.3585 
0.5948 
0.8142 
1.0000 
0.8244 
0.5083 
0.2310 
0.0579 
0.0209 
0.0054 

Column 

5 

0.1843 
0.3685 
0.5948 
0.8142 
1.0000 
0.8244 
0.5083 
0.2310 
0.0579 
0.0209 

6 

0.13.38 
0.1843 
0.3585 
0.5948 
0.8142 
1.0000 
0.8244 
0.5083 
0.2310 
0.0.W9 

7 

0.0871 
0.1338 
0.1843 
0.3685 
0.6948 
0.8142 
1.0000 
0.8244 
0.6083 
0.231(1 

8 

0.0622 
0.0871 
0.1.338 
0.1843 
0.3585 
0.5948 
0.8142 
1.0000 
0.8244 
0.5083 

9 

0.0407 
0.0022 
0.0871 
0.1.338 
0.1843 
0.3.585 
0.6948 
0.8142 
1.0000 
0.8244 

10 

0.0345 
0.0467 
0.0622 
0.0871 
0.1338 
0.1843 
0.3585 
0.5948 
0.8142 
1.0000 
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and 

.4Y. (5c) 

The vectors Y and V whicli result from the experimental 
data and the symmctrization process, respectively, are 
depicted in Fig. I\ '-2-l. .\s may now be anticipated, 
the exact solution X = A~'Y, which is displayed in 
Fig. IV-2-2, proves to be completely vinacceptable. 

Figures IV-2-3 and IV-2-4 present the iterations m = 

10, :iO, and 80 olitained with two initial vectors X'°' = 
constant and X'"' = V, respectively. The similarity 
exhibited in Figs. IV-2-;i and IV-2-4 demonstrates that 
the iterative approximations are rather insensitive to 
this particular change of initial vector. However, in 
contrast with earlier results found with the gamma ray 
response matrix, I''igs. \S-2-'.\ and IV-2-4 do not demon-

( m ) 0 . 2 
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strato ;ulr(]iKit('(•(nivci'.tii'iii'c for m = SO. ('(niscqiictitly, 
the iiivt's1iji;iti(m was <'.\tfiKlcd and itcratioti.s up to 
in = Vl{) wvvv cxaiiiiiu'd. Tho itoiativr approximatioiis 
<.l)taincd lof m = 120, 180, 240, :iOO, :it;0, and 420 witli 
a coiistaiit initial vector arc displayed in Figs. IV-2-5 
and n'-2-(l. Althongli those tijitn-os indioato sonic ini-
l)r()Voniont for lar^of in. tin- adrijiiuoy of tho convoi'-
^ouco is still (|UOstionaMc. 

On the brighter side, tlirrc is little (|uostion of tho 
superiority of any of tho prosriitod iterative appioxinia-
tions as compared witli the exact solution {viz. Fig. 
n '-2-2). Moreo\er, the peak which arises in the itera
tive approximations in the neighborhood of ohannol 
Xos. 27 and 28 corresponds to the resonance in tho 
Li''(/(,a)H' reaction at 0.2(i MeV. In view of the drastic 
and unrealistic oscillation of the exact solution, no such 
comparable beha\'ior can be observed in Fig. IV-2-2. 
Hence, while the resulting rate of convergence may 

not be s\ifficioiit to permit a coiiohisiv<' delrrniiiiation ol 
the appropi'iatr solution for this detect ion .system, the 
it.erati\-o metluMl is not r'(.ni|)le1ely without merit. 
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IV-3. A Slat i s i i ta l .Mclhtnl for iho Measurement of/?,; 

K. A. KAHAM 

INTRODUCTION 

There exists a number of methods by which tho ratio 
of the effective delayi'd uciitrim fraction, /3^//, to tho 
prompt generation time, I, can bo expcrinicntally do-
tei'mined, lint iin tei'lmiiiue of determining either 
([uantity independently has .seen widespread acceptance. 
Examples of such methods are the Rossi-alpha tech-
ni(|ue,' the source and power transfer function tech-
niriuo/ uniform 1 /' poisoning,' pulsed neutron tech
niiiues, and statistical tochni(]uos.'' Although the 
llossi-alpha and tho statistical method are based on tho 
same principles, tho teelini(|Uos employed in tho two 
methods are different. In this paper, the experimentally 
measurable variance-to-inean ratio is given in terms of 
l3..ff and the excess reactivity, k,.^. By use of the inhour 
fornuda and the variance-to-inean relationship. uni(|ue 
\'aliios of /?,.// aufl /,", J- can bo obtained independent of tho 
neution lifetime. 

' I 'MKoiO 

It has been shown by ('. do lloffniann' and lator by 
W. Luckow and S. ChurchiH' that the neutron popula
tion in the nndtiplying medium produces covmts in a 
monitoring chamber whoso variance, a', to mean, c, 
ratio is 

provided the counting time interval is short compared 
to the shortest delayed neutron half-life, but long com
pared to the prompt neutron generation time. In this 
expression: 

A' is tho ooiniter etticiency dolinod as tho mnubor of 
obsoi\('d counts per fission in the reactor, 

I: is tho prompt imdtiplication factor, which to a 
good approximation is (1 + k.^ — jSe//), 

T' is the average number of neutrons emitted per 
fission; (The \'alues of u- and v reported by Diven, 
et al.,' are used hero.) 

a is the Kossi-alpha = ^JlCZj^^i, 

T is tho sami)!ing time tor counting. 
In fast reactors, / ^ 10 ' sec, and a ^ 10' sec"' so that 
T should be greater than ^10" ' sec, and aT is suffi
ciently large compared to unity that tlie term con
taining the exponential can be diojiprd witliout intro
ducing significant error into Kq. (1). 

Tho counter efficiency can be eliminated from VA\. 
(1 ) by taking the ratio of two measurements: one at 
critical, and the other with the reactor sidicritical. In 
principle, tho experimentally measurable ratio 

-4fr-r.PM(-Mf^)]<" ( f - l l 
(1 - i3r„) (a,„ - k„y-
/i;//(l + k„ - 0.,,) 

(2) 
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and the iiilioni 

k 

TAlil.l-: TV:i I. Kxi'EKIME.NTlI. VvRI VME-Tll ME.VN I U T A 

T .^ 1 + X,T &) 

can be solved simultaneously for unique values of 0.// 
and kez provided the reactor period, T, corresponding 
to the kex of the subcritical leactor has been measured. 
It has been assumed that: 

1. f/r ^ 10" is small enough to bo dropped from K(|. 
(3) w^ithout appreciable error, 

2. All delayed neutron groups have oijual importance 
weighting, 

3. The sum of the absolute delayed neutron frac
tions, 0i, has been weighted for fissions in the 
various fissionable isotopes present. 

Once 0eff and k^^ have been determined, the cotmter 
efficiency can bo determined from IM|. (1) and tho total 
number ot fissions, and hence the reactor power, can be 
determined. 

I'>xi'KHiMENT.\L R E S U L T S 

A 25-AIc time-gated scaler was used in conjunction 
with a large (2 in. diam X 10 in. long) fission chamber 
in Assembly No. 2 of ZPK-VI to measure the total 
counts in a preselected time interval. A sufficiently 
large number of samples were taken for each time in
terval to determine the variance 

1 [ E ( ^ - ^ - - ) ^ ] , 
and tlie iiieaii 

(1'") E ' 

(4) 

( • " > ) 

A l-\n. thick jacket of polyethylene was used around 
the fission counter. Although tho polyethylene may 
have produced an undesirable perturbation, its use ap
peared to be an expeditious means of obtaining tho 
needed counter efficiency. 

Table IV-3-I .shows the data obtained as well as the 
derived a'/c values. It is seen that variance-to-mean 
ratio increases as A.̂  becomes more negative. This is 
opposite to the prediction of E(j. (1). I t is also seen that 
the count rates are not in proportion to the reactor 
power and that the variance-to-niean ratio has an ap
proximately linear proportionality to the reactor power. 
The first effect indicates tbe possibility of a counter 
dead tune loss whicli is expected to be largest for tho 
nieasurement at critical.* Since the fission rate in the 

* Because of (lie inliereiit source of spontaneous fission 
neutrons, criticality usually cannot be established with any 
ilegree of certainty at p(i\ver levels less than about 0.02 W. 
Kvcn at this imwer, linwcver. the expected counting rates 

Power, 

5.7 X 10-' 

.5.4 X 10-= 

1.0 X 10-1 

No. of 
Meas
ure

ments 

.334 
291 
287 
253 
207 
281 
.305 
338 
310 
324 

\verage 

1.847 
1.287 
1.103 

Count
ing In
terval, 
msec 

100 
10 

1 
100 

10 
1 

100 
10 

1 
0.1 

r'/c N 

Mean 
Count, e, 

count/time 
interval 

1548.03 
154.89 
15.112 

7383.20 
739.70 

75.31 
129(i5.28 
1301..55 

132.55 
13.45 

a'/c 

1.882 
1.756 
1.904 
1.335 
1.240 
1.287 
1.113 
1.0711 
1.0.52 
1.117 

.\verage N'or-
Count 1 mali. 
Rate, 1 zation 

count/sec 

15,530 

74,373 

131,714 

ormalized a^/c 

1.847 
2.574 
2.345 

*„, Ih 

- 9 0 . 3 

Factor 

1.00 

2.00 

2.13 

0 
0 

r eac to r (and hetice t he ptiwt-r) is de t enn i i i ed by t h e 

observed cotiiit rate, tlie effieieiiey of tlie counter at 
each power level was iKiriiialized to the lowest power 
level at which nieasureiiients are reported (0.(M)."i7 W, 
kri = —90.;i Ih) where the assitniption of zero dead-
tiiiie loss is appropriate. Since flux monitoring chamber 
currents are proportional to the reactor power, then the 
normalization factor is the ratio of percent increase in 
the monitoring chamber current to the percent increase 
in the niean cotnit rate relative to their responses at 
O.OO.'i? W. The difference between the variance-to-nicati 
ratios for the two measurements made at critical reflect 
the statistical error in the measurement, altliongh it is 
somewhat larger than was expected. 

If the normalized values of a'/c obtained from the 
two measurements at critical are averaged and used in 
Eijs. (2) and (3) (k,, was determined to be —110.3 Ih 
from the measured period and a calculated 0,.//), the 
value of li,ff is found to be 0.0070 ± 0.000(1, a value 
which is very close to the ealcttlated value of 0.0073 
(one-dimensional Ki-group diflusion code). I'siiig/3,,// = 
0.0070, the counter efhciencv was deterniined and the 
reactor power was found to be (."i.7 ± O.li) X 10"' \\', 
which is in good agreement with u foil acti\-atioii 
measurement of fi.4 X 10 W. 

CONCLUSIONS 

Being exploratory in nature, no attempt was made 
in this study to obtain precise values of the variance-

(..-250,000 counts/sec) shciuld not suffer appreciable dead-time 
I0.SKPS in a 25-Mc scaler, and hence can only be attributed to 
ttie fission counter and its associated aniplitier. 

file:///verage
file:///verage
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to-mean ratio, nor the exact simultaneous solution to 
Eqs. (2) and (3). Rather, the problem areas have been 
defined and the feasibility of an independent determina
tion of (3eff and /.„ has been demonstrated. A major 
difficulty is a need for an efficiency normalizing factor 
because of the nonproportionality between the average 
count rate and the reactor power at the higher levels. 
The analysis is based on a one-group one-region reactor 
model and no accoimt is made of the spatial and en
ergy dependence of tlie detector efficiency. If the de
tector efficiency is much less than (5^//, the variance-to-
mean ratio is close to imity and statistically significant 
inforniation about /5^// cannot be obtained. Also, at 
very large (negative) values of k,i, the multiplication 
of tbe inherent source neutrons is very small or zero 
and the variance-to-mean ratio is again unity since the 
statistics are purely random and tho distribution is a 
Poisson function. 

The agreement between tho measured and calculated 
values of /3,// and between the power calibration de
termined by statistical methods and that obtained by 
foil activation techniciues is surprisingly good despite 
the seentingly bad experimental data. The statistical 
n\ethod outlined in this report appears to be a practical 

techni(iue for determining /3,// independent of the 
neutron lifetime. 
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I \ - 4 , Analysis of Fasl Neulron-Speetruni Measurenienls by Magnet ic Analysis of 
Charged Particles ProdiKed by Neutron In lerae l ions 

K. A. KAKAM 

INTHODUCTIUN 

This study was undertaken to find out whether or 
not magnetic analysis of charged particles produced by 
fast neutrons can be used for spo<^trinn measurement. 
It is found that under certain conditions magnetic 
analysis of either the a or the T produced by tho reac
tion Li (n,a)T gives good neutron energy resolution if 
a beam geometry is used. However, the strength of the 
neutron beam required is above 10'" neutrons per cm"/ 
sec. This intensity re(|uirement limits the use of this 
method to fast reactors that have fluxes of tho order 
of 10 neutrons per cm" sec inside the core. 

There are several published reviews on recent de\el-
opments of magnetic analyzers.' Several excellent de
signs of magnetic analyzers that can be adapted for 
this work are included in these reviews. In this papei' a 
hypothetical design will be assumed in which the resolu
tion and transmission are of the same magnitude,^ and 
are e(|ual to 5 X 10"\ It shoidd be noted that a resolu
tion of 0 .1% and a transmission of l.fi% was achieved 

with 
eter. 

the "oraii^^e' ' toroids' beta ( 

DISCISSION 

Conservation of momentum and energy in the center 
of mass (CM) system pro\'ides the following relations: 

niiVi = m.,V.., 

ni:i\:] = m4r4, 

l id 

;.m,(i-,)= + j»i.,(r.;) '-i- f) 

]m,(\\)' -t- .\m,(T.)=, 

(1) 

(2) 

(3) 

where the snbseripts 1, 2, li and 4 refer to the neutron, 
I.i-li, T, and a, respeetively. Q is the energy eciuivalence 
of the difference in masses between the incident plus 
target particles and the outgoing particles. The speed 
of the neutron in the f'.l/ system, I'l, is related to the 
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speed of the neutron in tho laboratory (L) system, V„ 

by 

m^V. 
V, 

and similarly 

mi -t- mn' 

niiV,. 

(4) 

(ri) 

From Eqs. (1) to (o), it can easily be shown that the 
speed of the alpha particle in the CM system is 

and for the triton 

Vi - / 49 ^ " ' ^ 7 Wj 
(7) 

The transformation from the t ' .l/ to the L coordinates 
is accomplislied by the relation 

{¥,,.)'' = (V,)- -)- IVCM)'- -)- 2 r , lV.„cos e, (8) 

where S is the angle in the CM system and (WL) is the 
speed of the alpha particle in the Z. system. It is obvi
ous from Et]. (8) that I'l/, is niaximum when 6 = 0 
and iiiiiiimuni when 8 — 180 deg. Thus, the speed of 
the alpha particle depends on the speed of the neutron 
and the angle between the direction of motion of the 
neutron and the alpha particle in the CM system. 

If a Li-6 foil is exposed to an isotropic neutron flux, 
then the maximum and minimum speeds of the alpha 
particles produced by monoenergetie neutrons are 
jfroinEqs. (Ci) and (8)]: 

and 

(1-4. ) „ 

(T4Z,),, 

1/|n-„. + «î  + ̂ , <«) 

V 98 (!'„)= 4-
G Q (10) 

For example, the maxinmm and minimum energies of 
the alphas produced by 10 keA' neutrons are calculated 
to be 2.10 and 1.98 MeV. Thus, it is obvious that with 
an isotropic neutron flux, one cannot get any resolution 
since the spread in the energy of the alpha particles 
produced by monoenergetie neutrons is considerably 
greater than the energy of the incident neutrons. How
ever, if one uses a collimated beam of neutrons, then 
the maximum speed of the alphas is given by E(|. (9) 
and the spread of the speed is determined by the solid 
angle subtended by the slit width ot the gap between 
the two pole pieces ot the analyzing magnet. This 
spread is of the order of the resolution (~.5 X 10"') if 
the maximum deviation of the alpha particle is otdy 8 

deg from the direction of the incident neutron. Thus, 
for all practical purposes, I'ji = I', -(- !'„ 7. 

Upon differentiathig Eq. (9) and with some rear
ranging, one otifains 

'111 = ITL' r-'r4,,(7r4. - r j ] 
i'„ r., L r,(2r.,+ r„) J- ^•" 

If one replaces d\\/V„ by A r „ / r „ and (/l'4i Tn by 
Al',,, r4z, and defines the neutron resolution as 

R 
Mi. _ . ,Ay„ 

(12) 

and the analyzing magnet resolution, R', as Al^,. \',i, 
then the neutron resolution bttsed on the analysis of the 
alpha particles is 

and that based on the aiialvsis of triton is 

R -'Pi-S'fn^]- -) 
The resolutions, as expressed by K([s. (bi) and (14) 
aie plotted in Fig. I\'-4-l as a function of the neutron 
energy; the value of R ' was assumed to be rt X \0~*. 
For comparison, the resolution that is usually obtained 
by fast clioppers is also shown in Fig. IV-4-1. It is seen 
that magnetic analysis gives better resolution at neu
tron energies above 20 keV. The resolution of the XSLU 
de (IraatT is also shown in Fig. IV-4-1. It should be 
pointed out that the data of I). Hughes*^ concerning the 
resolution of the Van de (Jraatf dates back to iy.')8. 
Currently, better resolution is being obtained by J. 
Rainwater, et al., with the synchrocyclotron 200-m 
flight-path neutron velocity spectrometer. 

For a beam geometry the reaction rate or the mmi-

NEUTRON ENERGY. keV 

Fn;. IV-4-1. Kesolutinn \'r'rsus Neutron Energy. 
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ber of alphas or tritons that would be jiroducod per sec 
can be expressed as 

0(1 (ir.) 

whor 
N = number of alphas w tritons pioduced per sec 
t^ = neutrons per cm'/sec (assumed to be 10 ) 
cr = microscopic cross section for the reaction 

XA" {n,a)T {assinned to be l b ) * 
A' = number of nuclei of Li /cm' 
t = thickness of Li'' foil (assumed to be 2 p.g,/c.m') 

With these assumed values it is found from E(|. (l.'t) 
that N is 2000, cm'-sec. If a transmission of 5 X 10 is 
assumed, then :itiOO coimts per hour can be detected. 
This counting rate i.s small but not prohibiti\'e, It 
should be noted that if such high resolution is not re-
tjuirod, the counting rate can be increased by incioasing 
the transmission at the expense of the resolution. 

It is estimated that the average energy losses for the 
alphas and the tritons in the 2 Mg/d"' I-'i-b foil due to 
straggling are 2 ke\ ' and O.'A keV, respecti\'ely.t The 
straggling effect ti'nds to decrease the resolution if thick 
foils are used. 

For the case where the thickness of the foil is 2 ^g'' 
cm*, the spread in tho speed of the charged particles 
duo to straggling is slightly smaller than the i{'sol\ing 
powor (slightly over 2 keV) assumed for the magnetic 
analyzer. But, as the thickness of the foil increases, the 
straggling effect also increases to a point where it be
comes the dominant factor in determining resolution. 
Because of this straggling, it is soon that the analysis of 
the tritons would be bettor than the alphas. In fact, 

* The value of 1 b for a corresponds to a neutron energy of 
400 keV. This cross section is smaller at energies higher than 
400 kcV and larger at lower energies." 

t 'I'he estimate is based on a formula of Waller .John." 

with triton analysis, the thickness of the Li-6 foil can 
be increased to 10 pg/cm^ without any ill effects. This 
will increase the counting rate to about 1.8 X 10* 
events per hour. The straggling effect for the tritons in 
a 10 jug./cm^ foil is estimated to be Lo keV. The mag
netic .separation of the alphas from the tritons is no 
problem unless there are neutrons of energies 1 keV 
and 7 MeV, in which case the alphas produced by 7 
.M<V' iioutrr)ns will overlap tho tritons produced by 1 
ko\' iicuttons. Tho o\-orlapping may not be impoitant 
because the Li-b cross section at 1 keV is several orders 
of magnitude larger than the cross section at 7 ]\IeV. 

In conclusion, when high neutron flux beams from 
fast research reactors become a\'ailable, this method of 
neutron spectrometry may prove to be useful. 
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IV-5. Comparison of Linear an<l Square-Law Deleelors for Noise Measurements^ 

C. E. COHN 

Since the measure of the intensity of ;i noisr wave
form is the mean sf|uaro amplitude, it ha.- Itoon cus
tomary to make such measurements with .scjuai'e-law 
detectors. However, the accurate realization of such 
detectors is complex ami exi)ensive, so that it would bo 
advantageous in many cases to use a linear detector, 
whicli is much simpler to realize accurately. It is easily 
shown that both types of detectors will yield the cor
rect rms amplitude for pure Gaus.sian noise. 

To compare the precision of the linear and square-
law drtoctors, the analog-computer setup shown in 
Fig. I\ '-5-l was used. Here a noise generator fed a 
tune<l circuit analog whicli was a hybrid of the circuits 
in-esented by F. May and R. Dandl,-* and P. Colburn 
and .1. Hannaford.^ The square-law detector was an 
idealized-diodo absolute-vahie circuit.'* The output of 

* Note that this circuit li:is the disadvantage of nonzero re
sponse at zero frci[uency. 
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FIG. I V - 5 - 1 . Anal.>j; Setup fi.r llclect.ir ('( 

each detector was integrated for .W sec, after which the 
integrator outjiiits were read out, the integrators reset, 
and the integration rejieated. k total of 182 replications 
were obtained. 

The means and standard dex'iations of tlie estimates 
of the mean sciuarc amplitude uf the noise derived 
from the output of each detector, in units of scjuared 
volts, are as follows: 

Detector 

Sf|uare law 
Linear 

Mean 

1833.6 
1S41.1 

Standard 
Deviation 

360.2 
381.1 

and the fractional deviations are a^ follows: 

Squaredaw 0.196 
Linear 0.207 
Theoretical formula for square-taw 0.200 

detector^ 

Tlii> experiment thus indicates that the linear detector 
gives the same precision as the s(|uaro-law detector. 

I t has been argued'' that the linear detector will not 
give correct readings of rms amplitude for non-Gauss
ian inputs. However, practically all experiments with 
atomic sources of noise involve ]»ure Gaussian noise, so 
that objection would not apply for such exi)eriments. 
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IV-6. No le on the S imulat ion of Higher-Order Linear Sys tems wi th 
Single Operational Amplifiers' 

C. E. COHN 

Recently a number of authors" ' have suggested the 
use of a shigle operational amplifier to simulate a higher-
order linear system. The transfer fimction of such an 
arrangement is commonly derived assunung infinite 
operational-amplifier gain. Howc\'cr, it appears that 
such an assmnption might not hold as well for these 
cases as it does for the usual first-order systems. This 
might be seen by looking at the simple second-order 
circuit shown in Fig. IV-(1-1 which has been used' as a 
tuned-circuit analog bandpass filter. The transfer func
tion of this circuit is 

1 + 

with resonant fro(]uency 

. ;Q(--^") 

c... = (C.r,/?,/?,)"''-. 

With fiiute amplifier gain .1 taken into account, 

(1) 

(2) 

F I G . I V - 6 4 . Seccmd-nrder Circuit 
Analog. 

TABLt: IV III . 

Cscd as Tunc.i-Circuit 

e 
1 

2 

5 
10 

20 

.50 

100 

Rt/R: 

4 

10 
100 

40(1 

li;i)0 
1(1000 

400110 

i{R,/Ri> - 1 

1 

7 

49 
109 

799 

4099 

199! )i) 

[i+^;;:(-;:)] (3) 

and 

ti = ^ V S ^ C J < \ ^ ^ ' ^ i ^ ^ ' ^ . (4) 

Xow it is readily shown that Q monotonically increases 
with R\IRi and is a niaxinnmi for any value of that ratio 
when (\ = ('-2. With this latter condition, K(jS. OiJ and 
(4) become 

<; 

Q 

A + 1 

I'or large .1 , the value of R] R- depends on the required 
Q according to the expression Ri-R2 = -^Q'. Now, for 
a and Q to be independent of . 1 , and thus for the in-
iinite-gain assumption to be valid, .4 must be very large 
compared to {^){Ri, R-i) — 1. Table IV-(i-I shows val
ues of this quantity for typical values of Q. For the 
higher values of Q, the re(|uirement on amplifier gain 
is much more stringent than for the usual first-order 
circuits, where it nnist merely be large compared to 
unity. This can leaii to noticeable degradation of cir
cuit performance. 
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IV-7 . E x p e d i t i n g D a n g e r - C o e f f i c i e n t M e a s u r e m e n t s b y M e a s u r i n g T w o S a m p l e s a l O n c e 

C. E. COHN-̂  

In danger-coefficient measurements, whether by 
autorod--^ or pile oscillator, the required measuring 
time is related to the required precision by noise con
siderations. As a result, experiments involving meas
urement of very small reactivity changes are (pnte 
time-consuming and may involve integrated reactor 
powers which are not consistent with safe handling of 
fuel in critical assemblies. However, analysis indicates 
tliat it should be possible to use the measuring time 
more effectively and reduce fuel activation by meas
uring two samples at onci'. 

Consider the three functions shown in Fig. IV-7-1. 
Here Fi represents the reactivity as a function of time 
produced by a sample of reactivity p which is al
ternately inserted into the reactor for T/2 sec and re
moved for T/2 sec, and p„ is the autorod reading with 
the sample removed. If the reading of an autorod on 
.such a reactor is multiplied by weighting function IFi 
and integrated over one cycle, the result will be pT/2, 
"•vliicli is a measure of the samjile reactivity. However, 
if Fj is multiplied by weighting function W2 and in
tegrated, no output is obtained. If a second sample 
were alternately inserted and removed in such a way as 
to give reactivity profile F-_. ociuivalent to Fi delayed 
hy T/i sec, then the integrated product of that profile 
with W2 w-ould give pT/2 and the integrated product 
with Wi would give zero. If both samples were al
ternately inserted and removed and if the autorod 
reading were a linear superposition of the two reactiv
ity jtrofiles, the integrated product of the autorod 
leading with IFi and TF- would give a result projior-
tional to the reactivity of only one sample, with no con-
trilmtion from the other. Thu>- the two samples could 
he measured independently. 

The functions shown in Fig. IV-7-1 would retiuire 
some refinements to be useful for practical operation. 
The improved functions are shown in Fig. IV-7-2. Here 
Fi and F2 represent tlie reactivity introduced by each 
sam])lc, while F is the overall reactivity. It has been 
pointed out in the references that weighting functions 
of the type shown as TFi and tF^ are advantageous in 
rejecting extraneous reactivity drifts. An interval A 
would be provided at each sample-change time during 
which integration would be interrupted. This interval 
would have to be at least equal to the time required for 
changing samples plus the settling time of the autorod. 
Note that integration for one sample would be inter-
mpted during the changing interval for the other sam

ple. Thi?- would be done .-;o that any a.synunetry in the 
reactivity profiles of one sample for insertion and re
moval would not give a spurious contribution to the 
results for the other sample. 

The results obtained from weighting functions of 
this type are given by 

^ ' F(t)\\\(t)dl = 0 - - Ajpi, 

fJ\^U)w.Andt = (T-^y,. 

Thus each sample is measured indeiiondontly of the 
other. 

The application of this scheme to sinusoidal pile 
oscillators does not appear jiromising. 
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I \ -8. . \rgonne Fast Critical Faci l i t ies 

W. Y. K.\To, L. R. D.\TEs, R. L. STOVER, W . G . KXAPP and (;. K. RrscH 

The Argonne Fast Critical Facility, ZFR-VI, a large 
highly flexible zero power reactor which has been 
under construction since 1960 has been installed in 
Cell No. 5 of the Reactor Physics Laboratory to fur
ther the basic understanding of the jihysics of large 
dilute fast reactors. The facility became operational 
in July 1963 with its initial loading consisting of an 
all-uranium metal .-̂ ystom with a r -238: r -235 atom 
ratio of 7. 

The ZPR-VI facility! j ^ .̂ hown in Fig. lV-8-1. Tt 
is a split-table horizontally-loaded critical facility. 
The facility consists of a large steel bed on which are 
mounted a stationary and a moveable table of 2.4 x 
3.7 m dimensions. On each of the two tables is stacked 
2025 stainless steel tubes ( 5 x 5 cm- x 1.2 ni long) in a 
horizontal array supported on both sides by massive 
L-shaped cast steel supports. The array forms a 45-
row' by 45-column honeycomb-like matrix assembly 
and becomes a 2.4 m (8 ft) cube reactor when the two 
halves are brought together. The facility can be used 
to study reactors having core volumes as large as 
3000 liters. 

The reactor is controlled with tho use of five hori
zontally actuated core removal type control-safety 
rods in each half of the assembly. In addition, there are 
six enriched B-10 filled safety rods in each half for use 
on assemblies having a degraded siiectrum. 

Various elements such as enriched, natural and de
pleted uranium, steel, aluminum, zirconhim, graphite, 
iron oxide, niobium, and aluminum oxide—all in tho 
form of small plates of 0.16 and 0.32 cm thick, 5 cm 
width, and lengths varying from 1 to 15 cm—are avail
able for simulating the composition of different fast 
reactor systems. These materials are loaded into 5 x 
5 cm^ steel drawers to mockup the comiiosition and 
geometry of reactors under investigation and tlie 
drawers arc then inserted into the matrix assomhly. 

Following the installation of the mechanical and 
electrical components of the facility, a thorough opera
tional testing and inspection program of the assembly 
was conducted. This ]>rogram is outlined below. 

BED .\.\U T.VDLE A.--SE.MBLY 

An investigation to determine tho reaction of the 
assembly to a simulated matrix loading ])rocecded 
as follows: 

1. Without Load 
a. The mechanical operating system was thor

oughly tested to verify dependability, ac
curacy, and conformity with specifications. 

b. Tho loading surfaces of both the movable and 
stationary halves were checked for flatness 
with an Auto-Colliniator. 

2. With Load (82 metric tons—each half I 
a. The complete mechanical .sv-steni was again 

operated. No change in function or efficiency 
was noted after loading. 

b. A recheck of the table loading surfaces re
vealed insignificant changes in individual table 
flatness. The movable table was observed to 
settle 0.005 cm more than the stationary table 
due to deflections in the roller bearing assem
blies on which it ricles. 

It was concluded that the minor deflections demon
strated by the above tests would not effect the validity 
of the experimental data secured during the opera
tion of the facility. 

M.\TRI\ A.ssEMBLY .WD T E S T I X G 

The matrix wa> (•on>tiucted by stacking rows of 
tube bundles alternately so that the bundles were 
flush with the table interface. Lateral constraint was 
provided by holding knees. Figure IV-8-2 disjilays this 
arrangement. 

Simulated core loadings in various configurations 
were asseinbk'd to te^t the integrity of the matrix com
plex. Oeneraily, the gieatest deflections were found to 
be at the centei' columns of tubes. As measurements 
moved toward the ouicr columns, deflections reduced 
because of the increased lateral support contributed 
by the very stiff holding knees. This condition, as 
expected, was most noticeable with the tyjMcal core 
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lo.idins where a coiii-cntrateil liiad was applieil on the CII.\TROL ,iXD S.^KETV ELEMKNT TESTING 

central columns. .4 eui^'e, shown on Fig. IV-8-3, e.\- A mockuj) of actu.il operating conditions was used 
hibits the trend of defiection.s as measured over the to test all rod drive mechanisms. Minor defects were 
heightof the matrix at llie central column. detected and modifications were made until each 
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meclianism operated dependaljly at acceiitable scram 
speeds. 

NEUTRON SOURCE DRIVE TESTIXG 

Tlie coinjilete systein was operated with a "dummy'' 
source loaded in the source cajisule container and i-un 
through a series of insertion speed tests as it was made 
to travel through the flexible hose which connects to 
the insertion tube. The flexible hose was bent to 
various radii to impede the travel of the simulated cap
sule as would be the case when the source would be 
inserted into the reactors of varying configurations. 
No difficulty was experienced. When the hose was bent 
more than reasonably, the safety slip clutch served as 
a motor protector. I t was established through these 
tests that the mechanism operated acccptalily, and 
that the assembly should functiim dependably through 
the lifetime of the reactor. 

CONTROL SYSTEM 

A thorough check of all nine channels of neutron 
and gamma monitoring equiimient was made. This con
sisted of basically measuring the stability, sensitivity, 
accuracy and response time of each electronic com
ponent. In addition, the electrical interlock circuitry 
was tested for jiroper operational use. 

SUPI'UKT l^Ql U'.MENT 

The components listed below were built anfl tested 
and are considered ancillary devices to ZPR-VI: 

1. Ketractable loading |ilatlorm 
2. Danger coefficient sample changer and readout 
3. Shim rod assembly 
4. Television camera scanning trolley and opera

tor 
!). Reactor oscillator assembly 
6. .\nalog table jiosition readout 
7. .\rgon gas storage and delivery system 
8. Shield jilate and accessories 
9. Fat Man effect exjierimental ecjuijiment 

10. Nonscramming control rod drive 
11. Fuel coating machine 
12. Fuel storage cages and racks 
13. Fuel drawer con\-eying system 
14. Working ramjis and platforms. 
The .\rgonne ZPK-L\ , which is sliown in Fig. IV-

8-4, is a facility identical to the ZPR-VI, except for 
the matrix assembly. The ZPR-L\ matrix of tubes 
and drawers is made of ahniiiniini alloy in.stead of 
stainless steel to reduce jiarajitic ab.sorjition when 
systems which have a substantial comjionent of ther
mal or epithermal neutrons are being studied. Con
struction began in 1960. The facility was comjilete 
and oj>erational in February 1964. 
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i N T l l O D U r T l O N 

Experiments using critical assemblies frequently in
volve interpreting large amounts of foil-activation data. 
The labor and iiu'cstmeut necessary for foil-acti\'ation 
counting and processing have generally limited the 
amount of data obtained. .\s the number of samples to 
be counted increases, the desirability of ha\'iug an auto
matic foil activity counting facilitv and data reduction 
program also increases. Recent impriucments in these 
capabilities are descrilied here. 

AuTOM.\Tic FOIL .VCTIVITY COU-NTI.\G I'ACII.ITY 

There is in oper.atioii at .\rgoime a partially transis
torized automatic foil-counting and recording facility.' 

The foil-acti\'ation data are taken from one to six count
ing channels operating in unison (normally sample 
changer, detector, amplifier, analyzer, scaler, and read
out components). Fi\e of the sample changers are single-
counter units and one is a more hea\'ily shielded double-
counter arrangement, permitting a simultaneous comit 
from the top and bottom of the foil. Sodium iodide 
gamma detectors and plastic beta scintillators can be 
interchanged. Output data are obtained on IBM-
printed and punched cards which may be processed by 
a high speed computer. 

.\ second automatic foil-counting facility has re
cently been placed in operation in anticipation of in
creased work loads as new experiments commence. 
Impro\emeiifs in this system o\-er the first system in-
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elude capacity for lar^<'r counts, provision for automatic 
identification of samples and increased use of transistors. 

In addition to the flexibility described in previously 
reported automatic counting systems,••' the following 
abilities were built into the facility to change counting 
intervals at will, to start or <'nd tra\'erses in any de
tector channel without complication, to take back
ground counts intermixed at will between foil data, to 
preset counting intervals or preset count accumulation, 
and to provide for sealing data from various sources 
(other than foil-activation measurements). As an ox-
ample of the latter, the scalers and automatic leadout 
have l)een used in a manganese bath experiment^ to 
measure v, the number of Tieutrons pei' fission, for U-235 
and Cf-252. 

FOIL ACTIVITY I).\TA KEOUCTIO.N PHOOKAM 

The FOKTUAX-II program for tho IBM-704 com
puter produced tabulated and plotted d a t a / The pio-
gram is compatible with MOXITOR operation" and 
the logical flow is contiolled entirely by input cards. 
Input cards consist of automatically produced "data" 
cards from the IBM-r)2f) Summaiy Punch and manu
ally produced "parameter" cards. All input cards are 
listed automatically in a self-identified format. Read
out on the data cards include card number, elapsed 
time, counting internal time, scaler accumulation for 
up to six scalers operating in unison, and an identifica
tion column for each scaler. Parameter cards include a 
title card, cards to select the decay constant, reactor 
irradiation time, elapsed time from reactor shutdown to 
start of counting, coefficients for the scaler resolving 
time losses, resolution time, weight cards, and back
ground adjustment cards. Parameter cards are neces
sary for each traverse being processed. 

The program has a high degree of flexibility with 
numerous options depending upon the user's specific 
problem. Provisions are included for resolving time loss 
corrections, background adjustment, accidental coin
cidence corrections, decay coriections or alternati\'ely 
concuri'ent normalization, weight corrections, averag
ing with deviation estimates, ti'averse normalization, 
and .several choices of plotting. An outline of (he op
tions available is presented below. 

RESOLVING LOSS COHHECTIONS 

The resolving intervals are specified for each scaler 
on one of the param<'ter cards. Three constants of a 
polynomial ecjuation (A, B, and C) are specified on an 
additional parameter card and may be adjusted to fit 
tho characteristics of tho counting system. The adjusted 
count is computed by tho following formulation 

{Adjusted Count) = (Observed Count) 
(1) 

•(1 + .1 /1 ' + BR- + CR^) 

where R is the observed c(Hinf rate calculated by the 
computer. 

BA( 'K( i l tOUM) COUNT ADJUSTMENT 

The background count adjustment may be either 
selected arbitrarily by the user or calculated by the 
program from background counts interspersed between 
foil acti\'ity counts. 

ACrn)i:\TAL COlNCinENCE C O U K E C T I O N S 

Coincidence counting data, as is used for example in 
determining the relative amount of Pu-239 produced in 
irradiated foils, for initial conversion ratio (ICR) and 
for 11-238 capture cadmium ratio (C28) experiments, 
may be corrected for counts due to accidental coinci
dences. 

DKOAV COHHECTIONS 

The decay constants for each sealer are specified on 
one of the parameter cards; conseciuently, the computer 
program is capable of processing data foils of six dif
ferent decay constants concurrently. By special entries 
on the parameter card, foil data may be normalized 
against concurrently counted standard foils, rather 
than decay-corrected. This option is used with uranium 
fissioi: product activities for which no single half-fife is 
generally applicable. One or more sample changers are 
turned off after insertion of the reference foils which 
are coimted repetitively. Data from these foils are re
corded along with concurrently counted t^a^•erses in 
operating sample changers. Resolving loss adjust
ment and background subtraction are made with afl 
concurrent normalized foils and standards. However, 
no provision has been made for differences in counter 
efficiencies, since the teehnifpie reipiires carefully 
matched counting chaiuiels and the normalization is 
heavily dependent on a fixed proportionality being 
maintained between scalers. Decay c<mstants may be 
omitted when it is necessary to apply hand calculated 
time dependent corrections to the observed activities, 
as is the case for the fission product gamma activity 
correction factor in the ICR and C-js experiments. This 
feature also facilitates studios of the counting system 
sensitivity. 

W E I C H T COHItKCTIONS 

Options available to the user include "no weight cor
rections," "normal weight corrections" (specific ac
tivity), and spatial weight o(niections for gold and 
indium foils, either bare or cadmium-covered. The 
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formulas used for these special weight corrections are 
as follows: For cadmium-co\ered gold and indium foils 

.4„ = .4., -I- IFF 
- H'F' 

I-'or iiare gold and indium foils 

.4„ = A + ' CR\1 + H'F)\ 

(2) 

(3) 

Here .1,„ is the measured activation per gram of a foil 
whose weight \^ w, Aa is the activation per unit weight 
that would have been observed for a foil of weight w^ 
(having the same area), UR is the cadmium ratio for a 
foil of the thickness used, and F is a measure of the 
amount by which w differs from the nominal weight 
Wti. F is defined by 

F ^ 2{w i). Uv + ICu). 

I'or the usual thicknesses of gold and indium {about 1 
mil), it is ordinarily accurate enough to use the value 
of 0.44 for the correction factor / / ' . The formulas are 
adapted from the work reported in Hef. 8. Any effect of 
self-absorption of the radiation being counted is neg
lected; for beta-counted foils, additional self-absorption 
corrections would bo ro([uired. 

