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Foreword 

This is the fifth successive issue of the Reactor Physics Division Annual Report 
and, in format, it simulates the preceding report, ANL-7310. As in previous re
ports, it emphasizes work performed by members of the Division, rather than 
integrated programmatic accomplishments. Nevertheless, when reasonable and 
possible, papers related to a given subject are grouped together within a Section. 

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

Fisson Properties and Cross Section Data 

In close support of the reactor program, experimental and theoretical studies 
of neutron interactions with those nuclei found in the structural and fuel com
ponents of reactor systems continue to be carried out. This work is performed 
principally to provide information necessary for optimal reactor physics design. 
The major portion of the effort is devoted to studies of fast neutron induced proc
esses, especially those which are important in fast reactors. The studies are di
rected tow'ard neutron elastic and inelastic scattering, neutron induced reactions 
including capture, and to characteristics of the fission processes. 





I - l . Introduct ion 

A. B. SMITH 

The experimental and theoretical program of mi
croscopic neutron cross section studies has the ob
jective of providing knowledge of nuclear data and 
properties to meet the present needs of the reactor de
velopment program and of establishing the broad un
derstanding of neutron processes requisite to the long 
range success of the applied nuclear energy effort. The 
work is inclusive of studies of: a) fast neutron scatter
ing, capture, fission, and total cross sections; b) prop

erties of the fission process; c) requisite instrument 
development; d) neutron activation of applied inter
est; e) compilation and evaluation of neutron data; 
and f) the theory of nuclear reactions. Examples of ac
complishment in each of these areas are cited in this re
port. They shoulil not be construed as comprehensive 
or inclusive but arc illustrative of the varied facets of 
the endeavor. 

I -2. Polarizat ion in the Elastic Scattering of Neutrons from Intermediate Weight Nuclei 

S. A. Cox and E. E. DOWLING WHITING 

A systematic study of polarization produced by the 
elastic scattering of low energy neutrons from nuclei 
of intermediate weight has been in |)rogress for the past 
year. One of the objectives of the i)rogram is to supply 
accurate polarization data for a large number of nu
clei from vanadium to uranium. In this way it is hoped 
that systematic trends which are amenable to theo
retical interpretation will be established. A second 
program objective is to use the polarization measure
ments as an additional constraint on the possible 
choice of optical model parameters which give a good 
fit to the differential scattering data. 

A schematic diagram of the experimental facility is 
shown in Fig. 1-2-1. Additional details are given in 
Ref. 1. Partially polarized neutrons emitted at 51 deg 
from the Li{p,n) reaction traverse a solenoid magnet 
which is capable of processing the neutron spin 180 
deg. Data taken with the solenoid field alternately on 
and off corresponds to the usual left-right asymmetry 
measurement. The collimated neutron beam is scat
tered by a 1 in. high by 1 in. diam. scattering sample. 
The scattered neutrons are detected simultaneously 
by a set of four neutron detectors. Pulse-shape dis
crimination techniques are used for y-ray rejection. 
The set of four detectors can be placed in either of two 
angular orientations by ojieration of the air cylinder 
depicted in the figure. In the forward position, the 
detectors are at the nominal angles 20, 60, 100, and 

140 deg. In the backward ])Osition, the detector 
angles are 35, 75, 115, and 155 deg. All data were cor
rected for effects due to angular resolution, flux atten
uation, and multiple scattering. Cross section measure
ments were made relative to the 20 and 35 deg scat
tering ai-oss sections of carbon as reported by R. Lane 
et a l - It should be noted that the measured polariza
tion in each case is equal to the product of P I , the 
polarization of neutrons from the Li"(p,n) reaction, 
and P2, the analyzing power of the scattering sample. 
In order to calculate P2 it was necessary to know 
PI , and this was obtained by interpolation between 
the results of A. Elwyn and R. Lane^ at E„ « 500 keV 
and that of R. Walter* at 1 MeV for the polarization 
of neutrons emitted at 51 deg from the Li^(p,n) reac
tion. 

As pointed out some time ago by R. Lane,'' a cor
rection to the polarization data is also necessary at 
the forward angles because ot distortion of the polari
zation due to Schwinger scattering." The effect of in
terference between Schwinger and nuclear scattering is 
to make the measured polarization at angles near zero 
degrees more negative than that which would result 
from nuclear scattering alone. We have corrected our 
data at 20 and 35 deg, using a method developed by 
A. Elwyn and .J. ilonahan.^ 

The twelve elements reported here were chosen to 
provide more complete information on the behavior 
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COLLIMATOR 

DETECTORS 

F I G . 1-2-1. Diagram uf Experimental Arrangement for 
Polarization Measurements. .4.VL Xeg. .\o. 112-8^11 Rev. 1. 

of the polarization from 1̂ ~ 50 to 120. '" The data 
were averaged over a 200 keV interval with an average 
neutron energy of about 870 keV. The theoretical fits 
to the data were made with ABACUS II. i"' Five pa
rameters were varied: the depths of the real, imagi
nary, antl spin-orbit potential wells, and the radii RI 
and if2 of the real and imaginary wells, respectively. 
For most of the calculations the radius of the spin-orbit 
potential was set equal to that of the real potential. 
In a few cases, the spin-orbit radius, RRI, was varied 
independently of P I , and for these cases the best re
sults were obtained for values of P P I smaller than 
P I . A Saxon-Woods real potential, a pure surface 

imaginary potential, and a Thomas spir.-ort)it poten
tial were used in all calculations. I'mal parameters 
chosen for the twelve elements are listed in Table 
I-2-I. 

During the optical model parameter scans it was 
observed that while the amplitude of the polarization 
lU'pendod upon the depth of the spin-orbit potential, 
the shape of the polarization angular distribution 
was much more sensitive to changes in the real and 
imaginary potentials. Therefore, as these parameters 
were varied to change the shapes of the differential 
cross sections, they also produced wide variations 
in the polarizations, and this has been a valuable aid 
in removing some of the ambiguities of the optical 

E.'O.STOMeV 

S.deg 

F I G . 1-2-2. Optical Mode] Fit to DifTerential Scattering 
Cross Section and Polarization Data for Zr and Nb. The Solid 
Curves are Calculated from the Parameters Given in Table 
I-2-I. A.\L Xeg. .Vo. Il2-99i7 Rev. 1. 

T A B L E I - 2 - I , P.\R.V.\1ETERS FoUNll FROM OPTIC.VL MODEL F i T 

(.'Udilional parameters uxril fur all cases: -h = O.Sg F: . b = 0.50 F ; C, = IS F: VSI = 0) 

Element 

Ti 
Ti-
Fe 
Fe" 
Ni 
Cu 
Se 
Y 
Zr 
Nb 
Mo 
Cd 
Sn 
Sb 

A 

48 

56 

58 
63 
80 
8!l 
00 
93 
!)6 

112 
120 
123 

Energy, 
MeV 

0.900 
0.870 
0.870 
0.867 
0.800 
0.800 
0.800 
0.800 
0.870 
0.870 
0,800 
0.870 
0.800 
0.870 

VR, 
MeV 

34.75 
50.0 
43.0 
50.0 
46.0 
44.0 
51.4 
49.3 
51.0 
51.0 
52.0 
47.0 
40.0 
48.0 

VI, 
MeV 

12.0 
20.0 
12.0 
16.0 
18.0 
18.0 
17.0 
14.0 
8.0 

12.0 
16 .T) 
10.0 
10.0 
8.0 

r.so, 
MeV 

6.0 
14.0 
1)0 
liO 
0.0 
6.0 
2.0 
4,0 
4,0 
4,0 
6,0 
4,0 
6,0 
5.0 

F 

R, 

4.615 
4.615 
4.738 
4.638 
4.790 
5.015 
5.400 
5,020 
5.500 
5.056 
5.835 
6.091 
6.320 
6.300 

R, 

4.865 
4.615 
4.938 
4.838 
4.790 
5.115 
5.400 
5.620 
5.000 
5.656 
5.835 
6.091 
0,320 
6,800 

Rt- Ri 

0.25 
0 

0.20 
0.20 

0 
0.10 

0 
0 

0.40 
0 
0 
0 
0 

0.50 

^ « i 

— 
— 
— 
— 
_ 

3.800 

— 
— 
— 
— 
— 
— 

5.300 

I 
' For these elements the parameter set was obtained I)y first demanding a fit to the polarization data. In all other eases, the dif

ferential scattering cross section was fitted first. 
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model. It often happens in practice that two or more 
sets of parameters can be found which give good fits 
to the cross section for a particular element, but that 
the corresponding curves for the polarization angular 
distributions are quite different from one another. By 
demanding a simultaneous fit to both the cross sec
tion and the polarization, then, it is often possible to 
determine the parameters uniquely. 

Figure 1-2-2 shows our results for zirconium and 
niobium. The differential scattering cross sections of 
elastically scattered neutrons are at the top of the 
figure and the polarization angular distributions are 
at the bottom. The error bars for P2 represent esti
mates of systematic errors. Counting statistical errors 
are much smaller. The maximum polarization meas
ured is approximately 10% and the errors assigned to 
the data points are only 2.5%. I t is just because of the 
small magnitude ot the polarization that the correc
tion for Schwinger scattering is significant at the first 
two angles. For zirconium for example, the data point 
at 20 deg has been corrected upward by a value of 0.03 
which is half the maximum polarization for that ele
ment. At angles greater than 45 deg the correction is 

E. = 0,870 MeV 

S.deg 
F I G . 1-2-3. Optical Model Fit lo DifTerential Scattering 

Cross Section and Polarization Data for Cd and Sb, The Curves 
are Calculated from the Parameters Given in Table I-2-I. The 
significance of the Solid and Dashed Curves is Explained in the 
Text. ANL Neg. Na. llt-9946. 

En-0.850 MeV 

• 0,1 

0 

-0,1 

•0.1 

0 

-0.1 
J 

• 0,1 

0 

-0,1 

•0.1 

0 

-0.1 

56 

iT 

r 29CU63 'lyuyr/ 
± 

30 6 0 90 120 150 180 3 0 60 9 0 120 150 ISO 30 60 90 120 150 180 

e.deg 
F I G . 1-2-4. Comparison Between Optical Model Calculations are Polarization Data for all Elements .Studied The Solid Cu 

are the Polarization Calculations Corresponding to the Best Fit to the DifTerential Scattering Cross Section. .l.YL .Xeg Na llS-9Si9 
Rev. 1. • V 



7. Fission Properties and Cross Section Data 

• 0.1 

u 

- 0 . 1 

-

• 

-

— 

1 1 1 
POLARIZATION 

OVER FORWARD 

, | 
• 1 

T ir 
1 

E n - 0 . 8 5 0 MeV 

1 1 1 

1 1 
AVERAGED 

QUADRANT 

1 

1 

• 
1 • 
1 

1 1 

-

40 80 100 120 140 
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negligible. The solid curves represent the best optical 
model fits we could obtain by varying the five param
eters in the .4BACUS II program as described pre
viously. For zirconium our best fit was obtained for 
P2 = P I -I- 0.4 Fermis. For niobium, P2 = P I . One 
may expect to have some difficulty in fitting an ele
ment such as zirconium since it is at a neutron magic 
number and its cross section exhibits much reso
nance structure. Niobium satisfies the assumptions 
of the optical model much better than zirconium be
cause of its higher level density. 

Figure 1-2-3 shows our data for cadmium and anti
mony. For cadmium we obtained the best fit with 
P2 = P I , but for antimony a better fit was achieved 
by setting P 2 = P I -H 0.5 F and P P I = P I - 1.0 F. 

In order to illustrate the systematic behavior of the 
differential polarization data for the twelve elements 
studied so far, they have been arranged in order of in
creasing atomic number (Fig. 1-2-4). The solid curves 
are optical model fits to the data and the labels indicate 
the isotopes for which the calculations were made. For 
all the elements except nickel and copper, the agree
ment between the optical model calculations and expe
riment is good. It may be seen that the shape of the 
polarization angular distribution changes in a syste
matic way with increasing mass number. Looking at 
the forward quadrant, one can see that the polariza
tion data are all positive for the first four elements and 
are close to zero for selenium, yttrium, and zirconium. 
Then, in the region from niobium to tin, the polariza
tion is negative, and the negative portions of the curves 

are becoming more sharply peaked. For the last ele
ment, antimony, the polarization hi the forward quad
rant is again positive, but there is still a strong nega
tive peak at 100 deg. 

To better illustrate this point the data have been 
averageil for the first four angles for each element 
and plotted against mass number. The results are 
given in Fig. 1-2-5. The polarization at an average 
angle of ~45 deg is positive for low mass numbers and 
becomes negative in the vicinity of the P-wave 
strength function maximum at A ~ 90. I t should also 
be mentioned that four of the elements shown in Fig. 
1-2-5 have odd Z, but no odd-even Z effect is ob
served. 

In conclusion, we can now make one generalization 
concerning our data for these twelve elements in rela
tion to the "fringe absorption model." In this model the 
radius (P2) of the surface imaginary potential is set 
e(iual to 0.5 F greater than the radius (PI I of the real 
potential. We found that while we could usually obtain 
a good fit to the differential cross section with this 
model, the polarization data were often not fitted very 
well. With the single exception of zirconium, all ot the 
elements from selenium 1.4 = 80) to tin (.4 = 120) 
are best fitted with P 2 = P I . These are the ele
ments for which P2 (45 deg) is negative (Fig. 1-2-5). 
Of the four lighter elements, on the other hand, three 
are best fitted with P 2 > P I . The same is true of 
antimony (.4 = 123). For all of these elements P2 
145 deg I is positive. 
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1-3. Elastic and Inelast ic Scattering from Spherical Nucle i—Introduct ion 

A. B. SMITH 

A continuing program of experimental studies of 
elastic and inelastic neutron scattering from spherical 
nuclei was pursued throughout the past year. The 
work is undertaken in direct response to Atomic 
Energy Commission requests for nuclear data and in 
an effort to establish an understanding of the neutron 
scattering process. The measurements extend from 
the very light nuclei to the heavy masses near the 
doubly closed shell at A = 208. Primary attention is 

given to processes involving inelastic channels; thus 
the work complements that described in Paper 1-2. 
The fast-neutron time-of-flight technique is employed 
to realize the necessary spectrometric resolution. The 
status of the effort extends from work recently ini
tiated to that formally completed and reported. Some 
randomly chosen examples of the results of the en
deavor are given in the following seven papers. 

1-4. Elastic and Inelast ic Scattering From Spherical Nuc le i—Germanium 

D. LISTER and A. B. SMITH 

Elastic and inelastic neutron scattering cross sec
tions of natural germanium were measured in the inci
dent neutron energy range 0.3 to 1.5 MeV with incident 
energy resolutions of ~ 2 0 keV. Neutron-velocity and 
gamma-ray spectroscopic methods were employed to 

E„ , Mev 

F I G . 1-4-1. Measured and Calculated Cross Sections for the 
Excitation of 0,505 MeV State in f;e-74. Data Crosses are 
Obtained from Neutron Time-of-Flight Results, Data Dots 
from tlanmia Detection of the (n:n'y} Processes Assuming the 
Illustrated Decay Scheme. The Solid Curve is the Result of a 
Statistical Model Calculation While the Dashed Curve Repre
sents a Calculation Inclusive of Width Fluctuation Correc
tions. ANL Neg. No. llS-i7S. 

resolve the scattering to individual low-lying states. 
Representative of the measured results is the cross 
section for the inelastic excitation of the 0..595 MeV 
state in Ge-74 shown in Fig. 1-4-1. Generally, the ob
served elastic and inelastic neutron scattering cross 
sections were reasonably described by a spherical 
mass-independent optical potential and the Hauser-
Feshbacb statistical theoiy.--" The form of the optical 
jiotential employed was consistent with that found ap-
jilicable in a similar mass-energy region.'' Modification 
of the statistical theoiy to provide "corrections" for 
resonance width fluctuations and correlations did not 
result in improved agreement with experiment.'* An 
example is the comparison shown in the figure. I t 
was qualitatively suggested that discrepancies be
tween "corrected" calculation and experiment were 
due to deficiencies in the model and potential in a 
region of rapidly changing shell structure and in the 
presence of strong vibrational excitations. 
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1-5. Elastic and Inelastic Scattering from Spherical Nuc le i—Ti tan ium 

A. B. SMITH, .1. WH.ILEN and P. GUENTHER 

Experimental study of elastic neutron scattering 
from titanium has been completed for incident energies 
of 0.3 to 1.5 MeV with experimental resolutions of 
~20 keV. Complementaiy total cross section measure
ments have been made from 0.1 to 1.0 MeV (resolution 
< 1 keV) and inelastic scattering results have been 
obtained. Representative measured values are shown 
in Fig. 1-5-1. The total cross section and inelastic 
measurements are being extended to a maximum en
ergy of 1.5 MeV. The interpretation of the data is be

ing pursued in the framework of the "intermediate" 
optical model (see Paper I-lOl and by detailed fitting 
of the compound nucleus resonances. The latter proce
dure should result in resonance parameters at incident 
energies below about 500 keV. Concurrently, the result* 
are being compared with the contents of the evaluated 
nuclear data file, ENDF-B, in an effort to improve the 
basic quantities employed in the physical design of re
actors. 

Xi 

b, 

Ti I = EXP-TOTAL 

• • EXP-ELASTIC 

• = EXP-INELASTIG x 10 

Q = -0,93 Mev 
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FiG, 1-5-1. Observed Total Cross Sections and Elastic and Inelastic Scattering Cross Sections of Natural Titanium. .l.Vi. .\'eg. 
Nu. US-947. 

1-6. Elastic and Inelast ic Scattering from Spherical Nuclei—Iron 

E . B.iRNARD,* .1. A. M . D E V I L L I E R S , * C . A. E N G E L B R E C H T , * D . R E I T M . \ N . N * a n d A. B . S M I T H 

The experimental study of total neutron cross sec
tions and of elastic and inelastic neutron scattering 
cross sections of natural iron has been completed and a 
formal journal report accepted tor publication.' The 
total cross sections were determined from 0.1 to 1.5 
MeV with resolutions ranging from 2.5 to less than 1 
keV. Elastic scattering cross sections were measured 
with resolutions of ~ 2 0 keV from 0.3 to 1.5 MeV. The 
inelastic excitation of the 850 keV state was directly 
determined with resolutions of > 5 keV. All of the 
experimental results indicated a great deal of com-
jiound nuclear resonance structure of the type illus-

Atomic pjnergy Board, Pelindaba, Transvaal, Republic of 
,k Af-:.... TU: , performed as a joint research South Africa. This work was 

embei 
Pelindaba Laboratory 
effort by staff members of Argonne National Laboratory and 

trated in Fig. 1-6-1. Even the good experimental 
resolutions employed in the total cross section meas
urements did not clearly resolve much of the detail 
and, as a consequence, no compound resonance fitting 
was attempted. However, the total cross sections 
(Fig. 1-6-1), the elastic angular distributions (Fig. 
1-6-2), and the inelastic cross sections all showed 
qualitative evidence of an intermediate resonance 
structure. Correlation calculations quantitatively veri
fied this evidence but indicated no correlation be-
t̂ ween differing exit channels, i.e., elastic-inelastic. The 
observed intermediate structure has been interpreted 
by ,1. Monahan and A. Elwyn= in terms of "doorway 
state resonances." 

Particularly, the measured elastic and inelastic 
scattering values were examined in the context of the 
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F I G . 1-6-1. High-resolution Total Cross .Sections (bars) Compared with Broad-resolution Elastic Scattering Cross Sections (cir
cles). ANL Neg. No. 11S~I4SS. 

optical model' and statistical theory.* Consideration 
was given to the detailed variation of the optical po
tential with energy as derived from a fitting to the 
measured elastic scattering data and to the effect of 
resonance width fluctuations and correlations.° Some 
of these calculated results are compared with experi
ment in Fig. 1-6-2. Generally, it was found necessary to 
rapidly vary both the real and imaginary portions of 
the optical potential in order to obtain a reasonable 
fit to the basic experimental results. Such variation is 
consistent with "doorway" state concepts." The aver
age energy de|)endcnce (AE ~ 100 keV) was rather 
well described by a more conventional local and 
energy independent optical potential inclusive of re
action cross sections corrected for fluctuation effects. 
The latter corrections were particularly important in 
obtaining agreement with measured inelastic scatter
ing values. 

A comparison of the measured results with the 
pertinent portions ot the Evaluated Nuclear Data 
File-B (ENDF-B I indicated that the latter failed to 
describe much of the detailed resonance structure, but 
rather tended to provide a smooth averaging charac
teristic of the intermediate resonances. 
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F I G . 1-6-2. Differential Elastic Scattering Cross Sections of 
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1-7. Elastic and Inelast ic Scatter ing from Spherical Nuc le i—Bismuth* 

A. B. SMITH, .F. WH.\LEN, E . B.\RN..\RD,* .1. A. M. D E VILLIERS,* C . A. ENGLEURECHT* and D. REITM.^NN* 

Total neutron cross sections and elastic scattering 
cross sections of bismuth have been determined from 
0.2 to 1.5 MeV (see Fig. 1-7-1). The former were 
measured with experimental resolutions of > 1 keV 
and the results display a large contribution from par
tially resolved resonance structure. Correlation analy-

broader resolution of ~20 keV follow the average en
ergy dependence of the high-resolution total cross sec
tion results. The elastic scattering is well described 
by a reasonable optical model potential providing the 
imaginary absorption term of the potential is some
what reduced from that normally applicable through-

r B i 1 = (T, 

4 - 1 , , . 

n 1 1 1 1 1 1 1 - 1 1 1 1 

.1.!"! I 

l l i l 
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FIG. 1-7-1, Observed Total (bars) and Elastic Scattering (boxes) Cross Sections of Natural Bismuth. .l.\'Z- .Xeg. .Xo. 113-948. 

sis indicates that this structure is consistent with that 
expected from known distributions of compound nu
cleus resonance widths and spacings. There was no 
clear indication of any intermediate resonance struc
ture. The elastic scattering results obtained with a 

• Atomic Energy Board, Pelindaba, Transvaal, Republic of 
South Africa. This work was performed as a joint research 
effort by staff members of Argonne National Laboratory and 
Pelindaba Laboratory. 

out the periodic table. This effect has been observed 
before' and is attributed to the proximity of the 
doubly closed shell at .4 = 208. High resolution 
inelastic scattering studies complimenting the above 
work are in progress. 
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1-8. Elastic and Inelastic Scattering from Spherical Nucle i—Pal ladium 

A. B . SMITH 

Representative of the study of the scattering from 
nuclei in the region of .4 ;* 100 is the measurement 
of elastic and inelastic neutron scattering from pal
ladium. The differential elastic scattering results are 
indicated in Fig. 1-8-1 and are complemented by 
determinations of inelastic excitation cross sections 
and total neutron cross sections. Analysis now in prog

ress indicates that the experimental results are rea
sonably described by the surface absorption optical 
model of P. Moldauer.' 
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1-9. Neutron Scattering from Heavy Deformed Nuclei 

A.B. SMITH and G. SHERWOOO* 

An extensive experimental program of elastic and 
inelastic neutron scattering studies in the region of 
deformed nuclei is in progress. These arc the fission, 
fertile, and fission product nuclei occurring in reactor 
fuels, controls, and poisons. The nuclear jirocesses are 
of physical interest since direct excitation of collective 
nuclear configurations has an appreciable effect on 
neutron cross sections, even at relatively low incident 

* Student, Northwestern University. Evanston, Illinois. 

neutron energies. Studies of fast neutron scattering 
from hafnium, gadolinium, and samarium have been 
completed over the energy range 0.3 to 1.5 MeV. The 
results are illustrated in the following paragraphs. 

H.4FXR.M 

The measured differential elastic scattering cross 
sections are summarized in Fig. 1-9-1. These results 
have been extensively compared with theoretical cal-
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FIG, 1-9-1, ANL Neg. No. lIS-301. Measured (crosses) Dif
ferential Elastic Scattering Cross Sections of Hf. Spherical 
Optical Model (ABACUS) and Deformed (2-PLUS) Calcula
tions are Indicated with Curves. Differential Distributions are 
Expressed in the Form 

culations^ which were based on an optical potential of 
the form 

where 

V, = {V -yiU)h- iWf^, 

V = V«- 0.25E (MeV) 

W = W„- 0.2E (MeV) 

U = 0.125£ - 0.0004£''. 

The well-shape of / i ot the Saxon-Wood form with a 
mean radius Ri and a diffuseness ai was assumed. 
The absorption, f^ , was assumed to have a Gaussian 
form with mean radius ^2 and width an. The cross 
sections for elastic scattering were calculated from this 
spherical potential using the NEARREX-ABACUS 
computational program.- These spherically symmetric 
calculations did not take cognizance of the direct 
excitation of the collective rotational states of the 
deformed nucleus.-^ A second, and more iihysically 
proper, set of calculations, employing 2-PLUS, '" was 
carried out using a deformed potential and consider
ing direct excitation of the first excited (2-1-) rota

tional state in the even isotopes of hafnium. The de
formed calculations assumed that the nucleus is a 
rigid rotator and employed a direct well proportional 
to the derivative of the real potential. The deformed 
calculations were restricted to the even nuclei and 
considered only strong coupling to the first-excited 
(2-1-) state.^ The excitation of other and higher energy 
states was treated with the conventional statistical 
formula." Attention was also given to corrections to 
the statistical formula involving considerations of 
resonance width fluctuations.^ A good agreement with 
the measured total cross section* was maintained 
throughout the calculations. 

The total cross sections calculated from either the 
spherical or deformed potential were quantitatively 
descriptive of the measured values and similar to 
those given in a number of evaluations." The spherical 
calculation possibly resulted in a somewhat better 
agreement with measured total cross sections than 
was obtained with the deformed well. The converse 
was true when comparison was made between calcu-
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ANL Neg. No. 1SS-S19 Rev. 1. 
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lated and measured differential elastic scattering cross 
sections as indicated in Fig. 1-9-1. Results of the de
formed calculation using the 2-PLUS code tends to 
better describe the higher Legendre coefficients of the 
elastic angular distributions, particularly wa, than 
those obtained from the spherical well (ABACUS). 

The inelastic excitation cross sections calculated 
with either the spherical or deformed potential were 
only qualitatively descriptive ot measurement (Fig. 
1-9-2), both failing to fully account for the intense 
excitation of the 2-1- (~100 keV) state in the even 
isotopes. Consideration of width fluctuation correc
tions led to an even smaller calculated excitation of 
the 2-1- state. The above comparisons between cal
culation and experiment do not show any strong 
perference for the use of either spherical (ABACUS) 
or deformed (2-PLUS) potentials. This was born 
out by detailed comparisons between calculations and 
experiment at a number of selected energies. The 
calculated asymmetry of the inelastic distribution of 
the 24- state about 90 deg was too small (<10%) for 
observation in the present experiments. However, 
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F I G , 1-9-3. Differential Elastic Scattering Cross Sections 
of Gd. The Format and Notation is the Same as that of Fig, 
1-9-1 With the Addition of the Respective Evaluated Quanti
ties Given in E N D F - B ' " , ANL .Xeg. No. 11SS51. 
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FIG. 1-9-4. Inelastic Neutron Scattering Cross Sections of 
Gd. Notation is Identical to that of Fig. 1-0-2. ANL Neg. No. 
llSSbS. 

1 = 0 strength functions calculated with the two po
tentials supported the validity ot the deformed po
tential in this region ot strong deformation. This is a 
well known effect of the deformation, causing a split
ting of the single strength function maximum at A ~ 
160 into a doublet. Unfortunately, the available ex
perimental strength functions in the region vary 
appreciably, and quantitative comparison between 
experiment and calculation is difficult. 

Generally, the results of the hafnium studies fulfill 
the reactor needs for scattering data to incident ener
gies of 1.5 MeV. They are consistent with a physical 
interpretation based upon a deformed optical potential 
and statistical theory. However, the latter potential 
did not give good detailed and quantitative agreement 
with measured inelastic scattering cross sections, and 
thus the use of the potential for precise extrapolation 
of measured values is questionable. 

GAIX)LIXH.'.M AND SAMARRM 

The measurements and calculations outlined above 
tor the element hafnium were extended to the elements 
gadolinium and samarium with representative results 
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shown in Figs. 1-9-3 through 1-9-5, As for hafnium, 
the measured results well-defined the differential elas
tic and inelastic scattering cross sections of gadolin
ium and samarium tor incident neutron energies of 
0.3 to 1.5 MeV. These experimental values were rea
sonably described by calculations of the same type 
employed in the study of hafnium. As was true for 
the case of hafnium, the deforincd-well calculation 
tends to give a slightly better agreement with experi
ment than one based on the spherical potential. 
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1-10. Fast Neutron Processes in Vanadium and Intermediate Structure 

A. B. SMITH and J. F . W H A L E S 

Total neutron cross sections and elastic and in
elastic neutron scattering cross sections have been 
experimentally studied. Total neutron cross sections 
were determined with good resolution from 0.1 to 1.5 
MeV. Differential elastic and inelastic scattering an
gular distributions were measured at incident neu
tron energies from 0.3 to 1.5 MeV. The experimental 
results have been interpreted in terms of the optical 
model and statistical concepts inclusive ot resonance 
width fluctuations and correlations.^"* The obser\'ed 
intermediate structure was examined in the context 
of strongly overlapping resonances,* distributions in 
resonance widths and spacings,'' and in terms of an 
intermediate optical motlel." 

The measured total neutron cross sections of va

nadium from 0.1 to 1.5 MeV are shown in Fig. 
I-lO-l together with 50 to 100 keV energy averages of 
the measured values. . \ t incident neutron energies 
<0.5 MeV, the experimental energy resolution was 
1.5 to 2.5 keV. At higher energies the velocity resolu
tion was estimated to be 0.1 to 0.12 nsec/in. The 
differential elastic neutron scattering cross sections 
were determined at incident neutron energy increments 
of < 10 keV with an incident neutron energj- resolution 
of 20 ± 5 keV. The angular range of the measurements 
al each incident energy was from ~ 2 5 to ~155 deg., 
usually covered in eight angular intervals. The scat
tered neutron velocity resolution of 1.5-2.0 nsec/m 
was sufficient to resolve the elastically scattered neu
trons from inelastically scattered components. Ex-



10. Smith and Whalen 15 

. ( 1' 
, 1 , ,•;. V 
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perimental results expressed in the form of a Legendre 
polynomial expansion are shown in Fig. 1-10-2. The 
inelastic excitation of states in vanadium at 330 ± 
10 keV was observed. The corresponding excitation 
cross sections are indicated in Fig. 1-10-3 together 
with the results of statistical calculations. 

The equivalent non-local optical potential of C. 
Engelbrecht and H. Fiedeldey' and statistical meth
ods were employed in the phenomenological inter
pretation and extrapolation of the experimental results. 
A x~ statistical fit to the observed elastic scattering 
resulted in an optical potential giving a reasonable 
description of experiment (Fig. 1-10-2). The potentials 
derived from the elastic scattering angular distribu
tions, together with the Hauser-Feshbach formalism 
and the structure of vanadium* were used to calcu
late the inelastic excitation cross sections. Again the 
calculated result was reasonably descriptive of ex
periment (Fig. 1-10-3). 

Since a motivation of the present work was the pro
vision of fast neutron data for reactor design it is in

structive to compare the jiresent results with the per
tinent contents of the Evaluated Nuclear Data 
File-B (ENDF-B)."» Generally, the ENDF-B file 
gives a reasonable description of the results of the 
present experiments, though the latter show more de
tailed resonance structure and result in somewhat 
larger inelastic cross sections. Whether or not these 
are critical matters may well depend upon what use 
is to be made of the information in designing reactor 
systems. The ENDF-B values at energies >1.5 MeV 
closely correspond to other reported measurements 
of total and scattering cross sections and to the pre
dictions of the optical model and statistical calcula
tions outlined above. 

The observed total, elastic, and inelastic scattering 
cross sections were characterized by both a fine and 
intermediate energy dependent structure. Though of 
good resolution the results did not provide a definition 
commensurate with compound nucleus resonance 
analysis and the interpretation was confined to the 
intermediate structure and the average energy de-
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pendence of the observed quantities. A phenomeno-
lof^ical optical-potential was shown descriptive of total 
and elastic scattering cross sections of vanadium over 
a wide energy range.'• Results of calculations based 
upon this potential and statistical theory are qualita
tively descriptive of the observed inelastic scattering 
but quantitatively deviated from measurement, par
ticularly near the reaction thi'esholds. Consideration 
of alternative spin-parity assignments and/or the ef
fects of resonance width fluctuations failed to en
hance the agreement with the present experiments.^ 
An attempt to employ correlation analysis in a quan
titative assay of the observed intermediate structure 
was inconclusive due to the effects of the finite sample 
range, the presence of direct reactions, and the un
certainties of the measurements. The suitability of 
T. Ericson's concepts in the context of the present ex
periments is highly questionable.'* However, an inter
pretation based upon them lead to reasonable 
strength functions, though the derived r and D were 
inconsistent with both experimental evidence and the 
basic premise ( r » D). An experimental interpre
tation of the observed structure in the total cross 
section based upon known compound nucleus distribu-

^ ^^mm^^'iML 
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FIG. 1-10-2. Differential Elastic Scattering Cross Sections 

of Vanadium. A 50 keV Average of the Measurements is Indi
cated by the Data Points. The Solid Curve is the liesull of 
Optical Model Calculat ion..l.VZ,A'c9.A'o.;;2-947/. 
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FlG. 1-10-3. Cross Sections for the Excitation of States in 
Vanadium at 0.32 MeV and at 0.93 MeV (crosses). The Solid 
Curve was Obtained by Calculation. Estimated Experimental 
Uncertainties are Indicated by Vertical Bars of the Data 
Crosses. ANL Neg. No. 113-501. 

tions in widths and sjiacings assuming a non-overlap
ping of partial resonance widths resulted in com
pound nucleus level densities similar to those predicted 
by systematies and by extrapolation from detailed 
low energy resonance studies.^'" The result was not 
particularly sensitive to the form of the distributions 
of either F or D or e\'en to the omission of the former. 

The results of calculation employing an inter
mediate optical potential based upon the premise of a 
few isolatefl 2p-l/i doorway states were in qualitative 
agreement with the experimental elastic distributions 
and the phenomenological potential derived there
from.^ This intermeiliate model employed relatively 
few doorway parameters and comjiarison with experi
ment lead to parameter values of the magnitude ex
pected from theoretical estimates." A wider applica
tion of the method may assist in determining some of 
the statistical i>ro]ierties of door states. 

Apparent intermediate structure is present in the 
measured cross sections. The latter two of the above 
interpretations appear both physically applicable and 
to result in qualitative agreement with experiment. 
They are not unique and other interpretations have 
led to similar qualitative successes.'- The interpreta
tions are not necessarily mutually exclusive and may 
each contribute appreciably to the physical reality. 
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I - I I . Fast Neutron Cross Sect ions 

J. F. WHALEN 

Neutron total cross sections in the energy range 
of 100 to 650 keV have been made utilizing the auto
mated on-line computer system reported previously.' 
In addition to these measurements the energy range 
has been extended from 650 to 1500 keV utilizing a 
different detector system and executive program (see 
Paper 1-91. 

The elements measured in the low energy range 
were calcium, hafnium, and Li-7. The resulting data 
are shown in Fig. I - l l - l . As mentioned in Ref. 1, the 
original data for Li-7 in this range contained some 
fine structure superimposed on the major resonance 
at 260 keV. This seems to indicate a contaminate in 
the sample so new samples were obtained from Los 

Alamos Scientific Laboratoiy and the measurements 
were repeated (see Fig. I - l l - l ) . The fine structure 
does not appear in the data taken from the new 
samples. 

The high energy measurements (650 to 1500 keV) 
were performed on carbon, natural uranium, and the 
new Li-7 samples. The results are shown in Fig. 
1-11-2. It is planned to extend the low energy meas
urements ot most of the previously measured ele
ments through this higher range. 
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1-12. The Total Cross Sect ion of Li-7 from 100 to 650 keV 

J. W. ME.\nows and J. F. WH.\LEN' 

The sample transmissions and total cross sections 
of Li-7 have been measured from 100 to 650 keV 
utilizing the on-line computer system.' 

Neutrons were produced by the Li^(p,n)Be' reac
tion. The energy resolution of 2.5 to 3.0 keV was de
termined primarily by the lithium metal target thick
ness. Measurements were made at 1 keV inter^'als 
thoughout the measured interval. The hydrogen ion 
beam from the accelerator was magnetically analyzed 
and the Hi.+ component passed an electrostatic ana
lyzer which controlled the accelerator potential. The 
energy calibration was based on a Li'(p,?!)Be' thresh

old ot 1881.0 keV. There was a systematic uncer
tainty of ± 2 keV due to the changing optical prop
erties of the ion source. The samples were 1 in. diam. 
cylinders of Li-7 encased in steel cans with 0.005 in. 
thick end pieces. An empty can was used for "sample 
out" measurements. Sample thicknesses ot 0.1431 X 
10", 0.1152 X 10=*, and 0.0693 X 10-* atoms/cm= were 
used. The principal contaminants were ~0.2% sodium 
and ~0.05% potassium. 

An attempt was made to fit the data with the single 
level Breit-Wigner formula and assigning the 260 
keV resonance to a J = 3+ state excited by ^ = 
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TABLE I-12-I. PARAMETERS FOR A MULTI-LEVEL F I T OF Li-7 
ToT/VL CROSS SECTION DATA 

Parameter 

£ , keV 
r , keV 
J' 
I 

Resonance 1 

261.2 ± 0.1 
35.0 ± 0.1 

3-1-
1 

Resonance 2 

1220 
1000 

0 

Radius: 0.336 X 10-"cm,,7.,„ (calc): 12,4 b, »„„ (ex])): 11,0 b. 

pared in Fig. 1-12-1. The, agreer-ent is goc ^ except 
at the peak of the resonance wh c the experimental 
result is about 6% lower than lii'' calmlated value. 
The fit is insensitive to the location and width of the 
higher energy resonance, but the p,i!:iuH'ters m fable 
I-12-I are in fair agreement with tlio.se reported for 
the broad resonance at 1350 keV.'=' The errors in 
energy E and resonance width r calculated for the 
262 keV resonance are derived from the experimental 
uncertainties. 

4 0 0 

ENERGY, kev 

FIG. 1-12-1, The Total Cross Section of Li-7 from 100 to 650 keV. The Data was Taken at 1 VKX Intervals but for This Figure 
They Have Been Averaged in Groups of Three Over the Resonance and in Groups of Nine Elsewhere. The Solid Curve is the Result 
of the Multi-Level Fit. ANL Neg. No. 113-794. 

1 neutrons. A reasonably good fit was obtained in the 
region of the resonance but the discrepancy was 
relatively large near 600 keV. Better results were 
obtained using a multi-level fit and two resonances. 
The parameters are listed in Table I-12-I and the 
calculated and experimental cross sections are com-
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' 1-13. Extens ion of A u t o m a t e d N e u t r o n Cross Sect ion Meas urem ent s to Higher Energies 

J. F. WHALEN and J. W. ilEADOws 

A method tor extending the energy range of the 
computer-controlled total neutron cross section meas
urements has been successfully implemented. This 
new method required a basic change in the detector 
system and a major change in the executive program 
ot the computer. 

The bank of BF3 detectors which were used to de
tect the neutrons transmitted by the sample was re
placed by a single cylindrical litiuid scintillator (2 in. 
diam X 2 in. ht) coupled to a ijhotomultiplier. As this 
greatly increased the possibility ot y-ray contamina
tion, a pulse shape discrimination circuit was em
ployed to minimize their acceptance. This detector 
system permitted analog signals proportional to the 
energy of the transmitted neutron to be available to 
the computer tor discrimination against second neu
tron group contamination. (The second neutron group 
is the result ot excitation and decay ot a state in the 
Li(p,n) reaction which has a threshold corresponding 
to a primary group energy of 650 keV.) Previously 
this experimental method was limited to energies 
below the second neutron group threshold since all ot 
the transmitted neutrons (first and second group) 
were scattered into the detector by a large copper 
block and were indiscriminately detected. 

In eliminating the second group neturons from the 
cross section calculation it is ot course necessary to 
recognize them. Since the first group neutrons will 
constantly be producing changing pulse heights as 
the computer steps the energy (either up or down), it 
is impossible to apply a fixed bias to the incoming 
pulse heights. However, there is a functional relation 
between the first and second neutron group pulse 
heights through Q calculations and a fixed response 
curv'e correlating the detector pulse height and the 
incident neutron energy. Having analytically de
termined the first relationship and experimentally de
termined the second relationship, it is possible tor 
the computer, utilizing these two functions and know
ing the incident proton energy, to eliminate the second 
group contamination. The necessary functional rela
tionships have been included in the computer program 
for this filtering operation. 

This new method has been used to measure total 
cross sections on several elements (see Paper 1-9) at 
these higher energies and the measurements match 
very well with the values taken by the older method 
at the energy junction point. 

1-14. Act ivat ion Methods for Actinide Isotope Capture Rate Measurements 

R. J. H.\LL,* W. C. REDMAN and M. L. PooLt 

INTRODUCTION 

High burnup in breeder reactors enhances the im
portance ot the reaction rates tor isotopes other than 
the principal fissile and fertile materials. A combina
tion ot radiochemical and mass spectrometric tech
niques is now used to determine reaction rates for 
isotopes subjected to extended irradiation in existing 
power reactors. A study was undertaken to determine 
the feasibility ot such determinations by activation 
techniques tor samples irradiated in fast critical as
semblies. The feasibility of such methods as an alter-

* Student, Ohio State University, Columbus, Ohio, 
t Ohio State University, Columbus, Ohio. 

nate to the usual techniques now employed in high 
fluence irradiations was also of interest, as a means 
to confirm such results. 

Each isotope ot significance in breeder reactor fuel 
cycles presents a different problem. Techniques that 
have been used, principally tor both fission and 
capture rates for Th-232, U-233, U-235, U-238, and 
Pu-239, include: (1) singles counting with' and 
without^ prior radiochemical separation; (2) coinci
dence counting with' and without* prior radiochemi
cal separation; and (3) mass spectrographic analysis.' 
The counting techniques tor capture rate measure
ments involved detecting either the decay of the neu
tron capture product or its radioactive daughter. 
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T.\BLE I-14-I. ACTIVITY OF (n,y) PRODUCT 

PER GRAM OF TARGET 

Target 

U-236 
Pu-240 
PU-242 
Pa-233 
Np-239 

(n,7) Product 

U-237 
Pu-241 
Pu-243 
Pa-234 
Np-240 

(n,7) Product Activity 
Gram of Target ' 

dis/h 

r - 1 h 

1.83 X 10' 
3.30 X 10' 
2.35 X 10" 
2.66 X 10« 
1.99 X 10' 

r = 24h 

1.1)5 X 10' 
3.30 X 10' 
9.45 X 10« 
2.43 X 10' 
2.46 X 10" 

Significant isotopes for which no fast spectra cap
ture rate measurements have been reported include 
U-236, Pu-240, Pu-242, Np-239, and Pa-233. The fast 
spectra neutron capture rates of these isotopes have 
been evaluated and are reported in what follows. The 
applicability ot the previously mentioned techniques 
as methods tor capture rate measurements in both 
zero and high power reactors was considered, and pro
posed procedures are reported. The method suggested 
tor the measurement of the capture rate ot U-236 has 
been tested and verified by a measurement in the 
fast zero power critical facility ZPR-9. 

CALCULATED ACTIVITIES 

To evaluate the target and equipment requirements 
tor capture rate measurements of the isotopes ot 

interest, the expected decay rates of the neutron 
capture product and its daughter were calculated. 
The primary reaction chains involved are shown in 
Fig. 1-14-1. H. Bateman* has formulated equations 
which describe the production and loss of iostopes 
in such chains. These were used in calculating the 
activities ot the neutron capture product and its 
daughter. For Pa-233 and Np-239, beta decay ot the 
target isotope followed by neutron capture produces 
U-234 and Pu-240 respectively. This production 
mechanism was not included in the calculations. 

In all calculations, the assumption was made that 
the neutron capture product and its daughter were 
initially absent. An irradiation time ot 10 h at a 
flux of 10» n/cm--sec with a typical fast reactor 
neutron spectrum was used. The effective capture 
cross sections used were: U-236, o-̂  = 0.5 b ; Pu-240, 
a, = 0.6 b; Pu-242, oc = 0.4 b ; Pa-233, a, = 0.5 b : 
and Xp-239, <r,. = 0.5 b. 

The calculated activity ot the neutron capture 
product per gram ot target at T = 1 h and T = 24 h 
after irradiation is presented in Table I-14-I. Table 
I-14-II gives the calculated activity of the neutron 
capture product's daughter per gram ot target at 
various times T after irradiation. The calculated ratio 
of the target activity to the neutron capture product 
activity at T = 1 h after the postulated irradiation is 
given in Table I-14-III. 

If the flux restriction were relaxed, as would be 
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the case tor an irradiation in a power reactor, it is 
found that at an integral flux ot 10'^ n/cm^-sec, the 
relationships given in Tables I-14-I and I-14-II are 
still linear functions of the flux to within 20%. Hence, 
tor rough calculations the numbers given in these 
tables can be multiplied by 10* to give the activities 
that would be produced by an irradiation at a flux 
ot 10^^ n/cm--sec; however the time of maximum ac
tivity ot the {n,y) capture product's daughter would 
occur later. The ratios given in Table I-14-III can 
be divided by 10* to give the corresponding values 
for a flux ot 10'- n/cm--sec. 

EVALUATION 

The possibility ot a capture rate determination for 
a specific actinide isotope by counting techniques 
following a low flux irradiation depends on many fac
tors. These include the halt-life and decay scheme 
ot the isotope, the capabilities ot various counting 
devices, the minimum sample size required, the time 
lag between irradiation and data collection, the 
maximum practical target size, and the activities and 
activity ratios such as presented in Tables I-14-I, 
I-14-II and I-14-III. An evaluation ot the specific 
situation tor each of the five isotopes considered 
indicated that a low-flux-counting procedure was 
practical at present only for U-236 and Pu-242. A 
high flux irradiation would be required tor a Pu-240 
capture rate measurement. Even with a high flux 
irradiation, a counting technique did not appear feasi
ble for either Pa-233 or Np-239 capture rate de
terminations. A description of the verified method tor 
U-236 capture and the proposals for Pu-242 and Pu-
240 follow. 

U-236 CAPTURE RATE MEASURE.\IENT 

The method selected for the low-flux U-236 cap
ture-rate determination uses the decay of U-237 as 
the indicator of U-236 neutron capture. From Table 
I-14-II it is seen that the daughter, Np-237, ot the 
neutron capture product undergoes only 0.169 dis/h-g 
of target 1000 h (approximately 42 days) after ir
radiation. Therefore, a low-flux capture rate meas
urement from observation ot the daughter's decay is 
impractical. On the other hand, the information given 
in Tables I-14-I and I-14-III shows that the activity 
of U-237 per gram ot U-236 is high and that the 
ratio of U-236 activity to U-237 activity is rea
sonably low. The U-237 (6.75 day halt-lite) activity 
24 h after irradiation is 1.65 X 10' dis/h-g ot target 
and the ratio of the U-236 activity to the U-237 
activity is 4.6 X 10- one hour after irradiation. 

The decay of U-236 is by alpha emission, and only 
one gamma ray has been observed originating from 
the decay.' I t has an energy ot 163 keV and an 

T.\BLE I-14-II. ACTIVITY OF (n,y) PRODUCT'S 
D.^UGHTER PER G B . ^ M OF T A R G E T 

Target 

U-236 
Pu-240 
Pu-242 
Pa-233 
Np-239 

(»,T) 
Product's 
Daughter 

Np-237 
Am-241 
Am-243 
U-234 
Pu-240 

(»,7) Product's Daughter Activity 
Gram of Target ' 

dis/h 

r = T„ai 

1.73 X 10-' 
8.51 X 10' 
3.50 X 10' 
1,47 

r = 1000 h 

1,09 X 10-' 
5,69 

4,90 X 10' 

T{B) 

181 d 
68.5 y 

114 h 
184 h 
23 h 

^ Tmax = time at which the activity of the (1,7) product 's 
daughter reaches a maximum. 

TABLK I-14-III. RATIO OF TARGET ACTIVITY TO (n,-)) 
PRODUCT ACTIVITY AT r = 1 h 

Target 

U-236 
Pu-240 
Pu-242 
Pa-233 
Np-239 

(«,7) Product 

D-237 
Pu-241 
Pu-243 
Pa-234 
Np-240 

Target Activity 
(»,7) Product .Activity 

4.6 X 10= 
9.2 X 10' 
2.2 X IV 
1.0 X IO'" 
1.4 X 10" 

/ 3 - \ \ r 
43% 53> 

F I G . 1-14-2. " ' U Decay Scheme (Abridged). ANL Neg. No. 
113-864. 

abundance of approximately 0.5%. From considera
tion ot the U-237 decay scheme,'-" shown in abridged 
form in Fig. 1-14-2, it was found that both (;3,v) coin
cidence counting and (•)/,y) coincidence counting are 
possible means tor detecting the U-237 decay. 
(Singles counting is also possible but coincidence 
counting is preferable because ot its higher background 
supression capabilities.) The decision on which type 
ot coincidence counting to use was based on the 
desire to count the target directly, i.e., without fission 
product removal, or altering its physical torm. (7,7) 
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1-15. C o r r e l a t i o n o f M a s s , E n e r g y a n d A n g l e i n 1.5 a n d 5.6 M e V N e u t r o n F i s s i o n o f U - 2 3 8 

J. W. MEADOWS 

I t is still not clear whether the mass division in 
fission is determined at the saddle point or at some 
later stage in the fission process. In an attempt to 
obtain some insight into this problem, studies ot the 

mass-energy-angle distribution ot fragments from 
the U='' (>i,/) reaction have been carried out at 
incident neutron energies of 1.8 and 5.6 MeV. As 
these energies are below the {n,n'f) threshold the 

TABLE I-15-I. T H E AVER.VGE 
SYMMETRY (1' 

Angle 

<A/t> 
{M„) 
c'(M) 
(EL) 

(EH) 

{E,T) 

<T={S*r) 
Y, 

VALUES OF THE MASS AND ENERGY THE V.VRIANCES OF T H E I R D I S T R I HI T I O N S , AND THE YlELD AT 

) FOR 1.5 AND 5,6 MeV NEUTRON FISSION OP U-238 AND FOR THERMAL NEUTRON-INDUCED FISSION 

t 

7 

100.2 
139.0 
37.0 
99.0 
71.2 

170.2 
112,1 

0.015 
±0,007 

-238, 1.5 MeV 

45 90 

99.9 
138.9 
37,0 
99.2 
71,6 

170.8 
110.8 

0.021 
±0,007 

U-238, 5.6 MeV 

7 

99.9 
1.39.5 
43.4 
97.7 
70.2 

167.9 
120.2 

0.10 
±0.01 

45 

99,6 
139,0 
42,4 
97,8 
70,3 

168.1 
115 9 

0.00 
±0.01 

90 

99.6 
139.2 
42.8 
97.2 
69,9 

167,0 
118,6 

0,12 
±0,01 

OF U-235 

U-235, Thermal 

7 

97.2 
139.1 
34.7 

100.2 
70.3 

45 

97.2 
139.1 
33.5 

100.2 
70.2 

170.5 ! 170.4 
112,0 j 112,7 

0.020 0,020 
±0,002 ±0.002 

90 

97.4 
139.1 
34.9 

100.2 
70.4 

170.6 
111.7 

0.020 
±0.002 

1.4 

1.2 

1.0 

0.8 

1 ' 

"T 
-

d 

1 1 1 1 

(a) 

i 

1 1 1 1 1 1 I 

1.5 M e v 7 / 8 0 

^ 5 

' ' 

i 

1 ' ' 

T 
V-

-
i -

-
-

(b) 5.6 MeV 4 5 / 9 0 

io.. 
^ 5 - i t - I - o ^ - o - 2 - - 5 _ 

P 

0.8 

5,6 MeV 7 / 9 0 

5 I . . 1 . , . . r ^ 

120 130 150 160 140 
/i„,amu 

F I G . 1-15-1. The Mass l^ependence of the Ratio of the Yields 
at 7 and 45 Degrees to the Yield at 90 Degrees for Neutron In
duced Fission of U-238. The Data Represented by A are at the 
Indicated Energies While the O Ciive the Results of the Cor
responding U-235 Calibration Measurements. Each Point 
Represents an Interval 6.1 amu Wide in the 1.5 MeV Data and 
3,6 amu Wide in the 5.G MeV Data. The Apparent Ma.ss-angle 
Correlation of the 45 to 90 Degree Ratio is Caused by a Sys
tematic Effect. ANL Neg. No. 113-105. 

study is not complicated by neutron emission prior 
to fission. 

The experimental apparatus, techniques, and method 
of analysis have been described previously.^ Meas
urements ot the mass-energy distribution of neutron 
induced fission ot U-238 were made at three angles: 
7, 45 and 90 deg. Concurrent measurements of thermal 
neutron induced fission ot U-235 were made tor detec
tor calibration and to test for systematic errors. 

The results are summarized in Table I-15-I. The 
data show no angular dependence outside experi
mental error. The value ot a'^iM) is consistently less 
at 45 deg than at the other angles but this occurs 
in both the thermal and fast neutron fission data 
and is caused by a systematic effect that has been 
discussed elsewhere.' The mass dependence ot the 
yield ratios, Y {M,0)/Y (M,90), is shown in Fig. 1-15-1. 
The 46 deg data shows an apparent mass dependence 
but this is caused by the systematic efi'ect mentioned 
above. This is illustrated by the agreement with the 
U-235 thermal fission data plotted on the same 
graphs. Y(M,l)/Y(M,m) does not show any signifi
cant departure from 1.0 in either measurement. This 
is particularly evident at 5.6 MeV where fair statis-
iical accuracy extends into the region ot symmetric 
fission. 

The experimental data presented here does not 
provide any evidence that saddle point states de
termine the mass distribution. 
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1-16. Energy Dependence of the Delayed Neutron Yield from Neutron Induced Fiss ion 
of Th-232, U-235, and U-238 

S. A. Cox and E. E. DOWLING WHITING 

A knowledge ot the energy dependence ot the de
layed neutron yield from fissile and fertile elements 
is important to the fields of reactor kinetics and 
reactor control. While there have been extensive meas
urements of delayed neutron yields and periods tor 
thermal neutron-induced fission and tor fission in
duced by fast fission spectrum neutrons, there have 
been only isolated measurements reported at other 
energies.' B. Maksiutenko- has reported measure
ments for several nuclides using monoenergetic neu
trons with energies ot 2.4, 3.3, and 15. MeV. There 
has been no adequate investigation of the region 
between thermal energy and 2.4 MeV. This report 
describes such an investigation tor U-235 at several 
energies from 0.25 to 1.5 MeV and tor U-238 and 
Th-232 from the onset ot the fission threshold to 2.4 
MeV. 

Two different aspects ot the delayed neutron proc
ess were investigated. One series ot measurements was 
made at a number of different incident neutron ener
gies to determine it there were any change in the 
time dependence of the decay ot the delayed neu
tron activity. A second series ot measurements was 
made to determine it there were any dependence ot 
the total yield on the delayed neutron activity as a 
function ot incident neutron energy. 