AVEHACING 

A number of consecutive activities may be averaged. 
When this option is used, the average and the fractional 
standard deviation of the average is computed ac
cording to two hypotheses: (a) that the \'ariation in the 
activities is due entirely to statistical variations in the 
count rate; and (b) that the variation in the activities 
is due entirely to statistical variations in the sensitivity 
of the counting equipment. The weighted average is 
computed from 

and the relative error of the weighted average from 

'̂,(-V„.) = lEli,'>s;(.Y,)]r"", (-i) 

where the Nr(A',)'s are the estimated relative standard 
deviation of each A', based on counting statistics alone: 

S,{X,)^. (Total nonbaekground counts used 

to determine the count rate .Y, 

The mean is computed from 

-Y.V = (1, .V) i : (.Y,), (7) 

and the relative root mean sijuare deviation of .Y, 
from 

^;'^.)=^[^z(x-x,)=f (8) 

«i) 

SAX,) may be used to estimate the standard deviation 
of .Y„ using the relationship 

.S.i.V.,,) = (.V - l)"'=,s;(.Y,). (9) 

XOH.M.\LIZED , \CTIVITV 

If a standard foil is indicated by a special entry in one 
of the identification columns on a data card, the 
traverse in which it is included will be normalized to 
this foil. If none is indicated, the computer selects the 
most active foil of the tra\'erse for normalization. 

l)AT.-\ PLOTTI .M: 

The normalized activity of each point may be plotted 
and the magnitude of the point will be tabulated along
side. Special identification column entries will enable 
double or triple spacing on the plot. 

COMPUTERS 

Since the lH.\l-704 computer is to be phased out of 
operation the foil activity data-reduction program has 
recently been converted to the Control Data .3600 
computer system. 
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I \ - 1 0 . A Calibrated G a m m a Count ing Facility 

K. .1. AUMANI 

In order to determine (li>intogration rate of 
gamma-emitting radioisotopes, a calibrated gamma 
counting facility has been designed and assembled. 
The facility consists of a 3 in. x 3 in. Nal crystal and 
photomultiplicr-tube package, transistorized pream
plifier, high voltage supply, and a 400-channel pulse-
height analyzer. The facility was initially assembled 
without shiehling; however, subser|uent addition of 

TABLK IV-lO-l. Fi.WL HEPOUT: FIRST 
S.\^^'I.E ] )i.-.iKiBeTi()N 

Irradiation Standards and Procedures Working Comuiittec; 
Counting Intercalibration Program; Comparison of Results 

Laboratory 

A 

B 

C 

D 

E 

F 

G 

H 

Average 
Standard devia

tion 

Co"{n,-,) 
Co" 

1.00 
1.04 
1.09 
1.02 
1.06 
1.02 
1.07 
1.015 
1.00 
0.98 
0.74 
0.76 
1.00 
1.01 
1.02 
1.04 
0.99 
0.097 

NiM(n,/i) 
Co" 

1.04 
1.05 
1.34 
1.25 
1.26 
1.25 
0.93 
0.94 
1.64 
1.64 
0.97 
0.97 
1.24 
1.26 
1.42 
1.43 
1.23 
0.22 

ri*'(n,p) 

0.58 
0.64 
0.97 
1.20 
1.27 
1.27 
1.04 
0.98 
1.31 
1.30 
0.73? 
0.94 
1.27 
1.19 
Lost 
1.34 
1.09 
0.24 

Fe"(ii,/>) 
.Mn" 

1.14 
1.12 
1.21 
0.91 
1.23 
1,23 
0.96 
0.88 
1.58 
1..38 
0.95 
0.93 
1.22 
1.23 
1.40 
1.43 
1.18 
0.20 

All numbers are ralinsnf count hy the iKirtiripating Lalnira-
tory to count at Hanford Atomic Powor Operation. 

TABI.IO IV 10 II . I 

Ma. 
terial 

N i 

AlCo 

Ti 

F e 

.WFOltlj- A M . CoMIMKI 
S.\M|.|,E DISTRIBUTION 

Sample No. 

1 3 2 

13-10 
12-7 
12-19 
6160-3 
0150-4 
E-31-2A3 
E-31-2A 4 
Sp-7-2 

Nuclicie 

Co-58 
Co-58 
Co-60 
Co-00 
Sc-46 
Sc-40 
Mn 54 
Mn-54 
Mn-54 

.ANL .Activity, 
dis/sec 

2.83 X 10' 
2,84 X 10' 
2.63 X 10' 
2.04 X 10' 
3.58 X 10' 
6.80 X 10' 
9.81 X 10' 
9.41 X 19' 
3.55 X 10' 

^'IN: SECOND 

HAPO Activit)-, 
dis/st'C 

2.78 X 10' 
2.77 X 10' 
2.60 X 10' 
2..59 X 10' 
3.55 X 10' 
6.69 X 10' 
9.88 X 10' 
9.41 X 10' 
3.44 X 10« 

shielding greatly reduced the background, thu.« en
abling low activities to be counted with much im
proved accuracy. A lucite sample holder enables one 
to place a source in one of five reproducible positions, 
with the source-to-ciystal distances ranging from 3 
cm to 100 cm. This jierniits the counting of sources 
with activities from 10- decays/sec to 10" decays/sec 
with reasonable counting times. 

An accuracy of the order ot 2',i to 4% is necessary 
to determine disintegration rates. With this objective, 
it was felt that the efficiency of counting could be 
determined by use of tables jiublished by Heath.' The 
tables report efficiency as a function of gamma energy, 
distance from source to crystal, and crystal size. It 
was assumed that the Nal crystal was very close to the 
crystal cover, and that the transmission through the 
cover was 100%. 

.4ftcr counting a few samples, large discrepancies 
with the tabulated \-:ilues were noted. There were no 
gamma standards immediately available to check 
the equipment. This resulted in a low confidence in 
the disintegration rates determined in much of the 
initial gamma counting done on detector materials 
used to monitor a radiation damage study. 

Concurrently, the Working Orou|) of the Irradiation 
Standards and Procedures Committee under the .\EC 
Program on Radiation Damage to Reactor Structural 
Materials, concerned with standard methods of report
ing exjierimental data, noted discrepancies in data 
rejiorted to them. The discrci>ancies indicated errors 
in the determination of disintegration rates by gamma 
counting. In order to resolve the discrepancies, a foil 
intercalibration program was begun with eight labora
tories participating, including .\rgonne Xational Lab
oratory (ANL I. 

Four pairs of foils were irradiated by Hanford and 
sent to the participating laboratories for analysis. The 
results reported by the laboratories are shown in Ta
ble IV-IO-I. The discrepancies led to a meeting of 
the participants to discuss jMssible sources of errors, 
at whicli time it was decided to distribute a second set 
of foils for intercalibration. 

The iirincipal sources of error in the ANL counting 
facility were found to lie source-to-erystal distance 
lueasureraents and absorjition in the crystal cover. 
These errors were discoverd and corrected by means 
of calibrated gamma sources obtained from the Na
tional Bureau of Standards INBS), by X-rav of the 
crystal package to determine the distance from the top 

file:///rgonne
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of the ])aekage to the top of the crystal, and by ob
taining information from the manufacturer on the 
amount and type of material covering the crystal. The 
lucite sample holder mentioned above was placed on 
the crystal package to provide a reproducible geom
etry. Measurements were then made with the gamma 
standards. The results showed that the errors were now 
properly corrected. 

By the time of the second foil exchange, the shield 

and Incite sample holder had been added. There was 
much better agreement among the various labora
tories during this exchange. The results obtained at 
ANL, shown in Table IV-IO-II, were typical of those 
reported by all of the partici])ants. 
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IV-11. A l t e n u a l i o n of Epioatlniiuni Nei i lrons by Cadmiuni Foil Covers 

G. S. STANFOUO 

INTRODUCTION 

In striving for accurate (piautitativo interpretation 
of cadmium ratios, the fact must be considered that 
cadmium is neither perfectly opaque to thermal neu
trons nor perfectly transparent to epithermal neutrons. 
As the thickness of the cadmium covering a foil de
creases, the activation of the foil increases due to a 
combination of three effects: (1) the thermal activa
tion increases; (2) the transmission of epithermal 
neutrons by the cadmium extends to lower energies; 
and (3) there is less attenuation by the cadmium of 
neutrons above the cutoff energy. 

For a 1/y detector, tho combined result of ofTocts (2) 
and (3) determines the cutoff energy I'J^, as frequently 
defined. It is convenient to use the cutofT energies as 
calculated for \/v foils (see for example the Westcott 
calculations as plotted by X. Haumann'), even for foils 
such as gold or indium which have large resonances. In 
such cases, however, it is necessary to make an addi
tional correction for attenuation of epicadmium neu
trons by the cadmium. As mentioned below, it is 
possible to calculate such correction factors, at least 
approximately, from the available cross section data. 

Some measurements of tlie response of indium, and 
(to a lesser extent) gold, foils to variation in cadmium 
thickness have been i-eported by D. Martin^ and by J. 
De.Iureu and R. Paschall.^ From the measurements, a 
quantity Fed ean be deduced, after tlic method of C. 
Tittle,' by extrapolating the cadmium-co\'ered foil ac-
ti\'ations to zero cadmium thickness. This extrapolated 
aetivation is presumed to be tbe epicadmium portion of 
the acti\'ation of a bare foil. However, it does not seem 
to have been widely recognized by users of the pub
lished Fed values tliat most of the slope of the curves is 
duo to the decrease in cutoff energy as the cadmium 

becomes thinner. For example, it is incorrect to apply 
Fed to the activation of a gold foil covered by 30-mil 
cadmium, while assuming that the cutoff energy re
mains unchanged at 0.b2 eV. (An error of 10% in the 
cadmium cutoff energy is equivalent to an error of 
about 5% in the \/v portion of a resonance integral.) 

C.\LCrLATION.S 

In the ensuing discussion, tho following definitions 
will be used: 

I'J, = cadmiuni cutoff energy for a l/V detector, 
A„ = non-thonnal portion of the activation of a 

cadmium-covered foil, 
Af = activation that woidd be observed with an ideal 

hlter wiiich changes sharply from black to 
transparent at energy E,, 

An = extrapolation of , 1 / to zero cadmium thickness, 
t = cadmium thickness, 
X = foil thickness. 
Two cadmium correction factors, Fed and F,, will 

now be defined by the following etiuations: 

A,U) = Fedit,x)-A,„it,x), 

Afi(,.r) = FAl.v)-A^it,x). 

(1) 

(2) 

The factor Fed was discussed above. F, is a factor whose 
use does not involve an implicit change in cutoff energy; 
for a \ V deteetor it is identically unity. Ft for gold and 
indium differs from unity because most of the epicad
mium activation occurs near a large low-energy reso
nance where the removal cross section of cadmium is 
appreciable. 

Table IV-ll-I gives measured and calculated values 
of Fed for 2-inil indium, and in Fig. IV-11-1 some cal
culated values of Fed are plotted for a range of indium 
thicknesses. These plotted values are partly empirical, 
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T A B I . K I V - 1 1 - 1 . Fi'ieADMioM A I ' T E N U . A T I O N F . U 
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ill that tdr eacli ('adniiiini thiekncss a noniializiii^ factor 
lias been applied to I'orce agreement with De.Iureu and 
Pascliall's nieasureiiients' for 2-inil indiuni. 

I'ifiure I\'-l 1-2 shows Ft for indiuni. These vahies are 
similarly partl.v empirical, being adjusted somewhat to 
agree witli Dc.Juren and Paschall's measurenionts. 

In Kig. IV-lI-:i are plotted f c i and F, for gold. I'n-
like the indium case, these curves are based entirely on 
calculations from cross section data. Some measure
ments taken with gold to check these curves are re
ported below. 

One quantity that enters into the calculations for 
gold and iiidiiiiii is the value of the eft'ective cross sec
tion of cadniinm at the energy of the resonance. . \ t the 
energy of the gold resonance (4.9 eV), <;„ is 0.2 b, and 
a, is .'i b. If the cadmium-covered foil is irradiated in a 
void, some nl the resonance energy- neutrons headed 
lor the liiil will lie removed by scattering in the cad-
iiiiimi, so that its eftective removal cross section will bo 
greater than the absorption cross section. In making the 
calculations for Kig. IV-ll-:i a value of 1.1) b was arbi
trarily chosen for the C'd cross section. 

II, nil the nther hand, the eadiiiiimi co\-er were to he 
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closely surrounded by a medium such as graphite or 
water, with a - , comparable to, or larger than that of 
cadmiuni, the removal cross section should be the same 
as the cadmiuni absorption cross section. For such a 
case, the appropriate value of F, can be determined 
from I'ig. I\'-II-:l, using 

(/••; - 1 ) = (/••, 1) 
1 barn 

(3) 

where F, is the new value of /•',. Kquation K.\) is actually 
an approximation, sufficiently accurate for the purpose, 
for a more precise but more complicated expression, 
/•'ci can be recalculated from the inforniation that for 
Hxed foil thickness and fixotl cadmiuni thickness, Fed is 
proportional to /-',. 

.ME.\SUKEMEXTS WITH C'.\I>.MirM-C'0VEKEI) (l0L!> FoiL.S 

By iriadiatins foils mounted on an aluminum wheel 
rotated in a cavity in the ATSR siaplii^*" stack, the 
data shown in Fig- ^'-11-4 were obtained. The "cal
culated" curves are ph)ts of 1 Fcd , taken directly from 
Fig. IV-ll-I^. For each o;old thickness the measured 
activations have been normalized to agree with the 

calculated curve in the noi»ihl)orlHMid of 40- .'»() mils of 
cadmium. The agreement between measurement and 
calculation must therefore be judged on the basis of 
slope rather than magnitude. 

The curves do in fact agree within tho experimental 
scatter of the points, and it can easily be ^'eritied that 
this would not be the case for an attempt to match, say, 
the 4.8-mil data to the 1.2-mil calculation. It can also 
be seen that a linear extrapolation to zero cadmium 
thickness cannot in general be made (even with semi
log plotting). 

It was also found that the choice of I b for the removal 
cross section of the cadmium at the energy of the gold 
resonance was a good one, althimgh perhaps not the 
best. However, calculations based on O.'J b and 2 b gave 
decidedly poorer agreement. 

DiSClSSUJN .vNn CoXCH'SIO.NS 

The agreement between calculation and measurement 
(see Table IV-ll-I and Fig. I\ '-ll-4) is good enough to 
give confidence in the calculational method. Both the 
calculations and the measurements on gold foils sup
port Tittle's deductions-* that the correction factor FCA 
for gold and indium is in fact a rather strong function 
of the foil thickness. 1). Trubey, T. Blossor and Ci. 
Estabrook's failure to observe this*"' is not understood. 

It also appears that the interrelationship between 
Fed and tho cadmimii cutoff energy lias l)oen insuf
ficiently appreciated. Fxtrapolation of epicadmium ac-
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the other two thicknesses.) 
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tivation to zero cadmium thiokness, as done for in
stance in Fig. l\'^-ll-4, involves extrapolating the 
cadmium cutoff energy to zero cadmium thickness, and 
the physical meaning of this is not exactly clear. The 
curves for Fed should be most useful for reducing to a 
common basis measurements that wore made with dif
fering thicknesses of cadmium. For this purpose the 
extrapolated value cancels out. 

To correct for remo\'al of epicadmium neutrons by 
the cadmium while preserving a known cutoff energy, 
tho plotted values of f\ can be used, in conjunction 
with the cutoff energies from Table IV-ll-I. 

Finally, it is observed that the values of Fed for gold 
appear to be considerably higher than has previously-
been indicated. 

BEFEUENCES 

1. N. P. Baumann, Resonance Integrals and Self-Shielding 
Factors for Detector Foils, lJP-187 (1963). 

2. 1), H. Martin, Correction Factors for Cd-Covered Foil Meas
urements. Nucleonics 13, \ o . 3, 52-53 (1955). 

3. J. A. DeJuren and M. K. Paschall, Thermal Nentron Trans
mission through Cadmium-Covered Foils, NAA-SR-7770 
(1963). 

4. C. W. Tittle, Slow-Neutron Detection hy Foils-II, Nucleonics 
9. No. 1, 61-67 (1951). 

5. C. H. Westcott, W. H. Walker and T. K. Alexander, Ef
fective Cross Sections and Cadmiuni Ratios for the Neutron 
Spectra of Thermal Reactors, P r o c , 1958 Geneva Confer
ence, 15, Paper No. 202, p. 70, 

6. D. K. Trubey, T. V. Blosser and G. M. Estabrook, Correc
tion Factors for Foil-Activation Measurements of Neutron 
Fluxes in Water and Graphite, ()HNL-2842, 204-21.5 (1959). 

IV-12. Fhe Activation of Gold Foils and Spheres for Non- l so lropic N e u l r o n Incidence 

F. II. HELM 

INTRODUCTIOX 

The self shielding of gold foils and the spatial distri
bution of activation in irradiated gold spheres were 
measured in various experimental geometric configura
tions which produce different conditions of angular 
incidence. A method has been developed to determine 
the angular distribution of the incident flux from these 
measurements. 

T U E O H Y 

Vov an infinitely dilute absorljing sample, the aeti
vation is proportional to the unperturbed flux, ^n. 
In foils of finite thickness, t, the average flux, (̂ , through 
the foil volume is somewhat lower than its unperturbed 
value. The self shielding, G, is defined as the ratio of 
perturbed average flux to the unperturbed flux and, 
in an isotropic neutron field, is given as' 

O = {0,/0.) ^ 1̂  - A\,(/X)]/(/2„), (1) 

whore FJ:i{tZ„) is an exponential integral for which the 
general definition is given by E„(i-) = / " [e''''i',^!j"]dy, 
and 2„ is the microscnpic ahsnrption cross section of 
the foil material. 

In a iion-isotropie neutron field where the angular 
distribution is known, it is convenient to expand the 
angular flux in a cosine scries with coefhcients 0„; 

where p = cos 6 and 6 is the angle between foil normal 

and the neutron direction nf travel. I'̂ acli angular 
distribntioii is characterized hy a set of eoeflicients, 
0,-. 

The cnrrcspoiidiiig expression for the self shielding 
i s ' •-• 

( E « „ l l / ( n + 2) - 7:;„+,02j]) 

( E [«»'i^, (n + 1)1) • ^'^ 

In certain experiments (e.g., exposure to a beam) 
it is more convenient to divide the angular space into 
a iinmher of increments' of width Ip, = p, — n,_,. 
With the proper choice of widths, the flux in each in
crement, 0„ is approximately constant and the self 
shielding is 

a IT. 4.1 - EsOS,, -^i)] 

£:,te.,M,)li]/E<*,(2„^M.. 
(3) 

For a large (relative to l /S.) gold sphere, few neu
trons penetrate as deep as the center of the sphere and 
the activation of eonie sections ean be used as a (|ualita-
five measure of the angular flux iu which the sphere 
was exposed. 

M K . \ S I HKMKNT.S 

Various non-isotropic neutron fields were experi-

aiid .spheres in mentally produi^ed by irradiating foi 
the center of five-sided cubic C'd boxes n 
column of the .luggeriiaiit reactor. Tl 

a thermal 
ipeii side of 
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each box faced the reactor core. Measurements were 
taken in boxes of ditfen-nt sizes and with the box either 
voided or filled with graphite. The foils were oriented 
cither parallel or vertical to the open face. Activation 
measurements were made for a series of foils whose 
thicknesses ranged from 0.0012.") cm to 0.0.5 cm (O..") 
to 20 mil) in each experimental geometric configuration. 
The diHicult problem of extrapolating the measured 
data to infinite dilution' was circumvented by nornial-
izing all measurements to the aetivation per unit mass 
and exposure of a 0.5 mil foil. This thickness of foil 
lias a calculated self shielding in an isotropic flux 
|E(1. (1)] of G = 0.98 and is not very sensitive to noii-
Lsotropic neutron incidence. The use of this type of 
normalization is estimated to introduce less than ^ 9; 
error in the measured self .shielding. The normaliza
tion to unit exposure was made by irradiating a 2-mil 
monitor foil simultaneously with each sample foil, hut 
spatially isolated from the experiment. 

I'oils and spheres were gamma counted with a Xal 
scintillation counter. The foils were placed in an alunii-
iiiim counting jig which provided a counting geometry 
icprodiicible to a few tenths of a per cent. .\ highly 
collimated configuration was used to measure the 
activation of small regions on the surface of the spheres. 
The scintillation counter was placed behind a pinhole 
ill a 7J-cm thick lead shield and the sphere was rotated 
ill front of the pinhole to determine the activation of 
the different regions. 

RESULTS 

I'igilie 1\ 12-1 shows the measured and calculated 
values of the self shielding for different thicknesses of 
foils in graphite-filled cadmium boxes of different 
ilimensions for both parallel and vertical foil orienta
tions. The calculated values were found from K(|. (2). 
The 0„ for each angular component of the flux was 
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ealculated from the scalar flux distribution through 
tho box. The cosine series was limited to n = 4. The 
measured values of the self shielding for foils of differ
ent thicknesses were used in K{is. (2) and (1̂ ) ui order 
to generate systems of linear eciuations which allow the 
dotermination of the <p„ and <!>.. The correspfHiding 
angular distributions are shown as curves b and r of 
Fig. IV-12-2. The angular distribution as determined 
from the scalar flux measurements is shown as curve a. 
However, in order to yield good results, ealeulations of 
this kind re(|tiire self shielding measurements of extreme 
accuracy—better than 0.1*^" .̂ The accuracy of the 
present measurements was about 1 % and the fitting 
procedure was limited to polynomials of the second 
order in cos 6 or step functions with three intervals. 

Results of activation measurements with gold spheres 
in graphite are shown in Fig. IV-12-3. Although the 
results can only bo intorprotod fiualitativoly, they do 
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demonstrate tho deorease in anisotropy with increasing 
box size. 

Similar results were obtained with tho gold spheres 
in the large (20 cm) voided cadmium box (shown in 
Fig. IV-12-4) where the incident flux is almost constant 
through the central 45 degree core and zero at all 
angles larger than 5') degrees. Results of foil measure
ments in this geometry are shown hi Figs. IV-12-r> and 
IV-r2-r). The difference between measured and calcu
lated self shielding (Fig. l\'-12-.')) for parallel foil 
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orientation is somewhat larger than was expected from 
the results in a graphite-filled box (Fig. 1\'-12-1). 
Only part of this discropain-y can bo attributed to 
inaccurate foil positioning. 

Tho angular distribution (big. n'-12-b) was de
termined in the same way in tho case of the .5-cm 
giapliito-hlled cube (Fig. IV-12-2). The agreement 
between measured and calculated angular incidence is 
rather poor for parallel foil orientation, but siirprishigly 
good for vertical orientation. 

It can generally be ooneludod that the self shieldmg 
of foils hi geometric lontigurations such as those 
studied here, can be predi<'ted with an accuracy of 
about 1 7c. However, the reverse process, determining 
the aiigidar distribution from the self shielding, gives 
only (pialitative results. More detailed information 
covild be gained by increasing the accuracy of the self 
shielding measurements. The method of activating 
spheres proved to bo a convenient moans of obtainuig 
(pialitative information about the angular distribution, 
despite tho crude resolution of this tochnic|ue. 
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I V - 1 3 . A S t u d y o f t h e A p p l i c a b i l i t y o f S i m p l e R e a c l o r K i n e t i c s l o t h e I n t e r p r e t a t i o n o f 
R e a e t o r N o i s e E x p e r i m e n t s 

C. E. C'oHx" 

I N T R O D U C T I O N 

T h e resul ts of I 'eactor noise e x p e r i m e n t s a r e fre

quent ly i n t e rp re t ed in t e r m s of t h e s imple one-energy-

group po in t - r eac to r k ine t ics mode l , even t h o u g h t h e 

assumpt ions unde r ly ing t h i s model a r e not val id for 

most reac tors . H o w e v e r , a p rev ious s t udy - h a s shown 

tha t t he pred ic t ions of an e l e m e n t a i y refloeted r eac to r 

model a re ident ical wi th those of t h e s imple model in 

si tuat ions of expe r imen ta l in te res t . In t h i s p a p e r , t h a t 

s tudy is ex t ended t{> o the r <-ases. 

For each ease, we ca lcu la te for each region or g roup 

the source t ransfer funct ion. T h i s is closely re la ted t o 

tho reac t iv i ty t r ans fe r funct ion (since a small r eac t i v i t y 

<-hange can be a p p r o x i m a t e l y cons idered as giving rise 

to a source of neu t rons ) a n d its s ( |uare m o d u l u s carr ies 

the fre()ueiicv d e p e n d e n c e of t h e reae to r noise s p e c t r u m . 

T w o - ( l R o i r P O I N T - R E A C T O H . M O D E L 

The first case is a two-g roup po in t - r eac to r mndcl 

where n e u t r o n s hi e i ther g roup can oauso Hssion, a n d 

fission n e u t r o n s can be produi-od in each g roup . T h o 

criticality condi t ion he re is 

A-,0, + k,(h+ l--J'vi(h = 1, 

w l inc l,\ ami l:-i a r r t h e n i i inhr r of ti.ssidii iiculniii.s 

pfoduccd ill each {j;roup per iKnltroii kist. Q^ and t)-

, s ,Mi - /,-,(; 

a n d 

I j o i -H X , ' c 1 F. 

Here A'l a n d iV. a r e t h e a m p l i t u d e s of t h e s inusoidal 

c o m p o n e n t s wi th fre(iuem'V uj of t he fluxes in g roups 1 

a n d 2, a n d ̂ i a n d S-i a r c t he a m p l i t u d e s of t h e flu<tuat-

ing sources . 

T W O - R E G I O N (X\E- ( i i !Oi r . M O D E L 

T h e second case involves a two-region reae tor , a n d 

differs from t h e ref lected-reactor model of Ref. 2 in 

t h a t fission m a y occur in b o t h regions. T h i s is s imilar 

t o t he coupled- reac to r model eon.sidered by H. . \very .^ 

'I'he cr i t ica l i tv condi t ion is 

(1 />i)(l I:.,] = t,.J;,u 

whe ic //i and /,'. a r e t he n u m b e r of hssion neu t rons 

p i o d u c e d in each i-egion per neu t ron abso rbed , a n d 

/.•,j antl l-n a re probabi l i t i es t h a t a neu t ron lost from 

one i-egion (denoted by t h e fii'st subscr ip t ) will r e appea r 

on t h e o ther . T h e \/v l ifetime is 

f* 
A ( ! - W + h(l - kl) 

kl -I- k. 2k,kr 

Kl 

where It and fj a re t he neutroTi lifetimes in t h e two 

regions. T h e source t ransfer function for re^iiin 1 is then 

+ .ii^'Q -I- .S':f.A-2i 

LV I'l + h - 2A-,A-., / •' J 
(A'l -I- kl - 2A-iA-.,) 

are t he fract ions of fission n e u t r o n s p roduced in each 

group (Ol -i- <^2 = 1) and / ' u is t h e p r o b a b i l i t y t h a t a 

neutron lost from g roup 1 will r e a p p e a r in g roup 2. 

The \/v l ifetime is 

f* = f,(l - k,Q.;) -I- f.,ll - kM, 

where î a n d !•, a r e t h e l ifet imes in g roups 1 a n d 2. T h e 

source t ransfer funct ions a r e 

JVi 
g i / i ( l - hQ'-G + . /M/ ' J -1- •S',^A.,Qir,' 

^ gifzlA-iQ.r; -f /'r.| -I- .s;;(;|i - k^; -\- jujfi] 
b 

will 

1) = [l -\- Jai(f, + t, - <*)]F + Jiot* -f uV, / : , 

while t he fimction for region 2 m a y be ob ta ined merely 

by i n t e r chang ing subscr ip t s . 

T h i s model was t e s t ed on some noise d a t a from t h e 

f a s t - t he rma l coupled cri t ical i-xperiment^ which was 

d o n e on Z P H - I I I . Th i s s ame d a t a h a d also been t e s t ed 

wi th t h e ref iected-reactor model of Ref. 2, a n d t h e 

resul ts of t h e t w o were c o m p a r e d . T h e two-region 

model gives (* = 14.82 usee. T h i s is t o be c o m p a r e d 

wi th va lues of 12.7 /usee ob t a ined from a l/ 'r calcula

t ion , 12.8 Msec from a uni form poisoning e x p e r i m e n t , 

a n d 12.74 usee ca lcu la ted using t he ref lected-reactor 

model . 

I 'igtire I \ ' - 1 3 - l shows a p lo t of t h e noise d a t a , t o 

ge the r w i t h t h e s( |uarc m o d u l u s of t h e ca lcu la t ed 

t rans fe r funct ion . T h e t ransfer funct ion ea lcu la ted from 

t h e ref leetcd-reactor model is also p l o t t e d on t h e figure. 
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Fu:. I\'-13-1. Noise S[jcctruni ft,r ZPIMIl Cuuplcd Critical 
Experiment. 

It is apparent that the two calculated transfer fum-
tions are very similar, and each is a reasonable fit to 
the data. However, since tho reflooted-reaetor model 
seems to give a better accounting of the prompt life
time, it appears to be better suited to describe this 
systein. (A comparison between the simple modi'l and 

FREQUENCY, CpS 

FIG. IV-13-2. Noise Spectrum in UFTR. 

plying regions except for that afforded by the finite 
neutron lifetime in the intermediate region. 

Hero, the criticalitv condition is 

r 
the reflected-reactor mode 
in lief. 2.) 

(I - /,•,)( 1 - I.-2) - /••.../.V.d - l.-i) + /.•,;./.-3i(l - A-.), 

and the 1 c lib'timo is 

(ia-2 + A-..A-.:, - 1) + r2(ki + A-3iA-i3 - 1) + f.d - A-i) (1 - A-,) 

TUKEE-KE<;IO\ < ) x E - ( i l t o r P M u K K L 

jn ot the one abo\-e, in 
g region is interpctsed 

The third i-asc is u vai'iati 
which a third nonmultiplyii 
between the two multiplying regions. Xeutrous may 
pass between the third region and either of tho two 
multiplying regions in oithei' direction, but neutrons 
may not pass between the multiplying regions directly. 
This model is applicable to the two-slab loading of an 
Argonaut type reactor. Such a configuration has in tho 
past been described^''''^ ** by a two-region model in 
which the effect of the intermediate region was repre
sented by a time delay in the passage of neutrons be
tween the two multiplying regions. When calculating 
a l/v lifetime using this model, tho intermediate region 
would give no contribution. This is not physically 
reasonable since the intermediate region would cer
tainly be affected by a uniform poisoning. Therefore, 
the model presented hero \\as developed in order to 
explore the significance of the I'V lifetime. Note that 
this model provides no lime delay between the niulti-

A,(A--, + A>,A-,;, - 1) + k.Jk, + A-,iA-,:, - 1) 

ystem was shown Most .\rgonant reactor ooniigvu'ations which have 
boon studied are symmetrical, i.e., tho two multiply
ing regions are identical. In sui-li eases the formulas 
can bo somewhat simplified. Here 

A-2 - Al, t.---, = t-u, I.Ti = A.i, a n d (•. = A-

The above otpiations then become 

1 - k; = 2A-,:,A-.i, 

.* ^ (i ,(Ul - A-i) 
A-i "^ A-. ' 

and the source transfer functions in regions 1 and 3 are 

^Vi / / ( l + joj(,) -^S,fd.:nkn + S-AhJI 
^ 1 

N,: 
(Si-\-Sd(zkiM + S,(,H' 

D 

II = ] ^ A,r; + jud„ 

D = A - ( l /M [(• 
,/u.|2fiAi -t- 2f;,A'i(Ai I ) 

a n d 

iVifjAi + 2Ai'l I 

A-,{1 - kl) 

-F u,=irr-1- 2fi(,ii - A-,)i + jj({(,. 

file:///rgonant
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Fl(i. IV-13-3. Cross-Power Spectrum 
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Between Fueled 

The transfer function for region 2 may be obtained 
from that for region 1 by interchanging subscripts 1 
and 2. 

This model follows the general pattern of l)eliavior 
of the previous two cases. However, if A'l or A'> become 
<-lose to unity, the denominators of the transfer func
tions as well as the numerators will deviate from tiie 
simple model at fret|ueiicies small compared to tho 
reciprocals of the lifetimes. 

The model was tested on some results obtained by 
A. Boynton** at the University of Florida Training 
Reactor (UFTR).* 

The aforementioned data comprises power and cross-
power spectra of the neutron level fluctuations in the 
two multiplying regions resulting from a white-noise 
reactivity signal in one of them. Figure IV-13-2 shows 
the power spectrum of the fluctuations in the excited 
region, while Fig. IV-Ui-ii shows ealculated and meas-

* Tlic (lal;i designated ;i.s "Run C C " were used here. 

urod values for the phase of the <-ross-power spectrum. 
The slight difference between the calculated ctn've for 
the one-region and three-region models in Fig. IV-i:i-2 
shows that a slight systematic error is made when the 
one-region model is used to determine (* from a trans
fer function measurement. The agreement between 
observation and theory in Figs. IV-13-2 and n^-13-3 
is considered adequate in view of the arbitrary natun-
of tho parameters used in deriving the theoretical 
results. 
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IV-14. Eri-oris in Noise M c a s u i e i n e n t s Duo lo ihe Kinile Aiiiplilutle Kange of ihe 
Measuring Ins l run ien l ' 

C. E. COHN 

One of the features of Gaussian random noi>e is tho 
nonzero probability of observing amplitudes which 
exceed any finite bound. However, no measuring in
strument can handle an infinite amplitude, but all 
instruments have a finite amplitude range beyond 
which they do not respond. Since tbe portion,-; of the 

noise having am|)litudes above this range are lost, 
all measurements of average amplitude are too low. 

The data presented in this paper are intended to 
assist in correcting experimental results for clip
ping errors. Detection of noise in the presence of 
saturation has been considered previously.- but results 
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F I G . IV-14 -1 , Correction Factnrs for the biiicar Detector. 

h a v e not been p r o o n t c d m ;i loiin convenient tor the 

present pui'pose. T h e troatii iont here assumes tha t tho 

i n s t r u m e n t behaves ideal ly for all amp l i t udes below a 

s a t u r a t i o n level and t h a t tho ou tpu t r emains ;it thi> 

level for all g r ea t e r ampl i tudes . 

F o u r cases a r e con.sidorcd lici'e. T w o of these involve 

Gaus.sian noise with a l inear rectifier and a .-^(luare-law 

detec tor , while t he othei ' two assume the Ray le igh *\\^-

t r ibu t ion with tho sanu ' (letoctor type.-'. T h e l a t t e r two 

cases a]>ply to envolo])e detect ion of n;n row-1 )an<.l 

noise where the cli])ping c lement follow> the detec tor . 

N o t e t h a t th is t r e a t m e n t a s sumes tha t the fretpiency 

response of t he i n s t r u m e n t is flat be tween the c l ipping 

element and the detec tor . Gases where thi> dtn's not 

hold would I'ofiuiro a much inor<' coin| i l icatcd t i e a t -

inent . - •' 

C a s e 1. L inea r Rectifier, Gauss i an D i s t r i bu t i on 

T h e correct ion factors for th is case a re shown in 

F ig . I V - 1 4 - 1 . Tiie abscissa is the ra t io of the ob 

served a\ 'crago a m p l i t u d e to tho s a t u r a t i o n le\'el. T h e 

o rd ina t e is the correct ion factor by which t he oli-

served ave rage ain])l i tude i> to bo mul t ip l ied . 

Case 2. S( iuare-La\v De tec to r , G a u s s i a n D i s t r i b u t i o n 

T h e corre la t ion factors for th is case a re shown in 

Fig. IV-14-2 . T h o absci^.-^a is the ra t io of the observed 
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(. I \ ' 14 J ( . . r r c r i i nn i i i i t n r s for the Square-Law De-

:i\"i'r;i;i(' sijiKirc ji i i iplitudc to tho o u t p u t s a t u r a t i o n li'vcl. 

aiiil tlu' on l i i i a t r i> tlu' coiTcrt ion factor . 

Cat^c 3. Lineal- Dotoc tor , R a y l e i g h Dis t r i l iu t ion 

T I K ' cori'L'ftion fartoi> for this case a r e also sliown 

ill Fij;. n ' - I 4 - l 

CaM' 4. S i iua i f -Law Di ' tcctoi ' , Kaylc igh Dis t r ibu t ion 

T h e c(in'ccfinii factor^ foi' th is case a re also shown in 

Viii. I \ - U - 2 . 

These ca lcu la t ions show tha t ^at^lratioll effects 

are significant even for s a t u r a t i o n levels severa l t imes 

the a v e r a g e anipl i tur le . .\Uo. it is eas i ly seen t h a t the 

l inear de tec to r is less aft'eeted hy th i s e r ro r t h a n is 

the s q u a r e - l a w de tee tor . 
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There are three classes of instrument development 
currently receiving attention: (1) equipment associ
ated with a high precision coincidence counting facil
ity; I2l improvements in background, noise, and 
resolution response of existing detectors; and (3l sjie-
I'ial monitors for reactor-oriented experiments. 

The coincidence counting facility'-^ provides the 
ra|>ahility of accurate counting of a variety of radio
isotopes, chiefly by beta-gamma coincidence (Figs. I \ ' -
1.5-1, IV-1.5-2, and IV-I.5-31 with in- liquid scintillation 
detection. Mn-56 can be detecteil with about 40^7 
efficiency hy Clierenkov radiation. By substituting a 
rcces.̂ eil plastic scintillator for the lif|tiid, a .5-iiiil 
manganese foil has been monitored with 73 ' ; effective
ness. .\bout 98^^ of all decttys from Mn''"S04 may be 
registered when small ali<|Uots are tlissoh'ed in a 
watei'-alcoliol-dioxane scintillating mixture. The beta 
channel, which has a total background rate of less 
ilian 1 count/see, is operated at room temperature with 
a lOU-nsec gate time. .\ tunnel diode discriminator 
iires ilirectly without any additional aniiilification on 
iiiiiiiir [iillses. Phototubes were selected for high gain 
mill low noisi'. 

.\n interesting extension has been found in the direct 
counting of rather large samjiles I about 7 gl of Na-23 
as XaN( l̂  in H^O by Clierenkov light in beta-ganima 
coincidence. The Na-23(ii .ganmial reaction is a useful 
iiieasiiie iii neutrons existing in a fast sjiectrum reaetor 
at iilioiit 3 keV. In this ease because of flux, cross 
section, material perturbations, and background con
siderations, other methods of assay would be marginal. 

Resolution and counting efficiency obtainable in a 
given spectrometer is often limited by noise and baek-
grntiiiii, as well as by inherent instabilities of the de
tector tiiiil electronic chain, aside from the statistics 
associated with each iiulse. In the ease of the "Horn-
yak button",'' for cxamiile, a circuit has been develo|)ed 
which removed noise and gamma background jiulses 
while passing characteristic Zn8(.\gl scintillations 
uitli risetimes of about 2.5 nsee^ (See pajier No. IV-
231. Investigations extended into various transjiarent 
media associated with scintillation detectors reveal 
that much can be done to eliminate the effect of extra
neous jHilses. There are many interactions from back
ground radiation which result in scintillation or Cher-
enkov light, derived from light Jiijies, the jiliotottibe 
face, and other clear matrials. Three events lead to 
very narrow fast decaying jiulses, akin to noise inilse 
sliii|ie^. which are readily distinguishable from acti-

\'ated scintillator decays. In addition, there is a wide 
range of efficiency of light outjiut. Paraffin, an ejioxy 
sample, and polyethylene demonstrated rather large 
peak amplitudes, while glass, quartz, and lucite ex
hibited somewhat smaller coiu'ersion efficiencies. These 
results w-ere obtained with a 70-keV electron beam. It 
was also found that the range of decay times varied 
widely fiiiiii ejioxy (2..'i usee! to jiaraffin (24 nsecl. 
. \ t the same time Z.'i nsec risetimes were observed in 
ZnStAgI when small integrating time constants were 
used. .\n attemjit was made to use various filters to 
ojitimize the ratio of light obtained from ZnS(Ag) 
^•ersus other transjiarent media, but no enhancement 
resulted. 

Exjieriments tindeitaken in the \'ieinity of nuclear 
reactors, jiartieularly those involving beams extracted 
from the core, recjuire sjiecial attention to tietails of 
background re,jection, stability, and resjmnse. Xot 
only is the above-mentioned Hornyak button work re
lated to this jtrobleni an-a. iiiii other develojiments in 
the use of fission chambers and attendant coincidence 
circuitry are ajijilicable. Construction of thinly coated 
ionization fission fragment counters with fast risetimes 
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has been achieved. Pulsu rate:? of 2.i.()00 counts ;;cc 
were coimted at efficiencies ap]M'oaching 100% when 
combined with fast amjilifiert', discriminators, and 
scalers. By using a neutron-fission coincidence, the 
fission rates could be evaluated to a high precision. A 
fast system for counting Cf-2r)2 sjiontaneous fission 
has also been prepared. 

The recent availability of a fast feedl)aek-stabilized 
current amplifier^ has opened the domain of ioniza
tion counters operating with fast rise and collection 
times. Some fission fragment ionization counters, de
signed for fast electron collection, have been operated 
with computed RC risetimes of 100 pscc. Xatural 
pulse widths are 10-20 nsec. Signal amplituik's are 

enough above nui>e to permit operation on a plateau in 
integral bias. Xn pro- or post-amj^lification is required 
to bring the lowest energy fragments from Cf-252 
into the 100-mV range of the tunnel diode discrimi
nator used in testing. By impedance matching at the 
amplifu'r input, very long lengths of coaxial cable 
may ho intoi|)osed between the detector and the 
amiilifier, suffering only the characteristic fre(|uency-
deijondent attenuation of the cal)lo. 

A typical jnilse profile obtained is presented in Fig. 
IV-15-4. Observe that the pulse width is a little over 
20 nsec and the risetime around 3 nsec. The width is 
consistent with a drift velocity for electrons approach
ing 10' cm sec. Since, at present, the amplifier limits 
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uiiper freqnency response, iiiiich lar;;er cuimter capac
ities may he tolerated while still iiiaintaiiiiii^ fast rise-
times. 

Figure IV-15-.5 ileiiionstratei- the ehect of inserting 
a 39 n series resistor to olitain an input iiiipeilance of 
50 n anil then coupling the counter to the amplifier 
with almost 40 ft of RO/SO cahle. Since this coaxial 
cable does not have especially good transmission band
width, .some degr.adation of ri.«etiinc is noticeable. 

.\n examination of a boron-lined gas-filled cylindri
cal counter with 1-niil anode wire, operating in the 
proportional region, disclosed similar sharjily rising 
current pulses of short duration. IIo\ve\-er, in •̂iew of 

the time lag involved between the initiation of the 
nuclear ionization track and the commencement of 
tlie mnlti|ilication process in the proximity of the 
central wire, one must be cautions in fast timing ap
plications. 

These investigations demonstrate that a rather .sim
ple detection system can |rrovide extensive benefits 
when o|icrating in the vicinity of high radiation 
sources, when very rapid time references are retjuired. 
and when high counting rates must be handled. Only a 
low voltage ionization counter and a coaxial cable, 
items rather immune to radiation damage, need be 
inserted into a nuclear reactor vessel or in the proxim
ity of an accelerator beam. The single active electronic 
amplifier may be at some distance, readily accessible 
for maintenance. Since this current amplifier has a 
large ac and dc feedback ratio (about 20 dBl, rela
tively stable operation may be expected. The high 
count rate capabilities follow from the natural pulse 
widths whicli may, within the available parameters, 
he ad,iusteil for small deadtinies. 
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IV-16. .Viilomatod Data Acqiiii-itioii and Processing wi lh An On-Line Computer 

.1. V. WiiAi.Kx, .1. \V. . \II- :AII(IWS, A. B . S M I T H and W I'. . M I L L E R * 

The staff of the .Applied Nuclear Phy^ic^ .-ectiiin was 
among the first to realize the jiotential of and tn ap]ily 
the small digital coniimter to data actiuisitinii in the 
nuclear laboratory. Several years of experience !ia\'e 
clearly shown that such devices ean, when propel ly ap
plied, greatly improve the experimental jiroducti^'ity. 
This has been true in the diverse range of experimental 
activities that are encountered in the nuclear data 
studies that characterize this grouji's activities. In ad
dition to the on-line data acquisition and proces.'iing, a 
degree of fully automated operation has been achieved. 
This operation is in the sense of industrial jirocess 

Applied Matliemalii'S llivision. 

control and include;, the u.-c of the coniiniting systems 
to aeijuire. process, and interpret the incoming ex
perimental information; to execute the executive de
cisions made, as ]irograiiiined, by the computer; and to 
control the nuclear accelerator by the computer. Thus 
the laboratory ojierations are a closed loop. The .justi
fication for this automation is twofold: improved qual-
ity of information and aiipreciahle economy resulting 
from improved utilization of manpower and equip
ment. The success of the coiii]iuter control concept has 
been such as to urgently warrant it* extension to as 
much of the ex]ierinieiital jirogram as possible. 

The principles underlying the above computer utili
zation and the detailed technical design have been dc-
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scriiied in a number of professional jomnals and con
ferences. Kepre.sontative exaniplos include the fol
lowing: 

On-Line Operation oj a Digital Computer in Xuclear 
Physics Expennients^ 

The instrumentation necessary for coupling a com
mercial digital computer to several nuclear physics ex
periments in an "on-line" operation has been designed 
and constructed. Multiparameter experiments utilizing 
the "on-line" operation include fission fragment mass 
ratio measurements, neutron time-of-flight measure
ments and the measurement of prompt P for fissionable 
materials. 

Extensive Experience with an On-Line Computer in 
a Nuclear Laboratory-

A multiparameter system for the storage and anal
ysis of data in a low energy nuclear laboratory was 
constructed. Digital arithmetic functions, storage, and 
control are exercised hy a CDC-160A computer. The 
logic and the design of this apparatus (ineluding inimt-
outjnit devices) is described. Examjiles of on-line fis
sion and fast neutron experiments taken from eighteen 
months of successful operation are given. 

A Computer Controlled Display Sysfent for Nuclear 
Expenments^ 

The basic characteristics and rociuiromonts for a 
nuclear display system are presented covering the 
topics of versatility, storage requirements, and the 
projier balance between fixed wired controls and com-
jniter [programmed controls. An existing computer-
controlled displayed system is described showing 
modes of display and calibration techniques. A new-
display system being designed is also discussed. This 
system incorporates a small buffer magnetic drum 
memory for display data storage which can be used 
as an auxiliary memory for the computer since it has 

random access for both the read and write modes. A 
method of identifying for tiie computer particular 
data points or areas of interest is also available. 

On-Luie Data Acquisition and Feedback to Accel
erator Control—.-1 Statii.s Report* 

The principles underlying the utilization of an on
line computer system for data acquisition, processing, 
and analysis, and for accelerator control in a nuclear 
data laboratory are delineated. The system components 
and their correlation including nucleonic apparatus, 
the digital computer, and the nuclear accelerator 
(pulsed Van de Graaff) are described. Particular at
tention is given to the relation of the digital system 
to the analog operation of the accelerator. Experience 
with the data acquisition and processing portions of 
the system, and, to a lesser extent, with the accelerator 
control is described. Specific examples dealing with: a I 
fast neutron time-of-flight, and bl total neutron cross 
sections using pulsed and steady beams are given. 
Final remarks deal with the sinmltaneous utilization of 
the digital system from two geographically isolated ac
celerator laboratories and with tho digitalization of 
the basic accelerator operation. 
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IV-17. Deve lopment of Solid Sta le Fission Counlers 

c . w . :\L\iN 

During the past year a series of snuill solid state 
fission counters have been developed for use in the 
ZPR-VI and ZPR-IX reactors. Their development was 
due to the desire for an absolute fission counter which 
was small enough that it would cause no significant 

seemed well suited for this job because its size and 
shape could be varied to adapt to almost any desired 
geometry. Other characteristics of these counters, 
such as charge collection times of the order of a 
few nsec and a much larger output pulse for a given 

perturbation of reactor flux. A solid state counter incident particle energy than ccmvcntional gas-type 
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counters, were also desirtible features. In addition, this 
type of fission counter was mechanically simjilc to con
struct, and it was expected to he trouble-free in use. A 
major shortcoming of this type of counter is its suscep
tibility to radiation damage. The first signs of radiation 

damage to the silicon detector is a broadening of the 
energy-distribution curve for the particles. When the 
detectors are new, there is a large separation between 
the activity from the alphas and the fission fragments. 
As long as it is possible to discriminate between the 

COUNTER BODY 

2 mi, O . D . X 17 mm LONG 

MICRODOT TYPE S-93 

S IL ICON DIODE 

DISC COATED WITH FISSIONABLE MATERIAL 

"^ WASHER 

SCREW ON CAP 

Fiii. IV 17 f. Si.lid State Fissimi Ueteclur A. 

MICRODOT TYPE 6 2 - 0 3 CONNECTOR 

COUNTER BODY 

12 mm O . D . , 3 mm LONG 

S I L I C O N DIODE 

- D I S C COATED WITH F ISS IONABLE MATERIAL 

I'll;. IV.17.'2. S.iliil State Fission llctcrtnr B. 
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aljihas and the fission fragments, the detector is usable 
for our purposes, e\-en though the resolution is quite 
poor. 

Surface-barrier type silicon detectors were used in 
the construction of all the counters. This type of 
detector is relatively simple to constract and is some
what cheaper than the tliffused junction type. The 
surface-barrier type is adaquate for this application 
since high resolution is not required. 

Early models of silicon detectors were made at ANL 
and the counters made from these detectors performed 
well. The first units were cylinders 11.5 mm in diam
eter and 2.5 mm long, (see Fig, IV-lT-l), The sensi
tive area was approx 75 ram-, although this varied 
somewhat for various counters, A thin stainless steel 
di.sc on which was deposited a thin layer (<1.50 pg/ 
cm-j of uranium or other fissionable material was 
placed against the sensitive area. The sandwich was 
then sealed into a thin-walled aluminum case 12 mm 
in diameter anil 3 mm long, wdiich had a cable con
nector built into one end. The detectors built in this 
fashion operated well and no problems were en
countered in their use. 

A second set of counters was made (see Fig. W-
17-2) using commercially available silicon detectors. 
These counters were designed so that only the detector 
was sealed inside the case, wdiile the disc containing the 
fissionable material was held in place by a screw-on 

cap. This permitted removal of the disc when the 
counter was not in use, thus pre\-enting radiation dam
age to the detector from some of the highly radioactive 
isotopes wdiich were used. In addition, this approach 
reduced the number of detectors which were re
quired. The modified counters were also 12 mm in di
ameter, but were about 70 mm long due to the use of 
a different type of cahle connector. 

The discs containing the fi.-^sionable material were 
all made in the same manner. The material was elec
troplated onto an area of the disc, the area being some
what .smaller than the sensitive area of the detector. 
-After plating, the disc was aljiha counted to deter
mine the amount of material deposited. If the activity 
was very high, the residual jilating solution was 
counted. Plating effieieneies were normally of the order 
of 95^^-98%. Nine different isotopes were used in the 
counters, (U-233, U-234, U-235, U-236, U-238, Np-237, 
Pu-239, Pu-240, and Aiii-2411, and the same plating 
procedure was used for each isotojie. 

These counters have been used exten>i\'ely in the 
ZPR-VI and ZPR-IX facilities for making fission ratio 
measurements. The results obtained are consistent with 
those from radiochemical measurements as well as 
with the larger gas flow counters. There has been no in
dication of significant amounts of radiation damage to 
the silicon detectors to the present time. 

IV-18. Preparation of Source and Source Mount for Bfta Count ing on a Xir Proportional 
Counter 

I). AI, SMITH 

Assuming that the electronics of a in proiioitiiinal 
counter are in good order, the main difficulty en
countered in 47r beta counting is causd by absorption. 
.Absorption in the source mount is small for all but the 
softest beta emitters, '- if thin source mounts arc used. 
Self-ahsorjition is the principal uncertainty in iir 
counting. For accurate determination of the activity of 
a beta emitter it is desirable to minimize absorjition. 
A method for jireparation of extremely thin samples 
and supports, to minimize absorption and thus im
prove the accuracy of in counting, is described here. 

The iiT proportional counter in use is spherical, with 
an inside diameter of 7.2 cm. A central plane is oc
cupied by the sample holder, which is a disc ot 7.2-
cin diameter with a 3.8-cm hole in the middle. Across 
the hole is stretched a thin membrane rendered con

ductive by a thin coating of gold, in the center of 
which the sample to be counted is deposited. 

To minimize source mount absorption the thinnest 
films possible must be used. .\Iuminum foil has been 
used but it is very brittle at low sujierficial densities 
and also it is not very resistant to acids which may be 
liresent in the sample. Synthetic resins have been used 
for films, the best appearing to be a polyvinyl-chloride-
acetate cojiolymer, VYNS, described by B. Pate and 
L. Yaffe.'̂  Such films with superficial densities as low 
or lower than one microgram per square centimeter 
can be made, although films of superficial density of 
5-10 ;ug/cm- exhibit less fragility. These films exhibit 
excellent tensile strength and excellent chemical re
sistance to acids and alkalies in all concentrations. 

\ 'YNS is a finely ground, white iiower. The most 

http://di.sc
file:///Iuminum
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con\-enient solvent has hccn lound to hr rvclohfXMUonc. 
re(]uiring about two volumes of solvent to one volume 
of resin for complete dissolution. The first addition of 
solvent to the resin produces a gel, which dissolves in 
several days with the further addition of solvent. This 
saturated solution forms a convenient stock solution 
which may be diluted hefore use with MIKIUI two parts 
solvent to one j)art stock solution to give a woi'kable 
solution. The correct consistency of the solution is im
portant for good films aud can be determined hy the 
trial and error method of m;tking films. Roughly, the 
consistency is siiuilai' to that of a thin oil. 

To make the film, a drop of the solution is allowed 
to flow onto the surface of a pan of distille<l water hy 
placing the drop of solution on tlie side of the jKin 
just above the level of the water. The soluti(m will 
flow out over the surface of the water and form a film 
large enough for several 47r iilates. The films can he 
placed on aluminum discs hy gently dropping the 
discs onto the surfaci' (if the tihti while it is in the 
water and then by cai'ffiilly sliding the discs from the 
water. With good t('chni<]ue, several dozen 47r plates 
per hour can be obtained hy this method. The super
ficial densities of the films can be estimated by the re
fraction colors, whicli are listeil in Table IV-18-I.'' 

I t has been obser\'i'd that after se\"cral films have 
been made in a fresh pan of water, the films tenfl to 
i)ecome thicker. Ajiparently, this is caused by the water 
becoming contaminated by solvent. This can be pre
vented hy frequently changing the water or by "clean
ing" the surface of the water by drawing a paper towel 
across the surface. 

To render the film.-- conductive, the <li>rs with their 
adhering films are |)laced in a \'acuum plating unit 
where gold is distilled onto both sides of the films. Tn 
general, the slower the evaporation rate, the more uni
form the film. The ])rogress of distillation of the gold 
may he followed visually by observing the cohir of the 
film hy reflected light. If the VYNS him is initially 

TABLK IV-18-r Sii'KHn.iAi, DENSITY OK \ 'SN'S FILMS 

Density of I''ilm, 
p'r,/cm^ 

1 
5 

10 
20 
2.5 

Color 

Dark gray 
Light grii.v 
White 
Light yellow 
Vi-llnw lirown 

Density of l-'ilm, 
Mg/em^ 

30 
35 
40 
45 

Color 

Purple 
Blue 
Yellow 
Ked 

iiiifoloivd (about 10 /xg.cm-l, the color intensity will 
change to a faint ])uri)le at ^\ /ig/cm- of gold. The dis
tillation rate of the gold may also be followed by meas
uring the resistance across an insulator placed in the 
vacuum plating unit near the films being coated. A re
sistance of 10 Mn indicates about 10 /ig/cm- of gold. 
Five to ten p%/cn\- of gold on each side of the ])lates is 
sufficient for counting. 

In minimizing self-absorption in the source itself, 
sami)le de]iosits nmst be kept to the bare minimum. 
Specific activities of the samples must be high enough 
so that deposits of solids are no greater than 5 /ig, 
pi'eferably le>s (about 2 //gl for low-energy beta 
emitters. 

Till' u.sual method of depositing an alifiuot of a dis
solved active sam])le onto a 4Tr plate and evaporating 
it has been found to be inappropriate for low-energy 
emitters. Relatively large, nonuniform cr^-stals are 
formed and as a result, efficiencies are low and incon
sistent. 

If the alitiuot is delivered into a small amount of 
silica sol on a source mount and then evai>orated, the 
efficiencies are found to be higher and much more con
sistent.^ l'])on evaporation, the individual silica parti
cles seem to act as crystallizing agents with the re
sult that many relatively small crystals are formed in
stead of a few large crystals. 

The silica sol is a 1 :10' aqueous dilution of a colloi
dal .silica solution known as Lutlox SAl ( DuPontl. Ten 
to twenty p\ of the diluted solution is optimum for 
mo.st hsotopes and adds only about 0.2 to 0.4 ûg of re
sidual .silica to the sample. 

A rt'^i insulin solution used as a wetting agent im
proves the uniformity of the samples, but the resultant 
hea\y addition of solids partially offsets the beneficial 
|)r•ope^tie^ of t he in.-ulin. 
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IV-19. 47r Recoil Counter N e u l r o n Speetronielers 

E. F. BENNETT 
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INTRODICTIOX 

A proportional counter will multiply ionization 
created by fast charged particles. This multiplication 
occurs in an avalanche of electrons initiated when elec
trons from the primary ionization have drifted close 
to the anode wire under the influence of the applied 
field. The multiplication process is almost noiseless 
and this fact, together with the j>ossibility of including 
radiation sources homogeneously throughout the gas 
volume, explains the continued interest in these de
vices. Solid state detectors, by contrast, do not ap
parently possess a usable linear avalanche mechanism 
so that ionization equivalent to 10-20 keV or less is 
not seen above system noise. 

Neutrons are detected by interacting with nuclei. 
For one reason or another the resolution of practical 
cxoergic reaction counters will not usually be less than 
about 100 keV Full Width-Half Maxinnuu (FWHMl. 
Add to this the hyper.sensitivity (as 1 'y/E\ of ex-
oergic charged particle reactions to slow neutrons and 
one finds that the resulting ionization s|)ectrum does 
not lend itself at all well to |)roviding neutnm sjjectral 
infornuition below about 100 keV, 

Instead of an exogergie reaction, one may study 
proton recoils from hydrogen included in the counter 
filling gas. A problem arises immediately, however, 
for no longer are ]iulses large as compared to gamma-
ray-induced background. Oaimna events are found 
over almost all of the ionization sjiectrum where in
terpretation in terms of neutron sjieetrum is easiest but 
this jiroblem may be surmounted by pulse shajic dis
crimination against the gamma-induced events.' -

The 47r recoil jiroportional counter with shajie dis
crimination against gamma background lends itself 
best to measurements below about 1 MeV. The low 
energy response cannot be extended indefinitely, how
ever, since a proton having energy less than the ioniza
tion Jiotential of the gas in which it stops (about 15 
cVl will create no ion jiair and hence will be unde
tected, let alone measured (a single ion pair is sufficient 
to detect an event but a large number are needed to 
define the energy in a statistically meaningful way). 
A quantity \V{E) represents the average energy loss 
for fast protons in the gas, jier ion pair. Without knowl
edge of the way IF varies with energy, no way exists 
to relate measured ionization to proton energy. IF is 
known for some gases aliove 10 keV or so, but ade
quate data below this energy are lacking. 

Another jiroblein encomiteivd is in detector calibra
tion over the range of its use. Projiortional counters 
are not absolute ionization detectors; they nmst be 
calibrated relative to a source of known energy and 
ionization. Once this has been done, the counter will 
produce jmlses jiroportional to ionization over a range 
of ionizations generally adequate for spectroscopy. A 
diflficulty arises if it is necessary to change to another 
range. The best thing would be to have a suitable stand
ard for each multiplication range, but this may be 
difficult and so an accurate means of predicting 
changes in gas multiplication with counter \"oitage is 
requireil. 

Also there is the problem of sjiace-charge saturation. 
If one tries to get big jiulses. far from noise, by run
ning UJ) the gas multijilication, it could happen that 
the avalanche saturates, making the induced jmlse less 
than it should be. This kind of nonlinear efTect would 
introduce systematic errors which, at all costs, are to 
be avoided. 

Even with clean, undistorted jiroton recoil sjieetra, 
one is left with a rather jteculiar distribution comjnircd 
with the more coumion .structural variations with en
ergy. Because of the systematics of n-p scattering, a 
complicated neutron sjiectrum will lead to a recoil pro
ton sjiectrum increasing monotonically as energy de-
crea.ses. The recoil-jiroton spectrum, DIE), is a con
volution over the neutron sjiectrum, <^l£'), and the 
u-p scattering cross section, (r(A'l. according to the 
well-known result 

r I / dE' 
D(E) ^ d>U-: )aH) ) - ^ . (I I 

denial- demonstration of neution i-|ieetiuin is lo>t and 
one must resort to the derivative of tlie poi'ton distri
liution to extract a neutron s|ieetiuin. This appears a 
worse state of affairs than it aetiially is, however. Even 
a modest computer will pio\ide straight line fits to 
input data and the precision with which details of 
n-p scattering are known eliminates any significant 
error, other than a statistical one, from the analysis. 

.\ny discussion of detector resolution or cfiieiency 
must consider details of the iliflerentiation as well as 
the intrinsic resolving power.-' It is by no means true, 
however, that the jieculiar difterentiation requirement 
will invariably be the one -nhicli limits resolution. It is 
not difiicult to think of situations in which a 4ir recoil 
counter, by virture of its high rate of detection, pro-
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duel's spectra having resolution and statistical ac
curacy superior to telescopic ariangeiiients which se
lect only forward scatters. 

In any case, these is no possibility of any kind of 
collimation at low energies because the range of pro
tons is too short. I t is not possible to decrease indefi
nitely the gas pressure because a mininiuni amount of 
gas is always required to quench the multiplication 
process. 

These then are some of the problems to be faced in 
using the in recoil counter. Needless to say, most have 
been considered jireviously but low level work has been 
done principally w-ith noble gases for beta measure
ments rather than w-ith hydrogen for proton recoils. 
There is a large difference, for example, betw-een W for 
an electron in a noble gas and a proton of the same 
energy in hydrogen. 

To study a few of these problems, measurements 
were made on the characteristic 1/E neutron slowing 
down spectrum, a spectrum which can be reasonably 
anticijiated under some rather general conditions. For 
an infinite moderator, say graphite or heavy water 
(or mixtures of these I, and for neutron energies below 
100 keV where the scattering cross section is unchang
ing and isotropic, the neutron spectrum from a uni
formly tlistributed source (of energy in excess of 100 
keV) will assume a 1/E spectral shape. This quite gen
eral result also holds well for finite media and for 
])oint sources w-here source energies are again in ex
cess of 100 keV and source and detector are well sepa
rated. For the results presented here a graphite-D^O 
block (1.5 X 1.5 X 1.5 m) was used in two different w-ays 
in conjunction w-ith a plutonium-beryllium neutron 
source of 1 X 10" neutrons see. The source could be 
immersed in the D^O providing w-ell-thermalized neu
trons for counter calibration -̂ia the N'^(/i,/?)C'^ re
action with nitrogen included in the filling gas. The 
source could then be placed in the graphite stack to 
get a suitably intense 1/E flux. Source and detector 
were separated by about 25 em. 

Studying a 1/E spectrum is adiiiittedly not very 
interesting, except insofar as it re\-eiils information 
concerning the counter, A 1/E .-pei-tiuiii turns out to 
be rather w-ell suited for this purpose, how-ever, and 
results obtained are sufficient to permit studies in 
other more interesting cases. 

The counter configuration i-niisiileieil here i> the 
simplest possible, consisting iit a fine wire anode 
(0.0254-mm diameter) at high poli-iitiiil iiii the axis of 
a grounded cylindrical cathoile. The lielil near the ends 
of the counter is defined by Inpiideniiii- needles ex
tending into the body a distance of a counter diameter 
from the end seals. Both counter body and anode w-ire 
ean he iiiaile of stainless steel and sn no siirings, etc.. 

are needed to maintain wire tension under differential 
temperature expansion of wire and body. Results re
jiorted here were taken with a counter having a 2,54-
cm radius, 0.8-inm wall thickness, and a 15-cm effec
tive length. 

(.'.\L1HR.\T1II.\ 

The jirujiortional counter must lie calibrated against 
a standard of known ionization. .\ny source of known 
ionization will do, but, since recoil jirotons will originate 
uniformly over the gas volume, a calibration source 
consisting of monoenergetie jjrotons uniformly dis
jiersed over the volume will furnish not only calibra
tion but a realistic measure of line w-idth as w-ell. For 
this reason a small amount of nitrogen gas was in-
eluded in the counter, providing ionization equivalent 
to a 615-keV proton from the reactor N " ( i ! , p l C " 
w-lien the counter was exjiosed to a thermal neutron 
flux. 

Fragments from the X'"" ( JI,;I I ( ' " reaction will re
lease ajijiroxiiiiately 615,00 .^ 36 = 1.71 X lO-" electrons 
in hydrogen. Having calibrated the counter with this 
reaction, one may study a sjiectrum over a range of 
ionization near 1 X 10*, but to extend the calibration 
to fewer initial ion pairs an accurate dependence of 
multiplication on voltage is needed. \\. Diethorn* has 
observed that the ratio of the log of the gas multipli
cation, .4, to the voltage, V, is linear with log V, a re-
sut in good agreement with experimental results for 
all of the gases and mixtures so far tested. It is for
tunate that an accurate means of jjredicting changes 
of .4 with voltage exists for it makes jiossible a reliable 
gas gain value at any counter voltage after calibrating 
w-ith a single standard ionization source. 

Because most of the jirevious multiplication versus 
\-oltage work has been done w-ith noble gas mixtures, 
it was felt that an additional test using a predomi
nately hydrogen filling w-ould be useful, especially 
one in which the largest jiossible range of .4 was 
covered. Using the N " ( n , p l C " reaction with 1.7 X 10* 
initial electrons, it was found to be impossible to in
crease inultijilication in excess of about 100 without 
introducing an effect whicli caused the jiroton line to 
undergo a rajiid broadening with increase in voltage. 
The reason for this is ajijiarently a sjiace-charge sat
uration jihenomenon caused by the very large t~-2 X 
10" 1 niiiiilier of collected eleetriins. In order to study 
.4 versus V for larger .4, one must start with fewer ini
tial electrons. By introducing ultra-violet light into the 
counter, single electrons were ejected randomly from 
the cathode by the method of S. Curran, et al.^ The 
jiiilse height distribution is quite broad due to statisti
cal effects, but it is easy to determine the mean value 
and this was done as a function of voltage, wliieh now 

file://'./L1HR./T1II./
file:///-oltage


19. Bennett 223 

had to be set (juite high. The counter used for the.se 
tests had one atmosjihere of Ho, 20 cm of CHj and 10 cm 
of N™, I t was not convenient to operate at higher jires
sures because of limitations on high tension ojieration 
of the counter. Results of a calibration are plotted in 
Fig. IV-19-1 for A greater than 10, The Diethorn pre
scription ajipears to do quite well over the whole range 
111 gas inultijilication. 

(!.\MM.\ H K.l KCTIO-N 

Measurements of jiroton recoils are, unfortunately, 
obscured by the background of electrons from gamma 
rays which invariably aecomjiany neutron flux. There 
is a region of ionization in a counter of given size and 
gas pressure beyond w-hich electron events are ordi
narily negligible relative to jiroton events. This region 
is, however, that in which jiroton tracks are a signifi
cant fraction of counter dimensions and so the recoil 
spectrum is distorted by w-all- and end-efl'eets. .A 
Monte Carlo type of calculation is then necessary for 
interpretation of data. Because of the sensitivity of 
the Monte Carlo calculation to flux anisotrojiy, one 
must use sjiherical proportional counters" to make the 
calculation generally useful. Gas jiressure can be niini-
iiiized, but cannot be reduced below the jmint where 
quenching is no longer adequate. 

In the presence of intense gamma fields, the Monte 
Carlo ajiproach for a low jiressure system ajijiears to 
be the only feasible one. If, how-ever, the total rate of 
occurrence of all events is not greater than about 2000/ 
sec, each event can be "examined" individually and a 
decision made as to its origin.-' The gas pressure jirob-
lem then reverses; best results are achieved by keeji-
ing the pressure as high as possible. The reason is that 
gammas generate electrons jiredominately in the coun
ter wall and so the total number of electrons does not 
ilejiend upon pressure. The ionization distribution of 
electron-induced events rises sharply as ionization in
creases from zero, goes through a broad maximum ile-
jiending on counter size and pressure, and falls off to 
zero again. Increasing pressure shifts the distribution 
to a higher mean ionization, but does not change the 
total rate of events. Recoil proton rates, on the other 
hand, will increase with jiressure so that the iiver-all 
iicutron-to-gamma ratio imjiroves as jiressure rises. In 
addition to good ncutron-to-gamma ratios, one would 
like as low an absolute gamma rate as jiossible; hence 
counter surface area should be small. The combination 
of small size and high pressure promises best over-all 
Jierformance and this is also the configuration desired 
for a probe in general. With high gas pressures, an 
energy range where end- and w-all-effect distortion is 
negligible can be used and one need only differentiate 
proton spectra to derive neutron sjiectra. Gas jiurity, 
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high voltage, sjiace charge saturation, and electron 
drift velocity limit the useful counter size and j)re>-
sures. 

Shape rejection of electron events, which is the tecli-
nicjuc used in this study, is ba.sed ujion the large dif
ference in specific ionization between a recoil proton 
and an electron of the same ionization. The electron 
eros.ses the counter along a chord and so the projection 
on the racUus of the ionization created is, on the aver
age, a substantial fraction of counter radius. The pro
ton recoil, on the other hand, has negligible range so 
that its ionization is highly localized spatially. Elec
trons arriving at the anode over a short time interval, 
as for a proton i-ecoil. induce a jiulse that rises much 
more rajiidly than will the pulse from a broadly dis
tributed gamma-induced electron event of low specific 
ionization. 

COUNTER RKSPOX.SE TO A 1 E NEUTRON FLUX 

Proton recoil spectra were recorded with a counter 
(3 atm Ho) exposed to the l/E slowing-down spectrum 
obtained by placing a plutonium-beryllium a-n source 
(10* seel in a mixed graphite and D^O block. Gamma 
background, whicli was everywhere comparable to or 
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in excess of recoil jiroTiin rates, wa.- removeil hy shajie 
discrimination. 

The proton recoil sjiectrum, which one would expect 
to observe in resjionse to a 1/E neutron flux, can be 
ealculated from the neutron jiroton scattering cross 
section' along with Eq. (11. 

Figure IV-19-2 is the exjierimentally observed pro
ton recoil ionization distribution. The ordinate is ac
tually the product of ionization by ionization sjiectrum 
and the jiredicted sliajie is also shown where the value 
36.0 eV/ion jiair has been assumed for the region in 
excess of 300 jiairs, .\greement for I > 350 jiairs is 
good, as would be exjiected, but below this a coiiijili-
cated dependence of IV on E is apparent. 

To calcuate WiEt one may integrate the equality 

.\iliill = DiFiilE. (2) 

where .V(/) and DiFt are ihstributimis in ionization 
and energy, and obtain 

Having evaluated / versus E. one may determine 
WtE) from the definition (Eq. 21 

IViE) 
rlE .V(/) 

DIE)-
(4) 

Data in Fig. IV-19-2 can be analyzed in this manner 
for i r down to an ionization of about 40 pairs (~1.5 
keVl. Below this, as ean be seen, the distribution goes 
through a jieak with maximum near 2."i jiairs. .\t least 

r NiDdf r̂ IMFldE, (31 

where E„ is any energy l~l() keVi beyond which lb 
can be assumed to ha\-e its asymjitotic value W„. An 
analytic result for the integral of D{E\ can be derived 
using Eq. ( l l . This can be comjiared w-ith numerical 
integrals over A'(7) using the observed sjiectrum, and 
the value of E for wliich integrals are equal is the 
energy corresponding to ionization I. 

I 1 I ' I ' I . I . I 

g 10 20 30 40 50 60 70 80 90 100 
' ' NEUTRON ENERGY, keV 

Flii. IV'-19-;!. Neutron S|>eclruiii Measurement cf a 1/E 
Slnwiii(i:-llowii Spectrum. 
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part of the distribution in this region is jirobably due 
to recoil deuterons following thermal neutron capture 
on hydrogen in the counter. 

The simple \/E observation which can be done using 
a conventional "hand" neutron source not only sup
plies i r . but provides a convenient means of testing 
counting procedures and techni(|ues generally for sys
tematic errors that would be difficult to discover in the 
low energy region by other means. 

Mi:.\siKEL> I E SPECTRUM 

In order to demonstrate a sjiectrum measured with 
tlie 471 recoil counter, a measurement of the 1 E 
iKiitrun sjiectrum is shown in Fig. IV-19-3 over the 
interval 10 to 100 keV, an interval not retjuiring a cor
rection for ion pairs versus energy. The corresponding 
jnoton recoil distribution was accunmlated in an hour 
at an a\'erage recoil rate of 2o0/sec. The average rate 
of rejected gamma background was 500/sec. Dif^'i'ren-
tiation of the recoil jiroton distribution (Ecj. \) was 
done for successive increments of 16 '̂? of energy and the 
intrinsic counter width was estimated at about 139^. 
Calculations'^ indicate that a resultant width of 16*^ 
is ajipropriate for the neutron sjiectrum and this width 
has been included in the figure. Statistical accuracy 
ranged from ±¥'/, to ±8' ' ; and, although the ordinate 

scale is arbitrary, all information exhsts to determine 
fluxes absolutely if desired. 

REFERENCES 

1. E. F. Bennett, Proportional Counter Proton-Recoil Spectrom
eter with Gamma Discrimination, Hev. Sri. Instr. 35, 1153 
(1962). 

2. E. F. Bennett, Gamma-Ray Discrimination in Proton Recoil 
Proportional Counters, Pruc. Syin. Neutron Detection 
Dosimetry and Standardization, Harwell, Der. 10-14, 
1962 (IAEA, Vienna, lii(;;^|. Vol. II. Xeutron Dosimetry, 
pp. 341-349. 

3. E. F. Bennett, .1 Study of the 1/E Slowing Damn Neutron 
Spectrum Using 4w Recoil I'mportianal Counters. AN'L-
flSft? (to be published). 

4. W. DieOiorn, A Methane Proportional Counter System for 
.\atural Radio-Carbon Measurements, NVO-(i(i28 (March 
1H50J. 

5. 8. C Curran, A. L. Cockroft and J. Angus, Investigation of 
Soft Radiation by Proportional Counters —V. Use as a 
Detector of Ultra I'iolet Quanta and Analysis of the Gas 
Multiplication Process, Phil. Mag. 7, 929 (1949). 

fi. P. W. Benjamin, The Cse of Proton-Recoil Methods for 
Measuring Neutron Spectra in a Fast Reactor, Proc. Sym 
Neutron Detect i(m Dosimetry and Standardization, 
Harwell, Dec. 10-14, 19(i2 (IAEA. Vienna, 19(i3), Vol. I. 
Neutron Dosimetry, pp. 307-318. 

7. J. T-. (iammel, The n-p Total and Differential Cross Sections 
in Ihe Energy Range O-4O MeV, Fast Neutron Physics, 
J- B. Marion and J. L. Fowler, Eds., (Interscience Pub-
liwliers. Inc., New York, 19(13). P;irt II |i. 21S5. 

IV-20. In-Core Fasl IVeiitron S|HM'lrosc<»|)\ 

K. V. BENNETT and J. II.\UI;SNES 

The measurement of uncollimated neutron sju'ctra 
in the range from 1 keV to 1 ]\leV with a recoil jiroton 
projiortional counter emjiloying gamma rejection by 
means of jmlse-shajie discrimination has been investi
gated.'--' Even though the gamma-induced events in 
the detector are ultimately rejected, the associated 
electronic circuitry must examine each event and de-
ciile whether to accept or to reject it. For the electronic 
circuitry to function as designed, the total count rate 
Ineutrons plus gammasi should be less than about 
2000 counts/sec. The jios.sible use of this spectrometer 
in the core of a zero power reactor was investigated by 
making some preliminary count rate measurements. 

A juojiortional counter had been constructed to fit 
into the standard 5.1 X o.l-cni matrix fuel drawer for 
^HR-VI and ZPR-IX. The counter had a center wire 
O.()02.5-cm diameter and a grounded case 3.5 cm i.d. by 
14 cm long. Steel capillary tubing was slipjicd over 

the end> of the center wire to define an active counter 
length of about 7.6 cm (active volume of about 73 
cm'I. The filling gas was 3 atm of H^ plus 100 mm-Hg 
of CH4 (for quenching I jilus KX) mm-Hg of N;. (for 
calibrations by means of the /(,/) reaction). 

This detector was jilaceil in one of the halves of 
ZPK-VI Assembly No. 2—a 650-liter core with the fol
lowing volume fractions: l?*;; stainless steel, 36'̂ r so
dium. 16', carbon, 5% r -235, and 21% U-238. The 
core had a dejileted uranium blanket. Count rates were 
taken about 70 h after a reactor run of about 40 min 
at a Jiower le^'el of about 50 ^^'. 

With the reaetor halves sejiarated and with no neu
tron sources, the total background gamma count rate 
in the detector was 2700. 1300. and 500 counts/sec, at 
the center of the core, at the edge of the core, and in 
the blanket, respectively. 

Then the reactor sources were inserte<l into the 
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hah'es, and the hah-es were dri\'en together leaving 
the reactor still subcritical. Under the.se conditions, 
the detector count rate in the center of the core was 
6000 counts/sec and some data were taken with a two-
dimensional analyzer which sorts events by risetime 
and pulse height. 

For those jiulses with hi'ights coiTesjiondiiig lo the 
ionization produced by a 5 lo l(l-ke\' lecuil jjfuton, the 
rise time distribution was >eparated into neutron and 
gamma events with the former coin|>rising about 30';r 
of the total number of e^•ents. The neutron peak was 
smeared out (jiresumably the effect of the excessive 
count rate) so that some uncertainty occurred in sub
tracting the gammas. For ionization levels aliove or 
below those chosen here, tbe sejiaration should be 
better. 

Further studies will bi' made t)f the possible n.sc of 
this sjiectrometer in-core. Some new ehanibei's have 
been fabricated, filled, and calibrated. The center wires 
are still 0.0025 cm in diameter hut the inside diameter 
has been reduced to 2.5 cm ami the active length to 
5.9 cm. One detector has been filled with 3 atm of Ho 
plus 100 mm-Hg of CH^ and 100 nmi-Hg of X,. The 
other has been filled with 3 atm of CH4 l>lus 10(1 mm-
Hg of Nu. The former counter will be used for sju'ctrum 
measurements in the region from 0.8 to 100 keV and 
the latter for measurements in the region fiom 100 keV 
to 1 jMeV. Figure IV-20-1 shows the arrangement of 
the detector, lead shield, and first tube of the jiream-
plifier in the fuel drawei'. 

No sjiecial effort was madi' to minimize the over-all 
size of these j)robes and their as.sociatei| electronics 

since the jimjiose of this work is to establish limitations 
associated with in-core jiroportional counter u.se, es
pecially as to resjionse to gamma background (natural 
and from the irradiation history of the core!, quality 
of measured neutron spectra, and sensitivity of spectral 
shajie to the jierturbation caused by the probe. 

The neutron count rate in the new H^-fiHcd chamber 
will be ajjproximately 40% of that in the original 
chamber (because of the reduced active volume) but 
this count rate is still more than adequate to get good 
statistics for neutron sjiectra. More imjiortantly, the 
gamma counting rate will be reduced by api;)roxiinately 
45% because the surface ai'ea of the active volume in 
the new detector is approximately 55Ŝ c that of the 
original deteetor. A small additional thickness of lead 
can be fitted around the new chambers which will re
duce the transmission of the jjromjot and fission jirod
uet gamma flux from 70 to 50%. Further reduction in 
the detector counting rate w-ill be attempted by using 
unirradiated fuel, and jDossibly some extra lead, in the 
fuel drawers adjacent to the detector. In addition, it is 
feasible to wait for longer jieriods of time after rela-
li-\-ely high jiower reactor runs. 

Finally, it is possible to reduce the ab.solute count 
rate by decreasing the effective chamber dimensions 
further but this is not a trivial change. In order to keep 
end and wall eftects negligible, the filling gas jiressure 
would have to be increased correspondingly but this 
will re(|uirc an increase in the counter high voltage to 
maintain the same gas multijjlication. Higher voltages 
would require more attention to the design of the 
fiMinti'r and associated cables. 
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IV-21. .4 Study of Rossi-Alpha Measurements in Critical Tacilities 

E. H. HEL.M 

Kossi-.TlplLa'-- mcasuroincnts were made in several 
uf tlie .\NL eritical facilities using a new time analyzer 
designed and constructed by tlie Electronics Division. 

The first measurements were made in the Argonne 
Thermal Source Reactor, a low jjower, water reflected, 
water moderated and fully enriched fueled reactor. 
The neutron detecting fission chamber was located at 
the core-reflector interface. To minimize the nuniber 
of uncorrelated counts, the measurements were per
formed at very low levels with the reactor 0.3% sub-
critical. 

.\ftcr an initial fast decay* the prompt decay con
stant assumed an approximately constant ^-alue w-hicli 
was determined to be 

u = I l 0 8 ± 3 1 ) / s e c . 