Because the requirements of the two types of meas
urements were so different, two separate experimental 
arrangements were necessary. For the time dependent 
measurements, it was important to have the highest 
possible yield. Thus the cylindrical sample (0.5 in. 
dia. by 0.75 in. long) ot U-235, U-238, and Th-232 
were positioned as close as possible to the neutron 
source tor irradiation. For all measurements the neu
trons were obtained from the Li(p,n) reaction using a 
Van de Graaff accelerator. After irradiation tor a pre
set time (usually ~ 4 min) the sample was "fired" 
from a distance ot ~ 6 ft into a shielded counting 
assembly consisting ot ten BF3 counters moderated by 
paraflSn. The transit time was ~0.2 sec. The data 
were collected using a 400 channel analyzer with 

scaling time ranging from 0.075 to 2. sec per channel. 
The longest scaling times were used for background de
termination. Because ot the high yield requirement 
which necessitated "poor" geometry the experimental 
arrangement was not suitable for monitoring ot the 
neutron flux from the lithium target. Thus the yields at 
different energies could not be directly compared. Ex
amples of the decay curves for Th-232, U-235, and 
U-238 are given in Fig. 1-16-1. The horizontal and 
vertical bars represent the data. The solid curve is 
a multi-exponential fit obtained by using a variable 
metric minimization program.^ The data were ana
lyzed in terms of five exponential components. I t 
was assumed that the six-component representation 
used by G. R. Keepin' would be a rough approxima
tion to the present data. This is supported by Keep-
in's measurements at thermal and fission spectrum 
energies which yielded similar half-lives tor the 
decay. ThS half-lives obtained by Keepin were ap
proximately 0.2, 0.5, 2., 6., 22., and 54. sec. The 
shortest halt-lite, 0.2 sec, could not be extracted 
from our data because ot the transit time ot 0.2 sec. 
Based on this assumption the data were then ana
lyzed in pairs ot components. First, all the data be
yond 200 sec were analyzed for a background com
ponent and a long half-lite component. The cut-off 
time of 200. sec was chosen to be approximately 
ten half-lives away from the 22. sec component. 
Thus the data used should be represented very ac
curately by a single long halt-lite (~^54. sec) plus 
background. This criterion was used throughout the 
analysis; i.e. the second stage in analysis used data 
from 60. sec upward, the third stage data from 20. sec 
upward, and the fourth stage data from 2. sec up
ward. In the first stage there were three free param
eters: the background, the amplitude, and the half-
lite ot the exponential component. In the second stage 
the background was held at the value determined 
in the first stage and the amplitudes and halt-lives 
ot two exponential components were treated as tree 
parameters. In the third stage the background and the 
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energies from 0.25 to 1.5 MeV. For Th-232 and 
U-238 measurements were made from the vicinity ot 
the fission threshold to 2.4 MeV. The data tor all 
elements were normalized at 1450 keV to Keepin's 
fast neutron determinations. Our results for U-235 are 
given in Fig. 1-16-3 together with Keepin's' values 
tor thermal and fast neutron irradiations. The errors 
in the individual points are estimated to be ± 5 % , 
based on both the counting statistics and the repro
ducibility of the measurements. Within the estimated 
error ot 5% there is no significant change in the 
delayed neutron yield over the energy range from 
thermal energy to 1.5 MeV, although there appears 
to be some slight indication ot an increase. Our 
data for U-238 and Th-232 are not yet completely 
analyzed. The much more pronounced angular dis
tribution in the fission fragments, especially near 
threshold, and the very sharp rise at the fission 
threshold necessitate more detailed corrections than 
are required for U-235. Nevertheless at this stage it 
can still be stated that there is no change in excess 

ot 20% in the delayed neutron yield below 2.4 MeV 
tor either U-238 or Th-232. 

We conclude that within 3 to 5% there is no 
significant change in the ratio ot our delayed neutron 
activity to that ot Keepin's tor U-235 from 150 to 
1300 keV. Similarly, our measurements for Th-232 at 
1450, 1500, and 1640 keV and for U-238 at 1400, 
1500, and 1750 keV yield ratios which agree at all 
decay times with Keepin's measurements to within 
5%. We also conclude that the total delayed neutron 
yield is constant to within 5% from thermal irradia
tion to 1.5 MeV irradiation for U-235, although there 
is a slight indication of an increase. 
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1-17. Spontaneous Fission Decay Constant of U-238 

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

Precise measurement (a])proxiinately 1.6% relative 
error) ot the spontaneous fission decay constant ot 
U-238 has been carried out with solid-state track 
recorders (SSTR) of pre-etched mica.' (See Paper 
V-2 for further details on the SSTR method.) Table 
I-17-I compares the present experimental result with 
earlier measurements. 
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T.ABI.E I-17-I. MEASUREMENTS OF THE SPONTANEOUS 
FISSION DECAY CONST,\NT OF U-238 

Investigators 

Perfilov' 
Segre^ 
Fleischer and Price* 

Rao and Kuroda^ 
Roberts, Gold and 

Armani 

Year 

1947 
1952 
1964 

1966 
1968 

Method 

Fission chamber 
Fission chamber 
SSTR 
K-40 and Rb-87 

dating 
Weighted average 
Radiochemical 
SSTR 

Xr'"' 

5,3 ± 0.9 
8,7 ± 0,3 
6,6 ± 0.8 
6.9 

6.85 ± 0,20 
7.8 ± 0.9 
7,03 ± 0,11 

"UnUs uf KT'Vy. 

5. M. N. Rao and P. K. Kuroda, Decay Constant and Mass-
Yield Curve for the Spontaneous Fiasion of Uraniiim-SSS, 
Phys. Rev. 147, 884 (1900). 
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1-18. T-Violation Eifects in Direct Reactions 

P. A. MOLDAUER 

31 

A general study ot the effects ot time reversal 
invariance violating forces in nuclear reactions' has 
been reported on previously. This work has now been 
extended and specialized to the case ot direct nu
clear reactions.- Using the methods ot the Distorted 
Wave Born approximation the results ot Ret. 1 were 
confirmed and applied to the analysis ot published 
data.^ 

A time reversal violating nuclear force results in a 
violation of the detailed balance relation connecting 
the value ot the cross section for a certain reaction 
with that ot the inverse reaction. This violation is 
due to an antisymmetric part of the T-matrix. The 
principal result obtained is that this antisymmetric 
part of the T-matrix is equal to the commutator of 
the symmetric (or T-conserving) part ot the T-matrix 
and the matrix elements of the T-violating part ot 
the nuclear Hamiltemian. 

This result was used to obtain estimates on the 
possible magnitudes of the T-violating parts ot the 

Harailtonian / / ' from experimentally obtained limits 
on detailed balance violation. The results ot W. 
Weitkamp et al.^ imply a limit ot about 25 keV on 
the matrix elements ot H'. The contrast experiments 
with fluctuating cross sections*'' are able to set an 
upper limit of about 50 eV. 
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1-19. Stat is t ics of Kesonance Widths and Spacings 

P. A. MOLDAUER 

Both the energy averages and fluctuations of neutron 
cross sections depend on the detailed properties of 
resonance parameters, their averages, theu- fluctuations, 
and their correlations. For well separated resonances, 
with widths much less than spacings, these statistical 
properties of resonance parameters are well understood. 
The mean spacings D can be calculated from the ther
mal properties of a Fermi gas. The resonance energy 
correlations are dominated by the Wigner repulsion 
effect. The partial widths have the Porter-Thomas 
distribution and the average width T determines the 
absorption rate through its relation with the optical 
model transmission coefficient T = 2-nY/D. 

However, at neutron energies ot typically several 
hundred keV in medium and heavy nuclei the reso
nances begin to overlap and interfere. The very meaning 
of resonance then becomes ambiguous and so do the 
resonance parameters and their statistical properties. 
One possible definition ot a resonance is that it is an 
fl-matrix state. The statistical properties ot these states 

are well understood, but the connections between their 
parameters and the properties of cro.ss sections are very 
indirect and the calculation ot cross sections in terms of 
7?-matrb£ parameters is very laborious. 

A more direct definition of resonances is in terms ot 
the poles of the reaction amplitude. The pole positions 
in the complex energy plane are specified by resonance 
energies E, and widths r „ , and the residues of these 
poles are specified by residue amplitudes g,^. In terms 
of these parameters the reaction amplitudes for transi
tions from channel c to channel c' is written as 

-S„ S°,' (1) 

where iS?,' is a smooth function of the energy. 
The relationships between the average values ot 

these resonance parameters and their connections with 
the channel transmission coefficients Tc = \ — | S „ |' 
had previously been discussed by means ot special 
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models of tho reaction amplitude/ yielding the rela
tions 

2wT,/D = - I n (1 - Tr) 

and 

2,r I gl \/D = TJ V l - T, 

(2) 

(3) 

where 1% and f/c are averages over the resonance index 
p and r , = ScF^c. Etjuation (3) has now been confirmed 
by direct proofs and both Eqs. (2) and (3) have been 
found to agree with the results of extensive statistical 
model calculations.^ 

These same statistical model calculations, which were 
based on R-matrix models of the reaction process, 
provided insight into the distributions of resonance 
parameters.^ The most striking result is the very broad 
distributions of values of the r„c and ot the </,c, par

ticularly when r» is large. This phenomenon gives rise 
to structure in the observed cross sections that is not 
predicted by the conventional fluctuation theory and is 
more akin to what has been called "intermediate" 
structure. The occurrence of such "intermediate" struc
ture is then predictable on the basis ot optical model 
transmission coefficients. 

A succinct summary of these considerations has been 
prepared.' 
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1-20. Shell Model /{-Matrix Theory 

K. T.\KEUCHI* 

Success in calculating the elastic scattering cross 
section of N-15 by R. Lemmer and C. Shakin' has 
stimulated interest in the dynamical theory ot nuclear 
reactions. Cross sections ot lead isotopes, C-12, F-19 
and Ni-58 were calculated by C. Shakin,- I. Lovas,' 
I. Afnan,* and K. Takeuchi,^ respectively. In Fesh-
bach's unified theory," used in these calculations, it 
is difficult to take into account the identity ot par
ticles. To avoid this difficulty, H. Weidenmiiller' pro
posed a model ot the restricted function space in the 
continuum written in the second quantization formal
ism by W. MacDonald and A. Mekjian.* The diag-
onalization ot the model Harailtonian is another dif
ficulty. In general, the Harailtonian diagonalization 
jiroblem becomes more difficult with an increasing 
number of particles and levels. There are many in
termediate states ot continuum even it the number ot 
particles in the continuum is restricted to one. More
over, this calculation must be repeated at every total 
energy. 

The B-matrix concept is an efficient theory to deal 
with the continuum. M. Haglund and D. Robson' 
jiroposed use ot i?-matrix theory and the work was 
extended by P. Buttle.'" In their theory, there are 
two sources ot difficulty in the correct treatment of 

* Post-doctor, tlniversity of Michigan, Ann Arbor, Michi-

identity ot particles. One is that identity of particles 
has not been treated in the B-matrix theory. The 
other is that the i?-matrix theory was applied to a 
single particle state obtained after Feshbach's ex
pansion; i.e., one particle state is represented on a 
basis different from that tor the remaining particles. 
The first problem is treated in the present work by 
correcting the B-matrix theory. I t is found that one 
may use conventional R- and S-matrix relations but 
reduced widths must be corrected by a factor •\/~N, 
where iV is the number ot particles which are active 
in the reaction. In this manner, conventional B-
matrix theory may be applied to the statistical theory. 
In the present development of a dynamic theory, this 
factor is a serious correction. 

The second difficulty of Haglund and Robson is 
solved by choosing multiples ot single particle B-
matrix states as the basis tor B-matrix states of a 
many-particle system. It is found that the boundary 
condition imposed on a single particle state is equal 
to that tor the B-matrix states on the surface. 

Calculations based upon the above theory were 
lirogrammed tor computer computation. It was found 
that a new kind ot intermediate state exists, dif
fering from the usual doorway states. The magnitudes 
of reduced widths were in the order ot those ot the 
single particle states, those ot the new intermediate 
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states, and those ot doorway states. The lowest 
energy intermediate resonances ot V-51 measured by 
A. Smith" was found to be due to such an intermedi
ate state. Further systematic study using the pro
gram is in progress. 
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1-21. Fine Structure of Doorway States 

K. TAKEUCHI'* 

The intermediate structure of cross sections has been 
interpreted in terms of the doorway states.''^ Effects 
of the doorway states on the analytic .structure of the 
.S-matrix, or resonance widths and resonance energies, 
have been studied by C. Mahaux and H. Weidenmiiller.' 
Information on the doorway state, e.g. identification of 
a doorway state and its constants, along with their 
resulting characteristic distribution of resonance widths 
ver.sus resonance energies, have been obtained for the 
nuclides Ni-58 and Ni-60.'*' Correcting the Mahaux 
and Weidenmiiller's study, A. Lejeune and C. Mahau.x^ 
also determined the doorway state constants of Pb-207. 
However, in the abo\'e determination of the doorw'ay 
state constants there were ambiguities in the choice ot 
coupling strength relations of a doorway state to the 
continuum, r ' , and to the compound states, r ' [weak 
coupling, r V r ^ ^ 1; intermediate coupling, r V r ^ ^ 
1; and strong coupling r V r ^ 1]. Moreover, the 
choice of the coupling .strength relations affected the 
determination of the values of the doorway state con
stants. 

In order to avoid such ambiguities, the analytic 
properties of the S-matrlx and effects of the doorway 
states on the total cross .section have been thoroughly 
studied." In particular, fine resonance shape, back
ground cross section, and average cross sections around 
a doorway state were examined in detail. I t was found 
that the variation of the.se quantities across the doorway 
state were useful tor choosing the coupling strength 

* Post-doctor, University of Michigan, Ann .\rbor, Michi-

TABLE I-21-I. T H E DOORWAV STATE CONSTANTS ' 
Ni-58 AND Ni-60 

Ni-58 

« 
Ni-60 

A J , " " 

keV 

205 
410 
580 

195 
320 
500 

yt (b) 

keV 

42 
144 
137 

32 
146 
123 

r','" 
keV 

113 
61 
72 

109 
75 
60 

" Doorway state energy. 
^ Coupling strengths of a doorway state to the continuum. 
= Coupling strengths of a doorway state to the compound 

states. 

relations and the determination ot the doorway state 
constants. In the case of the weak coupling, the fine 
resonance .shapes around the doorway state sy.stemati-
cally varied and deviated from the conventional Breit-
Wigner shape. It was found that given the potential 
phase shift, the resonance width distribution, the quan
titative background cross section and the average cross 
section could be related in terms of the doorway state 
constants and that identified doorway .states of Jvi-58 
and Ni-60 had quite similar properties. The doorway 
state constants for Xi-58 and Ni-60 determined from 
the calculations, are listed in Table I-21-I. 
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1-22. Phenomenological Doorway State Theory 

K. TAKEUCHI* 

I t was found that real and imaginary parts of the 
optical model potential vary greatly around a door
way state.^"^ This property has been applied to door
way state analysis of measured total, inelastic, elastic, 
and elastic differential cross sections of V-51 by A. 
Smith.'* In the above theory and analysis of experi
ment, it is assumed that the form factor of a door
way state is given by the one dimensional function 
with radial dependence of the imaginary part of the 
optical model potential. Based upon Smith's success 
and upon systematic characteristics of the doorway 
states (see Paper 1-21) a phenomenological doorway 
state theory was proposed where the above form 
factor is extensively applied to the fine structure 
study of doorway states. Of course, the form factor of 
an individual doorway state can be obtained for a 
given configuration of the doorway state and the 
two-body interaction potential. Discarding such de
tails, one may perform with certain reliance systematic 

• Post-doctor, University of Michigan, Ann Arbor, Michi
gan. 

study of the intermediate structure over different iso
topes and energies. 

It was learned that the shift function can be ex
pressed by r^ (see Paper 1-21). Therefore, interference 
effects of doorway states can be studied without in
creasing the number of parameters which are neces
sary for the doorway state analysis based on the 
single doorway state assumption. Computer pro
gramming suitable for applying these theoretical con
cepts was partially developed. 
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1-23. Monte Carlo Interpretation of a U-238 Spherical Shell Transmiss ion Experiment 
at 23 keV 

L. B. MILLER and W. P. POENITZ 

Precise values for the cross sections of the primary 
fissile and fertile materials are required for optimization 
of fast reactor designs and evaluation of the relative 
merits of various design concepts. Of particular im
portance are accurate determinations of absolute cross 
sections which can be used to normalize existing curves 
of aa{E) in the keV region. Spherical shell transmission 

experiments should yield accurate absolute cross sec
tions, since the method does not recjuire a measurement 
o* the source strength, absolute fluxes, or reaction rates, 
but depends only on the relative values of the neutron 
flux with and without a spherical shell of the sample 
materials surrounding the source. 

Measvn-cmcnts of neutron transmission through 
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spherical shells of U-238 were performed by T. Belanova 
et al.,' using 23 keV neutrons from an Sb-Be .source. 
Their interpretation of the results, however, was based 
on the assumption that resonance self-shielding was 
negligible. Similar experiments with materials of less in-
tere.st to reactor design have been analyzed with reso
nance self shielding taken into account by H. Sohmitt 
and C. Cook,' D. Bogart and T. Semler,=-= and F. 
Froehner." Significant self-shielding correction factors 
were computed for some isotopes; e.g., 0.68 ± 0.10 
for cadmium.' 

Therefore, Belanova's experimental results have 
been reinterpreted using the Monte Carlo code AMC<" 
to take into account the resonance structure of the cross 
sections as well as the geometry of the experiments. 
Values for the average total cross section, level spacing, 
and strength functions for s-wave and p-vvave interac
tions were taken from various sources in the litera
ture.'-"' The values used were Sa = 0.90 X IQ-', 
Si = 1.8 X 10-S So = 20.8 eV and OT = 13.4 b. Reso
nance .structure was generated using the Porter-Thomas 
distribution for r„ and the Wigner distribution for D. 
The average capture width and the potential scattering 
cross section were determnied by fitting the total cross 
section and the measured transmission probabilities 
of 0.919 and 0.736 for U-2.38 .shells of thicknesses 2 and 
5 cm, respectively. The average capture width was 
found to be r , = 24 meV with a, = 10.0 b. 

The transmission probabilities reported by Belanova 
included corrections for the neutrons emitted by the 
Sb-Be .source at 380 keV and for the finite size of the 
detector. Considering also the moderation of neutrons 
in the beryllium and fissions in the natural uranium 
sample, the above value of f̂ . corresponds to an average 
capture cross section a^ = 493 mb for U-238 at 23 keV. 

The AMC code was also u.sed to obtain the smooth 
1/v cross section which would fit each transmission 
value. The ratio of the smooth cross section to the 
average resonance cross section is the resonance self-
shielding factor. The computed values were 0.835 and 
0.723 for the 2 and 5 cm-thick shells, respectively. 
Applying these corrections to the cross sections com
puted by Belanova from the same experiments yields 
a.f = 498 mb, in good agreement with the value 493 mb 
from the detailed AMC calculation. 

This reinterpretation of Belanova's experimental 
results yields a cross .section in better agreement with 
the values reported by Moxon and Chaffey," H. Men-
love and W. Poenitz," Mackling and Gibbons," and 
H. Miessner and E. Arai," as shown in Fig. 1-23-1. 
U-238 capture cross .sections which have been nor
malized to the value given by Belanova, e.g., V. Tolsti-
kov et al. ," should be renormalized to the present value 
of 495 at 23 keV. 
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1-24. M u l t i l e v e l A n a l y s i s o f t h e P u - 2 3 9 F i s s i o n C r o s s S e c t i o n f r o m 40 t o 150 e V 

P. LAMBROPOULOS, T . H I L L * and C. N. KELBER 

The present analysis was undertaken in an effort to 
determine cross section parameters for Pu-239 in the 
resolved resonance region. There is hardly any need to 
emphasize the usefulness of such parameters from the 
reactor physicist's ponit of view. Moreover, the exist
ence of relatively new experimental results and the 
need to account for level-level interference effects makes 
a multilevel analysis particularly relevant at the present 
time. 

The data used were those taken by E. Shunk, W. 
Brown and R. LaBauve' ushig the nuclear explosion 
Petrel as a neutron .source. The advantage of these data 
compared with data obtained from other experiments is 
the low background. As a consequence, the valleys of 
the cross -section are cleaner and more reliable, and one 
should be able to see more clearly interference effects 
at the wings. The measurements were taken using a 
flight path of 185 m with a time resolution of approxi
mately 3 /xsec in the energy region between 20 and 320 
e\. The time resoluti<jn function is a compound of an 
LRC smoother circuit and a 3 ^sec exponential decay.-
A very good analytical approximation of the resolution 
function is given by^ 

F{t) = c[e'̂ ' — e-^iB sinwt + cosuit)] (1) 

where 

y^ jusec 

w = 0.958 Msec B = 
7 — a 

and 

2 I 2 

w + a 
w^ -\- {y — a)^ 

is a normalization constant such that 

dt 

The analysis was terminated at 150 eV for two rea
sons: the energy resolution was bad after 150 eV and 
the experimental points started becoming too rare for 
the least squares analysis to be meaningful. The full 
width at half maximum of the resolution function is 
given by 

AE = 0.543 X 10-3 £3/2 (2) 

where E is the neutroti energy in eV. Since the Pu-239 
sample \va.s at room temperature,' one can easily verify 
that after about 39 eV the resolution width is larger 
than the Doppler width. For example, at 100 eV the 
former is already twice the latter. Also, in view of the 
fact that the resolution function is not a Gaussian but 
has a long tail on the low energy side, the broadening is 
resolution-dominated over the whole energy range under 
consideration. 

The approach used in the present analysis was a least 
squares fit to the data using a multilevel Kapur-Peierls 
formula. This as well as the associated computer code 
CODILLI have been developed by F. Adler and 
D. Adler.' The theory of the approach is discussed in 
Ref. 5 and will not be elaborated upon here. The gen
eral expression for the cross section for the process X 
can be written as 

"(E) , 2 ( l - c o s . ) + ^ g - t ( ( 7 r cos.., -Hfl^^'sinoi) + (Mt - E)iHl'" cos o, - Gi"' sin a.) 

+ VE •̂•*' 
+ 4J 

(p-k - EY + H"-

'E-' + . 
(3) 

B ^ ' K -f B r ' £ ' - f . . . ) , 

* s tudent , Kansas State University, Manhattan, Kansas. 

where (' = 0.52 X 10° b-eV and oi i.s set etiual to zero 
for retiction cross sections. For total cross sections. 
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(Jl = 2ka, where k is the incident neutron wave number 
and a is the appropriate channel radius. The summation 
extends, in principle, over all levels of the compound 
system but in practice is limited by the number of 
levels that can be handled by the computing machine 
in the least squares fitting as well as by other numerical 
considerations. 

The contribution of each level to the cro.ss section is 
determined by four parameters; i.e., MI , " t , Gl"', Hi"'. 
The fir.st two represent the position and width of the 
fcth level respectively. One should note the difference 
between Mt and the corresponding level Et of K-matrix 
theory; Mt includes the shift of Et due to level-level 
interference. In fact, all four parameters include the 
effects of level-level interference and are in general 
complicated functions of /^-matrix parameters. The 
quantities pt and vt depend only on the level under 
consideration while, as the .superscript X suggests, the 
parameters Gt^' and Hk"' depend al.so on the process X. 
Thus in an analysis of cross sections for different proc
esses of the same nucleus one should obtain compatible 
values for all Mt and vk . Although all four parameters 
are somewhat energy dependent, for practical purposes 
they can be assumed to be constant over an appropri
ately small energy range. If it is justified to assume 
that Hi"' — 0, the resulting expression is essentially a 
sum of single-level Breit-Wigner resonances. 

The expression containing powers of E is added in 
order to take into account background contributions. 
Such contributions, slowly varying with energy, appear 
on the basis of the theoretical derivation of Eq. (3) as 
well as on the basis of experimental considerations. 

In analyzing experimental data for reaction cross 
sections, one calculates the convolution of Eq. (3) with 
the Doppler kernel and then the convolution of the 
resulting cross section with the resolution kernel ap
propriate to the experimental data under considera
tion. For total cro.ss sections this procedure is somew^hat 
different because the fit is usually made to transmission 
data (see the relevant discussion in Ref. 5). The Dopp
ler- and Resolution-broadened cross section is then 
fitted to the experimental data using the method of least 
squares. In performing the fit, one guesses values for 
Mt and Vi and the lea.st squares analysis yields values 
for Gt and Ht . One then changes the values of Mt and 
et and the process is repeated until a satisfactory fit is 
obtained. This will be referred to as "linear fit". After 
a number of linear fits, one can consider all four pa
rameters Mt 1 " t , Gt! and Hi, as unknown and determine 
them by the lea.st .squares analysis. This will be referred 
to as "non-linear" fit. 

The code CODILLI is accompanied by two other 
codes, namely SIGMA and CI ' lU 'EPLGT. The code 
SIGMA calculates one of the fission, total or capture 

cross sections from multilevel parameters for the other 
two. The code CURVEPLOT calculates and plots a 
reaction or total cross section from known parameters. 
Initially, all of the three codes had to be adapted to 
OS-360 and debugged. Then the codes CODILLI and 
CURVEPLOT were tested with a preliminary analy.sis 
of the Pu-239 Saclay fission data from 47 to 91 e\'. 

In order to analyze the Petrel fission data a number 
of further modifications were made in CODILLI and 
CURVEPLOT. The more significant changes were: 
(a) The subroutine SCRAMB used in both codes was 

modified so as to incorporate the Petrel resolution 
function. In calculating the convolution of the 
Doppler-broadened cross section with the resolu
tion function, SCRAMB performs a quadrature by 
Simpson's method with an arbitrary number of 
intervals as determined by the input variable NI . 
The accuracy of this numerical integration was 
examined as a function of the integration range and 
the integration step. Finally, the resolution func
tion was truncated (on the low energy side) at the 
point where its value is 1 % of the maximum. On 
the high energy side the function has a theoretical 
zero at a finite energy and the integration extends 
up to that point. It was found that 100 integration 
steps gave sufficient accuracy. 

(b) The ability to CALCOMP-plot the calculated re
sults was incorporated into CODILLI by a call to 
the GRAPH .subroutine from the SIGWE sub
routine. Unless the input variable XOPLOT = 1, 
this plot is automatically produced, resulting in a 
large *aving of time over the former two-.step 
CODILLI-CURVEPLOT procedure. 

(c) All of the dimensioned variables in CODILLI were 
increased in size to allow analysis of a broader 
energy range. The code now permits the analysis of 
up to 80 resonance levels and 4000 data points. 

(d) A call to subroutine OMASK was placed at the 
begiiming of CODILLI. This routine supresses 
the printing of program interrupt messages for any 
exponential overflows or underflows that occur 
during the computation. 

(e) A few minor changes were tilso made in the input 
variables and formats. 

(f) Both CODILLI and CURVEPLOT have been 
compiled and link-edited under OS Relea.se 14.1 
and exist as load modules by the above names in 
the data set THOilAS.HILL on Disk 22. They may 
be executed directly from disk in the standard pro
cedure for load module execution. 

Some time was also devoted to further numerical 
experimentation with the codes. The effect of the size 
of the determinant of the error matrix on the accuracy 
of the parameters was investigated. The subroutine 
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QITICKW was examined as an alternative techni<iue 
to that presently used for calculating the Doppler-
broadened line-shape functions ^ and x in the CODILLI 
code. Both procedures were found to be equi\'alent as 
far as accuracy and run time are concerned. 

The actual analysis of the Petrel fission data from 40 
to 150 c^' has reached the final stages. A preliminary 
set of parameters has been arrived at but some further 
study is needed before they can be finalized. Generally 
the results are compatible with .1. Farrell's' analysis of 
a smaller portion of the .same data using the Reich-
Moore formalism. Questions such as the existence of 
Lynn^ doublets, spin assignments to the levels, etc., 
are being investigated. 
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1-25. Multilevel Effects on Infinite Di lut ion Resonance Integrals 

E. M. PENNINGTON and D. A. S.\BGIS 

A comi)arison was made for Pu-239 of the effect of 
using either .single-level or multilevel formulae in cal
culating infinite dilution capture and fis.sion resonance 
integrals. Resonance parameters were generated ac
cording to the appropriate statistical distributions and 
used in both the Reich-Moore multilevel' and Breit-
Wigner single-level formulae to calculate capture and 
fission cross sections. The capture and fission resonance 
integrals were then computed by numerical integration. 

In order to illustrate the effects involved, we first 
consider the case of two neighboring resonances w'ith 
the same partial widths, r„ , Ty , and T/ , and with 
r„ <3C r.,. or Tf . One fi.ssion channel is considered. The 
relations between the infinite dilution multilevel (ML) 
capture and fission resonance integrals and the corre
sponding .single-level (SL) values are given in Eqs. (1) 
and (2): 

/Tiwr.[i+^.^J^;^^J, (1) 

'" - ''" V " D'- + r,(r, + 2r,)J • ^~> 
Here D is the separation of the two interfering levels. 
Other notation is obvious, excei)t that the bars on 
/̂ oo and / /« indicate an average over the angle be
tween the fission vectors in the formulation of E. Vogt.^ 

For one fission channel, this angle is either 0 deg or 
180 deg. Equation (1) shows that on the average the 
multilevel capture resonance integral is higher than 
the corresponding single-level value, while Eq. (2) .shows 
the reverse tn be true for the fission resonance integrals. 
Thus the multilevel capture-to-fission ratio, a, is ex
pected to be higher than the single-level a, as in Eq. (3), 

JUL / jSL 
^ 7 « / 1 2 - — 
jML / jSL 
If to I Ifaa 

1 - I -
V,(Vy -t- T,) 

D'- + r , ( r , + T,) 

^ T,(T, 4- r , ) 
^ "̂  D--

(3) 

Although such a simple model is not expected to be 
quantitatively correct for the general case of many 
resonances generated from statistical parameters, the 
results given below are in qualitative agreement with 
Eqs. (1), (2), and (3). 

Resonances were generated for Pu-239 u-sing the 
average s-wave parameters in Table I-25-I. The J = 0 
resonances .are quite wide, while the J = \ resonances 
are narrow. This corresponds to two fission chaiuicis 

• being fully open for J = 0 and one channel being partly 
open for J = I. Multilevel effects are expected to be 
more important for 7 = 0 than for J = 1, as is indi
cated by the parameter in the la.st line of Table I-25-I. 

The resonance energies were generated by a.ssuming 
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that the level spacing for each J is given by a Wigner 
distribution.' The reduced neutron widths follow a 
chi-squared distribution of one degree of freedom 
(Porter-Thomas distribution), since the corresponding 
amplitudes satisfy a Gaassian distribution.' The ampli
tudes in each fission channel also follow a Gaussian 
distribution. Capture widths were assumed to be con
stant since there are many capture channels. The com-
puter calculations were carried out on the Argonne 
CDC-3600 u.sing a Fortran code based on the COMBCO 
program,' which calculates cross sections using the 
Reich-Moore formulae.' 

TABLE I-25-I. .\VEH.VGE HBSON.VNCE P.VR.XMETBRS 

FOR Pu-2.39 

D, eV 
r"„, eV« 
r . , eV 
r , , eV 

./•> 
r / (r , -t- r,]/D' 

J = 0 

8.67 
8.07 X 10-' 

0.040 
2.8 
2 
0.106 

J = 1 

3.12 
3.12 X 10-' 

0.040 
0.055 
1 
0.00054 

(is the number of degrees of freedom for the fission width. 

TABLE I-25-II. MVLTILEVEL AND SINGLE-LEVEL RESONANCE INTEGRALS FOR P U - 2 3 9 FROM 100 TO 300 eV 

(_'ase 

' - « 'ML 

SL 
Total ^,^^ 

A . , 
b 

0.34673 
0.42181 

13.789 
13. soil 

14.130 
14.231 

b 

8.2713 
8.1072 

9.2075 
0.1700 

17.479 
17.278 

ct 

0.045895 
0.055390 

1.5400 
1.5488 

0.84417 
0.85779 

(IVill^'i) 

1.2218 ± 0.1391 

1.0016 ± 0.0015 

1.0072 ± 0.0062 

(niim 

0.9841 ± 0.0243 

0.9il58 ± 0.0033 

0.9894 ± 0.0124 

(a'"-lcfi'-) 

1.2485 ± 0.1794 

1.0058 ± 0.0048 

1.0185 ± 0.0179 

Results of the calculations are listed in Table I-25-II, 
where the averages of 43 runs covering the energy range 
from 100 to 300 eV are presented. For the wide J = 0 
resonances the multilevel capture resonance integral is 
over 20% larger on the average than the corresponding 
single-level value, while the multilevel fission resonance 
integral is a little smaller than the single-level value. 
Also the computer output .showed that the multilevel 
capture cross section for./ = 0 was often <iuite different 
as a function of energy from the single-level cross sec
tion. For the narrow J = \ resonances, the average 
multilevel capture resonance integral is only slightly 
larger and the fis.sion integral slightly smaller than the 
single-level values. Since almost all of the capture in
volves the J = 1 resonances, the total multilevel a is 
only around 2% higher than the single-level value. 

Some calculations were also performed for U-23o, 
using .average resonance parameters which were not 
especially good becau.se they yielded too high a value of 
a. These calculations gave («"'•/«'"•) = 1.07. 

J. Garrison' has studied (numerically) interference 
effects of two neighboring resonances having equal Yy 
and various r„ , T / , and D. He concluded that the 
average capture cross section is enhanced at the ex
pense of the fis.sion cross section. 

The results of the calculations using statistical p.aram-
eters are in qualitative agreement with expectations 
based on the simple model of two neighboring levels 
with equal partial widths. The multilevel effects on 

resonance integrals are not very large in general, al
though the capture resonance integral for Pu-239 for 
J = 0 is considerably different from the .single-level 
value. An effect which has not been considered here is 
the {n,~ij) reaction." This reaction should be counted as 
a fission rather than as a capture and so would reduce 
the value of a. Thus the ('i,T/) reaction would tend to 
cancel the effects produced by using multilevel rather 
than single-level formulae. 

It does not appear that multilevel effects on resonance 
integrals in the unresolved resonance region are suffi
ciently large to justify the use of multilevel formulae in 
place of the simpler single-level formula in reactor 
physics cross section codes. 
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1-26 Compi lat ion of Neutron Cross Sect ion Data for Natural H e l i u m 

K. M. PENNINGTON 

Since natiu'al helium is a pos.sible cot)lant for fast 
breeder reactors, the present compilation of helium 
cross section data was carried out. The data will be 
distributed with ENDF/H identification number, 
MAT = loss. 

The composition of natural helium is 99.999S7''o 
He-4 and 0.00013 "i He-3. Because of the low abundance 
of He-3, only its {n,p) cross section, which is large at 
low energies, need be considered. Elastic scattering is 
the only possible reaction for neutrons incident on 
He-4 at energies below 15 MeV. Thus the elastic scat
tering cross section and values of pi., f, and 7 are in
cluded in the compilation, as well as elastic .scattering 
Legendre coefficients. Here MZ. is the average cosine of 
the angle of elastic scattering in the laboratory system, 
$ is the average logarithmic energy decrement in an 
elastic collision, and 7 is the average of the square of 
the logarithmic energy decrement divided by twice the 
average logarithmic energy decrement. 

DATA SOURCES 

The elastic scattering cro.ss section and Legendre 
expansion coefficients were calculated from s-, p-, and 
rf-wave phase shifts using a Fortran program written 
for the purpose. The phase shifts were read from smooth 
ciu-ves based on Table I of Ref. 1. At energies below 
the 300 keV lower limit of Table I, each of the two 
p-wave phase .shifts was obtained by assuming a func
tional form based on the low-energy limit for a single 
p-wave resonance, with parameters determined from 
fitting the low-energy phase shifts of the table. The 
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s-wave phase shift below 300 keV was calculated using 
hard sphere scattering and a nuclear radius, a = 2.4 F. 
This yields the thermal scattering cross .section of 
47râ  = 0.723S b in agreement with the experi
mental value* of 0.73 ± 0.05 b. The low-energy 
s-wave phase shifts of Ref. 1 are consistent with a nu
clear radius of about 2.4S F and so would yield a some
what high thermal cross section. 

Values of PL , $, and y were calculated from the Le
gendre coefficients using a Fortran program, MUXIGA. 
This program is based on the equations of Refs. 3-.5. 

An elastic scattering transformation matrix from the 
center-of-mass system to the laboratory system was 
comjjuted using CHAD.*' 
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The («,p) cross section for He-3 LS that recommended 
in the He-3 evaluation by J. Als-XieLsen.^ Exten.sion 
from 10 to 1.5 MeV was made u.sing linear extrapolation 
on a log <T — log E scale. 

The total cross section is the sum of the ela.stic scat
tering and (n,p) cross sections. 

Figures 1-26-1, 1-26-2, and 1-26-3 show the elastic 
scattering cross section, piL and {. Data at energies below 
1 keV are not .shown because the values of the (pianti-
ties are .so close to those at zero energy. Xot all points 
arc plotted at high energies in order to avoid clutter on 
the graphs. 

DISCUSSION 

The pha.se shifts of Ref. 1 are optical model phase 
shifts chosen to fit both angular distribution and polar
ization data at many energies. The total cross .section 
is also fit within the scatter of the experimental points. 
.\nother recent set of phase shifts^ is not very different 
from that used here and could also have been used in 
the present w-ork. There should be no serious errors in 
the He-4 data calculated from the phase shifts. 

.\s discussed in Ref. 7, the He-3 (n,p) cross section is 
rather well known. Probably more error is introduced 
into the {n,p) cross .section for natural helium by the 
uncertainty in the He-3 isotopic abundance than by 
the uncertainty in the He-3 (n,p) cross section itself. 

I'revious evaluations of natural helium for reactor 
calculations include those of J. J. Schmidt' and B. R. 
S. Buckingham et al.'" Schmidt's evaluation includes 
the (n,p) cross .section for He-3 and <r,, MI , and a .set 
of phase shifts for He-4. Buckingham ct al. give sep

arate compilations for He-3 and He-4. For He-3, elastic, 
(n,p), (n,d), and (n,2n) cro.ss sections are given, as well 
as elastic angular distributions. The He-4 evaluation 
gives a, and angular distributions. 

The present compilation is described in detail in 
Ref. 11. 
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1-27. Deve lopments Relat ing to the Evaluated Nuclear Data F i l e ,B (ENDF/B) Project 

E. M. PENNINGTON and J. C. G.\JXIAK 

INTRODUCTION 

The E N D F / B system of neutron cross section data 
and processing codes is the main source for production 
of library tapes for use with the multigroup cro.ss sec
tion code i lC" . ' " Brief descriptions of the E X D F / B 
codes CHECKER, CRECT, DAMMET, E T 0 E and 
MERMC2 and of their adaption to the CDC-3600, are 
given in Ref. 2. Also the compilation of data for mag
nesium, titanium, vanadium, molybdenum and gado
linium was outlined therein.' Reference 4 describes 
this compilation and gives listings of the data in the 
E X D F / B format as well as graphs of much of the data. 

Additional work has been done on codes relating to 
E X D F / B on the CDC-3600; also, most of the codes 
have been converted to the IBM system 360. Many of 
the materials on the E X D F / B category 1 data tapes, 
which were received near the end of 1967, have been 
processed to produce MC- library tapes for both com
puters. Category" 1 refers to data which have been 
approved for release by the committee responsible for 
the E X D F / B study. Xew evaluation work includes 
the determination of unresolved resonance parameters 
for T'-235 and the compilation of cross section data for 
natural helium. A brief description of the helium com
pilation is given in Paper 1-26. 
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TABLE I-27-I. E N D F / B MATERIALS ON AN M C LIBKARY T A P E 

MAT 

1010 
1052 
1053 
1070 
1071 
1009 
1012 
1016 
1017 
1025 
1036 
1059 
1060 

MC'ID 

C 12 
PUFPl 
PU240 
PUFP2 
PUFPS 
B 10 
N 14 
TI 
V 
MP 
TA181 
NA 23 
W 182 

Legendre 
Data 

Yes 
No 
No 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
No 

MAT 

1061 
1002 
1063 
1013 
1020 
1026 
1027 
1043 
1046 
1047 
1051 
1018 
1021 

MC'ID 

W 183 
W 184 
W 180 
(3 16 
FE 
XE135 
SM149 
U 234 
U 230 
U 238 
PU239 
CR 
NI 

Legendre 
Data 

No 
No 
No 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
Y'es 
Yes 

MAT 

1054 
1007 
1024 
1044 
1055 
1041 
1015 
1005 
1006 
1037 
1019 
1038 

MC'ID 

PU241 
BE 9 
NB 
U 235 
PU242 
U 233 
AL 27 
LIO 
LI 7 
AU197 
MN 
TH232 

Legendre 
Data 

No 
Yes 
No 
No 
No 
No 
Yes 
No 
No 
Yes 
No 
No 

FORTRAN CODES ON THE CDC-3600 

The E X D F / B program EDIT, which was written 
by D. Irving of Oak Ridge National Laboratory, has 
been made operational on the CDC-3600. This program 
prints selected portions of an E X D F / B tape with 
sufficient identifying information to make the data 
understandable to a person not familiar with E N D F / B 
formats. 

ET0E 

A revised version of ET0E-'^ has been received and 
run successfully on the CDC-3600. The revised version 
contains corrections of errors present in the original 
program and a new option which allows calculation of 
elastic scattering from resonance parameters using a 
multilevel formula instead of the Breit-Wigner single-
level formula. 

A Fortran program, MUXIG.\ , was wTitten to cal
culate the parameters /IL , ^, and y from the Legendre 
expansion coefficients for elastic scattering angular dis
tributions. Here jit is the average elastic scattering 
cosine in the laboratory system, ^ is the average log
arithmic energy decrement, and y is the Greuling-
Goertzel parameter. The series given by H. Amster^-^ 
were used in the program. It was found that, even for 
highly peaked angular distributions, the first four or 
five coefficients yield quite accurate values for these 
parameters. However, many more coefficients may be 
required in order to give po.sitive angular distributions 
over the complete range of the scattering angle. 

CODE CONVERSION TO THE SYSTEM 360 

The five codes CHECKER, CRECT, DAMMET, 
E T 0 E and MERMC2, which are required for conver

sion from E X D F / B binary coded data (BCD) to an 
MC library tape, have all been cimverted to the IBM 
system 360 50/75 computer .system. These codes exist 
as load modules on a disk. I t is possible to use the 
flexibility of the system 360 job control language to 
run several of these codes in succession in a .single job, 
thereby avoiding the waiting periods between jobs. 

Most of the work involved in the Fortran conversion 
was fairly straightforward, although care had to be taken 
with subtle differences in the CDC-3600 and system 
360 Fortran languages. For example, the BACKSPACE 
statement operates differently on the two computers, 
as docs the treatment of a D 0 loop which may have 
the second index equal to zero in certain runs. The 
E T 0 E and AIERMC2 codes had to be changed to work 
with double precision quantities, since the system 360 
version of MC' expects to read a double precision 
library tape. More difficulty was encountered in deter
mining the appropriate job control language than in 
converting the Fortran codes themselves. 

PROCESSING OF CATEGORY 1 E X D F / B DATA 

An MC' library tape was prepared on the CDC-3600 
including thirty-eight E X D F / B materials. Table 1-27-1 
lists the E X D F / B identification numbers (M.\T), the 
MC identifications (MC' ID), and whether or not the 
materials luive elastic scattering Legendre coefficient 
data on the tape. Legendre coefficients are not included 
for materials lighter than beryllium, since MC ' cannot 
perform the Legendre treatment option for such mate
rials. Also Legendre coefficients are not usually included 
for heavy materials, since energy loss by inelastic 
scattering is considerably more important for these 
materials than that by elastic scattering, and the time-
consuming Legendre treatment is not necessary. 

All data for the materials in Table I-27-I are category 
1 data, except for IT-233 and Th-232, for which only 
preliminary data have been issued. 
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In some ca.ses changes were made in the original 
E N D F / B data using CRECT in order to obtain com
patibility with M C ' formats. These changes involved 
the inelastic scattering secondary energy distributions 
for chromium, nickel and carbon, and the (n,2n) sec
ondary energy distributions for Pu-241 and beryllium. 

Most of the data for materials in Table I-27-I have 
also been processed to form a library for the sy.stem 
360 version of MC' . 

UNRESOLVED RESONANCE PARAMETERS FOR U-235 

EQUATIONS FOR AVERAGE CROSS SECTIONS IN THE UN

RESOLVED REGION 

The average infinite dilution capture, fission, and 
elastic scattering cross sections in the unresolved 
resonance region are given by the equations 

and 

-\-V ^ (^^A J- [/^''^•\ 9f sin' ,* 1 

(1) 

(2) 

(3) 

respectively. The notation relating to Eqs. ( l ) - ( 3 ) is 
as follows; 

(ny), (o)), {a„) = average capture, fission, and 
clastic cross sections, respec
tively 

k = 0.002190S5 £'"^1/(1 -t- .4) 
barn^'" 

E = laboratory energy in eV at 
which cross sections are cal
culated 

A = mass of target/neutron mass 
f,I,7 = orbital angular momentum, 

target spin, and total spin, 
respectively 

= 2 . / + 1 
^' ~ 2 (2 / 4- 1) 

Dtj = average level spacing 
X„fj , Yyu , Vfu = neutron width, capture width, 

fission width, respectively 
r „ = total width, T,j = r„u -\-

Ynij r tj, T/zj, fu = average neutron, capture, fis
sion and total widths, respec
tively 

r„oj = average reduced neutron 
width for I = 0, r„o/ = 
1 nOJ^ 

r i u = average reduced neutron 
width for f = 1, r„ij = 

r °u£" 'MiV/ ( 1 -H p) 
Pu = number of degrees of freedom 

for r „ „ 
(t>{ = phase shift, <̂o = p, *i = 

p — tan~' p 
p = ka 
a = (nuclear radius in barns) 

/r„rA 

/r„rA 

/r„r„\ 

( Y„ljfyu\ n 

(T„,JT„IJ\ P 

The quantities Ryu , Ritj , and R„u are fluctuation 
integrals for capture, fission, and elastic .scattering, 
respectively. They involve averaging the quantities in 
the ( ) brackets over the chi-squared distributions of 
the appropriate number of degrees of freedom for 
scattering, capture, and fission widths. It is assumed 
that an infinite number of degrees of freedom is associ
ated with the capture w'idth so that averaging is actually 
over only the scattering and fis.sion width distributions. 
L. Dresner^ has shown that the multiple integrals may 
be reduced to a single integral, which may be evaluated 
by numerical integration. 

SIETHOD FOR DETERMINATION OF UNRESOLVED PARAM

ETERS FOR ENDF/B 

The resolved resonance range in the original 
E X D F / B version of U-235 extends up to 64.504 eV. 
The energy range from 64.504 eV to 50 keV was broken 
up into 23 intervals. The capture, scattering, and 
fission cross sections of the original evaluation were 
averaged over these intervals, and the average values 
were associated with the midpoint energy. A Fortran 
program, UR, was WTitten which calculates {<jy), (a/), 
and (<r„) from Eq. (l)-(3) using parameters for ^ = 0 
and t = \ re.sonances. This gives six {(,J) pairs since 
,/ = 3 or 4 for ( = 0 and J = 2, 3, 4 or 5 for t = I. 
Higher ( values would make negligible contributions 
in the energy range considered. Program UR calculates 
(cr.,) and (cT/) using the input parameters and then 
varies f/ej and r„o/ until (IT,), (cr/) and (a) = (ir,)/((7/), 
as calculated with the new parameters, agree with the 
input average values within a convergence criterion. 
This criterion was taken to be 0.5% in this work. The 
variations in f/aj were carried out such that AP/os/ 
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P/oj = AP/ui/r/04. The neutron widths P„oj were varied 
in a simil.ar manner. Since only constant values of 
f°^j are allowed under the present E N D F / B formats, 
the calculations were repeated using constiuit values of 
T°„aj with the converged values of P/oj and a large 
convergence criterion in order to get smooth back
ground cross sections for capture and fission. Smooth 
background cross sections for elastic .scattering were 
determined by subtracting the average values calcu
lated from resonance parameters and constant P°a/ 
from the average smooth values of the original evalua
tion. Parameters were specified at 64.504 eV and .50 
keV which yield the same cross sections as those at the 
midpoints of the first and last intervals. This is true 
because the MC' code would otherwise assume zero 
cross sections in the unresolved range below the first 
midpoint and above the last midpoint. Thus there is a 
total of 25 energies given in the unresolved region. 

NUMERICAL VALUES OF UNRESOLVED PARAMETERS 

The level spacings were determined from the relation 

D,j 
,-, constant 
" ^ = 2 7 + T ^ ' ' P a^^y 

where tr = 4 as suggested by J. Schmidt." The constant 
was determined by assuming an average spacing of 
0.5 eV for s-wave resonances. A constant capture width 
of tyfj = 0.035 eV was used for all {(,J) pairs. The 
strength functions TIOJ/DOJ and V°u/Du were taken 
to be 1.0 X 10-' eV-"2 and 2.0 X 10"* eV-"^ respec
tively. There is one degree of freedom associated with 
each of the two reduced neutron widths for ( = 0. For 
( = I, the J = 2 and J = 5 reduced neutron widths 
have one degree of freedom, while those for J = 3 and 
4 have two degrees of freedom. This is so because the 
target spin, / = %> can combine with both channel 
spins S = }4 and ^-^ to give 7 = 3 and 4. 

All of the above parameters are roughly the same as 
those used in a number of versions of U-235 unresolved 
parameters. The most controversial parameters de
scribed below, arc the fission widths and the tissociated 
number of degrees of freedom. 

The channel theory of fis.sion" relates the average 
fission width to the average level .spacing for a given 
spin state by the equation 

• i / = V P , = V 

D 9 ' r n - ' 
1 (4) 

•exp[-27r(E - E/)/Sw/] 

where E, is the energy associated with the transition 
s ta te / , and lo/ is the frequency of an inverted harmonic 
oscillator potential representing the fission barrier. 
Based on considerations in Ref. 12, two channels were 
assumed fully open for / = 0 and J = 3, and one chan
nel was assumed fully open for ^ = 0 and 7 = 4. Thus 
we have V, = O/ir for 7 = 3 and F/ = /)/2jr for 7 = 4 
as the initial values which were varied to fit the aver
age cross sections. For ^ = 1, it was assumed that one 
channel was fully open and another had P / = 0.8 for 
.1 = 2 and 4, and that one channel had P / = 0.8 for 
7 = 3 and 5. Thus we have T, = l.SD/2-r and v/ = 2 
for 7 = 2 and 4, and F/ = 0.8D/2j- and v, = 1 for 
7 = 3 and 5, where vf is the number of degrees of free
dom associated with the fission width. These considera
tions yield T, values of 0.332, 0.127, 0.286 and 0.143 
for ( = 1 and 7 = 2, 3, 4, 5, respectively. 

The nuclear radius, a, used in the calculations is 
0.83668 barn '" which is consistent with the C value of 
0.0018302 eV~"^ of the resolved region of the original 
evaluation. Herep = ka = CE'", where C = 0.002196,85 
aA/(l 4- A) for a in ba rn ' " and E in eV. The value of 
a is significant in calculating the capture and fission 
cross sections at energies where ( = I events are im
portant. This is because of the factor pV(l -|- p') which 
is involved in the relationship of P„i/ to r „ i j . 

The unresolved resonance parameters for l'-235 are 
summarized in Tables I-27-II and I-27-III. Table 
I-27-IV gives energy-dependent values of T^ for / = 0 
which could be used in place of the constant P„ in 
Table I-27-II to avoid the necessity of having smooth 
capture and fission background cross sections in the 
unresolved region. If it is desired to use the energy-
dependent r° in MC', the smooth capture and fission 
cross sections could be replaced by zeroes on the BCD 
E N D F / B tape using CRECT, and the constant P" 

Parameter 

D, eV 
r°, eV'« 
r „ e V 
r / , e V 
'r 
p 

TABLE I-27-I1. UNRESOLVED RESON.\NCE PAR.VMETERS 

t = 0 

J = i 

1.00 
1.0 X 10-' 

0.035 

J = i 

1.00 
1.0 X 10-' 
0.035 

Table 1-27-111 
2 ' 1 

i 

t = 

7 = 2 

1.10 
2.3» X 10-' 

0.036 
0.332 

2 
1 

7 = 3 

1.00 
2.00 X 10-' 

0.035 
0.127 

1 
2 

= 1 

7 = 4 

1.00 
2.00 X 10-' 

0.035 
0.286 

2 
o 

7 = 5 

1.12 
2.24 X 10-' 

0.035 
0.143 

1 
1 
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TABLE I-27-III. ENERGY-DEPENDENT FISSION WIDTHS FOR ( = Q 

45 

E, 
eV 

64.504 
82.0 

125.0 
175.0 
225.0 
275.0 
350.0 
450.0 
000.0 

T/M, 
eV 

0.29474 
0.29264 
0.24623 
0.24258 
0.26413 
0.49705 
0.27310 
0.45109 
0.44004 

r / .4 . 
eV 

0.14737 
0.14632 
0.12311 
0.12129 
0.13207 
0.24852 
0.13655 
0.22554 
0.22002 

E, 
keV 

0.85 
1.25 
1.75 
2.50 
3.50 
4.50 
5.50 
7.00 
9.00 

r/o>. 
eV 

0.23327 
0.30220 
0.35300 
0.42449 
0.32358 
0.32196 
0.32284 
0.33009 
0.3.3291 

T/o i , 
eV 

0.11663 
0.15110 
0.17650 
0.21225 
0.16179 
0.16098 
0.16142 
0.16505 
0.16640 

E, 
keV 

12.5 
17.5 
22.5 
27.5 
35.0 
45.0 
50.0 

T/oj , 
eV 

0.43837 
0.4.3870 
0.45035 
0.47280 
0.52078 
0.59992 
0.57033 

T/u, 
eV 

0.21918 
0.21935 
0.22517 
0.23640 
0.20039 
0.29996 
0.28517 

could be replaced with the variable r „ in processing 
the data through E T 0 E . 

DISCUSSION OF UNRESOLVED RESONANCE PARAMETERS 

The U-235 unresolved resonance parameters de
scribed here are by no means unique. They should do 
an adequate job of predicting criticality since they were 
chosen to yield average values of the infinite dilution 
capture and fission cross sections of the original evalua
tion. Since U-235 is not normally strongly self-shielded 
in reactors, little error in criticality should be possible. 
The fact that background capture and fission cross 
sections are necessary becau.se of the constant P,, re
striction does introduce some error in self-shielding. 

As mentioned above, the fission widths and associ
ated numbers of degrees of freedom are the most con
troversial of the unresolved resonance parameters. The 
values recommended here are based on the channel 
theory of fission. This results in fission widths which are 
larger than averages of experimental fission widths for 
resolved resonances. A possible explanation is the 
assumption that wide resonances may be missed ex
perimentally because of the associated small peak 
height. Also it is possible, as pointed out by J. Lynn,'= 
for two wide resonances to interfere in such a way as to 
yield what appears to be a single narrow resonance. 
Another point of view is to accept average fission widths 
more in line with averages of resolved widths, and to 
choose higher numbers of degrees of freedom (approxi
mately 4) in order to decrease the ratio Ry/R/ . This 
can yield about the same (a) as larger fission widths 
and smaller numbers of degrees of freedom. 

The present fitting technique varied I ' i and T/ for 
the s-wave resonances to agree with the capture and 
fission data. Other parameters could have been varied, 
or the s-wave P i and P/ could have been varied in a 
different manner. It might have been better at high 
energies to vary some of the ( = \ parameters since 
p-wave contributions become increasingly important as 
the energy increases. The values of the average capttu-e 
width, tho p-wave .strength function, the nuclear radius. 

TABLE 1-27-IV. ENERGY-DEPENDENT r „ FOR < = 0 

TO AVOID SMOOTH C.VPTURE AND 

FISSION BACKGROUND 

E, 
eV 

64.504 
82.0 

125.0 
175.0 
225.0 
275.0 
360.0 
450.0 
600.0 

r°,'" 
eV'« X 10-' 

0.73528 
0.83252 
0.97151 
1.0129 
1.2508 
1.1260 
0.94634 
1.0079 
1.1528 

E 
keV 

0.85 
1.25 
1.75 
2.50 
3.50 
4.50 
5.50 
7.00 
9.00 

f°.'"' 
e V " X 10-' 

1.0712 
1.1125 
1.0351 
0.99587 
1.0654 
1.1134 
1.1618 
1.0974 
1.1569 

E, 
keV 

12.5 
17.5 
22.5 
27.6 
35.0 
45.0 
50.0 

f","' 
eV"> X 10-» 

1.0641 
1.0775 
1.0005 
1.0499 
1.0179 
0.94713 
1.0020 

= The r ^ vulues Jipply to both 7 = 3 and J = i. 

and the average s-wave level spacing are all somewhat 
uncertain, although the values used here should be 
reasonable. Also the method of calculation of level 
spacings for various J values is open to question, and 
the results are considerably different from the often 
used 1/(27 + 1) dependence. In conclusion, it is felt 
that the present set of unresolved parameters for U-235 
is adequate for exploratory calculations, but is certainly 
not a definitive set. 
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Section II 

Thermal Reactor Physics 

During the past several years, the thermal reactor projects {High Conversion 
Experiments, Experimental Boiling Water Reactor Plutonium Measurements, and 
the Argonne Advanced Research Reactor) and related studies were being com
pleted or were otherwise terminated. Concurrently, the Liquid Metal Fast Breeder 
Reactor (LMFBR) program, which has been well established in the Reactor 
Physics Division for a number of years, was increasingly emphasized. The result 
of these events accounts for the relatively limited description of thermal reactor 
work in this report. 
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I I - l . Revised Conversion Ratio Results for 3 % and 5% Enriched U02-Fueled 
H2O-Moderated Cores 

K. E. PLUMLEE 

INTRODUCTION 

Revised results have been issued for the conversion 
ratio measurements reported^ for .3% and 5% enriched 
UO2 fueled cores. All the results have been revised 
downward, by net relative reductions ot •~4% to 1.5%. 
The revision resulted from a more appropriate method 
of data analysis than originally ased. The improved 
analysis adjusts accurately for the epicadmium flux 
component present in the graphite thermal columns, 
which affected the reference irradiatifuis used for nor
malization of these measurements. 

The revised results tor initial conversion ratios range 
from 0.-14 ± 0.01 to L25 ± 0.04 for H:U-2.SS atom 
ratios of 4.16 down to 0.50 (which is a subcritical com
position), using 3.04 w/o enrichment UO2 fuel and 
H2O moderator and reflector. The I'Oz pellet diameter 
was 0.935 cm and an average of 853.3 g was contained 
as a 121.9 cm length column in each fuel clement. The 
cladding was 1.06 cm o.d. stainless steel, with 0.05 cm 
wall thickness. 

It was suspected that the conversion ratios originally 
reported for the last core of the series a.ssembled for 
these measurements were too high, and that the reason 
for this might have affected other results as well.^ A 
remeasurement had been made, but the additional data 
did not change the results. Since then, the original data 
hiive been reevaluated. 

ORIGINAL METHODS or DATA TREATMENT 

The modified conversion ratio (MCR) and initial 
conversion ratio (ICR) were measured according to 
Eqs. (1) and (2). The mea.sured capture and fission 
rates in the cores were compared with those of similar 
materials irradiated simultaneously in the thermal, or 
reference, flux of a graphite thermal column for which 
thermal cross sections appl.\'. 

MCR=[5][g[|]„ 

Lnr>J ICR = [MCR] 

(1) 

(2) 

K'" and X- ' are the atom number densities of U-238 
and U-235, respectively, in the core. P is the measured 
ratio of neutron capture by I'-238 in a thin slice of 
UO.. across a fuel pellet, to capture by U-238 in an 

identical UO2 disc during a simultaneous irradiation in 
a thermal flux (i.e. a reference irradiation in a thermal 
column). R is the ratio of fissions in U-235 in the same 
two samples. The cross sections (a) are for the thermal 
column (reference) flux only, and it is necessary to 
adjust those values quite accurately for self-shielding, 
as for example, to avoid errors in the estimates of 
capture-to-fission ratios in the reference irradiations. 
The term a^^ is the calculated capture-to-fission ratio 
for U-235 in the core. 

Difficulty was encountered because of a significant 
epithermal flux component present in the thermal col
umn regions used for reference irradiations, some of 
which were made fairly close to the source plane. Be
cause U-23S has a low energy resonance, epicadmium 
capture by U-238 in the thermal columns varied signifi
cantly with surface area. For the first two reference 
irradiations, the 0.03 mm thick gold cadmium ratios 
(CdR) were .50 and 90, respectively. Following these, 
reference irradiations were made in a semi-permanent 
graphite thermal column at locations where the CdR of 
the gold ranged from 105 to 115. For the last two core 
loadings the usual location was not available, and the 
reference nieasurements were made in thermal column 
locations for which the CdR's were 32 and 35 for gold 
and 7.9 and 8.7 for U-23S. From the observed ratio of 
(CdR-l)u.23B/(CdR-l)A„ = 0.22 ± 0.01, it was con
cluded that CdR's of I'-238 equal to ~ 1 2 and ~ 2 1 
corresponded with CdR's of gold of 50 and 90 respec
tively. 

The thermal column (TC) flux had been too low for 
accurate measurement of the CdR of U-238 initially, 
and it was decided to use the formula for C. Westcott's 
(two-group) cross sections^ to account for the epicad
mium flux component present, as in Eq. (3); where 
g, r, and S are Westcott's tabulated factors: 

-r.// = <'22c«, / | / | p lg( T) -^ rS( T)]. (3) 

Substitution of these terms into Eq. (1) results in 

—KHg] 
rgT(T) -^rSl'(T)l 
Igr(T) -|-rSf(T)jT 

(4) 
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Since the ratio (ffj /a}'') is used, the explicit temperature 
terms of Eq. (3) cancel in Eq. (4). (It can be shown that 
the implicit temperature dependence is small by sub
stitution of typical approximations for g{T) and S(T) 
for which the temperature dependence cancels.) The 
neutron temperature in a graphite thermal column is 
close to room temperature, and any reasonable estimate 
of neutron temperature should be adequate for use with 
Eq. (4), since only the ratios of capture-to-fission in the 
thermal columns are obtained from calculated cross 
sections. 

Equations (3) and (4) apply only to infinite dilution 
conditions, and adjustments must be made for both 
thermal and resonance self-sliielding in the discs irradi
ated for reference use if these equations are used with 
accuracy. 

Some preliminary results were obtained using Ecj. (4), 
effectively, but in subsequent reference irradiations it 
was found that the calculated cross sections for U-23S, 
using Eq. (3), were not very consistent with the meas
ured specific activities. A wide variety of compositions 
and dimensions of metallic uranium foils and UO2 discs 
and pellets had been irradiated in the graphite thermal 
column in testing the calculated cross sections. Although 
[rS?(T)] varied significantly, the quantity [rSf(T)] 
proved to be negligible in the reference irradiations. 

The measured subcadmium U-238 capture rates and 
U-235 fission rates were quite consistent with the calcu
lated (self-shielded) cross sections, and as a consequence 
the subcadmium U-23S capture r.ates were used for the 
original MCR and ICR results.' Effectively, each value 
of P used in Eq. (4) had been revised by multiplication 
by the quantity [CdR/(CdR-l)] measured, or estimated, 
for U-238 capture in the corresponding reference ir
radiation. 

The use of these subcadmium thermal column activi
ties required the removal of the lrS{r)] terms from Eq. 

(4) as in the revLsed Eq. (9). During the recent review 
of the Hi-C data it was found that this had not been 
done originally. The original results had been obtained 
by substitution of terms resembling P* and R", as de
fined for use with Eq. (9), in place of P and R in Eq. (4). 

MODIFIED EQUATIONS FOR SUBCADMIUM OH FOR 

THERMAL ACTIVATION RATIOS 

The modification of Eq. (4) to use subcadmium or 
thermal activations for normalization required the fol
lowing terms, including Westcott's expression' for in
finite dilution cadmium ratio, shown as Eq. (6). 

Subcadmium Activation _ CdR-1 
Bare Foil Activation CdR ' 

= g ( r ) - | - r5(7 ' ) 
rS(T) -h rP,,(T) ' 

Bare Capture Rate in Core 
Subcadmium Capture Rate in TC 

gl'(T) -\-rS?(T) 

'(T)- rP^(T) 

Bare U-235 Fission Rate in Core 
Subcadmium U-23o Fission Rate in TC 

•[; ]• 

(5) 

(6) 

(7) 

(8) 

(9) 

_ g[gu..iT) -i-rSf...(T)l 

lg%.(T) - rPa(T)}' 

—[SIHSL 
rgl'(T) -rP,„(T)l 
Igfi.AT) - rP.,(T)y 

Use of thermal activations rather than subcadmium 
activations made no significant difference in these re
sults; however, the definitions of P* and R* would be 
.slightly different from that shown above, and the quan
tity Prj(T) would not appear explicitly in Eq. (9) if de
rived for thermal activations. Since rPrd(T) is .shown to 
be negligible, the eiiuations for subcadmium rates in the 
thermal citlumn are equally precise and somewhat 
simpler than for thermal activations. 

The value of rP,i(T) is indicated by substitution of 
an infinite dilution CdR of gold into Eq. (6) and solving 
for rPa(T), which is negligible. Since the thermal col
umn flux is very close to thermal neutron temperature 
the 25''C values for g(T) and S(T) were used. Using 
data from Ref. 4 to extrapiilate data from these foils to 
infinite dilution gives: (CdR),,,/. j j , . = 1 + 0.39 
(CdR-l )„„ . . The infinite dilution CdR's of gold of 
13.1, 14.3, 20.1, 35.7, 41.6 and 45.5 correspond to meas
ured CdR's of gold of 32, 35, .50, 90, 105 and 115 respec
tively. Using the tabulated' values ol g = 1.006 and 
S K 17.5 for gold indicated that 0.0005 < rP,i{T) < 



^. Plumlee, Grajek and Freese 51 

0.0025 for the various thermal column locations. (The 
value' of P,a(T) is approximately 0.5.) 

The revised ICR's are plotted versus H:U-23S atom 
ratio in Fig. I I - l - l along with calculated ICR's from 
Ref. 5 and the original values from Ref. 1. A slightly 
different set of cross .sections and a'' values were used in 
the calculations. The use of those cross sections in the 
experimental data analysis would reduce the revised 
MCR's and ICR's by about 1.6%, and thus would in
crease the differences significantly. The use of the same 
values of a^^ would slightly increase most of the experi
mental points, but a change of no more than ± 0 . 5 % 
would result. The net effect would be to slightly decrease 
the average difference. The BORAX-V results involved 
reference runs in which the CdR's of gold were 50 and 
90, and the extreme left and right Hi-C results, as 
plotted, involved reference conditions where CdR's of 
gold were 32 and 35. 

EFFECT OF U S E OF CURRENTLY RECOMMENDED 

CROSS SECTIONS 

Recommended cross sections obtained from Ref. 6 
were used for the revised conversion ratios reported 

herein. These include a'," = 577.1 and al' = 2.73 b for 
0.02.53 eV energy neutrons. The values u.sed for the re
sults given originally were listed as of = 581.95 and 
(7c = 2.72 b. Use of the currently recommended cross 
sections increased the results by 1.2%) relatively, com
pared with the use of the older cross section. 
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II-2. Act ivat ion M e a s u r e m e n t s in the P l u t o n i u m Recycle Core of the Experimental 
Boi l ing Water Reactor (EBWR) 

K. E . PLUMLEE, R . E . GRAJEK and K. E. FREESE 

INTRODUCTION 

Activation measurements were made in the Pluto
nium Recycle Core' of the Experimental Boiling 
Water Reactor (EBWR) to obtain data relevant to 
the thermal and epithermal neutron energy distribu
tions; to indicate the spatial distribution of the 
neutron flux; and to permit a comparison with data 
already available for uranium-fueled systems. Acti
vations were obtained during critical operation at a 
few hundred watts of fission power with the core at 
room temperature, and also during power operation 
at levels of 37, 40, 61, and 70 MW with production 
of 600 psig (~490°F) steam. Insofar as was feasible, 
experiments which had been performed before power 
operation commenced were repeated near the end of 
the recycle operation. The limited availability of per
sonnel for such experiments and the early termina
tion of the program, followed by prompt unloading of 
the Plutonium Recycle Core, prevented duplication of 
measurements. In a few instances it would have been 
helpful to confirm the results by remeasurements. 

CORE DESCRIPTION 

The plutonium fuel region where the measurements 
were made was loaded with vibration-compacted rods 
consisting of 1.5 w/o PuOs blended with depleted 
UO2 (0.22 w/o U-235 in U), and contained by 0.025 
in. wall thickness x 0.372 in. i.d. Zircalloy-2 tubing. 
The isotopic composition of the plutonium was 91.4 
w/o Pu-239, 7.8 w/o Pu-240, and 0.73 w/o Pu-241. 
The oxide fuel content averaged 827 g, 88% being 
uranium and plutonium. The length of the oxide por
tion was 48 in. The fuel rods were positioned by grids 
in a 0.569 in. pitch square lattice, and 36 rods filled 
a 3.75 in. square assembly. As indicated by Fig. I I-2-1, 
there wore nine such assemblies in the square formed 
by four control blades. The central plutonium region 
was bounded by rows of 6 w/o enriched UO2 (Eu, 
1st, and 2nd shim zones). The outermost or blanket 
region was loaded with natural uranium oxide filled 
rods (designated U). Some of the access positions for 
irradiation experiments are also indicated. 
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IRRADIATION POSITIONS 

The room temperature irradiations were obtained 
by insertion of foils to a point 2 cm above the center 
grid. There were various fixtures, one for pressing foil 
holders against fuel rods, for reproducibility, and an
other for measuring the distribution of flux between 
rods by means of five parallel wires. 

The measurements during 35 MW to 70 MW power 
were made inside miniature "rabbit tubes" of %e in. 
o.d. Inconel tubing. The chains were inserted and 
withdrawn pneumatically at positions shown by Fig. 
II-2-1 as Pu-22, 27, 32, 37, and Eu 2-42. 

CADMIUM RATIOS DURING CRITICAL OPERATION 

Activations of 0.32 cm diam foils in 0.051 cm thick 
aluminum or cadmium pill boxes were obtained at 
the beginning and the end of the 3,000 MWD/Tonne 
fuel cycle. The boxes were pressed against the fuel 
rods, but positioning errors may have caused some 
bad data. The positioning errors resulted from twist
ing of the 20 ft long insertion tools. 

Cadmium ratios (CdR) are listed in Table II-2-I 
for the plutonium-fuelcd region. The results for sev
eral materials, including U-235 fission CdR, are in 
good agreement with a linear relation between the 
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TABLE II-2-I. CADMIUM RATIOS ME-\SURED DURING 

CRITICAL OPERATION 

Au (0,03 mm) 
Cu 
In (0.03 mm) 
Ir-192 
Ir-194 
Lu-176 
Lu-177 
Mn 
U-235 fission 
Pu-239 fission 

Core E.xposure 

Zero 

1.89 
4.7 to 5.8 

1.63 
2.62 
1.23 
1.13 

12.9 
6.4 

9.5 ± 0.06 
8.3 ± 0.1 

~3,000 
MWD/Tonne 

1.93 
5.1 
2.42 

1,4 to 2,0 
1,1 to 1,9 

1,19 
12,0 to 23.0 

6.4 
10.4 ± 0.1 
7,6 to 11.2 

F..\pected for 
Uranium Oxide 

Cores' 

Zero 
Ex

posure 

2.0 
5.7 
2.0 

6.0 
9.9 

--3,000 
MVVD 

2.1 
6.0 
2.1 

6.4 
10.5 

5/32 BALL STOP 

BARE AL 

ALUMINUM CAPSULES 

. CADMIUM END CAPS 

CADMIUM TUBING-

FltJ. II-2-2. Bead Chain Assemblies with Alternating Bare 
and Cadmium-covered Foils. ANL Neg. .Wo. 113-317. 

I ' M I ' I M ' I ' I ' ; 
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|_CONTRQL ROD 9 Pu FUELED . 

CONTROL RODS 1-8 U RJELED 

CONTROL ROD 9 U FUELED 

DISTANCE FROM BOTTO^' OF FUEL ZONE, in 

F I G . II-2-3. Comparison of Activation Distributions in 
Plutonium-Fueled and Uranium-Fueled Cores. ANL Neg. No. 
11S-S24. 
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quantities (CdR-1) and moderating ratio (MR) of 
enriched uranium-fueled cores.^ These results indi
cate that the CdR's of manganese and U-235 are only 
slightly affected by the presence of up to 1.5 w/o 
plutonium in oxide-fueled cores and that the calcula
tion of moderating ratio for a core is sufficient for ac
curate prediction of these CdR's. 

On the other hand, the CdR of gold was depressed 
slightly below the linear plots for uranium cores. This 
difference was attributed to resonance absorption by 
the plutonium isotopes, which depleted the epithermal 
flux and thereby reduced the number of neutrons 
thermalizcd. Because gold has a resonance at a higher 
energy than some of the plutonium resonances, the 
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epicadmium activation of gold may not have been 
reduced proportionally with the subcadmium activa
tions. Thus the presence of 1.5 w/o plutonium re
duced the CdR of gold by about 5% compared with 
that expected in uranium oxide fueled cores. 
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FIG. II-2-6. Lu-177 Cadmium Ratios at 40 and 70 MW. 
ANL Neg. No. 113-319. 
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DISTANCE FROM BOTTOM OF FUEL ZONE, in 

F I G . II-2-7. Copper Cadmium Ratios at 40 and 70 MW. 
ANL Neg. No. 11SSS8. 
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F I G . II-2-8. Power-distribution Comparison Using Manganese Subcadmium Activation and Klement-gamma Scanning 4 VL 
Neg. No. 113-SOS. 
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• ACTIVITY DISTRIBUTIONS AND CADMIUM 

RATIOS DURING OPERATION AT 37 MW 

TO 70 MW POWER LEVELS 

A brief summary of in-core irradiations is given 
for power levels of 37, 40, 61, and 70 MW in Ref. 
3. The analysis of these data to obtain measured 
activation ratios between various isotopes is still 
pending. 

The spherical foils used were 0.0625 ± 0.002 in. 

60 50 40 30 20 10 0 
DISTANCE FROM BOTTOM OF THE FUEL ASSEMBLY.in 

F I G . II-2-9. Gamma Scanning of Uranium-enriched Fuel 
Elements; Differential Counts at 105 ± 0.02 MeV. ANL Neg. 
No. 113-327. 

DISTANCE FROM BOTTOM OF THE FUEL ASSEMBLY, in 

F I G . II-2-10. Gamma Scanning of Uranium-enriched Fuel 
Elements; DifTerential Counts at 2.65 ± 1.04 MeV. ANL Neg. 
No. US-SOB. 

DIFFERENTIAL COUNT, MeV 
1.65* 0.02 

255* 0 04 

ACTIVE FUEL LENGTH 

. l l l l l l l 70 60 50 40 30 20 10 0 
DISTANCE FROM BOTTOM OF THE FUEL ASSEMBLY.in 

F I G . II-2-1I. Gamma Scanning of Plutonium Fuel Elements. 
ANL Neg. No. 113-311. 

diam high purity aluminum alloy containing one of 
the following: 

Gold 0.065% Manganese 1.0% 
Copper 1.00% Lutetium 6.0% 
Indium 0.035% Iridium 0.25% 

High-purity aluminum 

Bare and catlmium-covered foils were encapsulated in 
H in. long, 0.116 in. o.d., 0.100 in. i.d. aluminum 
tubing by, forming the ends over the %» 'n. o.d. 
aluminum bead chain. Cadmium covers used were 
fashioned from tubing with a 15 mil thickness, and the 
end caps were punched from a 15 mil sheet. Each 
chain assembly contained bare and cadmium-covered 
spheres in alternate positions, as shown in Fig. H-2-2. 

During the early stages of the experiment, inter
ference was found from Na-24 activity resulting from 
the Al-27 (n,a) reaction, which has an effective 
threshold above 6 MeV. This problem was overcome 
by accompanying each activation capsule with one 
capsule containing a high-purity aluminum sphere 
to be used for background subtraction. The chain used 
to transport the spheres is designed to position the 
top sample at the top of the fuel zone. The samples 
are spaced at 4 in. intervals, to give a total of 13 
positions throughout the fuel zone. Chains are posi
tioned by attaching a ball-stop at a premeasured dis
tance above the first sample. 

Lutetium and iridium, each of which contained 
two active isotopes, required special counting consid
erations. These foils were initially counted shortly 
after irradiation, which yielded the total activation 
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60 50 40 30 20 
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F I G . II-2-12. Gamma Scanning of Natural Uranium Fuel 
Elements. .4JVL Xeg. No. 113-311. 

of both isotopes. The individual activity of each iso
tope was determined by recounting the foils at the 
same discriminator bias after the short half-lived iso
tope had decayed. To reproduce the discriminator 
level setting, a standard americium source was used 
for the calibration of each isotope. For lutetium, the 
bias was set just below the Am-241 0.06 MeV en
ergy peak; for iridium, the Am-243 0.106 MeV en
ergy peak was used. Identical foils were irradiated 
simultaneously in the Argonne Thermal Source Re
actor (ATSR) graphite pile for calibration. 

The resulting traverses were compared with one 
another and with data available from uranium-fueled 
cores,' as shown by Fig. II-2-3. The differences shown 
are mostly attributable to differences in operating 
configurations. 

The cadmium ratios of activities such as gold and 

Lu-176 were close to unity and were only slightly af
fected by changes in power level, as shown by Figs. 
II-2-4 and II-2-5, but those of Lu-177 and copper 
were strongly affected as shown by Figs. II-2-6 and 
II-2-7. 

Information of the nature reported is useful in 
evaluation of the effects of temperature and of steam 
void fraction on activation ratios and on neutron 
energy distributions. 

POST-SHUTDOWN GAMMA SCANS OF FUEL RODS 

Following unloading of the core, gamma scans were 
made of several fuel rods.^ A comparison of the re
sults of gamma scanning and in-core activations is 
given by Fig. II-2-8. The differences are attributable 
to changing control configurations during the course 
of the core cycle. 

Figures II-2-9 through II-2-12 show the results of 
gamma scans of several fuel rods. These were ob
tained to permit three dimensional evaluations of 
computational methods, which are being done else
where. 
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II-3. .4rgonne Advanced Research Reactor Critical Exper iments—Summary of Report 

K. E. PLUMLEE, G . S . STANFORD, J. W. DAUGHTRY, W . R . ROBINSON, 

T. W. JOHNSON and R. A. SCHULTZ 

A report' has been prepared describing critical ex
periments with stainless steel clad highly enriched 
uranium cores which were studied during the design 
of the Argonne Advanced Research Reactor^ 
(AARR). Excellent agreement has been reported" 
between the experimental data and reactor calcula
tions, over a wide range of fuel loading densities. The 

heavily loaded cores had strong epithermal neutron 
flux components for which cross sections were not as 

"well known as for thermal systems. 
The calculated peak flux of 4.2 X 10' thermal n/ 

cm-'-sec in the internal thermal column (ITC) per 
watt of total power in the critical experiment (see 
Paper II-5) was confirmed within the limits of ex-
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perimental errors. The AARR stainless steel core ref
erence design is not expected to provide quite as high 
a peak flux per unit power as did the critical experi
ment, because of differences in structure, composition 
and dimensions of the reflector. Installation of a de
tailed reflector mockup had been planned but critical 
experimentation was terminated before it could be 
prepared. The experimental results reported are for 
fairly simple radial reflector structures which crudely 
simulated the reference design. 

The maximum thermal neutron flux in the lOO^r 
beryllium radial reflector was typically one-third of 
that in the ITC. The incorporation of Plexiglas to 
provide a 90% beryllium-10% Plexiglas radial re
flector (i.e. simulating a reflector with hydrogenous 
coolant) increased the radial reflector flux peak by 
about 10%. The radial distribution was not as broad 
in the 90% berylliuin-10% Plexiglas reflector as with 
the 100% beryllium reflector, and even though higher 
at the peak, the flux was lower by a factor of two 
at the periphery of 90% beryllium-10% Plexiglas re
flector. 

Beam tube experiments confirmed that the judicious 
positioning of water at the beam tube tip inside the 
beryllium reflector would increase the thermal neutron 
(emergent) current by several percent, as had been 
predicted.* The ratio of thermal to fast neutrons was 
also increased, which is important for some of the 
beam experiments desired in conjunction with AARR. 
Again, these were somewhat preliminary experiments 
and it may be profitable to investigate further into 
the geometry required for optimization of beam tube 
yields. 

Foil activation measurements in the HoO-fiUed 
ITC were consistent with a "thermal neutron tem
perature" which was 30°C above the temperature of 
the H2O. A comparison of this result with the com
puted multigroup cross sections indicated that the 
prescriptions based on this measured "thermal neu

tron temperature" gave the same thermal flux-
averaged cross section for 1/v materials as did the 
computation. 

The introduction of thermoluminescent dosimetry^ 
for the mapping of gamma radiation heating indi
cated that the MAC computer code did not yield 
accurate results for such complicated geometry as in 
AARR shielding. More recent calculations using the 
ANISN code are in somewhat better agreement. The 
thermoluminescent materials may be encapsulated 
and irradiated in much the same way that neutron 
activants are exposed; however these materials are 
sensitive to gamma radiation (primarily) and must 
be heated when ready for readout by an integrating 
detector. 

Numerous other data are presented in the report 
which includes temperature coefficient measurements; 
reactivity worths of fuel, control materials, and 
voids; the effect of changing the size of the I T C ; 
prompt neutron lifetime measurements; pulsed neu
tron measurements; and fast neutron yield (from 
beam tubes) measurements. 
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II-4. Argonne Advanced Research Reactor Calculations—Preface 

D. H. SHAFTMAN, A. E. MCARTHY, R . P. SAVIO* and L. K. \OLODK.\ 

Early in April, 1968, a budgetary decision was made 
to cancel the detailed design, procurement, and 
fabrication efforts on the Argonne Advanced Re-

* Reactor Operations Division, Argonne National Labora

tory. 

search Reactor (AARR). In the time period beyond 
the preceding Annual Reports on the project physics 
work for the A.ARR,' the needs of the project for 
detailed design information dominated the reactor 
physics studies, and many abbreviated, specialized 
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calculations were made to resolve these needs. Some 
of the detailed results are summarized in Papers I I -
5 through II-7, but, in general, results of broader in
terest have been selected for presentation. 

Paper No. II-5, on general reactor physics analyses 
of the AARR, includes discussions, formulas, and 
data which are of more general interest for an under
standing of the reactor physics of this type of high-
flux research reactor. Also in this paper are results 
of some of the more specialized studies referred to 
above, including, for example, calculations relating 
to the reactivity shutdown margins of new fuel ele
ments of the HFIR type in water. These calculations 
were performed to determine the importance of re
activity monitoring of fuel assemblies while in transit. 

Paper II-5 also is concerned with one of the im
portant problems of the earlier analyses, namely, the 
spatial variation of the thermal neutron flux in the 
reflectors and especially farther out in the external 
radial beryllium reflector. In the earlier 16-group 
statics calculations of neutron flux, a model of a net 
neutron downscattcring from (thermal) group No. 15 
[0.1-0.4 eV] to group No. 16 was used. Paper II-5 
summarizes comparisons of thermal neutron flux 

spectra and total thermal neutron flux for various 
multigroup models. 

Paper II-6 summarizes the status of the shield 
design and shield-design analyses for the AARR at 
the time of Project cancellation. 

In Paper II-7, a theoretical correlation is suggested 
for the efficiencies of internal flux traps in inter
mediate-spectrum and thermal-spectrum reactors of 
the AARR/HFIR type. These results and other re
marks in Paper II-7 stem from a composite of the 
analyses on the earlier AARR systems, with heavily 
loaded annular reactor cores, and on the more re
cent . \ . \RR with the more lightly loaded HFIR-type 
reactor core.-

These papers represent the flnal detailed .Annual 
Reports on the AARR Project physics work. 
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II-5. Argonne Advanced Research Reactor Calculations—General 
Reactor Physics Analysis 

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

INTRODUCTION 

In FY-196S, most of the effort of general reactor 
physics analysis was closely tied to the demands of the 
developing detailed design of the reactor. Indeed, there 
were many highly specialized calculations of little 
general interest. A selection of topics of somewhat 
more general interest has been made for this final 
Annual Report on the general reactor physics analysis 
of the AARR, except for two topics that might be of 
some special interest in connection with the High 
Flux Isotope Reactor (Hl'TR) at Oak Ridge National 
Laboratory. These items are analyses of the reactivity 
perturbation and flux perturbation effects of increasing 
the coolant-hole size in the permanent beryllium re
flector of the AARR, and analyses of shutdown margins 
for fresh HFIR-type fuel elements in water or in posi
tion in the reactor pressure vessel. 

* Reactor Operations Division, Argonne National Labo 
ratory. 

Other subjects discussed on the present paper are: 
(a) .simplified formulas for reactivity loss due to xenon 
buildup upon power setback; (b) analyses of neutron 
inventories; and (c) the spatial variation of the thermal 
neutron flux in the radial beryllium reflector. 

REACTOR PHYSICS EFFECTS OF ENLARGED COOLANT 

HOLES IN THE PERMANENT BERYLLIUM 

REFLECTOR 

Multigroup diffusion theory calculations were made 
to study reactor physics perturbations that would 
result if the diameter of the cooling holes in the per
manent beryllium reflector were increased by 50%, 
from }g to J-fe inches. The purpose of this coolant-hole 
enlargement is to provide a greater margin of safety 
•against transient voiding of coolant in the beryllium, 
e.g., in the event of an electrical outage which would 
result in a reduction of coolant flow, and to ease the 
problem of fabricating the permanent beryllium re
flector. 
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Most of the water volume in the various azimuthal 
sectors of the permanent beryllium reflector is directly 
associated with experimenters' facilities. Thus, an 
increase of as much as 50% in coolant-hole diameter 
would mean a 125% increase in coolant-hole volume 
but less than a 20 % increase in the local average water 
content in each macroscopic .sector of the permanent 
beryllium reflector. In some zones of the permanent 
beryllium reflector, the increase in water volume is 
only ^^5 % of the present design water volume. 

I'or such an increase in coolant-hole diameter, it is 
calculated that there would be an insignificant reduction 
(~0.04%) in the available excess reactivity. The 
calculated thermal neutron flux at the tip of the blind 
beam tubes is reduced by less than 1%, and it is ex
pected that correspondingly the r.sers' fluxes would 
be reduced very slightly. The thermal neutron flux in 
the center of each through-tube is reduced by less than 
59!—possibly by only ^ ^ 3 % . Two cases have been 
analyzed for the perturbation of the thermal neutron 
flux in the principal sector of the beryllium reflector 
containing vertical irradiation facilities. In one case, 
the target volume was assumed to be filled with alu
minum. In the second case, additional neutron poi
soning, corresponding to actual target material, was 
included. In each ca.se, an increase in coolant-hole 
diameter, in the permanent beryllium, from 3^-HL to 
Jl6-in., caused small reductions in the calculated 
thermal neutron flux, with a maximum reduction of 
~4%. . 

REACTIVITY SHUTDOW.N MARGINS FOR FRESH 

H F I R - T Y P E 1'"UEL ELEMENTS 

One-dimensional diffusion theory computations were 
made, using the standard 16-group set of neutron cross 
sections developed for the AARR/HFIR analyses, to 
examine safety margins of handling fuel elements. The 
question at issue was whether it w ould be strongl\- ad
visable to use a reactivity monitoring device that would 
travel with the fuel element as it would be moved 
about during loading and unloading operations. 

For the case of a full fresh core in water, the cal
culated k,ff was low by approximately 3.3% as com
pared with measurements performed at Oak Ridge 
National Laboratory for purposes of HFIR operation.' 
In the tabulation below, the ad hoc assumption was 
made that the calculated reactivities for all other cases 
also were low by 3.3%, and a correction of this type 
has been applied. 

The actual storage cells for fuel elements are planned 
to permit the assemblage of an inner and an outer fuel 
element in their normal relative po.sitions as a full 
reactor core. However, each cell includes solid neutron 
absorbers in the internal reflector and near the outer 

TABLE II-5-I. EFFECTIVE MULTIPLICATION FACTORS (A-,//) 
FOR F R E S H H F I R - T Y P E F U E L ELEMENTS 

Description of 
Loading of P'uel 

Elements in Water 

Outer fuel element 
Inner fuel element 
Inner fuel element 

(no boron) 
Reactor core (no 

boron) 
lleactor core 

*,// 

0.75 
0.05 
0.74 

1.04 

0.98 

Description of Loading 
of Fuel Elements in 

Core Locations 

Outer fuel element 
Inner fuel element 
Inner fuel element 

(no boron) 

— 
— 

*,// 

0.90 
0.66 
0.76 

— 
— 

boundary of the outer fuel element. The calculations 
summarized in Table II-5-I, wherein the storage-cell 
absorbers are ignored, therefore provide overestimates 
of keff for fuel elements in storage cells. All results are 
rounded-off high. .\lso in Table II-5-I are calculated 
kef/s for fuel elements in their normal spatial locations 
in the core with the fresh beryllium reflector present 
and control plates inserted fully. 

BUILDUP OF XENON AFTER SETBACK OF REACTOR 

POWER FROJI EQUILIBRIUM OPERATION 

In a thermal reactor operating at high power den
sities, such as the HFIR and the ,\ARR, a large relative 
setback in reactor power from the equilibrium level 
would cause a rapid buildup of Xe-135 in the fuel 
and a corresponding rapid reduction in available excess 
reactivity. Therefore, if it becomes necessary to reduce 
reactor power to a level low by comparison with the 
normal opA-ating level (100 MWt), there is a limited 
period of time during which the reactor may be re
turned to power before xenon shuts it down. The fol
lowing analysis reveals the characteristic times available 
as a function of time in the core cycle and as a function 
of the setback level of power. 

At space-point r, assume that the pre-setback de
struction rate of xenon by neutron capture is (t>is(r)a^°. 

Mr) 
«o(r) 

that the setback rate is (t>i(r)a„', and that 

a constant and is much smaller than unity. The times 
of interest will be seen to be ' -2 hour or less, which is a 
short time by comparison with the decay half-lives of 
Xe-135 (9.2 hr) and the precursor nuchde, 1-135 (6.7 
hr). Therefore, it is a good approximation to ignore the 
reduction in 1-135 inventory due to decay following 

setback. Since ? i ^ « 1, it is also a good approximation 
*o(r) 

to ignore the contribution tn the iodine inventory 
arising from continuing iiower operation at the setback 
level. 

The resulting approximate equation for the time-
dependent concentration of Xe-135 following a power 

http://ca.se
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setback at time zero is 

^ = [X7„ -t- * S , 7 ( X e ) ] - [X^o -h <(,„rfl Xe . (1 ) 

In Eq. (1), 
Xe ^ Xe(r,/) is the concentration of Xe-135, 

atoms/cm' 
^12/ 7(Xe) =^ direct source rate of Xe-135 from 

flssion, atoms/cm^-sec 
X', X'̂ " ^ decay constant for 1-135, Xe-135, 

respectively, see"' 
t ^^ time after setback, sec. 

Solving Eq. (1), expanding the solution to terms of 
second order, and taking the ratio of the change in 
xenon concentration (AXe) to the pre-setback con
centration; 

AXe(r,0 , 
Xe(r,0) ' 

Using a point-reactor model and taking the volume-
averaged rates ^oCâ  and (j>iaa^, the change in available 
excess reactivity may be written: 

•(T)^ 
Afc ( X e 

1 — 2 ' *"^° ' ' 

(2 ) 

where 

A 

Ak 

( - j - I is the time-dependent change in available 
^ ' excess reactivity due to Xe-135 buildup 

(Xe<»') is the reactivity controlled by Xe-135 at 
the pre-setback quasi-equilibrium level 

is the ratio of setback reactor power to pre-
Pi 
Po setback reactor power. 

Thus, to first order, if the pre-setback available 
Ait 

excess reactivity is P X -̂ 7 (Xe<°>), the time available 

before the reactor power level must be raised to the 
vicinity of Po to prevent shutdown by xenon is 

'» .x(sec): 

[-a <^0O"a 
(3 ) 

In the AARR, the available excess reactivity at the 
beginning of the fuel cycle will be approximately 3 %, 
with the exact value depending upon (he specific 
neutron poisonings of the ITC tmd the beryllium 
reflector by target materials. Approximately 4I/2 % in 
reactivity is tied up in equilibrium xenon, according 
to data from the opiTating HITR, with the same core 
and removable-beryllium reflector. Thus, R X '^•i 

earlv in core life. In Eq. (3), 0i 
0.9 

^ 7.5 X 10- ' events/ 

sec and t„,„^ 

[-a 
10(X) sec. If power is set back 

to one-tenth of the pre-setback level, tmax '-^ 17 min. 
Actually, since it takes some time to return the power 
to level Fo , t^ax is smaller. 

Later in the core life, R is reduced and ^o^o' is in
creased, both effect.s acting in the same direction, 
namely, to reduce tmax • 

NEUTRON INVEXTOHIES 

Analyses of neutron inventories have been made to 
investigate further certain reactor physics character
istics of the AARR reactor. The results summarized 
in the folk)wing paragraphs cannot be correlated simply 
with reactivity losses and gains, since average "im
portance" weightings for fi.ssion events, net neutron 
leakage, and neutron capture must be applied on an 
energy-group-by-energy-group basis. Nevertheless, the 
energy-integrated summaries are aids to a deeper 
insight into the physics behavi()r of the system. 

The analj'ses constitute interpretations of the print
out of a one-dimensional (cylinder) 16-group A%// calcu
lation with the diffusion theory program JMACH-l. 
The reactor state is an idealized system: the (super 
critical) fresh hot reactor, with(iut fission products 
and with control rods fully withdrawn. The Internal 
Thermal Column (ITC) is assumed to be fully loaded 
with aluminum capsules, with a total additional neu
tron ptjisoning of the ITC equivalent to 0.5 g natural 
boron representing the total neutron capture cross 
section of the actual target materials. With a normal 
Hl'TR loading of boron as a burnable neutron poison 
for this system, the calculated Av/y = 1.076. 

In the following summaries, the fuel zone is defined 
to be the volume made up of a 20-in. active core height 
and radial dimensions from the inner surfaces to the 
outer surfaces of the active fuel plates in the inner 
and outer fuel elements. Table II-5-II displays the 
input group-averaged TJ'S in the fuel, and the inferred 
fractional distributions of fission events in various 
radial locations and the average over the entire fuel 
zone. 

Table 11-5-111 summarizes tho fractional distribu
tion (tf neutron losses to absorption and leakage. In 
Table II-5-III, the losses are sums over all 16 groups, 
for each of the two fuel elements. There are other small 
peutron losses to capture by other materials, incluiling 
impurities in the aluminxmi and oxygen; this has been 
ignored, in compiling Table II-5-III. 

In the idealized case represented for Table II-5-III, 
the control rods are withdrawn fully, leaving the alunii-
imm control-rod followers in place at the outer radial 
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TABLE II-5-II . GROUP-AVERAGED r]'s AND ENERGY DISTIUBLTKJNS OF FISSION EVENTS IN THE 

AARR F U E L ZONE USING THE H F I R - T Y P E CORE 

Group Number 

1 
2 
3 
4 
5 
6 
7 
g 
9 

10 
11 
12 
13 
14 
15 
16 

Energy Range 

3 - « MeV 
1.4r-3MeV 
0.9-1.4 MeV 
0.4-0.9 MeV 
0.1-0.4 MeV 

17-100 keV 
3-17 keV 

0.55-3 keV 
100-550 eV 
30-100 eV 
10-30 eV 
3-10 eV 
1-3 eV 

0.4-1 eV 
0.1-0.4 eV 

0-0.1 eV 

Group-Averaged i; 

2.819 
2.453 
2.308 
2.196 
2.104 
1.924 
1.853 
1.722 
1.637 
1.517 
1.452 
1.167 
1.867 
2.143 
2.007 
2.075 

Local Fractional Distributions of Fission Events 

Inner Fuel Element 

Near Inner 
Boundary 

0.0007 
0.0015 
0.0007 
0.0010 
0.0013 
0.0017 
0.0022 
0.0038 
0.0087 
0.0119 
0.0109 
0.0107 
0.0078 
0.0147 
0.1440 
0.7784 

Central 
Region 

0.0017 
0.0036 
0.0018 
0.0027 
0.0033 
0.0041 
0.0053 
0.0089 
0.0203 
0.0271 
0.0244 
0.0236 
0.0172 
0.0317 
0.1897 
0.6346 

Outer Fuel Element 

Central 
Region 

O.0O18 
0.0042 
0.0022 
0.0032 
0.0039 
0.0048 
0.0O63 
0.0106 
0.0238 
0.0313 
0.0279 
0.0267 

Near Outer 
Boundary 

0.0006 
0.0015 
0.0008 
0.0012 
0.0015 
0.0019 
0.0025 
0.0043 
0.0098 
0.0132 
0.0120 
0.0117 

0.0196 ' 0.0085 
0.0359 0.0159 
0.1983 0.1351 
0.5993 1 0.7794 

Average Over 
Fuel Zone 

0.0016 
0.0036 
0.0018 
0.0027 
0.0033 
0.0041 
0.0053 
0.0090 
0.0203 
0.0268 
0.0241 
0.0231 
0.0168 
0.0311 
0.1894 
0.6370 

1. The group-averaged parameter, 17, , is the assigned average number of fission neutrons produced per neutron absorbed in the 
uranium-fuel. 

2. The local fractional distribution is normalized to a total fission rate of unity locally. Four decimal places are included to avoid 
too much roundoff at high energies; these are the calculated values, and they bear no stamp of certitude to four decimals. 

3. At the inner and outer boundaries of the fuel zone, more than 90% of the fissions are caused by neutrons of " the rmal" energies, 
say groups Nos. 15 and 16 (0-0.4 eV). Averaging over the fresh fuel zone, more than 80% of the fissions occur in this energy range. 

boundary of the outer fuel element. More realLstically, TABLE II-5-III. FR.WTIONAI, DISTRIBUTIONS OI- NECTEON 
i t 1 1- 11 • I- n ...i tu^^^ ;.. „ ™,i:..l LOSSES I.\ THE AARR F U E L ZONE (SUMMED OVER 

control rods are partiallv inserted, and tfiere is a raUial ° v ^ 
^ • ^ ^ , , ^ NEUTHON ENERGY) 

shift in power toward the ITC and hence a greater 

radial leakage of high-energy neutrons into the ITC. 

There would be also a larger net "leakage" out of the 

outer fuel element, for the control rods would absorb 

some neutrons that otherwise would enter the fuel zone 

from last collisions in the outer radial reflector zones. 

Moreover, xenon builds up early in the reactor operation 

and compensates a large fraction of the initial available 

excess reactivity. Con.sequently, the overall effects 

of the control rods on the inventory of neutron losses 

in the fuel zone should be small. Of course, since the 

values in Table II-5-III are normalized to unit total 

loss in the fuel zone, all values then must be adjusted 

to account for the reactivity losses to xenon and to 

control-rod absorptions. 

S P A T I . \ L VAmATION OF THERMAL NEUTRO.^J F L U X 

In mo.st of the earlier analyses in multigroup diffu

sion theory, the thermal neutron energy range from 

0 to 0.4 eV has been partitioned into two groups: 

group No. 15 [0.1-0.4 eV]; and group No. 10 (0-0.1 

eV). The particular computer program used, the 

MACH-1 '" code, di>es not provide for neutron up-

scattering. Consequently, a cross section for a net 

Type of Loss 

Net axial leakage 
Net radial leakage out. 

inner boundary 
Net radial leakage out. 

outer boundary 
Captures by aluminum (in 

fuel zone) 
Captures by hydrogen 
Captures bv boron 
Absorptions by U-238 
Captures by U-235 
Fissions of U-235 

Total fractional loss 

Inner Fuel 
Element 

0.024 
0.047 

0.036 

0.0065 

0.0075 
0.027 
0.0010 
0.033 
0.142 
0.32 

Outer Fuel 
Element 

0.(M2 
-0 .010 

0.253 

0.0082 

0.0121 

— 
0.0026 
0.070 
0.297 
0.68 

Fuel 
Zone 

0.066 
0.037 

0.289 

0.014 

0.020 
0.027 
0.004 
0.103 
0.439 
1.00 

Notes: There are slight inconsistencies between individual 
and total losses; they are caused by roundoff. 

A net negative leakage out, at a boundary, is equivalent to 
a net source of neutrons into the zone at that boundary, sum
med over all neutron energies. 

neutron dowseatter ha^ been calculated, using the 

program THEKMOS'^' in calculating the detailed 

thermal neutron spectrum. This model fails when the 
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F I G . II-5-1. Radial Distribution of Group-16 Neutron Flux 
at Core Midheight (Reactor Power: 100 MW; Control Rods 
Withdrawn; Blind-Beam-Tube Sector). ANL Neg. No. IIS-
U85. 

ratio of the group-16 flux to the group-15 flux begins 
to deviate from the assumed equilibrium case. Far 
out in the radial beryllium reflector of the AARR, 
this ratio of group fluxes increases rapidly and the 
model is invalidated. The explanation for this diver
gence is that in a weakly absorbing moderator like 
beryllium (or D2O or graphite), when the thermal 
migration area exceeds the neutron age, eventually 
ihe thermal neutron flux i.s determined b^' diffusion 

of these thermal neutrons, and not by the .source from 
higher energies. 

The effects of collapsing the two thermal group.s to 
one group, or of specifically assigning upscatter cro.ss 
sections as well, instead of net downscatter, have been 
studied using a computer program of multigroup diffu-
.sion theory that permits neutron upscattering (DIF-
ID)'^'. Figure II-5-1 gives a compari.son of the group-16 
fluxes at core midheight for two of the multigroup 
models: downscatter and up.scatter of neutrons; and 
net neutron downscatter. The important conclusion 
with regard to the spatial distributions is that the 
total thermal neutron flux (0-0.4 eV) as calculated 
with two thermal groups and neutron upscattering 
agrees very closely with that obtained from a calcula
tion wherein a .single group characterizes that energy 
range. This agreement applies throughout the entire 
radial beryllium reflector {1-D calculation, radially). 
Surprisingly, even for the case of two thermal groups 
and a net downscatter, the total thermal neutron flux 
does match the one-thermal-group flux quite closely. 
However, there are differences in reactivity (~1%) 
among the various calculations and differences in 
the spatial distribution of power. In these respects, 
the model of a single thermal neutron group is much 
less accurate. 
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II-6, Argonne Advanced Research Reactor Calculations—General 
Shield Design Analysis 

D. H. SHAFTMAN and A. E. MCARTHY 

INTRODUCTION 

The general shield-design analyses for the AARR 
in FY-1968, to the time of Project cancellation, in
cluded the following categories of activities: 

1. Collaboration with the Architect-Engineer in 
establishing the design of plant radiation shield
ing beyond the reactor pressure vessel 

2. Collaboration with the Architect-Engineer in the 
evaluation of the methods of shielding-dcsign 

analysis used by the Architect-Engineer for the 
design work 

3. Analyses concerned with the detailed design of 
reactor components within the reactor pressure 
vessel. 

, The intent of this paper is to summarize the status 
of the first two categories of activities at the time 
of the cancellation of the Project, which was also the 
time when the shielding-dosign work of the Architect-
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Engiheer on the AARR ceased. The analyses of 
category No. 3 were based on the use of the Argonne-
MAC code, where such analyses required conservative 
data of heating rates; they are not reported here.' 

STATUS OF THE PLANT SHIELD DESIGN AT THE 

TIME OF PROJECT CANCELLATION 

As indicated in the corresponding report for FY-
1967,'" preliminary Title-II dose-rate analyses were 
prepared by the Architect-Engineer in FY-1967 for 
gamma-ray radiations from the water purification 
system and from pools and canals with spent fuel 
in transit or in storage. Also, except for radiation 
dose rates due to radiation penetrating the bulk 
reactor biological shields, detailed calculations were 
made for radiation dose rates at selected dose points 
on the Service Floor and the Experiment Floor in 
the Reactor Containment Building. As the detailed 
design proceeded, in FY-1968, these analyses were 
reviewed by the Architect-Engineer and revised as 
necessary. At the time of Project cancellation, the 
continuing detailed Tit le-I l l design had introduced 
penetrations for instrumentation, etcetera, which re
quired additional analysis of shielding against radia
tions from active materials in the pools and canals. 
The analyses for radiation dose rates due to gamma-
ray radiation from the water purification system were 
completed. 

The calculations of dose rates due to radiation 
penetrating the bulk reactor biological shield still had 
not been performed because of the continuing prob
lems faced by the Architect-Engineer in getting the 
NRN'- ' computer program in ojjeration on the digital 
computer then commercially available to them. -At 
the time of work stoppage, the sytem debugging was 
in its last phase. Ray jjaths had been chosen jointly 
by Argonne National Laboratory and the Architect-
Engineer for calculations of neutron and/or gamma-
ray dose rates at various points, and preliminary 
calculations were completed for the required sub
sidiary geometry input. These problems involve cal
culations of deep penetration of radiation, with the 
usual questions of the degree of conservatism. From 
preliminary calculations with the Argonne-MAC code, 
it appeared that the shielding would be adequate. I t 
was exjjected that this would be confirmed by the 
computations of neutron fluxes, using NRN, and 
of gamma-ray dose rates, using the code QAD.'-'" 

For the most part, the design provided adequate 
shielding to satisfy the criteria of design dose rates 
to personnel without additional close monitoring of 
radiation dose rates (see Ref. 1, Table II-21-I) . .At 
certain locations, it was conceivable that high dose 

rates would result unless certain operations were care
fully controlled, and it would have been extremely 
difficult to provide additional radiation shielding to 
eliminate this potential radiation hazard. The most 
prominent example is that during transfer of a spent 
fuel clement it was important to keep the fuel ele
ment from getting close to the pool wall, at the 
vertical elevation of certain horizontal penetrations. 
When not in use, these Users' penetrations would be 
plugged, normally. The calculations indicated local 
dose rates of the order of IR/hr on the outside of the 
pool wall at that level, if the spent fuel element 
were kept to its optimum lateral distance and the 
penetrations were filled only with water. If the fuel 
element were erroneously moved up to the pool wall, 
near one of those penetrations, the corresponding dose 
rate would be increased to roughly 1000 R/hr there. 
This potential problem would have been minimized 
by special procedures and by radiation monitoring 
during such a transfer of spent fuel. 

With the exception of the computations for the 
bulk reactor biological shield, the major shield-de
sign analyses for normal operating conditions w'ere 
complete or almost complete, with careful review by 
the Architect-Engineer. Upon completion of the 
NRN/Q. \D computations, the corresponding shield-
design effort by the Architect-Engineer would have 
been reduced subtantially, but with staffing adequate 
for the continuing review of drawings to search for 
potential shielding problems and to determine the 
magnitudes of the corresjionding dose rates. 

One phase of shield-design analysis that was near
ing completion at that time was the revision of the 
calculations of direct gamma-ray dose rates to per
sonnel in the Laboratory and Office Building in the 
event of a postulated Maximum Credible .Occident 
(MC.\) in the Reactor Containment Building. These 
analyses were required to confirm that there would 
be adequate shielding to protect these personnel for a 
conservatively long period of time to permit their 
evacuation. Calculations were made for each of sev
eral dose points. The revised results reported by 
the Architect-Engineer are that the integrated dose 
for the first 1.5 min after the postulated MCA be
gan would be less than 10 R. In the Reactor Con
trol Room, the integrated dose in the first 15 min 
would be less than 10 mR. In each case, pessimistic 
conditions of accumulation of fission products were 
assumed. These results imply that the plant design 
would also provide adequate shielding for personnel 
in the Laboratory and Office Building against direct 
gamma-ray radiation from the Reactor Containment 
Building in the postulated case. 
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REMARKS ON METHODS OF SHIELDING-

DESIGN ANALYSIS 

In the detailed shield-design work by the .Archi
tect-Engineer, wherever corresponding data were 
available from dose-rate measurements at the High 
Flux Isotope Reactor(HFIR), reliance was placed on 
measurement, with cominitational extrapolation to 
account for small differences in actual shielding thick
ness. Check calculations were made to verify that 
the computational methods were adequate. One such 
comiHitation was the dose rate at the top of the 
pool water above spent fuel, at the HFIR, for which 
measured data were obtained from Oak Ridge Na
tional Laboratory. The computed absolute gamma-
ray dose rate and the comi)uted change of dose rate 
with change of shielding-w'ater thickness were in 
very good agreement with measurement, even allow
ing for the inevitable uncertainty in the association 
of measured and computed dose rates. 

In general, scoping analyses were performed to de
termine whether a given radiation source would offer 
a real problem at a given dose point, relative to an 
assigned criterion dose rate. If the scoping calcula
tions implied a possibly sizeable contribution, detailed 
calculations were made. These detailed calculations 
were based upon standard formulas'-^ for calcu
lations of gamma-ray dose rate. For the most part, 
"hand" calculations were made. 

In preparing to use NRN, each subroutine of NRN 
which is used to fit or average neutron cross sections 
was checked independently. The cross section li
brary of NRN was reviewed, and the point-by-
point cross section library was checked against the 
most recent E N D F / B data and other recent evalu-
ated-data sources, and also comparisons were made 
with the 05R"» libraiy. Subsequently, the NRN li
brary was modified by the joint efforts of the Archi
tect-Engineer and Argonne National Laboratory 
staff personnel. 

The code QAD, for analysis of gamma-ray dose 
rates, has been applied by the Architect-Engineer 
to calculations of the gamma-ray heating rate at the 
outer boundary of the reactor core, due to neutron 
absorptions (fissions and captures) by the U-23.5 
fuel in the reactor core. A number of cases were 
studied, with the reactor power distribution input 
as: (a) radially flat, axially peaked; lb) radially 
peaked, axially flat; (c) peaked in both directions; 
(d) flat in both directions; and various other assigned 
spatial power distributions. Comparisons have been 
made with gamma-ray heating rates as computed with 
the code ANISN'"' at Oak Ridge National Labora

tory, through the cooperation of H. C. Claiborne and 
F. R. Mynatt (ORNL). For the same input gamma-
ray source, the heating rate predicted by ANISN at 
the inner edge of the beryllium reflector, due to core 
gamma-rays, is approximately 20% higher than the 
corresponding QAD result. 

In all such comparisons of computer output using 
the various shielding-analysis codes, it should be 
noted that each code typically is used with its as
sociated cross section set. Not only are the methods of 
analysis different, but the cross sections are different 
and usually even source distributions are different. 

I t is interesting to note also the QAD results with 
regard to the effects of the assumed spatial distri
butions of reactor core power on the gamma-ray heat
ing rate at the inside surface of the beryllium re
flector at core midheight. With a flat axial power 
shape, the cases studied of flat and peaked radial 
power distributions yielded almost identical heating 
rates. Peaking the axial power distributions, with a 
1.3 maximum-to-average axial power ratio, increased 
this heating rate by only 13%. 