From the definition of the Rossi-alpha, 

U S l/i ,; , - A-,, I/f, 

the prompt lifetime was found to be 

f = 10.) ± 33 |i»sec, 

iissuming a delayed neutron fraction of 0.008. This 
may be compared with the \-alue I' — 69.4 /xsec meas
ured earlier using the jiile noise method.-' The large 
discrepancy between the two values could be entirely 
ilue to statistical errors. I t is possibly somewhat in
creased by the different counter locations and by the 
use of different reflectors at the thermal column face. 

•An explanation of tlii.s elTei-t was later niveii 1>\- H. A. 
Karam.' 

8ubse(|uently the same measurements were made in 
the fa.st critical facilities ZPR-VI and ZPR-IX. Be
cause of the shorter prompt neutron lifetime, there is 
less overlap of the prompt chains and therefore a 
smaller fraction of uncorrelated counts. Therefore, in 
these fast reactors, measurements can be jierformed 
with much better statistics. 

Measurements in Assembly No. 1 of ZPK-VI la 138 
liter core composed of r -235 and r-238 in a lalio of 
1:71 gave for Rossi-alpha a \-alue of 

„ = |10 .8±0.7I 1 0 \ s e c - ' . 

This was in good agreement with the value meas
ured for ZPR-III .Assembly No. 11, which had the 
same composition.-' 

Furthermore, a core similar to .\sseiiilily Xo. 1 of 
ZPR-\ ' I , but with an aliiliiinuiii reflector, (see Pajier 
Xo. 111-121, gave the Ro.->i-alpha as 

^ = (7.78 = 0.341 lO'/sec.-^i 
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I V - 2 2 . R a d i o c h e m i c a l M e a s u r e m e n t T e c h n i q u e s i n Z P R VI a n d I X 

R. J. . '\RM.\M 

The fission rates in r-23.3 and r -238 am! tlu- i-aji-
ture rate in 11-238 w-ere measured at \-ai-ioiis points 
and for various core configurations in ZPR-VI and -IX. 
These measureiiieiits wn-e iiiadr by irradiating en
riched (93% U-23.TI and ilepli-dd |0.2% U-23.31 ura
nium foils, and using radiochemical techniiiues to seji
arate the acti^-ity. In addition, the ratio of r -238 
efTective fission cross section to l'-235 eftective fission 
cross section and the ratio of U-238 effective cajiture 
cross section to U-235 effective fission cross section 
were ealculated from the irradiation. The sensitivity 
of this techniijue is such that fissions and cajitures as 
small in number as 10" each may be iletected to an ac
curacy of ±3%, not including the uncertainty in the 
fission yields. The uncertainty in the fission ratio and 
the capture-to-fission ratio is of the order of ±10% 
due to the uncertainty in the foil enrichment or de
pletion, fission yields, and decay constants. 

The fission rates were measured by inserting ura
nium foils in the core and irradiating for a know-n pe
riod of time. The foils were then remo\-ed from the 
core and dissolved in hydrochloric acid. The fission 
product Mo-99 was extracted by solvent extraction and 
jirepared in a form suitable for counting. The activity 
was determined by counting with an end-window flow 
counter previously calibrated as a function of samjile 
thickness. 

.Assuming that the inadiation time is sbiiit com
pared with the half life of Mo-99, the fission latr .V<̂ ,r 
is calculated from the fulliiwing eiiiialioii: 

Nifia 
_4M„ 

(1 

.J Mo 

w-hei-e .V = number of target atoms. 0 = neiitiiiii fiux. 
<T = fission cross section, .V" = .Mo-99 activity at the 
end of the irradiation, }' = fi.ssion yield of Mo-99 
(6.3% for U-238 and e.1% for r-235l,'A = decay con
stant for Mo-99, and T = irradiation tiiiie. 

Capture rates w-ere determined by irradiation of 
dejiIeted uranium foils. The foils were allowed to decay 
for a time sufficiently long to allow essentially all of 
the U-239 to decay to X'ii-239. at which time the Xp-
239 w-as extracted. 

The foils were dis.solved in liydrochloric acid and a 
known activity of X ĵi-237 was added in order to de
termine the chemical yield. The nejituniiini was ex

tracted by ion exchange ami dejiosited on a Jilatinum 
disc. The Nji-237 acti\-ity was determined by alpha 
counting and the chemical yiekl was calculated. The 
Xi)-239 activity w-as determined by beta counting with 
a Jireviously calibrated end-window flow counter. 

Assuming an irradiation time T small comjiared 
with the half life of Xji-239 and allow-ing suflicient 
time for all of the U-239 to decay to Np-239 before 
jierforming the analysis, the cajiture rate, .\'2ii<f>o,.-'', is 
calculated from the following equation: 

.l:«IX,.. Xjs I 

X-.»ll - exp ( -X„T)] exp (-Xi^T) 

, .-laslXjB — Xjsl exp (\3,t) 
X-.lX:»7' 

Here .V^̂  = iiiimber of U-238 target atoms, </i = neu
tron flux, a,.-" = cajiture cro.ss .section of U-238, .4:,., = 
activity of Xji-239 at time t after irradiation. X,,,, = 
decay constant for U-239, and A3., = decay constant 
for Nji-239. 

The fission ratio i/,-" i?,-' and the cajiture-to-fission 
ratio (T,.-'^/fT/-'' were both determined by irradiating one 
enriched and one dejileted uranium foil in the same 
position. A fission analysis was jierformed on both 
foils and a capture aniysis was performed on the de
pleted foil. The fission ratio i> calculated from the fol-
low-ing eipiation: 

y'iN7 RN2 

Y-* (/?.V-r" yn • 

Here Ii = .t,-"' .i-j"". ir,"" and 5/--' = fission cross sec
tions for U-238 and U-235, Y-' and I'--'' = fission yields 
for Mo-99 for U-238 aud U-235, .V,-" and .v",--"' = 
nuiiibc-i- of U-238 and U-235 atoms in the depleted foil, 
.V;.-" and .\.2-'' = number of U-238 and U-235 atoms in 
the enriched foil, and .t,-^'" and .^7'" = activity of 
Mo-99 in the depleted and mrii-lied foils at the end of 
irradiation. 

The caj)tui-e-to-lis>iiin ratio is calculated from the 
following equation: 

ITr _ -\» .isiC X) 

o7 \7.\7" • 

= decay constant fm- Mo-99 and all otlil 
re as jircviiiiisly dehiied. 
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I V - 2 3 . R e j e c t i o n o f G a m m a B a c k g r o u n d i n H o r n y a k F a s t N e u l r o n D e t e c t o r s 

K. PORGES, A. DEVOLPI and P. POLIX.SKI* 

"Hornyak button" scintillation detectors' for fast 
neutrons, which arc essentially dispersions of small 
zinc-sulfide crystals in lucite or similar hydrogenous 
and transparent media, are designed to have inherently 
reduced resjionse to gamma radiation. Tyjiical Comji-
ton electrons released by incident gamma nays have 
ranges considerably in excess of the size of the zinc-
sulfide crystals and thus yield only w-eak zinc-sulfide 
light pulses. This is in contrast to recoil jirotons re
leased by incident neuti-iins, whose ranges are compar-

the photo-tube. The relative amount of light in such 
Jiulses is, of course, very small in comjiarison to tin-
light emitted over, say, a few microseconds by a zinc-
sulfide crystal. Integration at the jihoto-multijilier 
anode, followed by amjilification at ordinary ll Mel 
bandw-idths w-ill therefore effectively eliminate this 
undesirable background. This stratagem becomes inad
missible, how-ever, when the time of arrival of the neu
trons must be known accurately, e.g. for certain tyjies 
of coincidence exjierinients, or when the gamma back-

Fro. I\'--23-l. (.oimma Calicellatiiin Circuit 

^ADJUSrEO FOR COINCIDENCE 
C* 'CANCELLATION SIC 
AND 'DIRECT SIGNAL' 

able to crystal size. HowL-ver, observation of the anode 
pulses of a "fast" jihotomultijilier coujilcd to a Horn
yak button in the presence of a neutron source with an 
oscilloscope of large liandw-idth shows, in addition to 
jnilses w-hich have the tyjiical decay jieriods of zinc 
sulfide, the jiresence of \-ery fast-decaying pulses. The 
fastest of these have decay jieriods of about 70 nsec. 
These short pulses (whose shajie is similar to that of 
lihotocatliode noise pulses I ajijiear to be caused by 
scintillation and Clierenkov light, caused mainly by 
ganinia radiation in the various media w-hich are both 
exposed to such radiation and seen by the cathode of 

* Electronics Division, ,\rgonne Xational Laboratory. 

ground is strong enough to result in considerable jiileup 
with 1 /usee integration. 

For this contingency, a cancellation circuit was de
vised which takes advantage of the ajipreciable dif
ference in length of the background jiulses and the 
shortest (70 nsecl zinc-sulfide decay component. 

.\ simjile passive circuit, devised for this purpose 
was rejiorted previously.- Further w-ork on this scheme 
during the current year has resulted in significant im-
jirovement of background rejection. A new cancella
tion circuit, shown in Fig. IV-23-1. splits the anode 
signal into two branches. In one branch, the signals 
are strongly differentiated through a shorted delay 
line, somew-hat longer than the background pulses. Re-
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flections are adju^^tcd .-̂ ucli that the background pult^es 
are effectively inverted, while the long-tailed zinc-
sulfide pulses are just cancelled and do not cross the 
zero line. After processing by a diode network which 
passes only the inverted echo pulses due to back
ground, the latter are amplified and mixed with the 
other branch, which contains only a cable delay of 
slightly more than twice the differentiating cable men
tioned above, and suitable isolation and impedance 
matching stages. The background pulses are thus ef
fectively cancelled, while zinc-sulfide scintillation 
pulses are passed. The effect of the circuit on pulses 
due to mixed neutron and gamma radiation is shown 
in I'"î , l\'-23-2, which aliow?- ('<)iiip;iri.'<(in of discrimi

nator bias curves taken with fast electronics (the can
cellation circuit has a bandwidth of 150 Mc) and with 
integration i l Mc bandwidth). It is apparent that the 
cancellation circuit provides about the same gamma 
discrimination as integration, yet provides output 
pulses of 2.5 nsec risetime, suitable for fast coincidence 
\\'()rk. 
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IV-24. EBR-II Fuel E lement Failure Detector 

K. G. JVlRCiES 

231 

The rapid detection of fuel element cladding fail
ures has been of considerable concern to the designers 
of power reactors, both for reasons of personnel safety 
and for the prevention of possibly serious damage to 
the plant. Over the last several years, a number of 
different cladding failure detection systems have been 
developed and installed for specific reactors. Since 
cladding failures are, or at least are liopetl to be, rather 
infreiiuent in occurrence, actual performance data for 
this equipment accumulate only very slowdy, anil 
fairly elaborate laboratory tests as well as loo]i experi
ments must be resorted to in order to establish some 
confidence in an initial installation. Thus, the fuel 
cladding failure detection system for EBR-II w-as de
signed on the basis of a laboratory facility in which 
the radiation background and detection geometry of 
the actual site can be exactly reproduced. .\n initial 
installation is now o]ierational. Further develo]iement 
work is, however, planned w-ith a view of iin]iroving 
the sensitivity as well as reliability of this ecpiipment, 
and of establishing its characteristic signal in case of a 
cladding failure. Some of this information will be 
sought by means of equijiment installetl on a new fuel 
failure experimental loop in the TRE.4T reactor. 

The methofi employed by this equijiment—the de
tection of delayed neutrons emitted by fission jiroducts 
—is essentially unaffected by substantial gamma back
grounds. For that reason, this method is the only im-
lucdiately ajijilicable one for sodium-cooled reactors, 
as the 15-hour Na-24 acti\-ity allows no liojie for the 
direct detection of fission jiroduct beta or gamma ac
tivity injected into the coolant as a result of a cladding 
failui-c. 

The amount of delayeil neutron jirecursor fission 
pi-oilucts which is in,iected into the coolant as a result 
of the cladding rupture of a single fuel pin can be es
timated reasonably well. A large degree of uncer
tainty attaches, howe\-er, to the degree of dissemina
tion of this sjiike in the flowing coolant as it jiasses 
through the ujiper jilenum and heat exchanger, at 
whicli point it is samjiled—with an efficiency w-hich is 
also largely conjectural—by a liyjiass looji. Ajijiroxi-
niately 17 sec after leaving the core, a certain fraction 
of the fission jiroduct sjiike thus jiasses through a 1-m 
long section of the 5 em diameter sampling looji whicli 
is surrounded by a grajihite stack. BF:,, boron-lined 
and fission defectors count the delayed neutrons which 

are emitted and moderated in the stack. .\ simjile cal
culation, subject to the large uncertainties alluded to 
above, jiredicts a total source strength of 1 to 3 X 10" 
delayed neutrons per cladding failure. The object of 
the testing program, completed several months ago, 
was therefore to ascertain the over-all efficiency of an 
optimum arrangement of detectors and grajihite, as 
well as to ascertain the neutron detection etticiency 
and gamma background sensitivity of several types 
of counters, using electronic amplification at dift'erent 
bandwidths. In addition, a grouji of high-efficiency, 
fast fission chambers was develojied whicli will be userl 
in the facility when they become available. 

The electronic circuitry w-hich jirocesses the signals 
developed in these detectors was designed to have a 
bandwidth of more than 30 Mc. in order to be able to 
keeji Jiulses short and thus reduce jiileup due to the 
strong gamma background. Preamplifiers are located 
adjacent to the detectors; amjilifiers and discrimina
tors lone for every two detector channels) nearby, 
together with temperature reading circuits and test 
equipment. The discriminators are designed to drive 
se\-ei-al hundred feet of cable, in order to deliver digital 
information to the recoi'd/disjilay unit which is located 
in the main control room of the reactor. The latter 
unit was designed to allow a faithful disjilay of the in
stantaneous count rate in two count channels; it makes 
use of a magnetic tajie looji buft'er memory and a fast 
oscillograjih, which is turned on by a triji circuit when
ever the count rate exceeds a certain level. Owing to a 
short delay in the tajie, the oscillograjihic record be
gins just ahead of the excursion, which is thus eom-
jiletely out. This unit ajijiears to have several features 
which may make it useful in other ajijilications. 

The record must still be interpreted by ojierating 
per.sonnel, in conjunction with other in.strument chan
nels in the control console, to determine whether a fuel 
failure may be assumed to have occurred, and more
over whether this failure ajijieared to have been of 
"benign" tyjie (a slow leak in the cladding of one or 
several fuel elements! or of the more serious type la 
cladding rupture resulting in the emission of debris). 
The difficulty of this determination may be materially 
reduced through foreknowledge of the typical "signa
ture" of ditTerent tyjies of cladding failures; this in
formation will become available through the "TRE.AT" 
loop experiments mentioned above. 
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IV-25. Fuel Meltdown Monitoring in THE AT by Kasl Neutron Detec t ion 

A. DEVOLPI 

Calculations and experiiiieiits are underway to ex
amine the feasibility of monitoring fuel element tran
sient meltdowns in TREAT by means of fast neutron 
detectors. The results of one exjieriment are displayed 
in Fig. IV-25-1, which shows the count rate obtained 
by scanning a single channel collimator across the test 
fuel pin plane. The monitor was a "Hornyak button"' 
fast neutron detector, in contrast to the jirevious 
Argonne-Naval Research Laboratory effort with 
gamma ray detection.^ For this steady-state test the 
neutron detector was located over 13 ft from the source 
plane. 

Presently under design is a 320-cliannel collimator 
intended to provide 1-iiisec time resolution and ll.lo-in. 
horizontal space resolution for the dm-atiou of a tyjii

cal transient. ('o^t of electronic jirocessing equijiment 
Jier channel is an imjiortant aspect of development ef
fort. The readout system consists of acquisition of a 
linear neutron signal, amplification, discrimination, 
and digitizing of an electrical signal to yield a light 
output of uniform amplitude. The light flashes from 
each channel are jihotographed in a fast framing cam
era to provide what aniounts to an inexjiensive high-
duty-cycle, two-jiarameter analyzer. 

To understand ojieration of the system, visualize a 
2 x 20 in. plane containing the fuel jiin, which is situ
ated in the center of the TRE.AT core in the through 
slot. The plane is subdivided for detection purposes 
into a 14 x 23 element matrix, and each element is the 
focal Jioint of one channel of the collimator, .\ssociated 
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n-ith each collimator slot is a --Hornyak button" neu
tron detector, each channel containing its own elec
tronic Jirocessing package and subseijuent indicating 
light. The light flashes every time a fast neutron is 
recognized by the channel discriminator. Dead time 
per channel is less than 5 psec. ,\ jianel containing an 
array of all 320 lights is arranged to allow jihotograjili-
ing by a fast framing camera. With framing rates of 
ltX)0/sec, each picture contains a 14 x 23 pattern of 
cxjiosures, each exjiosure being jirojiortional to tlie 
total number of neutrons detected in the eorresjionding 
i-hannel in a millisecond. The photographic film func
tions as 320 digitized fast recorder traces compressed 
onto a single roll, although a linear relationship be
tween exposure and film density does not necessarily 

exist. Thus both space anil time inforniation are inex
pensively recorded in a system jierraitting over 10' 
total counts/sec. Initially the recorded data will be 
examined qualitatively for jireliminary evaluation of 
the transient. If it is found that more detailed inspec
tion of all or a portion of the film is required, an auto
matic densitometer program can be established by 
making use of exjieriencc and equipment availalile in 
.\rgonne's High Energy Physics Division. 
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Section V 

Miscellaneous 

The first ii\(' papers report attempts to extend and improve the accuracy of 
general reactor physics tlieory. Two papers on experimental work illustrate the 
exploratory work necessary to evaluate the possible extent of applications of 
reactor technology and to define in more exact fashion the problems that exist. 

Concepts and evaluations of proposals involve preliminary analytical work to 
define possible objectives and probable areas of difficulty. Freciuently this work is 
highly speculative. Five papers of this type are included here; three deal with 
applications in outer space, one with meteorology and one on research tools. 

The heavy emphasis on computing work in reactor physics is represented by 
eight papers. These include numerical analysis, work applicable to a variety of 
problems, and code development, wherein a specific problem is resolved. Associ
ated with this work is the compilation of basic data for use in analysis. Three 
such activities are reported; one associated with the Nuclear Cross Sections Ad
visory Group and two with the Reactor Physics Constants Center. 

An activity of an analytic nature engendered by project work is the development 
of computing techniques for the solution of elasticity problem^ri in cylindrical 
coordinates. This section closes with descriptions of two component developments 
which grew out of the needs of programmatic work, and are applicable to a wide 
range of experimental activities. 





V-1. S o m e Problems in Reaetor Theory 

BER.NAKI) I. SPINUAI) 

SUMMARY 

Three different problems are reported here: the 
formulation of reactor lifetime; the significance of dif
fusion boundary conditions; and the physical inter
pretation of mathematical transforms appearing in the 
one-velocity neutron transport e(|uations. 

With regard to reactor lifetime, it is shown that, in a 
multiplying system, the "transport retardation" is of 
opposite sign from the corresponding term in a source-
sink system, and yields a small correction which reduces 
the lifetime. 

Internal boundaries in media to which diffusion 
theory is applied have an overdetermined set of con
tinuity conditions arising from applying exact condi
tions. The situation is thus analogous to the case of 
vacuum boundary conditions. It is shown that the 
acceptance of continuity of flux and of current in 
directions normal to boundaries is physically reasonable. 
It follows that neutron currents may be subject to 
refraction. 

The Laplace transform of the one-velocity, one-
dimensional ]\Iilne problem is shown to be directly 
related to the outgoing angular flux, l-'or the more 
general one-velocity, slab transport problem, it is 
shown that treatment of the problem by Fredholm 
methods avoids most of the undesirable aspects nor
mally associated with the method of discrete ordinates. 

THE EQUATIONS DEFLMNC REACTOR LIFETIME 

The system of e(iuations representing the lifetime 
of a reactor system are developed here. These are 
presented in full generality. Their examination, even at 
a cursory level, reveals that more common formulations 
rest on a very great number of approximations, each 
of which must be justified anew for a given experi
mental situation. 

DEFIXITIOiNT O F L I F E T I M E 

We define lifetime by a conceptual experiment: 
Let a reactor be delayed critical. Then convert all 

delayed neutrons into prompt neutrons. The reactor will 
still be critical. Xow increase v for all fissions by a ratio 
^v/v. Let du/v be very small, so that after a very long 
time observation is still possible, and let there be no 
power feedbacks. 

A mean lifetime exists if, in this conceptual experi
ment, the po\\er of the reactor approaches asymptot

ically a definite shape in space and increases as a single 
exponential in time. This means that, ultimately, the 
neutron density in phase-space and time may be written 
as: 

n (v,r,/) = // (v,r,/)r"'. (1) 

This situation is assumed to exist, a heing some con
stant. 

Then, lifethne may be defined as: 

/"may be (and usually is) a function oiSv/v. 
Therefore, we define a limiting lifetime as: 

f(0) = Lini 9-

(2) 

(3) 

FLUX A M ) ADJOINT EQUATIONS FUH A MULTIPLYING 

SYSTEM W I T H O F T SOURCE 

Tiie time dependent Boltzmann e(iuation in an iso
tropic system without sources is: 

1 d 
{T,r,ii,t) -\- ii-V4>{r,r,u.n - i -^ ( r , / ' )0 ( r , / ' , i i , / ) 

= ^Xir) I dr'dii',^iT,r'}lflT,r'}<}>{T,r',ii') (4) 

47r -''' 

+ jj r/r'*/ii'r.,{r,r')0(r,r'.ii')Nfr;/'',ii'-a,r) 

where 

(t>{T,c,ii) = flux density in position, speed, neu
tron direction and space 

V = neutron speed 
ii = neutron direction 
r = position in space 
t = time 

2 = total cross section 
2^ = scattering cross section 
2/ = fission cross section 

V = neutrons horn fission (fission as
sumed isotropic) 

x(i') = fission spectruni 
S(T;v',ii' •ii,c) = probabiHty that a neutron scattered 
at (r.r ' .ii ') emerges in differential phase space (i,v + 
f/i',ii + dQ). That this is a function of Si'-Si is a result 
of the isotropic nature of the system. 
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I'j(|uation (4) is iiieoniplele without bomidaiy condi
tions. These arc: 

1. Continuity of 0(r,;',ii,/) along the line .S = R -\-
Xii where X is variable. 

2. Vacuum boundary conditions at the ultimate ex
tremities of the system, for all time. 

?,. 0 not identically zero 
For the critical systein, v = v^, ip = 4>c, iind we may 

equate the time-depencdnt term to zero. 
In what follows, an operator notation is used. 
A' is the operator emiverting a flux to a fission source: 

A > - ^ - ^ / | . , - l > r / r V i i ' ; (5) 

S is the operator converting a flux to a scattered flux: 

S(̂  =^ jj 2.,,^Nr/rV/a'. ((i) 

Then in tlie critical case, E(i. (4) may be written. 

ii-r<^. -f Z(t>r - A>,. - .S<̂ ,. = 0. (7) 

The critical adjoint (•([uati<Mi may also be written 

-il-V4>t + :L4>t - A ' V - .^W - 0. (8) 

The adjoint equation has adjoint-vacuum boundary 
conditions and the same continuity and non-zero condi
tions as the flux equation. The adjoint operators A'"*" 
and S^ are; 

• ^ / / - ^ " ' " - ' . 
X V = > ^ ^ ^ = P ^ // xt'*dr'dii', (9) 

s V ^ S , ( r ) jj 4>*f<(T-,r,a-ir,p')dr'ilU'. (10) 

If Ecj. (1) is satisfi(-d, it may be substituted into Eq. 
(4) along with the simplifying notation previously 
defined, to yield 

il • Vit, -\- :i<i> - X4> - S0 = (8", r)-\> - (a r),t>. (II ) 

We non multiply I'',i|. ( I I) by <t>t on both sides, and 
integrate o\-er space, speed, and direction. The left-
hand side becomes 

i-V + 2 - .V - s}4,ilrdrdil. jjj,tia-
deri\'ing fr( 

jjj 4>i-ii-V + Z - X^ ~ ,S+j0^/rrM/ft. 

which, deriving from (tur selection of adjoint, is the 
same as 

This last is identically zero. 
Then, from E<[. (2) 

iin^^ •kdrdil 

jjj ,t>t\.\<t>\dldrdil 

.\s (Sv/u) -^ 0, 0 — 0,, so that from Eq. C-i), 

jjf - ,),! 4,..drdrda 

((0) = 
jjj .*+[.\>Jrfrf/irfa 

(12) 

(1.3) 

Eijuations (12) and (13) are exact relations. It now 
remains to appro.ximate 0. and 0^. 

CONSISTE.XT P-1 APrnOXIM.\TI0.\-

Since diffusion theory is used widely to obtain re
sults for specific systems, the consistent P-1 approxima
tion is important. The simplest correct reduction is to 
assume that: 

0(r,i-,Si) (1.4,r)|/-'(r,r) + 3i i-J(r , r) l (14) 

where F is the scalar flux and J is the current. 
Substituting Eq. (14) into Eij. (4), using a<̂ , cto re

place d<t)/dt, and integrating over dii gives: 

V-J(r,r) + r::(r,/-) + ^ J F ( r , c ) 

= x(r) j dr 1.(1,1')-2,(r,i')F(r,v') 
(15) 

/ ' " • ' / ' ' " / • 
,a 

i^Ai,i') 

• \F(r,i') + •.ia'-J{i,c')]S(i;r',a-a,v). 

S may now be expanded in Legendre polynomials of 
a' a. That is, 

g =•" ' ' ; ' ' • ' ' ' + J - g ( r : i ' V ) n ' . Q + --- . (16) 
47r 4ir 

Xote that jj .s'./ii </i is the probability tluat a neu

tron when scattered lands at some speed-angle point. 

This probability is unity. Hence, 

(17) j ,f{l/,r)dr = 1. 

.'Mso, n Siil -iili/Ui/i-is the mean scattering eo.siiie, 

which will be written as pii.r). It thus follows that: 

j a(r;i',c)dr = ii(i,v'), (18) 

The substitution of I-:,,. (K;) iut,, Eq. (15) and per-



fiiiiiiance of the indicated integrations yields: 

V-J(r,r) + rs(r ,e) + " 1 ^(r,i') 

= X (") / ' '"'" (r,!'') 2 / (r , /) F (r,!>') (19) 

+ j dr'^.,(T,ii)F(r,r')f(T;r',v), 

More complicated algebra follows the premultiplica-
tioii of il into Eq. (4) before integrating. The result is 
displayed here; 

Spinrad 

tion for S : 
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(20) 

]-VF{t,v) -h \^(t,v) + " l j ( r , c ) 

= / ilr''^Al,r')](r,r')g(t;v',v). 

Define operators -Y, ^, g so that 

.Y(r)* = x(r) j di'u{x,i')Z,{r,i')<i!(r,v'), 

J ( r ) * = [ rfr':;,(r,r'}*(r,i'')/(r;!>',r), (21) 

g(r)il' = j rfr's.,(r,!'')*(r,c')!/(r;r',!i). 

In the definitions [Eij. (21)], the operatore are posi-
tioii-depeiideiit. Only if the sigiiias, v, J, and g are iii-
tlepeiideut of position are .V, J, and g also positioii-
iiidepeiideiit. 

Returning to the argllliK-iit, we may now write 
syiiiholically: 

V-J + |:s + (a/r) - X -- -IW = 0, (-22) 

JVF -I- [2 -(- (a (•) - s]J = 0. (2:i) 

Equations (22) and (2;i) are a pair of coupled integro-
diffcrential eijuations. Their eanouieal boundary- and 
continuity-conditions are: 

(i) Continuity of /•' 
(ii) Continuity of J over all regions in which physical 

properties are continuous, and of the component of J 
iiornial to all surfaces across whicli jiroperties change 
ahruptly 

(iii) F proportional to the normal component of ./ at 
all external surfaces of the system. That is 

FdS -(- \J-(/S = 0 (24) 

at all external surfaces, dS 
.V diffusion operator, 'D, is now dehiied such that 

-•OVF = .1 (2,5) 

in terms of which E(|. (2.'i) becomes the defining eijua-

1-̂  - (2 -I- (a c) - Sl'Dlr/-- = 0 (2(i) 

and Eq. (22) becomes 

V--aVF - [2 + (a/r) - X - iTj/i' = 0. (27) 

Xote that the extstence of a solution '0 of Eq. (26) is 
required w-ithout at this time reiiuiriug that this solu
tion be unitiue. 

We now- search for adjoints to Eq. (27 ) at criticality. 
Such an adjoint is 

V-'-Ot^Ft - [1' - .V+ - ^*\Ft = 0. (28) 

We must, however, determine a defining equation for 
D c and suitable boundary conditions (in addition to 
continuity of Ft and Sit^FJ). 

A suitable defining etjuation is: 

[̂  - (S - c;')-D+|VF+ = 0 (29) 

and useful boundary conditions are: 

Ft'DSF,dS = F ,»+r f t - c /S . (30) 

The critical equations are also displayed as 

[; - (2 - g) 'D, |r/v = 0, (31) 

r--D,Vf, - [1 - X, - it]/.', = 0. (32) 

We are now ready to multiply Eq. (27) by Ft and 
integrate. Then, reiiiemlieiiiig that .V = -V,-|- {5ii/u)X, 

11'-^ V-VVFilrdr If Ftd - X, - if)FdTdr 

= jf Ftl(a/r) - (ln,;v)X,]FdTdr. 

(33) 

After some manipulation, including the application of 
l>oundaiy conditions (which cause the surface tenns to 
cancel). 

-jjiVFt-^^F - VF-^\jtvFt)dTdr 

= I h't[(a;'r) - (du.pjXWFdrdr. 

(34) 

I'se is made of Eijs. (26) and (29), from which may 
be derived, after appreciable algebra: 

j j (TF--atTFt - VFt •DTF)dTdi} 

^j j (a. r) (-otvFt) • (•i^VF)drde. 

(3.5) 

The technique used in the derivation of Eq. (35) is 
to pre-nndtiply Eq. (26) by SDJVFJ- , Eq. (29) by 
J)VF-, and subtract. 
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Ki-oiii Eqs. (34) and (35) we get, finally: 

JFt(l/v)F - •.\j {•.ijt^Ft) H/v) i-aVF) 

JFtX.F 

JFt{l/v)F, - •.ij(-ijt^Ft){l/v) • CHAF,) 

t = 

f(0) 
jptx.f 

(36) 

(37) 

THE ONE GROUP REAC-rOK 

In the one-group case, :u reduces to I), a constant oxer 
any one region. The integrals involved in evaluating 
f and f(0) become simple volume integrals. Moreover, 
D* also reduces to I), and the one-group equations may 
be used to yield; 

1 
11(12/ 

l...f"^--i. DTP I- dV 
(38) 

p-dV 

If, ill addition, the reactor is unreflected and is large 
enoughso that the simple biiuiidary condition /•"(.'<) = 0 
is approximately valid. 

f = - ^ 1 + 3// 
],i 

FrF<lV 

l-\ 
(1 - :ufB-) (m 

Thus, in tiiis case, the lifetime is reduced from that of 
the usual formulation (C = l/k^'^ai') by the factor 
(1 — :UfB'). The reason for the appearance of this 
tenii is that the "perturbation" a, v, which has the effect 
of bringing the time-dependent e(iuations into a pseudo-
critical form, acts identically as though an incremental 
\/v poison w{'re introduced into the system. In difl'usion 
theory (consistent F-l, rather than asymptotic), this 
introduction modifies both the neutron absorption cross 
section and the transport cross section. In a word, the 
introduction of time dependence or of 1 /• poison is a 
doiibh; perturbation on the systein. 

The result lias been obtained before' for a source-sink 
system. The result displayed here differs from tliat cited 
because, in a multiplying system, the eft'ective absorp
tion cross section is negative. 

DISCUSSION 

Equations ('MS) and (H7) are the proper consistent 
P-1 diftiision etiuations for reactor lifetime. The second 

term in the muneratoi' of these <'<iuatioiis may be signifi
cant for reactors whei-e B- is large. These are, however, 
reactors for which difl'usion theoiy is not applicable. 
The proper transport eiiuations, E(is. (12) and (13), 
must be used in these cases. The transport-theory fluxes 
and adjoints cannot be reliably approximated by dif
fusion forms without including current-like terms. 

DIFFUSION THEORY CO.NTI.NUITY CONDITIONS AND 

NEUTRON C U R R E N T REFRACTION 

The Boltzmann e(|uation for neutron transport deals 
primarily with flux rays [<^(r,ii)l which are defined as 
continuous only along the path of neutron travel. This 
path is the line r + .iii, .s being a scalar variable. 

In the reduction of this problem by the method of 
spherical harmonics for any method differential in 
space), the difl'erential flux in space is integrated ovei' 
appropriate angular coordinates to get total flux, cur
rent, etc. This integration introduces formal contiimity 
in space to the integrated variable, in the same sense 
that a Fourier series representation of a discontinuous 
function is continuous for any finite truncation. Simi
larly, an angular distribution continuity is introduced as 
a formal matter. 

These continuities cause difficulties. The most ex
treme case is the determination of black body boundary 
conditions: here, as is well known, no finite angular dis
tribution series can reproduce the true conditions; 
hence there is a degree of arbitrariness to any boundary 
condition used. This confusion is constrained only by 
physical reasonableness a non-formal addendum to the 
problem. 

Within the body of a uniform scattering ivgion, sim
ple continuity of all of the flux components is also a 
mathematically simple and physically reasonable con
dition. In fact it is physically correct and causes no 
problems. Indeed, in any system where variation of 
cross sections is smooth, no problem exists. However, 
the same diflficulties whicli plague the Milne problem 
reappear at any boundary where physical properties 
are discontinuous. The particular difficulty with which 
this note is concerned is the apparent irrelevance of 
current continuity, for compr)nents parallel to bound
aries, in difTusioii tln-oiw 

FURMVLATION 

The neutron fiux as a function of position and direc
tion is approximated in diffusion theoiy by the e(|ua-
tion: 

ATr4>{T,U) = F{T) + : i l i -J(r) (40) 

where F{T) and J i r ) are described as the total flux and 
diffusion-thenry current, respectively. 
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From Eq. (40) and the Holtzmanii e<iuation (one-
group, steady-state isotropic system) 

ii-V(/)(r, ii) -f Z<p(T, il) 

(' f I , . 
= - Ziriit'iT, il ).S'(r, U -Lijdil 

•iir J 

(41) 

with tS as a (normalized) scattering function and <' 
being secondaries for collision, we may derive tiie dif
fusion efiuations: 

r - J + 1(1 - C}F = 0. (42) 

IVF + z{\ - ac)] = 0. (4;^) 

fi is the mean cosine of the change of neutron direction 
per secondary neutron emitted. 

From Eq. (4:^), Fiek's Law is ol)taiiie(l: 

DVF, D 
-.iZil Uc) 

(44) 

The original Boltzmann e(|uation continuity condi
tion reciuires that /'' and J be continuous in r, if Eq. (40) 
is a good approximation. Since J is a vector, we have, in 
general, f(mr continuity conditions in /'-I diffusion 
theory. 

Xow let us look at a boundary, across wliieli I), as 
defined by Ec .̂ (44), is discontinuous. Conservation of 
neutrons demands that the component of J normal to 
the bovmdary be continuous. IIowe\'er, continuity of 
tangential components of J (defined l̂ y Fiek's law) and 
continuity of flux arc incompatible, as may be readily 
seen by the foUowing argument: 

Let h be a vector paraih'l to the boundary 

h - j -Uhvp = -hidP, ox,,). 

where .Y,, is a position variable along h. 
Thus, the component of J in the h direction w ill vary 

at a rate proportional to that of F in the same direc
tion; but the constant of proportionality will be dif
ferent on the two sides of the boundary, given different 
D. In consequence, h-J and P on the twci sides of the 
boundary cannot be simultaneously identical except at 
isolated points, or unless they are both constant. 

The situation may be resolved—and correctly, <-oii-
sidering the nature of the approximation in Eij. (40)-
by taking I) as both a dyadic and a \-ariable in r. When 
this is done, the inconsistency disappears. I t is to be 
noted, however, that this is done iiy accepting con
tinuity of fiux, and altering the definition of current. 
This leads to acceptalile solutions of physical problems. 

.\nother way of resol\-ing the problem is by continuing 
to treat D as a scalar, but letting it vary continuously 
over a small buffer zone. This, too, yields acceptable 
physical solutions, and jiermits /•" and all three coiii-

poiieiits ot J to be continuous. However, it iutroduces 
rotational properties into the system; for: 

V X J = r X D^F = v/j X VP -h /v(v X yp) 
(45) 

= VD X VP 
since F is a continuous scalar. 

I'hysically, this implies that a neutron current is 
capable of being refracted. 

-1 POSSIBLE APPLlr.ATIO.N 

If this rotational property is real, neutron current 
refraction might be useful for zigzagging a thermal col
umn to avoid core X-ray or fast neutron bacfcground. 
Consider a graphite thermal column with two sheets of 
water or plastic as indicated: 

It is possible- that this system, even considering iieii-
troii absorption in the plastic, would transmit more 
neutrons more uniformly than the system w-ithout in
serts. 

I'IM; .\III.NK PKOHI.KM 

The Milne pi-iiblem may be written as the solutiiiii of 

M <t>i.r,p) -I- 1 
(lr 

i.r,p) = / <j,{.r,p)dp 

s i i b j i ' c t t o t h e l i i i i i n d a r y (- l i t i m i s t h a t ; 

j P't'i.i-iP) = - I , 

0(O,M) = " for ,j > 0. 

The solution ot this problem is gi\-eii by: 

/ * (..-,. + a + ip is) 

(46) 

(47) 

(48) 

(49) 

w-here "a" is a constant (equal to 0.7104 • • •) and ip a 
function which falls off more rapidly than e''. 

ip may be represented as an integral: 

= / e '" fip)ii Ip, 

and therefore the (luestion arises as to whether c"'", 
ip > I) can in any sense be treated as an eigenfunction 
of the problem. K. Case' has demonstrated that it can 
be. His proof is \'ery abstract, and thereby loses some 
contact with physical reality. An argument which jnsti-

file:///-ariable
file:///nother
file:///Iii.nk
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fies t r e a t i n g c '"" as an e igenvahie , and wliicli has a 

closer relat ion to t he physical p rob lem, is given below. 

If 

0(.r,M) - f c"\flp,^,)dp, 

such t h a t 

/ f(p,p)dp = fip) 

t hen subs t i tu t ion into I'^q. (4(i) y ie lds 

(1 - pp)f(p,p) = \ f f(p,p)dp. (.-)0) 

E q u a t i o n (.')0) mus t h a v e a solution for c~^^ to be a n 

eigenfunction. 

In t he m e t h o d of discrete o rd ina tes , t h e integral on 

t h e right hand side of VJ\. (.")0) is a p p r o x i m a t e d by a 

sui table sunni ia t ion formula: 

\ f Hp,p)dp ^J^ajlp,^.). {.-.D 
- • ' - 1 ( = 1 

T h e n E(i. (.')0) becomes, for each ; j , . 

(1 - n.p)f{p,p,) JI aj{p,p.j)- ijvl) 

E<iuation {.")2) is a set of homogeneous e q u a t i o n s in 

t h e var iables / (p , ;U,) , a n d has a solution only for cer ta in 

va lues of p, t he e igenvalues of t he a lgebraic sys tem 

[E<i. (52)] . 

T h e foregoing m e t h o d is essent ia l ly t h e m e t h o d of 

F redho lm a n d it bypasses t he usual p rob lem of pr inci

pal -value in tegra t ion . 

A physical descr ipt ion ana logous to t h e F redho lm 

m e t h o d is t h a t t h e functional in t he in tegra l is I'epre-

sented as a ba r d i ag ram in t he var iab le p, bo th wi th in 

a n d outs ide t h e in tegra l . 

I t is well k n o w n t h a t , as the niiniber nf po in t s (/;) in 

t he p integral increases, t he e igenvalues pk a p p r o a c h 0 

for t he lowest va lue a n d for t he rest c luster , more or 

less uniformly, in t h e region \/p = (0 ,1 ) . T h e s e eigen

values are , of course , m a t h e m a t i c a l a r t i f ac t s ; b u t th i s 

does not p r e v e n t t he solut ions by sucli artifice from 

being perfect ly reasonable a p p r o x i m a t e solut ions . T h e 

main physical po in t is t o adhe re t o a ba r d i a g r a m de

script ion of f i-variat ion; a n y o the r techni t iue is a viola

t ion of t he basis of t he a p p r o x i m a t i o n . 