REMARKS ON COMPUTATIONS OF THER.\IAL 

NEUTRON FLUX 

.\ mnnber of the shielding-analysis codes, among 
them the MAC code,*'* do not provide for up-
scattering of neutrons in the thermal energy range. 
A basic cross-section library associated w'ith MAC 
employs 31 neutron energy groups, of which the last 
3 or 4 may be identified as "thermal". As a result, 
strange behavior of neutron fluxes may be expected 
in such environments as the beryllium reflector of 
the AARR. This difficulty is analogous to the problem 
discussed in Paper II-5, and it has been observed 
in MAC calculations of the AARR. In the absence of 
a provision for neutron upscattering in the calcula
tion, it would seem to be preferable to use only one 
thermal neutron group, with averaged cross sections. 
It is expected that anomalous flux distributions would 
be observed in calculations of reactors with thick 
graphite reflectors when a model such as the 31-group 
MAC model is used. There has been no attempt at 
Argonne National Laboratory to examine more closely 
the consequences of such changes in model. Indeed, 
it might prove to be unimportant in dose-rate calcu
lations. In Paper II-5, it is observed that the total 
thermal neutron flux near the outer boundary of 
the radial beryllium reflector is not particularly sensi
tive to the model used, whether upscattering is in
cluded, or net-downscattering is assumed, or the two 
thermal neutron groups are combined into one. 
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H-7. Argonne Advanced Research Reactor Calculat ions—Summary Remarks 
Interact ions of Reactor Core Des ign and Levels of Thermal Neutron Flu.v 

in the Internal Thermal C o l u m n 

D. H. SHAFTMAN 

INTRODUCTION 

In the course of design of the .4ARR, two principal 
reference design cores, fueled with highly-enriched 
r-235, were studied. One reference reactor core was 
a heavily-loaded, low-intermediate-spectrum core 
with an anticipated reactivity core life of ~ 10,000 
MWd. Later, in Fiscal Year 1967, a budgetary de
cision was made to use the more lightly loaded, 
thinner. High Flux Isotope Reactor (HFIR)-type 
reactor core, and studies on this system have been 
I)erformed. Moreover, in the supporting program of 
zero-power criticality experiments for the earlier 
system, a wide range of fuel loadings were investi
gated experimentally and theoretically. Certain basic, 
common characteristics of interactions of the reactor 
core design and levels of the thermal neutron fluxes 
in the Internal Thermal Column (ITC) are evident, 
and a principal purpose of the present report is to 
sunnnarize these characteristics. 

Among the topics discussed in the present report 
are: (1) the influence of fuel-zone thickness on the 
peak thermal neutron flux in the ITC, for fixed maxi
mum power density or for fixed total reactor power; 
and the reactivity effects of such a change in fuel-
zone thickness from a designated reference value; 
(2) the effect of the fuel-loading density, in the 
reactor core, on the peak thermal neutron flux in the 
ITC, for a fuel zone of fixed dimensions; and (3) com
position of these effects to explain the differences be

tween the levels of peak thermal neutron flux in the 
ITC of the two reference AARR's. 

Some of these results have been reported before, in 
connection with publications about the earlier ref
erence AARR design. Much of the data is ncw% how
ever, and the present unification of results should 
be of value. 

Reference 1 is devoted to a discussion of factors 
which infltfenced the design optimization of experi
menters' thermal neutron flux in the earlier design 
reference AARR. This provides details which will not 
be repeated in the present paper, and it should be 
^'iewed as an essential companion paper. In i>articu-
lar. Fig. II-20-3 and the associated remarks on 
pp. 96-98 of Ref. 1 clarify the relationships between 
reactor core size and peak thermal neutron fluxes in the 
flux-trap zones of the earlier A.\RR system. For this 
reason, only a brief summary is given in the present 
report, and topics Nos. 1-3 enumerated above are com
bined. 

Other topics treated in the present paper are: the 
efficient utilization of reactor power, to raise the levels 
of thermal neutron flux in the flux-trap per unit 
reactor power; and the effect of reactor purposes on 
the possible merits of using other types of fuel (e.g., 
Pu-2391, other fuel-zone spectra, or other reactor 
types. 

The detailed calculations were performed in collab
oration with R. P. Savio (Reactor Operations Divi
sion) and L. K. Volodka (Reactor Physics Division). 
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DESIGN CONSTRAINTS AFFECTING THE LEVELS 

OF THERMAL NEUTRON FLUX IN THE 

INTERNAL THERMAL COLUMN OF 

THE AARR 

In designing an advanced high-flux research re
actor with flux-trap zones outside the reactor core, 
typically one important constraint is the designated 
limit of peak power density in the fuel zone. In 
the earlier reference AARR, a power level of 100 MWt 
was assigned and a peak power density was chosen 
which was conservatively below burnout level and 
for which it was expected that the reactivity life 
would determine core life. Other constraints specific 
to the A.\RR were: (1) maximization of the peak 
thermal neutron flux in the ITC at a total reactor 
power ol 100 MWt; and (2) the establishment of a 
sufficiently long core life to keep the monetary costs 
ot reactor operation to an acceptable range. 

In other flux-trap reactors, the constraint might be 
to maximize the value of the peak thermal neutron 
flux in the ITC per unit reactor power, or perhaps to 
maximize the total rate of capture of thermal neutrons 
in the targets in the ITC. In other flux-trap reactors, 
these constraints might indeed be different and they 
might lead to different reactor designs. 

The AARR was intended to be a multipurpose re
actor, with flux-trap zones at both radial boundaries 
of the cylindrical annular fuel zone. This intro
duced another constraint, namely, the attainment ot 
high thermal neutron fluxes in the radial beryllium 
reflector. This constraint is not independent of the 
other constraints, insofar as the design of the reactor 
fuel zone is concerned. 

LEVELS OF THERMAL NEUTRON FLUX IN THE INTERNAL 

THERMAL COLUMN OF THE AARR AS FUNCTIONS OF 

SIZE AND FUEL LOADINGS OF THE REACTOR CORE 

Values of peak thermal neutron flux at the center 
of a 7-cin-radius ITC have been estimated for a 
variety of cylindrical annular reactor cores. The fuel 
zones ranged from the thin, lightly-loaded HFIR-
type core to the heavily-loaded intermediate-spec
trum core of the earlier AARR design.'- In each 
case the fissionable material was uranitnn highly 
enriched in U-235. 

For the limiting case of an all-H20 ITC, without 
irradiation tubes, calculated peak thermal neutron 
fluxes at 100 MWt were: ~3.7 x IO'" n-cm/cm"-
sec, for the earlier design AARR, and ~5.1 X 10""' for 
the modified AARR with the HFIR-type reactor 
core and the gray portions of the central plates 
inserted. The most important contributions to the 
difference in peak ITC flux are: (1) the higher 
average power density of the thinner HFIR-type 

core; and (2) the smaller fuel loading of the HFIR-
type core. 

The actual volume of the fueled portion of the 
HFIR-type fuel zone is ~ 6 0 liters, which is 20% 
smaller than the corresponding volume of the fuel 
zone of the heavily loaded AARR system. Therefore, 
at the fixed reactor power level of 100 MWt, the 
average power density in the HFIR-type fuel zone 
is 25% higher, and this translates approximately to a 
correspondingly higher rate of production of source 
neutrons. 

The effects of the smaller fuel loading are to in
crease the peak thermal neutron flux in the ITC. 
The direction of this change and its approximate 
magnitude have been discussed in reports on calcula
tions and experiments for criticality facility loadings 
for the earlier AARR."'" ' I t is estimated that this 
results in an increase of ~ 1 5 % in the peak ITC 
flux for the HFIR-type core. 

Therefore, for fixed average power density in the 
fuel zone, the peak thermal neutron flux in the ITC 
is approximately 15% higher in the case of the 
HFIR-type reactor core. And this increase occurs 
even though the resulting total reactor power would 
be 20% lower at the fixed average power density. 

In these analyses, the converged calculated thermal 
neutron fluxes were normalized to a fission-spectrum-
neutron source rate corresponding to the correct pre-
assigned reactor power. The calculations were ideal
ized in one sense, however, in that final "criticality" 
was achieved by varying the values of v (number 
ot fission neutrons produced per fission) rather than 
attempt to perform the realistic 3-dimensional anal
ysis tor the actual configuration with criticality con
trolled by moving the solid control rods. 

Figure II-7-1, obtained tor the earlier reference de
sign AARR with a radially-graded, intermediate-
spectrum reactor core, shows the relative contribu
tion of fission-spectrum neutron sources to the peak 
group-16 (0-0.1 eV) neutron flux in the ITC. The 
curve is normalized to unity at the beginning ot the 
actual fuel at the ITC boundary. I t is also nor
malized to constant total cylindrical shell source at 
each radial position r.<^' 

.\ similar figure (Fig. II-7-2) has been determined 
tor a simplified model of the HFIR-type fuel zone 
in the AARR. In these calculations, a spatially uni
form fuel loading was used corresponding to the fuel 
loading in the middle of the outer fuel element and 
without boron. This ajiproximation was made to 
simplify interpretation ot a series ot calculations with 
other energy ranges of neutron sources, as discussed 
in a later section on efliciency of utilization of re
actor power. 
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From Figs. II-7-1 and II-7-2, note that the relative 
contribution drops off somewhat less rapidly with dis
tance from the ITC in the case of the HFIR-type 
core. This is a composite of effects of different fuel 
loading and different structural material (aluminum, 
for the H F I R ; stainless steel, for the earlier core); 
the water volume fraction is 0.5 in both types ot 
reactor fuel zones. 

As noted in Ref. 1, the function A exp (—0.18 r) 
is an excellent fit to the curve in Fig. II-7-1 in the 
vicinity of the ITC, where r is the distance from the 
ITC, in units of centimeters. Similarly, the function 
Ii exp (—0.15 )') provides a good fit to the curve of 
Fig. II-7-2 near the ITC. In these fittings, A and B 
are constants of normalization. 

A very important and obvious implication of Figs. 
II-7-1 and II-7-2 is that the source neutrons produced 
by fissions near the outer boundary of the reactor core 
contribute little to the peak thermal neutron flux 
ill the ITC. Similarly, the thermal neutron flux in 
the beryllium reflector is relatively insensitive to local 
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variations in power density in the part ot the fuel 
zone which is near the ITC. Since the fuel-zone 
thickness has been set primarily by considerations 
ot the reactivity lite of the reactor core, it is difficult 
to lessen this relative isolation of the ITC from the 
beryllium reflector. The design objective of attaining 
high levels of thermal neutron flux in the beryllium 
reflector requires an appropriately high power dens
ity in the fuel zone near the outer boundary ot the 
reactor core. This is consistent with a reasonably 
long reactivity life ot the fuel; otherwise a more severe 
and extended fuel grading would have been required 
to avoid a high power density there with an associated 
reduction in reactivity. 

REMARKS ON AVAILABLE EXCESS REACTIVITY 

AND REACTIVITY LIFE OF AARR 

FUEL-ZONE LOADINGS 

It was noted above that the HFIR core is thinner 
than the earlier design AARR core. This deliberate 
selection of a thicker core, in the heavily-loaded 
system, was made to increase reactor core life. Fig
ure II-20-3 of Ret. 1 shows the dependence ot available 
excess reactivity, in the fresh reactor, on the fuel-zone 
thickness. A reduction of 4 cm would have cost ~ 7 % 
in reactivity. Moreover, the rate of loss of available 
excess reactivity per MWd would have been much 
larger with the smaller core. The compromise choice 
was to increase core thickness, thereby reducing the 
peak ITC flux per unit reactor power but greatly in
creasing the reactivity lite ot the core. 

The adoption of the HFIR-type reactor core tor 
the .\ARR meant the use ot the actual reference 
HFIR-core design, with no change in dimensions, 
etcetera. If the HFIR-type core were made thicker, 
reactivity life would be increased, but there ap
pears to remain some question as to whether then 
the reactivity life w'ould govern core life or whether 
some other factor would dominate. When the HFIR 
core was designed, at Oak Ridge National Laboratory, 
there was concern that a continuing buildup of an 
oxide layer on the aluminum cladding of the fuel 
plate would increase operating temperatures in fuel 
plates and would reduce coolant-channel thickness 
to the point where continued operation would reduce 
unacceptably the margin ot safety above plate burn
out. In actual operation it was found that the re
sulting reactivity life of the design core was limit
ing. 

These are graphic illustrations of the interaction 
of reactor physics characteristics and practical reactor 
design ot flux-trap reactors. In comparing the effec
tiveness of various reactor fuels and core loadings, 
all important constraints on the design of the reactor 

should be evaluated. This is discussed in greater de
tail in the last section of this report. 

FURTHER REMARKS ON EFFICIENT UTILIZATION OF 

REACTOR POWER TO ENHANCE LEVELS OF 

THERMAL NEUTRON FLUX IN FLUX-TRAP 

REGIONS OUTSIDE THE REACTOR 

FUEL ZONE 

In a wide-ranging survey of constant-power high-
flux reactors, present or potential, B. I. Spinrad has 
reviewed also the important reactor physics char
acteristics of flux-trap systems.' Much of this infor
mation was presented verbally in an earlier talk to 
the American Nuclear Society.* The remarks in this 
section of the present report are directed to one as
pect, namely the eflScient utilization of reactor power, 
in heterogeneous, cylindrical annular reactors with 
flux-traps outside the reactor fuel zone, to optimize 
the thermal neutron flux, per unit reactor power, in 
the flux-traps. 

I t has been obseri'ed by a number of authors that 
it the reactor fuel zone is "thick" the source neutrons 
produced by reactor power generation are not utilized 
efficiently to enhance the thermal neutron flux in a 
central flux-trap. If the central flux-trap has HoO 
as a moderator, the radius of this central zone nor
mally is limited both by reactivity considerations 
and by considerations of flux-peak optimization. 
Computations performed in design studies tor the 
AARR indicated that optimization of peak thermal 
neutron flux was achieved when the radius of the 
H2O central flux-trap was in the range of 6 to 8 cm. 
For smaller radii, the peak thermal flux rapidly 
dropped, and for larger radii not only was the peak 
flux lower but also the loss of reactivity became in
tolerable. If the central flux-trap were to be loaded 
more heavily with targets and target diluents, for 
maximization ot average thermal neutron flux in the 
targets a larger central flux-trap zone would have been 
required. 

When the central flux-trap is small, there are two 
aspects of inefficiency of "thick" fuel zones. If the 
fuel zone is "thick" in units of mean free paths for 
neutrons of important source energies, the source 
neutrons produced at distances ot one or more mean 
tree paths contribute little to the thermal neutron 
flux in the central flux-trap. Secondly, there is the 
inefliciency resulting from the small solid angle pre
sented by the central flux-trap to neutrons produced 
at larger distances, where distance is measured in 
centimeters. 

Both the AARR and the HFIR designs force de
grees of inefliciency ot the utilization of source 
neutrons produced by fissions in the fuel zone, be-
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caus^ ot iiji needs for an economically long re
activity lite of the reactor core. Table II-5-III shows 
that 6% of the neutrons produced in fission are lost to 
parasitic neutron capture by the structural material of 
the HFIR- type fuel zone and by the hydrogen. Of this 
6%, 1.4% is lost to aluminum in the fuel zone, 2.0% is 
lost to hydrogen in the fuel zone, and the remaining 
2.6% is the net loss in the zone between the two fuel 
elements. The corresponding reactivity loss is ~13%). 
By comparison, the net leakage of neutrons into the 
central flux-trap is only 3.7%, summed over all neu
tron energies; 6.6% ot the neutrons are lost to axial 
leakage; and 28.9% are lost to the regions radially 
beyond the fuel zone. 

If D2O were used as the moderator and coolant in 
the fuel zone, and H2O were retained for the central 
flux-trap, there would be other aspects of inefficiency. 
The axial neutron leakage from the fuel zone would 
be intolerably high unless the core height were in
creased drastically. At fixed total reactor power, this 
would result in a lowered peak neutron flux in the 
central flux-trap. For AARR purposes, the advantage 
of having a longer ITC, for irradiation of more 
targets, in general would not have compensated for 
the disadvantage of lower peak flux. If it were de
sired to irradiate much target material in a central 
flux-trap, use of DjO coolant in the fuel zone might 
be less inefficient. This is the basis of studies by R. D. 
Cheverton, Oak Ridge National Laboratory, tor an 
enlarged HFIR- type reactor operating at high power 
densities, with a central H2O flux-trap and a D2O-
cooled fuel zone.* 

It the interest principally is in providing high 
thermal neutron fluxes for beam-tube facilities, D2O 
moderation and cooling comes to the fore. The High 
Flux Beam Reactor (HFBR) of Brookhaven National 
Laboratory is cooled and reflected with D20.">' The 
Franco-German high-flux reactor, for beam-tube ex
periments, will have a thin annular fuel zone with 
D2O as coolant and reflector." These two reactors 
have their experimental facilities in the outer radial 
reflector. The peak thermal neutron fluxes per unit 
reactor power at the tips of blind beam tubes in these 
reactors are ~1.7 X 1 0 " n-cm/cm^-sec/MWt, which 
compares with calculated values in the range 1.2 to 
1.5 X 10" n-cm/cm'-sec/MWt for the AARR with 
the HFIR-type core. 

It has been suggested that other fissionable iso
topes (e.g. Pu-239) might offer substantial improve
ments of efficiency of power utilization tor flux-trap 
reactors. The following section includes some discus
sion along this line. According to Ref. 7, a fast-
spectrum fuel zone with Pu-239 fuel has an idealized 
maximum \alue of 1.9 neutrons available for leakage. 

per fission. This compares with a listed value of 1.26 
for a thermal reactor fueled with U-235. A flux-trap 
reactor with a fuel zone of this type offers promise 
of much higher efficiency for flux-traps radially be
yond the fuel zone. 

One reason for inefficient utilization of reactor 
power is that the fuel zone is sized to provide extra 
reactivity for core life. If this limitation can be 
eased, the fuel-zone thickness could be reduced and 
efficiency enhanced. (See Ref. 7.) 

Returning now to the AARR with the HFIR-type 
reactor core. Fig. II-7-2, discussed earlier, shows the 
radial distribution of relative importance of fission-
spectrum source neutrons in contributing to the peak 
group-16 (0-0.1 cV) neutron flux in the ITC. This 
curve is normalized to constant total shell source 
at all radii. Therefore, the curve giving the absolute 
contribution would be proportional to rv%f<f>R (r), 
where r is the radius, in cm, v2/«^ is the rate of 
production of fission-spectrum neutrons at r, and R (r) 
is the radial distribution of relative importance. 
Figure II-19-3 ot Ref. 2 shows radial distributions 
of S/« ,̂ but these are proportional to v2/< .̂ To a 
good approximation, when the control rods are with
drawn fully, vS/0 has a flat radial distribution. In 
the idealized fresh reactor with control rods inserted 
fully, it was calculated that the radial distribu
tion of vS/(̂  was nearly flat to within the last few 
centimeters from the outer edges of the fuel plates 
in the outer fuel element (see Fig. II-19-3(a) of 
Ref. 2). ^ 

The function R(r) represents complicated se
quences of events, including neutron scattering and 
migration at various energies and in various portions 
of the reactor. From this tunction alone, it does not 
appear to be feasible to infer much information 
about the effects of multiple reentry of neutrons 
into the ITC. This type of information may be 
obtained by methods where particle histories are 
elaborated, e.g., by special Monte Carlo analyses, 
or by computer programs which give data of first-
collision probability in region ;' from a source in region 
k. The latter method is related closely to the method 
of calculating neutron flux by solving an integral 
equation for the flux resulting from the last flight of 
source neutrons. This analysis has not been per
formed tor the A.\RR. However, some insight may 
be gained by pei-forming calculations similar to the 
calculation of iJ(r) but for cases where only source 
neutrons of a given energy group (groups 1-16) are 
introduced. The results, shown in Figs. II-7-3a and 
II-7-3b, give relative contributions of importance 
to the peak group-16 flux in the ITC for each of 
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GROUP 

/ ^ 3 
^ / 4 

No.-j ENERGY RANGE 

3 - oo MeV 
1.4 - 3 MeV 
0.9- 1 4 MeV 
0 4 - 0 9 Mev 

GROUP N o - j 
' I ' l 

ENERGY RANGE 

0 4 - 0.9 Mev 
0,1 - 0.4 Mev 

17 - 100 kev 
3 - 1 7 kev 

0 . 5 5 - 3 keV 
100 - 550 ev 
30 - 100 ev 
10 - 30 eV 
3 - 1 0 eV 
1 - 3 ev 

0 4 - 1 ev 
0 1 - 0 4 ev 

0 - 0 . 1 ev 

FIG. II-7-3. Relative Contribution l)y Groiip-j Neutron 
Sources in a Simplilied Model of the IIFIR-Type Core to the 
Group-16 Neutron Flu.x at the Center of the AARR Internal 
Thermal Column (Normalized to Unit Contribution by Group-
2 Source at Inner Boundary of Reactor Fuel). ^liVL Xeg. No. 
113-15U. 

the 16 energy groups. Not only are these distribu
tions normalized to constant total shell source at r, 
but also they are renormalized relative to the curve 
for group No. 2 (1.4-3 MeV). Group No. 2 encom
passes 34% of the total fission spectrum, and its 
energy span includes also the mean energy ot fission 
neutrons. 

Note that the importances ot high-energy neutrons 
are high and that these importances drop off much 
less rapidly with distance from the ITC than the 
importances of low-energy neutrons. In particular, 
neutrons reentering the reactor core at low energy 

after suffering their last elastic collision in the ITC 
would have little effect on the thermal neutron flux 
in the ITC unless the next collision was close to 
the ITC. As noted earlier in this section, however, 
the total net leakage fraction of neutrons into the 
ITC of the AARR with the HFIR-type core is only 
3.7%, summed over all neutron energies, and im
provements in reentry contribution should be explored. 

REMARKS ON FIGURES or MERIT IN COMPARING 

FUEL MATERIALS AND CORE SPECTRA FOR 

OPTIMIZATIONS OF LEVELS OF THERMAL 

NEUTRON FLUX IN FLUX-TRAPS 

One parameter that has been suggested as an indi
cator of relative merits of different fuels and core 
spectra for flux-trap reactors is the maximum num
ber of neutrons, per fission, that can be made avail
able in the absence of parasitic neutron capture by 
the other materials in the fuel zone. The flux-trap 
reactors at issue here are systems of the general 
. \ARR/HFIR-type, namely, reactors with flux-trap 
regions outside the reactor fuel zone. This maximum 
excess number of neutrons per fission is v—(1 + a), 
where v is an average value of the number of fission-
spectrum neutrons produced per fission and (1 -t- a) 
is the associated average value of the number ot neu
trons absorbed by the fuel per fission. In part, these 
excess neutrons are available for leakage to flux-
trap regions. However, the available excess reactivity 
must compensate actually for other neutron absorp
tion in the fuel zone, and for unused leakage, e.g. 
axial leakage. And reactivity must be provided for 
the operation of the reactor and for core life. 

For some flux-trap reactors it would be desirable 
to utilize some of the excess neutrons per fission by 
modifying the core design to increase the probability 
ot neutron leakage. With thermal-spectrum or low-
intermediate-spectrum cores ot the AARR types, 
typically this would be accomplished by reducing 
the outer radius of the fuel zone. In these reactors 
there is a small contribution of power production at 
the inner (outer) boundary of the fuel zone to the 
thermal neutron flux in the flux-trap region near the 
outer (inner) boundaiy. Assuming that the ampli
tude and spatial distribution of power density are 
unchanged, the reduction in core thickness alone 
would have little effect on the levels of the thermal 
neutron flux in the flux-trap regions. (See Figs. 
II-7-1 and II-7-2.) However, there would be a more 
efficient utilization of the fission events in the fuel 
zone, i.e., the flux-trap levels ot thermal neutron flux 
per unit reactor power would be raised. It is only 
in reactors where source neutrons from all radial 
regions of the reactor core contribute significantly 
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to the flux levels in the flux-traps that the reduced 
core thickness would significantly affect the flux 
levels; then the effect would be to reduce those flux 
levels, in the absence of changes in amplitude and 
spatial distribution of power density in the thinned 
core. 

If the design constraint is the total reactor power, 
and if it is feasible to increase the power density in 
the fuel near the flux-trap zone, such a reduction in 
core thickness indeed would lead to an increase in 
ex])erimentcrs' flux levels in the flux-trap. This bene
fit would be achieved at the cost of reactivity life of 
the core, but this might not be a significant disad
vantage for some systems where reactivity life would 
not determine operating core life. Normally, however, 
the present interest in advanced constant-power flux-
trap reactors is to operate at maximum power levels 
which are safely below burnout levels but are not 
very conservatively below. Therefore, for a well-de
signed reactor of this type, with a water-cooled 
reactor core, it would be the peak thermal neutron 
flux per unit reactor power that would be improved 
by a reduction in fuel-zone thickness, i.e., the efficiency 
ot power utilization would be increased and not the 
absolute values of the thermal neutron flux in the 
flux-trap zones. 

Another way to utilize available excess reactivity 
is to make the central flux-trap actually more heavily 
absorbing for thermal neutrons." For reactors 
where it may be desired to increase the total capture 
rate in that flux-trap region, this might result in im
pressively large increases in total capture rate. But 
then the capture rate per atom of target material 
would be reduced drastically; for some experiments, 
this flux depression might be quite undesirable. .\n 
example of this is the .A.ARR, tor which it was in
tended that typically the parasitic macroscopic cap
ture cross section of target material in the ITC would 
be kept small so as to minimize depression of the 
thermal neutron flux in the ITC. 

For a given type of fuel zone (thermal, intermedi
ate, fast) the average v of the fissionable material 
influences the levels of Users' flux. If only the fission-
spectrum-neutron source distributions were important 
to Users' flux, then, for fixed reactor power densities, 
the Users' flux would be proprotional to v. 

In view of the purposes of the A.ARR, and for a 
thermal or near-thermal reactor core, perhaps the 
most important improvement in peak Users' fluxes 
that would result from using a fissionable isotope 
like Pu-239 would be due to the higher values of v. 
Preliminary calculations have been made for Pu-239 
fuel and U-235 fuel in HFIR-type cores in the 
AARR. Pu-239 replaced U-235 on an atom-tor-atom 

basis. For fixed reactor size and fixed reactor power, 
the calculational results are that the higher v of 
Pu-239 provides a correspondingly higher peak 
thermal neutron flux in the radial beryllium reflector. 
However, the percentage increase in the peak thermal 
neutron flux in the ITC was only half as great. At 
least part of this difference may be explained by the 
increased blackness of the reactor fuel zone when 
Pu-239 is used on this basis. 

These particular comparisons of Pu-239 and U-235 
loadings were not sufficiently definitive to permit 
quantitative conclusions, but there was no clear indi
cation, however, of a significant difference in the 
available excess reactivities of the two loadings when 
the boron burnable poison was deleted. Therefore 
the principal effects on thermal neutron flux levels 
outside the fuel zone were the difference in v and 
probably the effect of Pu-239 in inhibiting repeated 
entry of near-thermal neutrons into the ITC. 

Thus the choice of figures ot merit for comparison 
of usefulness of reactor fuels and reactor types might 
be determined principally by the objectives and de
sign constraints of the particular flux-trap reactor. For 
some flux-trap reactors, the parameter v — (1 -I- a ) , 
the maximum number of excess neutrons per fission, 
might be a useful figure of merit. For other flux-trap 
reactors, perhaps the average value of v itself is of 
lirincipal interest. 
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Section III 

Fast Reactor Physics 

Intensive work on liquid metal fast breeder reactor physics continued in the 
Reactor Physics Division during Fiscal year 1968 and much of the analytical and 
experimental effort is reported in this section. The first two papers describe various 
assemblies in ZPR-6 and -9, and report results of measurements of these as
semblies. The next six papers are concerned with problems related to Doppler 
phenomena and the next several papers treat neutron resonance studies. Two 
papers consider heterogeneity effects and several papers discuss neutron spectral 
problems. A number ot papers report on a miscellany of studies pertinent to fast 
reactors, eight papers present analyses of various EBR-II problems, and one 
paper describes calculations made in support of the Fast Flux Test Facility 
(FFTF). 





I I I - l . A 4000-Liter U r a n i u m Oxide Fast Core, Assembly 6 of ZPR-6 

R. A. KAH.\M, L . R . DATES, W . Y . KATO, J. E. MARSHALL, T . XAKAMURA* 

and G. K. RUSCH 

A 4000-liter UO2 fast core. Assembly 6 of ZPR-6, 
was built for the purpose of obtaining experimental 
parameters characteristic of large fast reactors. Such 
parameters are used to verify data sets and analyt
ical methods. 

Assembly 6 was cylindrical in geometry with L/D, 
the length to diameter ratio, of 0.84. The core was 
reflected with 30 cm of depleted uranium (0.2% 
enrichment) in both the radial and axial directions. 
The height of the core was 152.4 cm and the total 
height (core and reflector) was 212.4 cm. The 

radial dimensions as well as the material concentra
tions in each region are given in Table I I I - l - I . (The 
non-uniformity of the concentrations of the materials 
in the core regions is due to differences in the weight 
])er unit length of the various plates used.) The core 
was loaded with plates which in effect formed planes 
interrupted only by the stainless steel in the square 
matrix unit cell of the ZPR-6 facility.' The unit cell 
in the core regions comprised a single drawer loading 
pattern in which the plates were arranged in the 
manner shown in Fig. I I I - l - l . This pattern, as well 

TABLE I I I - l - I . M.VTEltlAL CoNCEN'rR.\TiONS IN ASSEMBLY 6 OF ZPR-(i 

Region 

1 
2 
3 

Blanket 

Outer Radius, 
cm 

77.17 
85.53 
90.87 

120.63 

Atoms per cc, X 10" 

U-235 

0.001150 
0.00107 
0.00156 
0.0000827 

U-238 

0.005796 
0.005790 
0.005780 
0.04008 

Na 

0.009142 
0.007790 
0.008310 

0 

0.01465 
0.01465 
0.01465 

Fe 

0.01410 
0.1572 
0.01524 
0.00422S2 

Ni 

0.001365 
0.001582 
0.001518 
0.0005665 

Cr 

0.002788 
0.003254 
0.003115 
0.001215 

U-235 (1/16) 
SS PLATE (1/16), 

Fe jO jd /S) Fe,03 ( l / 8 ) /SECT I0N 

SS MATRIX 

0.040 - H 1 * " 0,040--| | — 

F I G . I I I - l - l . Normal Drawer Loading Pat tern. AXL Neg. 

No. 113-1386 A. 

* Resident Associate, Japan Atomic Energy Research In

st i tute, Tokai-mura, Japan. 

as the material composition, is similar to those ot the 
proposed ZPPR Assembly 3. ZPPR Assembly 3, how
ever, will Oe fueled with plutonium instead of the 
uranium in Assembly 6. Figure I I I - l -2 shows a cross 
sectional view of Assembly 6. 

MULTIPLICATION 

The usual two BF^ proportional counters located 
on top of the square matrix of ZPR-6, when used 
for multiplication purposes in conjunction with the 
Am-Be sources located in each halt at the core-
reflector interface, yield multiplication curves that 
predict too large a critical mass at the beginning of 
the multiplication process. The slope of the curves 
changes as the multiplication process continues and 
a prediction of too small a critical mass, shifting 
toward the true critical mass as the critical size 
is approached, become apparent. Placing additional 
counters such as fission chambers in or around the 
core center never eliminated the non-linearity of re
ciprocal multiplication versus fuel mass. The reason 
for the non-linearity is tied to the change in the 
spatial distribution of the neutrons as the size of 
the core is increased. The variation in the spatial 
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a. P, CONTROL ROD 

D INSERTION SAFETY ROD (DARK AREA REPRESENTS 
B-10) 

FIG, I1I-1-2. Cross Sectional View of Assembly 6. 

distribution can be minimized provided the neutron 
source and the neutron monitor are placed at the core 
center. The flux gradient of the asymptotic mode at 
the core center is zero when the system is critical. 
When the sytem contains no fuel, the flux distribution 
may be approximated by an exponential. 

<l>(x) = <t,oe 

and 

dx \1=0 

where <f> is the neutron flux, i/>o is the neutron source 
strength and u is the removal cross section of the 
diluent materials. Thus, if the value of a is small, as 
is the case in fast reactors, then the spatial variations 
in the flux at the center of the core is minimized. 

Such a technique was applied to Assembly 6. A 
BFs proiiortional counter was placed along with a 
Cf-252 source at the core center. The source strength 
was about 5 x 10^ neutrons per sec. The results 
obtained with this method are compared with the 
previously used methods illustrated in Fig. III-1-3. 
It is seen that a very nearly straight line is obtained 

UJ 0 . 
(£ UJ 

a o 

O UJ 
UJ D 
M < 

200 400 600 800 1000 1200 1400 M 
MASS OF U-235 IN CORE, kg 

F I G . III-1-3. Critical-!..adiiiR History of .\sseml)lv 6 ..I Zl'lMl. .4A7. Neg. No. 113-

2000 
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when' the 

the core. 
iter and source are at the center of T-\BLE I I I - l - I I I . COMPARISON OF ABSORPTION CROSS 

SECTIONS OF U-238 USED IN SETS 

FATMAN EFFECT 

The effect ot introducing hydrogenous material be

tween the separated halves on the kc/f of one half 

was investigated for the purpose of determining the 

hazard associated with a man walking between the 

halves. This investigation comprised measuring the 

increase in multiplication associated with the station

ary half when a slab of benelex (fatman), 20 cm thick, 

was slowly inserted to cover its face. The locations 

of the neutron source and the detector were at the 

center of the stationary half. The measurements were 

S I 

1 

1 

1 
/BF3 

1 1 
CHAMBER 

1 1 1 
LOCATED AT CORE 

/ CENTER OF STATIONARY 

1 1 1 

0— 

1 

HALF 

— 0 

1 1 

- O 

400 600 800 1000 1200 
MASS OF U-235 IN CORE, kg 

F I G . II1-1-4. Measurement of Fatman Effect for Assembly 
6 of ZPE-6. ANL Neg. No. 113-146S. 

TABLE I I I - l - I I . CRITICAL M- \SS DEPENDENCE ON 
CROSS SECTION SETS 

Calculated 
Critical Mass," 

kg 

U-235 

Cross Section Set Used 

Set 224i>'i 

U-235 No. 4 i« 
U-238 No. 1 

1648 

U-235 No. 5y" 
U-238 No. SS 

1729 

Set ZPR-6-6 
E N D F / B " > 

.t'" 

2152 

Si«> 

2088 

" All calculations were performed with the MACHl Code.* 
'• Set 224 is a "workhorse" type se t ' which was Elmoe 

averaged* for typical oxide and carbide cores. 
" The cross sections for U-235 (Material No. 4) predates the 

White* data, cp for U-235 and U-238 was 200 and 40 b re
spectively. 

•* The cross sections for U-235 (Material No. 53) include the 
White data, ap of U-235 and U-238 was also 200 and 40 b re
spectively. The U-238 cross sections are based on the Co
lumbia parameters. 

* Set ZPR-6-G E N D F / B was generated for Assembly 6 from 
the E N D F / B data with the MC* Code.* Self-shielding in 
U-23S was included via group dependent ap . 

' Version A of Set ZPR-6-6 E N D F / B did not include the 
spatial averaging of the cross sections with the fine structure 
of the fluxes in a \uiit cell.' 

"Version B of this set did include the averaging referred 

to in footnote f. 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

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

Lower Energy 
Boundary, 

lieV 

3.6788 X 
2.2313 X 
1.3534 X 
8.2085 X 
4.9787 X 
3.0197 X 
1.8316 X 
1.1199 X 
6.7379 X 
4.0868 X 
2.4787 X 
1.5034 X 
9.1188 X 
4.3074 X 
2.6126 X 
2.0347 X 
1.2341 X 
9.6112 X 
5.8295 X 
2.7536 X 
1.0130 X 
2.9023 X 

10' 
10' 
10" 
10' 
10' 
10' 
10' 
10» 
10> 
10' 
10' 
10' 
10« 
10» 
10» 
10" 
10» 
10-1 
10-' 
15-' 
10-' 
10-1 

Set 

Material 
NO. 4. 

a, = 40 b 

0.6386 
0.5960 
0.4841 
0.1552 
0.1317 
0.1158 
0.1398 
0.1914 
0.2588 
0.3366 
0.4172 
0.5011 
0.6177 
0.6600 
0.7526 
0.8200 
0.8910 
0.9425 
0.9290 
0.9067 
1.174 
1.827 

224 

Material 
No. 58, 

•Tp = 40 b 

0.6387 
0.5860 
0.4841 
0.1561 
0.1316 
0.1158 
0.1398 
0.1914 
0.2588 
0.3394 
0.4068 
0.5034 
0.6085 
0.7142 
0.5653 
0.5875 
0.5943 
0.8158 
0.9472 
0.7762 
1.364 
1.808 

Set ZPR-6-6 
ENDF/B 

A 

0.7594 
0.5872 
0.4893 
0.1722 
0.1412 
0.1349 
0.1511 
0.1818 
0.2359 
0.3321 
0.4401 
0.5559 
0.6731 
0.8049 
0.9655 
1.008 
0.9152 
1.082 
1.120 
0.9794 
1.317 
1.499 

B 

0.7873 
0.5980 
0.4920 
0.1745 
0.1421 
0.1357 
0.1512 
0.1815 
0.2.357 
0.3317 
0.4390 
0.5524 
0.6681 
0.7989 
1.0003 
0.9308 
0.8810 
1.053 
1.093 
0.9527 
1.263 
1.456 

TABLE HI- l - IV. COMPARISON OF ABSOUPTION CROSS 

SECTIONS of U-235 USED IN SETS 

% 
Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

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

Set 224 

Material 
No. 4 

1.279 
1.333 
1.383 
1.365 
1.310 
1.438 
1.620 
1.895 
2.288 
2.771 
3.365 
4.111 
4.904 
6.309 
8.116 
9.108 
9.973 

11.27 
12.75 
15.94 
22.55 
32.18 

Material 
No. 53 

1.279 
1.333 
1.383 
1.365 
1.311 
1.437 
1.636 
1.905 
2.218 
2.607 
3.076 
3.653 
4.075 
4.972 
6.476 
7.750 
9.218 

11.24 
13.14 
16.81 
24.21 
34.40 

Set ZPR-6-6 ENDF/B 

A 

1.372 
1.339 
1.346 
1.342 
1.335 
1.453 
1.616 
1.888 
2.215 
2.617 
3.060 
3.545 
4.211 
5.535 
6.820 
8.217 

10.03 
13.24 
15.26 
19.70 
32.89 
36.17 

B 

1.970 
1.730 
1.645 
1.552 
1.397 
1.498 
1.615 
1.867 
2.182 
2.560 
2.979 
3.411 
4.018 
5.200 
6.385 
7.224 
8.967 

11.57 
13.20 
16.48 
25.23 
27.75 

file:///uiit
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F I G . III-1-5. U-235 Fission Distribution a.s a Function of 
the Kadial Dimension in Assembly 6, ZPR-6. AXL Neg. No. 
11S-U9S. 

made as a function of the amount ot U-235 in the 
system when the two halves were opened. Figure III-
1-4 shows the results. I t is seen that the increase 
in the multiplication associated with the fatman was 
negligible. 

CONTROL RODS 

The measured reactivity worth of a B-10 safety 
blade at an equivalent radius of 38.7 cm from the 
center of the core was 82.5 Ih (1% At/A: = 458 Ih) . 
The B-10 blade contained 365.28 g of 90% enriched 
boron. The B-10 material was enclosed in a stainless 
steel shell with inside dimensions of 75 X 4.72 X 
71.12 cm. The wall of the stainless steel shell was 
0.081 cm thick. 

The measured reactivity worth of a control 
drawer was 14 Ih at an equivalent radius of 27.62 
cm. A control drawer was the same as any other 
drawer, except that the Ke in- plate of stainless steel 
shown in the loading pattern of Fig. III- l- l was 
removed and compensated for with thicker walls of 
the control drawer. 

CRITICAL MASS 

The measured critical mass of Assembly 6 for the 
loading pattern shown in Fig. III- l - l was 1817 kg of 
U-235. This value of critical mass is corrected for 
excess reactivity only. 

The value of the calctilated critical mass varied 
with the cross section set used. The calculations are 
summarized in Table I I I - l - I I . Descriptions of the 
cross section sets are given in the footnotes to Table 
I I I - l - I I . The reason for the wide variation in the 
calculated critical mass is primarily due to the large 
variations in the group cross sections of U-238 and 
U-235. Table III-l-III shows the absorption cross 

sections of U-238 used in the four sets. I t is seen 
from Table III-l-III that the U-238 absorption cross 
section obtained with the Columbia parameters 
(Material No. 58) are considerably lower in groups 
11-20 than those obtained from E N D F / B . In fact 
the discrepancy in some groups is as high as 75%. 
Further investigations of the origin of those dis
crepancies is required before definitive conclusions can 
be made. 

Table I I I - l - IV compares the absorption (capture 
and fission) cross sections of U-235 in the various sets. 
The difference in values between versions A and B of 
the ZPR 6-6 E N D F / B cross section set is due to 
spatial averaging of the cross sections with the fine 
structure of the fluxes. The difference between version 
A and Material No. 53 of Set 224 is mainly in the lower 
groups with E N D F / B data yielding higher cross sec
tions. The difference between Materials No. 4 and 
No. 53, in Set 224, is due to the incorporation of the 
P. White, et al." data in the latter material. 

in 
5 1.2 

o> 1.0 
(£ 
oi 0.8 
tn 
g 0-6 
y> 

SO.4 

t 0.2 

g o 20 40 60 80 100 120 
ASSEMBLY HALF-HEIGHT, cm 

F I G . n i -1-6 . U-235 Fission Distribution as a Function of 
the Axial Dimension of Assembly 6, ZPR-6. ANL Neg. Xo. 
Il3-H9t. 

' 1 ' 1 ' 1 ' 1 ' 1 ! 1 
• MEAS. ACTIVITY 

CALC. MICROSCOPIC REACTION 
— RATES (NORM. AT Z - 0 ) — 

^ V CORE 

•̂.. 
>* — "^« N 

N» 

AXIAL 
BLANKET 

RELATIVE UNCERTAINTY ^» 

— 

O 
X 1.4 
CD 
R 1-2 

r»I.O 

! f 0-8 

^O.G 
Z) 
9- 0.4 

UJ 0.2 

_ j 

1 - — . . 
•-. 

1 I I I 
• MEAS. ACTIVITY 

— CALC MICROSCOPIC REACTION -
RATES (NORM TO AXIAL 

_ %,_ MEAS, AT 2 = 0) 

TYPICAL REL. 
— UNCERTAINTY 

IN CORE-0.5% 

— 

, 1 , 1 

^ ^ ^ CORE 

»̂ ̂. ̂» 

»̂ 

RADIAL 
BLANKET _ 

_ TYPICAL REL. 
UNCERTAINTY 
IN BLANKETi 

^N, 5.0 % 1 

1 ^« _L „ 1 , 1 J r *^ . . ll 
g o 20 40 60 80 100 120 
< ASSEMBLY RADIUS, cm 

F I G . III-1-7. 11-238 Capture Distribution as a Function of 
Radius in Assembly 0, ZPli-6 .4A';. Xeg. Xo. IIS-ILII. 



Karam, Dates, Kato, Marshall, Nakamura and Rusch 79 

• SPATIM, DISTRIBUTION OF FISSION AND 

CAPTURE RATES 

The fission rates in U-235 and U-238 and capture 
rates in U-238 were measured with foils as functions 
of the axial and radial dimensions in Assembly 6. 
Depleted uranium foils (0.2% enrichment, 5 mils 
thick by % in. diam) and U-235 foils (93% enrich
ment, 4.5 mils thick by % in. diam) were respec
tively placed in the stationary and movable halves 
at corresponding locations about the center of the 
core. For the radial traverses the foils were placed 
in every drawer, between the ^ o in. U-235 plate 
and the Vs in. U-238 plate (see Fig. I I I - l - l ) 
at a distance of 2 in. from the mid-section of the 
core. Along the axial dimension the foils were also 
placed between the U-235 and U-238 plates in the 
two central drawers. In the reflector the foils were 
placed on top of the 2 X 2 X 5 in. depleted uranium 
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F I G III-1-9. U-238 Fission Distribution as a Function of 
Radius in Assembly 6, ZPR-6. AXL Neg. Xo. llS-im. 

blocks. The foils were counted and converted to ab
solute numbers by the method described in Paper 
III.15. The results are plotted in Figs. III-1-5 through 
III- l - lO. 

The reaction rates, shown in Figs. III-1-5 through 
III- l - lO, were also calculated with the ZPR 6-6 
ENDF/B-B cross section set and the MACHl code.= 
Since this cross section set overpredicted the critical 
mass, it was necessary to do a concentration search, 
increasing the U-235 concentrations uniformly in the 
core at the expense of the U-238 concentrations, and 
holding the measured critical dimensions constant. 
This procedure was necessary in order to have the 
measured jnd calculated boundaries and interfaces 
coincide. In Fig. III-1-9 the seemingly bad meas
ured points are due to systematic errors associated 
with the reactor because this measurement was re
peated twice with reasonably good reproducibility. 

OTHER PARAMETERS 

Measurements of such parameters as heterogeneity 
effects, sodium void effects, central reactivity worths 
of various samples and neutron spectrum are re
ported elsewhere (see Papers III-13, III-15, III-18 
andI I I -21) . 
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III-2. ZPR-9 Assemblies 19, 21, 22 and 24 

L. G. LESAGE and W. R. ROBINSON 

INTRODUCTION 

During the period from July 1967 to June 1968, four 
different small-zoned critical assemblies were con
structed on ZPR-9. These were designated Assemblies 
19, 21, 22 and 24. An assembly designated as number 
20 was planned, but later dropped from the experi
mental program. Assembly 23 was also constructed, 
but it was identical to Assembly 19. A description of 
each of the assemblies is contained in this paper. Both 
calculated and measured data are included. The meas
urements which were a part of the experimental 
programs carried out on the assemblies are reported in 
Paper III-17. 

GENERAL DESCRIPTION OF ASSEMBLIES 

All the assemblies were basically cylindrical and 

DEPLETED REFLECTOR 

STEEL REFLECTOR 

contained a central test zone surrounded by concen
tric buffer, driver, inner reflector and outer reflector 
regions. Steel was used in the inner reflector regions to 
reduce the critical mass. The loading arrangement 
patterns for the asseinblies are given in Figs. III-2-1 
through III-2-4. Regional radii and the average ho
mogeneous concentrations are given in Table III-2-I. 
The materials in the test zones and the drivers in 
Assemblies 19, 21 and 22 are all the same. Assembly 
21 diff"ers from Assembly 19 only in that the test zone 
is considerably smaller and the driver thickness is 
somewhat increased. Assembly 22 differs from Assem
bly 19 only in that the material in the buffer region is 
different, and this change results in a reduction in 
critical mass. 

DEPLETED REFLECTOR 

STEEL REFLECTOR 

j -J DRIVER ^ ^ 

^ J 8 0 « R U ^ 

^ CONTROL ROD 

F I G . III-2-1. Assembly Loading Pattern ZPR-9, Aasemblv 
19. ANL Neg. No. II3-I404. 

• ^ CONTROL ROD 

NOTE: STATIONARY HALF SHOWN ABOVE, MOVABLE 
HALF HAS FIVE CONTROL RODS. 

FIG. 1II-2-2. Assembly Loading Pattern ZPR-9, Assembly 
21. ANL Xeg. No. US-HOB. 
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The specific drawer loading patterns for each as
sembly in the test zone, buffer, and driver regions are 
as follows, with plate thicknesses given in inches; e.g., 
14 t'aOs implies !4 in. thick UsOa plate: 

DEPLETED REFLECTOR 

Test Zone 
A.sscmblies 19, 21 

and 22 

Buffer 
Assemblies 19 and 

21 

Buffer 
Assembly 22 

Driver 
Assemblies 19, 21 

and 22 

Test Zone (Null 
Composition) 

Assembly 24 

Buffer 
Assembly 24 

Driver 
Assembly 24 

.'i U , 0 , , H Na, '4 F e , 0 , , He SS,"> Jfs 
E,"'>}iD,i''}i F e , 0 , , M Na, ) i UaO, . 

H v,o, ,Vik\,% UiO, ,%M,yi U . 0 , , 

M A l , i i U , 0 s , K A l , ) ^ U , 0 , . 

2 Al (full drawer of aluminum) 

% C,<'l % SS, H C, }i E, % SS, % C, H 
SS, He SS, \i C, He SS, H SS, J i C, 
K S S , J ^ E , H C , } ^ S S , M C . 

M C, H D, H C, H D, IHe Row: % C 
& M Dl, H C, He E, M C, H D, K C, 
H D, J i C . 

%T),ViC,%Xi, H C, « D, J i C, J i D, 
yiC,%-D, Vi C, « D. 

% C, 'i SS, }i C, Vs SS, ,H C, He SS, 1^ 
E , He SS, ,1^ C, ,i.i SS, Vi C, J i SS, M C. 

= The symbols E 
depleted uranium, 
stainless steel. 

and D designate respectively, enriched and 
C refers to graphite (carbon) and SS to 

CONTROL ROD AND ADJACENT DRAWERS 
(THREE COLUMNS OF FUEL IN ROD, NO FUEL IN 
ADJACENT DRAWERS) 

1 3 CONTROL ROD (ONE COLUMN OF FUEL) 

[S] BORON SAFETY ROD 

F I G . III-2-4. Assembly Loading Pattern ZPlt-9, Assembly 
24. ANL Neg. No. IIS-UU. 

DEPLETED REFLECTOR 

STEEL REFLECTOR 

rp ;̂̂ ;;;̂  
E 

Lh ^ 

^ CONTROL ROD 

F I G . II1-2-3. Assembly Loading Pattern ZPR-9. Assembly 
22. AXL Neg. No. US-UOS. 

The calculated real and adjoint centerline fluxes are 
included in Tables III-2-II and III-2-III. The appro
priate reference spectra for each of the zoned assem
blies is also included for comparison. The calculations 
were made with the one-dimensional diffusion code, 
MACH-1,"' in cylindrical geometry. The cross sec
tion sets used for the calculation of the fluxes and 
other parameters are identified in the appropriate 
tables. Generally, the cross section sets were generated 
by the MC- code;^ however, some of the analysis was 
completed before the ENDF/B cross sections were 
available. No heterogeneity corrections have been in
cluded in the calculations. 

Calculated and measured parameters for the assem
blies are included in Table III-2-IV. As before, most 
of the calculations were performed using the Mach-1 
code. The control rod calculations were made using 
the first-order perturbation subroutine to the 
MACH-1 code, DEL, by perturbing the control rod 
material throughout the region. Good agreement be
tween the calculated and measured rod worths has 
been obtained for the dual-purpose fuel rods. The 
calculations generally overprcdict the worth of the 
boron rods because of self-shielding in the boron. 



Assembly 

19 
21 
22 
24" 

19 
21 
22 
24 

19 
21 
22 
24 

19 
21 
22 
24 

19 
21 
22 
24 

TABLE III-2-I. 

Region 

Core 

Buffer 

Driver 

Steel Reflector 

Depleted Uranium 
Reflector 

Outer Radius, 
cm 

25.88 
14.27 
25.88 
25.88 

32.52 
20.89 
32.52 
30.66 

43.35 
32,06 
41,31 
50,85 

56.87 
56.87 
56.87 
64.38 

73.45 
73.45 
73.45 
80.95 

ZPR-9 ASSEMBLIES 19 21, 22, AND 24 

Atom Densities X 10^' 

Fe 

14.694 
14.694 
14.694 
6.831 

7.010 
7.010 
7,010 
6.831 

28.819 
28.819 
28.819 
22.349 

77.77 
77.77 
77.77 
77.77 

4.332 
4.332 
4.332 
4.332 

Ni 

1.202 
1.202 
1.202 
0.864 

0.793 
0.793 
0.793 
0.804 

3.536 
3.536 
3.536 
2.825 

0.891 
0.891 
0.891 
0.891 

0.540 
0.540 
0.540 
0.540 

Cr 

3.035 
3.035 
3.035 
1.950 

2.00 
2.00 
2,00 
1.950 

8.196 
8.196 
8.196 
6.379 

2.036 
2,036 
2.036 
2.036 

1.140 
1.140 
1.140 
1.140 

Na 

9.323 
9.323 
9.323 

-

-

-

-

C 

44.736 

43.330 

30.331 
30.331 
30,331 
43.330 

-

-

0 

14.563 
14.563 
14.563 

21.732 
21.732 

-

-

-

Al 

-

18.708 

49.927 

-

-

-

U-238 

5.813 
5.813 
5.813 

12.624 

8.259 
8.259 

14.560 

0.325 
0.325 
0.325 
0.162 

-

39.93 
39.93 
39.93 

U-235 

1.166 
1.156 
1.156 
1.171 

0.017 
0.O17 

0.0311 

4.553 
4.553 
4,553 
2.277 

-

0.081 
0.081 
0.081 

' Atom densities as loaded after adjustment to null composition. 

TABLE III-2-1I. CoMPAiusoN OF CALCI:L.\TED REAL AND ADJOINT CENTERLINE FLUXES FOR Z P R - I 

AND ZPR-9 ASSEMBLIES 19, 21. AND 22<"> 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

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

Group Lower 
Energy Limit, 

IteV 

3679 
2231 
1353 
821 
500 
302 
183 
111 
67.4 
40.9 
24,8 
15,0 
9,12 
4.31 
2.61 
2.03 
1.23 
0.961 
0.583 
0.275 
0.101 
0,0290 

Centerline 
Flux, 

ZPR-6 
Assembly 6 
(Reference) 

1.20 
2.74 
4.45 
5.69 

10.23 
9.40 

11.89 
12.05 
10.22 
X.60 
6.44 
6.12 
3.96 
2.89 
0.622 
0.779 
1.400 
0.427 
0.507 
0.307 
0.084 
0.0081 

Centerline 
Flux, 

ZPR-9 
Assembly 19 

1.19 
2.72 
4.41 
5.68 

10.25 
9.45 

11.98 
12.11 
10.22 
8,58 
6,41 
6.09 
3.93 
2.87 
0.619 
0.777 
1.402 
0.428 
0.505 
0.303 
0.083 
0.0079 

Centerline 
Flux, 

ZPR-9 
Assembly 21 

1.16 
2.68 
4.41 
5.81 

10.50 
9.71 

12.21 
12.08 
10.10 
8.40 
6.32 
5.94 
3.82 
2.83 
0.616 
0.795 
1.379 
0.408 
0.462 
0.271 
0,075 
0.0076 

Centerline 
Flux, 

ZPR-9 
Assembly 22 

1.15 
2.72 
4.13 
5.18 

10,21 
9,59 

12.55 
11.73 
10.62 
8.51 
6.67 
6.06 
3.97 
3.14 
0.607 
0.369 
1.302 
0.458 
0.569 

. 0.346 
0.095 
0.0096 

Centerline 
.\d joint 

Flux, 
ZPR-6 

Assembly 6 
(Reference) 

4.80 
4.77 
4.46 
4,11 
4,09 
4.13 
4.12 
4.10 
4.11 
4.12 
4.18 
4.25 
4.37 
4.52 
4.77 
4.78 
4.80 
4.67 
5.04 
5.23 
5.15 
5.45 

Centerline 
Adjoint 

Flux, 
ZPR-9 

Assembly 19 

4.79 
4.76 
4.47 
4.15 
4.13 
4.19 
4.17 
4.15 
4.13 
4.13 
4.16 
4.22 
4.34 
4.49 
4.73 
4.74 
4.77 
4.65 
5.01 
5.21 
5.15 
5.46 

Centerline 
Adjoint 

Flux, 
ZPR-9 

Assembly 21 

4.72 
4.70 
4.46 
4.18 
4.19 
4.30 
4.31 
4.30 
4.28 
4.27 
4.27 
4.30 
4.33 
4.44 
4.67 
4.67 
4.69 
4.55 
4.90 
5.09 
5.04 
5.37 

Centerline 
Adjoint 

Flux, 
ZPR-9 

Assembly 22 

4.80 
4.76 
4,47 
4,14 
4.12 
4.20 
4.20 
4.19 
4.16 
4,11 
4,08 
4,10 
4.17 
4.27 
4.56 
4.66 
4.69 
4.75 
5.17 
5.58 
5.49 
5.33 

a The spectra were computed in cylindrical geometry by the MACH-l code' using the cross section sets generated by the MC* 
code*. E N D F / B cross sections were not used. 



TABLi: I I I -2-II I . COMPARISON OF CALCULATED R E A L AND ADJOINT CENTERLINE FLUXES FOR THE REFERENCE CASE 

( INFINITE M E D I U M ) AND FOR ZPR-9 ASSEMBLY 24'"' 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Group 
Lower 
Energy 
Limit, 

IteV 

3679 
2231 
1353 
821 
500 
302 
183 
111 
67.4 
40.9 
24.8 
15.0 
9.12 
4.31 
2.61 

Flux 
(Reference) 

1.33 
2.66 
4.14 
5.65 
7.73 
8.97 
9.15 
8.69 
8.32 
7.82 
6.95 
6.13 
5.34 
6.05 
3.26 

Centerline 
Flux 

ZPR-9 
Assembly 

24 

1.30 
2.59 
4.04 
5.65 
7.63 
8.88 
9.09 
8.67 
8..33 
7.86 
7.01 
6.20 
5.41 
6.14 
3.31 

Centerline 
Adjoint 
Flux, 

(Reference) 

4.12 
3.84 
3.45 
3.04 
2.99 
2.96 
2.90 
2.86 
2.82 
2.80 
2.79 
2.82 
2.88 
2.97 
3.18 

Centerline 
Adjoint 
Flux, 

ZPR-9 
Assembly 

24 

4.18 
3.93 
3.54 
3.14 
3.07 
2.99 
2.92 
2.86 
2.82 
2.79 
2.78 
2.81 
2.87 
2.95 
3.16 

Group 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Group 

Energy 
Limit, 
keV 

2.03 
1.23 
0.961 
0.583 
0.275 
0.101 
0.0373 
0.0290 
0.0226 
0.0137 
0.00831 
0.00306 
0.00113 
0.000414 
0.000025 

Flux 
(Reference) 

1.37 
2.19 
0.861 
1.30 
1.19 
0.650 
0.221 
0.0114 
0.0130 
0.00827 
0.00380 
0.00120 
0.00041 
0.000086 
0.000011 

Centerline 
Flux, 

ZPR-9 
Assembly 

24 

1.39 
2.24 
0.879 
1.33 
1.22 
0.666 
0.227 
0.0118 
0.0133 
0,00852 
0.00393 
0.00125 
0.00043 
0.000091 
0.000011 

Centerline 
.\d joint 

Flux 
(Reference] 

3.32 
3.40 
3.51 
3.66 
3.85 
3.80 
3.70 
2.98 
3.38 
2.42 
3.19 
1.36 
4.69 
5.96 
4.36 

Centerline 
Adjoint 

Flux, 
ZPR-9 

Assembly 
24 

3.30 
3.38 
3.49 
3.64 
3.83 
3.78 
3.68 
2.96 
3.36 
2.40 
3.16 
1.35 
4.66 
5.91 
4.32 

" The MACH-1 one-dimensional diffusion code' (cylindrical geometry) and a cross section set generated by the MC' code' from 
ENDF/B data were used in the calculations. 

TABLE I I I - 2 - n ' . Li.sT OF MEASURED AND C.VLCILATED PARAMETERS FOR ASSEMBLIES 19, 21, 22, AND 24 

Mea.sui'ed critical mass, kg 
Calculated critical ma.ss, kg 
Mass of U-235 in central core, kg 
Total volume (excluding reflector), liters 
Volume of central core, liters 
Core height (excluding reflector), cm 

.\xial reflector thickness, em 

Calculated reflector savings, em 

Calculated effective delayed neutron fraction 
Calculated prompt neutron lifetime, sec 
Calcvilaled Ih/^c reactivity ( Ih /% Sk/k) 
Calculated perturbation denominator** 
Dual purpose (fuel) control rods: 

Averaged measured worth/rod, % Sk/k 
Calculated worth/rod, % Sk/k 

Boron safety rods; 
Measured worth/rod, % Sk/k 
Calculated worth/rod, % Sk/k 

Calculated Doppler coefficient for U-235 heating. 

(«•/*•-°C) 

Calculated U-235 temperature expansion coefficient. 

{Sk. k-°C) 

19 

480.3 
506 
87 

540 
192 
91.4 

15.2 Steel 
15.2 U 

core 18.2 
driver 8.2 

6.89 X 10^' 
4.07 X 10-' 

435.5 
4.72 X 10' 

0.243 
0.220 

-0 .180 
-0 .335 

-1-0.96 X 10-« 

- 4 . 8 6 X 10-' 

Assembly* 

21 

340 
329 

26 
295 
58 
9».4 

15.2.Steel 
15.2 U 

core 18.2 
driver 8.2 

6,89 X 10-' 
4.66 X 10-' 

429.5 
2,99 X 10' 

0.300 
0.370 

— 
-0 .570 

+0.79 X 10- ' 

- 5 . 1 9 X 1 0 ' 

22 

4.39.3 
418 
87 

490 
192 
91.4 

15.2 Steel 
15.2 U 

core 18.2 
driver 8.2 

6,76 X 10-' 
4.41 X 10-' 

435.2 
4,36 X 10' 

0.255 
0.238 

— 
— 

d 

24 

505 
508 
87 

743 
192 
91.4 

15.2 Steel 
15.2 U 

7.04 X 10-' 
5.57 X 10-' 

422.4 
7.23 X 10' 

0.135<«' 
0.117 

- 0 . 3 6 
- 0 . 5 1 

-1-2.88 X 10-' 

- 3 . 3 X 10- ' 

» Crcpss sections used in the calculations are defined in the footnote of Tables III-2-H and I I I - 2 - i n . 

*> The values are normalized such that ^ (i-S/),*, = 1 and XI xt^i = 1 at the center of the core. 

= Control rod drawers with triple columns of fuel measured 0.327% Sk/k. 
d o nie I't" the calculations for Assembly 22 are <»mitted since it varied only slightly from Assembly 19. 

file:///xial
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TABLK l l I -2- \ ' . CENTH-\L REACTIVITY WORTHS IN ASSEMBLY 19; COMPARISON WITH ASSEMBLY 6 

Sample 
Material 

(CH,)„ 
Be 
B " 
C 
Na 
Al 
Fe 
SS Can 
SS Block 
Ni 
Zr 
Nb 
Mo 
Ta 
W 
Enriched 

Depleted 

Weight of Sample, 
g 

58.986 
114.308 
29.29 

102.0 
51.38 

165.33 
488.0 

72.39 
480.9 
546.0 
406.0 
481.2 
599.0 
924.7 

1108.0 
18.17 U 
16.93 U-235 

1153.8 

Can 
Type 

bare 
bare 
SS 
bare 
SS 
bare 
bare 
bare 
bare 
bare 
bare 
SS 
bare 
bare 
bare 
SS 

bare 

Can 
Weights, 

g 

— 
55.73 

— 
56.42 

— 
— 
— 
— 
— 
— 

30.10 

— 
— 
— 

72.603 

— 

Gross Sample Worth, 
Ih 

17.513 ± 0.009 
1.801 ± 0.007 

-39.312 ± 0.070 
0.459 ± 0.007 

-0 ,095 ± 0,005 
-0 .091 ± 0,007 
-0 .720 ± 0.007 
-0 ,153 ± 0,005 
-0 ,871 ± 0.007 
-1 .435 ± 0.007 
-0 .748 ± 0.007 
-5 .983 ± 0.007 
-5 .115 ± 0.075 

-19.724 ± 0.007 
-8 .945 ± 0.007 

1.100 ± 0.007 

-6 .317 ± 0.007 

Net Sample Worth, 
Ih 

17.513 ± 0.009 
1.801 ± 0.007 

-39.195 ± 0.071 
0.459 ± 0.007 
0.020 ± 0.007 

-0 .091 ± 0.007 
-0 .720 ± 0.007 
-0 .153 ± 0.005 
-0 .871 ± 0.007 
-1 .435 ± 0,007 
-0 ,748 ± 0.007 
-5 ,920 ± 0.009 
-5 .115 ± 0.075 

-19.724 ± 0.007 
-8 .945 ± 0.007 

1.254 ± O.0O9 

-0 ,317 ± 0.1(07 

Specific Sample 

Ih/kg 

296.9 ± 0.2 
15.70 ± 0.06 

-1.338,2 ± 2.4 
4.50 ± 0.07 
0.39 ± 0.14 

- 1 . 1 5 ± 0.04 
-1 ,475 ± 0.014 
- 2 . 1 1 ± 0.07 
- 1 . 8 1 ± 0.02 
- 2 . 6 3 ± 0.02 
- 1 . 8 4 ± 0.02 

-12 .30 ± 0.02 
-8 .539 ± 0.125 

-21.269 ± 0.008 
-8 .074 ± 0.007 

69.01 J; 0.50 

-5 ,475 ± 0,006 

Worth .\ssy 19, ZPR-9 
Worth ."^sy 6, ZPR6 

1.421 
1.381 
1.689 
1.254 
1.538 
1.566 
1.600 

— 
1,643 
1.725 
1.688 
1.679 
1.642 

— 
1.756 

— 
1.67.S 

RADIUS, cm 

F I G . I I T - 2 - 5 . Radial U-235 Fission Rate .Measurement ZPR-9, Assembly 19. ANL .\eg. .\o. 113-1443. 

Doppler difference cross sections as a function of 
equivalent or, for the different Doppler isotopes have 
been generated at Argonne and are described in Ref. 
3. The Doppler cross sections with the appropriate 

equivalent a, values were used with the DEL sub
routine to calculate the Doppler coefficients. Only the 
Doppler effect in the fissionable isotope was consid
ered. For example, the U-238 Doppler effect was 
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32 24 16 8 0 8 16 24 32 40 
RADIUS, cm 

Fio. IH-2-6. Radial U-235 Fission Rate .Measurement ZPR-9, .\ssenibly 21. ANL .\eg. .Vo. 115-1441. 

8 0 
RADIUS, cm 

F I G . III-2-7. Radial U-235 Fission Rate Measurement ZPR-9, .Assembly 22. ANL Neg. -Vo. IIS-I44S. 
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p 0.4 

; 

_ ^ ^ ' • ^ ^ ^ 

-

_ 

TRAVERSE 

A 

B 

C 

D 

E 

1 

1 ' 1 ' 1 
— — (•EXPERIMENTAL E N R I C H E T 

LUnANlUlVl 1 K A V L n b t b 

V COSINE FITS TO 
K 6 6 . 5 ± 2 . 5 c m 

\ \ v ^ « 

v\\,^° 
VviE 

RADIAL Y \ 
DISTANCE REGION \ \ , 

(cm) W 

10.47 CORE \ \ 

2 0 . 4 8 CORE \ \ _ 

2 5 . 5 0 BUFFER A 

3 0 . 5 7 DRIVER ^ 

35 .67 DRIVER \ 

1 1 1 1 1 \ 
0 20 4 0 6 0 

AXIAL DISTANCE, Cm 

F I G . III-2-8. Axial Reflector Savings—ZPR-9, Assembly 
19. ANL Neg. No. US-UW. 

ignored both for the U-238 in the depleted plates (be
cause they were assumed not to heat) and for the 
U-238 in the fuel plates (because it is too dilute to 
have a significant Doppler effect). 

Measurements using the same samples were also 
made in the reference core. Assembly 6 (see Paper 
I I I - l ) . The comparison listed in Table III-2-V in
dicates that the spectra in the two assemblies are 
reasonably well matched.** 

Figures III-2-5, III-2-6 and III-2-7 contain the re
sults of U-235 foil activations and U-236 fission 
counter traverses along the radii of Assemblies 19, 21, 
and 22. One-dimensional diffusion calculations are 
also included for comparison. Figure III-2-8 contains 
the results of foil activations in the axial direction 
in Assembly 19. The axial activations were made at 
two locations in the central zone, one in the buffer 
region and two in the driver region. To a fairly good 
approximation the cosine-fitted axial shapes all extrap
olated to the same point. The points near the edge 
ot the reflector, were not used in the fit. An extrap
olated half-height of approximately 66.5 ± 2.5 cm 

was obtained from the fits. This is equivalent to a 
reflector saving of 20.8 cm, which is close to the value 
calculated (by one-dimensional slab calculations) for 
the central test zone (see Table III-2-IV). The cal
culated reflector savings for the driver region are 
too small by over a factor of two when compared 
with the measurements. The measurements for Assem
bly 19 indicate that the calculated reflector savings 
for the central zone are appropriate for all the as
sembly regions. Unfortunately, reflector savings 
measurements were not made on Assembly 21, which 
has a very small test zone and a relatively larger 
driver. It might be expected that the driver would 
exercise a greater influence on the reflector saving in 
this assembly. 

ZPR-9 ASSEMBLY 24 

This assembly was used in the measurement of in
tegral values of the Pu-239 and U-235 capture-to-
fission ratios, by both the null-reactivity technique 
(see Paper III-22) and by the technique described in 
Ref. 7. The material composition of the test zone was 
experimentally adjusted until a value of unity was 
obtained for k,^ . Reactivity worth measurements were 
made for carbon and depleted uranium in the zone. 
The adjustment was then accomplished by varying 
the ratio of carbon to depleted uranium throughout 
the test zone. The reference spectrum for Assembly 
24 is that for an infinite medium with the same ma
terial composition as the test zone. I t is important 
in the null-reactivity technique that the spectra be 
close to the reference infinite medium spectra. 
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III-3 . Analysis of Doppler Effect M e a s u r e m e n t s in CHi-Softened Spectra, 
ZPR-9 Assembl ies 13-17 

R. B. POND* and C. E. T ILL 

INTRODUCTION 

A consistent analysis of U-235 and U-238 Doppler 
effect and central reactivity worth measurements in 
four polyethylene moderated reactor spectra is pre
sented in this paper. The reactor compositions in in
creasing order of spectrum softness were designated 
Assemblies 13, 14, 16 and 17, and were constructed in 
the ZPR-9 reactor facility. These assemblies were in
tended to investigate reactivity systematies of reactor 
spectra softer than previously had been considered at 
ANL, with particular emphasis on the U-235 Doppler 
effect. The experimental results, measurement jiroce-
dures and description of the reactor compositions are 
given in Ref. 1. 

Previous comparisons of this kind in more usual 
fast reactor spectra have shown large discrepancies be
tween measurements and calculations of the U-235 
Doppler effect. Those comparisons were based upon 
statistical calculations because the extent of resolved 
resonance data and the Doppler effect magnitude in 
the resolved region is minimal in typical fast spectra. 
Variation of the unresolved resonance parameters 
within their recommended ranges can significantly af
fect the Doppler effect calculations.^ This variation, 
compounded with uncertainty about statistical aver
aging itself and resonance overlap effects, which also 
have been found to be significant,' leads to large un
certainties and typically the calculations overesti
mate measurements by 100-200%. Similar compari
sons of the U-238 Doppler effect are usually much 
better—discrepancies of the order of 10-20% are 
usual. In this case, the resonances in the energy region 
of importance are mostly resolved and do not overlap 
each other. The present work represents an attempt 
to specifically investigate the systematies of the U-
235 Doppler effect. 

Also, agreement between calculated and measured 
central reactivity worths has generally not been good. 
First-order perturbation theory is usually used to cal
culate these worths; however, because of the size of 
the experimental samples and the reactivity measure
ment procedures, sample size effects generally enter. 

The intent in the analysis of the measurements in 
these softer spectra, therefore has been the following: 
(1) by focusing attention on the resolved resonance 
region of U-235, to check the resolved resonance 

' Student, Ohio State University, Columbus, Ohio. 

calculational procedure and resonance parameters for 
the U-235 Doppler effect; (2) in general, to check the 
entire Doppler energy range to determine how well the 
balance of component fission and absorption Doppler 
effects are calculated in soft reactor spectra. The 
magnitude and sign of the fissile element Doppler 
effect is very sensitive to this balance and therefore, 
as a function of spectral weighting of the component 
effects, a sensitive test of the averaging procedures 
and the assumed resonance parameters; (3) to attempt 
to identify the source of discrepancy between U-235 
Doppler effect measurements and calculations; (4) to 
calculate the U-238 Doppler effect in enough detail 
to indicate general agreement with measurements; (5) 
to assess the effects of sample size in central reactiv
ity worth measurements; (6) to test fast reactor cal
culational procedures as applied to softer reactor 
spectra. 

For comparison with the analysis of Assemblies 
13-17 mea.surements, the analysis of fast spectrum 
Assembly 12 (which was the assembly from which 
Assemblies 13-17 were derived^) Doppler and central 
worth measurements are also included in this paper. 

CALCULATIONAL PROCEDURE 

CROSS SECTIONS 

Reactor cross sections for each test zone composi
tion were calculated with the MC- code* using 
E N D F / B nuclear data. Additionally, an MC- calcu
lation was made for the driver zone composition. 
Cross sections for the buffer and reflector region com
positions were selected from those generated for the 
test and driver region compositions. 

Doppler sample cross sections were generated at 
room temperature, 293, 500, and 1100°K. The effective 
potential scattering cross section <r'p" was 43 b for 

sample N l (natural uranium, 99.3 wt% U-238), 53 b 
for sample HE-8 (highly enriched uranium, 97.7 wt% 
U-235) and 58 b for both samples HE-9 and HE-10. 
The latter two samples were of the constrained ex
pansion (NNE) type while the other samples were 
freely expanding (FE) . U-238 Doppler broadened 
cross sections for sample N l (FE) were calculated 
using the ERIC 2 code'̂  and E N D F / B resonance pa
rameters. For the U-235 samples, Doppler broadened 
cross sections were calculated only for HE-8 (FE) 
using the RP-270 code" in the unresolved resonance 
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TABLE III-3-I. THIRTY GROUP STRUCTURE 

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 
25 
26 
27 
28 
29 
30 

Lower Lethargy 
Bound 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4,0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.75 
8.25 
8.5 
9.0 
9.25 
9.75 

10.5 
11.5 
12.5 
12.75 
13.0 
13.5 
14.0 
15.0 
16.0 
17.0 
19.8 

Lower Energy 
Bound 

3.679 MeV 
2.231 
1.353 

820.8 keV 
497.9 
302.0 
183.2 
111.1 
67.38 
40.87 
24.79 
15.03 
9.119 
4.307 
2.613 
2.035 
1.234 

961.1 eV 
582.9 
275.4 
101.3 
,37.27 
29.02 
22.60 
13.71 
8.315 
3.059 
1.125 
0.414 
0,0253 

region and the RABBLE code' in the resolved re
gion. Unresolved U-235 parameters were those given 
by J. Schmidt^ and resolved parameters were from 
the E X D F / B library. The RP-270 calculated cross 
sections were modified, when appropriate, to include 
estimates of same- and inter-sequence resonance in
terference effects using an extrapolation of the proce
dure given by R. Hwang.' 

EXPANSIO-X .4ND SAMPLE SIZE EFFECTS 

The method of calculating the reactivity expansion 
effect in Doppler samples' also has been used here to 
calculate sample size effects in the central reactivity 
worth measurements. This method calculates groupwisc 
fluxes in the sample from a consideration of the 
neutron balance equation between the sample and the 
reactor. These perturbed sample fluxes are then used 
in first-order perturbation theory in place of the usu
ally assumed unperturbed reactor fluxes. 

REACTOR CALCULATIONS 

One-dimensional diffusion theory, using the MACH 
1 code,'** has been used to calculate the critical pa

rameters of these assemblies. The DEL subroutine 
(first-order perturbation theory) of MACH 1 was 
used, in combination with the Doppler induced 
changes in Doppler sample cross sections, to calculate 
the Doppler effects and also to calculate central reac
tivity worths when sample size effects were not con
sidered. All calculations have been made using a 
thirty group energy structure covering the energy 
range between 10 MeV and thermal. Listed in Table 
III-3-I are the group lower lethargy and energy 
bounds. 

COMPARISON OF EXPERIMENTAL RESULTS 

WITH CALCULATIONS 

REACTOR PARAMETERS 

Listed in Table III-3-II are several assembly-de
pendent reactor parameters calculated with MACH 1 
using MC- cross sections. The critical masses can be 
compared to the experimental masses of 579.6, 402.8, 
374.1, 333.1 and 126.7 kg for Assembhes 12, 13, 14, 16 
and 17, respectively. (Heterogeneity effects have been 
accounted for in the resonance region only. It would 
be expected that inclusion of high-energy heteroge
neity effects would decrease the calculated critical 
mass somewhat, although in these assemblies this is 
not expected to be a large effect.) These results show 
that the calculated critical masses are higher than 
the experimental values in Assemblies 12 and 17 by 4 
and 7%, respectively, and in Assemblies 13, 14 and 16 
lower by 7-12%. 

CENTRAL WORTHS 

Table III-3-III shows the calculated sample 
worths, with and without sample size effects, that cor
respond to the experimental worths of Table III-3-IV. 
When size effects are considered in the absorbing ma
terials, molybdenum, tungsten, tantalum, boron, B4C, 
depleted and enriched uranium, and plutonium, the 
calculated worths are generally in better agreement 
with the experimental worths than are the comparable 
calculations using usual first-order perturbation 
theory. The effects of flux self-shielding in these 
absorbers are readily apparent. The particularly large 
change noted for plutonium is due to the very large 
capture resonance at 1.1 eV for Pu-240. In order to 
show this effect, the calculated plutonium sample 
worths are also shown without the Pu-240 component. 

Depending upon whether size effects are considered, 
•percentage overestimates of the experimental central 
worths are generally reduced for the non-fissile ab
sorbers. This reduction for boron samples is from 
several hundred percent to typically 60% or less; for 
tungsten and tantalum, by V2 to ^3 ; and for molyb-
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TABLE III-3-II . REACTOR PARAMETERS IN ASSEMBLIES 12, 13, 14, Ki AND 17 

Critical mass, kg U-235 
1% Ak/k, Ih 
Core material reflector savings," cm 
Critical search region radius, cm 
Mean Energy 

Source 
Absorption 
Flux 

Prompt neutron lifetime, ^sec 
Delayed neutron fraction, X 10^ 
Perturbation deiujniinatf)r. arbitrary 

scale 

Assembly 12 

601.2 
445.76 

ll,2li 
41.15 

121 ke\-
58 keV 

172 keV 
0.234 
7.295 
6.498 

Assembly 13 

374.9 
428.71 

9.77 
37.37 

817 eV 
743 eV 
188 keV 

1.160 
7.435 
8.444 

Assembly 14 

349.7 
425.41 

9.86 
36.93 

726 eV 
651 eV 
189 keV 

1.239 
7,456 
8.740 

.\ssembly 16 

294.4 
417.53 

10.07 
35.93 

567 eV 
494 eV 
192 keV 

1.420 
7,505 
9.463 

Assembly 17 

136.1 
385.02 

11.18 
28.22 

287 eV 
243 eV 
215 keV 

1.957 
7.758 

12.90 

' Driver material reflect or saving 

TABLE 

Sample 

Mo 
Ni 
Fe 
Be 
C 
Al 
Na 
W 
Ta 
B 
Poly (CH,) 1 
Poly (Clli) 2 
SS (304) 
B.C 
Depleted Uraniimi 
Enriched Uranium 
Pu 
Pu(.) 

III-3-IIT. C,\LciL,\'rED CENTR 

.\ssembly 12 

Without 
Size Effect 

- 9 .543 
- 2 . 5 8 5 
-2 .478 
-1-7.237 
- 1 . 3 1 8 
- 2 . 8 1 8 
- 0 . 5 3 5 
-8 .785 

- 2 4 . 4 5 
-273.4 
-1-314.7 
-1-314.7 

-2 .609 
-214 .2 

-5 .679 
-1-64.84 
-1-88.40 
-1-87.87 

With 
Size Effect 

-9 .080 
-2 .364 
-2 .309 

-1-10.20 
-0 .615 
-2 .682 
-0 .526 
-8 .161 

-20 .36 
-244 .9 
-1-532.7 
4-409.5 

-2 .399 
-200 .3 

-5 .725 
-1-65.92 
-1-96.11 
-1-95.26 

\L WORTH 

.Assembly 13 

Without 
Size Effect 

- 29 .52 
-9 .177 
-5 .209 

-1-63.87 
-1-19.97 
-1-0.418 
-1-4.089 

- 5 2 . 4 5 
-124 .3 

-4541 . 
-1-652.2 
-1-652.2 

-6 .677 
-3549. 

- 15 .41 
-1-135.4 
-H25.5 
-1-251.9 

With 
Size Effect 

-27 .56 
-8 .221 
-4 .895 

-1-61.44 
-t-20.37 

4-0.603 
4-3.746 

-36 .87 
- 8 2 . 9 5 

-1154. 
4-854.1 
4-710.9 

-6 .261 
-1103. 

-13 .81 
4-130.8 
4-205.4 
4-220.8 

WITH .\.\D WITHOUT 

Assembly 14 

Without 
Size Effect 

-30.,SI 
-9 .336 
-5,08:i 

4-71.56 
4-22.98 
4-1.297 
4-4.995 

-56 .04 
-132 .8 

-4956. 
4-710,2 
4-710,2 

-6 .631 
-3873. 

-16 .10 
4-138.0 
4-120.9 
4-259.9 

With 
Size Effect 

-28 .82 
-8 .396 
-4 .799 

4-68.63 
4-23.33 

4-1,458 
4-4.662 

-39 .20 
-88 .39 

-1239. 
4-904.0 
-f766.7 

-6 .247 
-1187. 

-14 .37 
4-134.0 
4-212,9 
4-229,(i 

S,\MPLE .SIZE EFFECT. Ih./kg 

Assembly 16 

Without 
Size Effect 

-33 .25 
-9 .422 
-4 ,557 

4-89.92 
4-30.36 
4-3.639 
4-7.365 

-63 .91 
-151 .5 

-5909. 
4-845.9 
4-845.9 

-6.2(i7 
-4618. 

-17 .46 
4-140.6 
4-104.6 
4-272, li 

With 
Size Effect 

- 3 1 . 2 5 
-8 .560 
-4 .365 

4-85.81 
4-30.58 
4-3.728 
4-7.062 

-44 .21 
-100 .2 

-1428, 
4-1013. 
4-895.0 

-5 .982 
-1374. 

-15 .44 
4-138.5 
4-226.4 
4-246.2 

Assembly 17 

Without 
Size Effect 

-32 .97 
-5 .964 
4-0.506 

4-157.4 
4-59.82 
4-15.99 
4-19.22 
-82 .70 

-196 .4 
-8937. 
4-1193. 
4-1193. 

-1 .397 
-6981 . 

-18 .11 
4-103.3 

-30 .63 
4-231.2 

With 
Size Effect 

- 3 1 . 8 0 
- 5 . 8 6 8 
4-0.130 

4-148.7 
4-59.39 
4-15.64 
4-19.10 
-54 .54 

- 1 2 6 . 5 
-1930. 
4-1175. 
4-1189. 

-1 .774 
-1889. 

-15 .17 
4-113.7 
4-207.5 
4-245.6 

» Pu .sample worth without the Pu-240 component. 

dcnum, by a modest amount. Differences for depleted 
uranium, enriched uranium, and plutonium, vary de
pending upon the particular reactor assembly. For 
these three materials in Assembly 12, negligible size 
effect is evident, and likewise, for enriched uranium 
in Assemblies 13, 14 and 16. In the latter assemblies, 
the overestimate of the depleted uranium worth is 
reduced from approximately 85 to 65%. In Assembly 
17, the overestimate of depleted uranium by 52%, 
and the underestimate of enriched uranium by 23% 
are reduced to 28 and 16%, respectively. Plutonium 
in Assemblies 16 and 17, depending upon whether the 
Pu-240 component is included, shows varying degrees 
of consistency. However, probably neither calcula
tion is truly representative of the experimental worth 

since unshielded cross sections were used in the cal
culations. 

The predominantly scattering materials also show 
varying degrees of consistency. As expected, how
ever, where the sample fluxes would be most strongly 
perturbed from the reactor spectrum, most of the cal
culated worths are improved by the sample size effect 
calculation. 

DOPPLER EFFECTS 

Description of Presentation of Results 

Table III-3-V shows the calculated and experimen
tal Doppler results per kilogram of the predominate 
uranium isotope for each Doppler element in Assem-

file:///ssembly
file:///ssembly


90 / / / . Fast Reactor Physics 

TABLE I1I-3-IV. KE.\CTIVITY WORTH MEASUREMENTS 

Sample " 

Mo 
Ni 
Fe 
Be 
C 
Al 
Na 
W 
Ta 
B 
Poly (CH2) 1 
Poly (CHi) 2 
SS-301 
SS can 
B.C 
Depleted 

uranium 
Al can 
Enriched 

uranium 
Enriched 

uranium 
Enriched 

uranium 
Pu 

Pu 

Weight, 
g 

598.8 
546.1 
484.3 
114.3 
102.0 
167.1 
51.39 

1108. 
924.7 

75.2 
58.988 
13.70 

481.0 
72.38 
59.62 

1155. 

26.36 
18.11" 

18.24" 

18.17" 

119.24' 

121.55' 

Can Weight, 
g 

_ 
— 
— 
— 
— 
— 

56.42 (SS) 

— 
27.54 (SS) 
20.6 (SS) 

— 
72.32 (SS) 

— 
— 

64.70 (SS) 

— 
— 

72.38 (SS) 

72.34 (SS) 

72.34 (SS) 

22.27 (SS) 
6.85 (Al) 

19.77 (SS) 
7.05 (Al) 

Assembly 12,'-
Net Ih/kg 

-8 .069 ± 0.017 
-2 .992 ± 0.018 
-2 .110 ± 0.021 
4-12.20 ± 0.09 
4-1.578 ± 0.109 
-2 .561 ± 0.000 
-1 .370 ± 0,200 
-7 .340 ± 0,009 

-17.982 ± 0.016 

~ 
4-443.40 ± 0.25 

— 
-2 .364 ± 0.021 
-2 .542 ± 0.138 

— 
-4 .674 ± 0.009 

— 
4-70.12 ± 0.88'' 

— 
— 

+93.05 ± 1.08' 

Assembly 13,« 
Net Ih/kg 

-19 .41 ± 0.05 
-11 .60 ± 0,03 
-6 .186 ± 0.03 
4-39.20 ± 0.00 
4-10.52 ± 0 . 0 4 
-1 .143 ± 0.150 
-1 .323 ± 0.720 
-23 .07 ± 0.32 
-49 .04 ± 0.38 
-824 . ± 6. 

4-436.05 ± 0.08 
4-469.0 ± 3.1 
-7 .958 ± 0.029 
-8 .994 ± 0.041 
-713 .2 ± 5.9 
-8 .510 ± 0.005 

— 
— 

4-134.5 ± 0.5'' 

— 
— 

Assembly M,"" 
Net Ih/kg 

-20 .28 ± 0.00 
-11 .99 ± 0.02 
-6 .084 ± 0.015 
4-46.13 ± 0.11 
4-13.66 ± 0.08 
-0 .325 ± 0.006 
4-0,108 ± 0.049 
-27 .53 ± 0.32 
-57 .58 ± 0.38 

- 9 7 5 . ± 3. 
4-487.39 ± 5.93 
4-512.2 ± 3.1 
-8 .059 ± 0.004 
-9 .600 ± 0.034 
-757 .0 ± 5.9 
-8 .911 ± 0.012 

— 
— 
— 

4-137.4 ± 0.3'' 

— 

.Assembly 16," 
Net Ih/kg 

-21 .43 ± 0.01 
-12 .79 ± 0 . 0 0 
-6 .040 ± 0.002 
4-56.89 ± 0.03 
4-17.74 ± 0.01 
4-0.993 ± 0.000 
4-1.093 ± 0.078 
-30 .01 ± 0.32 
-62 .16 ± 0.38 
-1090 ± 5 

4-488.2 ± 3.9 
4-550.1 ± 0.9 
-8 .281 ± 0.019 
-9 .837 ± 0.111 
-837 .1 ± 5.9 
-9 .191 ± 0.001 

4-1.328 ± 0.076 

— 
— 

4-143.6 ± 0.0'' 

— 
+199,0 ± 2.0' 

Assembly 17,' 
Net Ih/kg 

-24 .87 ± 0.12 
-14 .44 ± 0.01 
-3 .494 ± 0.008 

+128.69 ± 0.03 
+48.81 ± 0.31 
+10.64 ± 0.04 
+13.90 ± 0.33 
-42 .19 ± 0.32 
-89 .23 ± 0.38 
-1660 ± 5 

+707.8 ± 4.2 
+905.7 ± 1.3 
-7 .029 ± 0.023 
-8 .635 ± 0.290 
-1295. ± 6. 
-11 .88 ± 0.04 

+10.85 ± 0.27 

— 
— 

+ 135.0 ± 0 .7 ' 

— 
+228.1 ± 2.2' 

All samples are nominal 1 x 2 x 2 in. except the enriched uranium ^fg ^1-^ x 2 iu. and the plutonium .'4 .x 2 x 2 in. 
Assembly 12: 1% Ak/k = 451.2 Ih. 

438.80 Ih. 
435.69 Ih. 
428.07 Ih. 
391.78 Ih. 

" Assembly 13: 1% Ak/k 
' Assembly 14; 1% Ak/k 
' Assembly 16: 1% Ak/k 
'Assembly 17: 1% Ak/k 
• 93.2 wt% U-235. 
'' U mixture. 
' 0.01 wt7o Pu-238; 95.05 wt% Pu-239 
' Pu mixture. 

4.48 wt% Pu-240; 0.45 wt% Pu-241; 0.01 wt% Pu-242. 

blies 12, 13, 14, 16 and 17 between room temperature 
and 500 and 1100°K. (The experimental data for As
semblies 13-17 are from Ref. 1. Assembly 12 experi
mental data were obtained by multiplying Assembly 
5 Doppler measurements" by the conversion factor 
1.4. This factor represents the ratio of the perturba
tion denominators of Assemblies 5 and 12 and was 
obtained from the average of experimental ratios of 
selected sample material central worths.'-) The effect 
of the diluent uranium isotope U-238 or U-235 has 
been subtracted from each of the experimental 
values, prorated on the basis of mass from the experi
mental results given by either the N l (FE) or HE-8 
(FE) Doppler element, as appropriate. 

To show how sample flux-depression and resonance 
interference effects influence the calculated U-235 

Doppler effects, the energy region corresponding to 
Groups 11-22 was investigated under various assump
tions. The Doppler broadened cross sections were cal
culated in four ways: 

Assumption 1—no sample flux-depression and no 
resonance interference effects 

Assumption 2—no sample flux-depression but with 
estimated resonance interference effects 

Assumption 3—with sample flux-depression but no 
resonance interference effects 

Assumption 4—with sample flux-depression and 
with the estimated resonance interference effects. 

In Groups 23-30 (the resolved resonance region of 
the E N D F / B data for U-235) the Doppler broadened 
KABBLE calculated cross sections were held constant 
as each of the four assumptions was applied in cal-
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TABLE III-3-V. CALCULATED AND EXPERIMENTAL' DOPPLER EFFECTS IN ASSEMBLIES 12, 13, 14, 16 AXU 17 

UETWEEN 293°K AND THE INDICATED TEMPERATI 'RE, Ih/kg 

Element/Groups/Assumption 

U-235 (FE) / l l -30 / l 
U-235 (FE)/ l l -30/2 
U-235 (FE)/11-30/3 
U-235 (FE)/ l l -30/4 
U-235 (FE)/Experimental 

U-235 (NNE)/Experimental 

U-238 (FE) / l l -30 / l 
U-238 (FE)/Experimental 

[Assembly 12 

500°K 

+0.109 
+0.087 
+0.111 
+0.089 
+0.OJ2 

+0.050 

-0 .101 
-0 .158 

UOO'K 

+0.248 
+0.196 
+0.252 
+0.202 
+0.075 

+0.094 

-0 .246 
-0 .422 

Assembly 13 

500°K 

+0.718 
+0.503 
+0.626 
+0.427 
+0.235 

+0.207 

-0 .914 
-0 .602 

1100°K 

+1.818 
+1.266 
+ 1.525 
+1,023 
+0.812 

+0.672 

-2 .592 
-1 .956 

Assembly 14 

500°K 

+0.062 
+0.460 
+0.589 
+0.398 
+0.228 

+0.218 

-0 .981 
-0 .717 

1100°K 

+ 1,660 
+1.146 
+ 1.424 
+0.945 
+0.714 

+0.644 

-2 .788 
-2 .155 

Assembly 16 

500°K 

+0.481 
+0.324 
+0.472 
+0.307 
+0.162 

-
-1 .131 
-0 .801 

1100°K 

+1.153 
+0.764 
+ 1.102 
+0.700 
+0.517 

-
-3 .226 
-2 .354 

Assembly 17 

500°K 

-0 .789 
-0 .637 
-0 .331 
-0 .300 
-0 .275 

-0 .335 

-1 .527 
-1 .323 

1100°K 

-2 .386 
-1 .919 
- 1 . 0 5 8 
- 0 . 9 1 8 
-0 .694 

-0 .784 

-4 .411 
- 4 . 0 4 5 

' Uilueiit uranium isotope U-238 or U-235 subtracted based on Nl (FE) or HE-8 (FE), as appropriate. 

TABLE III-3-VI. 

Above 37 eV 
Below 37 eV 

Above 100 eV 
Below 100 eV 

Sot'RCE .\Nl> S 

Assembly 12 

(+) 
0.696 
0 

0.693 
0.003 

SL„ 

(-) 
0.494 
0 

0.490 
0.003 

Net 

+0.202 
0 

+0.202 
0 

NK, U-235 (FE) DOPPLER EFFECT COMPONENTS IN 

BET\yEEN 293 .VND 1100°K, Ih/kg OF U-235 

.Assembly 13 

Sv^i 

10.573 
2.146 

8.020 
4.698 

«2. 

(-) 
9.515 
2.180 

6.895 
4.800 

Net 

+1.057 
-0 .034 

+1.125 
-0 .102 

.Assembly 14 

Sv^j 
(-I-) 

11.109 
2.300 

8.417 
4.992 

82. 

(-) 
10.102 
2.363 

7.312 
5.153 

Net 

+ 1.008 
-0 .063 

+1.106 
-0 .165 

ASSEMBLIES 12 

.Assembly 16 

(+) 

12.126 
2.620 

9.102 
5.583 

SZ, 

(-) 
11.284 
2.761 

8.146 
5.900 

Net 

+0.841 
-0 .141 

+1.017 
-0 .317 

13, 14 16, .VND 17 

Assembly 17 

15.024 
3.856 

11.214 
7.666 

(-) 
15.295 
4.502 

10.909 
8.888 

Net 

-0 .272 
-0 .646 

+0.305 
-1 .222 

culating the total U-235 (FE) Doppler effect over the 
entire Doppler energy range (Groups 11-30). 

In Table III-3-VI, the calculated component source 
term, 8v2,, and sink term, 82 . , of the U-235 (FE) 
Doppler effect have been listed. These components 
represent the change from 293 to 1100°K and for 
the U-235 Doppler effect calculated with Assumption 
4 cross sections. This table shows the balance in these 
terms and the net contributions above and below 
arbitrary energy levels, 37 and 100 eV. 

Because of the particular energy group structure 
chosen for these calculations. Groups 23-30 cover the 
energy region below 37 eV and these groups therefore 
include most of the U-235 resolved resonance energy 
region of the E N D F / B data. ( E N D F / B resolved 
resonance data for U-235 exists up to 60 eV.) The 
component Doppler effects in the energy region above 
and below 100 eV have also been listed since there is 
resolved resonance data, from other sources, which 
cover this energy region. (Particularly, Schmidt data 
exists up to 150 eV and could have been used to in
vestigate the energy region below 100 eV. However, 
for consistency in using entirely E N D F / B nuclear 
data, where available, these Schmidt data were not 
used.) 

Assembly 12 

Comparison of the U-235 (FE) experimental and 
calculateil Doppler effects in Assembly 12 shows that 
the calculations are overestimated by 112-169% when 
either Assumption 2 or 4 cross sections are used, and 
from 160-236% with either Assumption 1 or 3. The 
effect of the experimentally observed, negative U-235 
expansion effect (see Table III-3-V and the experi
mental results for F E and NNE elements) would 
tend to decrease these overestimates if expansion 
corrections were applied to the data. The U-238 
Doppler results show the calculations underestimate 
of the measured Doppler effects by approximately 
40%. 

These U-235 results show that the Doppler effect 
is relatively insensitive to flux-depression in the 
sample; however, it is very sensitive to the estimate of 
the resonance interference effects. As the interference 
effects, particularly in the unresolved region, can 
only be estimated with very limited confidence, the 
calculation of the U-235 Doppler effect in assemblies 
with spectra similar to Assembly 12 must have large 
uncertainties attached to it. 

The experimental Doppler effects for U-235 and 
U-238 in this particular assembly may be overesti-
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mated somewhat due to the fact that the 1.4 conver
sion factor is derived from central worth ratios. No 
account, for example, is taken of the difference in 
axial flux profile over a sample of finite length, 
which in this case is 12 in. for the Doppler samples. 
The physical axial height of the core material in As
semblies 12 and 5 was 36 and 56 in., respectively. 
This is not a large effect, and is not significant com
pared to other uncertainties, but would tend to lower 
the ratio. Of more importance is the uncertainty which 
exists in the match of central reactor spectra of 
Assemblies 12 and 5. Assembly 12 was designed to 
match the calculated central fluxes of Assembly 5; 
however, any mismatch in the spectrum could be re
flected differently for Doppler worths than for central 
reactivity worths. Because of the rather inconclusive 
Assembly 12 experimental Doppler measurements, 
compared to the very definitive Assembly 5 measure
ments, these comparisons were nevertheless based on 
the Assembly 5 results using the conversion factor 1.4 
as a reasonable upper limit. The actual Doppler data 
from Assembly 12 indicates that the conversion fac
tor could be as low as 1.2.'^-' 

Within the uncertainties of the experimental Dop
pler effects and the uncertainties inherent in the 
resonance interference calculations, the calculated 
U-235 Doppler effect is generally consistent with 
previous comparisons of this kind.- However, the 40% 
underestimate of the U-238 Doppler effect is about 
twice the 10-20% underestimate usually found. 

Possible explanations for the discrepancy in the 
U-238 Doppler effect are: (1) the conversion of the 
experimental data from Assembly 5 to Assembly 12; 
(2) the effects of flux-depression in the sample cross 
sections; (3) resonance interference effects; and (4) 
ENDF/B data—that is, the correctness of Doppler-
region U-238 reactor cross sections and in turn the 
Doppler-region fluxes. The first effect would cause an 
obvious improvement if a smaller conversion factor 
were applied. The flux-depression effect, however, 
would be expected to be a small effect in the Doppler-
region of importance in this assembly. Resonance in
terference effects, particularly sample-reactor interac
tion, might be large due to the concentration of U-238 
present in Assembly 12 (approximately 7/1 ratio of 
U-238/U-235). Finally, since the U-238 Doppler ef
fect magnitude is directly proportional to the Dop
pler-region fluxes, the uncertainty in accounting for 
U-238 reactor cell heterogeneity and in turn, effective 
homogeneous U-238 capture cross section, would cause 
this uncertainty to be reflected in the Doppler-region 
fluxes. 

Estimation of these effects in .\ssembly 4Z,i'"' for 
example, showed a 20% enhancement in the U-238 

Doppler effect when flux-depression and sample-re
actor interaction effects were accounted for, and this 
factor would be expected to apply almost verbatim 
to the present results. Similarly, reactor heterogeneity 
effects caused an 8% deviation in the calculated 
U-238 Doppler effect. Considering these uncertainties 
and the magnitude of the correction effects, the indi
cated 40% discrepancy in the U-238 Doppler effect 
may not be unreasonable. However, it does indi
cate the need for further investigation, and in par
ticular, re-examination of the E N D F / B data is sug
gested. 

Assemblies 13-18 

Assemblies 13, 14 and 16 can be considered as a 
grouj) since they represent soft spectrum assemblies 
with U-238/U-235 ratios in the range of 4 /1 . 

In these assemblies, considerable variations exist 
between calculated and experimental U-235 (FE) 
Doppler effects. The magnitudes of the differences 
depend strongly upon the particular cross section 
assumptions used. The calculated Doppler effects are 
larger than the measured effects and vary from 123-
206% with Assumption 1, from 48-114% with As
sumption 2, from 88-191% with Assumption 3 and 
from 26-90% with Assumption 4. The effect of the 
experimentally observed, positive U-235 expansion 
effect (see Table III-3-V) would tend to increase this 
overestimate if expansion corrections were applied to 
the data. The U-238 Doppler results show that calcula
tion overestimates the measured Doppler effects from 
29-52%. 

These U-235 Doppler results show that the spectral 
shift to lower energies has increased the calculated 
Doppler effect sensitivity to the cross section As
sumptions 1, 2, 3 or 4, as would be expected. Sample 
flux-depression and resonance interference effects, 
individually and in combination, strongly affect the 
Doppler results and therefore both effects should be 
accounted for in these softer spectrum assemblies. 

The influence of spectral softening on the U-235 
Doppler effect is evident from the component Doppler 
effects listed in Table III-3-VI. The influence has 
shifted the relative contributions of the resolved and 
unresolved resonance regions and even the net balance 
within any given region. (Of note in these assemblies 
is the substantial increase in magnitude of the com
ponents and the smaller percentage difference be
tween components as compared with Assembly 12.) 
The large, net positive Doppler effect in the unre
solved region predominates and effectively cancels the 
relatively small net negative Doppler effect in the 
resolved region. 

The agreement with theory inust be considered in 

http://Fa.it
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light of the inherent inaccurracies of the statistical 
calculations necessary for the unresolved resonance 
region. Because of the near balance between the 
source and sink terms, the net mangitude (and sign) 
would be extremely sensitive to an error in either 
component. 

In the resolved resonance region, where one has a 
reasonably good chance to estimate the Doppler ef
fect on the basis of isolated, single-level resonance 
formalism, the relatively small, net negative Doppler 
contribution subtracts little from the unresolved 
region. As indicated by the component contributions 
above and below 100 eV, it would be desirable to use 
as much resolved resonance data as possible. Based 
upon these calculations, one could increase the re
solved resonance region contribution by at least 100%, 
and thereby decrease the unresolved resonance region 
contribution and sensitivity to the overall calcula
tion. 

The U-238 Doppler effect in these assemblies are 
overestimated by approximately 40%. However, the 
approximations in the calculational procedures used 
for U-238 generally become less valid as the spectrum 
softens. Flux-depression effects in the U-238 cross 
sections, which become increasingly important in 
these soft spectrum assemblies, would be expected 
to reduce the magnitude of the calculated Doppler 
effect due to the reduction in Doppler-region fluxes. 
Sample reactor interactions and reactor geometry 
heterogeneity effects would be expected to become 
less of an effect in these assemblies because of the 
amount of U-238 in a unit cell (approximately 4/1 
ratio of U-238/U-235). However, accounting for the 
heterogeneity effect in the resonance energy region 
would be subject to increased uncertainty due to the 
assumptions inherent in MC-. Nevertheless, the 40% 
overestimate of the measurements still seems high. 

Assembly 17 

Assembly 17 is the softest spectrum reactor con
structed in this series since all depleted uranium 
plates were removed from the test zone composi
tion. The only U-238 present was the 7% contained 
in the enriched uranium plates. 

In this assembly, the effects of saiuple flux-depres
sion and resonance interference substantially affect 
the calculational estimates of the experimental U-235 
(FE) Doppler effect. With these various cross section 
assumptions, the overestimates range from 187-243% 
for Assumption 1, from 132-177% for Assumption 2, 
from 20-52% for Assumption 3 and from 9-32% for 
Assumption 4. The effect of the experimentally ob
served, positive U-235 expansion effect (see Table 
III-3-VI would tend to decrease these overestimates 

if expansion corrections were applied to the data. 
The U-238 Doppler calculation overestimates the ex
perimental measurements from 9-15%. 

The effect of spectral softening in this assembly, as 
shown by the U-235 Doppler effect components of 
Table III-3-VI, has been to substantially shift the 
relative contributions from the unresolved resonance 
region to the resolved region, and the balance be
tween the positive and negative components in the 
unresolved region has taken on added signiflcance. 
Therefore, the previous discussions of the effects of 
the balance between components in the resolved 
and unresolved resonance region, also apply here. 
However, the added importance given to the resolved 
resonance region and its predominant effect on the 
overall U-235 Doppler effect calculation, does show 
a trend towards better agreement of the calculation 
with experiment. 

Similar arguments concerning the U-238 Doppler 
effect which applied in Assemblies 13-16 should 
also apply here. Particularly, the flux-depression ef
fects should account for some of the overestimate in 
the calculation. The reduction from a 40% overesti
mate in Assemblies 13-16 to a 10% overestimate in 
Assembly 17 may be some indication of the magni
tude of a reactor cell geometry heterogeneity ef
fect. Within the limits of MC^ the somewhat simpler 
cell geometry of this assembly should be more 
amenable to cross section calculations. The fact that 
the agreement is considerably better in this as
sembly, which contains little U-238, would tend to 
support Wie premise that the major problem in As
semblies 13-16 was caused by inaccuracies in the 
reactor U-238 cross section, whether due to hetero
geneity uncertainties or simply inaccuracies in the 
basic data. 

Expansion Corrections 

Because of the lack of consistent U-235 expansion 
calculations, (discussed in the following) none of 
the calculated Doppler effects in Table III-3-V re
flect expansion effects. Shown in Table III-3-VII are 
the expansion corrections for each Doppler element 
in Assemblies 12-17, calculated using the perturbed-
flux perturbation formalization. 

V-235—Assembly 12 

With calculated FE and NNE sample expansion 
corrections applied to Assembly 12 data, the meas
ured U-235 Doppler effect between 293 and 500°K 
and between 293 and 1100°K are approximately 
+0.049 and +0.107 Ih/kg, respectively. These ex
pansion-corrected Doppler results are in agreement 
with the similarly corrected Assembly 5 results when 
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TABLE III-3-VIL DOPPLER ELEMENT EXPANSION 
CALCULATIONS IN ASSEMBLIES 12-17 

Assembly 

12 
13 
14 
16 
17 

HE-9 or 
Ih/kg 

.S0O°K 

-0 .000 
+0.000 
-0 .000 
-0 .001 
-0.004 

HE-10,<«> 
U-235 

1100°K 

-0 .015 
+0,007 
-0 .001 
-0 .022 

HE-8, 
Ih/kg U-235 

500°K 

-0 .006 
+0.001 
-0 .002 
-0 .010 

-0 .138 -0 .053 

1100°K 

-0 .030 
+0,006 
-0 .008 
-0 .046 
-0 .250 

Nl, 
Ih/kg U-238 

500°K 

+0,000 
-0 .001 
-0 .001 
-0 .001 
-0 .002 

1100°K 

+0.001 
-0 .006 
-0 .006 
-0 .007 
-0 .009 

•̂  Assemblies 12 and 17 were calculated for HE-10 and 
Assemblies 13, 14 and 16 were calculated for HE-9. 

multiplied by the conversion factor 1.4."'" Therefore, 
in these two assemblies the enriched NNE and F E 
samples are brought into agreement (neglecting the 
slight difference in a'/') to within the experimental 
precision of the measured Doppler effects in As
sembly 5. The calculated U-235 Doppler effect in 
Assembly 12, however, still represents an overestimate 
of the expansion-corrected experimental data from 
82-89% over the temperature range from 293 to 
1100°K. 

V-235—Assemblies 13-17 

In the softer spectra of Assemblies 13-17, the ex
pansion effect is a positive reactivity effect as is 
evident from a comparison of the two U-235 Doppler 
element types within the same assembly (see Table 
III-3-V). However, the calculated expansion effects 
shown in Table III-3-VII indicate this positive ef
fect is substantially underestimated in Assembly 13 
and predicts negative expansion in Assemblies 14-17. 
The FE and NNE samples are therefore not brought 
into agreement as they were in the fast spectrum 
assemblies. 

The obvious conclusion here is that the expansion 
effects in the resonance energy region are not well 
calculated, as might be expected from the broad-
group treatment of rapidly varying cross sections in 
these soft spectrum assemblies. Therefore, when this 
region dominates in the expansion calculation, the 
calculational procedure is clearly inadequate to pre
dict the expansion effects. 

V-238-Assemblies 12-17 

U-238 expansion calculations in Assemblies 12-17 
show that there is a negligible expansion effect (see 
Table III-3-VII). Compared with the observed U-238 
Doppler effect, the expansion correction is approxi
mately YiVo of the Doppler signal at any given 
temperature, and has therefore been ignored. 

DISCUSSION OF RESULTS 

REACTOR PARAMETERS 

The experimental critical masses have been over
estimated in the calculations by approximately 5% in 
Assemblies 12 and 17, and underestimated by approxi
mately 10% in Assemblies 13, 14 and 16. 

The somewhat larger differences between the cal
culated and measured critical masses of Assemblies 
13, 14 and 16 may be due to a number of things. 
First, the small driver regions involved in these par
ticular assemblies may result in configuration effects 
that are not accounted for in the calculations. Homog-
enization of the driver region into an equivalent 
cylindrical shell may not be adequate to describe 
the actual experimental situation. Second, the basic 
nuclear data, E N D F / B , may not be adequate over 
the full nuclear energy range and for the particu
lar nuclear materials of the present investigations. 
The relatively small discrepancies between the cal
culated and measured critical masses, however, argue 
against the presence of large errors in the data of the 
major constituent isotopes. And third, the macro
scopic properties of these assemblies may be sensitive 
to the MC- approximations assumed for material 
heterogeneity and resonance interference effects. 

CENTRAL WORTHS 

Use of a modified version of first-order perturba
tion theory, wherein perturbed sample fluxes are cal
culated, provides increased accuracy in calculating, 
in particular, absorber material central reactivity 
worths. The improved agreement in these calcula
tions with respect to the experimental worths, how
ever, is not as good as one would like in some of 
these assemblies. In particular, the reduction in the 
overestimate from 85 to 65% for depleted uranium 
in Assemblies 13, 14 and 16 is much less than it 
should be for this very important reactor constituent. 
This lack of significant improvement may be an 
indication of a systematic error in the calculation. 
In support of such a systematic error is also the 
consistent underestimate of the critical masses and 
overestimates of the U-238 Doppler effects in these 
assemblies. The central worth calculations are de
pendent on the correctness of the homogeneous real 
and adjoint fluxes which approximate the fluxes of 
the actual heterogeneous reactor configuration. The 
limitations and approximations made for material 
lieterogeneity and resonance effects in the MC- cross 
section code, therefore, could have a substantial 
effect in the resonance energy region of these soft 
spectrum assemblies. 
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Also inherent in these perturbation theories is the 
assumption that the sample cross sections are char
acteristic of the sample and therefore are appro
priately self-shielded. In the central worth measure
ments of these investigations, for those isotopes which 
were in a particular assembly composition, in general, 
the same cross sections were also used as the sample 
cross sections. The molybdenum, tungsten, tantalum 
and boron cross sections were estimated in part from 
ANL cross section set 224 and interpolations from 
I. Bondarenko'^ self-shielded cross sections. The 
beryllium, aluminum, Pu-239, Pu-240 and Pu-241 
cross sections were infinitely dilute and were generated 
with the MC- code and E N D F / B nuclear data. 

Scattering material worths are less sensitive to the 
modified method and are generally comparable in 
magnitude to the worths predicted by usual per
turbation theory. Since both methods are more sensi
tive to the adjoint flux than to the real flux as such, 
the indicated agreement of calculations with experi
ment is about the same. The inability to even predict 
the sign of the observed reactivity in some samples 
indicates the inherent difficulties in calculating scat
tering material worths. Therefore, it would seem that 
this relatively broad energy group structure is not 
sufficient to specify the adjoint fine structure in the 
detail necessary to describe scattering reactivity ef
fects. 