I t is now possible to descr ibe t he sense in wliicli 1h<' 

e ''^ a re eigenfunctioiis of the t r a n s p o r t p rob lem. T h e y 

are e igenfunct ions in t he sense t h a t t he d iscre te or- • 

d ina t e a p p r o x i m a t i o n s of very large order h a v e eigen

functions c~''*^ wi th some p^ a s close as is necessary t o 

a n y a r b i t r a r y p. T h e in tegra l : 

j c-"\f{p,p)dp 

is essent ia l ly a n a p p r o x i m a t i o n t o a s u m 

Z^" ' " ' a . ( / ^ - ) / ' (P"MA-) 

which is in its t u r n an a p p r o x i m a t i o n t o t h e t r u e solu

t ion . 

Xo te t ha t the re is no phys ica l necess i ty f o r / t o be 

c o n t i n u o u s in p.; mere ly in t eg rab le . I t is never the less 

t r u e t h a t / a p p r o a c h e s a c o n t i n u o u s funct ion in p. (ex

cep t a t a v a c u u m b o u n d a r y ) a s " n " becomes large. 

Jip) h a s o t h e r i n t e re s t ing p rope r t i e s . I t m a y be repre

sen ted as t h e solut ion of a n in tegra l e q u a t i o n . T h e ]\Iilne 

proble in m a y be wr i t t en a l t e r n a t e l y a s : 

* ( , • ) - j <}>(j;p)dp 

with 

= 1 ^ ^ ( , j ) E , \ . r - y\dij 

Jl u 

T h e n , since 

* ( . r ) = j fip) e ' 

j }ip)e-"' dp = 1 / / ( , ; ) , / , 

dp. 

j du] e " 

A " 1" 4- p 

(.5.3) 

(54) 

(55) 

(.56) 

In Eq . (56 ) , t h e ma in ilifficulty in reduc t ion arises 

from the fact t h a t , while t h e t e rm ( c " " ' — e'")/ (p — u) 

is non-s ingular , a n y a t t e m p t at successive q u a d r a t u r e 

b y in t eg ra t ing first over t h e va r iab le no t con ta in ing an 

exponent ia l leads t o difficulties. T h i s is avo ided by ob-

ser\-iiig t h a t t he in tegra l over dpdii is t r iv ia l ly different 

from t h e in tegra l o b t a i n e d by exc lud ing t h e s t r ip 

— e < p — i i < t from t h e in t eg ra t ion . 

W e use t he l iotati i i l i : 

s)ds 

T 
)rfs 

(.57) 

„ f / " ' . f ( s ) r f s \ , . I f'-fis 

_^ /•' / _ ( £ ) * 

. \ l t e r siiiiie n ian ipu la t ion of E q . (.5(i), we a r r ive at 

( f(p)c ••'dp = f / ( p ) c - ' " | ± J „ P ± 
l 2 ^ ' 

IC'iHe'-vrirm^] 
2 A " \J„ p - u] 

file:///lter
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If, iu Eq. (.58), /•' and ii are interchanged in the last 
integral—a change which is merely one of notation— 
we finally obtain: 

(59) 

/;/(p)c-.p = / ; / (p)c- '"{i in^j 

2 Jl p [Ja u - p j 

Finally, E(j. (59) may he rewritten as: 

/ ( P ) ( l - 7^,1" [ ^ - ' ' ) = 0 for (p < I) 

; ( p ) ( l - , i . h . ' ^ ) 
\ 2p p - ]/ 

2p [J„ u - pj 

fip) is also a generating function for the Laplace 
transform of the Milne problem. If 

(60) 

Uq) ^ f e~"*(.r)rf.r 
•'(1 

(61) 

then 

£(?) ^ / .f(p)'lp. (p -H 9). (62) 

.\ simple interpretation of £(f/) |whicli is related to 
ip) by Eq . (62)] is given helo-iv. 

c " on both sides, and, for p 
negative, integrate from .r to x . Then, 

-Multiply Eq. (46) by 
-om 

4,i.r,p) = - ~ f^ ' * ( ( / ) ( / / / 

for ip < 0). 

Then, for j - = 0 

- 2 M « ( ( 1 , ^ ) = j e" 4,(ii)dij, 

ip < 0). 

Letting -p = 1/q 

'<f>(0,-l/q) = f e-"<t'ii,)dy = £(q), 
H • ' ( I 

(1 < q < x). 

(63) 

(64) 

((i5) 

Thus, the Laplace traiisforiii of the total flux, is, for 
q > 1, simply related to the angular distribution of the 
emerging current. 
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V - 2 . Eflfeols o f R e s o n a n c e In fcer ference* 

C. X. KELBEH 

Neutrons, propagating in a medium composed of a 
mixture of isotopes, are absorbed in isotope resonances. 
If two or more isotopes have resonances which are close 
in energy, the absorption rate in each resonance is in
fluenced by the absorption rate in iieighboring reso
nances. 

Thus, in mixtures of U-235 and l"-238, the absorption 
rate in U-235 resonances from 4.8 to 8.8 eV is strongly 
influenced by the absorption rate in the large U.238 
resonance at 6.7 eV. 

\ computer code, 1559, HE, has been written to in
vestigate various approximate solutions to the prob
lem. .\ report on a typical version of this code has been 
published.' 

1559 KE is an experimental IB.M-704 code in EOR-
TliAX language to compute the resonance integrals ot 

•See alsii, Hef. 1. 

isotopes in mixtures in the presence of hydrogeuic 
moderation. There may lie up to four isotopes, each 
w-ith no more than 75 resolved resonance levels. Dop
pler broadening and interference scattering are in
cluded. Xo estimate is made of contributions from un
resolved resonances. Typical running times are .30 min 
(no Doppler broadening) to 90 min (w-ith Doppler 
broadening) for problems involving 67 levels and unit 
lethargy widths. 

Two approximations have been investigated to date; 
the narrow- resonance (moderator) approximation and 
the infinite mass approximation. 

EQUATIONS SOLVED—X.^RKOW RESOX.\XCE 

.\PPROXIM.\TI(l\ 

The collision density is given by an integral equation 
iii\-oh-iiig .scattering by atoms of all species.^ In this ap-

file:///ppticuliou.i
file:///iiii
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proximatioii it is assumed that all atoms are heavy or 
light (moderator) and in the moderator terms the colli
sion density is replaced by its asmyptotic form. In using 
the code the moderator constants should be adjusted 
to give the correct asymptotic form. 

Code 1559/KI', solves the ei juations: 

Fill) =- ( P{ii')a(ii')dii + /t'" . il) 

rnIS I I 

RESINT (i,j) = N, / /••(»)/-;(») y-du (2) 
J „ i i , . ' - I 

where RESIXT is the resonance integral times the 
atomic density. 

Pill) = collision density at lethargy i/ jier unit energy 
£ , = upper energy limit (eV) 
Ec = lower energy limit ic\ ) 

/•,'(/<) = c-A' , -
^,„ = "iniidei-ator" scattering cross section 

a = heavy atom scattering term, 
a = 4.4, (.4 -h 1 )' 

A = maximum logarithmic decreiiieiit in lethargy 
from heavy atom scattering 

.V, = number of atoms of isotope i per barn-em 
a,, = absorption (j = a) or fission (j = f) cross 

section of isotope i at energy Piu) 
a(u) = heavy atom scattering cross section dividied 

by the total cross section 

Till- Dopjiler broadeiied line shapes are obtained from 
the i r siiliroutiiie of H. Thacher and I). O'Shea." 

i L J L 

Fill. V-2-1. Flu.v Per I nil billiiirg.v in an l[/V Mtxlure. 

EQi-.\-rio.xH SOLVED—IxKiNirE MASS APPBOXIMATION 

III this case, scattering by the heavy atoms is neg

lected. The equation solved is: 

(</iA, du) -h (:;.,, r ) * = 0, 

lA = 2(0) at H = 0 

w-here 
11 = letliargv 
Ip = collision density jier unit lethargy 

w„ = total absorption cross section 
w = total cross section 

It is assumed that 

iP = <Piu.) -)- " ~ " ' [i^(«,+i) - id'.)], 
« , + i - II, 

«, < u < w,+i. 

The iiiachine eiiuation is then 

iA(":+i) = ip(u,)[l -f- 0..56/i'(()l, |1 - O.Miii + 1)1 

w here 

5 = »,+! — ll, = constant, 

Rii) = X,[H(i)l. r ( " ( i ) | . 

In all other respects this version of the code is similar 
to the narrow- resonance version. 

TYPICAL liEst-i.-rs 

.Vii interesting case to study is a low enrichment, high 
conversion lattice. .-V mixture of water and uranium in 
eijual volumes was taken as an example. (Rod size ef
fects w-ere neglected at this point.) The temperature 
was 0°K and the heavy atom scattering mass was 238. 
Three U-235 enrichments were studied: 1, 2, and 3 ^ . 
Ill addition, .Au at 10~" atoms (b-cm) was included to 
study the response of a typical monitor foil. 

The narrow- resonance version of the code was used to 
calculate the real fluxes, and these are plotted, for 1 % 
enrichment, in Fig. A'-2-l. .\lso shown on Eig. \'-2-l are 
the changes in the flux when calculated at 3Tc enrich
ment. The flux perturbations from the various reso
nances are clearly seen. Xote also the affect of the 6.68 
eV U-238 resonance and the 4.84 eV l'-235 resonance 
on the Au resonance at 4.91 e\'. The .\u resonance in
tegral over the energy range indicated is given in Ta
ble V-2-1 for the various enrichments. The shielding is 
due mostly to U-238, but there is a small etTect from 
U-235. 

Figure V-2-2 is a graph of the U-235 resonance in
tegral as a function of enrichment. Based on moderator 
scattering per U-235 atom, a larger variation in the 
cross section as well as a larger cross section would be 
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TABI.M V-2-1. RKsr)N.\NcK INTKCR.VL OF DILUTE C!OLU IN 

IN H:U = 1 M I X T U R E . KNERCY I'.vNdE 3-10 eV 

Enrichment, % Resonance Integral, Ijarns 

1357 
1337 
1333 

ResonaiH'c integral over tliis (Mierfiv rant;c IITK! }/K -spec
trum: 1445 1). 
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Fill. V-2-2. KlTective l!es.inani-c InlCKi-als ,.f (•-•2:i5 in 
H : r = 1 Mixture; and ,. nf l ' -2:15. 

expected. The U-238 dominates the spectrum suppress
ing the scattering effect. Shielding by the U-238 amounts 
to about 20','; of the cross section.' The capture to 
fission ratio {a) in I'.235 is practically coiistaut as a 
function of eiirichmeut (Fig. V-2-2). 

I-"or check purposes, iiiflnite dilution integrals were 
calculated by using small abimdances and these w-ere 
checked against results obtained by use of the code 
Rl'-266, l"i a code designed especially for computing 
infinite dilution integrals. For U-235, agreement was 
better than 0 .1% 

A somewhat different effect is encountered in the 
statistical region. .1. Codd and P. Collins' have studied 
the effects of accidental overlap in this region w-ith re
gard to overlap. 

In order to compare results w-ith those of Codd and 
Collins, a study w-as made of a U-238:Pu-239 = 7 mix
ture in the presenee of 525 b scattering per Pu-239 
atom. The cavalier treatment of light atom scattering 
is hardly justified here, but the principal results are not 

much aftected by this approximation since we are con
cerned with the resonance integral over a narrow range 
only. 

The notion is that in the statistical region (i.e., several 
hundred eV and up) any averaging procedure must 
take into account the chances that a U-238 and l'u-239 
resonance (say) will have the same resonant energy or 
very nearly so. Then the one will shield the other and 
the effective resonance integrals will be reduced. More 
important, as the temperature and, hence, Doppler 
broadening, increase the mutual shielding will change 
and thus the Doppler eoelficieiit will be changed. 

Following Codd and Collins, it was supposed that at 
1000 i \ U-238 has a resonance level described by the 
average U-238 parameters; and that at a nearby energy 
there is a Pu-239 level characterized by average Pu-239 
parameters. The Pu-23it resonance integral from 980 to 
1020 c\ as a function of tlie separation of the tw-o levels 
was studied next. To compare w-ith the results of Codd 
and Collins the Pu-239 resonance integral was normal
ized to l at a separation of -t-5e\'. Sinceinterferencescat-
teriiig is included in this description (Codd and Collins 
did not) negative separation has also been studied to 
include the asymmetry caused by this term. Finally it 
was assumed that the U-238 iseonances are 18 e\' apart 

p u - 2 3 9 RESONANCE INTEGRAL AT 500°K VS. SEPARATIO,. 

(NORMALIZED TO 1 born AT S = 5 eV) 

0 + 2 

SEPARATION. eV 

RELATIVE D O P P L E R SHIFT VS. SEPARATION 

20 I — n 1 I I I I I .1. I I I i I I I I 

8 6 4 2 - 0 + 2 4 

SEPARATION, eV 

F I G . V - 2 - 3 . Ovcrlaji Kflects in Pu.Kii) at 1 keV. 
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and this was used to extrapolate the resonaiice integral 
iu the intervals ( — 9, —5) and ( + 5, +9 ) eV separations. 
The results are shown in h'ig. V-2-3. 

These results agree well with those of Codd and C'ol-
lins over the range 0.2 eV to 5 eV as expected. The asym
metric effect of interference scattering is clearly shown 
in the figure. Moreover, this is an interference efl'ect in 
both senses of the use of the term; i.e., interference 
between potential and resonant scattering and inter
ference with resonance absorption in another isotope. 

Again following the example of Codd and Collins, 
the change in Pu-239 resonance integral for a tempera-
tm-e change from 300°K to (iOO^K as a function of level 
separation was computed. Again the normalization is 1 
at a separation of 4-5 cV. The asymmetry is marked 
here; and extrapolating to —9, and 4-9 eV, as before, 
it is found that the Doppler shift averaged over separa
tion is —1.33 times the Doppler at 5 eV. 

This work is part of a eontiniiiiig study of resonance 
absorption. 
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V-,3. Resonance Parameter Analysis 

E. X. PE. \M\C:TO.\ 

A F^ortran code has been written to determine single 
level Briet-Wigner resonance parameters from experi
mental data on total cross sections at various energies. 
Initial guesses are supplied for the resoiiaiiee parameters 
and a least-squares fit is made to improve on the initial 
values. Cross section contributions from potential 
scattering and the tails of resonances outside the energy 
range under consideration are kept constant throughout 
the calculations. Angular momentum values of ^ = 0, 
I, 2 are allow-ed. Estimates of errors in the derived 
resonance parameters are computed. ,^ince the code is 

designed to fit data in the keV region supplied by the 
Applied Xuclear Physics Section using a Van de Graaff 
accelerator, Doppler broadening and instrument resolu
tion effects are not included. Doppler effects for the 
resonances under study are quite negligible, and resolu
tion effects are small. 

Test problems were run for whicli the "experimental" 
cross sections were computed by a preliminary F'ortran 
code. The calculated resonance parameters converge 
rapidly to the correct values for these problems. 

V-4. .4n Inip<>rlan<e-\^ eifihlinfi I'r<)ee<liire for . \veraging Group Parameters in 
Mult igroup Diffusion Theory 

D.wi i i H . S H . \ F T M . \ N a n d H. C H E E X S P . W * 

Ix-rRODUCTIOX 

F̂ or much of the analysis of a reactor physics nature, 
it is useful to perform computations using a multigroup 

Applioii Mallicniali. 

dilTusion theory where the number of groups is not very 
large. This is particularly the case iu tw-o or more dimen
sions, where the maehiue time and cost involved in solv
ing multigroup problems,even with a very fast computer, 
might not be justified by tbe purpose of the com-

file:///dvances
file:///veraging
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putatioM. It is of interest, therefore, to develop methods 
of reducing the total number of neutron oiierf^y groups, 
with the constraint that the percentage error in a specific 
comp\ited parameter be kept small. In such programs 
as MTFT' and GAM,- the fewer-group parameters are 
ohtEiined as flux-weighted averages of multigroup 
parameters, where the multigroup fluxes are fvnida-
meiital-mode solutions of the consistent /-*-! or B-\ 
(•(luations for some uniform bare reactor. In the fol-
Idwing pai'agraphs, an importance-weighting procedure 
is developed formally from a pertiubation-thcory model. 
The application of this procedure will be to reduce the 
number of neutron energy groups, so as to synthesize 
A'̂  groups from M groups, A' ^ M. The method applies 
also to the derivation of average parameters for A''-group 
theory from the case of the continuous flux spectrum, 
if the continuous solution is available. 

In developing the fewer-group parameters, the con
straint will be the attempted preservation of the value 
of the effective multiplication factor, Av//. This is not 
to say that tiie fewer-group model will yield precisely 
the same value of krff, other than in special cases such 
as the case of a uniform bare reactor. Indeed, the method 
must be tested in a number of different pi'oblems, to 
determine how effective it is in preserving th(^ numerical 
magnitude of //,//. These tests are in limbo imtil the 
('(niipletion of current work on a multigroup program 
whicli will permit the assignment of fission-spectrum 
distributions which are functions of the energy of the 
incident neutron. This flexibility is essential to the use 
of the proposed importance-weighting procedvnv, as will 
he shown in the following development. 

Xow, the full use of such a weighting procedure is 
not well defined, for at least it must be determined 
empirically how well the method works in relatively 
simple cases, e.g., one-dimensional leactor systems. 
The hope is that from a multigroup solution of one re
actor problem, and the subsequent derivation of fewer-
{̂ roup parameters, other, similar reactors may be 
analyzed using the fewer-group theory, h'or example, 
perhaps one-dimensional solutions coiUd be used to pro
vide the group parameters to be used in fewer-group 
solutions of 2-dimensional problems. 

The use of importance-weighting proceduivs, in this 
connection, is not new. A number of reactor physicists 
have proposed that adjoint-flux weighting be applied. 
Among them are D. S. Selengut,^ and H. H. Duane,* in 
the r .S. ; K. Parker,^ in the V. K.; and A. I. Xovozhihiv 
and S. B. Shikhov,^ and S. B. Shikhov and V. B. Troy-
aiiskii,' in the I'.S.S.R. The work reported below is \w\\ 
ill the tn^atment of spatial averaging of group cross 
sections. 

A (IEXEHALIZKD riROt'p-SvxTHEsis METHOI) FOR 

-MiLTicKorp DiFFuwiox THEORY 

The basic multigroup system will consist of M 
coupled, homogeneous, linear differential eouations of 
second order, describing an "efiuilibrium" condition 
of gain rates and loss rates of the neutron population in 
each elementary volume of a multi-zone reactor, where 
each zone is of a uniform material composition. Scatter
ing from any one group to any other group is permitted. 
Provision is made for a dependence of the distribution 
of fission spectrum neutrons upon the group index of the 
incident neutron. If the reactor is not critical, in its 
final form, /;,// will be determined as the number by 
which each I'AX(/'J) (tlie coefficient for transfer from 
fission events in group k to source neutrons in group j ) 
is divided so as to make the new, fictitious systein 
critical. 

In this section, a procedmv will be detailed for a re
duction in the number of neutron energy groups, from 
M group to N groups, A'̂  ^ M. Svich a procedure has 
been referred to variously as "group collapsing" or 
"group contracting", although in the process the energy 
spans of the groups increase, if changed at all. Tho 
method is alluded to here as a "group-synthesis" pro
cedure. 

One defining principle uf a gniup-sytiihesis procedure 
is that the {multigroup) value of k,.// is to be invariant. 
The second conditiun which the group-synthesis method is to 
satisfy is that two ,success-ive group syntheses—A'l groups 
to N-y groups, followed by N-> groups to A'3 groups-—are to 
provide the same X^-group nuclear parameters as a .single 
group synl^iesis from Ni groups to N-i groups. These con
ditions u'iK lie satisfied only appro.rimately, in general, 
and cractly for the special case if a fundamental-mode 
spectrum. 

In the following e(iuations, 

(iAT)i:\'\,,T\'](j^k) ^ {1 ,47r ) i ; " ; ( j - - /o 

is the coefficient of the Fu term of a ti'nuinated "Le
gendre expansion" of the macroscopic cross section, 
Z;(.i (./ —• A), for a particular mode of neutron transfer 
from group./ to group k. The symbol (•) denotes elastic 
transfer or inelastic transfer, for which the normaliza
tion is 

Zr l» l ( . •k) 1; 

or in,2n) transfer, in w-hich case 

t.r["',ij^k} = 2. 

The total elastic, inelastic, and (n,2n) cross sections 
are denoted by Sif.'j, ^Itj, and S[°„'.2.),„ respectively. 
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DElllViVriOX OF -rilE OROlll'-SYNTHESlS FllRMl'LAS, .S-rAli'r-

ixi; wrrii -niE M-iiuiiri' RE.M. i i . rx EQI.ITIO.XS 

The basic iiiiiltigroup diffusion ei|iiations for the real 

fluxes Ip, are; 

0 = r/;,v,#.j - <i,,\ r,., + i;/,j 

+ ^|:2i;:u„„r!r=„,(j-i-) 

+ f:s::,r;;:'(j-A-) 

A = l J 

x(k,j'>i'i,~i.i. , , 

(1 ) 

-1- s;',:!<-7';: (/-• -,/ > + ^-^'Zrivni -^ i ) ] ; 
1 s i g j"^ 

(Xote that, in this model, the in,2n) source terms 
are treated as additional ••slowing-down" terms rather 
than as fission-like source terms. I'or additional dis
cussion of this model, refer to Paper Xo. II-l .) 

Symbolically, this may be written: 

0 = V-I)S4', - 2„,„,j.<i, -I- E :,„„„.,.(/.• -^j)<t>,.. (2) 
1=1 

The system of equations for the adioint neutron flux 
is, symbolically: 

0 = r-o,v,i>* - ::„„,,,0* + Z 2.„,„„.(j—;,-)<(,*. (:i) 

Using tbe (omioiiiialized) real and adjoint iiiulti-

Deliiie ^11,„ by : 

iu.i, j * „ * * * = Y. j -""ii. */'** ll Ci) 

where S„,„., is the total isotropic cross .section for group 
p. Eacli of the corresponding coarse-group weighted 
average loss rates is defined by an equation similar to 

Eq. (o). 

Define iv^f).xis,n) by: 

iv^f),Xls,n) j *.<t'!</r 

(6) 

x(l.;p)>n^,.i <P,<t>,.dT 

Similarly, average cross sections for transfers by 
in,2n), elastic scattering, and inelastic scattering from 
one coarse group to another are defined [as in E(|. ((i)| 
in the adjoint-w-eighted mean. 

The coarse-group average diffusion coefficients are 
defined, zone by zone, as follows: 

b„ j (r*,,) t>*.d 

Thus, if r> , , = 
penili'iit of /), then 

(7) 

= E ' I D,{v'-4>„)-t'ldT. 
p . o „ + i Jl • 

-B'<t>,,, where if is a constant inde-

E / /̂ „*,«*<'r 
/ ( E' *.)( E' *:) di 

With these definitions for coarse-group parameters, 
Eq. (1) is replaced by (I g n £ .V): 

(8) 

(•iS/)i.X(;,-,n) ^/J^ 

I:.,.I 
-b ^['".'.„i.i:T[°,'..,,.Ak -^ n) 4- ^'iV.tT'.l'it; -^ n) -(- ^IV.iT"'(k ^ n). 

group fluxes deterniined from the solution of I-^i. (2) 
and of Eq. (3), respectively, the balance equation for 
coarse-group ii (1 ^ n ^ .V ) is obtained by multiplying 
the pth e((uatioii in Eq. (2), term by term, by 0 , ; in
tegrating over the zone; and suniinilig over p, for a„ -\-
1 ^ p ^ a„+i. (The notation i-e(|iii|-es that ui = 0 and 
oiv+i = .IF) 

Xow define the point fiiiictions <!>„ aiifl ^'„ by; 

E «,.: *: - E c (4) 

which is correct at least in the adjoint-wi'ighted mean, 
as may be shown by nuiltiplying the pth etiuation of 
ECJ. (8) by <!»„, integrating over the zone, and then 
making use of the above definitions [E^is. (4) to (7)1. 

By definition, $„ is the smn of the fluxes of the in-
chided fine groups. For the idealized, fundanienlal-
mode spectrum, the functions 

'^ll ^ E *;. 

constitute a .solution for Kq. (S), and Av// is invariant 
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with respect to group synthesis. Tor the more general 
situation, however, these 4>,/s do not satisfy Eq. (8) 
exactly, only in the weighted mean. 

DEU1V.\T10.N OF THE GROUP-SY.XTHESIS FOHMl'LAS: 

VI.\ THE .MULTIGROUP ADJOINT FLUXES 

In the preceding subsection, group-synthesis formu
las were obtained from algebraic operations on and in
tegrations of the multigroup real-flux etiuations. Al
ternatively, one could start with the adjoint system and 
perform similar operations to obtain such formulas. If 
the methods were entirely consistent, the numerical 
values of corresponding parameters would be e(|ual. 

The multigroup diffusion ('([uations for the system 
adjonit to Eq. (1) are given by E(i. (3) which, in detail 
are: 

0 = v-/j,v*r - «*[i-,., + z,..+ \ E 2!°i„„r;?,',3,„(i-^ 

A-=i L ''-'7/ 

Multiply the pth e(iuation of Efi- (D), term by term, 
by <̂ p; integrate over the zone; and .sum over p, a„ + 1 
^ p ^ a,i+i-

Define '^n,,, by. 

which may be shown by multiplying the pth equation 
ot Eq. (Hi) })y •}»„ and integrating over the zone. 

REMARKS o x EQS. (8) AM) iKi) 

The question at issue is under what conditions is the 
A''-group system given by E(i. (13) the adjoint to E(|. 
(8)? In other words, if we first transform from the 
^l/-group real-flux e(|uations to the .l/-group adjoint 
system and then group-synthesize to A' groups, do we 
get the same e(|uatioiis—with the same parameters—as 
by group-synthesizing first to the A'-group real system 
and then formally transforming to the A'-group adjoint 
system? 

In Eq. (ti), make a uniform interchange of group in
dexes n and s, on the left hand side; and interchange the 
summation indexes p and /• on the right hand side. The 

/••) + E ^'itTll'ij ^ k) -b Z^lrXrij^k}] 
*=i A-i J 

^IV.jTlVij - /.-) + i:,'r',r,'l"(,; ^ i - ) ] . 

(10) 

( ID 

5;*„f *>„* = E ' f i;„,u,„0>/r. 
J,„no , . - o . + l •'suiio 

(,\'.,(c.-Thus, Sl,„ = 2„.„.) 

Define (>ir,)„X(H,s) * by: 

(ii2/),X(K,s)* j *.**,//r 

^ E E f xip.kli'i.^-^i.i.'t'i.'ptdi. 
p = On + l l, = a , + l Jy-'ine 

The other '•source" coiiipouents of Eq. (D) are de
fined by eiinations similar to Eii. (11). The individual 
removal components of S„,n.p yield coarse-group aver
age cross sections defined liv eiiuatioiis similar to Eq. 
(10). 

Define D* by: 

f)*. ( (\%*)<t„dr = E ' / D , ( r V ' ) « A - " 2 ) 
Ji„„„ ,,= Q„+l -'/nil.' 

Then, in the weighted mean, using these coarse-group 
adjoint parameters; 

0 = /;*v=*: s:,„*: + E *r 

+ 
result is 

iy2,)„X{n,s) L 1>„1>., dr 

z Y j x{p,k)i'^f.f<t>„4ndT 

which is precisely the e(|iiatiiiii for tif^f)„xin,s) —Eti. 
(111. 

Sunilar pMofs apply to tbe other •source" terms of Eq. 
(l:-i). 

liy dehnitiiin, -,,.„ = - « .. It is the leakage term 
which causes the real niischief. ff D„ = D„, as defined 
by Eqs. (7)and (12), for all ii, 1 g H S .V, this group-
synthesis procedure preserves ••idempotence of order 
2", i.e., it preserves the property that the system which 
is adjoint to the "adjoint" system is the original system 
of equations. Of course this would mean also that the 
same equations would be obtained whether one started 
with the real multigroup equations or with the adjoint 
multigroup system. 

In general, D„ ^ f)*„. Therefore, strictly spraking, 
the proofs which purportedly demonstrated that - , ,„ = 
2*,„, etc., involved an approximation. .Although*,, and 
<I>* are not adjoint to one another, they have been used 

ivZt)nXin,k) 
k, + 2ri„.„Ti";,«(«--A-) * + ^',v.nT',': (n -^k)* + ^ir.T',':' ( « ^ A-) *.| 

(13) 
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as if they were, in speaking of the correctness of Eqs. 
(10) and (i:i) ••in the weighted mean". 

It should be noted, however, that this pi-oblem exists 
for linear flux weighting, as well, for then, except in the 
case of a fundamental-mode spectruni, the definition of 
a znne-aoerage coarse-group difl'usion eoelficieiit would 
reiiuiro an integration, for example: 

U, L £ j),r4>,dT 

and 

^L V-<tt dr s I E />,.V>* 
J.one p.„„+l 

dr. 

With 

;.= a„ + l P=..n+1 

there is no assurance that /)„ = D„. Indeed, in this 
case, in general S»,„ 9^ SK.,,, et cetera. 

Since there is no clear choice to be made betw-een D„ 
and Dt, perhaps it would be advantageous numerically 
to define the average difl'usion coefficients, D„, by: 

I>„ = 
l>. -b D* (14) 

whence 

(15) 

E f Z^p(vVp)0*rfr 

"""-!/ ( E' VV„)( E' *:)'/r 

E ' f I>p(vV*)«prfr 
4 - "-'•*' •'--' 

f (°f: rv:)( E' f,)M 
Jzono V p - a . + l / \ p - « „ + l / I 

TR.WSITIVITY OF -CHE OROl-p- .SYXTnESIS OPER. \TOR 

The group-synthesis procedure is said to be '•transi
tive" if successive group syntheses—from .¥i groups to 
X2 groups to NA groups—yield the same equations as 
the direct synthesis from .Vi to IV-i. 

To demonstrate transitivity, start with I'̂ .q. (8), and 
define D„ by: 

D„ j (V'i„)i*,dr = E / 
.(zone 'l=Sn+l *'z"' 

/:i,(r'*,)*,;(/r (16) 

with *,, and *„ defined by E(i. (4). 
I 'singEii. (7), 

I), j (r*„)**. •lr 

(18) 

= E E D„(r<p,}<p*/h. 
,,=S„ + l P^a^-el Jz'ii'^ 

If the double siininiation, on the right hand side of 
Eq. (18), uiehides all fine groups, /i, in the range 
A„ 4- 1 £ p S A»+i, tlioii Eq. (18) may be written as 
the single summation 

D„ f i r * „ ) * ! < / r = E / i 'p l^Vpl^ 'Vr 
J.,,,,,,. p=.i„-l-l ''zi.iie 

(19) 

where 

*„= E and 4>„ E «; 

where 

Xote that E(i. (19) is the definition of the average dif
fusion coeflficient for the Hth group resulting from group 
synthesis from A^ groups to Â 3 groups. 

Similarly, it may be shown that successive group 
syntheses provide tbe appropriate A^rgi'oup weighted 
reaction rates and group Huxes, and transitivity is 
proved. 
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In connection w-ith general shielding w-ork and the 
Neutron Attenuation Intercomparison sponsored by 
the Shielding Division of the American Nuclear So
ciety, solutions to all of the ANS study problems were 
determined by Argonne and submitted to a Committee 
of the ANS Shielding Division. Results were displayed 
and compared at the November, 1963, ANS meeting 
in New York. The study is described in Ref. 1. 

The set of four problems consisted of: l l a point 
source, 2) a system mocking up a large graphite re
actor and shield, 31 an HoO moderated system, and 41 
a small fast core with an optimized shield. 

In the first calculations, solutions were obtained by 
u.*ing the RE-122 diffusion code with sixteen energy 
groujis to find flux distributions through different shield 
configurations. Also, DSN probleiiis w-ere run for some 
of the solutions. 

Alternate solutions were determined by replacing 
the two high energy groups with a source term calcu
lated by removal theory. The fast neutron flux at the 
surface of the core was determined from an average 
source value. The average source value w-as obtained 
by using the source distribution designated for the 
problem. The lower energy fluxes obtained from the 
diffusion solution for the edge of the core were used 
as inner boundary conditions for the low-er energy 
groii|is in the alternate solutions. 

Three geometries w-ere analyzed in the problems; 

* Personnel llivisinn, .\rKnnne National I.iilinratMry. 
t Mcliillurffy Ilivi.sinn, .\rgiiiiiie Xatinnal baliiiraldry. 

spherical, finite cylinder with iire.icribed axial distribu
tion, and finite cylinder with prescribed radial distri
bution. Three reactor types w-ere represented: graphite 
moderated, water moderated, and fast. And three 
shields were represented: graphite-concrete, iron-water, 
and BeO-LiH. In addition to these complex-shield 
problems, three simiile eases of point isotropic sources 
in infinite homogeneous media were included as fiducial 
calculations. 

The following information was reciuested as solutions 
of the pioblems: 11 fast neutron spectra and dose rates 
at specified points within the shields; 2) neutron ab
sorption rates at these same points; 31 radiative cap
ture rates as functions of ]iosition in the reactor ves
sels; and 41 leakage rates from the shields. 

In general, the ''exact" methods—Moments, Monte 
Carlo, Niolie, and Transmission Matrix—agreed fairly 
w-ell, although not riuite as well as exjiected. The re
sults obtained from the combination removal-diffu
sion theory methods w-ere about as expected, a rea
sonable overestimate. Diffusion theory problems w-ere 
included for comjiarative purposes and the calculated 
values w-ere low- at deep penetration. The results for all 
methods differed by factors of ten to one hundred at 
deep penetration except for the case of a LiH sliiekl 
for which the range of \-alues \-ai-iefl by 10-̂ '. 

RKFEKE.M-E 

1. It. I., .\sliley and \V. K. Kreger (Kii.s.l. Xeutron .\tlenuation 
iu llplicnily Thick Shields, .\NS-SI1-1 l.\|iril, 1(1114). 

V-6. Thermion ic Energy Conversion With a P lasma Thernxx ouple 

H . K. KicH.\Riis 

Several facets of the iirobleuis in^-ol^-ed in convert
ing thermal to electrical energy using a plasma thermo
couple (thermionic converter! have been investigated 
experimentally as part of a continuing effort.'-- The 
area reported herein covers a performance comparison 
aniong sodium, iiotassinm, antl cesium plasmas be
tween a tantalum emitter and a molybdenum collector 
at high temiierature and low- pressure, and various gap 
sizes. 

N.4TL-RE OF IXVKSTIOATION 

The thermionic converter is arranged so that the 
space charge between the emitter and collector is 
neutralized by means of alkali ions and the collector 
work function is reduced to the w-ork function of the 
neutral alkali metal. The fission heat source is simu
lated by using electrically heated emitter materials 
with the fissionable material omitted. Using this ar
rangement the following behavioral characteristics are 
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file:///rgiiiiiie
file:///-alues
file:///-ai-iefl
file:///sliley
file:///tlenuation
file:///NS-SI1-1


252 r . M isrellaue(nis 

(k'tcniiiiu'd cxix't'iiiiciitally for curli of the three alkali 
nii'tals: 

1. dc and rf ijowci', curi't'iit. :tn<l voltage relations as 
a function of guf) width and vapor pressure. 

2. Interaction of dc and rf out]Hits. 
3. Relation between electron and ion currents. 

In each case the temperature of the alkali metal is ad
justed to give tlie desireil vapor pressure. 

T H E (.'ONVKHTKR .\ND KyriPMicNT 

Experiments have heen performed with a uranium-
zirconium carbide emitter in which it was found that 
the material changed comjiosition.^ To avoid this diffi
culty, a tantalum emitter has been chosen to eliminate 
the influence of such variation on the characteristics 
measured. A molybdenum collector and guard-ring are 
arranged so that the gap between emitter and eollector 
can be altered over the range 0-2 nun. 

The emitter-collector ean be observed through a 
sapphire window with an optical pyrometer. The eol
lector and guard-ring is oil cooled. The alkali vapor 
is introduced from a trap, and its pressure is controlled 
by the oil bath over the temperature range 0-320° (.'. 
Figure V-6-1 is a schematic representation of the ex
perimental set up. 

The voltage current characteristics are measured 
with an X-Y recorder at the collector, with rf chokes 
sejiarating the rf output from de. The rf was con
nected over cajiacitanccs to a section with a scope and 
VTV meter. Tliis section could remain open, loaded 
with an inductance-free load, or it could be short-cir
cuited independent of the dc section. The effect of 
rf open ( 0 | or sliort-eircuited (S) could be observed 
on the dc characteristics. 

TO EMITTER 

GUARD RING 

COLLECTOR 

p ( C s ) • I.I K 10 m m H g : 

n ' 3.1 X lo '^ o t o m s / c c 

RF OPENO 

LOAD 5 9 y ., 
* J _ ^ RF GROUND j RF 

F I G . V-()-2. Cesium ('cH ClKiracterislirs. (rf nperi-dashed 
curvps. rf shnrted-solid curves.) 

TABLt: 

Run \ o . 

B 
C 

rii-T 

cm-' 

Meas 

260 
2fi0 
2li0 

Calc 

420 
420 
420 

( • | . > 1 1 ; M 

Meas 

2.5 
3.0 
2.4 

Calc 

2.9 
2.9 
2.9 

C-EI.L 

J./J. 

Meas 

104 
87 

108 

Clt.\R.\eTERISTlCS 

mw 

dc 

240 
240 
240 

rf 

1 
10 
20 

Emitter-
Collector 

Distance, mm 

0.5 
1.0 
2.0 

Fi(i. V-(i-l. Circuil 
ment. 

lit l l ie K\]HT al Arranne-

p(Cs) = 1.1 X lO"* mm; lUs = 3.1 X 10'^ ;it<.ms/cc; Tc ̂  
349° K: T E - 2377° K. 

ME.\>-lRKMtNTS AND K E S U L T S 

CESIUM CELL 

Figure V-(i-2 shows the dc characteristic behavior of 
the cesium cell for the indicated vapor pressure and 
density. The currents are plotted against the applied 
voltage for rf open an<l rf shorte<l for three emitter-
idlleetor distances. The observed rf's in kc are shown 
above ami the eorresjionding RMS voltages below 
each cluiracteristic curve. It is evident that energy 
conversion occurs only at the negative portion of the 
characteristics, with a maxinmm found at about -2 .0 
V for dc. However, the rf power maxinnnn was found 
at zero volts or slightly less. 

The characteristics are tabulated, as shown in the 
last column of Table V-6-I, for emitter-collector dis
tances of 0.5, 1.0 and 2.0 mm. Columns 2 and 3 show 
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4 cm = 7.5 V 4 cm : 9V 
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density, reach a maximum, and decrease again for 
very electron-rich plasma. The rf i>ower in a Cs cell 
reaches 20% of the dc jiower. The rf frequencies de
crease usually with decreasing applied dc voltage. 

Figure V-6-3 shows the rf oscillation character
istics over a range of + 3 to - 2 applied volts at 3 
emitter temjieratures. Tiie horizontal scale is 1 .̂<ec, 
cm. As is seen for the highest temjierature, the amjili
tudes exceed 4 V, i.e.. they are higher tlian the 3.87-V 
ionization voltage of cesium. 

Kxjieriments with the jiota.-^ium cell followed the 
same jiroeetlure as for the cesium cell. Since the melt
ing and evaporation temjieratures are higher, the cell 
had to be operated at higher temjierature to yield the 
same ^•aI)or pressures. 

Since the cesium ionization voltage is lower than the 
tantalum work function, the Saha-Langmuir equation^ 
])redicts nearly 100*̂ 1 ionization. However, for jiotas-
siuMi, a much lower rate, about 33*^, can be exjiected. 
For cell temjieratures exceeding 100° C. the ion density 

I'l.;. \'-r.-:i. C's-rf ()scil];ili<.iis. 

the measured and calculateil" emitter current, the next 
two columns measured and caleulatecl ion currents, 
the sixth column gives the ratio of measured electron 
to ion current, and the next two columns give tiie dc 
and rf jiower outjiut. The emitter temjierature was 
constant for all measurements. Other measurements 
were made with different emitter temjieratures and 
cesium pressure. The result for cesivun showed that 
the nuiximum de power occurred at about — 2.(> to 
—2.7 V. Assuming that the emitter work function is 
about 4.2 V, this indicates a collector work function 
of 1.0 to 1.6 V. Exjieriments at different emitter tem
peratures and Jiressures not exceeding 10~- nun Hg 
(dr>' emitter I show about the same result. As ean be 
î een, the table shows fair agreem?nt between calcu
lated and measured values for J, (emitter current) and 
Ji (ion currentl. Since for a neutral plasma Jf/Ji = 
496, the plasma here is ion rich. Referring to Fig. 
V-6-2, it is interesting to note that the de charactcr-
iiftics with rf open and shorted are not identical. The 
rf frequencies decrease with decreasing de voltage. 
Also, negative jwrtions of the characteristics are ob
served. The rf jiower increases with increasing emitter-
collector distance uji to 2 mm, while for higher cesium 
pressures the dc jiower decreases with distance. 