In general, for all materials in which the sample 
fluxes are likely to be substantially perturbed com-
])ared with the unperturbed reactor fluxes, the per
turbed flux formalization provides better accuracy. 
It should also be noted that there is a tendency, at 
least, to predict the direction of improvement, even 
for many of the scattering materials. 

SuM.\iARY A.\D CONCLUSIONS 

1. This series of polyethylene moderated reactor 
assemblies has provided an opportunity to system
atically investigate static and Doppler reactivity 
measurements and to compare these measurements 
with calculations. In each of these soft spectrum 
reactors the measured critical masses and the ma
terial reactivities measured in the central reactor 
spectra have been predicted with an accuracy com
parable with that generally found in similar calcula
tions of this kind in more usual fast reactor spectra. 

2. The U-235 Doppler effect is positive in reactor 
spectra characterized by reactor U-238/U-235 ratios 
in the range of 5/1 to 3 /1 , and is negative in a 
softer spectrum when the only predominant reactor 
absorber is U-235. 

The calculated U-235 Doppler effect is extremely 

sensitive to the balance between changes in the fission 
and absorption rates. In the unresolved resonance 
region particularly, where one is confronted with 
having to use a statistical averaging technique to 
calculate this balance, the inherent inaccuracies of 
this type of procedure are compounded by resonance 
interference effects. Since only estimates of these in
terference effects are presently available, the 
identification of the particular problem causing the 
usually large discrepancy between measured and cal
culated U-235 Doppler effects is masked in the over
all calculational procedure. However, within the 
statistical procedure, estimated corrections to ac
count for resonance interference effects do tend to 
reduce the differences between measurements and 
calculations by as much as 50-100%. This indicates 
therefore a substantial part of this discrepancy is 
probably due to such interference effects. Clearly, 
further work in this area is indicated in order to 
better understand Doppler broadening effects in 
U-235 and in fissile materials in general. I t was fur
ther found that when the resolved resonance calcu
lation predominates and correspondingly the exact 
calculated balance in the unresolved resonance re
gion is less sensitive in the net Doppler effect, the 
calculated U-235 Doppler effects agreed much better 
with the measurements. Indeed, where current theory 
and methods can be used with much more confidence 
to specify resonance structure and interference ef
fects, calculations are in line with experiment. The 
importance of resolved resonance data is clear in 
calculations of this kind. 

3. Comparison of the measured and calculated 
U-238 Doppler effects in these investigations show 
somewhat greater discrepancies than previous work 
has shown. I t is believed that the problem areas are 
sufficiently understood that current theory and 
methods could be used to account fairly accurately 
for the differences caused solely by inadequacies in 
the calculational model. As these investigations were 
centered on the U-235 Doppler effect, the additional 
labor necessary to apply the more detailed method 
to the U-238 calculations was not felt to be war
ranted. However, the discrepancy observed may well 
be outside that attributable to the calculational 
model. 

4. An alteration to first-order perturbation theory 
to include perturbed fluxes has demonstrated that 
improved estimates of experimental reactivity worths 
are generally obtained by even relatively simple pro
cedures of this kind. However, this by no means is 
always the case. In particular, the U-235 expansion 
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effects in these soft spectra were not adequately 
handled by this calculational technique. 
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III-4. Sensitivity of Smal l -Sample Doppler-Effect Measurements to Environment 

R . A. LEWIS and T. W. .JOHN.SON 

Doppler effect measurements in fast reactor criti
cal assemblies performed at Argonne' over the past 
several years have utilized a reactivity technique in 
which a small heated sample of fertile or fissile ma
terial is oscillated in and out of the center of an 
unheated (20°C) core. The fast critical assemblies 
in which these measurements have been made, the 
Argonne ZPR facilities, are constructed of small 
plates of fertile, fissile and diluent materials arranged 
in 2 in. square cross section stainless steel drawers. 
Because of this construction, significant unavoidable 
heterogeneities occur in the immediate environment 
of the small Doppler measurement samples as a re
sult of local configuration of plate material, size, 
and orientation. These heterogeneities are signifi
cant in that they affect the gross flux and adjoint 
spectra at the samples and, when the resonant ma
terial of the sample is present, unheated, in the sur
rounding core, the heterogeneities affect the micro-
structure of the flux incident on the sample. 

Analyses have been completed of a series of experi-

me'nts in which the environment of the Doppler sam
ple was extensively varied in order to study the sensi
tivity of the measured Doppler results to the environ
ment configuration. The experiments were performed 
with a 1 in. diam X 12 in. long natural UO2 Doppler 
sample. This sample was chosen because of the high 
concentration of U-238 in the fast assemblies of in
terest, which emphasizes any heterogeneity effect, and 
because of the extensive measurements made on this 
sample in the past. 

EXPERIMENTAL RESULTS 

The measurements reported here were performed 
in a zoned fast critical assembly (ZPR-9 Assembly 
18) which had an average central core composition 
typical of a dilute sodiuiu-cooled uranium-carbide 
lueled (U-238/U-235 = 7/1) fast power reactor. This 
composition was identical to that used for previously 
reiiorted ZPR-6 and -9 Doppler measurements. The 
loading jiattern of Assembly 18 is shown schemati
cally in Fig. I I I -4-1. The drawer patterns for the 
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vanous core regions are summarized in Table III-4-I . 
Equivalent outer radii and homogenized regional 
atomic densities are given in Table I I I -4-II . 

Figure III-4-2 shows the standard environment 
which has been used' routinely in the experiments 
up to this time. The figure shows a section view 
normal to the core axis a t the reactor midplane with 
the sample in place. Oscillation occurs normal to 
the plane of the figure. The drawer pattern shown is 
repeated vertically. The sample cans, oscillator 
drawer, and adjacent reactor matrix constitute a 
built-in stainless steel filter approximately Vi in. 
thick which is always present interposed between 
the core and the sample. 

The first variation of the standard configuration 

^ DP ROD 

I BORON ROD 

TABLE I I I - l - I . ZPR-9 ASSEMBLY 18 REGIONAL D H . W E R 

Lo.\DING P.iTTERNS 

Core' (see Fig. III-4-2) 
Type 1: MT>,]^ Na, H D , He E, H C, H D , H C, He D , 

M Na, 1^ D, M C 
Type 2: \i D , H C, He E, H C, He D, ̂  N a , ' J D, ^ Na, 

H D , He E, \i C, He D 
Type 3: )i D, \i C, H D, H Na, % D , }i C, i j D , ,He E, 

M C, He D, H Na 

Buffer' 

« C , « D , H C , H N a , H C , M D , i g C , l ^ C , « D , i 8 C , H N a , 
H C, H D, H C 

li D, li Na, ' i E, >̂  C, 1^ Na. lg E, H D, H Na, 'i C, H E, 
Vi Na, yi C 

' M D = J^-in. thick depleted uranium plate; Na, E, C = 
sodium, enriched uranium, and graphite plates. 

REFLECTOR 

FIG. III-4-1. ZPR-9, Assembly 18 Loading Pa t ten 
Neg. No. IIS-IIS. 

of Fig. III-4-2 is shown schematically in Fig. III-4-3 
and will be referred to as the Revised Standard con
figuration. Details of the sample can and oscillator 
drawer have been suppressed in the figure. The con
figuration change consisted of turning all of the 
plates in the adjacent four drawers so that their 
flat sides rather than their edges (as in the Standard 
case) face the sample. The plates were then sub
divided and rearranged in the adjacent eight drawers 
so that each adjacent drawer contained four identi
cal '/s-in. thick sections, each containing approxi
mately core-average composition. The arrangement 
is detailed in Fig. III-4-4. 

The second variation consisted of rotating through 
90° the adjacent four drawers in the Revised Standard 
configuration so that the plate edges face the sample; 
this will be called the 90°-Rotated Revised Standard 
Configuration. 

TABLE 1114-11. ZPR-9 .ASSEMBLY N O . 18 

Region 

Core 
Buffer 
Driver 
lleflector I 
Reflector I I 

Outer Radius, 
cm 

25.883 
32.525 
40.750 
54.520 
80,750 

.Atom Densities X10"^' 

Fe 

0.009086 
0.008825 
0.010638 
0.0W322 
0.077772 

Ni 

0.001148 
0,001116 
0,001345 
0,00054 
0.000891 

Cr 

0.002593 
0.002520 
0.0030:i8 
0,00114 
0.02a36 

Na 

0.009028 
0.003917 
0.007833 

— 
— 

C 

0,012986 
0.034635 
0.012986 

— 
— 

U-238 

0.010633 
0.009708 
0.005381 
0.03990 

— 

U-235 

0.001547 
0.000020 
0.006876 
0.000081 

— 
Calculated critical mass: 581.8 kg U-235 
Measured critical mass: 579 kg U-235 
Mass of U-235 in central core: 116.2 kg 
Core height: 91.44 cm (36 in.) 
Estimated axial reflector savings: 16.1 cm 
Total assembly volume (excluding reflector): 477,0 liters 
Volume of central core: 192.4 liters 
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F I G . 111-4-2. Standard Doppler Sample Environment. 
ANL Neg. No. 11^-8354. 

I/Z in. WIDE REPEATED SECTIONS 

^ 

^ 

FIG. III-4-3. Revised .'Standard Configuration. A.\L Neg. 
No. US-US. 

Environment variations three through six con
sisted of introducing filter zones around the sample 
by replacing portions of the Revised Standard con
figuration adjacent to the sample. Filters consisting 
of Vi in., V2 in. and 1 in. thick stainless steel and 
i4 in., Vi in. and 1 in. thick depleted uranium were 
investigated. The configuration is illustrated sche
matically in Fig. III-4-5 for the V2 in. stainless steel 
filter. Note that the built-in Vi in. stainless-steel-
equivalcnt filter zone is present in all cases. 

Five additional variations were considered consist
ing of the Standard, Revised Standard, 90°-Rotated 
Revised Standard, V2 in. Stainless Steel Filter and 
the 1 in. Stainless Steel Filter cases, all with sodium 
removed from the core. 

The experimental results for the various configura
tions are listed in Table III-4-III . Previous meas
urements' have indicated that this 1 in. natural UO2 
sample has a negligibly small expansion effect so that 
the numbers in the table represent Doppler changes. 

The details of the technique by which the data were 
obtained and reduced is discussed in Ref. 1. The 
data are summarized in Table III-4-IV where the 
estimated Doppler reactivity effect between room 
temperature and 1100°K is normalized to the results 
of the Revised Standard Configuration measure
ment. 

Examination of the results shown in Table III-4-
IV for the measurement variations in which the 
orientation of the U-238 plates in the drawers ad
jacent to the sample was changed with respect to 
the sample—viz., the Standard, Revised Standard and 
90°-Rotated Revised Standard cases—indicate that 
reasonable ])late reorientation does not affect the re
sults more than about 5% either with or without 
sodium in the core. 

ANALYTICAL RESULTS 

The extent to which sample-core resonance inter
actions affect the measured Doppler values is im
portant both in the interpretation of experimental 
results and in the planning of experiments. The ex
periments reported here with the various filter zones 

i 
u 
• 
n 
n 

ODIUM 

-238 

iRBON 

-235 

-E~ 7—^ 

F I G . III-4-4. Detail of Repeated 1/2-in. Thick Section of 
Revised Standard Configuration. ANL Neg. A'o. llS-116. 

EZ] STANDARD SECTION TER SECTION 

a 

F I O . 111-4-5. 1/2-iu. 
ANL Neg. No. US-IOS. 

St.-iiuless Steel Filter Configurati. 
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TABLE 1II-4-III. EXPERIMENTAL RESULTS FOR 

[Sample mass = 1.116 kg 

1 in. NATURAL 

uranium {1.266 

UOj SAMPLE, Z P R - 0 ASSEMBLY 18 

A-p (70,)] 

Sample Environment 

Standard 

Revised Standard 

J^-in. SS Filter 

J^-in. SS Filter 

1-in. SS Filter 

90 deg-Rotated Rev. Stan. 

H-in. Depl. U Filter 

Sodium in Core 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Date (1967J 

6/23 

7/13 

8/25 

8/28 

6/28 

8/8 

8/21 

8/23 

8/23 

8/17 

7/11 

7/11 

8/11 

8/16 

7/5 

8/22 

8/22 

8/24 

8/18 

Standard Devia
tion Each Point, 

Ih/kg-U 

0.002 

0.002 

0.002 

0.0O3 

0.002 

0,002 

0.002 

0,001 

0.002 

0.001 

0.001 « 

0.001 

0.001 

0.001 

0.002 

0.001 

0.001 

0.002 

0,002 

Sample Temperature, °K'' ' 
Reactivity Change, Ih/kg-Uranium 

293 
0,000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
OOOO 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
O.OOO 

510 773 
-0 .155 -0 ,289 

762 
-0 .289 

756 1044 
-0 .278 -0 ,388 

776 
-0.2S4 

499 782 
-0 .157 -0 .303 

768 
-0 .301 

749 1044 
-0 .291 -0 ,408 

748 1043 
-0 ,291 -0 .404 

74.S 1043 
-0.2!)2 -0 ,406 

479 758 
-0 ,151 -0 .299 

771 
-0 .316 

771 
-0 .318 

505 775 
-Ol l iO -0 .320 

760 1064 
-0 .320 -0 .444 

505 786 
-0 .181 -0 .353 

751 1045 
-0 ,289 -0 .393 

748 
-0 .281 

752 1(M6 
-0.2&3 -0 .394 

749 1043 
-0 ,263 -0 .356 

1058 
-0 .394 

1059 
-0 .418 

1051 
-0 .408 

1075 
-0 .477 
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Sample Environment 

li-in. Depl. U Filter 

1-in. Depl. U Filter 

Standard 

Rev. Stan. 

90deg-liot . Rev. Stan. 

H-in. SS Filter 

1-in. SS Filter 

Sodium in Core 

Yes 

Yes 

No 

No 

No 

No 

No 

TABLE 1II-4-III. (Continued) 

Date (1967) 

7/10 

7/6 

9/5 

9/6 

9/6 

9/8 

9/11 

Standard Devia
tion Each Point, 

Ih/kg-U 

0.002 

0.002 

0.002 

0,001 

0.001 

0.001 

0,002 

Sample 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0.000 

293 
0,000 

Temperature, "K'"' 
Reactivity Change, Ih/kg-Uranium 

511 796 
-0 .128 -0 .239 

512 796 
-0 .089 -0 .173 

772 1043 
-0 .199 -0 .270 

766 1043 
-0 .205 -0 .279 

1043 
-0 .269 

768 1043 
-0 .215 -0 .296 

770 1043 
-0 .242 -0 .320 

1047 
-0 .318 

1057 
-0.2.33 

' Data normalized to O.OO at 293°K. 

T A B L E I 1 I - 4 - I V . SUMM.'VRY OF EXPERIIWENTAL RESULTS FOR 

1-in. N,ITURAL UO2 S.MUPLE, 29.3-1100"'K 

Configuration 

Revised Standard 
90 deg Rotated Rev. 

Stan. 
Standard 
M-in. Extra SS Filter 
J^-in. Extra SS Filter 
1-in. Extra SS Filter 
iyi-'in. Depl. U Filter 
J^-in. Depl. U Filter 
1-in. Depl. U Filter 
Revised Standard 
90 deg Rotated Rev. 

Stan. 
Standard 
M-in. Extra SS Filter 
1-in. Extra SS Filter 

Na 
in 

Core 

Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 

No 
No 
No 

Normalized lo 
Rev. Stan, 
with Na 

1.000 
0.958 ± 0.010 

0.948 ± 0.010 
0.995 ± 0.010 
1.068 ± 0.010 
1.138 ± 0.016 
0.869 ± 0.010 
0.779 ± 0.011 
0.566 ± 0.010 
0.683 ± 0.009 

Normalized to 
Rev. Stan, 

without Na 

1.000 
0.962 ± 0.010 

0.969 ± 0.010 
1.062 ± 0,015 
1.144 ± 0.018 

surrounding the samples were undertaken primarily 
as an aid in the determination of the magnitude of 
this sample-core interaction effect. Thus, in conjunc
tion with the measurements a detailed analysis has 
been made of the Revised Standard, 14 in. Stainless 
Steel Filter, Vz in. Stainless Steel Filter and 14 in. 
Depleted Uranium Filter cases, and for a hypo
thetical reference case in which the core is brought 
up to the sample surface (i.e., the built-in Vi in. 
stainle.ss-steel-equivalent filter is removed). Qualita

tively, interposing stainless steel reduces the reso
nance-interaction effect between sample and core (an 
effect which increases the Doppler effect) and in
creases the Doppler range flux at the sample. Thus a 
balancing effect is to be expected as is seen in Table 
III-4-IV where the Vi in. Stainless Steel filter case 
gives essentially the same result as the Revised 
Standard Case. 

The basic analytical tool used was the RABBLE 
code- which performs a detailed resonance absorp
tion calculation in the cylindrical multiregion configu
ration of the measurement. The code solves the in
tegral slowing-down equation by dividing the energy 
range into many very small (compared to the Dop
pler width) energy groups and applying collision-
probability theory (flat-source) on a series of small 
annular regions. R.ABBLE allows arbitrary combina
tions of resonant and non-resonant materials in the 
various regions of the problem and region-dependent 
temperatures. The code provides regional coarse-
group flux-collapsed cross sections as output. The 
equivalent cylindrical configuration used for the 
analysis is shown in Fig. III-4-6 for the Va in. Stain
less Steel Filter Case. 

Code limitations make it necessary to approxi
mate the core region as a homogeneous region. This 
approxiiuation is not too bad, as was shown in Ref. 
3. Further, it is possible to mitigate the error intro
duced by manipulating the input data to adjust the 
broad-group macroscopic absorption cross section to 
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an appropriate value in the core region. This preserves 
the gross source reduction rate. 

R A B B I J E calculations were perfromed over the 
energy range 111 keV to 29 eV with the sample at 
293 and 1100°K and with the rest of the reactor at 
293''K. The sample-region Doppler cross section 
changes and the induced core-region cross section, 
changes were calculated both with U-238 resonances 
outside of the sample region explicitly included and 
with these resonances suppressed and replaced by a 
uniform background absorption cross section. 
E N D F / B (Category 1, zero iteration) resonance 
parameters were used with appropriately distributed 
resonances generated at energy points throughout the 
unresolved range. Only s-wave Doppler effects were 
considered on the assumption that the p-wave reso
nances are so small and strongly-overlapped, where 
they are important, as to have no Doppler effect. 

Core region coarse group cross section sets were 
generated with the MC^ code* on the basis of the 
E N D F / B (Category 1, zero iteration) microscopic 
cross section set. These cross sections together with 
the RABBLE-generated sample-region cross sec
tions were used in SNARG-ID Ss calculations to 
determine the sample-core coarse-group flux and ad
joint flux distributions; the flux was calculated with 
the sample at 1100°K and the adjoint flux and the 
sample at 293°K. 

The results of the SNARG flux and adjoint calcu
lations are summarized in Table III-4-V. The ex
pected sample-region coarse-group flux variation is 
seen. The No-Filter case in the table refers to the 

RADIUS 20,0 cm-STANDARD CORE 

RADIUS 9 34CI 

RADIUS 3.32 cm - BUILT-IN FILTER 

RADIUS 1.27cm. SAMPLE 

FIG. III-4-6. Equivalent Cell Used for RABBLE Analysis 
1/2-in. Stainless Steel Filter Configuration. ANL Neg. No. 
llS-111. 

hypothetical case in which the core begins at the 
sample surface. Table III-4-VI summarizes the cal
culated RABBLE sample-region Doppler changes 
(293 to 1100°K) and the induced core region changes 
in U-238 cross sections listed per U-238 atom in the 
sample. For reference, sample cross section values 
calculated with the U-238 resonances outside of the 
sample region suppressed are shown at the right-hand 
edge of the table. 

The calculated sample and core-region Doppler 
cross section changes and the calculated flux and 
adjoint distributions were used in the usual multi-
group perturbation formulation to obtain calculated 
values fot the relative Doppler effect to be expected 

TABLE III-4-V. SUMMARY OF CALCUL.ATED FLUX A.VD ADJOINT RATIOS (S , \MPLE/CORE) 

AND CALCULATED CORE FLUX AND ADJOINT SPECTRUM 

Group 

8 
9 

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

Lower Energy 
Limit, 

eV 

111,100 
67,380 
40,870 
24,790 
15,030 
9,119 
4,307 
2,613 
2,035 
1,234 

961 
583 
275 
101.3 
29.02 

No Filter 

Flux 
Ratio 

1.011 
1.012 
1,007 
0.988 
0.985 
1.002 
1.147 
0.934 
0.900 
0.921 
0.964 
0.985 
0.996 
1.137 

Adjoint 
Ratio 

0.989 
0.985 
0.981 
0.976 
0.970 
0.964 
0.956 
0.967 
0.973 
0.975 
0,972 
0.974 
0.980 
0.979 

Revised Stand
ard Case 

Flux 
Ratio 

1.010 
1.016 
1.029 
0.898 
1.094 
1.094 
1.604 
0.897 
0.928 
0.980 
1.081 
1.173 
1.321 
1.178 

Adjoint 
Ratio 

0.983 
0.979 
0.972 
0.972 
0,962 
0.951 
0.942 
0.958 
0.959 
0.952 
0.965 
0.956 
0,961 
0,955 

Ji-in. SS Filter 

Flux 
Ratio 

1.015 
1.017 
1.056 
0.865 
1.123 
1.163 
2.013 
0.896 
0.941 
1.011 
1,172 
1.358 
1.717 
1.610 

Adjoint 
Ratio 

0.978 
0.974 
0.964 
0.956 
0.953 
0.933 
0.927 
0.947 
0.944 
0.930 
0.955 
0.939 
0.941 
0.931 

J^-in. SS Filter 

Flux 
Ratio 

1.020 
1.018 
1.093 
0.833 
1.153 
1.260 
2.613 
0.920 
0.901 
1 054 
1.298 
1.641 
2.416 
2.356 

Adjoint 
Ratio 

0.973 
0.968 
0.956 
0.960 
0.943 
0.914 
0.910 
0.932 
0.926 
0.907 
0.943 
0.918 
0.918 
0.902 

M-in. Depl. 
Uranium Filter 

Flux 
Ratio 

1 014 
1.018 
1.022 
0.858 
1.049 
1.023 
1.529 
0.797 
0.841 
0.886 
0.994 
1.097 
1.233 
1.248 

Adjoint 
Ratio 

0.947 
0.933 
0.965 
0.903 
0.881 
0.950 
0.845 
0.886 
0,895 
0.879 
0.895 
0.894 
0.892 
0.884 

Core Flux 

10.22 
8.54 
6.85 
5.48 
3.84 
3.01 
0.534 
0..354 
0,995 
0.318 
0.370 
0.196 
0.0385 
0.00303 

Core Adjoint 
Flux 

3.37 
3.29 
3.26 
3.29 
3.37 
3.51 
3.85 
3.98 
4.06 
4.18 
4.49 
4.75 
4.82 
4.62 



102 / / / . Fast Reactor Physics 

TABLE I I I ^ - V I . SuMM.vitY OF CALCIL.VTED S-W.VVE DOPPLER CROSS SECTION CH.\>;GES, 

293 TO 1100°K Fon 1 in. NATURAL UO- DOI-PLER SAMPLES 

N o Filter 

Group 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Sao 
Sample 

0.000489 

0.0O169 

0.0(M.S2 

0 .0117 

0 .0252 

0 .0576 

0 .0971 

0 .151 

0 .175 

0 . 2 5 5 

0 .356 

0 .357 

0 .407 

0 .285 

Sffo''* 
Core 

0 .000143 

0,00051 

0 ,00127 

0 .0029 

0 .0048 

0 .0086 

0 .0108 

0 .070 

0 .038 

- 0 . 0 1 0 

- 0 . 0 0 7 

- 0 , 0 1 4 

- 0 . 0 3 2 

- 0 . 0 7 3 

Revised S tanda rd Case 

i<r. 
Sample 

0 .000383 

0,00131 

0 ,00385 

0 .00955 

0 .0212 

0 .0507 

0 .0917 

0 .142 

0 .171 

0 .245 

0 ,354 

0 .357 

0 .426 

0 .342 

S<r„<"i 
Core 

0 .000042 

0 .00018 

0.00057 

0.00099 

0 .0017 

0 .0030 

0.0(M5 

0 .003 

0 .002 

0 .001 

- 0 . 0 0 3 

- 0 . 0 0 1 

- 0 . 0 2 0 

- 0 . 0 2 3 

ii-in. SS Filter 

Jcr„ 
Sample 

0 .000355 

0 .00122 

0 .00360 

0 .00901 

0 .0202 

0 .0489 

0 .0903 

0 .141 

0 ,170 

0 .243 

0 .353 

0 . 3 5 5 

0 .429 

0 .350 

S(T„I»> 

Core 

0 .000040 

0 ,00008 

0,(KK)27 

0 .00040 

0 .0009 

0 .0013 

0 .0021 

0 .002 

0 .001 

0 .002 

0 .000 

0 .000 

- 0 . 0 2 1 

- 0 , 0 0 5 

M-in . SS Fil ter 

Sag 
Sample 

0 .000343 

0 .00117 

0 .00349 

0 .00878 

0 .0198 

0 .0481 

0 .0897 

0 .140 

0 .170 

0 .242 

0 ,352 

0 .354 

0 .428 

0 .345 

Sa/"> 
Core 

0 .000012 

0 ,00002 

0 ,00000 

0 .00012 

0.00O4 

0 .0006 

0.0OO9 

0 ,000 

0 .000 

0 .000 

0 .000 

0 ,000 

- 0 . 0 1 0 

- 0 , 0 0 2 

^ - i n . Depl . U r a n i u m 
Fi l ter 

Sa, 
Sample 

0 .000408 

0 00140 

0 ,00407 

0 .00999 

0 .0220 

0 .0521 

0 ,0940 

0 ,146 

0 .170 

0 .251 

0 .354 

0 ,358 

0 .426 

0 .341 

S » , l ' . " 

0 .000052 

0 ,00020 

0 ,00052 

0 ,00110 

0 .0021 

0 .0037 

0 0055 

0 .003 

0 .002 

0 .001 

- 0 . 0 0 3 

- 0 . 0 0 7 

- 0 . 0 3 5 

- 0 . 0 4 1 

No . Res. 
Core 

Saa 
Sample 

0.000333 

0.00114 

0,00340 

0.00858 

0.0194 

0 .0476 

0.0894 

0 .139 

0 .167 

0 .249 

0 .352 

0.354 

0 .430 

0..345 

^ Per U-238 atom in sample. 

^ 14-in. depleted uranium filter zone. 

TABLE III-4-VII. CALCULATED FLUX AND ADJOINT-

WEIGHTED RELATIVE DOPPLER EFFECTS: 1 in. 

NATURAL UOZ SAMPLE 

Envi ronment" 

N o - F i l t e r 

R e v i s e d S t a n d a r d 

; i - i n . E x t r a S S 

H - i n . E x t r a S S 

'A-'m. D e p l e t e d U 

Rat ios 

N o - F i l t e r 

R e v i s e d S t a n d a r d 

ii-in. E x t r a SS 

ii-in. E x t r a SS 

) 4 - i n . D e p l e t e d U i " 

W i t h Core 
Resonances 

1.000 

0 .973 

0 ,996 

1.064 

0 .857 

Wi thout Core 
Resonances 

1.000 

1.087 

1.157 

1.252 

0 .931 

W i t h Resonances Core 

Wi thou t Resonances Core 

1. 

l . ( 

1 . 

1 . 

l . ( 

87 

163 

)23 

108 

)86 

" All cases except No-Filter include built-in ]-i-in. SS filter. 

*> Without-Resouance case has U-238 resonances in the J-^-in. 

depleted uranium filter also suppressed. 

in the various configurations. These values are 

listed in Table III-4-VII, normalized to the No-

Filter case. 

The calculated extent of sample-core resonance in

teraction is also shown in Table III-4-VII where the 

calculated Doppler changes with core resonances 

are normalized to the case with these resonances 

suppressed. 

These analytical results indicate that, while an 

approximately 19% resonance interaction effect is 

present with no filter between the sample and the 

core, this effect is reduced to approximately 6% in the 

usual measurement configuration and to about 3% 

with an additional V4 in. stainless steel filter. 

Figures III-4-7 and III-4-8 demonstrate the agree

ment between calculation and experiment. Figure 

III-4-7 demonstrates the way the two effects—flux 

perturbation and hot-cold resonance interaction— 

combine to make up the total effect. The figure is 

normalized such that the ideal case with no flux per

turbation or resonance interaction has a Doppler ef

fect of unity. As the figure shows, the hot-cold reso

nance interaction effect decreases rather rapidly with 

increasing filter thickness, and the flux perturbation 

effect increases in a regular manner with increasing 

filter thickness. The three experimental points relevant 

'•3 CL. 1/4 in. 
[TBUILT-IN-FI 

F I G . III-4-7. Effect on the Doppler Effect of Steel Filter 

Extrapolated Back to Zero Steel Thickness—Comparison of 

Calculation and Experiment. ANL Neg. No. 11S-48S. 
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to this comparison show good agreement with the 
predicted trend of the total effect. 

Figure III-4-8 shows the effects both of steel and 
uranium filters. The right-hand side of Fig. 111-4-8 
essentially repeats the information given in Fig. III-
4-7, except that the calculations are not extrapolated 
back to zero-filter thickness. The left-hand side of 
Fig. III-4-8 shows the effect of increasing uranium 
filter thickness, but this differs somewhat from the 
steel filter case, in that a combination of steel and 
uranium is always present in the uranium filter ex-
j)criments because of the presence of the Vi in. built-in 
steel filter. In addition to the calculations shown in 
Fig. III-4-7, the calculation of the effect of Vi in. of 

' ' I ' ' I ' ' [ ' ' 

CALCULATED TOTAL EFFECT 

-INCHES OF URANIUM FILTER-

" \ :ALCULATED HOT-COLD 
RESONANCE INTERACTION 
EFFECT 

FlQ. III-4-8. Effect on the Doppler Effect of Steel and 
Uranium Filters, 1/4-in. Built-in Steel Filter Always in Place— 
Comparison of Calculation and Experiment. ANL Neg. No. 
113-486. 

uranium filter is also shown in Fig. III-4-8. Further, 
the experiments with the uranium filter were carried 
out to a full 1 in. of uranium thickness. As the figure 
shows, the main effect of the uranium filter is to de
press the flux rather linearly with increasing uranium 
thickness, and this trend is borne out by the ex
periments at the larger uranium filter thicknesses. 

In summary, it is felt that the good agreement 
demonstrated between these very detailed experiments 
and calculations indicate that a good understanding 
of these effects has been achieved. I t is concluded 
that while these effects must be considered in de
signing and interpreting measurements of this kind, 
by proper experimental design along the lines sug
gested by the above work, the effects can be made 
rather small and of known magnitude. Specifically, 
the hot-cold interaction effects, which require very 
detailed calculations, can be made small; in fact 
they are normally rather small in the usual experi
mental environments of reactivity Doppler measure
ments done to date. 
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n i - 5 . Doppler Effect Measurement s to 2000° K in ZPR-9 

J. W. DAUGHTUY, E . F . GBOH and C. E. T ILL 

INTRODUCTION 

Most Doppler effect measurements performed at 
Argonne in recent years have employed the small 
sample-reactivity measurement technique, in which a 
heated sample is oscillated in and out of a critical 
facility. This method has been used successfully in 
studying the systematies of the Doppler effect in 
fast reactor spectra over the temperature range 293 

to noo°K. 
In calculating the energy release in fast power re

actors under accident conditions one needs to know 
the Doppler effect a t temperatures up to and beyond 

the melting point of the fuel. There is, therefore, con
siderable interest in extending the temperature range 
of the Doppler measurements to higher temperatures 
to reduce the error inherent in the extrapolation of 
data beyond the range of experimental results. Thus, 
one area in which development work is being carried 
on is in the design of equipment for making very high 
temperature Doppler measurements. Progress in this 
area has lead to a series of Doppler measurements in 
which average sample temperatures exceeded 2000°K. 
This report describes, briefly, the main features of the 
new equipment and presents the results of experi-
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LOADING PATTERN FOR ZPR-9. ASSEMBLY 23 

I DEPLETED U REFLECTOR I 

-"STEEL REFLECTO R •-

r-l r r - l BUFFER EL-BUFFER 

HTEST ZONE 

Xi 

^ CONTROL 
ROD 

EI FINE AUTO 
ROD 

0 COARSE AUTO 
ROD 

H DOPPLER 
OSCILLATOR 

• No 
• U.235 
0 U.238 
• UjOstDEPL) 

ra SS 
• CARBON 
1 I VOID — 

EXAMPLE ONE EXAMPLE TWO 

EXAMPLE' 
ONE 

EXAMPLE 
ONE 

EXAMPLE 
ONE 

F I G . 1II-6-1. Loading Pattern for ZPR-9, .Assembly 23. F I G . III-5-2. Doppler Sample Environment. AXL Neg. 
ANL Neg. No. 113-1516 T-1. No. US-1496. 

F I G . 111-5-3. C.raphile Sani|)le Ib.lder and UOi Pellets. , l . \7 . Neg. No. US-l 

ments in which the Dojipler effects of UO2 and four 
refractory metals were measured over the extended 
temperature range. 

E X P E R I M E N T A L FACILITIE.S AND E Q U I P M E N T 

The experiments were performed in ZPR-9 As
sembly 23, one of a series of zoned cores designed to 

ha\-e central real and adjoint spectra typical of 
a, sodium cooled fast breeiier reactor with a large 
dilute l'-235 fueled oxide core. The loading pattern 
for Assembly 23, as shown in Fig. I l l -o - l , approxi
mated a set of concentric cylinders with an outer 
radius of 73.45 cm. The composition of each zone 
was the same as Assembly 19 which is described in 
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F I G . I1I-5-4. Assembled Doppler Element With Graphite Heater. .L\V, Neg. Xo. 113-942. 

Paper III-2. The center of the test zone is shown in 
Fig. III-5-2. Each matrix position is approximately 
5.3 cm square, not including the matrix structure. 
The central position was occupied by the Doppler 
oscillator shown semi-schematically with the Dop
pler sample in a graphite container, which in turn 
was surrounded by a graphite heater. This was en
closed in an evacuated stainless steel tube. Two ad
ditional stainless steel tubes are shown; these are for 
the counter-flow cooling system necessary to remove 
heat escaping from the Doppler capsule to prevent 
a rise in the temperature of the adjacent materials. 
A stainless steel filter surrounded the central matrix 
tube. The matrix material is also stainless steel. The 
filter is approximately Vi in. thick; the stainless 
steel in the Doppler oscillator and the matrix struc
ture adds an equal amount giving a total thickness of 
approximately V2 in. The two layers of carbon, repre
senting the sample holder and heater, have a total 
thickness of less than 0.16 in. 

The plate arrangement indicated in the drawer 
labeled "Example two" is (except for the stainless steel 
corner) the arrangement in the drawers of the central 
test zone. The drawers labeled "Example One" have a 

modified filiate arrangement that retains, outside of 
the void region, the same composition of materials 
as the remainder of the test zone. Each of the 
drawers labeled "Example One" is loaded the same, 
going radially outward from the Doppler oscillator. 

The purpose ot this modified conflguration is ex
plained in detail in Paper III-4. 

A typical high temperature Doppler element is 
shown in Fig. III-5-3. The one shown will accept 
samples 1.9 cm diam and up to 30 cm long. The 
samples have axial holes to permit the insertion of 
thermocouples. During the experiments, five thermo
couples were equally spaced along the axis of the 
sample. The element is all graphite except for the 
beryllium oxide insulators for supporting the heater 
and the 2-mil thick molybdenum heat shields at each 
end. For some materials, UO2 in particular, the 
chemical reaction rate with graphite at high tempera
tures required the use of a liner between the sample 
and sample holder. One mil thick tantalum foil was 
used. I t is advantageous to minimize the amount of 
refractory metal present so that the Doppler effect 
for the empty capsule will be small. Graphite is not 
a resonance absorber and has the additional ad-
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TABLE III-5-I . VALUES OP n OBTAINED BY FITTING 

EXPERIMENTAL DATA TO T''{dk/dT) = Constant 

Material 

UO2 
Molybdenum 
Rhenium 
Tantalum 
Tungsten 

n 

0.871 
0.900 
1.207 
1.076 
0.808 

vantage of relatively high strength at very high 
temperatures. The Doppler elements used in earlier 
experiments were made of nickel-alloy materials 
which limited the measurements to temperatures be
low about 1200°K. 

Figure III-5-4 shows the Doppler element with its 
graphite heater and power leads in place. The as
sembled element is inserted into the stainless steel 
container which has a silvered inner surface to mini
mize the radiant heat loss. During the experiment 
the container is evacuated to further reduce heat 
losses. 

The Doppler effect was obtained by measuring the 
reactivity change resulting from the change in 

temperature of the sample. The reactivity measure
ment technique was to oscillate the sample repeti
tively into the center of the critical facility and back 
out. The large reactivity change associated with the 
oscillation of the sample was balanced by the coarse 
autorod. The coarse autorod could control approxi
mately 50 Ih and had accurately reproducible pre
set positions that would maintain the reactor near 
critical for both the sample-in and sample-out con
ditions. The small reactivity change resulting from 
the change in sample temperature ^vas measured with 
the fine autorod, an accurately calibrated, servo-
controlled boron rod, worth approximately 2 Ih in re
activity. During a measurement a master timer auto
matically controlled the sequence of oscillator 
motion, coarse autorod activation, and fine autorod 
position averaging. 

RESULTS 

Figure III-5-5 shows the experimental results for 
the five materials on which measurements were made. 
The data are shown in terms of the reactivity change 
from room temperature in Ih/kg. For the UO2 sam
ple the values are plotted as Ih /kg of uranium. The 

c= TANTALUM 

» RHENIUM 

+ NATURAL URANIUM IN OXIDE FORM 

X MOLreOENUM 

« TUNGSTEN 

?000 2300 200 400 600 800 1000 1200 1400 1600 181 
TEMPERMllRE. DECREES K 

F I G . III-5-6. .Measured Uoppler EITect~No Expansion Correetions. AXL Neg. No. 113-1602. 
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experimental points as shown have been corrected for 
the effect of the empty capsule, so that the indicated 
reactivity change is due to the Doppler effect and 
sample expansion, both of which are negative. Calcu
lations indicate that the expansion effect is small, 
amounting to no more than 3 to 4% of the total 
reactivity change for tantalum and molybdenum, less 
than 1% for tungsten, and negligible for UO2 relative 
to the experimental accuracy. Subtracting the cal
culated expansion effect from the molybdenum and 
tungsten data leads to the interesting result that the 
measured Doppler effect for these two refractory 
metals is the same within experimental accuracy, in 
this spectrum. 

For UO2 the measurements made in Assembly 23 
with the new high temperature equipment can be 
compared directly with measurements made in As
sembly 19 using the standard ANL freely expanding 
Doppler element. Such a comparison shows excellent 
agreement over the temperature range common to 
both sets of measurements. 

The curves shown in Fig. III-5-5 were obtained by 
fitting the experimental points to the expression T^ 
dk/dT = constant. Tho value of n obtained for 
each material is shown in Table III-5-I . For UO2 
the uncertainty in n is estimated to be ±0.028. Fitting 
only the five UO2 data points below 12O0''K yields a 
value for n at 0.89. 

COMPARISONS WITH CALCULATIONS AND 

OTHER EXPERIMENTS 

Some calculational effort has been made to investi
gate the degree of agreement that one can obtain us-

1 1 1 

ZPR-9 ASSEMBLY 23 ^ 
_ CENTRAL SPECTRUM 

1 

ENERGY, ev 
10° 10' 

F I G . III-6-6. Zl'K-9, Assembly 23 Central Spectrum as 
Computed by IVICC From E N D F / B Cross Sections. ANL Neg. 
No.113-1501. 

ing available cross section data and calculational 
methods. In all calculations only E N D F / B cross sec
tions were used. Multigroup cross section sets were 
generated by the IVIC- code and used in the DEL sub
routine of MACH 1 for the calculation of the Doppler 
reactivity changes. 

Specifically, a multigroup set of fluxes was cal
culated for the central zone of Assembly 23 using the 
Pi fundamental-mode option of MC-. The cell struc
ture was specified to insure the correct potential 
scattering cross section for U-238. The calculation 
was performed with ultrafine groups (lethargy width: 
1/120). The neutron fluxes in ultrafine group form 
were then reduced to a fine group set consisting of 66 
groups with a lethargy width of 0.25 as shown in Fig. 
III-5-6. * 

Fine group cross sections were generated by MC^ 

TABLE III-5-II . CoMp.vRisoN OF ME.4SL"KED .\ND C.VLCULATEU RESULTS 

Material 

UO2 

Molybdenum 

Ithenium 

Tantalum 

Tungsten 

A 
Reactivity Worth 

at -25°C, 
Ih/kg 

Measured 

-5 .876 
±0.026 

-8 .870 
±0.017 

-31.375 
±0.011 

-23.333 
± 0 014 

-8 .134 
±0.010 

Calculated 

-7 .001 

-10.095 

— 

-22.894 

-9 .780 

B 
Reactivity Change 

293 to 2000°K, 
IhAg 

Measured 

-0 .983 
±0.014 

-0 .696 
±0.009 

-1.8484 
±0.018 

-3 .171 
±0.028 

-0 .682 
±0.008 

Calculated 

-0 .692 • 

- 0 .162 

-

-3 .306 

-0 .675 

ie 
vH 

Calculated 
Expansion 
Correction 

2000-293°K, 
Ih/kg 

-1-0.000 

-0 .026 

-

-0 .050 

-O.OOli 

B/A 

Measured 

0.167 

0.078 

0.059 

0.136 

0.084 

Calculated 

0.099 

0.010 

-

0.144 

0.069 
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TAHLE n i - 5 - i n . COMPARISON OF EXPERIMENTAL HESULTI 

WITH \ 'ALUES REPORTED DY ATOMICS INTERNATIONAL 

Material 

Molybdenum 
Tantalum 
Tungsten 

Ratio of Doppler Kffect, 293-873 "K, 
to Material Worth 

Argonne 

0.0419 
0.0785 
0.0436 

AI 

0.0371 
0.0624 
0.0381 

at several temperatures for each Doppler sample. The 
spectrum shown in Fig. III-5-6 was then used to col
lapse the fine group cross sections to a set con
sisting of 25 broad groups. Reactor calculations were 
made with JMACH 1 in 25 groups and cylindrical 
geometry. The Doppler sample and its environment 
were included in a criticality calculation, which was 
followed by perturbation calculations to determine 
the worth of the sample at each temperature for 
which cross section data had been generated. 

A comparison of measured and calculated results 
is given in Table III-5-II . The values quoted for 
UO2 are in Ih/kg of uranium. No E N D F / B data are 
available for rhenium, which is the reason for the 
absence of calculations for that material. The columns 
under A are the central reactivity worths of the 
materials in Assembly 23. The agreement between 
measured and calculated worth is poorest for molyb
denum, where the calculations overpredict the worth 
by more than 80%. It is known, however, that the 
E N D F / B library does not include the latest cross 
section data for molybdenum; and the difference 
between the data used in E N D F / B and the newer 
data is significant. 

The columns under B include the combined effect 

of Doppler broadening and sample expansion; thus 
the calculated values under B include the calculated 
expansion effect shown in the adjacent column. Again 
the agreement is quite poor for molybdenum; how
ever, here the calculated value is too low. A check of 
E N D F / B shows that this is due to the absence of 
unresolved resonance parameters for molybdenum. 
For UO2 the agreement between experiment and cal
culations is not as good as has been obtained when 
other cross section sets were used, prior to the avail
ability of E N D F / B . This suggests the possibility of 
errors in the U-238 cross sections in the E N D F / B 
library. 

The ratio of B to 4 is of interest since it cancels 
out the effect of errors that may exist in the cal
culated perturbation denominator. I t is clear that the 
best agreement is obtained for tantalum. 

Table III-5-III shows a comparison of our re
sults with those reported by Atomics International 
(AI). ' This comparison is over the temperature range 
of the Atomics International measurements. Here 
again the quantity being compared is the ratio of the 
Doppler effect to the material worth. The Argonne 
values are higher by 13% for molybdenmn, 14% for 
tungsten, and 26% for tantalum. The use of the stain
less steel filter around the oscillator drawer causes a 
flux perturbation effect that could account for some 
of this difference. 
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I l l -6 . .4pplication of Statist ical Theory and Multi level Formal i sm to 
Doppler Eflfect Analysis 

R. X. HWANG 

The influence of the multilevel multichannel inter
ference effect on the Doppler effect of fissile isotopes 
has been of considerable practical interest in recent 
fast reactor studies. As a part of a series of studies 
now under way, the main purpose of the present pa
per is to improve the understanding of the theory 
and application of the multilevel, multichannel for
malism to Doppler effect studies in the unresolved 
region. In particular, the emphasis of this work is on 

the analytical aspects of the problem. The detailed 
description will appear in Refs. 1 and 2. 

In the present work, the concept of the "statistical 
collision matrix" introduced by P. A. Moldauer* 
Ni'as used. Reference 1 describes the formulation of 
the Doppler broadened cross sections in terms of S-
matrix parameters and the statistical considerations 
pertinent to the fissile isotopes. I t is shown that, in 
the S-matrix formulation, the Doppler broadened 
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cross sections, in general, can be expressed in terms 
of the usual \ji and x function if the ideal gas model 
is assumed. The disadvantage of the S-matrix for
mulation is the apparent lack of knowledge of the 
precise statistical behavior of the S-matrix param
eters. The distribution functions, in principle, can be 
determined from the given K-matrix distribution 
functions. In order to improve understanding of the 
S-matrix statistics, a simple example using two in
terfering levels was carried out analytically. With 
the distribution functions expressed in the explicit 
functional form, it is possible to study the charac
teristics of these functions in great detail. I t was 
found that the S-matrix levels no longer exhibit the 
Wigner repulsion. The degree of distortion in the 
distribution function for the S-matrix level spacing 
depends on the ratio of the average total width to the 
average spacing. The distribution function for the S-
matrix total width was found to be wider than the 
corresponding ii-matrix distribution function. Real
istic examples for fissile isotopes including many 
levels and channels were also given on the basis of 

the statistical collision matrix concept. The results in 
the many-level case were found to be in good quali
tative agreement with the cases using two levels. 

Reference 2 describes the application of the statisti
cal theory and multilevel formalism to the reactor 
Doppler effect analysis. Analytical studies were 
carried out on the basis of the narrow resonance ap
proximation. The studies were made in both the high 
energj- and the intermediate energj' regions, both of 
which are of great interest in the fast reactor Doppler 
effect calculations. Some qualitative conclusions on 
the influence of the multilevel interference effect on 
the Doppler effect of fissile isotopes were also given. 
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I l l - 7 . V a r i a n c e i n t h e D o p p l e r C o e f f i c i e n t D u e t o S t a t i s t i c a l 
S e l e c t i o n o f R e s o n a n c e P a r a m e t e r s 

L. B. JMILLER and R. X. HW.\NG 

METHOD OF ANALYSIS 

Letting 

F = number of fissions per source neutron 
(' = number of captures per source neutron, 

the multiplication constant for an infinite system with 
repeated cells is 

vF 
F -\- C 

(1) 

Irffc 
kdT 

1 d(vF) 
vF dT 

Differentiating with respect to temperature, T, 

_ ! _ ( ' ^ + ^ \ (2) 
F -\- C\dT dT/ 

Since all neutrons are eventually absorbed, the total 
number of fi.ssions and captures per .source neutron is 
unity. Therefore the second term on the right is zero. 

It may be of interest to determine the Doppler coeffi
cient of reactivity dvie to resonances in a small energy 
region or due to all the resonances in the Doppler re
gion. The following analysis applies to both cases. 

If we let the subscript d denote the resonance region 

of interest, f denote the lower energy region, and ft 
denote the higher energy region, then 

Idfc 
kdf 

1 (d(vF)\ 1 / r f ( - F ) \ 
fF \ dT ) , vF \ dT ) 

(3) 

The changes with temperature in the fission and cap
ture rates in the lower energy- region arc due to the 
depletion of the flux in the lower energy region, caused 
by increased absorption in the resonance region of 
interest. This affects the fission and capture rates in 
the same waj', so the fractional change in the fission 
rate is etiual to the fractional change in the capture rate 
in the lower energy region; that is 

( 1 d(vF)\ 
\vF dT )s ( ^ -HC 

Therefore the second term in Eq 

J_ /d(vF)\^ ^ ±('^ + 'E 

djF -I- C)N 
dT ) 

(3) is 

)t vF \dT dT/,, \, .F + C, )r 

(4) 

(5) 
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Using Eq. (6) in Eq. (4) , 

I d ^ ^ (vF)i 
k dT vF 

, ( \ d(vF)\ 
'\vF dT /j 

(PF),(F-^C), 

vF (F -\- C), (F -\-
1 (dF dC\ 
- C)a \dT "^ dT/i • 

(6) 

The logarithmic derivatives in the Doppler region 
can be computed accurately using the AMC code,^ and 
tbe reaction rate ratios are given with sufficient ac
curacy by a fundamental mode calculation using the 
MC^ code.2 

SYSTEM STUDIED 

A sodium-cooled, stainless-steel clad, UO2-PUO2 sys
tem was considered, with 0.658 cm fuel rods in a 2.57 
cm pitch hexagonal lattice. The LI-23S-to-Pu-239 ratio 
was 7 to 1. The energy region from 300 to 4000 eV was 
considered in the AMC calculation. 

To determine the variance in the Doppler coefficient 
due to the statistical selection of resonance parameters, 
sixteen calculations were performed with different sets 
of Pu-239 resonance parameters. The resolved reso
nance parameters for U-238 were used in all cases. 
For each case different sets of resonance parameters 
and level spacings for Pu-239 were selected from the 
appropriate statistical distributions using average val
ues suggested by J. Schmidt.* The .7 = 0 and 7 = 1 
resonances of Pu-239 were considered to be statistically 
independent. 

RESULTS 

The Doppler coefficient for the system was found to 
be -0 .104 X 10-'with a standard deviation of 0.012 X 
10-*. 

To determine the separate contributions of U-238 
and Pu-239 to the Doppler coefficients, the same prob
lem was repeated with the temperature derivatives of 
the Pu-239 cross sections .set equal to zero. In this case 
the Doppler coefficient was found to be —0.194 X 10-*. 
This represents the U-23S contribution to the Doppler 
coefficient. The difference between the total Doppler 
coefficient and the 11-238 contribution, -1-0.030 X 10-*, 
is the Doppler coefficient due to Pu-239. All the vari
ance in the total coefficient is due to Pu-239 since only 
the resolved resonances were considered for U-238. 

The Pu-239 contributiim is 18% of the net Doppler 
coefficient, while the probable error in the calculated 
Doppler coefficient is only .5%. Therefore, the variance 
in the Doppler coefficient due to statistical selection of 
Pu-239 resonance parameters, although it is significant, 
is certainly tolerable. 
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I I I - 8 . M o n t e C a r l o C a l c u l a t i o n o f M u l t i - R e g i o n H o t - C o l d I n t e r f e r e n c e E f f e c t s 

R. >f. HWANG and L. MILLER 

INTRODUCTION 

The influence of the unheated material surrounding 
the heated element in a Doppler coefficient measure
ment has been investigated and discussed by theoreti
cal and experimental reactor physici.sts for several 
years. The Argonne Monte Carlo program A M C " is 
convenient for treating the rapid fluctuations of the 
neutron flux in space and energy which results from the 
heterogeneous arrangement of resonance absorbers in 
these experiments. 

The AMC code was used to comiiute the space and 
energy dependent reaction rates and their derivatives 
with respect to the temperature of the Doppler sample 
for several exemplary cases. I'ive cases of practical 

significance were investigated. The phenomena con-
.sidered were: 

1. The effect of "cold" resonances on the heated 
sample, with the cold material containing resonance 
.absorbers different from the sample 

2. The effect of "cold" resonances on the heated 
sample, with the cold material containing the same 
resonance absorber as the sample 

3. The effect of separating the interacting resonance 
materials with non-resonant structural materials 

. 4 . The effect of .surrounding the Doppler element 
with a thin blanket in a core containing the same reso
nance absorber as the Doppler element 

5. The effect of varying the thickness of the blanket 
surrounding the Doppler element. 
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The first three cases were intended to determine 
whether the presence of "cold" re.sonances in the sur
roundings influence the resonance integral and its 
temperature derivative of the "hot" sample under 
various conditions. The problems in Case 4 were run 
\\'ith a more complex geometry to provide a theoretical 
interpretation of the experimental results of S. Car
penter et al.'' The energy region from 1.0 to 1.4 keV 
was considered. The resonance parameters of F. Firk 
et al.* were used for U-238 and the resonance parameters 
for thorium were taken from BNL-32.5. 

AMC CALCULATIONS 

Case 1: Doppler Element Sun-ounded by Dijjei-ent 
Resonance Materials 

To isolate the effect of the interaction of the broad
ened resonances in the Doppler element and the un-
broadened resonances in the surrounding medium, four 
two-region problems were run. The Doppler region was 
a circular cylinder, 1.125 cm diam. This was surrounded 
by a cylinder of hexagonal cross section 3 cm on a side. 
In all four problems the outer region contained a refer
ence core material of 15 v /o U-23S, 15 v /o U-235, 15 
v/o Fe, and 55 v/o Na. 

In the first two problems the Doppler element was 
thorium metal; therefore, the resonances in the two 
regions were at different energies. To determine the 
effect of the interference of these resonances, the first 
problem was run with resonances in both regions, and 
the second was run with the resonance cross sections 
in the outer region set equal to zero. As shown in Table 
III-8-I, the effect was very small. The fractional in
crease in the absorption rate of the Doppler element, 
per degree K, was 6% higher with the interacting reso
nances present. 

Case: 2 Doppler Element Surrounded by the Same 
Resonance Absorber 

In the third and fourth problems the Doppler ele
ment was uranium metal; therefore, the resonances in 
the two regions were at the same energies. The result
ing interaction was found to be significant. The reso
nances in the outer region increased the Doppler effect 
in the uranium Doppler element by 43 % at room tem
perature. 

Case 3: Interacting Materials Separated by Iron 

Additional problems were run to determine the effect 
of the heater and the structural material separating the 
sample from the unheated core region. I t was found 
that the interaction effect was significantly reduced 
when the interacting resonance materials were sepa
rated by iron. The amount of iron considered was 

TABLE III-8-I . DOPPLER ELEMENT SURROUNDED BY 

D I F F E R E N T RESON.\NCE M. \TERIAL 

Region 1 

Thorium (Res.) 
Thorium (Res.) 
Uranium (Res.) 
Uranium (Res.) 

Region 2 

U-Na-Fe (Res.) 
U-Na-Fe (No Res.) 
U-Na-Fe (Res.) 
U-Na-Fe (No Res.) 

1 dAi 
A, dT 
X 10<,<-) 
Region 1 

4.55 ± 0.09 
4.20 ± 0.09 
3.44 =t O.IO 
2.41 ± 0.04 

•^ A] = absorption rate at room temperature. 
T = temperature, °K. 

TABLE III-8-II . E F F E C T OF STRUCTURAL MATERIAL 

SEPARATING DOPPLER ELEMENT AND SURROUNDING 

MATERIAL WITH THE SAME RESONANCES 

Composition 

Region 1 

U-238 
(Res.) 

U-238 
(Res.) 

U-238 
(Res.) 

U-238 
(Res.) 

U-238 
(Res.) 