The oscillations which are not observed for very 
ion-rich plasma, increase with increasing electron 

*The calcululiniis ;irf carried nut" mi the basis of text Iinnl: 
theory. 
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Flu. V-li-4. Piihussium Ci-H (•liiiriicterislics. 

T.\BI.H \ ' 

A" 
B-
C" 
D ' 
E ' 
Fb 

li II. 

mA 
" cm^ 

Meas 

1200 
1200 
1200 

Calc 

700 
700 
700 

2800 1700 
2800 1 1700 
2800 1700 

I'm \ ^ S [ V \ 

in 

1 
11 

1* 
12 
20 
20 
16 

Calc 

14.7 
14.7 
14.7 
19.3 
19.3 
19.3 

Cr.r 

J./J. 

Meas 

109 
8li 

100 
140 
140 
175 

. ClI \R.\l"IKHI.ST|rs 

mVV 

dc 

1200 
15(10 

rf 

250 
60 

1750 — 
1900 : 240 
28(10 100 
3100 50 

Emitter-
Collector 
Distance, 

mm 

2.0 
1.0 
0.5 
2.0 
2.0 
0.5 

• T E = -2446° K; T,. = 13.5= K; piKi = 1 X K r ' iiiiii Hg; 
n(K| = 2.3 X 10'". 

b T E = 2529° K; T, = 440° K; p(Kl = 1.5 X lO"' nun; 
n(K) = 3.0 X 10". 
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A 
B 
C 
11 
E 
F 

cm^ 

Meas 

850 
1150 

1500 

2000 

2000 

2000 

Calc 

660 
660 
liOO 

3200 

.3200 

3200 

mA 

' ' cm^ 

Meas 

4.0 
4.0 
4.6 
7.0 

10.0 
12.0 

Calc 

3.0 
3.0 
3.0 
5.0 
5.0 

/,//, 

Meas 

212 
288 
326 
•286 

200 
5.0 167 

P,,,„ 
mW 

dc 

800 
1210 
1695 
4000 
3800 
2850 

r( 

50 

— 
-

— 
— 
--

Emitter-
Collector 

mm 

2 
1 

0.5 
0.5 
1 

'-' 

Tc = 571° K; T E 

(-2424° K (AC) 
J :p(Na) = 1.2 X lO^' mm: 
\ HN. = 2 X 10". 
(•2624° K (I)-F| 
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F I G . V-6-D. Sndium Coll Cliariictoristics. 

was sufficient for neutralization. Figure V-6-4 and 
Table V-6-II show the characteristics and data for a 
potassium cell operated at 2446° K and 2.529° K. The 
characteristics look essentially like those of the cesium 
cell. For 2 mm emitter-collector distance the rf power 
maximum exceeds 20% of the dc power maximum, 
reaching 2.5% on occasion. It apjiears that the ]iotas-

siiiiii cell jiroduces relatively more rf pow-er than the 
cesium cell. The other data are self-evident. The knees 
of the characteristic are situated at about —2.5 V, i.e., 
the dc power is slightly less than for cesium, due to 
the higher work function of potassium deposited at the 
collector. At pressures of about .5 X IQ--^ mm Hg and 
higher, the de power decreases rapidly at emitter-col
lector distances greater than 1 mm. 

.SODIU.M CELL 

Since the ionization voltage for sodium is 5.12, the 
Saha-Langmuir equation'' predicts less than 1% ioniza
tion even for high emitter temperatures. The sodium 
cell must be operated at temperatures above 520° K. 
The characteristics values listed in Table V-6-III, and 
Fig. V-6-5 show that the knees of the characteristics 
are at about —2V, i.e., the power maximum is about 
20% less than with cesium and potassium. Neutraliza
tion of the plasma re(]uired higher vapor pressures than 
for the cesium and potassium cells, rf oscillations were 
obsei-\-ed in a manner similar to the other alkaline 
metals. 

While the pow-er output is lower due to the higher 
ionization voltage, a sodium cell could be operated 
w-ith a higher collector temperature because of its lower 
back emission. 
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V-7. Flux Monitoring of Kadiation Damage Experiments 

1\. .1. .'\KIVU,\-I and ,4. D. Ro-ssix* 

A Jirogram of radiation effects on reactor structural 
materials is in progress. Damage to structural mate
rials is being studied as a function of the fa.st neutron 
dose received. In order to determine fast neutron dose. 

* Metallurgy llivisii .Vrgoiiiir Na nal l.alioratory. 

both the spectrum and the flux intensity must be de
termined, usually by means of one or more threshold 
detectors. .4 number of methods are available to de
termine ex]ierimentally the fast specti-um by use of 
threshold detectors.' These methods require knowledge 
of detector cross sections as a function of neutron en-
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crgy, most of w-liicb are known only to a limited ac
curacy. 

The neutron dosimetry measurements for this jiro
gram were made in EBWR, EBR-I, and in two loca
tions in CP-5. In each ca.se, the fast neutron sjiectrum 
was calculated by the DSN neutron transport code 
with 20 energy groujis of equal lethargy w-idth from 
10 ileV down to 0.067 i leV. Capsules containing 
threshold detectors were irradiated in these locations 
to determine flux intensity and to verify the calculated 
spectrum. Verification of the spectruni was accom-
jilished by calculating activation rates from the spec
trum and cross sections of the threshold detectors, and 
comparing the predicted w-ith the measured activation 
rates. The flux intensity was determined from the 
measured activation rates and the detector cross sec
tions.-

The threshold dt-tectors w-ere chosen to be comjiati-
lile with the high temperatures and high intensity 
neutron fluxes encountered in the irradiation locations. 
Samples of nickel, iron, l '-238, and Tli-232 were used 
in metallic form. The U-238 and Th-232 were jacketed 
in cadmium to reduce activation products produced by 
the neutron-ganmia reaction and to retard oxidation. 
Sulfur was used in the form of Alo(S04U, and later as 
Li2S04 because of desirable thermal properties and 
the dilution of the sulfur. In EBWR and CP-5, Co-59 
was included to fletermine the thermal flux level. The 
cobalt w-as in the form of an alumiiiiiiii alloy contain
ing 0.1%, cobalt. 

Dosimetry packages were inserted in the four re
actor locations either before or after specimens of 

structural material w-ere irradiated, to determine the 
neutron environment there. During irradiation of the 
sjieeimens, nickel w-as included for determination of 
flux intensity. Advantage was also taken of the fact 
that the specimens were type S.A-212 B steel n-hose 
comjiosition is well kno-i\-n. The lIn-54 activity found 
in the sjieeimens and jiroduced by Fe-'''*(n.plMn--'' re
action w-as determined. Thus the samjile itself also 
acted as a threshold detector. 

Using the average cro.ss sections found in the litera
ture, ' some disagreement was found in the information 
obtained using Fe-54, Ni-.58, Ti-46, and S-32. A meas
urement of the average cross section of the above de
tectors was made in EBR-I just jirior to its deactiva
tion. Using S-32 as the reference, the measurement 
indicated the cross sections to be about 157r higher 
than the jiublished values. Inconsistent results have 
also been observed elsew-here.-' Previous measurements 
had been made relative to the .\l-Mn,o)Na-^ reaction. 
More measurements are being made in ,IUGGER-
N. \UT to determine the source of this diserejiancy. 
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V'-8. Comparison of , \ccelerators and Reaetors for Steady Neutron F h i \ Production 

C. X. KELBEH 

The thermal neutron flux jnoduccd per source neu
tron is independent of the origin of the neutron pro
vided the spectrum of source neutrons is substantially 
constant. Thus charged jiarticle beams bombarding 
heavy elements jiroduee neutrons which can be used 
for research. 

In advanced research reactors, the maximum ther
mal flux per source neutron jier cc is 33 (HFIRl to 
•"lO (.\.\RR| n/cm--sec. Similar calculations have been 
Jierformed for accelerators having tyjiical Pb or U-238 
annular targets w-ith H-̂ O internal thimbles and D^O 
external reflectors to evaluate, in jiart, the effects of 

structure, geometry, and spatial distribution. It is 
found that the optimum target of U-238 for a 500 Me\ ' 
beam yields above 20 n/ciii--sec per source neutron per 
cc, -n-liile the ojitimum U-238 target at 1 BeV yields 
47.5 n/cm--sec per source neutron per cc. 

The basic reason for the change in going from 500 
Me"\' to 1 BeV is the increase in source size and total 
source. Unlike a reactor, going to targets larger than 
those (juoted at given energy does not increase the total 
source ajipreciably; hence, the use of the term "oji
timum." 

The energy release in the target jier source neutron 

http://ca.se
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Number of 
Source Neu

trons Produced 

Energy Release (MeV) Per 
Reaction 

Lower estimate Upper estimate 

One incident proton, energij: 500 MeV, optimum target 

Cascade 
Evaporation 
Fission 

Totals 

0.5 
4.3 
8.3 

Energy release/source neu
tron 

50 100 (+ pions) 
10 I 20 

•200 per fission (». = 3) 

(121 

47 

(iS'.t 

52 

One incident proton, ene 

Cascade 
Evaporation 
Fission 

Totals 

Energy releas 
tron 

1.4 
5.4 

23.0 

29.8 

e/source neu-

gy: I BeV, opt 

50 
10 

200 per liss 

1657 

56 

mum target^ 

100 (-1- pions) 
20 

ion (. = 3) 

1781 

60 

•' Prepared with the generous help of A. H. Sniilh. 
^ In addition, half the lieani energy is dissipated tiul.side the 

target. 

is t'stiinated in Tal)lc V-8-I. Tht- estimates are obvi
ously crude. In uranium fission, tlie energy dissipated 
per source neutron is about 80 MeV. In the r -238 tar
gets listed here, the figures lange from 47 to o2 MeV 
per neutron for 500 MeV incident protons anrl from 56 
to 60 MeV for 1 BeV incident i)rotons. Not included 
in these estimates is the i)ion energy carried off in the 
cascade process. About half the energy release in the 
evaporation i)rocess is in the form of energetic pro
tons. While tlie fission ])rocess contributes tlie over
whelming part of tile energy release, it also contributes 
most of the neutrons. (It lias probably been under
estimated here.) Thus, there is likely to be no advan
tage in going to target materials with higlier fission 
tbresiiohls. 

Since tlie m-uti'on flux pi'oduced jier \mit source den
sity is the same in the arccleratnr as in the reactor, 
an^l >mcv tiie energy release per .-source neutron is of 
the same order as in a nuclear reactor, it is concluded 
there is little significant advantage to this method. Im-
])roved knowledge of yields and energy release may 
markedly change the picture. It i> unlikely that there 
ean be a change by more than a factor of 2 to 5. 

Late experimental results indicate the neutron yield 
iiKtv l)e oniv half that indicated here. 

\ -9. Evaluation of a Kolating P<>wer Generat ing S y s t e m 

A. .1. ri.HicH, J. ('. CARTER, H . O. BHITT.W and M. (1. POST* 

A concept of an electrical power generation system 
has been proposed which uses centrifugal forces to cir
culate the working fluid against the generator load 
and hydraulic pressure drops. The principal interest 
is that the system can operate in a zero gravity field. 
This is a report on the cnur.-̂ c and status of the evalu
ation of the systein concept proposed originally !)y 
A. J. Ulrich. 

DhX'KIPTKlX (IF THE CONCFPT 

In its original form, the concept called for rotating 
a natural circulation closed flow circuit ctinsisting of 
a nuclear reactor heat .source in a peripheral position 
and a separator-condenser heat sink near the axis, con
nected by a riser and downcomer w-hich passes through 
a magnetic field. The working fluid is a conducting 
metal. Iia\'ing a li(|iiid-\'apnr phase in the riser and a 

* Univ. of Ari/oria. 

Ii(]uid pha.se in the downcomer. The centrifugal force 
field, whether or not in the presence of a gravitational 
force field, acts to a greater degree on the dense fluid 
in a downcomer than on the two-phase fluid in the 
riser. The net force circulates the fluid, replacing a 
pump, against the hydraulic |)ressure drops and im
pedance load of the i l H D generator. Thus the gen
erator is a litiuid metal analog of the ordinary turbo-
electric generator, with the electrically conducting 
Ii(|uid metal acting as the rotor. The circuit is dia
grammed in Fig. V-9-I. 

The concept is projiosed as a means of providing 
high flow velocity against tbe large flow impedance 
imposed by the electric power generator. The centrifu
gal force field, in addition, promotes higher heat trans
fer rates than can occur in a normal gravitational field 
and eliminates tlie ni'ed for a pumi). 

The cycle begins as heat is addeil by the nuclear 
reactor to the li([niii metal hefore it enters the riser. 

http://pha.se
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Tlie centrifugal force field diminishes in intensity to
ward the axis of rotation, .so that at some point in the 
liser the coolant reaches and drops below saturation 
pressure. There ensues a region of two-phase flow at 
much reduced density. The two-phase fluid enters the 
separator-condenser wdierein tbe vapor phase rejects 
heat to the sink and condenses. The liquid leaving en-
tors the downcomer or high density leg. It is acceler
ated non-lincarly by the centrifugal force field, wdiich 
ie increasing in intensity as the perijiliery is ap
proached. The fluid is at maximum velocity and pres
sure as it encounters the magnetic field of the generator 
near the periphery. After inducting conversion of the 
lluid work energy to electrical energy, the fluid re
turns along the ])cripheiy to the reactor heat source. 

In the original concept, the heat source was visual-
izcil as a nuclear reactor, and the variable impedance 
load as an M H D generator using a liquid metal as con
ductor passing through the magnetic field. However, 
the problems of importance in making the evaluation 
do not lie with the reactor or the MHD generator at 
this stage, but rather with the behavioral aspects of 
the system. In particular, can the coolant be circu
lated against a high resistance with reasonable effi-
riency and stability? Because of this (piestion the con
cept has been generalized to examining a rotating 
luitural circulation heat transfer loo]i wilh heat .source, 
>ink and flow impedance. 

In the early stages of the evaluation, it was felt 
that: ll If adequate circulation could be realized, an 
energy converter could be incori)orated, whether it be 
:in MHD generator or a turbo-generator. 2 | The origi
nal concept of a comi^lete reaetor on the outer jior-
tion of a single fluid loop could be modified to an 
annular core with multiple fluid loops to realize com
pactness. 

EVALIATION A\'()KK 

It was recognized at once that an evaluation from 
a purely analytic stand]>oint would be very complex 
imd uncertain. In general, one must deal with a non
uniform force field superimposed on the gravitational 
force field. The centrifugal and Coriolis forces would 
modify void formation, two phase flow, the processes 
"f separation and condensation and the heat transfer 
ill an unknown way. The variation in i)osition of the 
liquid-vapor interface or slug flow might lead to in
ertial instabilities as a result of mass imbalances. 
These could make the concept unattractive. 

Because of these complications it was planned to 
''ombine experimental and analytical approaches to 
;»ssist in the evaluation. The goal is that of describing 
the behavior and performance of the system in terms 
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(if till- ]ii-incipal |iai-iiiiictci-s: licat source strength, an
gular \-i-locity, flow iniiiedancc, system pressure and 
teiiiiicratuie. It will thus be possible to determine tlie 
feasibility of the concept .and to suggest and optimize 
liractii-al designs incorporating the basic principles. 

The i-e(|uii-eiiients of the evaluation call for con-
strui-tiiiii and operation of a rotating heat transfer 
looji in \\-lii(-li the reactor heat source is simulated bv 
an elci-tiic li(-:it(-r, the MHD generator hy a variable 
iiiipi-ilanee valve, anil the metal working fluid by 
\\-ater. This "proof-of-principal" test will develop the 
phenomenology, jirovide a check on the analysis, and 
establish the stability characteristics. Our efforts have 
been concentrated on this exjierimental work. 

.\rraiigemcnts have been made to carry out the ex
perimental studies. The ajijiaratus evolved is that 
shown schematically in Fig. V-9-2. 

Two identical loojis are arranged axisymmetrically 
t(i provide mass balance and incidentally to double the 
data outjiut. It is necessary to measure mass flow rates, 
teiiiperatures, jiressures, condensing heat transfer rates, 
and the limits of flow stability as heat injiut, angular 
\elocity, and impedance are varied. The axis of rota
tion must be either horizontal or vertical, at will. In 
the horizontal jiosition the relative gravitational force 
field then alternates direction, jiroviding a jierturba
tion suitable for measuring the transfer function. It 
iimiieiliately became evident that the requirement of 
making nieasureiiients and observations, and trans
mitting the data to a fixed observer posed a formidable 
set of jiiobleiiis. .\11 efforts for some time may be con
centrated on tlieir solution. 

To this end, four methods of measuring the mass 
flow have been devised and are being checked out se
quentially until a satisfactory system is found. 

.\X ELKCrROLVrU- METHOD OF FLOW ME.\M-REME.\T 

.\ jiulse of DC current between two electrodes jiro-
duces a local change in conductivity in the liquid. The 
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region of perturbed conductivity is carried downstream 
to the conductivity mea-^uring cell. The time interval 
between the DC pulse and the change in conductivity 
cell measurement is the ratio of the distance between 
the electrodes and the cell to the linear flow velocity. 
With a proper choice of the electrochemical system, a 
pair of electrodes downstream from the cell will re
verse the electrochemical reaction and no net chemical 
change will result. The silver compound (or other) 
which is added to the water may separate at the point 
that vaporization occurs and concentration will not 
remain steady. However, the resultant change in con
ductivity will be spread out in time and the observed 
change in conductivity will still 1H' sharply evident. 
The magnitude of the change is unimportant. Crudding 
in the l)oiling leg can be cleaned up from time to time. 

A TRACER METHOD 

In one version, a solid bead wiio>e density is closely 
matched with that of water (e.g., polystyrene bead 
with filler) is injected into the liquid stream. The bead 
is illuminated by a light source as it passes a small 
transparent section. The light reflected from the ])ass-
ing bead is transmitted l)y a light piiie to a point on 
or near the axis of rotation where it i.- viewed by a 
photomultiplicr not rotating wiili the apparatus. The 
detector receives pulses from at lea^t two ])ositions 
along the system, so that the stream velocity is given 
by the time delay. One disadvantage is that correc
tions must be made for the velocity profile of the chan
nel. Another is that the transient response is poor. 
Still a third disadvantage is the ]irol)Iein nf removing 
the beads. Beails could he .-civeTied, extracted, and re

turned to the injector. A variation using a radioactive 
bead can also be considered. 

A IIKAT HAI-ANCE METHOD FUR DETERMINING MASS FLOW 

R.VTK 

Steam lor vapor) i)roduced in the loop is bled off 
at the separator, and makeup water is .subcooled. 
Stream temjierature is measured upstream and down
stream from the point at which makeup water is in
jected. With the temperature and mass of the makeup 
water and the two stream temperatures, the stream 
velocity can be computed. Complete mixing must be 
realized. This method of course works only in the 
steady state and has no transient response. However, 
it is an absolute method which can be used to calibrate 
other melhoils having reasonable transient response. 

AN ORIFICE PLATE OR VENTIRI WITH UP.STRE.^M AND DOWN

STREAM PRESSURE MEASUREMENT.S 

If used in the ordinary way two complications arise: 
ll I The Coriolis force causes added vortices and pres
sure gradients to occur at constrictions. In particular, 
vortices are i)roiluceil iu restrictions in pipes parallel 
to the rotational ;txl^, whereas both vortices and pres
sure gradients nw jiroiiueed at restrictions in pipes 
perpendicular to the rotational axis. This means that 
the orifice jjlate must be calibrated for the angular 
velocity of the system as well as translational velocity 
of the fluid, jierhaps using water from an external 
source. (2) The other complication is that the jiressure 
value of a unit length of fluid in a radial manometer 
tid)e depends on angidar velocity, radial position, and 
relative size and direction of the earth's gravitational 
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field. The conijilications due to angular velocity and 
radial position are eliminated if a separate gas pres
sure source is ajiplied to each tube to bring the levels 
to the same radius. The desired pressure drop is the 
ilifference in gas pressures. To avoid making gravita
tional corrections, the two null points must lie in the 
same horizontal plane as well as at the same radius. 
The levels might be observed w-ith a stroboscope. 

It has been pointed out that uneven or damaging 
hearing friction loads on the rotor of a conventional 
flow meter would make it useless for measurement in 
u rotating system. 

Serious analytical work has not yet been begun. The 

jilanneil jirograui of analytical work is based on the 
assuiiijition that the system will behave projierly. 
Parametric studies will allow- choice of optimum jiosi
tion and operating conditions for the various compo
nents. From these, an evaluation of the jiotential effi
ciencies and minimum weights ean be made. Transfer 
functions for the various comjionents and the entire 
system may be obtained by jierturbing the analytical 
model and using experimental data when available. 
Finally, predictions of the useful jiressures which can 
be develojied will be attempted as a function of heat 
source strength, rotational velocities and other jiaraiii-
eters. 

V-IO. Invest igat ion of a Direct Nucleonic Process in the Profhiction of High 
Temperature Eflluent 

.M. B . l idi i i .1. C. C. 

.\ conceptual study was initiated during the year on 
a novel nuclear projiulsion system for use in sjiacc. 
The system is designed to react excess neutrons with 
Li-6 atoms in a reactor. The resultant energy liberated 
Iiy the reaction heats the unreacted lithium to produce 
11 very high temperature gas. This gas is then expanded 
tliiougli a nozzle to provide thrust. In oj:ieration, the 
lithium must be continually fed into the reactor as it 
is discharged through the nozzle. The gas temperature, 
theoretically, can reach levels well above those 
achieved in conventional convection cooled systems 
and are comparable in level with those achieved in 
some electrically energized systems. The jiroposed sys
tem, however, does not recjuire the use of heavy gen-
crating and conditioning ecjuipment and is limited to 
ilr^-eloping modest thrust levels. 

I.i is one of a number ot substances having the nec
essary physical and nuclear jirojierties suitable for the 
Jirojiosed concejit. The reaction 

Li« H-' + He .MeV (11 

in-oduces two particles, an aljilia and a triton, having 
a combined kinetic energy of 4.8 MeV. These jiarticles, 
in collisions with other neutral target atoms, convert 
the kinetic energy to heat. 

Li-6 has a very high cross section for thermal neu
trons and a relatively low molecular weight. Since the 
sjiecifie impulse of a jiropellant varies as the square 
root of the ratio of the absolute temjierature to the 

molecular weight of the suli:.tan(-e, it is well suited for 
this ajijilieation. In addition, the isotojiic abundance 
of Li-6 in natural lithium is 7.8%. Thus the cost of us
ing either jiartially or fully enriched material is suffi
ciently low to consider its use on a once-through basis. 

The (urrent study has been basically limited to in-
\-estigating the jiarameters concerned with establish
ing neutron and heat balances, with some attention 
being given to the over-all system design. Subserjuent 
stddii's will •nclude detailed studies of engineering and 
material jiiobleiiis, use of Li compounds such as LiH, 
Jiotential apjilicati(in>. and the generation of jiertinent 
exjierimental data. 

.\ number of reactor configurations were investi
gated using the RE-122 Difl'usion Code. Criticality 
ealculations were made for both spherical and cylin
drical geometries using a Pu-239 fueled annulus with 
an internal moderating region and either a heavy metal 
or moderating reflector. The annulus is operated in a 
fast neutron sjiectrum and the lithium is irradiated in 
the moderator regions. Idealized studies indicate that, 
dejiending ujion the system stuihed, an average as high 
as one to two neutrons are absorbed in Li-6 for every 
fission in Pu-239. (Ijitiiiiization studies are in progress 
to more firmly establish the ratio of ab.sorptions in 
Li-6 to fissions in Pu-239 for more .-^ojihisticated sys
tems. 

In order to efteetively utilize the neutron produc
tion, it is necessary to contain the Li-6 target gas under 
high Jiressure during the heating jirocess. Since the gas 
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temjieratures in some regions of the reactor arc well 
above tolerance for any container material, some 
method for jirotecting the material nmst be made. Ex
ternal wall cooling technitjues develojied to protect the 
inside surfaces of rocket nozzles, wdiich operate under 
similar but not as severe conditions, are being investi
gated for this apjdication. The heat losses through tbe 
wall, however, must be minimal at the same time. Since 

exjierimental values for the tlieriiiopliy>ical i)roperties 
are not known for lithium gas under the design con
ditions, beat balances were based upon values deter
mined by extrapolation and calculation. In addition, 
the effects of disassociation, radiation, particle im-
I^iingement, and possil)ly ion bombardment of the wall 
are considered in fletermining the heat balance of the 
svstem. 

^ ' - n . Zero Gradient Synchrotron Vertical Beam Sludy 

11. MUSES,* R. I;. MARTIN,f J. I\ . \STNEH* and A. .1. I'LICK ii 

The feasibility of using a viTtical proton beam gen
erated by the Zero Gradient Synchrotron to produce 
an ionized cohnnn in the atmosjihere which in turn 
might be usetl for meteorological research has been 
investigated.^ 

The use of a high-energy jiroton or electron beam, 
directed vertically to act as a jirobe for the study of 
atmosi>heric jirocesses was projiosed. An outstanding 
feature of such an atmosjilieric jirobe would be its 
cajiability to ionize a column of air rejieatedly in a few-
microseconds and in ajijiroximately the same jilacc. 

There are a number of jiotential uses of an atmos
pheric ionized colunm for meteorological research. Such 
investigations may include the artificial initiation of 
lightning, the jiroduction of atmospheric ozone result
ing from lightning, and the line spectra associated 
with the lightning channel. Furthermore, a method 
might be possible whereby a combination of the 
high-energy jiartiele beam and infrared techniques 
may lie used to determine the air circulation within 
a thunderstorm. There may lie jiossible uses of a 
high-energy particle beam for aerospace sciences, such 
as the study of whistlers and electromagnetic radiation 
jibenomena associated with the aurora and air glow. 

An IBM-704 jirogram was develojied to eomjiutc 
jiroton flux, ionization rate in the atmosjihere, electron 
density produceil, the degree of ionization and the elec
trical conductivity of the air as a function of height 
and time after the jiroton beam entered the atmos
jihere. Because of the simjilified model used, the an
swers obtained were recognized as being apjiroximate 
but they were considered to be adequate for investiga
tions of feasibility and evaluation. 

The central effort of the study in 19G4 was the de
termination of whether the proton beam could cause 
a lightning stroke from a thunderstorm cell passing 
overhead. The electrical conductivitv of the ionized 

column, although much better than that of normal air, 
was still extremely low compared to that of a good 
electrical conductor and therefore could not be im
jiortant in the jiroccss. The electric field due to the 
proton sjiace charge in tbe beam was shown to be 
negligible, as was that due to the bremstrahlung from 
scattered electrons. Tlie problem was reduced to the 
calculation of the charge sejiaration in the ionized 
column due to ion drift, and the distortion of the 
electric field below the thunderstorm cell due to the un-
neutralized space charge thus jiroduced. The free elec
trons liberated liy ionization have a very short fife-
time in air because they almost immediately attach 
them.selves to oxygen. Con.sequently, the ajijirojiriate 
drift velocity for the negative charges is that of nega
tive ions rather than free electrons. Recombination of 
the plasma then occurs IM tween jiositive ions and neg
ative ions rather than electron>. 

A number of exploratory calculations were made. 
In a representative calculation a beam of 10 -̂' jirotons 
emerged in 100 p.sQQ, and the recombination coefficient 
way taken to be 1.6 X 10~" cnr' sec. Three values were 
chosen for the electric field due to the thunderstorm 
cell: 100 V/cm. 1000 V em and 10.000 V cm. In each 
case the electric field distortion amounted to about 1% 
of the undistorted electric field. Therefore, in terms of 
the mechanisms whicli have been investigated thus 
far the frecjuency of lightning strikes is not likely to 
be significantly increased above normal because of the 
Jiresence of tbe proton lieam jiroduced by this method 
of ojieration of the ZOS. Other exjierimental procedures 
to increase the electric field ili>tortiou are iiein<; con-

•d. 
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V-12. Evaluat ion of a Thermionic Diode for Space Power Using a Liquid Metal Electron 
Collector 

. \ . .1. ULRICH 

The conventional jilasma thermocouple or thermi
onic energy conversion diode has a solid metal elec
tron collector. Cesium vapor at a jiressure of a few 
iiiillibars or less is widely used to provide ions for elec
tron space charge neutralization. Under usual condi
tions, a layer of cesium coats the collector, so that 
electrically the collector appears to be cesium. This 
suggests the use of a diode with a liijuid metal collector 
material such as cesium, rubidium, or potassium and 
their alloys, separated from the hot emitter liy the 
vapor film jiroduced in film boiling.'--' 

To investigate the feasibility of this concept, a series 
of experiments was performed. It w-as established that 
stable film boiling was jiossible for ranges of emitter 
teniperatures and cesium and potassium vapor pres
sures which are useful for thermionic diodes. The range 
of subcooling of the liquid metal w-hieh was permissible 
was not jirohibitively narrow-. The spacing betw-een 
emitter and liquid metal decreased as subcooling in
creased. It w-as estimated to be about 0.1 mm w-hen the 
.submersion was small, but the relationship between 
spacing and subcooling w-as not determineil in these 
experiments. 

Ujion shutdow-n the transient behavior of electron 
homliardment heat to the emitter did not immediately 
lead to the violent nucleate boiling w-hieh was antici
jiated. For a step function shutdow-n the time lag be
fore violent nucleate boiling occurred might be of the 
order of 20 sec for a fission-heated diode. 

The few millimeters of submersion w-hich can be 
tolerated indicates that a thermionic reactor cannot 
he made simjily by plunging an array of fission heated 
emitters into a tank of flow-ing liquid metal. On the 
other hand, the submersion w-hich is possible show-s 
that diodes could indeed still continue to operate if 
radiation damage w-ere to w-arji the emitters badly. In 
addition the concejit gives jiromise of ameliorating the 
electron emitter evaporation problem. 

Thermionic reactor fuel elements usually contain 
many diodes in series, all supjilied w-ith cesium ^-apor 
from a common source cajisule containing liquid 
cesium which is usually located at the end of the fuel 
I'lement (see Fig. V-12-11. The cesium vapor jiressure 
in the diodes is determined by the temperature of the 
cesium liquid in the capsule. This same basic fuel 
element can be used in a film boiling liquid metal de
sign to produce pow-er in the zero gravity field of sjiace. 
By controlling tho temjierature of the electron collec

tors within ±10° K, liquid cesium alloy may be con
densed on them in any desired thickness, the vajior 
being transported from the capsule at the end of the 
element. Use of vapor transport is mentioned in the 
discussion following presentation of the jiaper cited 
in Ref. 4. The spacing betw-een emitter and liquid col
lector is then determined by the sulicooling which is 
imposed. 

This imjirovement in a sjiace ajijilication requires 
chiefly more precise control of collector temperatures, 
a modified startup and shutdown schedule to avoid 
nucleate boiling and develojunent of a new- thermal 
divider, to exclude nucleate boiling from the bound
aries of the eollector surface. Preliminary work on this 
type of divider has been rejiorted.'' 
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.\n auxiliary benefit may be a much more reliable 
thermal bond betw-een the eollector and the coolant 
channel. 

These problems are being apjiroached from other 
directions. The use of a cesium coated refractory metal 
clad on the fuel as an emitter eliminates the evapora
tion jiroblem and gives an added advantage of a vari
able work function. This is very satisfactory but it 
required a closer electrode sjiacing, which makes the 
radiation damage jiroblem more critical. The radia
tion Jiroblem is currently being studied independently 
as a fundamental problem. If the study does not result 
in an adequate reduction of radiation damage, it will 
be necessary to develoji other means of avoiding diode 
shorting. 
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V-13. Nuniei-ical Integrat ion by Iterative Procedures and by Rational Osculatory 
Interpolat ion 

H. C. THACHER, .IR. 

Studies of methods of cstiniatinj^ intcj^rals from nu
merical data resvilted in three publications, two with 
regard to functions of many variables, and one on func
tions which are w(dl represented as ratios of poly
nomials. 

The hrst paper un multi\ariate (juadratiue' de
scribes a combination of the multivariate cjuadrature 
method of Thacher and Alilne' and Thacher's iterative 
algorithm for integrating functions of a single variable. 
The resulting algorithm is convenient for estimating the 
integral of the interpolating polynomial from data at 
any set of points sufficient to define the polynomial 
uniciuely. 

The difficult condiinatorial problem of selecting sets 
of points which satisfy this criterion, i.e., which are 
degree-n independent, is somewhat alleviated by the 
theorem: 

Let T be any linear transformation which is non-
singular with respect to the set of points Ixj!. Then 
for all n, \Xj\ and \Txj\ are either both degree-^ 
dependent or degree-/; independent. 

Since the lattice points of a simplicial grid of /( points 
on an edge are known to be degree-n independent, this 
theorem permits the generation of a large variety of 
other independent sets of points. 

The second paper on nmltivariate <iuadratiue is de
voted to the integration of functions which camiot be 
represented effectively by a single approximation over 
the entire region of integration. Under these circum
stances, it is advisable to subdivide the region into sev
eral subdomains, and to use a fairly low-degree approxi
mating function over each subdomain. A (juadrature 
formula accurate for all (juadratics in s variables has 
been found which retiuires knowledge of the integrand 
at one point on each face of an s-dinicnsional hyper-
parallelopipedon, and at one interior point. Since the 
values of the function associated with points on op
posite faces of the subdomain appear with weights of 
equal magnitude but opposite sign, their contributions 

cancel, and the integi'al o\'er the entire region requires 
only one function value per subdivision, plus one point 
from each subdivision of the surface of the region. An 
extensive series of trials indicated that the new method 
is more efficient than simple ]\Ionte Carlo, except when 
fewer than :iOO points are allowed. For smooth functions, 
however, multiple (laussian formulas are even more 
efficient. 

In integrating ordinary differential ec^uations by pre
dictor-corrector methods, the corrector formula is or
dinarily an open integration formula, that is, the in
tegral from .ri to .ro is expressed in terms of the values 
of the integrand at Xn, Xu • • •, .r„, and of the integral 
at .cu • • •, x,i. These formulas have previously been de
rived on the assumption that the integral can be ade-
(luately represented by a polynomial over the range .TO, 
.r„. Badly behaved functions are often far better repre
sented by ratios of polynomials than by polynomials, 
and au integration formula which is exact for rational 
functions would be of interest for numerical solution of 
differential e(iuations. In 19B1, Thacher^ and Salzer* in
dependently discovered algorithms for rational oscula
tory interpolation, which could be used as closed, 
predictor formulas. However, their algorithms were 
not applicable unless function values were specified. A 
family of open (luadrature formulas has now been dis
covered which are exact whene\er the integral is a 
rational fimction. 

The first member of this family is: 

Hi.rn) = //(.<•,) + (.r„ - .,-,) sgn {f^)\^fj, (1) 

where/ , is the derivative of //(.r) at the point .r, and 
sgn (.r < 0) - - 1 , sgn {x = 0) = 0, and sgn 
(.r > 0) = + 1 . This fornuda is analogous to the trape
zoidal rule wdth the arithmetic mean replaced by the 
geometric mean. Aside from its interest for mmierical 
solution of differential e(]uations, E(). (1) leads to a 
variety of interesting approximations for elementary 
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functions, iiicludiiif 

with an error — -JT i-r — 1) ' -h 0(.r ); 

. ( ' + B - > ^ - ^ - - - I ^ ) 

(2) 

C.i) 

with an error -|- TIVS .'' + 0 (a- ). 
The three-point formula is considerably more compli

cated, and requires special treatment when the data arc 
consistent with tw-o distinct rational functions. These 
cases have been analyzed in detail.' 
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V-14. Evaluation of Func t ions by Shifted Chebyshev Polynomials 

H. C. T I U C H E H , JH . 

Evaluation of functions reiiuires a large fraction of 
the time in most scientific computer programs, and im
provements in techniiiues for this task are of general 
value. For the common elementary functions, consider
able effort has been devoted to computing the coeffieieiits 
of polyiioiuinals, or of ratios of polynomials, which 
iiiiuiiuize the maximum deviation from the desired 
function over a suitable range, h'or the less familiar 
transcendental functions, this effort is rarely expended, 
and users are content with truncated power series, or 
other inhnite expansions. Clenshaw' has recently ad
vocated an intermediate form of machine table, the 
truncated expansion in Chebyshev polynomials. These 
expansions converge rapidly for many functions—more 
rapidly in fact than expansion alternates in sign in a 
niaiiner which is very close to that which characterizes 
iiiiiiiiiiuiu deviation polyiioiuials aud rational approxi
mations. 

When the function to be approximated has a rapidly 
convergent pow-er series, it is possible to rearrange this 
series to obtain the coefficients in the Fourier-C'heby-
shev series. This is the basis of Lanczos' familiar 
economization procedure. When the power series con
verges slowly, or fails to converge over part of the 
range, direct rearrangement is unsatisfactory, and 
Clenshaw- recommends other, more complicated devices. 
In a recent paper" it has been shown that the Fouricr-
Chebyshev coeffieieiits can be obtained by rearranging 
slowly-convergent or even divergent power series by 

suitable use of summation pi-oeeduies. Briefly, let 

fix) = i;«.i-' = t.'c,T,i.c) (1) 

where the prime on the second summation indicates 
that the hrst term is to be halved, and let v..^ be the co
efficient of the qth Chebyshev polynomial, T,jix), in 
the expression of x' in terms of Chebyshev polynomials. 
Then 

12 arfr.. (2) 

If the power series converges rapidly, only a few terms 
of E(]. (2) w îll be significant. If many terms of Etj. (2) 
are significant, one of the many summation devices, 
such as the Euler summation formula, or the e algo
rithm may be applied to estimate the sum. As examples, 
the coefficients in the expansion of lu (1 + J-) in shifted 
Chebyshev polynomials were found correct to (iD from 
the first 10 terms of the power series, and acceptable 
values were even obtained for In (1 + 3x) where the 
power series converges only over ^ of the range. The 
techniciue was also used successfully to obtain an ex
pansion of the dilogarithm function. 

I'jxpansions in Chebyshev polynomials converge 
slowly, and are therefore inefficient, in the neighborhood 
of a singularity. I'nder these circumstances, rational 
approximations are apt to be definitely superior. The 
flexibility, stability, and convenience of the Chebyshev 
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expansion can be retained to a large extent, while gain
ing the power of the rational form of approximation, 
by making a rational transformation of the independent 
variable. Kor exaniple, the l-'oiu'ier-Chebyshev series 
for the natural logaritlun in the form 

hi (1 + .(•) = YJ c/rU/) Oi) 

requires 25 terms to achieve 201) accuracy. By rear
ranging the power series 

In x 

an expansion 

In X - (;;i)E-(i^) 
was obtained, wiu-rr .w is selected so that the variable in 
the polynomial ranges between —1 and 1 as x ranges 

between V l / ^ and \/H. For R = 2, s = 0.1715 • • -, 
and for R = 10, -s = 0.5194 • • •. In the former case, 12 
terms are sufficient to give 28 significant digit accuracy, 
and 9 to give 20S accuracy. For the decimal range, 24 
terms give 28S accuracy and 10 give 20S accuracy. This 
example illustrates the great potential advantages of 
tiansformations of the independent variable, a device 
which has been somewhat neglected in the practice of 
approximation. The .study of these transformations is 
being extended to a variety of other functions for which 
Clenshaw found slow conv{'rgence of tho Fourier-
Chebyshev coefficients. 
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V-15. Generalized Recursive Interpolat ion 

P. M . Ll'KEH.\KT 

Most widely known interpolation procedures use 
polynomials as basis functions and many of these pro
cedures are applicable only for e(iually-spaced points. 
Although these are sufficient in many cases there are 
many other cases for which they are not the best. For 
example, if it is known that the desired function ap
proaches some finite value in the limit or that it is 
periodic, polynomial approximations are not efficient. 
It is obvious that e(iually-spaced data are not always 
available, especially when the data are experimental. 

II. Thacher^ has developed a generalized method 
which is flexible enough to be useful in almost all cases 
ill which the data aud residts are function values, at 
least in exploratory analysis. It is desirable to generalize 
the approach further to allow more general linear func-
tionals than function values both as data and as results. 
A linear functional, /,,, is simply a method for associat
ing with any function, /', a scalar value, L,f. The func
tional must satisfy the relation. 

Liiaji + a.,J.,) = aJ.J, + a.,Lj2 (1) 

where jl,/'a are functions and fti, ai are scalars. The most 
common linear fimctionals are derivatives and dehniti-
integrals and of course, finietion values. 