Region 2 

VOID 

VOID 

)i6 in. Fe 

H in. Fe 

li in. Fe 

Region 3 

U-Na-Fe 
(No Res.) 

U-Na-Fe 
(Res.) 

U-Na-Fe 
(Res.) 

U-Na-Fe 
(Res.) 

U-Na-Fe 
(Res.) 

1 dA, 
Al er 
X 10', 

Region 1 

2.41 ± 0.04 

3.44 ± 0.10 

3.12 ± O.IO 

2.60 ± 0.10 

2.52 ± 0.10 

Rela-

Values 

1.00 

1.42 

1.29 

1.08 

1.05 

equivalent to Vi6> iit *nd }'l in., respectively. The 
presence^of these iron cans reduced the interaction 
effect from 43% to 29%, 8%, and 5%, respectively, as 
shown in Table III-S-II. The amount of iron present 
in the Argonne experiments* was probably sufficient to 
prevent the detection of any interaction effect. 

Case 4: Thorium Resonances Surrounding 
Doppler Elements 

To more closely represent the experiments,^ addi
tional problems were run \vith the geometry and com
positions shown in Fig. III-8-1. The thorium Doppler 
element was surrounded by a ,'̂ 4 in. annulus of 25% 
iron, 75% void, to represent the heater and heat 
shields. This was surrounded by a blanket region of 
different composition in each of the four problems 
considered. The outer region was again the reference 
core composition. The results shown in Table III-8-III 
indicate that the effect of the thorium blanket is to 
increase the Doppler effect of the thorium Doppler 
element by 41 %. 

Table III-8-IV shows the relative values of the com
puted fractional change in absorption rate and the 
corresponding measured Doppler coefficients.' Results 
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F I G . III-8-1. Geometry and Composition of Four-regii'i 
Problems. ANL Neg. No. llS-1290. 

TABLE III-8-III . EFFECT OF THORIUM RESONANCES IN 

BLANKET SURROUNDING THORIUM DOPPLER ELEMENT 

Blanket Material 

Thorium with resonances 
Thorium without resonances 

1 — ' X 10̂  

Region 1 

6.2 ± 0.1 
4.4 ± 0.1 

TABLE 1II-8-IV. RELATIVE DOPPLER COEFFICIENT OF 

THORIUM DOPPLER ELEMENT IN IRON CONTAINER, J^e IN. 

THICK SURROUNDED BY VARIOUS BL.\NKETS, % IN. 

THICK, IN CORE OF 55% Na, 15% U-235, 15% U-238,15% Fe 

Blanket 

Void 
Thorium 
Uranium 

Relative Value of 
1 dAi 

.4i dT 
Computed 

1.00 
1.13 
0.77 

Relative Doppler 
Coefficient 
Measured 

1.00 
1.01 
O.gi 

III-8-V. VARIATION OF INTERFERENCE EFFECT 

WITH BLANKET THICKNESS 

Region 1: 
Region 2 
Region 3 
Region 4 

Th Doppler element 
Ke i"- Fe 
Th blanket 
U-Na-Fe cure 

Blanket Thickness, 
in. 

0 

Me 

h 

T ^ ' X '0 ' . Al dT 
Region 1 

- 5 . 4 
- 5 . 9 
- 6 . 2 
- 4 . 4 

are shown for the cases of a blanket of the same com
position as the Doppler element and a blanket of differ
ent composition. The exact geometry of the experiment 
was not available for the calculations, and the results 
of the calculations are not directly comparable to the 
measured reactivity changes; nevertheless, qualita
tive agreement is .shown. 

Case 5: Variation of Inlei-.ference Effect with 
Blanket Thickness 

Additional problems were run to determine the opti
mum thickne.ss of the blanket to produce the maxi
mum interference effect. As shown by Table III-S-V, 
the optimum thickness is about pg "'• " ' thorium metal. 

DISCUSSION AND CONCLUSION 

From the results given in Table III-8-I through Table 
III-8-V, one is led to the following conclusions: 

(1) The presence of the unbroadened resonances 
in the "cold" surrounding material significantly in
crease the Doppler effect of the heated sample when 
the Doppler element and surroundings contain the 
same resonance absorber. 

(2) The Doppler effect of the heated sample is rela
tively insensitive to the presence of unbroadened reso
nances in thf)se surroundings which are different from 
those of the sample. 

(3) The cold-hot-interaction effect which is closely 
analogous to the usual Dancoff effect is extremely sensi
tive to the presence of the non-resonant scatterers 
surrounding the sample. The presence of a large amount 
of these non-resonant scatterers, such as stainless steel 
tubing and structural materials which exist in almost 
.all Doppler measurements, may substantially decrease 
the interaction effect discussed above. 

.\ theoretical interpretation of the t[uestion of the 
cold-hot-interaction effect is given as follows: 

The absorption probability of the sample is 

4 , ! ://.„(») t>i(n,r) dr du. 

wluTo (TyiiE) and <^i(A'.r) :HT the capture cross section 
and neutron flux in Region 1, respectively. In the energj' 
re^itm of interest, the "effective" flux 4>i(u) in the sam
ple can be pictured as a superposition of two terms 

2,,(u)^i(w) 
N .u (u'-u) 

= (^ - Pi)Z r 2n(«)<^.(" 
71=1 •'ii-<„ 1 — a „ 

rf»" (1) 

4- P , 2 2 ( M ) « 2 ( « ) , 

where ]\ and !'•< are the resimance escape probabilities 
of Regions 1 and 2, respectively. The presence of reso
nances in Regiiui 2 will, in general, reduce the second 
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term in Eq. (1), so that the absorption probability .4i 
is reduced accordingly. The quantity of interest is 

day(u) 1 dA, f r r , ')ay(u) , 

A,W J'^^'^^'^T-'"' 

I CyiU 
<t>,(u) 
dT 

(2) 

du. 

I'or the case where the cell size is much larger than the 
sample, the temperature derivative d4>,(u)/dT is nearly 
independent of the presence of resonances in Region 2 
as long as Region 2 is unheated. The first term in Eq. 
(2), however, is seasitive to the unbroadened reso
nances in the surroundings. The reason for this can be 
explained quite readily by referring to the simplified 
model given in Fig. III-8-2. The figure shows the varia
tion ^,(u)d<ry{u)/dT near a resonance for the case 

111-8-2. Variation of 4,1 ^ . ANL N 

where there is no resonance in Region 2. The contribu
tion of the first integral in Eq. (2) depends entirely on 
the relative magnitudes of the positive and negative 
areas enclosed by the curve. It is quite clear that the 
presence of resonances in Region 2 will change the rela
tive contribution of the positive and negative areas by 
the flux depres.sioii. If the resonances in Region 2 are 
the same as those in Region 1, the effect is to increase 
the relative magnitude of the positive contribution ilue 
to the more significant flux dip near the peak of the 
resonance. As a result, the presence of resonances of 
the same kind in Region 2 tends to increase the Doppler 
effect. On the other hand, if the resonances in Region 
2 are different from tho.se in the sample, the effect may 
increase or decrease the Doppler effect of the sample 
depending on the relative locations of the resonances in 
Region 2 with respect to those in Region 1. The net 
effect is believed to be unimportant for two completely 
uncorrelated resonance .sequences. 
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III-9. Collision Density in the Doppler Region 

M. SEGEV* 

In a .search for anal\'tic-approximate descriptions of 
the collision den.sity in fast reactor mixtures we con
sider here elastic slowing down in the Doppler region, 
i.e., below .some 40 ke\ ' . Ignoring inela.stic scattering 
from the 8 keV level of Pu-239 and neglecting the fission 
spectrum in the range, the Pi equations, with which we 
start, are source free. We further simplify the discussion 
by considering a finite homogeneous medium consisting 
of one isotope. 

CONSTANT CROSS SECTIONS 

To learn about average trends in the collision density 

* Visiting Scientist, Israel Atomic Energy Commission, 
Soreq Research Center, Yavne, Israel. 

we start with the assumption of constant cro.ss sections. 
The Fl equations, in lethargy units, are 

divj(r,M)e" = - / du F(r,u )e" 
a J„+ln(I-a) 

- F(r,u)c", 

j(r,M)e" = - / du pi(u ,u)j(r,u )c" 
a • 'u-t-ln(l-a) 

32* 
g r a d F(r,u)e 

(1) 

(2) 

where F is the colUsion density, j is the current, 2 is 
the total cross section, s is the ratio of the scattering 
to the total cross section, pi(u',u) is the scattering 

http://tho.se
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cosine for w —> w lethargy change, in laboratory co
ordinates, a is the maximum lethargy gain in a scatter
ing event. 

Equations (1) and (2) are combined into 

p+i„(i-„) , r , g , -| 
= / du \ d(u — u) PL{U ,u) (3) 

p ' + ln<l-.) ,, , 
X- du"F(r,u")e'' -j- F(r,u )e'. 

a •>u' 

Wc assume a solution of the form 

Fii,u) = iA(r)e"'", (4) 

where ^(r) satisfies the buckling equation 
v V ( r ) + BV(r) = 0. (5) 

Substitution of Eqs. (4) and (5) into Eq. (3) leads 
to a transcendental equation for r: 

| ( | ) > ( v , v ) - h l - i(ot,v) = 0 , 

where 

a t — c 

(6) 

(7) 

T(s,a,v) 

\0.5 ~v 1.5 - v/jf 

Note that for an infinite medium {B = 0), Eq. (6) 
reduces to the equation given by G. Placzek. Also, 
the transport approximation to E(JM. (1) and (2) leads 
to a transcendental equation similar to Eq. (6) but 
with 2\s,a,v) approximated by T{s,a,0). 

By expanding Eq. (6) in powers of v and by invert
ing the series, an expansion series for v is obtained. 

-mb-z (a'/s) 

+(S-i)^«'/^^'+•••]• 
where 

a s o -f 
DB' 

a = 1 -

(9) 

(10) 

(11) 

-̂̂ /['K -̂̂ fl ^''^ 

i. 

(13) 

(14) 

T„^^l^T(s,a,0)'\. (15) 
nl \_dy'' J 

For very small a and 33 (B/2)" values Eq. (9) yields 

J,v = ( l + i ^ ^ l n (1 - a)jvx a 

DB' 
2 

(16) 

for [a + 1^(5/2) '] « 1. 

Thus, the spectrum of a finite system with a buckling 
B' and absorption ratio a is, for very small a and B^, 
the spectrum of an infinite system having an absorption 
ratio of (a -H DB'/S). ¥OT higher values of a and B' 
one has to consider more terms in EQ (9). For small a 
values, the first three terms in Eq. (9) reduce, approxi
mately, to the following formula for v: 

i.f' 
(DB'/S) -h a 
(DBf/1,) -t- 1 

1 (H)a 
(, ,, DB'\ 
tor small a,a, —— 1 

(17) 

The range of application of formula (17) was deter
mined by a comparison with a numerical solution of 
the transcendental Eq. (6). Table III-9-I shows the 
comparison. It is seen that formula (17) predicts v to 
better than some 5% of error for a large range of mass 
numbers, absorption ratios and system dimensions. 

A prehminary analysis indicates that the use of e'"", 
(V given by Eq. (17)) as collision density in calculating 
self-shielding factors for energy intervals of 0.5 lethargy 
units results in values which are 4 to 5 percent higher 
than those obtained in a calculation based on a con
stant collision densitj'. 

RESONANT CROSS SECTIONS 

Although the cross sections in the Doppler region are 
resonant, we can expect the collision density to show a 
long range variation as given by Eqs. (4) and (17), 
where D /2 and a in Eq. (17) stand for some average 
values of Df^iu) and a{u). To determine the kind of 
average involved, we turn to the simpler problem of an 
infinite medium. The equation is 

PWe" = ~ r s(u)F{u')e'' 

where 

- l n ( l - a). 

(18) 

(19) 
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In most of the Doppler region the interval t contains 
many resonances. We therefore assume 

e » S, (20) 

where S is the average level spacing. Assuming for a 
moment that the resonant s(u) in Eq. (18) is a peri
odic function, the solution F(u) must contain a peri
odic part. Denoting the average level width by T, if 
S » r then e » r and only a small fraction of the 
scattered neutrons will fall into the resonances. If 
S ~ V the overlap is strong and the periodic structure 
of s(u') is of small ampUtude. In both cases the peri
odic part of F{u) will have a small amphtude. 

We try a solution of the form 

F(u) = e"'f(u), (21) 

where f(u) is periodic with the period S. Substituting 
Eq. (4) into Eq. (1) and differentiating with respect 
to u, we obtain 

TABLE III-9-I. A COMP.\HISON OF V VALUES 

(1 ")/(") + / '(«) = - [s(u)f(u) 
(22) 

-^ (1 - a)'-'s(u - e)f(u - e)]. 

We are interested in the coUision density for weight
ing purposes in an energy range of a typical coarse 
group. Such a range contains many periods. Therefore 
we may adjust the group limits so that / («j_i ) = / ( M „ ) . 
For the same reason also 

duf(u)s{u) dufiu — ()s(u — e). 

Moreover, the above is true even if the assumption of 
strict periodicity is replaced by resonance parameter 
distributions. The average resonance parameter must, 
however, remain constant within the coarse group. 

Integrating Eq. (22) over an energy group we ob
tain the infinite medium transcendental equation 

(23) 

(24) 

(25) 

<s) 

( s ) = ( dus(u)f(u) / I dufiu), 

or, due to the sm.all amplitudes o f / (« ) , 

\nn, 2 ( M ) / J»„„p 

The average absorption ratio that goes into formula 
(17) is thus temperature dependent. With it the spec
trum e~" is temperature dependent. 

A REMARK CONCERNING J I IXTURES 

A mixture of two heavy absorbers, such as uranium 
and plutonium, is described by one integral term in Eqs. 
(1) and (2) or in Eq. (IS), due to the close a values of 
the isotopes. 

Mass 
Number 

200 

10 

4 

« 

Absorption 
Ratio 

0.0 

0.15 

0.45 

0.0 

0.15 

0.45 

0.0 

0.15 

0.45 

Dimension of 
the Medium 
In Units of 
Mean Free 

Path 

100 
10 
3 

100 
10 
3 

100 
10 
3 

100 
10 
3 

100 
10 
3 

100 
10 
3 

100 
10 
3 

100 
10 
3 

100 
10 
3 

< 

Numerical 
Solution 

of Eq. (6) 

0.000329 
0.0319 
0.271 

0.159 
0.187 
0.407 

0.548 
0.571 
0.752 

0.000329 
0.0331 
0.274 

0.158 
0.188 
0.415 

0.542 
0.565 
0.748 

0.000329 
0.0360 
0.288 

0.158 
0.190 
0.430 

0.532 
0.556 
0,741 

V 

Values by 
Eq. (17) 

0.000329 
0.0319 
0.276 

0.158 
0.186 
0.397 

o
d

d
 

0.000329 
0.0319 
0.268 

0.158 
0.186 
0.397 

0.530 
0.550 
0.703 

0.000329 
0.0319 
0.268 

0.158 
0.186 
0.397 

0.530 
0.550 
0.703 

In a mixture of plutonium with a medium-weight 
background scatterer, say sodium, the situation is of 
double narrow resonance,^ a^ evident from inequality 
(20). In this case the collision density is constant over a 
single resonance, the constant being 1/$] , where ^i is 
a weighted average of the isotopic ^I's:^ 

?i = 
€i(Pu)2(Pu) + ^i(Na)2:(Na) 

S(Pu) + S(Na) 
(26) 

Therefore, in applying Eq. (17) to a mixture in the 
Doppler region, $i is a weighted average as indicated in 
Eq. (26). 
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III-10. Influence of Resonances of Moderat ing E lements on the Coll ision Dens i ty 

M. SEGEV* 

INTRODUCTION 

In a search for analytic-approximate descriptions of 
the collision density in fast reactor mixtures, we con
sider here the energy spectrum of neutrons during 
elastic moderation in a uniform medium with a spatially 
flat source at high energies. 

Analytic solutions have been presented for certain 
simple cases: 

(a) A single isotope with isotropic scattering and 
weak absorption.^'^ 

(b) A single-isotope with energy-independent anisot-
ropy of the scattering.^ 

(c) A mixture of isotopes with constant cross sec
tions and isotropic scattering.^ 

(d) A mixture consisting of a light isotope with a 
constant scattering cross section and a heavy isotope 
with a resonant cross section .such that either the "nar
row resonance" (N.Il.) or the "wide resonance" (W.R.) 
approximation applies.^ 

Semi-analytic methods have been developed for 
more complex cases. R. Goldstein'* reduced the solution 
for mixture (d) above, with a resonance of any width, 
to the solution of a transcendental equation. L. Finkel-
stein^ reduced the solution for the general problem of 
neutron moderation by elastic-isotropic scattering to 
the solution of recursion and transcendental equations. 

The typical "fast" mixture, namely of a background 
heavy absorber with a resonant moderator is outside 
the range of application of the above solutions, with 
the possible exception of an extension of Finkelstein's 
method. However, this latter method is relatively 
complicated and implicit. 

In the following we derive a simple analytic :ipproxi-
niation to the collision density which applies to a 
variety of mixtures and, in particular, to typical fast 
mixtures. The main feature of the approximation is 
that the collision density is about proportional to the 
inverse of the lethargy gain per scattering in the mix
ture. This solution contains cases (a) through (d) above 
as a particular instance where the average lethargy 
gain is a constant. 

EXPANSION OF THE SLOWING DOWN EQUATION IN 

SLOWING DOWN MOMENTS 

The collision density resulting from a monoenergetic 
source in an infinite medium shows Placzek-type oscilla

tions' under the most general laws of absorption and 
elastic scattering.^ Hence the asymptotic range is 
reached approximately below a few scattering intervals 
from the source, and we apply the asymptotic slowing 
down equation to the energy region below the fission 
source and the inelastic scattering. 

The number of isotopes in the mixture is denoted by 
/ ; the isotopic scattering probability from lethargy u 
to lethargy u" by Pi{u',u")\ the ratio of the isotopic 
scattering cross section to the total cross section of the 

mixture by Si{u)\ . , , .2 by a,-, where Ai is the 
(•^> + 1) 

isotopic mass; the isotopic maximum lethargy gain per 
scattering by e, = | In (1 — a,) |; the colhsion density 
by F{u); the slowing down number by qiu); then F{u) 
and q{u) arc related by Eqs. (1) and (2) : 

w) = 2Z / du s,(u)Fiu) 
1=1 • ' u - f j 

g( 

and 

where 

•j du"P,(u,u") 

Sq(u) 
du 

ls(u) - l]F(u), 

s(u) = 2 s,( u). 

(1) 

(2) 

(3) 

By a change itf variables and a Taylor expansion 
about u, VA[. (1) can be brought to the following form: 

<i(u) = E ( - i ) ' 
du' 

:r,ls(u)t\u)F(u)], (4) 

where 

and 

J > " ( „ ) ^ 2 : S , ( « ) ? < " ( M ) A ( « ) 

?, /_ / - !>" ' (1- I+ ^ ) I'̂ •("-

(5) 

(6) 

* Visiting Scientist, Israel Atomic Eneri^y Commission, 
Soreq Research Center, Yavne, Israel. 

Pi(u,p) is the isotopic normalized angular distribution 
curve at lethargy u. 

The homogeneous mixture and its I'>i. (4) are defined 
in terms of J ' " ( M ) , the slowing down moments of the 
mixture. The (th moment nf the mixture is, by Eq. (5), 
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an average over {' \u), the isotopic (th moments. The 
isotopic (th moment is, by Eq. (6), the average of the 
(th power of the lethargy gain per colhsion, divided by 
(\. 

In the past, some of the effects of absorption and 
scattering ani.sotropy on the neutron spectrum have 
been investigated by a moment expansion of the integral 
equation for a medium consisting of a single isotope.^ •̂ •' 
In the following, Eq. (4) is used to study the mixing 
effect on the collision deiLsity. 

LIMITING CASES OF A SMOOTH COLLISION DENSITY 

In the limit of con.stant scattering ratio and constant 
slowing down moments, namely 

I. s{u) = s 

II. f'(u) = f. 
(7) 

the right hand side of Eq. (2), when equated to the 
lethargy derivative of the right hand side of Eq. (4) , 
yields the following equation f(jr the collision density: 

F(u) Z(-i)'-'i' f^PM- (8 du' 

We .i.ssume a solution of the form 

F{u) = Ce"" (9) 

and substitute it into Eq. (8) to obtain an etjuation for 

1 -
(10) 

For isotropic scattering in a medium consisting of a 
single isotope, Eq. (10) will be recognized as Placzek's 
expansion of the corresponding transcendental eiiuation 
for V.'" Au inversion of the expansion then expresses v 
as a power series in (1 — s)/s, and as shown by Dres
ner,' different truncations ()f the series correspond to 
the different expressions for the resonance escape proba
bility as given by Wigner, Cloertzel-Grueling, and Wein-
herg-Wigner. 

In a mixture, or for anisotropic scattering, Eq. (10) 
converges rapidly for s r̂  0 after a certain number of 
terms, since by Eqs. (5) and (6), j ' " < l/C. For weak 
absorption the series, Eq. (10), may be inverted to 
express v as a highly convergent power series in 
(1 - s)/s. 

The collision density is thus a smooth function if the 
conditioiLS of Eq. (7) are satisfied. The influence of 
resonant cross sections is .studied now to a first approxi
mation, namely by regarding a resonance, or resonances, 
of a .single element a-s mixed with a constant back
ground. The constant background is defined by the 
total scattering cro.ss section 2 ,̂1, of the non-resonant 

isotopes and by effective slowing down moments {"' 
for these isotopes. Defining T " ' ( W ) as the ratio of the 
(th scattering power of the resonant element to the (th 
scattering power of the background, 

. 2..r(«)£;(«) '(u) 
2..i.«'' 

((>0), ( f ! = l ) . (11) 

The conditions of Eq. (7) are approximatelv satisfied 
by 

I. Small resonance structure, or 
II. Weak absorbtion, where 
a. [f i"(«)/{" '] « 1 for C > 1 
b. r"'(u) « 1 for f > 1 

(12) 

The conchtions of Et]. (12) may be simplified if the 
isotopic angular distributions are equal, namely if 
Pi(u,p) = P(u,p) for 8 = 1, 2, • • • / (in the range of 
isotropic scattering this is strictly the case; approxi
mately, though, it is the case in a considerable part of 
the anisotropic range of interest, where the ani.sotropy 
is weak). By the non-negativity of the integrals in 
Eq. (6) and of the terms in Eq. (.5) it is sufficient then 
to satisfy the conditions for ( = \. Thus I la of Eq. (12) 
is the case of nearly etiual .scattering ranges for the 
resonance and the background; and l i b is the case of 
an infinitely low scattering power of the resonance, 
relative to the .scattering power of the background. 

The asj'mptotic flux is, by Vji\. (9), proportional to 
e~"", where c is the solution f>f Eq. (10). Eqs. (2) , (8) , 
and (9) determine the value of C [(Eq. (9)] as 1/f.'" 
Xormafizing the flux outside the resonance range to 
e~'", t h e ^ u x inside the resonance range is given as, 

for I la : 

and 
for l i b : 

0(u) = c 

4,(u) 

Sb + Mu) 

.St -I- 2 . . , ( M ) 

Sb + S,(i() ' 

(13) 

(14) 

where Sp is the potential scattering cross section of the 
resonant element. 

We note again that Eqs. (13) and (14) are valid 
oidy for weakly absorbing systems. Compared with the 
usual X.R.-X.R. and X.R.-W.R. approximations,' 
however, the expressions have two favorable features: 
one—the exponential factor in Eqs. (1.3) and (14) pro
vides for a flux drop as the lethargy changes from above 
to below the resonance range; .secondly, the application 
of Eqs. (13) and (14) does not involve the somewhat 
ambiguous notion of the practical width of the reso
nances. 



118 / / / . Fa^t Reactor Physics 

The Collision Density in the Vicinity of Wide Scattering 
Resonances 

Turning upon a general case, we inquire as to 
whether the series (4) may be truncated as in the fol
lowing: 

q(u) ^ s(u) {»' (u) F(u). (1.5) 

Substituting Eq. (5) in Eqs. (2) and (4) we obtain 

3(u) = exp - / du' / , " ,,,,, ,. (16) 
L •'... S(M') {'"(tt )J 

I E (-1)'-' ^ , [/3"'(«)9(u)l 1 « 1, (17) 
i-2 du' ' 

where 

''(«) ^ f\u)/("'(u). (IS) 

For a resonance of lethargy width r„ = T/Es i where 
Et is the resonant energy) and for weak absorption the 
condition (17) can be rcducetl to the following condition: 

2 ^^' ' ' ( l + r S » ) ' " ' 
(19) 

T 5 " ) " ' substantially reduces the right hand side of 
F:;q. (19), and Eq. (1.5) can be applied as a solution. 
If, on the other hand, the resonance is weak, then by a 
previous discussion, the fluctuations in the collision 
density are small. 

3. In deriving the condition, Fjq. (19), it was as
sumed that the distance from the resonance energy, 
measured in half-width units, was less than (1 -\- TO ) ' . 
The practical meaning of the assumption is that the 
larger the relative scattering power of the resonance, 
the larger is the lethargy range in the vicinity of the 
resonance to which the solution, Eq. (15), applies. 
This is a favorable situation since the fluctuatioiLS in 
the collision den.sity are expected to be of an increasing 
range as the resonance gaiiLs in scattering power. 

Since we have assumed that the tail of the series, 
Eq. (4), is small starting with f = 2, we may improve 
the solution by coiLsidering tw ô terms of the series: 

q(u) = s(u)i'"(u)F(u) 

+ ^ l?"'(n)s(u)e'(u)F(u)]. ^^"^ 
du 

where TO is the value of T (see E(i. (11)) at the resonance 
peak. 

A few conclusions of a practical nature are drawn 
from the condition of Eq. (19). 

1. Increasing the energy decrea.ses Fu so that for 

For the derivative of q(u) one term will suffice: 

dq(u) 
du 

[s{u)f\u)F{u)l (21) 

q{u) 

Defining a 
(21) 

a{u ) 

1 - s, we obtain by Eqs. (2), (20), and 

exp 

F(u) 

du 
s(«')£<»(«') f l -t- | - / 3 « ) ( „ ' ) 1 - a(u')f\u') 

q(u) 

s{u')e'( it)\l + | ; S " ' ( M ) ] -<U )(3<»(«) 

(22) 

(23) 

given To", To"' and |3i,'* the ineciuality, VA{. (19), is less 
often satisfied. Generally, the inetjuality is violated 
for a resonance of a heavy element (where F is small 
to begin with) mixed with a light moderator (such that 
1 Tô ' — T!I" I is not very small) so that Eq. (15) cannot 
be applied as a solution. However, increasing the energy 
decreases the peak height and with it the scattering 
power of the resonance and the fluctuations in the colli
sion density; the latter follows the discussion of limit
ing cases of a smooth collision deiL^ity, in a previous 
section. 

2. In a mixture of elements such as uranium, irttn, 
sfidium and oxygen, the scattering range of any of the 
hght elements is often close to the scattering range of 
the corresponding background; then the difference 
I Tô^ — Tô ' I is small and the inetiuality, Eq. (19), is 
satisfied. If the difference | T"' — TJ" | is not sufficiently 
small, then for powerful resonances, the factor l /( 1 + 

In the limit of moderation by a single element with 
mass » 1, low absorption, and constant cross sections, 
the solution, Eq. (23), reduces to 

F{M) CC oxp (^Csr.)4 » 
The comparison of Eq. (24) with a numerical solu

tion of E(i. (10) shows that, for /I > 4 and a < 0.5, 
the value of v is approximated by the coefficient of u 
in Eq. (24) to an error less than 4 %. 

In the limit of pure scattering the solution reduces to 

F(u) 
1 

"(")[i + a /̂"'(")] (25) 

In a mixture of scatterers, where Eq. (25) applies, 
the fluctuations in the collision density are maiidy the 
inverse of the fluctuations in the average lethargy gain 
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per scattering in the mixture. However, as expected 
from the slowing down nature of the scattering, the 
changes in {'"(«) are not immediately followed by 
inverse changes in F(u). The departure from immedi-

1 ate response is estimated by the inverse of 1 

'"'(u) . Thus, in a binary mixture, depending on d^ 

du 

whether fr is greater or less than Js , the collision density 
is respectively dipped or peaked in the vicinity of a 
resonant maximum (and vice versa for a resonant 
minimum) and the dip or peak are shifted to higher 
lethargies. These features are illustrated in F'ig. I I I-
10-1. 

The combined effect of .scattering and aKsorption on 
the collision density is seen in the following expression: 

F(u) 

{"'(«) ri+£/3«'(«)i' 
(26) 

which approximates Eq. (2.'i). In the vicinity of a 
resonance, if F{u) is peaked and shifted by the de
nominator, the accumulative effect of the absorption 
in the numerator will compete in shifting the peak back 
to, and below, the resonance lethargy. This competition 
has been investigated by 11. Goldstein' in a mixture of 
uranium with a light moderator. However, in the 
vicinity of a resonance of a light element or a structural 
element in a fast mixture, F{u) is often dipped and 
shifted by the denominator and the effect of the ab
sorption will be to enhance the shifting. 

A CoMPAiiisoN BETWEEN THE APPUOXIMATE-ANALYTIC 

AND THE E X A C T - N U M E R I C A L S O L U T I O N S O F T H E 

SLOWING DOWN EQUATION IN SCATTERING 

MIXTURES 

With the restriction of small absorption, the main 
simplification offered by the theory here is the approxi
mate analytic description of the mixing effect on the 
collision density in the vicinity of scattering resonances 
of light and medium elements. In a scattering mixture, 
Eqs. (1) and (2) reduce to 

F( u)e° = 'E-[ du's,(u')F(u')e-'. (27) 
i- l a, Jv—ti 

The approximate solution of Eq. (27), namely Eq. (25), 
was compared with its numerical solution, as coded on 
the IBM-360/75. Two resonances were studied, each 
in four mixtures as described in Tables III-IO-I and 
III-10-II, respectively. 

Figure III-lO-l shows a comparison between the 
numerical solution of Eq. (27) and the analytic solu
tion, Eq. (25), in two truly binary mixtures of the iron 

TABLE III-IO-I. RESONANCES STIIDIED IN THE COMPARISON 
OF E Q . (25) WITH THE NUMERICAL SOLUTION OF E Q . (27) 

Isotope 

Na 
Fe 

Resonance 
Energj', 

keV 

2.85 
28.3 

Resonance 
Width, 

keV 

0.38 
1.6 

Potential 
Scattering, 

b 

3 
5 

Resonance 
Peak, 

b 

600 
80 

TABLE IILIO-II. MixuTREs STUDIED I.\ THE COMP.VRISON 
OF E Q . (25) WITH THE NUMERICAL SOLUTION OK E Q . (27) 

EBR-II core (U, Fe, Na) with the full content of Na 
EBR-II core (U, Fe, Na) with the Na voided by 90% 
Westinghouse 1000 -MWe core (U, Fe, Na, C) with 

the full content of Na 
Westinghouse 1000 MWe core (U, Fe, Na, C) with 

the Na voided bv 90'^ 

THE TOTAL CROSS 
SECTION OF MIXTURE 
IN BARNS PER IRON ATOM 

Q 1.6 
-z. 

o 1.2 

_ 
-
— 
~ 
-

-
—u^ 

o —-...̂ ^̂  \ ^ 

- 1 ^ 

— 
r °\ 

/ o \ 
f \MIXTURE B 
1 0 " ^ ^ ^ ^ ^ ^ 

y Q 
lc/'^"">-^-_,>__MIXTLIRE A° _ 

^\ — NUMERICAL SOLUTION-
h o APPROX FORMULA -

? 1 1 1 -
-0.2 0.0 0.2 

LETHARGY 

0.4 

F I G . III-lO-l. The Collision Density in Binary Mixtures in 
the Vicinity of the 28.3 ke\ ' Fe Resonance. ANL Neg. No. liS-

resonance (Table III-IO-I) with fictitious i.sotopes. In 
Fig. III-lO-l, mixture A, the fictitious isotope is given 
by ma.ss 90 and cross section 12..5 b (per iron atom); 
in mixture B by mass 190 and cro.ss section 10.2 b (per 
iron atom). These fictitious elements represent, respec
tively, the backgrounds for the iron resonance in mix
tures 1 and 2 (Table III-10-II). The collision density 
in mixtures 1 and 2 will, of course, differ to some extent 
from curves A and B in Fig. III-lO-l, but a binary mix
ture is more illustrative in bringing out the mixing 
effect on the collision density. 

The relative scattering power of the iron is greater 
in mixture B than it is in mixture A-, therefore, the 

file:///mixture
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TABLE III-10-IIT. A COMP.\HISON BETWEEN EXACT AND 
APPROXIMATE FLUX lNTE(iRALs 

to the flux integral in group k. Since qiuk) = 1 in a 
scattering mixture, we have 

Reso-

Fe 

Na 

Mix
ture 

1 

2 

3 

4 

1 

2 

3 

4 

; • ' • ' 

0 
1 
2 

0 
1 
2 

0 
1 
2 

0 
1 
2 

0 
1 
2 

0 
1 
2 

0 
1 
2 

0 
1 
2 

- 0 . 7 5 -
-(0.25) 

4 
1 
1 

8 
5 
5 

3 
1 
1 

3 
2 
1 

30 
9 
6 

10 
5 
2 

15 
1 
2 

6 
1 
1 

1 (*"V*) - 11 X lOOlw 

Group limits (lethargy) 

-0.5-0.0 

7 
1 
1 

15 
6 
0 

5 
4 
1 

3 
2 
2 

44 
10 
7 

25 
9 
4 

21 
1 
2 

14 
3 
1 

- 0 . 2 5 -
0.25 

7 
4 
2 

32 
7 
8 

9 
3 
7 

5 
3 
3 

58 
10 
10 

46 
7 
6 

25 
1 
1 

9 
1 
1 

0.0-0.5 

11 
3 
1 

44 
7 
7 

10 
3 
8 

5 
3 
3 

44 
10 
7 

30 
3 
8 

16 
5 
2 

7 
4 
1 

0.25-
0.75 

3 
2 
1 

28 
7 
7 

7 
4 
4 

5 
3 
1 

28 
10 
7 

9 
5 
7 

10 
5 
3 

3 
2 
1 

'•>7—see text. 

effect of the resonance dip (at lethargy 0.12) on the 
collision density is greater in mixture B than it is in 
mixture .4. Also, the shifting effects, discussed previ
ously, are visible about the resonance peak and dip 
(lethargies —0.01 and 0.12, respectively). 

The approximate solution, Eq. (2.5), compares in 
Fig. III-lO-l quite well with the exact curve and few-
other figures could illustrate both better and worse 
agreements with exact curves. However, since we are 
not interested in the collision density per se, but rather 
in reaction rates, we chose to compare the group re
moval cross section 2(A- —» A; -|- 1) which is most sensi
tive to the weighting spectrum. For groups of 0.5 
lehargy in width none of the elements in Tables III-
lO-I and III-10-II will .scatter from group k to group 
k -\- 2. Therefore, 2(/f -> A- -|- 1) is given by the ratio 
of g(ut) {ut being the high lethargy limit of group k) 

1/S( ;c- .A + 1) = f Vi^.du^ «.. (28) 

The flux integral was compared for five groups. 
Table III-10-III presents values of | l<t>/<t>'''] - 1 I 
for J = 0, 1, 2, where 

" i S ( H ) £<" 

~ i 2(M) e"(u) 
i, _ ! du 1 

" J 2 0 0 ?" ' (") 1 
dii 

(3<2'(u) 

(29) 

and where the scriptless <> is the exact flux integral. 
The figures in Table III-10-III indicate that the 

estimates <̂ *̂ ' and «^''' f)f the flux integral are usually 
much better than <̂ '*" which is the estimate based on 
a constant collision density. De-spite the fact that the 

shifting effects are estimated only if the term — )3'^'(u) 

is included in Eq. (25), the integrals <̂ *" and <̂ '̂ ' are 
both within a few percent of the exact integral. There
fore, the use of «̂ '̂ * rather than «̂ '̂ ' can simplify the 
evaluation of group cross sections. 

CONCLUSIONS 

The theory, as presented in the previous sections, 
provides us with a rational approach to the description 
of the collision density in the \'icinity of a resonance in 
weakly absorbing mixtures: in the limit of a very high 
scattering power (relative to the background) the colli
sion density is approximated by Eq. (23); in the limit 
of a very low scattering power (relative to the back
ground) the collision density is practically smooth. In 
intermediate cases, Eq. (23) will apply if the resonance 
is wide in the sense of Eq. (19). Although narrow reso
nances do occur in light and structural elements, their 
mutual overlap broadens the structure in the cross 
section and renders the use of Eq. (23) reasonable in a 
variety of cases. In particular, the mixture cross section 
is always of a wider structure than each of two over
lapping resonances that belong to two elements; there-
ft)re, Eq. (23) is applicable in ranges ^vhere resonances 
of several elements occur simultaneously. 
• Finally, we note that the application of the theory is 
confined to tiie energy region below inelastic scattering. 
Therefore, at this stage, the treatment of inelastic 
moderation still calls for lumierical tools, e.g. the 
KL.MOE code.» 



11. Segev 121 

REFERENCES 

1. G. Placzek, On the Theory of the Slowing Down of Neutrons in 
Heavy Substances, Phys. Rev. 69, 423-438 (1946). 

2. L. Dresner, Resonance .Absorption in Nuclear Reactors, 
(Pergamon Press, New York, 1960). 

3. A. Kean, Slowing Down from an Energy Distributed Neutron 
Source, Nucl. Sci. Eng. 10, 117-119 (1961). 

4. R. Goldstein, Spectral Distribution of Neutrons in the Vi
cinity of a Resonance, Nucl. Sci. Eng. 19, 359-362 (1964). 

5. L. Finkelstein, Formal Solution to the Neutron Moderation 

Problem in Nonhydrogenous Infinite Homogeneous Media, 
Nucl. Sci. Eng. 32, 241-248 (1968). 

6. M. Segev and S. Yiftah, Placzek-Type Oscillations in General 
Neutron Stowing Down, Nucl. Sci. Eng. 33, 147-150 (1968). 

7. G. Rakavy and J . J. Wagschal, Generalization of the Fermi 
Age Theory and its .Application to the Calctdalion of Reso
nance Escape Probability, Proc. 1964 Geneva Conference 
2, Paper No. 827, pp. 149-152. 

8. A. L. Rago and H. H. Hummel, ELMOE: An IBM-704 
Program Treating Elastic Scattering Resonances in Fast 
Reactors, ANL-6806 (1904). 

n i - 1 1 . Self-Shielding Factors by the Ladder Method 

M. SEGEV* 

It has been proposed that effective group cross 
sections in the unresolved region be estimated by 
statistical averages.''- The unresolved ladder of reso
nances in the group was assumed to be one of in
finitely many that can be derived from given av
erage parameters and given distribution functions. 
The efficiency of the method has been doubtful be
cause there are not as many resonances in a group 
as needed to obtain a narrow distribution of effective 
cross sections. The earlier approach is improved by 
estimating self-shielding factors rather than effective 
cross sections. 

The improvement is due to the fact that the self-
shielding factor is less ladder-dependent than the ef
fective cross section. Since the infinitely dilute cross 
section is, by measurement, statistically accurate, the 
percentage inaccuracy in the estimated effective cross 
section is equal to the (low) percentage inaccuracy in 
the ladder-averaged self-shielding factor. 

The method may be further improved by the follow
ing procedure for ladder construction: each ladder 
consist of Â  resonances; the width (spacing) distri
bution be divided into n (^N) ranges of equal 
probability; the average widths (spacings) in these 
ranges constitute a predetermined set of n values; a 
ladder be generated by a random sampling of widths 
(spacings) for the 1st, 2nd • • - Nth resonance from 
the predetermined set of n values. All such ladders are 
different distributions of a single set of numbers, 
whereas the usual sampling procedure'- generates 
ladders which are different distributions of different 
sets of numbers. Consequently, the present sampling 
procedure yields a narrower distribution of shielded 

* Visiting Scientist, Israel Atomic Energy Commission, 
Soreq Research Center, Yavne, Israel. 

cross sections than does the usual procedure. The as
sumption involved in the present procedure is that the 
set of n widths (spacings) is very close to the n-set of 
the actual (unresolved) ladder. The assumption be
comes more justified as n decreases, but if n is too 
small (e.g. n = 1 or n = 2) the estimated value of 
the shielded cross section will fall outside the statisti
cal limit of accuracy ot estimates by higher-n sets. 
I t remains to be found empirically, therefore, how 
small n may become and our experience is that n 
may be substantially smaller than A' (e.g. A'' = 60, 
n = 6) . A low-n set of widths (spacings) further 
narrows tke distribution of the laddered cross sections 
such that the statistical average can be determined 
from very few ladders, often as few as 3. 

The parameter data for 200 U-238 resonances be
low 4 keV'^' offered an excellent resolved sample with 
which to test the method. The comparison was be
tween the actual self-shielding factors and their 
temperature derivatives for two groups of 60 reso
nances each, and the corresponding estimated values 
by a set of 6 widths (spacings). The figures are shown 
in Table I I I - l l - I . 

Table I II - l l - I shows the average resonance param
eters for the two groups, evaluated from the resolved 
data. These average values were kept unchanged dur
ing runs so that the testing is concerned with purely 
statistical questions. 

To estimate a group average and its standard 
deviation a number of ladders were constructed. At 
the construction of each new ladder the average and 
standard deviation were reestimated from the total of 
ladders. The process was terminated when the esti
mated values reached a fairly constant value. Table 
I I I - l l -II is an example of the estimation process. 
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TABLE TII-ll-T. AVERAGE RESONANCE PARAMETERS FOR 

GROUPS 1 ANI> 2 

Group 

1 
2 

Center 
Energy, 

keV 

2.1 
3.2 

Strength 
Function, 

10-' 

0.995 
0.773 

Level 
Spacing, 

eV 

22.2 
21.3 

Capture 
Width, 

cV 

0.0248 
0.0248 

Potential 
Scattering, 

b 

10.6 
10.6 

Table I I I - l l - I I I illustrates the fact that the dis
tribution of the self-shielding factors is narrower than 
the distribution of the cross sections. 

Table III-11-IV compares the self-shielding factors 
of groups 1 and 2 and their temperature derivatives 

with the corresponding estimations obtained by lad
ders built from the actual 60 spacings and widths 
ami with estimates obtained by ladders built from 
the contracted set of six parameters. As expected, the 
60-set estimations fall largely within one standard 
deviation (see Table I I I - l l - III) of the actual values. 
The figures indicate also that the 6-set estimates are 
generally no worse than the 60-set estimates and 
many other examples, not shown here, amplify this 
indication. 

Table I I I - l l - V shows, in fact, that for the 6-value 
distributions, few ladders suffice to determine the av
erage. If, for practical reasons, the values of / and 

TABI.I-; l I I - l l - I I . EsTiM.v riii.N OF C.\PTL-RE SELF-SHI ELOI.VG F.\t Tons OK GROVP 1 nv I. AOOEUS BI ILT 

FROM (iO-V-VH'E DiSTHini 'TIONS 

Average value 

Relative standard deviation 

Number of Ladders 

5 

0.711 

0.032 

10 

0.719 

0.037 

15 

0.724 

0.036 

20 

0.723 

0.036 

25 

0.723 

0.035 

30 

0.726 

0.0.34 

35 

0.728 

0.033 

40 

0.729 

0.033 

45 

0.728 

0.033 

50 

0.728 

0.033 

TABLE III-11-IH. KELATIVE 8TA.\u.\.iti) DEVI.VTID.NS FOR THE POPULATION OF <T'S, f's AND T H E I R TEMPERATURE DERIVATIVES 

l iESlLTlNtJ FROM L.VDDERS B u i L T ON ( ( O - V A L I E DISTRIBUTIONS 

ry (100 b, T) 
fy (100 b, T) 

^ [„y (100 b, D l 

^, [fy (100 b, 7')I 

Temperature, 
°K 

Group 1 

300 

0.107 
0.045 

0.151 

0.003 

900 

0.109 
0.037 

0.158 

0.077 

1500 

0.110 
0.033 

0.195 

0.135 

2100 

0.110 
0.030 

0.202 

0.216 

Group 2 

300 

0.073 
0.030 

0.129 

0.054 

900 

0.076 
0.023 

0.150 

0.0S6 

1500 

0.078 
0.020 

0.177 

0 131 

2100 

0.078 
0.018 

0.234 

0.208 

TABLE III-11-IV. T H E SELF-8HIELUING FACTORS OF GROUPS 1 AND 2 AND T H E I R TEMPERATIHE DERIV.VTIVES COMPARED WITH 

EsTiM\TioNs nv THE LAUDER METHIM) 

/T (100 b, T) 
Estimated by a 60-set 
Estimated by a O-set 

[ ^ / . , ( 1 0 O b , 7 ' ) ] x 10' 

Estimated by a (iO-set 

Estimated by a 0-set 

Temperature, 
°K 

Group 1 

300 

0.050 
0.642 
0.664 

2.52 

2.47 
2.51 

900 

0.734 
0.724 
0.741 

0.80 

0.78 

0.X3 

1500 

0.773 
0.761 
0.780 

0.42 

0.41 
0.44 

2100 

0.707 
0.786 

. 0.805 

0.26 

0.24 
0.26 

Group 2 

30O 

0.783 
0.769 
0.772 

2.24 

2.21 
2.34 

900 

0.863 
0.838 
0.845 

0.64 

0.62 
0.71 

1500 

0.882 
0.867 
0.876 

0.32 

0.30 
0.36 

2100 

0.899 
0.884 
0.894 

0.18 

0.17 

0.20 
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TABLE HI- l l -V. EsTiM.iTlONOF/,(100h,900°K) .\ND — / , (10Ob,9O0°K) OF G R O I P 1 BY L.IDDERS BUILT 

FRO.M O-V.VLIE DiSTRinUTIONS 

Average of / , (100 b . 
900°K) X 10' 

Average of r ^ . / , (100 b, 

900°K)1 X 10» 

Number of Ladders 

2 

7418 

918 

4 

7425 

916 

6 

7409 

914 

8 

7412 

905 

10 

7416 

900 

12 

7423 

904 

14 

7422 

906 

16 

7425 

906 

18 

7430 

906 

20 

7428 

907 

22 

7424 

908 

24 

7421 

907 

TABLE I I I - l l -VI . COMPARISON BETWEEN ACTUAL VALCES O F / AND T ^ / AND T H E I R ESTIMATION BV THE LADDER METHOD FROM 

-IHE ACTUAL AVERAGE RESONANCE PARAMETERS W I I H ASSUMED WIGNER AND PORTER-THOMAS DISTRIBUTIONS 

/ , (100 b, 3') 
Estimated value 

[ ^ / , (lOO b, ?•)] X 10' 

Estimated value 

Temperature, 

Group 1 

300 

0.660 
0.649 

2.52 

2.74 

900 

0.734 
0.742 

0.80 

0.91 

1500 

0.773 
0.784 

0.42 

0.47 

2100 

0.797 
0.808 

0.26 

0.30 

Group 2 

300 

0.783 
0.770 

2.24 

2.45 

900 

0.853 
0.846 

0.64 

0.61 

1500 

0.882 
0.876 

0.32 

0.25 

2100 

0.899 
0.894 

0.18 

0.13 

r)f 
—~ need be known to only two figures, the table 
dT 
indicates that they may be estimated by as few as 
two ladders. 

So far the tests have shown that, given the reso
nance parameters of a group but not the actual ladder, 
the ladder-generation method is efficient in producing 
a good estimate of the group self-shielding factors and 
their temperature derivatives. Perhaps the figures in 
Table III-11-VI are even more significant in showing 
that, given the average resonance parameters of a 
group, but not the actual distribution about the 
average, the ladder method produces good estimates 
of the above group quantities by assuming a Wigner 
distribution law for the level spacings and a Porter-
Thomas distribution law for the neutron widths. 

CO.N'CLUSION 

It is felt that the presented method enables a re
liable estimation of group self-shielding factors and 
their temperature derivatives. Since few ladders are 
needed for the estimation process, the method is not 
time consuming. The computer code with which the 
method was tested is mainly numerical, therefore its 
extension to include mixtures of isotopes and of res
onance sequences is straightforward. 
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111-12. The Variable Temperature Rodded Zone Project 

R. . \ . LE\VIS, F . H . MARTENS AND C . E . T ILL 

The Variable Temperature Rodded Zone (VTRZ) 
is a facility that will allow integral measurements to 
be done in environments that closely simulate power 
reactor conditions. Measurements in this facility are 
expected to provide the necessary confirmation of the 
adequacy of calculational techniques currently in 
use for extrapolation of measurements done in cold 
plate-type criticals to hot rodded geometries typical 
of pow-er reactors. 

DESIGN SUMMARY 

The VTRZ, which will be installed in ZPR-9, is 
currently under construction. The equipment will con
sist of a large in-core section, heated electrically and 
capable of maintaining any temperature up to 550°C. 
The in-core section is composed of two octagon-cross-
section cylinders, one along the axis of each half of 
the reactor, arranged so that when the halves are to
gether they form an 18 in. diam by 6 ft long cylindri
cal zone. The interior of each half is made up of 
standard ZPR matrix tubes that receive sodium-
filled calandrias of the same cross section as standard 
fuel drawers. Fuel in the form of small-diameter rods 
is to be loaded into tubes running through each 
calandria. The shell of the in-core section that holds 
the matrix tubes is surrounded in turn by insulating 
material, a cooling-air guard ring, and an outer shell. 
The matrix around the outer shell will contain drawers 
of the normal ZPR type, and will form the necessary 
buffer and driver regions for spectral matching and 
criticality. 

Access to the center of the zone for equipment to 
oscillate samples of various reactor materials as well 
as Doppler samples is to be provided. The basic idea 
is that the zone will provide an environment in which 
measurements similar to those carried out in the cold 
plate-type environments can be done in geometries 
and under conditions which simulate those of a power 
reactor. 

The initial inventory of calandrias and fuel will be 
the following: Three types of calandrias will be 
available, differing only in their sodium content. The 
calandrias are 2 x 2 in. in cross section by 12 in. long 
and penetrated by sixteen % in. tubes to provide fuel 
sites. One calandria type will be totally filled with 
sodium; a second type will contain a lesser amount 
of sodium corresponding to reduced sodium density 
at reactor operating temperatures; and a third type 
will contain no sodium at all. Sufficient calandrias of 

each type will be available to fill the nominal 18 in. 
diam zone over a combined core and reflector height 
totalling 6 ft. PUO2-UO2 fuel rods corresponding to 
the Zero Power Plutonium Reactor (ZPPR) Core 3 
fertile-to-fissile ratio in an amount sufficient to fill 
the zone to a total height of 6 ft will be available. 
Additionally, sufficient PuOj-UOj rods of the same 
fertili'-to-fissile ratio as the basic Pu-U-Mo plate-type 
fuel inventory will be acquired to allow the zone to be 
filled with a mixture of these rods and depleted UO2 
rods, again with an average fertile-to-fissile ratio 
equivalent to that of ZPPR Core 3. Comparison of the 
two loading types, each having the same average 
comiMsition, will allow examination of the effects of 
pin-inixing. Analogous quantities of U-235 enriched 
fuel, based on the composition of ZPR-6 Assembly 6, 
are also to be acquired, and the initial measurements 
will be done using the U-23.5 fuel. Finally, sufficient 
depicted UO2 in rod form will be available for mixing 
with the plutonium or U-235-containing fuel to give 
mixed pin fertile-to-fissile ratios over the full range 
of interesting compositions, as well as for use in 
blanket mockups. 

PE0GE.4M E M P H A S I S 

The experimental program utilizing the VTRZ will 
aim at confirmation of the reliability of the analytical 
tecliniques used for extrapolation of measurements of 
the Doppler and sodium voiding coefficients in plate-
type criticals to the operating conditions of fast power 
reactors. I t will concentrate on the effects of hetero
geneity and elevated temperature. 

The basic idea is to make measurements of the 
Doppler and sodium coefficients in a succession of en
vironments, in which only one significant variable 
will change from environment to environment so that 
the various effects can be separated and evaluated. 
The succession of zones will be the following, with 
the volume fraction of materials in each zone remain
ing as closely as possible the same throughout: a) 
The first zone will be a cold plate-type zone, fueled 
with U-235, of the same composition as the core of 
ZPR 6 Assembly 6—a full-scale large dilute oxide 
core. Measurements of various kinds will be done to 
establish the normalization between the zone and the 
full-scale equivalent, b) The next zone will be one 
in which the local structure of a power reactor is 
faithfully mocked up using subassemblies of fuel pins 
in the sodium-filled calandrias. The measurements will 
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l)e done unheated and comparison of the results from 
this and the previous zone will show up the effects of 
the differences in heterogeneity between rodded and 
plate configurations, c) The third zone will be one in 
which the calandria and pin subassembly can be 
heated. The major difference between this and the 
previous zone will be a lower sodium density, cor
responding to the density change upon heating the 
sodium. Measurements will first be done cold to 
evaluate the difference between the two arrange
ments as the result of the change in sodium density. 
The measurements will then be done at progressively 
higher temperatures to evaluate the effects of temper
ature, d) A series of zones analogous to the above, 
but based on the ZPPR Core 3 composition, using 
jilutonium fuel, will then be done. 

The basic measurement technique will be the small-
sample oscillation reactivity measurement technique 
which is capable of very high precision. Following 
these measurements, it is anticipated that measure
ments of the Doppler and sodium voiding effects in a 
small (approximately 4 in. diam) zone at the center 
of the large heated zone will be done. The small zone 
will have the same composition as the larger but will 
be heated and cooled independently. It w'ill be oscil

lated physically in the same manner as the existing 
Doppler samples to take advantage of the attendant 
reactivity measurement precision. These measure
ments should allow a direct link between the small 
sample Doppler and sodium coefficients and the 
analogous coefficients of the zone itself. 

The total reactivity effect of heating the zone itself 
can also be measured. Considerably more difficulty in 
analyzing this measurement is to be expected, how
ever. In particular, the separation of the Doppler and 
expansion effects is a known problem. However, the 
information given by the small sample and small zone 
measurements may be expected to assist considerably 
in this task. 

The zone is designed so that local areas or the total 
volume can be voided of sodium. Measurements will 
also be done to evaluate the interaction between the 
Doppler effect and sodium voiding in pin-type en
vironments and at elevated temperatures. 

I t is expected that these measurements will pro
vide definitive information on the effects of hetero
geneity on sodium voiding coefficients and the effects 
of environmental temperature on the Doppler coeffi
cients. 

III-I3 . Sodiuin Void Eifects in a Large UO2 Core, .4ssenibly 6 of ZPR-6 

R. A. KARAM, ,I. E . MARSHALL, L . R . DATSS and (i. K. RUSCH 

The sodiuin void coefficient was mapped as a func
tion of position along the radial and axial dimensions 
in a 4000 liter UO2 Core, Assembly 6 of ZPR-6 (see 
Paper I I I - l ) . Additionally, the void coefficient was 
measured in different loading patterns: in rodded, 
plate, and homogeneous samples, and also as a func
tion of the enrichment of UO2. These measurements 
provide reference checks with which data sets and 
analytical methods are verified. 

MAPPING OF SODIUM VOID COEFFICIENT 

The sodium void coefficient was measured as a 
function of position along the axial and radial dimen
sions in Assembly 6 with the normal loading pattern 
of the plates in the unit cell (Fig. III-13-la). The 
measurements along the axial direction consisted of 
determining the reactivity worth of sodium filled 
cans in sections 4 in. long in each half of the reactor 
relative to empty cans which were identical to the 
sodium containers. The sodium-void effect was meas

ured in the nine central drawers per half (equivalent 
outer radius of 9.35 cm). The results are given in 
Table III-13-I. The physical location of each section 
referred to in Table III-13-I is defined in Fig. I I I -
13-2. The uncertainty in the values listed in Table 
III-13-I is typically 0.1 Ih (1% \k/k = 459 Ih ) . 