The problem is: given a set of linear fimetiouals, 
/.,/', 1 = 1, 2, •--, 11, on a function /', to construct a 

sequence of estimates, LR,., k = 1,2, • • • , n, of the 
functional, /./, such that 

L.RiU-) = I.,f, [I = 1,2, ••• ,;,-). (2) 

Î et us consider a set of basis fiiiietions, ii/j-), which 
satisfy the conditions: 

L,S2j(.r) = 0, (i = 1,2, --- , j - 1) (3) 

/.,S>,(.r) ^ 0. (4) 

Let /?i(.r) be a function such that /.,/?,(.r) = /,,/. Then 
the sequence of fimctionals generated recursively by 

l.R,{.r) = Ui,_ii.r) -h fi,/.<.!/.r) (.5) 

w-here 

^ ^ / . , . / - L,R,.ii.r) 

L,a,{.t) 

satisfy Kq. (2). 
The!2j(.r) may beany filiiet ions which satisfy the con

ditions F.qs. (3) and (4). .\ fairly general set may be con
structed in the form SW.r) = 1 and 

n,(.r) = l!;,(.r) - !/,(.r,_,)lSi,_,(.T) (6) 

where the i/;(.i-) are arbitrarily eluiseii except that 
9)(-i'.) ^ Oilr,-i) for / > j . 
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A few examples have been studied where the g/x) 
are all the same. If g{.r) = x the basis functions are 
polynomials in x and an ordinary polynomial function 
is obtained. If g(x) = .r" the approximation function is 
a polynomial in x". For a trigonometric interpolation an 
appropriate function would be gi.r) = cos .r. If the base 
points are chosen as the zeros of the first neglected 
Chebyshev polynomial this turns out to be a Cheby
shev approximation in cos .r. It is also possible to use 
glx) = sin X. 

The linear operation of ditTerentiatiou is not difficult 

regardless of the form of the gM, since the expression 
for 9.}(.v) can be differentiated as: 

Q/(x) = IgAx) - gMj-iW,-M A-g'j(x)Q,.,ix) (7) 

Ilow^ever, the examples given are also easily integrated. 
In choosing the function, g(x) to be used in an integra
tion problem it will be necessary that j ^ {gU)]"dx be 
integrable. 
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V-16. Kut ta -Merson So lut ions of Diiferential Equat ions 

P. M. LUKEHART 

The Kutta-Merson^ method for solving systems of 
ordinary firstorder ditTerential eciuations is of the 
liunge-Kutta type but, by evaluating an extra iterative 
function, gives a fairly good bound on the truncation 
error. Thus by adjusting the interval of calculation the 
error may be kept within a specified bond. 

An Algol version of the method was published- and 
has been transcribed into a number of other languages 
for use on diffi'rent computers at the Laboratory. The 
program will solve a system of first-order equations 
,'/i = f'iU Vu V".,' ' ' lln) where initial values of all varia
bles, t, yi, (/2, • • • 7/„, are given. An interval, h, is speci
fied at which results are printed but the working inter
val is adjusted by the program to keep the error below 
the specified limit and to compensate for the behavior 
of the function at any place in the range. 

The Kutta-^lerson method has been found to be quite 
useful in a wide variety of applied problems. Among 
them is the problem of constructing an analytic model 
to describe the boiling coolant pressure pulse for a 
known power pulse in a reactor. Manipulation of the 
basic eciuations leads to a second oi'der non-linear dif
ferential equation: 

'111 6 _ W V ^ Y , , /'' _ 2\ rlF 
a A dl ) '" \a a) dt 

(lnn«cq\ p'lji , (^ <ljli _ lJ<j^\ ,, 
\ aH ) dt "^ V ' " afi) 

Goa/3 /') 

-i: qii^dt -I- ,„,,rr, 

+ in^biP - I\) 

q\ = qi(t) 

where F{() = pressure as a function of time 
Pn = initial pressure 

qi(t) = power entering system as a function of 
time 

..4 = constant effective cross sectional area 
of coolant in heated section 

nu, = total liquid -vapor mass in system 
G T average value of the product of the va

por's specific volume and correspond
ing pressure 

c = average value of the amount of energy 
required to raise the temperature of 
unit liquid mass sufficiently to cause 
unit pressure increase 

/i(0 = total energy in system as a function of 
time 

b = average value of the reciprocal of the 
enthalpy of vaporization. 

This equation can be further manipulated into five 
first-order differential equations so that it may be solved 
by the Kutta-Merson method. 
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V-17. Nuclcai- Data Compilat ion . \ f l iv i l i es 

.\. K. S.MiTii and \V. G. VONACH 

The ]ii-oper reporting of results is inherent to the re
search activity. In addition to this requisite, apjireci-
able effort has been expended upon compilation activi
ties of a more general nature. Primary of these is the 
Comiiilation of Requests for Nuclear Cross Sections 
(WASH-10471. This compilation has been formulated 
on punched cards. In this format it is possible to rap
idly ujidate and produce the printed document, uti
lizing data processing erpiipment, correlate the request 
compilation with know-n information (The BNL Sigma 
Center), and assay the recpiests in the context of the 
national reipiircments and capabilities for the produc
tion of basic nucleonic data. This compilation jirovides 
the nuclear jihysies community with an up-to-date 

listing of the cross .sections needed in the applied nu
clear energy program and a measure of their relative 
importance. In addition, it is hoped that it will be
come a valuable tool for the guidance of the long range 
cross section program of this country. 

It is noteworthy that the neutron cross section field 
is one of the few scientific disciplines where a common 
comiiuter language is employed to describe the physi
cal phenomena (The Request Compilation, CINDA 
bibliography, and the data compilation at Sigma Cen
ter) . This common language is fundamental to the ref
erencing and transfer of the necessary large amounts 
of data. 

V-18. Reactor Physics Constants Center 

L. .1. TE.MPLIN 

The primary objective of the Reactor Physics Con
stants Center is the periodic compilation and publica
tion of the latest and best values of the constants and 
formulae which are necessary to calculate reactor 
characteristics. In addition to providing a unified com
pilation of pertinent data, the precepts of the Center 
are: (1) to encourage critical comparison of experi
ment with theory; (2) to encourage critical analysis 
of experimental techniques; (31 to encourage critical 
evaluations of contradictory data; (4) to call atten
tion to areas where further ex]ierimental and theo
retical work will be most jn'ofitable; .and (.51 to pro
mote standardization in definitions of reactor physics 
parameters. 

The first compilation was iniblished in 1958 as 

"Reactor Physics Constants," .\NL-5800. -Again, late 

in 1960, a group of reactor physicists from the original 

Reactor Engineering Division and mathematicians 

from the Applied JIathematics Division undertook to 

review and evaluate more than fifteen hundred rejiorts 

and books for the purpoi-e of ]iublisliing an updated 

compilation. .Additionally, a considerable amount of 

information was acqiiired by direct communication 

with both U.S. and F.iiroiiean scientists. In late 1963. 

••Reactor Physics Const.ants," .ANL-5800 Second Edi

tion, was successfully published and distributed. 

V-19. Ilesonanee Integrals for Dilute Solut ion 

1'. .1. I'Liit.si.wi, .V. v.. MC.\R-I-HV and .1. .1. K.\I; . \N(IVE* 

Many nuclei of interest to reactor physicists re
quire the introduction of negative energy levels in 

• A p p l i e i l .Mill III 

t o r y . 

I I l iv is in i i , , \r(iniii i | . N a t i i i 

order to describe the experimental low- energy neutron 
cross section data. ' To investigate the contribution of 
these levels to the resonance integral for infinite dilu
tion, the capture and fission integrals were evaluated 

file:///flivilies
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hy relaxing the usual assumption that the cut-off en
ergy be much lower than the lowest resonance energy 
level. 

In the single-level Breit-Wigner approximation, the 
integral w-hieh includes negative energy levels is 

r dE 

., IlihV'li.r, 
2m 1=1 

dli 
(1) 

'hjfMii - PE.)' -h i(K"=r',;, + V,, + i \ , ) - | 

where P is (-I-1) and ( - 1 1 for positive and negative 
energy levels respectively, and .r denotes the reaction 
process of interest (.r = c, radiative capture and x = /, 
fissionl. The definitions of tlie remaining symbols are 
those commonly used. 

The solution for equation (1) was coded for the 
IB.M-704 and designated as ANL-RE-266. 

The contribution from the unresolved levels includes 
the eftect of the fluctuation of the reduced neutron 
widths as given by C. Porter and R. Thomas." The 
statistical distribution of the fission w-idtlis w-as neg
lected. This error could be masked by the error intro
duced in not utilizing the multi-level formalism for nu
clei w-ith fission channels.•'••' The sensitivity of the 
resonance integral to the details of the level formula 
has not been investigated. 

Calculation of the capture and fission cross sections 
as a function of energy, in the one level approximation, 
has also been programmed into the code. This serves 
as a check on the choice of parameters, when a choice 
exists, by comparing the eominited cross section w-ith 
the ex]ierimental data. 

.A continuing search is being made in the literature 
and recently reported experimental and calculated 
data have been listed in Ref. 5. The comjiuted values 
obtained by the above code are included in this pub
lication. The experimental data are supplemental to 
the data reported in Ref. 6 and the comiiiiteil values 
supersede those of Ref. 6. 

In Table V-19-I are listed separately and in more 
detail the computed and experimental resonance inte
grals for those nuclei whose negative energy level 
parameters are available. 

The negative energy level parameters used for U-235 
were those reported by J. Harvey and J. Sanders.' The 
positive level parameters used were essentially a com
bination of those listed in BNI,-325 2nd Ed. supple
ment 1, and the data of W. Havens, et al' This choice 
of parameters gives a corainited fission cross section, 
in the energy region of 0.025 eV to 0.44 eV, in very 
good agreement with the data in BNL-325. The con

tribution of the bound levels 1.52.8 bl to the fi.s,«ion 
resonance integral, brings the computed value into 
better agreement with the experimental value of 271 ± 
11 b.'*'" 

The iiarameter data of L. Bollinger, et al.,'^ were 
used in computing the resonance integrals of Pu-239. 
The bound level contributes 13.6 b, giving a total of 
280 b for the fission integral. Although this is in fair 
agreement with the experimental value of 327 ± 
22 b, '" the computed fission cross section does not agree 
too well with the BNL-325 data in the energy region 
from 0.025 eV to 0.44 eV. The comiiiited cross section 
\-aliies were somew-hat low-er. This discrepancy results 
from the failure of the single level Breit-Wigner for
malism to adequately describe the cross section for the 
fissile isotopes. 

In the absence of fission channels, the radiative cap
ture cross section can be adeipiately descrilied by the 
sum of single level Breit-Wigner terms. For these nu
clei, one should exjiect a higher degree of consistency 
between the computed cross sections and resonance in
tegrals with the respective experimental data. 

The negative level parameters used for Tli-232 and 
I'-234 were those reported by G. Cooper, et al.'- The 
positi\-e level parameters for r-234 were taken from 
BNL-325 and for Tli-232 the data used was that of 
.1. Desjardins, et al.'-^ The experimental value for the 
resonance integral of U-234 is not available for com
iiarison. 

In the case of Tli-232. the bound level is found to 
contribute 1.2 b to the capture integral. The total 
integral, i.e.. resolved and unresolved, of 94 b lies be-

T A B L I L V-IQ-I. FISSILE ISOTOI'E.S, CUTOFF ENEROY 

0.44 eV 

(-)-) levels 
(—) levels 
Unresolved 
Total 
Experiini'iital values 

N O N - F I S S I L E IsoTt 

(-I-) levels 
(—) levels 
Unresolved 
Total 
Experimental values 

U-23S 

/ . . / , b 

153.9 
52.8 
57.7 

264.4 
271 ± 11 

PES, l^.c, C 

Th-232 

89.6 
1.2 
3.2 

94.0 
110 
85 

I..., b 

135.4 
9.0 

43.8 
188.3 

Pu-239 

/ . . / . b 

189.9 
13.6 
76.7 

280.2 
327 ± 22 

/ , . . , b 

147.7 
3.4 

30.4 
181.5 

UTUFF ENEROY 0.44 cV 

U-234 

634.0 
9.2 

18.1 
661.4 

Dy-164 

19.6 
351.7 

10.8 
382.1 

482 ± 33 
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tween the two expi-iiiiieiiliil values of 85 l l " and 
llOb.'f' 

The Dy-164 biiiiiid h-vel was determined by R. Sher, 
et al.,'" using a fitting procedure which did not recjuire 
specifying the radiation w-idth. The total capture in
tegral was found to be 416 li when the radiation width 
was taken to be that of the jiositive level, P, = 115 mV. 
However using this width in the Breit-Wigner formula, 
the coni]nited cross section was in complete disagree
ment with the experimental data in the energy region 
from 0.25 eV to 2.0 eV. It w-as found that a radiative 
width of 76 mV w-as in excellent agreement w-ith the 
data. This w-idth then yielded a resonance integral of 
382 b wdiich is aiiproximately 100 b less than the ex
perimental value of 482 ± 33 b reported by G. .lacks.'' 
Part of this discrepancy may be resolved if the ex
perimental method of determining integrals, particu
larly for strong non l/i' behavior, is modified to in
clude cadmium difference ratios rather than cadmium 
ratios. The bound level in Dy-164 comiiriscs 92'f of 
the resonance integral. 

The cominitations imlii-ate that negati\-e energy 
levels may contribute iqipreciably to resonance inte
grals. I t should then be ex]iected that these levels w-ould 
also contribute to resonance integrals for finite dilu
tions and heterogeneous mixtures. 
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\ - 2 0 . A Fortran Cotle for Cylindrical Lattice Collision Probabilit ies (B692/RP) 

E. .M. PE.N.MNGTO.X 

Fortran codes have been written which compute first 
collision probabilities for either a two-region or a 
three-region unit cells in cylindrical geometry. It is as
sumed that neutrons inciilent on the boundary of the 
unit cell from the inside are returned isotropically 
rather than with mirror image reflection. Reference 1 
presents the dei-i\-ation of the eiiuations involved along 
with a description of the Fortran codes (B692.'RP| 
including listings and samph- input and output sheets. 

Reference 2 eonipares collision probabilities using the 
assumption of isotropic return and the Wcgncr-Seitz 
unit cell approximation for a two-region lattice with 
results using Fukai's exact method and other approxi
mate methods. In Fukai's method the neutron paths 
in the actual lattice are considered w-ithout the unit 
cell approximation. The B692 RP collision probabili
ties are in rather good agreement with Fukai's exact 
vahies. Al.̂ io in Ref. 2. collision probabilities for the 
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TAIiLE \'-20-I. THERMAL FLUX RATIOS FOR H I - C AND B(>liAX-\' LATTIPES 

{Dala in part from Ref. 2) 

Core and Lattice 

BORA.\-Vl 
1.-27 cm D / 

BOHAX-Vl 
1.-27 cm A j 

Hi-C Al 1 
1.-24 cm n / 

Ili-C SS 1 
1.24 cm n ) 

Hi-C Al 1 
1.27 cm A 1 

Hi-C SS 1 
1.27 cm A / 

Flux Ratio 

ii/ii 
i-,lii 

iil^i 
iilii 

itii, 
hiii 

it/ii 
Mil 

i:lii 
* i / * i 

i,ji, 
i,li, 

27 Group 
THERMOS 

1.1150 
1.2535 

1.1124 
1.2299 

1.0894 
1.1572 

1.0819 
1.1709 

1.0880 
1.1486 

1.0807 
1.1615 

One Group 
THERMOS 

1.1125 
1.24(52 

1.1105 
1.2249 

1.0890 
1.1551 

1.0815 
1.1687 

1.0879 
1.1477 

1.0807 
1.1607 

B692/RP 

1.1173 
1.2394 

1.1142 
1.2203 

1.0902 
1.1497 

1.0836 
1.1634 

1.0887 
1.1413 

1.0824 
1.1544 

Core and Lattice 

Hi-C Al \ 
1.166 cm A / 

Hi-C SS \ 
1.166 cm AJ 

Hi-C .\1 1 
1.127 cm AJ 

Hi-C SS 1 
1.127 cm AJ 

Flu.x Ratio 

i:li, 
ii/i. 

i,/i, 
* i / * i 

iilii 
ii/ii 

i:lii 
iilii 

27 Group 
THERMOS 

1.0853 
1 1-286 

1.0781 
1.1375 

1.0831 
1.1271 

1.0772 
1.1367 

One Group 
THERMOS 

1.0865 
1.1299 

1.0789 
1.1391 

1.0848 
1.1299 

1.0785 
1.1395 

B6i)2/RP 

1.0870 
1.1299 

1.0801 
1.1397 

1.0858 
1.1260 

1.0798 
1.1363 

two-region cell are used along with the flat flux ap
proximation in calculating thermal disadvantage fac
tors which are compared with those from discrete 
ordinate calculations using various boundai-y condi
tions. For the three-region cell average thermal fluxes 
arc compared with those computed by the THERMOS 
code. The results obtained are in good agreement with 
those from the W-DSN code with the isotropic bound
ary condition or from the DTK or THERMOS codes 
with an extra scattering region as proposed by H. 
Honeck.^ Such agreement is ex|iected for lattices w-here 

the flat flux approximation is justified. Fluxes for the 
three-region lattices as obtained using both THER
MOS and B692/RP are given in Table V-20-I. 
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V-21. Foil Activat ion P r o g r a m s , B512/RP 

E . M . PE\-N1-N-(:TO.\ 

Programs have been written in Fortran w-hich cal
culate cutoff energies and various activation integrals 
for covered foils in slab geometry. The derivation of 
the etpiations involved and the description of the pro
grams, including listings and input and output sheets, 
are given in Ref. 1. The original versions of the pro
grams were roughly etiuivalent to those described in 
Kef. 2. In these versions, cutoff energies w-ere calcu
lated for a slab l/v absorbing foil between covers hav
ing a cross section consisting ot a single Breit-\\'igner 
resonance. Either an isotropic or beam flux was used, 
with the energy depenilence being a Maxwellian plus a 

1 E tail. When the programs were later modified to 
conform to the IBM-704 monitor system, a number of 
features w-ere added. 

Both the slab absorbing foil and covers are of arbi
trary thicknesses and have absorption cross sections 
consisting of a l/v part and/or Breit-Wigner reso
nances. The angular dependence of the neutron flux is 
either isotropic or beam; whereas the energy depend
ence is cither Maxwellian with several epithermal op
tions including a 1/E form, or a flux input for a suit
able number of energy values. A rough treatment of 
outer flux depression is available in the isotropic flux 
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case. Alisorption integrals above and below the cutoff 
energy are calculated for both the bare and covered 
absorbing foil; and, in the analytical flux case, for 
both Maxwellian and epithermal components. An op
tional output of various functions at each energy in
volved in the integrations is available. 
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V-22. Mult igroup Constants Code MC= 

D. .M. O'SHEA 

A FORTRAN program to coiuiiuti.- iiiiiltigi-ou|i con
stants from evaluated monochromatic data has been 
written for the CDC-3600. Given the users input 
specification, the code will extract the basic cross sec
tion data from a library stored on magnetic tape. The 
program will then form group cross sections for a 
suitably large number of fine groups, and finally 
average these constants over either a sjiecified or cal
culated spectrum. An ELMOE' type calculation may 
be done if desired. 

Doppler broadened cross sections over the resolved 
resonance region are calculated for a homogeneous 
mixture. The method follows the intermediate repre
sentation of E. Cohen and R. Goldstein.- The inter
ference between resonance and potential scattering, 
and the interference with overlapping resonances in 
other isotopes is allowed. 

The average cross section, ir.i, for a fine group over 
the region of resolved resonances is expressed as 

/" '- ' aAE)dE I ['•'' „ 
4, 'i;,(£) / h, i', E) 

where the integration is carried out iiwr the limits of 
the fine group. 

In order to reduce the comiiutation time, the code 
uses the Romberg integration method.-' In this method 
the number of points in the interval and the degree of 
the approximating polynomial are successively doubled 
until convergence of the integral is obtained. The 
method retains the values of the ordinates previously 
com|iuted for use in the current calculation. 

Doppler line shape functions are computed by the 
continued fraction expansions described in Ref. 4. 

Cross sections which are smoothly varying over 
energy are represented in the library by the coordi
nates of end points of linear segments taken from log 
£-log cj, log /(^-linear rr, or linear /t'-linear a graphs. 

Fine group cross sections are obtained by interpola
tion over the fine group limits. 

Data on the average number of neutrons emitted per 
fission is represented by polynomial fits to the data. 
The coefficients for these jiolynomials are stored in 
the library. 

Inelastic scattering matrices are computed from ex
citation functions for individual levels. The statistical 
model is used above the region of resolved level. Level 
excitation data and data on nuclear temperature are 
represented in the library by linear segments from the 
grajihs of these functions. 

The fission spectrum source for a fine group is repre
sented by a function of the type 

F, 

wdiere .4, / i , and C are constants. .An analytic repre
sentation for the integral is used. 

The elastic scattering treatment of light elements 
has been adapted from the ELMOE program. Modi
fications have been made to remo\-e the restriction that 
all materials must scatter an integral number of 
groups. The present ELMOE library of Legendre co
efficients is used. 

Calculation of the weighting spectrum is presently 
done in the ordinary P-1 apiiroximation. The program 
assumes data is available for either a fine group 
width. Ill- a coarse group w-idth of some integral mul
tiple of fine group widths, or both. Tho data required 
for individual fine groiqis are the capture and fission 
cross sections from the resolved resonance calculation, 
and the elastic transfer and transport cross sections 
for the materials that are treated in the ELMOE man
ner. ,\11 other data are specified for coarse groups. 

The number of groujis which may be used in the 
calculation of the weighting spectrum is almost arbi-
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trary, since the program is designed to do the calcula
tion in segments. Elastic scattering matrices are read 
in for each new segment. The inelastic and elastic 
scattering source from higher energies is retained in 
fast memory. 

The final averaged group constants are punched on 
cards. The cross sections may be punched out in for
mats suitable for direct use in the RE-122, DSN, or 
CR.^M neutronics codes. 

A library of evaluated cross section data has been 
assembled for use in conjunction w-ith the MC- pro
gram. Cross section data over the range ot 0.4 eV-10 
MeV has been collected from data current to about 
March 1964. Materials in the libraiy are B, B-10, C, 
0, Na, Al, S, Cl, K, Ti, V, Cr, Fe, Ni, Zr, Nb, Mo, Ta, 
W, Re, Pb, Bi, Th, U-233, U-234, U-235, U-236, Pu-
239, Pu-240, Pu-241, Pu-242, and Fission Products. 

The experimental data are supplemented by theo

retical analyses where necessary. The documentation 
for the library, and a 26 group cross section set gen
erated largely by the MC- program will appear in 
Ref. 5. 

REFERENCES 

1. .A. L. Rago and H. H. Hummel, EI.MOE: An IlUI-7l)i Pro
gram Treating Elastic Scalleriuy Resouanees iu Fast Re
actors, ANL-6805 (1964). 

2. R. Goldstein and E. R. Cohen, 7')i<ori/ of Resonance Absorp
tion of .Xeutrous, Nucl. Sci. Eng. 13. No. 2, 132 140 (1962). 

3. F. L. Bauer, H. Rutisliauspr and E. Stipfpl, Proc. of Fifteenth 
Symposium in .Applied Math. .\ta. Math. Sm-. 15, 109 218 
(1962). 

4. D. M. O'Shea and H. C. Thacher, Jr., Computation of Reso
nance Line Shape Functions, Trans. Am. Nucl. Sop. 6, 36 
(June, 1963). 

5. n . .\I. O'Shea, H. H. Hummel, W. B. Loewenstein and D. 
Okrent, Twenty-Six Group Cross Sections, ANL-6858 (to 
be published). 

V-23. Ancillary Comput ing Programs 

L. C. KVITEK 

FIZZ (IB-M-704 PmiiiH.ui 2184/RP) 

This code employs the results of multigroup diffu
sion theory calculations to calculate various reaction 
rates for use in determining the neutron balance. Fis
sion and capture rates, breeding ratios and regional 
leakages are evaluated. The code can utilize energy 
group flux integrals from a multigroup analysis. It can 
also utilize point by point flux values and perform the 
apjiropriate volume integration prior to determining 
the total reaction rates. 

DEL (IBM-7U4 PROOH.\M 2184/RP) 

DEL is a multigroup perturbation theory program. 
It utilizes point by jioint real and adjoint fluxes and 
jierforms apjiropriate integrations to give a jiroblem 
normalization as well as individual perturbations. 
These include fission, absorption, elastic spectral deg
radation, inelastic spectral degradation and leakage. 
Programming is now- complete for sphere, infinite 
cylinder and infinite slab. Revisions are under w-ay to 
inehide ailajitation to finite cylinders and slabs. 

V-24. Solut ion Techn iques for Elasticity Problems in Cylindrical Coordinates 

C. K . YorN-GD.\iii. 

P R E F . \ C E 

To preface this section, some remarks on the state-
of-the-art of the field ot classical linear elasticity are 
in order. Although there is a large number of approxi
mate solutions to elasticity problems, exact solutions 
arc rare and are mostly for jiroblems involving very 
simple ceometries and/or one dimensional variations. 

This is mainly due to the lack of any systematic pro
cedure for solving jnoblems, forcing the solver to rely 
upon his jiersonal experience and mathematical intui
tion to enable him to sujierimpose existing solutions 
for similar problems jjlus something additional con
jured from his own iniagin.ation, to produce a solution 
for a new problem. 
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Tho use of stress functions in elasticity appears at 
first glance to bring the solution of problems out of the 
realm of applied ingenuity into the realm of applied 
mathematics. The Galerkin stress function is a single 
biharnionic function related to tho displacoment and 
stresses in such a way that the eciuilibrium equations 
are automatically satisfied. Alternatively, the stresses 
and displacements can be exjiressed in terms of the 
newer Papkovich stress functions (four in number), 
and equilibrium will be satisfied if these are harmonic. 
Since a great deal is known about biharnionic and har
monic functions it would appear that solutions of 
problems could be obtained in a I'tiutine manner; how
ever, the difficulty is that there is still no way of sys
tematically satisfying the boundary roncUtions. Un
fortunately, transform teclmi(|ues. which have proven 
quite successful in other fields for incorporating bound
ary conditions into solutions, just do not work here 
because the boundary conditions expressed in terms 
of the stress functions are not transformalile. 

A technique has been devised for constructing the 
Papkovich stress functions in such a way that the re
sulting boundary conditions have tlie form one would 
have expected if the normal transform or Fourier se
ries (which may be thought of as finite transforms I 
methods had worked. Then fiuni this point on, the 
solution simply involves the routine use of transform 
methods, and although the algebra usually becomes 
(juite complicated, one can proceed confidently to a 
correct answer. The stress functions involve known 
functions suitable to the \nn\y shape and arbitrary 
functions determined finni tlie boundary conditions. 
If the boundary is simple, the arbitrary functions can 
be solved for explicity in terms of the known functions, 
and the solution will be in clo.sed form. Considering 
geometries that lend themselves readily to cylindrical 
coordinates {r,6,z), infinitely long circular cylinders, 
infinitely long circular tubes, the elastic space with an 
infinitely long circular hole, and the infinite plate all 
fall into the category of bodies with simple boundaries. 
Now consider problems wliere the liody has a complex 
boundary but wliere the solution is indcjicndent of one 
of the coordinates or a known function of it. The arbi
trary functions can tlien be expicssed in terms of 
known functions and one ai'bili'aiy function. The latter 
is the solution to an ciiuation of the form 

Ad) = lAi) + E - " ' " ) Z Fim,n,}) 

where lAi) is derived from the loading, Fini,u,i} in
volves known functions only, and All} is the unknown 
function to t)e solved for. In some cases A{i) may be 
a set of eoeflicients which might more conveniently be 
denoted l)y .1,, while in others it may be a function of 
a continuous variable, denoted by A(i), and the sum 
over ni becomes an integration; this depends on the 
finiteness of the boundaries involved. For instance, 
restricting the listing to geometries amenable to cylin
drical coordinate re])resentation, we have the following 
cases: 

1. For a finite circular cylinder or a finite circular 
tube, Ivi. I l l becomes 

A, = L, + E -V,. Z /•'..„.- (2) 

2. For a semi-infinite circular cylinder or tube, Eq. 
(1 I becomes 

A, = L. A- II A„, f F„Jn)dn. 
" 1 - 1 ' ' l l 

(3) 

3. For an infinite plate of finite thickness with a 
circular hole perjiendicular to its surfaces, Eq. (ll 
becomes 

A(i) = LU) + / Aim) E FJjn,i}dn (4) 

4. For the lialf-sjiace with an infinite circular hole 
jierj-ieiidiciihii- tii its .surface. Ef|. ll I becomes 

.Hi) = Lit) -h f-'^'"'f Fim,n,i)dndin. (n) 

(1) 

Because of the cylindrical geometries. F w-ould in gen
eral be a function of the Bessel functions of the first 
and second kinds and the modified Bessel function of 
the first and .second kinds. The functions Ld'l or L, 
w-ould be obtained from transformations or Fourier 
series rejire.sentation of the loading. 

The three folhiwiiig problems of this general type 
lia\-e been coiisiilereil. 

1. llalf-Sjiace with a Hole. This iiroblem is re-
jiiirted in Pajier No. V-24a. 

2. Thermoelastic Problem for Fuel Rod with Clad
ding. This Iiroblem is reported in Paper No. V-24b. 

3. Thermal .Stresses in Reaetor Fuel Plates. This 
jiriibleiii is i-e|)oi-ted in Pajier Xo. V-24c. 

file:///nn/y
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iNTRODrCriON 

Obtaining the exact three-dimensional solutions of 
plane problems in elasticity is usually a very difficult 
matter. Conseijuently, standard two-dimensional ap
proximations to these problems have been formulated. 
There exists a large body of literature dealing with 
methods for obtaining these two-dimensional approxi
mate solutions and presenting such solutions to particu
lar problems. However, w-ithout available exact solu
tions for comparison, there is no w-ay of determining 
the accuracy, and thereby the limitations, of the ap
proximate methods. 

In this report, tbe exact three-dimensional solution to 
a non-trivial plane problem is developed. Numerical 
results for the stress distribution in the vicinity of the 
surface of the elastic body are presented, since it is in 
this region that the plane approximations are poorest. 
The stresses at and near the surface are found to be 
strongly dependent on the Poisson's ratio of the elastic 
material; this is of significance for photo-elastic w-ork, 
where experiments usually must be performed using 
materials w-ith different Poisson ratios than those of 
coiumon structural metals. 

The particular problem treated in this study is the 
nature of the stress concentration caused by a circular 
hole, such as a rivet hole or port, in a plate which is 
being pulled iu one direction. 

l''or a plate which is very thin compared to the diame
ter of the hole the appropriate plane stress solution gives 
useful results for the average stresses through the thick
ness, but it is not an exact solution of the problem since 
the boundary conditions on the hole are not satisfied. 
On the other hand, the corresponding plane strain solu
tion gives results which are valid near the center plane 
of a thick plate, but it does not satisfy the boundary 
conditions on the plate surfaces. E. Sternberg and M. 
Sadowsky' give an approximate solution to the problem 
using energy methods for an infinite plate of arbitrary 
thickness. 

In all of the alxn-e, however, there is a bhirriiig, or 
averaging, of the stresses, particularly in the vicinity of 
the edge created by the intersection of the hole and the 
plate. This local stress coneeutratioii is really the heart 
of the problem. 

To isolate the edge effect, it is assumed here that the 
plate's dimensions are very large compared with the 
diameter of the hole. The plate then becomes a semi-
infinite elastic medium with a circular hole drilled per
pendicular to its bounding plane. The half-space is 
loaded at infinity in uniaxial tension in a direction per

pendicular to the axis of the hole. The exact three-di
mensional solution of this uon-axially-symmetric elas
ticity problem is obtained through the use of the 
Papkovich stress functions' and pseudo-transform 
techniques involving the Fourier Transform Iinersiou 
Theorem and Weber's Integral Theorem. These tech
niques lead to a single integral equation which is sohed 
numerically on the IBM-704. Computations are also 
performed to numerically check the satisfaction of the 
boundary conditions (and thereby the validity of the 
solution) and to find the desired stress distribution on 
the hole. .A summary of the method and results is given 
here. 

STATEMENT OF THE ORIGINAL PROBLEM 

Consider a homogeneous, isotropic, elastic liody oc
cupying the region 0 ^ ^ < x , 1 ^ r < y-, which, at 
infinity, is in a state of uiiihiriii uniaxial tension of 
intensity T acting in the .r direction (sec Fig. \ '-24a-l). 
The displacement vector field and the stress tensor 
field associated with this loaded body must satisfy 
equations of eijuilibrium, stress-displacement relations, 
and boundary conditions. In cylindrical coordinates /-, 
e, z the equilibrium eipiatioiis of elasticity for zero body 
forces are 

dr r 

dr., 
Ii 
ar 
HI 

T„, 

dr, 
de 

-t-

- -(-

T((j 

-% 
1 dr„ 
} He 

1 9T„ 

r m 
are tl 

r + -

dz 

dz 

e noi'i 

0, 

-f -- = 0, 

w-here Tr.. r^t, T„„ are the mii-iiial componeiits of the 
stress tensor and T,„ T,,, T,. are the shear eoniponents. 
.A typical stress-displacement relation is 

---r-u + •i^l\ 
- dr)-

(2) 

Here u is the displacement vector having eoniponents 
u„ Ilg, II;; p is the shear modulus and 

a = 2(1 - V) (3) 

where v is Poisson's ratio. The boundary conditions 
w hich the stress field must satisfy are; 

Zero loading on the surface of the hole 

T„ = r,, = T,, = 0 on 1- = 1 , z^ 0. (4) 

Zero loading on the bounding plane 

T.. = T,. = T,: = 0 on Z = 0, /- a 1. (•"') 
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A state of uniaxial tension at iniiiiity 

T „ ^ | T ( 1 -I- cos2fl) 

J-,, —> ^ T ( 1 - cos 261) 
T„ —> — 5 T sin 29 
r-, r -, T„ -^ 0. 

as /- —> « 
and for 
z a 0 

(fi) 

PARTIAL SOU'TIOX AND RKsinrAi- PHOISLEM 

Consider the displaeemeut and stress fields given by 

"--ih^^v^+a-"'̂ ' 
2M 4 

^-2[-^ + (>-^a'--] ^ (7) 

-20+^-')^'"^' 

where the superscript / ' deiiot<'s a. j)artial solution. 

These satisfy the system of differential e(iuatioiis indi
cated by E(is. (I) and (2) and the boundary conditions 
(4), (5) and the last two of E(j. (5); in other words, 
the solution given by E(i. (7) meets all the requirements 
except that it gives a 7_-: stress of T[(a — 2)/r"] cos 2^ 
on the bounding plane rather than a stress-free siu'face. 
Note that this will be the exact solution if a = 2 
(Poisson's ratio equals zero). 

Let the superscript H denote the icsidual problem ob
tained by subtracting the solntion \VA\. (7)] from the 
original problem; that is. 

U, = II, — ( / , , Trr = T,r " T,r, C t C . ( 8 ) 

Then, by the principle of superposition applicable to 
linear elasticity, this residual stress state should satisfy 
the field Eqs. (1), (2) and the boundary conditions 

0 /• - 1, ,' ^ 0 (9) 

on z = 

rf. ^ 0 

0, r & 1 

(10) 

(11) 

Hence, this siihitioii added to Eq. (7) will be the .solu
tion to the oiigiual problein. 

I'Ai'Kovicii STRESS FUNCTIONS 

If the displacement vector is represented l 

2pu = V(* -h X f ) - 2a<I' (12) 

whrie X is the position vector, $ is a scaler function, 
and >!' is a vector function with cartesian components 
*/, *, , *.., then equilibriimi will be satisfied if 

r-4> = ri- = 0. iV.i) 

The tiiii(-tioiis<h, ^.r, ,̂̂  and 4*; are called the Papkovich 
stress functions.'^ It is w-ell known that for an axially-
symnietric problem 4', and * , can be taken to be zero 
without any loss of generality. Earlier investigators 
have tried to solve this non-axially-symmetric problem 
in an analogous way by, in effect, working w-ith two 
fimetiiiiis 0 and ip related to * and ^ i through' 

<Hr,e,z) 
*=(r,9,r) 

Ttt>{r,z) cos 29 
Tipir,z) cos 29. 

(14) 

However, it can be shown that a third function is neces
sary for a complete solution. This function, x, is related 
to 4'̂  and 4̂ ,, bv 

4',(r,9,j) 
*„(r,9,.') 

rxir,z) cos 9 

— Tx(r,z) sin I 
(1.5) 

Substituting Kqs. (14), (l.'l) into Eq. iV.i), it is foiiiid 
that eqiiililiriiiiii will lie satisfied if 

v:0 = v> = r;x = 0 (iti) 

dr- r dr dz- r 

The displacement eoniponents are expressed in terms 
of <̂ , ̂  and X through the substitution of E(is. (14) and 
(la) into E(i. (12); for example, 

r fa 
11,. ^ — 

2p Idr -h i-x -h zip I 2ax cos 29. (181 

The eorrespoiiding stresses can then be hiuiid from the 
stress-displaeemeiit relations; for example 

(191 

-" = v.. !•* + I'X + -''/'I 
T i_ar-

Solutions to E<p (Ki) can be obtained in a straight
forward manner through the use of separation of vari
ables or transform methods, yielding combinations of 

* The T factor is included tn make 0 and if. dimensionless. 



24a. Youngdahl 275 

Bessel functions, exponentials, and trigoiiomctrie func
tions. However, the boundary conditions on <t>, ip and x 
derived from Eqs. (9), (10), (11) and relations such as 
Eq. (19), are coupled ditTerential equations which are 
not separable or transformable, necessitating a de
parture from standard methods. .\ systematic technique 
has been developed for constructing the stress functions 
0, ip and X to ai-ri\'e at forms of solution not obtainable 
hy transform methods but which when sidistituted into 
the boundary conditions yield relations w-hich can be 
inverted using standard transform inversion theorems. 
Space limitations prohibit a discussion here of the 
method of constructing the stress functions and the 
rationale behind it. Suffice it to say that the correct 
form for this problem is 

(l',2) 

[ 

1 ( 7 ) —~('(y) K.A yr) cos yz 

(20) 

+ Biy) - - C I 7 ) 

•lyrK^iiyr) cosyz — yzK^iyr) sin 72] 

-f (1 - a)y-aiy)il,(y,r)e~Adr 

lKr,j) = 1 | I B ( 7 ) -'^-^<'(y)\yK.Ayr)>^uiyz 

-¥y(;iy)ihiy,r)e-Ady 

x(i-,Jl = ^ ^ C(y) R A - = ( 7 I ) + yK'-AyiA 

• cos yzdy 

aAy,r) = Y'..(y).I.,(yr) - .l'.{y)YAyr). (21) 
The funetious ./,, J'., and A'-, are the Bessel function of 
the first kind, Bessel function of the second kind, and 
modified Bessel function of the second kind, respec
tively.' Primes denote differentiation with respect to 
the argument. The arbitrary functions, . 1 , B, (' and C! 
are to be determined from the boundary conditions. 

I'sing the differentiation and recursion relations' for 
the Bessel functions, it can be show-n that Eiis. (20) 
satisfy Etj. (Ki). The last two of boundary conditions 
(10) are automatically satisfied by Etj. (20), while 
boundary conditions (11) also hold because of the be
havior of the Bessel functions' as r —» x, This leaves 
the four boundary conditions given by Eq. (9) and the 
first of Eq. (10) to be satisfied by a proper choice of the 
four functions .4, B, C and (1. 

Originally, the function V.-, was defined as 

r-.(7)-/=(7'-) - •'•iiy)y-iiyr). 

.\ltlioiigli this leads to a quite satisfactory solution from 

Cirrular Mule. 

the theoretical standpoint, the resulting integrals for 
the stresses converge too slowly to be readily evaluated 
iiumerieally. Defining Q-, as in Eq. (21) gives results 
which are much more convenient for computational 
purposes. This will be discussed further in the section 011 
mmierical results. 

I)KTENMINATIO.\ OF . 4 , B, C AND G FROM THE 

BOUNDARY CONDITIONS 

The three boundary conditions (9) are each handled 
in a similar fashion. Therefore, for the sake of bi-e\-ity, 
only one will be considered in detail. Consider the first 
ofEq. (9); i.e., 

7-" ()-,9,.') j = 0 . (22) 

Substituting l']q. (20) into Eq. (19) and e\-aliiating at 
r = 1, it is deteriiiined that Eip (22) is eqiiivaleiit to 

/ !.1(7)[7' + 4 - Kiy)\ -h Biy) 

\ia - 1 )7' - 4 -1- (7' -I- 4)A-(7)1 

-1 -0 (7 )1 -2 (7 ' -1-2) - 2 ^ ( 7 ) ] I 

•K'liy) cos 721/7 

= - / 7 ' ' ( 7 ) | 4 ( Q - 1 - yz) 
TV J(i 

-\- y'iyz - Dy'dy, z a 0 

(2.3) 
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where 
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This becomes 

Kiy) = yK,iy) 
K,{y) 

(24) 

Multiply Eq. (23) by (2 Trl cos nz, integrate with re
spect to z from 0 to -c , and use the Fourier cosine trans
form inversion theorem' to obtain 

.l(l)[.) ' + 4 - A-(,)l 

-h B( , ) [ (a - 1):,' - 4 -h (,= -h 4)A-(,)1 

- | - ( ' ( . ; ) [ - 2 ( , - - | - 2 l - 2A-(,)1 

' /„"''w[-«-ir=A'j(7,) 
4) 

(2.5) 

' \7' + lV J \7="-f ? / ''"̂ ^ 
The other two of l-^i. (9) lead to two iiiiire algebraic 
equations for .4, B and (' in terms of integrals of (i. 
These three simultaneous equations are then solved in 
a routine fashion; hii- example .1(7) is given by 

.1(7) = 
l(i< 

•A-i IA, , 1 (-V +- '» ( 7 ' + 4) -A..(7)4(7l 

- 7''A(7) — y'K'iy) -h QI[ —7' 

4- (7' -l-fi)A(7) -h :iA''(7)ll 

- /^/(.)^r4^,rf,+ .rT.-A-—, 
•'11 7- + 1- ir-A.j(7)A(7) 

- I - ( 7 ' + 4)/(7) + a[47' 

- (7' + S7' -h •24)A(7) - 2(7'- -h 6) 

- A=(7)|| f (.•{,) ( - r ^ , Y ' / ^ 
-"ll \ 7 - -h T / 

(26) 

when 

and 

A(7) 

.f(y) (7' 4- 2) (7' 4- (i) - 27'A (7) (27) 

(7- + 4 - A-(7)|,f(7) I 

-f a l - 4 7 ' 4 - 8 ( 7 ' 4 - : i ) A ( 7 ) I (28) 

- 7'A'(7) - (1A-'(7)|.J 

The remainiiig boundary condition is |see Eq. (10)) 

cos 29 U.r,e,z) I r(2 - a) (29) 

* T l i i s m a y be MUiiinKirizo.i'^ a s 

E(TI) = " / / '''*">) <̂ (>s 72 cos 7}Z dy dz. 

( y'(;iy)a,iy,r)dy = ' - ^ 
•'n r-

+ j \Aly)YKAyr) -^I'^Biy) ^ (30^ 

-[(a -|-2)A\.(7/-) -|-7'A'.;(7'-)] 

- 27'r(7)A..(7'-)l dy, r >1, 

Weber's Integral Theorem' treats integrals of functions 
similar to % (namely, I'„ (7)./ , (7r) — ./„(7)F„(7r)]. 
.V corresponding theorem ean be pro\-ed for kernels like 
Si. and leads to the relation 

!•• ii) W-i'AOf -{• [Y'Ai)U 

I I yrFiy)n;iy,r)a.(i,r)ilydr 
• ' 1 •'11 

(.31) 

which is of the form of a transform inversion theorem. 
In sol\-iiig an axially-symmetric elasticity problem, K. 
Bleiikarii and .1. Wilhoit" use a similar relation involving 
./ll, ./i, I'll, y'l rather than ./i, .fi, Y,, Y^. 

Multiplying Eq. (:iO) by rft.(J,r), integrating from 
1 to X with respect to ;-, and applying Eq. (:U) gives 
the transformed boimdarv condition 

4(2 1 ) 

IT -"O 

+ aA(7) 4- 2A(7) 

I- (32) 

TV 

^ / ^ | . 1 (7 )A(7) + Biy) 7' + 4 

W>)] 
- 2C(7)A(7) ,> y'i^A-1^ A,(7)1/7. 

I \y- + fv 

4'lie substitution of Eq. (2(i) and similar expressions 
hir Biy), Ciy) into Eq. (32) results in an integral 
equation for (1. This equation is 

(iii)i'\\J'Ai)f + [Y'M)?\ 

4(2 - a) r 
= -^ — + / t:(n)JM.ri)ih 

Tl . ' n 

with the symmetric l<eriiel l.ii.n) being given by 

(.33) 

-t-

(;(:).Q/'-U7)./7} 

(34) 



277 

I I I I I I I I I I I I I I i I I I I I I I I 1 I 

0.5 1.0 2.0 

V 
Km. V-24a-2. (1(, | f.,r Puissim's Raliiis uf 1/2. 1/4. 

with 

gir) = ( j ' - h l ) - ' 

FUy) = - 7 " ( 7 ' 4- 4) -h (7' - : ia)A'(7) 

FUy) = -y'Kiy) 4- (7' 4" :i)A=(7) 

F'Hy) = - a - ' / (7 )A-=(7) . 

(3.'i) 

The integral eijuation (33) was solved numerically 
on the IB.\l-704 for f!iri) using Poisson's ratios of j and 
\ (see Fig. V-24a-2). The stresses and displacements 
can be expressed in terms of (I through the relations 
among the stresses, displacements and the Papkovich 
stress functions, since .!, B and (.' are known functions 
of tr. .V resiiltiiig typical stress is 

(38) 

TCOs29 
ain)'l\An,r,z)dv (36) 

uhere 

T,Ai,,i;z)='^r-f-rM.l\iy) ^ 
T- J„ ( I7) \n/\_ A2( 

(7£l 
7) 

+ My) ' •A; (71-)] , I 8 r 7 ' 
— ~ — cos7J</7 4- / —^— 
A : ( 7 ) J T- J„ My) 

M r , ( , ) ^ + ,,(7)':'̂ ^41 
Vl/L A2(7) A.,(7) J 

•cos72(/7 4- 1) (1 4- nz)Q!iri,r)e^'" 

(37) 

and 

./•|(7) = - ( 7 * 4- ^•7' 4- 12) 

4 -3 (7 ' 4- 2 - a )A(7) 

.My) = F'iiy) 

.A (7) = [7' 4- 4 - '2A(7)l/(7) 

4- 4 a [ - 7 ' 4- (7' 4- 3)A(7) | 

.f,iy) = -K'-iy)fiy). 

Since the techniques employed Iiere are somewhat 
unusual, particularly the application of Eq. (31), and 
since a nuiiierical solution of the integral equation must 
be resorted to, an independent check of the results is 
highly desirable. It can be shown that the governing 
field equations and the boundary conditions (9) are 
satisfied for any function (I, provided (! is such that all 
the integrals involved exist. The solution w-ill check 
therefore if the boundary condition on 2 = 0 is satisfied, 
namely T,... = T(2 — a)r " cos 29. This calculation w-as 
made by putting 2 = 0 into Eq. (37) and evaluating 
the resultant expression on the computer for a number 
of values of r (see Table \ '-24a-I). This check also pro
vides an estimate of the upper limit of the error in the 
solution since the stresses on 2 = 0 are the most diffi
cult to evaluate numerically. Hence, stresses computed 
at other points should be more accurate than the rf, 
stress at 2 = 0. 

In order to determine the .stress concentration effect, 
the non-zero stresses on the hole, T„ , T^:, T,., w-ere com
puted for various values of 2 near 2 = 0 (see Figs. 
V-24a-3 and V-24a-4). 
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TABLE V-24a-I. CHECK o r THE E 

r 

1.0 
1.02 
1.1 
1.2 
1.4 
1.6 
1.8 
2.0 

Poisson's 

Theoretical 
value 

0.50000 
0.48058 
0.41322 
0.34722 
0.25510 
0.19531 
0.15432 
0.12500 

r 

OUNDARY C 

I 

T COS 2ff 

ratio = J 

Calculated 
value 

0.49982 
0.47815 
0.413B3 
0.34792 
0.-25557 
0.195.33 
0.15439 
0.1'2517 

Poisson's 

Theoretical 
value 

1.00000 
0.96117 
0.82(>44 
0.09444 
0.51020 
0.390(13 
0.308(14 
0.25000 

ONDITION 

ratio = i 

Calculated 
value 

0.99947 
0.95090 
0.82720 
0.1i9()44 
0.51106 
0.39061 
0.30866 
0.'25031 

A N A L Y S I S I'l IHTAl.MNIl TCJ XUMEUICAL COMPUTATIONS 
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Fir.. V-24a-3. Stresses i.ii Hulc fur Puisscin's Itatiu = 1/4. 
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FIG. V-24a-4. Sln-ssoa ..n Hole fnr Pni.ssnii's IJati-i - 1/2. 

The numerical computations consist of three main 
parts: solving the integral e<iuations [Eq. i'-y^)] for G; 
checking the boundary conditions on rf̂  by evaluating 
Eq. ('M\) a t2 = 0 for various values of r; and finding the 
stresses rf,, rf̂ , T^^ on the hole for various values of z 
by evaluating Eq. (36) and similar expressions for 
Tg», rfj at r = 1. As mentioned previously under Pap
kovich stress functions th<' problem was originally 
solved with V.2 defined in a different maimer. The nu
merical solution for the coii'csponding G function was 
obtained with no difficulty but the check of the bound
ary condition proved to be intractable. The reason was 
that, for this formulation, the G(r]) function does not 
assume its asymptotic behavior until large values of TJ 
arc reached {approximately TJ > 1500); this, and the 
slow convergence of the integral in Eq. (30) for 2 = 0 
necessitated mmierical integration to large values of TJ. 
The oscillating character of T,, [FA\. (37)] due to the 
S2i term reciuires that very small increments of r} be 
taken; even then the differences between the contribu
tions of adjacent positive and negative loops of the inte
grand are too small to permit any accuracy in the final 
results. Therefore, although it is (|uite possible that the 
G function obtained was correct and accurate, no con
fidence could be placed in the solution to the original 
fornmlation because of the inability to check the 
boundary condition. The solution outlined in this re
port was then constructed and, despite its being very 
similar in appearnace to the first formulation, theoreti
cal rates of convergence, etc., wei-e found to be more 
amenable to numerical evaluation. 

A preliminary numerical solution indicated the shape 
of tlie G function, but it was felt that the numerical 
methods employed were too crude to give reasonable 
accuracy; in addition, the check of the boundary condi
tion still defied straight-forward numerical evaluation. 
It appeared necessary, therefore, to analyze more thor
oughly the numerical problems involved and to devise 
special techniques where necessary. 

Space limitations preclude a discussion of all the 
laborious details involved in the rearrangement of the 
desired integrals into forms more amenable to numeri
cal evaluations. One techni(iue frecjuently employed 
was to add and subtract a function from the integrand 
in such a way that the diflerence between the original 
integrand and the function was small and could be 
more easily integrated num(M'ically than the original 
function itself, while the integration of the added func
tion could tie performed analytically in closed form. To 
use this techniciue effectively, however, a great deal 
must be known ab(mt the integrands, which are (luite 
complicated in appearance. It was neeessarv to find the 
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asymptotic expansions of all integrands; this was es
pecially tedious because of the [A (7)]^' factor in Eqs. 
(34) and (.37). Since My) is a function of a, all coef
ficients in the asymptotic expansion are functions of 
Poisson's ratio. It becomes evident that one of the 
reasons for the integrations being so difficult to do liy 
straight-forward numerical methods is that some of the 
integrands are quite similar to the sine integral, cosine 
integral, and exponential integrals, which arc very dif
ficult to evaluate directly from their integral definitions. 
.\iiother difficulty that became apparent was a serious 
loss in accuracy in some of the integrations due to sub
traction of almost eipial quantities over part on the 
range of integration. These situations were tsolated and 
appropriate series expansions were determined to re
place the original functions. 

A curve fitting technique was developed for the iii-
teriuediate integratioii ranges. Parts of the integrands 
which involve complicated combinations of Bessel 
functions IF°, /''?, F'l, in Eq. (34) for example] w-ere 
evaluated at a number of points using tabular values. 
Series expansions in positive and negative pow-ers w-erc 
fitted to these points such that the resulting integrations 
could be performed in closed form. The accuracy of this 
technique for desk computer calculation turned out to 
he quite good, but it was not used for later eomputer 
work. 

The final form of /. (^,t)) used for computer progiani-
iiiiiig purposes is 

In Eq. (41) /•',, F, and F, are defined by 

L(i,r,) ^[r(., ) 4- /.'({,.,) + /. '({ "] 

L"ii,ri) 

-1 4-

'• (40) 

cmi) 
•9\A \y'+ <1 - a) 7' 4- r ^ - - 2a 4- aMT 

+ ( -V" 4" +•'"'""')] I ''̂  

+ .©]..(.) +1(0 ((0.:iW|..j 

(42) 

Fiiy) 

FAy) 

t\iy) 

= i ^ ^ ; w + i 

= {xS)^ = ̂^'+^-"] 
= -r-.—; Fliy) - y' -\- ia -

My) 

+ \~^ + -" ̂  "jy 

4- ( ̂  4- J a — 3a' 4- a' 1 

(43) 

with /•'?, /•'?, Fl given by Eq. (3.^). The functions F', 
F"^, F"^ in VA\. (42) are the asymptotic expansions of 
the corresponding functions Fi, F-i, Fr, each is of the 
form 

. - 1 7' 

('„„ 
(•M) 

For instance, for a = 1 (the coefficients in the asymp
totic expansion are functions of Poisson's ratio). 

F^iy) 
i 

Y 

+ 

4-

3 3(;.7.'i 

y- y' 

181.828125 

1676.0566 

q.) or. 

7 

1403.4375 
7« 

9726.75 

(45) 

7' 7 

The major contribution to the kernel, except for small 
values of Roth ^ and TJ, is from L . The integration in 
E(|. (40) can be done in closed form and gives, for 
a = 1, 

L"(f,l) = 
rr r 3^1 Tltn 1 

2.437.-1 ({ ' - , ' ) 

4- 12(r - n')' + il.7.-.f,-'| log ' 
(46) 

f i (f + ,-) log 
({= - n' 

- (r - -?')], s' ^ n 

L"(r),l) = 0.10!l37.->7rr, - ll.l.S7.-.,= 4- h l'-) 

The integration for L' of Eq. (42) can also be performed 
in closed form for each term in the asymptotic expan
sion Ff, F', F'; for example, the eontribution of the 
term with coeflncient fc„i to L'ii,Ti) is 

file:///iiother
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.liL.. r. = i.,„. m±l 
p - V ) - ' L " 100 

_., 100 4- ri'l . f V 

^=(100 4- i 

1 , 100 4-
« ' ' ' " ^ - 1 0 d 

r (100 4- n'-) 

. 1 , 100 4-
+ v'"*'̂ ioo i l l 

-l^'l- (47) 
i ^ V 

and 

'"' L" 2 VlOO 4-W ^ i VOO +^V 

-fHlOOT^-'j +2 ' ' ' * ' ^0 (^ J ' 

T h e remain ing p a r t of t he kernel , L \ was in t eg ra t ed 

numer ica l ly using 7 in te rva ls of 0.1 a n d S impson ' s rule . 

T o check the b o u n d a r y condi t ion it is necessary t o 

eva lua t e E(i. (36) a t 2 = 0. T o faci l i tate t he c o m p u t a 

t ion , T-. of E(i . (37) is p u t in to t he following form for 

z = 0 : 

r.,(Tj,/-,0) ^ B{v,r) + ir(Tj ,r) + J(r,,r) (48) 

where 

Biv,r) = 

lT(,,r) = 

T- Jii \ i ; / 

•[20/'', (7,1-) 4- (/("j/''i.(7,'-)l/7, 

- 2aII,iy,r) -f 1/ (A II„iy,r) ily. 

.Iin,r) = ri%(,,,r). 

In E<|. (40) 

F,iy,r) =^-..[fAy)'^'^y'^ 

(49) 

My 

F,iy,r) = - • - -
A l y l 

y}V'"' K,iy) 

h.M7)^i{^-l-//i<7.r), 
A-2 (7) J 

rM7) ^ 
L A..(7) 

K/-,(7)'•^i'^^'l - "'<^.'-' ' 
A..(7) J 

(.-.0) 

• . (7) 

H>iy,r) = r ' " V ^ " " " [ 7 . 1 , (r,a) 4- .4 = ( r ,a ) l , 

Hiiy,r) = (-^"V""" "I7'.!.,(/-,«) 4- 7 ' . l i ( ' - , a ) 

4- 7--l.i('',a) 4- .4«(r ,a) l . , 

T h e . 4 , ( r , a ) f imctious a r e der ived from the a .symptot ic 

expans ions of K-.iyr)/Ki(7), rK'i iyr)/K.i ( 7 ) , .A, Ji, /a, J, 

a n d A (7) , a n d a r e such t h a t Fi a n d Fi become ve ry 

small as 7 becomes large. T h e i r exac t def ini t ions are 

lengthy. 
In EIJ. (49), the integral hir Bin.r) was evaluated by 

numerical means; the integiatioii hir ll 'dj,;) was ob
tained in the closi'fl hii-iii 

)V(n,r) = Y,B,ir,a]I),\nir - 1)1 (51) 
,=.1 

where the B, are related to the . 1 ; , and the I), are de
fined by 

Diix) = a-lsin x Ciij:) — cos x sHx)], 

Diix) = — x'lcos J-C'lCr) 

4- sin X sii.r)], 

DAx) = :̂  11 

1 D,ix) 

DA-r) 

DA-r) 

«,(.r)l, 

|/>,(.i-) 4- DAx)], 

[IM.r) - Ihi.r)], 

'\I)A.v) - I),(.r)]. 

(.52) 

T h e junct ion Cii.r) and -v/l.c) a r e t h e cosine integral 

a n d sine in tegra l , deliiied by 

CiU) 

SI (x) 

-T'^^di, h I 

J J. f 

(53) 

T h e Djix) funct ions a re defined in such a way tha t 

t h e y a p p r o a c h u n i t y a s .c becomes large. T h e Jiv,') 

t e rn i in Ecj. (48) was e \ a l u a t e d us ing t h e c o m p u t e r 

sub rou t ines for t h e Hessel fvmctions involved in ^2 for 

small TJ a n d using t h e a s y m p t o t i c expans ion for large TJ; 

t h i s expans ion is of t h e form 

o,(„.).r' + _̂i(:Û =w + ...1 1 
L l 1 1 J 

oslrjlr 
(.54) 

-sin [ij(r 1)1 
The expressions for the desired stresses on the hole, 

rji, r,,, T,,, were similarly reformulated. Since all were 
treated in much the same way, only r,, will be discussed 
here. The form of 7'.... at r = 1 (which was timiid to be 
practical for mmierical computation) was 

7',,(i,,l,2) = ,s',,(,,,2) 4- r , , ( , ,2) 4- r,,(>,,2) (55) 
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with 

S,Av,z) = ^ / f 9 ( ^ ) [ - ' a F . ( 7 ) 

4- ii(jjFi(y) C0S7^f'7, 

Y + '- cos yzdy 

+ 7,'(1 4- 12) <J,(T,,1) e-

?.-=(l,2) = — / ! / • ( - ) ( « - l)7C0S72rf7 
7r- .III \ l / 

where 

Fs(7) = T f ^ l .A (7 ) + . / ' 2 (7 ) l - 1, 
A(7) 

(56) 

Fiiy) 
My) 

I/;. (7) + / . ( 7 ) l + 7' 

4- (1 - a ) 7 + ( ^ - 6 a 4 - a ' V 

(57) 

The integratioii for Sn was performed mnuerically 
while that for F».., V„ was obtained in closed form. Us-
ing"Si!(i,l) = 2,(7r.,), 

F„(,,2) - 2TI'Z 4- ( — -f 4- I'la ^ a' h 

4- ( - ^ 4- 10a - aMiJ e-
^ (.58 

V.Av,z) = - (a - l ) l ' (1 - 12|<' '"ii;*(l2) 
TT 

- h c ' " l - i . ' ( ( - i - ' ) l l ) J 

where —Ei( — x) and A'*(.r) are the exponential inte
grals defined by " 

dl, -E.i-.r) = f/-

dt 

(59) 

F„ was evaluated bv hand calculation using tabulated 
values."-"'" 

CoMPlTEU PHOC.R.-VMS 

The following computer programs were devised by 
the author for solution of the integral equation, check 
of the boundary condition, and evaluation of stresses 
on the hole. 

SOLtTIO.V o r THE INTEGRAL EqCATION [EIJ. (33)1 

Program S* 

The integral equation was solved with a = 1, (Pois
son's ratio equals 5) for f/(i) at 75 points given by 
[0(0.25)51, [5(0.5)101, [10(1)201, 120(5)100], [100(100)'-
2001, where [o(fc)rl indicates that the range of a to c 
was covered in steps of size (1. The use of the standard 
library subroutines for the arctangent and logarithm 
needed for the calculation of /." proved too inaccurate 
for some \-aliies of the arguments since almost e(|ual 
(luantities were subtracted from them; power series 
expansions w-ere therefore substituted w-here necessary. 
The subroutine .M.-ITIXV was used to solve the result
ing 75 simultaneous algebraic eciuations. Calculating 
the kernel/.({,;,) using Eqs. (39), (40), (41), and (42) 
proved to be more accurate and much faster than 
straight fill-ward integration using E<|. (34). The re
sults of this program are shown in I-'ig. \'-24a-2 for small 
7;; for large 1;, (liri) ~ O.I'>2'iri '• 

Friujrain S.\ 

This is the same as Program 8 except that a = | 
(Poisson's ratio etjuals \). I t was originally planned to 
write a program to solve the integral equation for 
arbitrary a, but the coeflfieieuts of the asymptotic ex
pansions needed to evaluate L" are complicated func
tions of a. There seems to be no reasonable way to 
multiply and divide asymptotic expansions on the 
computer, and by hand it is much easier to e\-aluate the 
coefficients fiir a particular value of a than for arbitrary 
a. The function (I fiiiind by this program is shown in 
Fig. \'-24a-2 for small TJ; for large ri it behaves as 
O.KIT, *. 

C H E C K OK T H E HOrXDAUV COXDITIIINS 

Program li 

The functions . / ( i , r ) , QAv,r) were calculated for 
various ri,r combinations. The library subroutine for 
the Bessel fiinctioiis was used for small arguments and 
the asymptotic expansion, Eq. (54), fiirlarge arguments. 

Program .) 

This program determined the contribution to Bii),r) 
[see E(|. (49)1 "f th'̂ ' numerical integration over 7 from 
0 to 10. 

* The program numbers were chosen quite arbitrarily and 
do nut indicate any logical or chroniiUigieal order; rather, 
Program 3 is composed of instructions numbered in the 300's, 
etc., in order that blocks of instrm-tiona eould be reused in 
later programs where the same functions were needed again. 

file:///-aliies
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Proijram H) 

The Di functions of Eq. (52) were progranuned here. 
At hrst the standard EOKTUAN subroutine for the 
cosine integral and sine integral was used but it proved 
to be too inacc\u'ate. A new subroutine was therefore 
devised which provides at least fi\'e significant figure 
accuracy for all the /) , functions over the entire range 
of the argument. 

Program lli 

Based on Pi'ogram (i, this program^ rinds the integral 
\i\G {r])-I {r],r)dr] for \'arii)\is \-alu<'s of /•. 

Program I'l 

Based on Program .">, this program calculates the in
tegral ffG{T})B''(rj,r)dT], where B' is the part of B of 
Eq. (4*0 due to 7 between 0 and 10. 

Program 9 

The integral ji^'G(r})B'^{T],r)ilT) is {-aiculated in a 
manner similar to Program lo. B"^ is the contribution 
to B due to 7 > 10. Asymptotic expansions for F4 and 
F& are used to avoid the subtraction of nearly e(|ual 
quantities in the integrand. The eontribution of this 
program is small unless /• is near unity. 

Program 10 A 

The integral Jy" ('lr])\V(T},r)dT} is calevilated, using 
the results of I'rograin 10. 

Program l.'i 

The integrals J.̂ ;!" diri)./lr),r)dr, and jl!!!' G{ri) 
• ̂ y{v,'')dv are calculated. 

The sums of the results of Progranis 10, IT), 9, lOA, 
14 and the factor mentioned in the footnote are sum
marized in Table V-24a-I, for a = 1 and f. 

EVALUATION OF THI-: STRESSES 0 \ THE HOLE 

Program 2 

The program finds *S•C,()J,̂ ), Needj.s), ^l,{r],z) for 
a = 1 and ^, where .Ŝ ^ is the contribution to N.-. of 
Eq. (5f)) due to integration over 7 from 0 to 10, etc. 

Program 3 

Same as Program 2 except that 7 is integrated over 
the range 10 to 100. Asymptotic expansions are used 
for Fa and FT. 

Program .j 

This program evaluates WAv,^) of Etj. (58). 

PI igram . 

* Note tli;il, for 77 > 20, WIHTO Gir,} = c^"' and ih can be ap
proximated liy I0(]. (54), tlie intej^ral can l)e evaluated in closed 
form. Tln> coiitrihution of the integral for this range of »j is 
small except when r is near unity. 

The results of Programs 2, .'J and 4 are added, Juulti-
plied by C;(TJ) for a = 1 and | respectively and inte
grated over TJ between 0 and 20. 

I'riHjrain dA 

ileie the contribution to N.., f<»r 100 ^ 7 ^ 2000 was 
calculated and the result multiplied by G{ri) and in
tegrated over TJ. This contribution was found to be 
negligible except for z \ery close to zero. 

Program 17 

The integral /oo '̂" G{rf)y-,~Ar},z)df] was evaluated and 
found t() be a large contributor to the resultant stresses 
fur small z. 

The residts of Programs 7, '.\X and 17 were added to 
the hand calculations for Jo" (r(v)Vzzdv, Jo G(.t})VeedT} 
and jl" G(T])Ve:dr} to give the stresses on the hole. 
These stresses are shown in Figs. V-24a-3 and V-24a-4. 
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The purpose of this analysis is to find the thermal 
stresses and displacements in a fuel rod clad with a 
material having different elastic properties due to an 
arbitrary temperature distribution in the fuel and clad
ding. The stresses are important from tbe element fail
ure standpoint and the displacements are desirable in 
analyzing reactor control and feedback. To simplify 
the algebra involved it is assumed that the rod is in
finitely long, the temperature distribution is axi-sym-
metric (a function of r and z but not 6), and the surface 
loading and temperature distribution are symmetrical 
about z = 0. In addition it is assumed that the tem
perature distribution and surface loading possess the 
required transforms and series representations, which 
assumption will certainly be met by any physically 
realistic distributions. 

Although this problem could be attacked directly, it 
turned out to be easier to solve some simpler problems 
first and utilize the results of these to obtain the solu
tion to the desired problem. The end result is the same 
but solving the simpler problems leads to convenient 
groupings of terms that considerably simplify the inter
mediate algebra involved in the more complicated 
problem. The simpler axi-synmietric problems are: 

THE INFINITE CVLINDEK J ^ a WITH ARBiTH.Mtv 

SURFACE LOADING AND TEMI-EHATUKE nisTuinuTioN 

The boundary conditions are: 

Trr =J\(.Z) 

Tr: = J'-^iz) on /• = a 
il) 

Its teniporature distribution is assiiiiicd to tiave a 
Fourier Bessel series of tlic form: 

Tir,z) = (\iz) + E (•Az).Ii,ia,r), .fi,ia,a) = 0 (2) 
i-l 

and also to possess a Fourier cosine transform with re
spect to z. 

THE INFINITE CYLINDER r £ a WITH ARBITHARY 

SuHF.iCE DlSPL.\CEMENT.S .4ND 

TEMPER.\TUHE DISTRIBUTION 

The boundary conditions are: 

U: = (.\(z) on r = a 

and the temperature distiibiitiou has the same proper-
tics as in .4. 

(3) 

T H E INFINITE TUDE O S ,- g f, WITH .A.RBITK.U!Y 

TR,\CTIONS ON BOTH SURF.\CES .\ND ARBITRAHY 

TEMPERATURE DISTRIBUTION 

The boundary conditions are: 

r„ = .hiz) 

T„ = l\iz) on r = a 

r„=.f-.iz) 

Trz = fniz) on r = ll. 

(4) 

The temperature distribution is assumed to possess a 
Fourier cosine tiansfoiin and a series representation of 
the form: 

Tir,z) = C\iz) + r „ U ) l o g r 

-f Er , ( j ) [ / , ( l3 / )}-„( / j , / , ) - Y„ili,r).hiPJi)\ 
( • ^ ) 

where 

JA»,a)YAP,li) - Y„iii,a).I„(ti,h) = 0. 

T H E INFINITE TUBE a ^ r & b WITH AuBriRARY 

DISPLACEMENTS ON THE INNER SURFACE, 

ARBITRARY TIL\CTIONS ON THE OUTER 

SURFACE, AND .\RBITRARY TEMPERATURE 

DISTRIBUTION 

The boundary comiitions are: 

-.Mz) 

• Jiiiiz) on r = a 

-.fiAz) 
(6) 

.fiAz) I, 

The teniperature distribution is assumed to have the 
same properties as under: The Infinite Tube o g r g (i 
with Arbitrarij Tractions on Both t^nrfaces and Arbitrary 
Temperature Distribution. 

Because of the simple boundaiies invol\-ed, all these 
solutions were obtained in closi'd form. The experience 
gained in solving these sub-problems was then used in 
obtaining the solution to the desired problem, due ac
count being taken of the different elastic properties of 
the rod and cladding. I'sing the single and double prime 
to refer to the rod and cladding respectively, we have 
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for the boundary conditions 

Trr = FAZ)\ 
Tr. = FAZ)\ 

The teniperature distribution in the rod and cladding 
was assumed to possess the representations under the 
following respective headings: The Infinite Cylinder 
r ^ a with Arbitrarij Surface Loading and Temperature 
Dislrilndion; and The Infinite Tube a ^ r ^ b with 
Arbilrarif Tractions on Both Surfaces and Arbitrary 
Tcmpcralure Dislrilndion. 

\-2\v. Thermal S t resses in Reaetor Fuel Plates' 

The elastic stresses and displacements in a rectangu
lar prism of dimensions 2(i, 2b and 2r due to an arbi
trary temperature distribution and arbitrary normal 
surface loading are found. To nuike the problem two-
dimen.-iional, it is as.sumed that all quantities are in
dependent of the coordinate measured in the direction 
of dimension 2c. The arbitrary normal surface trac
tions are assumed to have Fourier series expansions 
and the arbitrary temperature distribution to have a 
double Fourier series expansion. As exjiected, the exact 
solution of the problem involves solving an equation of 
the form of Eq. (1) Paper No. V-24 for an infinite set 
of coefficients. These coefficients are then sub-stituted 
into Fourier series t>']>e oxin'osions fur the stresses 
and displacements. 

The work on this problem then continues in two dif
ferent directions. First, it is assumed that the rectangu
lar prism is a fuel plate of width 2c, thickness 2a, and 
length 26. Approximations to tbe exact solution are 
then derived based on the large ratio of b/a normally 
found for fuel ]iiate jiroportions. The first approxima
tion is such that the governing dift'erential equations 
are satisfied exactly but the boundary conditions only 
approximately. The closeness of this approximation 
can thus be studied and numerically evaluated. This 
is in contrast to most thin plate ajiproximations, where, 
since the exact solution is not known, the degree of 
approximation can only be estimated. A further ap
proximation is derived which is simpler in form but 
invalid near the ends of the i)Iate (an application of St. 
Venant's Principle). A side result glrane<l from these 

approximations is the information that the stresses due 
to the variation of the temperature in the direction of 
the jdate length are negligible compared to the stresses 
due to the variation through the plate thickness. Al
though this conclusion has been drawn before, in this 
case a numerical measure of the degree of the approxi
mation can be obtained due to the availability of the 
exact solution. 

Large ratios of ha having been treated, it was then 
decided to go to the other extreme and take b ~ a. 
In other words, the elastic body became a block of 
square cross-section. For this case geometrical ap
proximations are out of the question and the exact 
solution must be dealt with. 

Since imposed surface shearing loads are not in-
iludi'd in the original formulation of the rectangular 
prism tiiermoelastic problem, the problem for a con
stant temjierature prism with these loads applied was 
also solved. The resulting stresses and displacements 
can then be superimposed on the solution to the previ
ous Jiroblem because of the linearity of the governing 
eciuations. 

In addition, rather than prescriiiing the normal sur
face loading as in the original jiroblem statement, the 
thermoelastic problem where the surface displace
ments are preserilied was solved. 
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V - 2 5 . G a i n S t a b i l i z a t i o n o f . 4 n a l o g - \ m p l i f i e i s i n t h e N a n o s e c o n d R e g i m e 

K. (!. FORGES and .J. BJORKLAND* 

.Many nuclear and reactor physics experiments re
quire the amplification of analog signals from a nu
clear detector (fast-rising voltage or current pulses) 
at bandwidths of the order of 200 Mc/sec, either in 
order to maintain precise timing or to keep pulse 
widths short and thus avoid pileup and overloading. 
.\inplification of this sort is needed to allow conversion 
of the analog information (i.e., pulse height and/or 
shape) to the digital regime through discriminators, 
.such that further processing can then be done by digi
tal logic systems (coincidence circuits, time analyzers, 
etc.I. With the advent of tunnel diode discriminators, 
with thresholds of the order of 100 raV, the necessary 
^ain (of the order of 60 (IB 1 can be obtained w-ith a few 
i-liain amplifiers, w-hich have been available commer
cially for some time. Transistorized amplifiers of ade-
(|uate bandwidth have been developed more recently. 

At the large bandwidths considered here, it becomes 
difficult to stabilize the amplifier gain and, to some 
extent, the discriminator threshold, in such a w-ay as 
to make these insensitive to changes and fluctuations 
in circuit element characteristics. In fact, the gain of 
most wide-band amplifiers (especially of those of chain 
or distributeil type! is not stabilized at all. In many 
experiments, this lack of stability is not of serious 
consequence, since the prevalence of high count rates 
which may have been the motivation for employing 
such an amplifier also results in a very rapid accumu
lation of data. Occasionally, however, one is faced 
with a situation in w-hich gain stability is required in 
spite of a high count rate. For instance, in a coincidence 
experiment in which the other channel, or channels, are 
counting relatively rare events, it may be necessary to 
run the experiment for many hours. At the same time, 
the fast-counting channel may be looking at a widely 
ilistrihuted pulse height spectrum, such that gain 
ilrifts h.ave a relatively strong effect on channel efii
ciency. 

In the course of planning such an experiment, it was 
found desirable to devise some convenient means of 
testing the gain stability of several commercially 
available types of wide-band amjilifiers. The circuitry 
developed for that purpose was then slightly modified 
to serve as an external channel gain regulator.' Its 
operation is briefly described in what follows. 

Tn-o slightly dift'erent dc voltages, E and E -I- \E, 
derived from a divider across the supjily, are used to 

charge tw-o cables, w-hicli an- alteinatnely discharged 
into the following add-split netw-ork hy two mercury-
wetted reed switches driven by a clock at a suitable 
frequency (10 pul.ses/.sec to 1 pulse seel. The splitter 
thus a|iplies a train of alternating "high" and "low" 
pulses of about 20-nsec length to the amplifier input 
as well as to a sorting logic. 

The divider ami attenuator are adjusted to make 
the pulse height diflerence Ai.', after reamplification, 
straddle the discriminator level (which has been jire-
viously adjusted to any desired jioint with resjiect to 
the signal pulse height sjiectrum I. "High" pulses nor
mally jiass the discriminator and are ajiplied to three 
coincidence circuits, Ci, C,,, and Cj. In d, these jiulses 
go into anticoincidence input in such a way as to veto 
the corresponding pulses which have been routed to a 
coincidence input of this circuit through a delay, split
ter, flijifloji, and jiulse shajier from the other jiulser 
outjnit. Conversely, in Ta. discriminator output jiulses 
are vetoed by the corresponding direct pulses, such 
that only detector jiulses are counted in the scaler. As 
concerns C^, suppose that the amjilifier gain momen
tarily increases, or that the discriminator level falls, 
and the next "low-" jiulse is therefore passed; then, co
incidence circuit C; receives pulses at both inputs and 
fires, actuating a stepping device w-hich increases the 
negative grid bias on one of the chain amplifiers by a 
suitable amount. This jirocess is repeated until the 
pulses once more straddle the discriminator level. 
Whenever the gain momentarily falls, or the dis
criminator triggering point goes uji. ' ' , , which now-
receives no veto input from the next "high" pulse, de
livers an output w-hich drives the bias in the opposite 
sense. In order to keep a record of such excursions, 
the outputs of Cl and C™ may be also fed to a chart 
recorder, through suitable shaping circuits. All sensi
tive components of the system are either passive or 
digital and hence are insensitive over a fairly wide 
range to temjierature, sujijily voltage and other en
vironmental changes. 

When the unit is used in the .-iGC (automatic gain 
control I mode, it is necessary to detach the grid bias 
sujijily of one of the chain amplifiers used, and con
nect the grid base to the .-\GC circuit instead. For this 
reason, it was thought to be more convenient to apply 
the error signal to the pulses instead of to the ampli
fier liias -n-hen the unit is used for bench testing of 
amplifier gain stability. This required wiring a 40-
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Jiosition, 2-wafer switch which can be driven in either 
direction through separate stepping relays in such a 
way that the voltage difference between the two wipers 
remains constant throughout the range of the divider 
at twice the size of the step. By means of additional 
switclies, the current through this adjustable divider 
may be changed to obtain various values of AE/E. 

When the unit is switched into the AGC mode, A^ 
can be more simply adjusted by means of a helipot. 
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V-26. A Simple , Compaet Control Rod Drive Using a Stepping Motor 

E. F. GROH and C. E. COHX' 

Figure V-26-1 shows a control rod drive used on the 
AARR critical. The drive achieves considerable reduc
tion in size and cost by the use of a stepping motor. 
The rod is connected to a double-strand roller chain 
which passes over a sjirocket driven by the motor. As 
the rod rises, the slack in the chain forms a loop, as 
shown in Fig. V-26-2. A chain separator and chain 
guard prevent tangling. 

The rod is scrammed by removing the dc power 
from the motor w^indings. The holding torque of the 
motor then falls to a residual-magnetism level of one-
eighth of the energized value. This is insufficient to 
support the rod, which promptly drops. As the rod 
nears bottom, the slack in the chain is taken up, and 
the kinetic energy is absorbed by a pair of shock ab
sorbers. 

The control circuit for the dri\'e includes four reed 

SLO-SYN MOTOR 
DRIVE SPROCKET 

SINGLE CHAIN 

I B - a 20-TOOTH 
SPROCKETS 

20-TOOTH 
SPROCKET 

DOUBLE STRAND CHAIN 

BOTTOM CHAIN 
CONNECTOR 

SHOCK ABS0R8ER YOKE 

SHOCK ABSORBERS 

TOP CHAIN CONNECTOR 

SHOCK ABSORBERS 

— CHAIN GUARD 

IDLER SPROCKET SHAFT 

CONTROL ROD 

t 
SHOCK __ 
A B S O R B E R S 

— SHOCK ABSORBER Y O K E -

D L E R SPROCKET 

CHAIN GUARD 

F I G . V - 2 0 - 1 , Over 

ROD RAISED 

ROD DROPPED 

FII ; , V-2(5-2. Schematic Iliagraiii .Sljuvinu Path of Chain. 

relay modules used as flip-fiops. These control the 
power to the motor windings. When triggered by a 
Jiulse generator, the modules change state and switch 
power between windings in such a sequence as to move 
the rod up or down as desired. Each revolution of the 
motor shaft is divided into 400 steps. The gearing be
tween the motor and the drive sprocket is such that 
each step corresponds to 0.1 mm of rod motion, w-ith 
a systematic error no greater than 0.2 X 10"^ mm per 
step. Reproducibility of positioning has been measured 
to be w-ithin 0.005 cm for a total travel of 45 cm. The 
rod position indicator is a counter with add and sub
tract coils, which counts the stepping pulses. The reg
ister count increases or decreases by one w-henever the 
rod moves up or down by one step. 

The unit w-as lite-tested by repeatedly raising a 
13-kg w-eight to a height of 60 cm and then scramming. 
This w-as done o-ier 30.000 times w-itli no evidence of 
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malfunction or deterioration. Total drop time for this REFERENCES 
configuration is 0.45 sec after power is removed from ^ ^ ,̂ ^^^^ ^^^ ^ ^ ^^^^^ ^ ,̂_̂ ^̂ ^̂  ^^^^^^^ ^^^^^^^ ^^^ 

the motor. For a 45 cm drop, it is 0.3 sec. i h e o\er-all ^̂ .__̂  ^^.^^ ^ Stepping Motor, Trans. Am. Nucl. Soc. 6, 
size shown in Fig. V-26-1 may be compared to that of jjo. 1, 70 (June 190.3). .\l.so, Xucl. Sci. Eng., (to he pub-
the ZPR-I type which measures 41 x 46 x 90 cm. lished). 
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