Radial sodium void coefficient measurements were 
made by voiding the entire amount of sodium from 
the specific drawers along the radial dimension. The 
sodium w'as removed from four drawers, two to the 
left and two to the right of the center of the core, in 
each measurement. At the core center only two 
drawers were voided. In each case the opposing 
drawers in each half of the ZPR-6 machine were 
voided. Table III-13-II lists the results. Again the 
uncertainty in the values listed is typically 0.1 Ih. 

I t is seen from Table III-13-I that the sodium void 
coefficient is practically zero at the center of Assembly 
6 and decreases as a function of axial dimension. 
The decrease is due to the leakage component which 
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is zero at the center and maximum at the core re
flector boundary. In Table III-13-II the void coeffi
cient is seen to increase as a function of radius. The 

reason for this is that the transverse Irakage, the 
scattering, and the capture components of the void 
coefficient all decrease faster than the increase in the 
radial leakage component along the radial dimension. 

LOADING PATTERN EFFECT ON THE 

SODIUM VOID COEFFICIENT 

The sodium void coefficient was also measured in 
the 18 central drawers with the loading patterns shown 
in Fig. III-13-lb and Fig. III-13-lc. All loading pat
terns extended from the center of the core to a radius 
of 27.4 cm, some 19 cm beyond the region where the 
;ictual voiding took place. The consequence of the 
changes in loading patterns is that the self-shielding 
in the U-238 cross sections increases. The o-'" for 
the bunched loading pattern. Fig. III-13-lb, is about 
15-20% lower than that in the normal loading pat
tern. Fig. III-13-la (see Paper III-15, Table III-15-
I). The o^l" for the isolated stainless steel case Fig. 
III-13-lc is only 5-10% lower than that of the nor
mal case. In each case the measurement comprised 
removal of the sodium from the front 6 in. and from 
the entire axial length (30 in.) in each half of the 
reactor. The results are given in Table III-13-III and 
the uncertainty in these results is typically 0.1 Ih. 

It is seen from Table III-13-III that the sodium 
void coefficient is most negative when the self-shield
ing in the U-238 plates is the largest (bunched case). 
These results confirm previous conclusions' that the 
positiveness of the sodium void coefficient is in a 
large measure tied to the concentrations, hence 

TABLE III-13-I. SoDiuM-VoiD COEFFICIENT AS .\ FUNCTION 
OF Axi.\L HEIGHT IN NORM.M. LO,\DING OF ASSEMBLY 6 

OF ZPIl-6 

. 

Sections Voided 

A 
B 
C 
1) 
E 
F 
G 
H 

All sections 
(measured) 

All sections 
(aiinnned) 

AZ,<-1 

0.0-5,08 
5,08-15,2 
15,2-25,4 
25.4-35,6 
35,6-45,7 
45,7-55,9 
55,9-66,0 
66.0-76.2 
0.0-76.2 

0.0-70.2 

Sodium 
Weight, 

kg 

0.8806 
1.955 
1.955 
1.955 
1.955 
1.955 
1.955 
1.955 

14.401 

14.401 

Sodium-Void 
Coefficient'' 

Normal Loading 

Ih/section 

-0 .082 
- 0 . 0 8 8 
- 0 . 4 1 5 
- 0 . 8 2 5 
-1 .643 
-2 .477 
-2 .941 
-3 .203 

-13.464 

-11.271 

IhAg Na 

-0 .093 
-0 ,045 
-0 ,212 
-0 ,422 
-0 .840 
-1,207 
-1,504 
-1 ,639 
-0 .801 

-0.78:i 

" A^ is the length of ejich section in each half. 
^ 1% Ak/k = 459 Ih. 
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capture rates, ot U-238. The underlying reason for this 
is that upon removal of the sodium the neutron 
spectrum hardens and consequently the captures in 
U-238 decrease. 

SODIUM VOID COEFFICIENT IN HOMOGENEOUS, 

RODDED, AND PLATE HETEROGENEOUS 

SAMPLES 

The sodium void coefficient was measured also in 
homogeneous, rodded, and plate samples at the center 
of the core. The measurements consisted of oscillating 
"matched" samples, one with and one without so
dium, relative to each other. The matched samples 
were very nearly identical in composition except for 
the sodium. Table III-13-IV lists the matched sam
ples and their compositions. The samples were nomi-

T.\BLE III-13-II. SODIUM-VOID COEFFICIENT AS A FUNCTION 
OF UADIVS IN NORMAL LCVDING PATTERN OF ASSEMKLY 

6 OF ZPR-6 

NSIONS IN INCHES 

ved at Center of As.sembly 6. .A.XL Neg. No. 115-1406. 

TABLE III-13-III. SODIUM-VOID COEFFICIENT DEPENDENCE 
ON LO.\DING PATTERNS 

Drawers Voided 

S/M 2323-
S/M 2321 -f 2325 
S/M 2319 -H 2327 
S/M 2316 4- 2330 
S/M 2313 4- 2333 
S/M 2310 -1- 2336 
S/M 2307 -1- 2339 

Equivalent 
Radius, 

cm 

0 
11.0 
22.1 
38.7 
56.3 
71.9 
88.5 

Sodium 
Removed, 

kg 

1.604 
3.248 
3.248 
3.248 
3.267 
3.254 
2.767 

Sodium-Void 
Coefficient'' 

Ih/section 

-1 .610 
- 2 . 9 8 0 
- 3 . 0 7 8 
- 2 . 6 8 1 
-2 .700 
-2 .449 
-1 .532 

IhAg Na 

-1 .004 
- 0 . 9 1 8 
- 0 . 9 4 8 
-0 .825 
-0 .826 
-0 .753 
-0 .554 

^ The letters S/M represent the stationary/movable halves 
of ZPR-6 and the numbers 2323, for example, designate the 
drawers occupying matrix position 2323, the location of the 
center of the core-

b 1% Ak/k = 459 Ih. 

Section Voided 

Front 6 in. 

Front () in. 

Front 6 in. 

30 in. 

30 in. 

« 
30 in. 

Amount of 
Sodium, 

kg 

2.835 

2.835 

2.648 

14.401 

14.401 

13.424 

Loading Pattern 

Normal loading pat
tern (Fig. III-13-la) 

Bunched case (Fig. 
lII-13-lb) 

Isolated SS case (Fig. 
III-13-lc) 

Normal case (Fig. 
III-13-la) 

Bunched case (Fig. 
III-13-lb) 

Isolated SS case (Fig. 
III-13-lc) 

Na-Void 
Coetficient, 

IhAg'"' 

- 0 .060 

-0 .736 

-0 .110 

-0 .861 

-1 .473 

-1 .101 

• 1% Ak/k = 459 Ih. 

nally 2 in.'; for more details about these samples see 
Paper III-15. 

The reactivity worth of the sodium in the three 
types of samples was measured in the plate environ
ment (normal loading pattern Fig. III-13-la) and in 
a rodded zone comprising 26 (2.(X) x 2.00 x 3.17 in.) 
calandria cans built around the samples at the cen
ter of the core. All the results are given in Table I I I -
13-V. 

It is seen from Table III-13-V that the void coeffi
cient is strongly affected by whether or not the 
homogeneous samples contained stainless steel powder. 
Furthermore, the environment has a noticeable ef
fect on the measured values. 

SODIUM VOID COEFFICIENT AS A FUNCTION 

OF THE ENEICHMENT OF UO2 

The sodium void coefficient was also measured by 
the oscillation technique with nominally 2 in. ' rodded 
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TABLE III-13-IV. CoMi'OSiTioN DF M.vifHED SAMPLES 

Sample 

No. 

1 
2 

4 
9 

8 
I l a 

l i b 

I l a 
l i b 

20a 
20b 

Type 

Homogeneous 
Homogeneous 

Homogeneous 
Homogeneous 

Pellet 
Pellet 

Pellet 

Plate 
Plate 

Plate 
Plate 

Composition, g 

SS 

In-
Sample 

58.00 
57.97 

— 
— 

60.39 
61.17 

61.17 

45.18 
45.18 

45.35 
45.35 

Can 

46.10 
46.18 

46.36 
46.05 

46.00 
46.00 

46.00 

46.08 
46.08 

34.25 
34.25 

Fe 

45.74 
45.72 

— 
-

32.31 

46.28 
46,28 

46,88 
46,88 

Total 
SS -1- Fe 

149,84 
149,87 

46.36 
46.05 

106.39 
107.17 

139.48 

137.54 
137.54 

126.29 
126.29 

Na 

52.89 

— 
69.17 

41.33 

-
42,94 

— 
— 

42,94 

UO, 

392.87 
392.60 

392.87 
392.87 

392.65 
392.60 

392.60 

399.29 
399,29 

403,36 
403.36 

Enrichment of 
UO,, 

w/o V' 

16.421 
16.42/ 

16.421 
16.42/ 

16.421 
16.42/ 

10.42 

16.4ll 
16,41/ 

16,401 
16,40/ 

Remarks 

1 & 2 matched 

4 & 9 matched 

8 & Ua matched 

I l a & l i b matched 

20a & 20b matched 

TABLE III-13-V. HETEROGENEITY EFFECTS ON Na VOID COEFFICIENT IN ASSEMBLY 6 OF ZPR-t) {/S.^'^j Enrichment) 

Sample Tjpe 

Plate heterogeneous (normal loading pattern, Fig. III-13-la) 
Bunched plate heterogeneous (Fig. III-13-lb) 
Pellet heterogeneous 
Homogeneous without SS powder 
Homogeneous with SS powder" 

Xa Void Coefficient, 
Ih/kg 

Plate Environment 

4-0,147 ± 0,079 
4-0,047 ± 0.040 
4-0.189 ± 0.027 
4-0.821 ± 0.020 
4-0,199 ± 0,025 

Pellet Environment 

-0 ,014 ± 0,070 

4-0,302 ± 0,039 
-f0,888 ± 0,020 
4-0,221 ± 0,017 

' Stainless steel powder (304L) was added to mnck up ihf; SS in the tubes housing the pellels. 

TABLK III-13-VI. SoDHM-VoiD CrtEFFiriE.v rs ix l{(»r)i)Ei> S.VMI-I.ES VS A F I .NTTION OF U O J KNRICHMEN 

Sample Description 

0.22% enriched pellet type 
11.94% enriched pellet type 
15.86% enriched pellet type 
19.95% enriched pellet type 

Sodium Weight, 
g 

40.748 
40.803 
40.712 
40,909 

Coefficient, 
Ih<»i. 

4-0.0182 ± 0,0024 
4-0,0052 ± 0,0021 

0,0000 ± 0,0020 
-0,0027 ± 0,0026 

Specific Coefficient, 
Ih/kg Na 

4-0,448 d= 0,069 
4-0,128 ± 0.052 

0.000 ± 0.050 
-O.OIiO ± 0.064 

• 1% ak/k = 450 Ih. 

samples as a function of the enrichment of UO2 . The 

following enrichments of i/4 in. diam by '/2 in. long 

pellets were used: 0.22, 11.94, 15.86 and 19.95%. The 

results are given in Table III-13-VI. It is seen that 

the void coefficient is positive in depleted uranium 

oxide and it decreases and becomes negative as the 

enrichment is increased. 

Finally the sodium void coefficient in 20 (2.00 x 

2.00 X 3.17 in.) calandria cans filled with pellets that 

have the same average enrichment as the rest of the 

core, and placed along the entire axial dimension at 

the center of the core, w-as measured. The measured 

value was -0.677 ± 0.05 Ih /kg sodium. For com

parison, the void coefficient of two plate-loaded 

drawers (normal pattern and 60 in. long) measured 

• at the same position, was —1.004 ± 0.100 Ih 'kg . 

REFERENCE 

1. H. .\ . Karam, L. K. Dates, W. Y. Kato, J, E, Marshall and 

C, K, Uusch, Siulium Void Effects in a Large UC Fast 

Reactor, Trans. Am. Nucl. Soc. 11, 244 (1968). 
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III-14. Gap Worths of Large Critical Assembl ies 
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INTRODUCTION 

Split table fast neutron critical facilities, such as 
ZPR-6, ' ' ' utilize the loss of reactivity with table 
separation to achieve relatively large shutdown re
activities. I t is therefore of interest to know the re
activity loss as a function of table separation—par
ticularly for larger cores where neutron leakage out of 
the system may be considerably less than for smaller 
cores. This work reports calculated and measured re
activity losses as a function of table separation (gap 
worths) for a 2600 liter carbide core—Assembly 5'- ' 
of ZPR-6—and measured gap worths for a 4000 liter 
oxide core—Assembly 6 (see Paper I I I - l ) of ZPR-6. 

Although the measurements were done prior to the 
calculations, the calculated results are presented first 
since they are useful when discussing the measured 
results. 

CALCULATIONS 

Calculations were performed using Argonne Na
tional Laboratory's two dimensional neutron trans
port code SNARG. * '̂ A quadrant of the reactor cal
culated is shown in Fig. III-14-1. The reactor was 
divided into 20 radial mesh intervals and 24 axial 
mesh intervals after test computations indicated the 
calculated reactivity to be essentially constant for 
larger and somewhat smaller numbers of mesh in
tervals. A 22 group cross section set,* which closely 
predicted the critical mass for Assembly 5, was col
lapsed to two groups using a one dimensional diffu
sion theory code" for use in the SNARG calculations. 
An S,i approximation was chosen as a suitable com
promise betw'een accuracy and problem running time. 

Assembly 5 reactivity was calculated for table 
separations of 0.04, 1, 2, 4, 6, 8, 10 and 12 cm. The 
0.04 cm gap is used as a reference point. Results are 
shown in Fig. III-14-2. The maximum slope of the 
calculated gap worth cui-vo is about 240 Ih cm^ ' and 
a 12 cm gap is worth about 2500 Ih ($7.3). 

MEASUREMENT CONSIDERATIONS 

Of interest when considering gap worth measure
ments is the "flux tilt" which occurs when the tables 
are separated.* Any such change in flux profile can 
limit the accuracy of reactivity measurements and 

* .\dditional flux tilts are introdviced by placing neutron 
sources in the core, as is done when subcritical multiplication 
measurements are made. 

must therefore be considered. Figure III-14-3 shows 
the calculated fission density (normalized to make the 
maximum value of each curve unity) at the radial 
center of the reactor as a function of axial distance 
from the gap/core interface of the reactor. I t is seen 
that a 12 cm gap results in a substantial shift of 
fission density (and flux) which can offset the cor
respondence between detector output and core neu
tron production. This is particularly bothersome when 
subcritical multiplication measurements are made to 
determine the effective multiplication factor. Smaller 
gajis would of course result in smaller flux changes 
but perhaps not necessarily in smaller percentage 
measured-reactivity errors. 

In addition to the axial flux tilt shown in Fig. I I I -
14-3, one gets a radial flux tilt as indicated by Fig. 
III-14-4. Neutrons tend to stream to outer portions of 
the core, resulting in relatively greater fission densities 
in outer regions as the gap increases. Whereas the ef
fects 0^ an axial flux shift on detector sensitivity can 
be ameliorated to some extent by extending the de
tector length through the entire half height of the 
core, radial compensation may not be achieved as 
readily without preliminary calculations to determine 
optimum detector locations. The change in neutron 
importance with position further complicates de
tector compensation. 

GAP WORTH MEASUREMENT TECHNIQUES 

ESTABLISHING CRITICALITY 

With large reactors such as Assembly 5, it is usu
ally impractical to measure gap worths by establish
ing criticality at various table separations. To do so 
requires changing either the core composition or the 
core size (which results in a different reactor) at each 
separation of interest. In addition the relatively large 
quantity of fuel required to establish criticality was 
not available. Thus subcritical measurements were 
made. 

SUBCRITICAL MULTIPLICATION MEASUREMENTS 

A set of gap worth measurements using the sub-
critical multiplication technique was made on As
sembly 5. .\ neutron detector was located near the 
center of the reactor core and a neutron source was 
introduced in each half of the reactor at the radial 
core/blanket interface about 8 cm axially back from 
the core/gap interfaces. The source locations were 

file:///dditional
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chosen to emphasize radial flux tilts to provide a 
comparison of indicated gap worth results with those 
obtained from measurements which did not have 
such radial flux tilts. The magnitude of the effect due 
to radial flux tilts can thus be inferred. 

Measurements were obtained from gaps of 0.5, 
1.0, 2.0, 4.0, 6.0 and 8.0 cm. Larger gap worths could 
not be measured accurately due to lack of detector 
sensitivity. 

DYNAMIC REACTIVITY MEASUREMENTS 

The gap worths of Assembly 5 and Assembly 6 
were measured using a "dynamic measurement" 
technique. The measurement was preceded by taking 

• the reactor to critical at a suitably high power level 
to assure that the influence of spontaneous fissioning 
effects in the core and blanket were negligible and 
subsequently allowing the delayed neutron precursor 
population to stabilize. The tables were then sepa-
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rated at a speed of about 25 cm/min and an average 
in-core neutron flux and table position as a function 
of time were fed into an on-line computer which used 
an inverse kinetics algorithm'' to determine reactivity 
as a function of time. No auxilliary neutron sources 
were used during the measurements and the detector 
was located near the center of the reactor as for the 
multiplication measurement. Thus radial flux tilt due 
to extraneous sources was purposely suppressed. 
This method is convenient as it can be performed 
during a reactor shutdown and an entire gap worth 
curve can be obtained from the computer in plotted 
form within a few minutes. 

MEASUREMENT RESULTS 

The gap worth obtained for Assembly 5 using the 
multiplication technique and the dynamic measure
ment technique were in reasonably good agreement, 
indicating only a nominal influence of the source-in
duced flux tilt. From the comparison between meas
ured and calculated gap worths in Fig. III-14-2, it is 
noted that the measured gap worths are larger for 
small table separations than the calculations indicate. 
Changing axial and radial flux tilts could account for 
some of this descrepancy. I t is also noted that, con
trary to what might be expected, the smaller core 
(Assembly 5) had the smaller gap worths for larger 
table separations. This may be attributed, at least in 
pai't, to the initial power level which was about a 
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factor of 10 higher for the Assembly 6 measurement 
than it was for the Assembly 5 measurement. The 
resultant relatively low neutron flux levels existing 
with the larger gaps and the influence of spontaneous 
fission neutrons may have affected the accuracy of 
the Assembly 5 measurement for larger gaps. In
correct effective delayed neutron fractions could also 
affect the results. 

DETECTOR LOCATIONS 

A number of measurements were made, using the 
dynamic reactivity technique, with the neutron de
tector in various locations. The locations chosen were 
(I) near the radial center of the core with one end 
of the detector at the core/gap interface and extend
ing about 20 cm into the core, (2) near the radial 
center of the core with 30 cm of core material be
tween the gap/core interface and the end of the de
tector, (3) behind the axial blanket of the core, and 
(4) on top of the matrix assembly near the core./gap 
interface plane. The resulting data and the curve ob
tained using the subcritical multiphcation technique 
are shown in Fig. III-14-5. It is apparent that flux 
tilts and neutron streaming to the vicinity of the de
tector location significantly affect the indicated re
sults. 

CONCLUSIONS 

As seen in Fig. III-14-2, SNARG 2D calculations 
using an SB approximation results in smaller than 
measured gap worths for separations to about 6 cm 
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and larger than measured gap worths for larger sepa
rations for Assembly 5 of ZPR-6. 

The small gap descrepancies are attributed pri
marily to flux tilts occurring with table separation. 
Discrepancies at the larger table separations are at
tributed to changing flux tilts, spontaneous fission 
neutrons which induce non-linearities at lower flux 
levels and multiplications, and possibly accumulated 
errors in the delayed neutron precursor inventory 
due to non-exact delayed neutron fractions used by 
the kinetics code. The absolute accuracy associated 
with the SNARG calculations is not known. 

Calculated fission densities clearly show that sub
stantial flux tilts occur during table separation and 
indicate that efforts should be made to minimize the 
effects of these flux tilts during gap worth measure
ments. I t is also clear that flux tilts can ultimately 
limit the accuracy of gap worth measurements in 
spite of such efforts. 

Measurements performed with neutron detectors lo
cated in various positions are shown to give different 
results and point out the need for careful detector lo
cation selection for gap worth measurements. I t is ap
parent that both flux tilts and direct streaming of 

neutrons to the detector are important considerations. 
Both can change as a function of table separation. 

Finally, it is shown that at least moderately ac
curate gap worth measurements can be obtained with 
a minimum of effort and reactor operating time by us
ing the dynamic reactivity measuring technique. 
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III-15. Heterogenei ty Effects in a Large UO2 Core, .Assembly 6 of ZPR-6 

R. A. KARAM, K . D . DANCE, L . R . DATES, W . Y . IXATO, J. E. MARSHALL, T . NAKAMURA* and G. K. RUSCH 

There are two main types of heterogeneity effects 
associated with fast criticals loaded with plate-type 
geometries: (1) fast effect, and (2) resonance effect. 
The fast effect depends on (a) the physical shape of 
the fissile materials, i.e. thickness and length of 
column, and (b) the physical separation between the 
fissile and fertile plates. The thickness of the plate of 
fissile materials contributes positively to the reactiv
ity of the system through an increase in the yield of 
neutrons per fission due to fission neutrons that never 
leave the plate before causing another fission, and to 
neutrons that leave the plate and return to cause 
fissions before reaching the equilibrium spectrum. 
The length of the plate affects the reactivity in a 
similar manner and contributes to the peaking of the 
fluxes in and around the plate. The fast heterogeneity 
effect is also affected by the increase or decrease in 
the total fissions of U-238 in the heterogeneous system 
relative to the homogeneous system. The nearness of 
the U-238 atoms to the fissile atoms bears importantly 
on the total number of fissions in U-238. 

The resonance heterogeneity effect is a self-shield
ing effect. Resonance neutrons are readily absorbed at 
the surface of the plate. This process allows fewer 
such neutrons to reach the interior of the plate and 
the overall effect is that the average reaction rate per 
atom of plate is lowered. The self-shielding effect on 
the reactivity of the system can be both negative and 
positive. Self-shielding contributes negatively through 
the fission and positively through the capture proc
esses. Self-shielding in the scattering process can also 
have positive and negative effects on the system; the 
sign is determined by the relative importance of the 
neutron before and after scattering. 

Understanding of both types of heterogeneity ef
fects is necessary in order to incorporate such effects 
into the analysis and thus make the comparison of 
experiment and theory more equitable. To that end, 
a series of experiments was performed on a 4000-liter 
UO2 core, Asseinbly 6 of ZPR-6 (see Paper I I I - l ) . 

Three different types of experiments designed to 
yield pertinent data on the heterogeneity effects were 
conducted. These experiments comprised the follow
ing: 

(1) Pleasuring the reactivity change associated 
with two changes of loading patterns and the 

* Visiting Scientist, Japan .\lnmic Energy Research Insti 
tiUe, Tokai-inurn. Jaliaii. 

intrastructure of the fluxes in the unit cell of 
each of the loading patterns 

(2) Measuring and comparing the relative reactiv
ity worth at the center of the core of homo
geneous, rodded-type heterogeneous, and plate-
type heterogeneous samples; also, measuring 
the intrastructure of the fluxes in the rodded 
samples 

(3) Measuring the reactivity worth of U-235 and 
U-238 as a function of sample thickness. 

LOADING PATTERN EFFECTS 

The effect of changing the drawer loading pattern 
on the reactivity of the system provides convenient 
means by which methods purported to account for 
heterogeneity effects can be tested. Calculations 
showed that a considerable change in cr"' takes place 
when the normal loading pattern shown in Fig. I I I -
1.5-la is rearranged to the bunched loading pattern of 
Fig. III-15-lb. Calculations also showed that when 
the appropriate amount of stainless steel in the 
matrix and drawer is homogenized with the two 
U " ' 0„ plates in two adjacent cells, cr"' is increased 
by 5-10%. For this reason a loading pattern in which 
the stainless steel was isolated. Fig. III-15-lc, was 
used. Table III-15-I shows the calculated average 
cTp ' and* the corresponding capture cross sections for 
the three loading patterns and for the homogeneous 
case. 

The measured reactivity change associated with the 
change in loading pattern shown in Fig. III-15-la to 
that shown in Fig. III-15-lb, in a central region of 
the core comprising 76 drawers per half (Fig. I I I -15-
2), was 93.06 Ih (0.203% ^k/k). The same measure
ment performed on 9 central drawers per half gave 
11.53 Ih. The reactivity change associated with such 
change in loading pattern was also calculated by the 
procedure discussed elsewhere (see Paper III-16). The 
calculated values were 63.81 and 8.07 Ih for the 
change in the 76 and in the 9 drawers per half respec
tively. 

The measured change in reactivity corresponding to 
the change in loading pattern from Fig. III-15-la to 
Fig. III-15-lc, in a square region comprising the 25 
central drawers per half, was 4.47 Ih. The calculated 
value for such change was 2.99 Ih. 

In addition to the measurements of loading pat
tern effects on the reactivity of the system, an in
dependent series of experiments measuring the fission 

file:///lnmic
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rates in U-235 and U-238 as well as the capture rates 
in U-238, were made as a function of position in the 
unit cell. Such integral measurements provided tests 
to verify the adequacy of the theoretical methods for 

predicting the spatial intrastructure of the iluxes in 
the unit cell. I t should be noted that H"' detailed 
shapes of the fluxes have significant influence on the 
spatially averaged cross sections i-"'- Paper III-16) . 

Deiileted uranium foils (0.2', - .niihment, 5 mil 
thick by % in. diam) and U-23.'i lolls <93% enrich
ment, 4.5 mil thick by % in. diam) were placed at 
corresponding locations about the center of the core 
in tlie two halves of the ZPR-6 machine.' The foils 
were placeil among the adjoining surfaces of all the 
plates in the unit cell. All foils were irradiated for one 
hour at a power level of about 50 watts. Five hours 
after irradiation, the activities of the U-238 foils were 
counted for fission fragments (counting gammas with 
energies above 0.41 MeV) and for capture by count
ing the 106 keV gammas from excited Pu-239 in co
incidence with x-rays produced by internal K con
version electrons. The five-hour waiting period was 
necessary to allow sufficient time for the buildup of 
Np-239 from U-239. The U-235 foils were counted 
for fission fragments in a manner similar to that for 
counting the U-238 foils. A few foils were radio-
chemically analyzed for the absolute number of fis
sions in U-235 and absolute number of fissions and 
captures in U-238. The radiochemical results were 
used to obtain efficiency factors to convert the rest 
of the data to absolute numbers. Irradiations of the 
U-235 and U-238 foils were performed in each of the 
loading patterns shown in Figs. III-15-la, III-15-lb, 
and III-15-lc. 

In another experiment, a 2 x 2 x ^Xe in. plate of 
93% enriched uranium and a 2 x 2 x % in. plate 
of depleted uranium (0.2% enriched) that were nor
mally in the core were replaced by packets of foils 
equivalent in weight and enrichment to the two 
plates. This arrangement provided means by which 
the spatial distribution of the fluxes within the fissile 
and fertile plates can be verified by measuring the 
capture and fission rates. The packets were irradiated 
in the manner described earlier. For each of the 2 x 
2 X 0.005 in. foils comjirising the packets, a % in. 
diam foil was punched out from the center and 
counted. This procedure eliminated any requirement 
for edge effect corrections. 

The results are shown in Figs. III-15-3 through 
111-15-6. Figure III-15-3 shows, across the normal 
loading pattern cell, the measured and calculated fis
sion rates in U-235 and U-238, the capture rates in 
U-238, the fission in U-238 to fission iu U-235 ratio, 
and the capture in U-238 to fission in U-235 ratio. 
The calculated fission rates in U-235 and U-238 were 
obtained using the cell fluxes from the SNARG-ID 
code,- with S32 and modified Gaussian quadratures ^ 
and the cross sections in Set ZPR-6-6 EXDF/B-A 
(see Paper I I I - l ) . The capture rates in r-:?3S were 
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TABLE III-I5-I . HoMooENors AND CELL-AVERAGED op AND CORRESPONDING ue OF U-238 FOR THE T H R E E LOADING PATTERNS OF 

ASSEMBLY 6 OF ZPR-6 

Energy Group 

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

Homogenous" 

"r, 
b 

48.69 
40.75 
51.97 
69.S3 

107.3 
91.13 
58.02 
56.30 
57.27 
60.09 
64.60 
67.04 

CTr , 

I) 

0.4357 
0.5502 
0.6721 
0.8206 
1.048 
1.097 
0,9724 
1,117 
1,203 
1,147 
1,676 
2,129 

Normal'' 

"p, 
h 

38,63 
34,37 
40,37 
47,38 
53,58 
49,69 
42,40 
42,10 
42,56 
43.72 
45.09 
45.71 

b 

0.4223 
0.5313 
0.6426 
0.7690 
0.9121 
0.9467 
0.8702 
0.9874 
1.035 
0.9810 
1.339 
1.701 

Bunched" 

ffp, 

h 

32.41 
30.48 
33.37 
36.02 
37.29 
36.69 
34.91 
35.22 
35.66 
36.59 
38.44 
39.57 

h 

0.4011 
0.5052 
0.6021 
0.7030 
0.8134 
0.8394 
0.7867 
0.8885 
0.9174 
0.8768 
1.181 
1.526 

Isolated SS''" 

<rp, 
b 

36.43 
32.95 
37.70 
42.64 
46.46 
44.36 
39.37 
39.38 
39.80 
40.76 
42.03 
42.68 

b 

0.4201 
0.5286 
0.6375 
0.7579 
0.8884 
0.9199 
0.8513 
0.9649 
1.006 
0.9534 
1.288 
1.042 

" All materials homogenized; calculated with ap code (Paper III-16J. 
'' Loading pattern of Fig. III-15-la. 
« Loading pattern of Fig, III-15-lb. 
•• Loading pattern of Fig. III-15-lc. 

calculated in a similar manner except that the cross 
sections used outside the slabs containing U-238 were 
infinite dilution cross sections. The cross sections for 
the slabs containing U-238 were those ot Set ZPR-6-6 
ENDF/B-A in which the self-shielding was accounted 
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for by equivalence theory. Calculations reported in 
Figs. III-15-4 through III-15-6 were obtained in a 
similar manner. 

It is seen from Fig. III-15-3 that the transport cal
culations underpredict the decrease in the U-235 fis

sions about the '/le in. plate ot U-23o. The calculated 
spatial distribution of the U-238 fission rates is in 
fair agreement with the measurements. The measured 
and calculated capture rates in U-238 are in apparent 
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TABLE III-15-II. SAMPLES USED IN HETEROGENEITY Ki-KErrs S r ruv 

Xo. 

1 
2 
3 
4 
9 
8 

Ila 
n i l 
I la 
l i b 
20a 
20h 

Sample 

Type 

Homogeneous 

" 
" 
" 
" 

Pellet 

" 
" 

Plate 

" 
" 
" 

Stainless Steel 

In-Sample 

58.00 
57.97 

— 
— 
— 

60.39 
61.17 
61.17 
45.18 
45.18 
45..35 
45.35 

Can 

46.10 
46.18 
46.36 
46.36 
46.05 
46.00 
46.00 
46.00 
46.08 
46.08 
34.25 
.34.25 

Composition, g 

Fe 

45.74 
45.72 

— 
— 
~ 
— 
— 

.32.31 
46.28 
46.28 
46.88 
46. S8 

Total 
SS -1- Fe 

149.84 
149.87 
46.36 
46.36 
46.05 

106.39 
107.17 
139.48 
1.37.54 
1.37.54 
126.29 
126.29 

Na 

— 
52.89 

— 
— 

69.17 
41.33 

— 
— 

42.94 

— 
— 

42.04 

UOj 

392.87 
392.66 
452.00 
392.87 
392.87 
.392.65 
392.60 
392.60 
399.29 
399.29 
403.36 
4ai.36 

Enrichment of 
UO., 
w/o U-235 

16.42 
16.42 
16.42 
16.42 
16.42 
16.42 
16,42 
111,42 
111,41 
16,41 
16,40 
li; 40 

agreement, although the step function description of 
the U-238 capture cross sections would not reflect flux 
depression in the vicinity of the U-238 plates. (Note 
that the point of normalization is arbitrary.) The 
calculated ratio of fission in U-238 to fission in U-235 
is about 10% lower than the measurcil value. The dis
crepancy is uniform as a function of position in the 
unit cell. The calculated capture in U-238 to fission 
in U-235 ratio is overestimated by about 15%. 

The errors in determining the absolute fission rates 
in U-235 and U-238 and captures in U-238 are re
spectively about 2%, 5% and 5%. 

Figure III-15-4 shows the relative fission and cap
ture rates in the '/s in. U-238 plate as well as the fission 
rates in the '/io in. U-235 plate obtained by simu
lating the plates with packets of foils in the normal 
loading pattern (Fig. III-L5-la) . I t is seen from Fig. 
111-1,5-4 that the distribution of the calculated and 
measured fission rates are in fair agreement with 
some discrepancies noted. Furthermore, there is about 
10-15% drop in the capture rates of U-238 on the 
side of the FcsOa plate due to self-shielding; such a 
drop is absent on the side of the U-235 plate indicat
ing that the U-235 plate casts shadows on the U-238 
plate and thus [lOses some doubt about the validity ot 
equivalence theory. 

Figures III-15-5 and III-15-6 show the spatial dis
tribution of the reaction rates and ratios in the unit 
cell ot the bunched loading pattern (Fig. III-15-lb) 
and the isolated stainless steel (Fig. III-15-lc) load
ing pattern. The calculated values were obtained 
in the same manner as described earlier. As in the 
case of the normal loading pattern, the calculated 
ratios of fission in U-238 to fission in U-235 and cap
ture in U-238 to fission in U-235 were respectively 

lower and higher than the measured values. Further
more, the calculated fission-to-fission ratios for these 
cases were only 5% lower than measurements to be 
compared with 10% for the normal loading case. This 
may be associated with the fact that the one dimen
sional transport calculations do not accurately account 
for streaming. (The sodium channels in the bunched 
antl isolated stainless steel cases were wider than 
in the normal case when one considers two adjacent 
unit cells). 

RELATIVE REACTIVITIES OF HOMOGENEOUS, PELLET-

Hm'EROGENEOU.S, ANO P L A T E - H E T E R O O E . N E G U S 

SAMPLES 

Tile relative reactivity worths of nominal 2 in.^ 
plate, rodded, and homogeneous samples were meas
ured in Assembly 6 of ZPR-6. The compositions of all 
the samples were essentially the same (see Table I I I -
15-11). The plate-type sample had the loading pat
tern of Fig. III-15-la. All samples were encased in 
1.90 X 1.90 X 2.00 in. SS(304) cans with wall thickness 
of 0.015 in. The homogeneous samples were mixtures 
of UO2 (16.43%! enrichment) powder and sodium or 
UO2 powder, sodium, and stainless steel powder—the 
latter to mockup the stainless steel tubes in the rodded 
samples. The stainless steel and UO2 powders were 
blended together and sintered; the particle size of the 
blond was such that only about 53% of the volume 
would be used when packed under vibration. The empty 
volume fraction was filled with sodium. Tests con
ducted with x-rays, and an actual opening of one 
can, revealed that the mixture was quite homogeneous. 
The rodded samples consisted of 0.25 in. diam by 
54~% in. loog pellets inserted in 36-tube calandria 
cans. The pellets consisted of two enrichments, 19.947% 



138 / / / . Fast Reactor Physics 

SPACES BETWEEN TUBES FILLED WITH SODIUM 

-w-j.ssa" \-*-

OOOO0O 
O0OO0O 
0000O0 
0 0 0 0 0 0 
00O00© 

TYPICAL PELLET COLUMN 
PELLET DIAMETER 0 290" 

SIDE VIEW 

PELLET COLUMN IDENTIFICATION 

A. S - IB.a6l% ENR. + I - I * . t 4 r % ENR. 

1 . • - I S . ( t l % ENR. 

HT. NO PELLETS 

F I G . III-15-7. Square Calandria Can for Rodded Zone. 
ANL Neg. No. 113-1383. 

and 15.861%, prorated to give an average enrichment 
of 16.43%. A test of the reactivity worth of UO2 with 
each enrichment and the two combined showed that 
the assumption of linear dependence was adequate. 

The measurements were conducted as follows: the 
reactivity of a sample was measured relative to void 
by the period method (at least 5 t imes); the relative 
worth of that sample was then measured relative to 
other samples using an oscillator in conjunction with 
an autorod. The autorod was calibrated difi'erentially 
and integrally "online" with the aid of a recently 
developed code.** 

In addition to the rodded samples that were os
cillated, there were 26 (2.00 x 2.00 x 3.17 in.) calandria 
cans (Fig. III-15-7) with which a rodded zone was 
built around the sample being oscillated at the center 
of the core. This rodded zone comprised the first 3 in. 
of 13 drawers in each half of Assembly 6. The rela
tive reactivity worths of the plate, rodded, and 
homogeneous samples were measured in the rodded 
zone environment as well. 

The results are given in Table III-15-III . All sam
ples were measured relative to homogeneous Sam
ple ?^3 which was measured relative to void by the 
period method. The errors listed reflect the relative 
errors associated with the oscillation method and not 
the period method. The values listed for samples 
without sodium contain minor corrections accounting 
for small differences in composition between homo
geneous Sample ^ 1 and the rest. The values for the 
samples with sodium have been normalized to the 
composition of homogeneous Sample ^2. The correc
tions were jiroratcd linearly according to the worth 
of the material in its particular geometry. For exam
ple, the worth of stainless steel powder was obtained 
from the relative worth of homogeneous Samples ^ 1 
and Hi. 

TABLE III-15-III. ME.tsURED REACTIVITY WORTHS AT 
CENTER OF ASSEMBLY 6 OF ZPR-6 

(l%^k/k = 468 Ih) 

Sample 
No. 

1 

l i b 
. l i b 

20a 

2 

2OI1 

8 

Sample T \ l ) e 

H o m o g e n e o u s w i t h 

S S , n o N a 

Pellet, no Na 
Plate, no Na 
Plate, no Na 

Homogeneous with 
Na and SS 

Plate, with Na 
Pellel, with Na 

Sample Worth Relative to Void, 
Ih 

Normal Plate 
Environment 

1.364 ± 0.003 

1.351 ± 0.004 
1.369 ± 0.005 

1.361 ± 0.002 

1.359 ± 0.003 
1.347 ± 0,003 

Pellet 
Environment 

1,379 ± 0,002 

1.345 ± 0.003 

1.367 ± 0.003 

1.375 ± 0.003 

1.367 ± 0.003 
1.359 ± 0.003 



15. Karatn, Dance, Dates, Kato, Marshall, Nakamura and Rusch 139 

I t is seen from Table III-15-III that the relative 
reactivities of the plate, rodded, and homogeneous 
samples are essentially the same. I t appears that 
cancellation effects such as the increase in capture in 
U-238 and fission in U-235 in the homogeneous sample 
relative to the heterogeneous samples do take place. 

In a separate experiment, the first 3 in. plate-
loaded segments in 26 drawers were replaced with 26 
(3 in.) pellet cans at the core center. The relative 
reactivity difference for all 26 cans was only 1.61 Ih. 

The fission rates in U-235 and fission and cap
ture rates in U-238 were measured in the 3 in. calan
dria cans. Depleted and 93% enriched uranium foils 
(0.25 in. diam) were placed between the last two 
pellets in tubes along the diagonal line of the calan
dria. In one tube there were no pellets and therefore 
the foil was placed at the bottom (Fig. III-15-8). The 
foils were irradiated and analyzed in the manner de
scribed earlier. The results are shown in Fig. III-15-8. 

It is seen from Fig. III-15-8 that the spectrum in 
the empty tube is significantly softer in the high 
energy groups (fission in U-238) than that in the pel
let-filled tubes. Furthermore, the captures in the 
U-238 foil in the empty tube arc also higher than the 
average captures in a foil "sandwiched" between two 
pellets. This indicates that there are heterogeneity 
effects in the rodded samples; yet these effects com
bine in such a way that the reactivities of the rodded, 
plate, and homogeneous samples are all the same. 

REACTIVITY WORTHS OF U-235 AND U-238 AS A 

FUNCTION OF THICKNESS 

The calibrated autorod"* was used in the measure
ment of the reactivity worth of U-235 and U-238 as a 

TYPICAL 0.5% UNCERTAINTY 

— i' o ° " ° 

TYPICAL 0 5% UNCERTAINTY 

OO 

CM 

•F 

< 
LJ 

1.00 

0.96 

0.92 

o TYPICAL 0 5% 

0 

UNCERTAINTY 

X 

— 
-— 
-

PELLET STACKS , 

508 cm 

FIG, III-15-8. Cross Sectimi 
Neg. No. }1S-1384. 

of PdleL Can Diagomil. .4,V/, 

function of sample thickness. The samples comprised 
0.005 in. thick foils with nominal area of 4 in.^ 
stacked together, and placed in a 2 x 2 x 2 in. stain
less steel can on a ^ 2 in. wire rack that supported the 
samples at 1 in. from the bottom of the can. The sam
ples were oscillated relative to an empty SS can with 
wire racks. In the case of U-235, the reactivity worth 
as a function of sample thickness was also measured 

TABLE III-15-IV. HE.VCTIVITY WORTH OF U-235, U-238, IRON, .\NU NICKEL .VS .\. FLNCTION OF S.\MPLE THICKNESS 

Materia! and Environment 

93% enriched uranium foils su.spended in a 2- .\ 2- x 2-in. 
empty stainless steel can 

93^( enriched uranium foils in plate-type heterogeneous 
cans identical to core-loading pattern 

He-in. plate 
Depleted uranium f<)iis suspended in a 2- x 2- x 2-in. 

empty stainless steel can 

2- X 2- X 1-in. block 

No. ol Foils 

1 
2 
5 

16 

— 
1 
2 
5 
8 

14 

1 
•1 

5 
10 
25 

Tolal I-'oil VVt, 
g 

4.038 
9.002 

23.059 
73.«;!4 

— 
4.511 
9.221 

22.950 
36.851 
64.349 
61.491 
5.913 

11.7.39 
28.977 
60.227 

147.123 
1153.58 

Worth, 
Ih 

-f 0.1857 ± 0.0019 
-1-0.3019 ± 0.0018 
-1-0.9201) ± 0.0016 
-F3.039 ± 0.010 

— 
-fO.2110 ± 0.002 

-1-0.406 ± 0.002 
-1-0.969 ± 0.020 
-1-1.544 ± 0.020 
-1-2.682 ± 0.020 
-1-2.567 ± 0.020 

-0.0252 ± 0.0017 
-0 .W29 ± O.0O21 
-0.1034 ± 0.0016 
-0.2202 ± 0.0015 
-0.5136 ± 0.0018 
-3 .764 ± 0.01 

Specific Worth, 
IhAg Material 

-1-40.04 ± 0.41 
-1-40.20 ± 0 . 2 0 
-1-40.18 ± 0.07 
-1-41.14 ± 0.14 

— 
-1-46.66 ± 0.44 
-1-44.06 ± 0.22 
-t-42.22 ± 0.87 
-1-42.17 ± 0.54 
-1-41.68 ± 0.31 
4-41.75 ± 0.31 
-4 .262 ± 0.288 
-3 .654 ± 0.179 
- 3 . 5 6 8 ± 0.055 
-3 .666 ± 0.025 
-3 .491 ± 0.009 
-3 .263 ± 0.009 
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in the exact environment of the normal core loading 
pattern. This particular measurement comprised the 
oscillation of 2 x 2 x 2 in. stainless steel cans, rela
tive to each other, loaded in the same manner as in 
the core and contained the same materials except for 
U-235 which was present in one can only. The results 
are given in Table III-15-IV. 

On the basis of the results shown in Table III-15-IV 
the following remarks can be made: 

(1) Self-shielding in U-235 is significantly present 
in the core environment but absent in the 
2 X 2 X 2 in. cavity at the core center. 

(2) The fast heterogeneity effect is noticeably seen 
in the worths of the 16 foils of U-235 sus
pended in the empty stainless steel can. 

(3) Self-shielding in U-238 is significant. 

CONCLUSIONS 

The extensive measurements of heterogeneity ef
fects conducted on Assembly 6 of ZPR-6 show that the 
theoretical methods used can predict such effects qual
itatively but not quantitatively. The sources of er
rors in the theoretical methods can be any or all of 

the following: (1) basic data ( E N D F / B file), (2) 
non-applicability of equivalence theory, and (3) use 
of a few (22) groups to obtain the spatial distribution 
of the fluxes with which the cross sections are averaged 
in the unit cell. Before the blame can be put on the 
basic data as being the main culprit for much of the 
discrepancies, a considerable amount of refining and 
validating of the methods for treating such data are 
required. An alternative is to eliminate the complexi
ties of the heterogeneity effects by simply studying a 
few select homogeneous cores. 
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III-16. Heterogeneity Calculations for Plate-Type Heterogeneous Reactors 

K. DANCE, R . A. I\ARAM and J. E. MABSHALL 

Several measurements of heterogeneity effects in 
Assembly 5 of ZPR-6 have been made and reported 
earlier.^ The generation of cross sections appropriate 
for analyzing heterogeneity effects has been carried 
out and is reported herein, along with a comparison 
of the measured results. In particular, cell averaged 
cross sections for overall-core calculations and in-
plate cross sections for cell reaction rate calculations 
have been generated. 

Present reactor codes do not have the capability 
of making overall core computations which treat in 
detail the fine plate structure of the ZPR cores. Thus 
cell heterogeneity effects are calculated separately 
and used to construct multigroup cross sections. 
The broad group cross sections 2> could, in principle, be 
found from an ultrafine group, transport theory cell 
calculation in which the spatial and energy dependent 
flux <l>(r,E) is used to weight the broad group cross 
sections: 

2, 
( di f "'' 2(T, E)<t,(.r, E) , 

_ Jcell ''Ej 

f dr I '̂ ' (/)(r, E) dE 
•'cell ^Bj 

(1) 

For a complicated cell such as that of Assembly 5, 
however, a full ultrafine group, transport calculation 
would not be feasible. An alternate method in which 
the cross sections were flux-weighted using the ultra-
fine group structure of MC"'"' while conserving the 
reaction rate via equivalence theory,^ was used. The 
MC" calculation for a homogeneous composition of 
Assembly 5 was made using E N D F / B data. The 
U-238 resonance range cross sections were then cor
rected for the difference in op between tlie actual het
erogeneous configuration and the homogeneous mix
ture used in the MC- calculation. The resonance 
range equivalence theory corrections were made 
using the SIGP code, described in Paper VI-11, to 
ratio the capture cross sections according to the change 
in the potential scattering cross section. 

The o-p-corrected MC" broad group cross sections 
were then used in a transport calculation (SN.ARG-
ID) '* ' to determine the broad group flux shapes. 

' These calculations were made using the modified 
single Gaussian angular points of D. Meneghetti" with 
order A' = 16. The broad group fluxes were then used 
to weight the cross sections to preserve reaction rates 
in the cell. The diffusion coefficient was also flux 
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weighted to preserve the fundamental mode trans
verse leakage. (In the transport cell calculation, the 
transverse dimensions were chosen to preserve the full 
three-dimensional leakage of the overall core). How
ever, a diffusion tensor is really needed to properly 
describe the highly anisotropic nature of the plate type 
ZPR cores. 

Bilinear (adjoint) weighting, following the formula
tion of D. Shaftman and H. Greenspan," was also used 
to obtain cell averaged cross sections for use in overall 
core reactivity calculations. The broad group real and 
adjoint fluxes were used in the calculations. The cell-
averaged total removal cross section for any broad 
group 5/(; was calculated from the relation 

/'2„/r)0Ar)<#.,*(r)r/r 

S^ = — , (2) 
J,^;(r)0y(r) dT 

whereas the scattering matrix terms wore calculated 
from the expression 

f^,,i(i)'t>.(i)tt>J(T)di 

\'t>M,t,*( 
Ci) 

r) dr 

The fission source terms were weighted as in Eq. (3), 
and the diffusion coefficients were weighted as in Eq. 
(2). The bilinear weighted cross sections do not pre
serve reaction rates, but for fundamental mode cal
culations it can be shown that bilinear weighting pre
serves reactivity. The cell averaged cross sections can 
thus be used in overall core, criticality calculations. 
.\. Henry' has shown, however, that if bilinear 
weighted cross sections are used, then jn order to 
maintain a consistent variational approach the usual 
flux and current continuity boundary conditions at in
terfaces must be rejilaced with special boundary con
ditions involving discontinuities in the fluxes and cur
rents. In the calculations of ZPR-6 Assembly 5, 
however, the boundary conditions used at the reflector-
core interface were assumed to have a small effect on 
the overall reactivity and the bilinear weighted cross 
sections were used in a standard diffusion code with 
standard current and flux continuity boundary con
ditions at the corc-refiector interface. 

The criticality calculations for the reference and 
bunched loading patterns, shown in Figs. III-16-1 
and III-16-2, were also carried out as outlined for 
the normal loading pattern (Fig. III-16-3). The po
tential scattering cross section CT, of the normal and 
reference loadings was about 25 b whereas the Gp 
of the bunched loading pattern was about 20 b in 
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Fig. III-16-1. Reference Loading Pat terns of Three-drawer 
Cell for Bunching U-238 in Assembly 5 of ZPR-6. ANL Neg. No. 
lU-»2-i3. 

comparison to a o-p of about 35 b for a homogeneous 
mixture of the same composition. The results of the 
measurements and the calculations are shown in Table 
III-16-I. The results show fair agreement between the 
calculated and measured changes in critical mass due 
to a change in loading pattern even though the ab
solute calculated critical mass values are far too 
high. 

The reactivity worths of plate type, rodded type 
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U238 
U238 

U238 
U238 
U238 

U238 

U235 

U235 

U235 
U238 

F I G . III-10-2. Bunched U-238 Loading Patterns in Three-
drawer Cell of Assembly 5 of ZPIi-6. ANL Neg No. 11^-9178. 

and homogeneous 2 x 2 x 2 in. sample cans were meas
ured at the core center, and calculations were then 
made for the rodded type samples using the same tech
nique as used for the generation of cross sections in 
plate type assemblies. In order to determine the 
proper broad group flux shape it was found neces
sary to use the "white" boundary condition option 
available in the SNARG-ID code to eliminate the 
Newmarch effect" (unreal flux peaking due to the 
cylindrical cell apjiroximation). I t was also found 

that while fast convergence could be obtain! d using a 
quadrature set constructed by K. Lathrop and B. 
Carlson," the quadrature set contained internally 
in the SNARG code gave adequate convergence with 
S„ order 8 or 16. This is in contrast to the plate type 
heterogeneity problem in which adi'qoate convergence 
cannot be obtained using the quailrature points con
tained in the SNARtJ code. The calculations showed 
that the o-p of the homogeneous sample cans and the 
rodded sample cans were essentially the same and 
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TABLE III-16-I. C.\LcuL,ATEu .wn MEASURED CRITICAL MASSES FOR ASSBMULV 5 OF ZPH-Ct 

Critical Mass, 
kg of U-23S 

Measured 
Calculated using broad group flux 

weighting 
Calculated using broad group adjoint 

weighting 

Loading Pattern 

Homogeneous 

2554 

2554 

Normal Core 

1583 ( - 0 . 6 % ) " 
2113 (-1.3',;;) 

2001 ( -1 .8%) 

Reference Core 

1592 
2141 

2038 

Bunched Core 

1506 ( - 5 . 6 % ) 
2005 ( -6 .3%) 

1818 ( -7 .3%) 

' ( ) ^ Percent change in ciiticnl mass from reference loading. 

TABLE I I I -16-n . MEASURED REACTIVITY WORTHS 

CENTER OF ASSEMBLY 5 OF Z P K - 6 

Sample 
No. 

3 

5 

7 

1 

6 

8 

2 

Sample T\pe 

Homogeneous UC, no 
Na 

Homogeneous UC plus 
SS, no Na 

Rodded UC, SS clad, 
no Na 

Plate U, C and SS, 
no Na 

Homogeneous UC plus 
SS, with Na 

Rodded UC, SS clad, 
with Na 

Plate U, C and SS, 
with Na 

Sample Worth 

Normal 
Environment 

Excluding Can 

Bunched 
Environment 

Worth of UC Only, 
Ih/kg of UC 

3.027 ± 0.007 

2.991 ± 0.011 

2.970 ± 0.009 

3.436 ± 0,007 

2.982 d= 0.007 

2.932 ± 0.012 

3.391 ± 0.009 

Worth of UC, SS, Na Mis, 
Ih/kg of Mi.t 

2.234 ± 0.006 

2.227 ± 0.007 

2.698 ± 0.010 

2.221 ± 0.008 

2.644 ± 0.008 

that there was ver>' little high energy flux peaking in 
the fuel pins. Thus, the calculations showed essen
tially no difference in reactivity worth between the 
rodded sample cans and the homogeneous sample 
cans, which is in agreement with the measurements 
(Table III-16-II) . 

Measurements were also made of the fine-structure 
reaction rates in Assembly 5 of ZPR-6 tor the ref
erence loading pattern and the bunched loading pat
tern. The calculation of the fine-structure reaction 
rates was made directly from the SNARG-ID fluxes 
calculated tor use in generating the cell averaged 
cross sections. The fission cross sections that were 
used to calculate the U-235 and U-238 fission rates 
were taken from the cross section set generated for 
Assembly 5 by the MC- code. The U-238 capture 

cross section was taken as the capture cross section 
appropriate to the <rp of the U-238 plates for points 
within a plate, and taken as the infinite dilution 
value for points outside the U-238 plates. The meas
urements and calculations for the bunched loading 
pattern, normalized to agree at the point of maximum 
reaction rate, are shown in Fig. III-16-4. There is fair 
agreement between the measured and calculated 
U-235 fission rates, although the measured values tend 
to show higher peaks and lower valleys. This is prob
ably due to a failure to correct the U-235 fission cross 
sections to account for changes in self-shielding in 
going from regions of fuel to regions of diluent. 
The U-238 fission rates ajipear to be described rather 
well by the calculations, indicating that the broad 
group SNARG flux weighting handles the high energj' 
heterogeneity effects adequately. The U-238 capture 
rates show apparent agreement only for points either 
well within or well outside the U-238 regions, as 
might be expected from the step function description 
of the U-238 self-shielding used in the calculational 
procedure. 

The ratios of the U-238 fission and capture to 
U-235 fission provide an index of the cross section ade
quacy. As Fig. III-16-4 indicates, the ratio of U-238 
capture to U-235 fission is in-edicted too high by 
about 10% and the ratio of U-238 fission to U-235 
fission is predicted too low by about 20%. The over-
prediction of the U-238 capture and the underpre-
diction of the U-238 fission relative to U-235 fission 
is in line with the large discrepancy between the cal
culated critical mass of 2112 kg of U-235 and the 
measured value of 1.583 kg for Aseembly 5 of ZPR-6. 
and points out the apparent error in the MC- gen
erated cross sections using E N D F / B data. 
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I l l -17. An Invest igat ion of the Properties of Zoned S y s t e m s 

L. G. LESAGE, E . F . GROH and VV. R. ROBIN.SON 

INTRODUCTION 

A program of measurements was carried out on 
ZPR-9 in order to better understand the systematies 
of small, cylindrical, zoned critical assemblies. Four 
different assemblies were investigated and these are 
described in Paper III-2. In three of the assemblies 
(ZPR-9 Assemblies 19, 21, and 22) the central test 
zone plate arrangement simulated uranium oxide 
material. The fourth zone contained plates of en
riched and depleted uranium and carbon in coinbina-
tion such that i'« was unity. 

The primary advantage of a zoned assembly over a 
full-size critical assembly is the large reduction in 
critical mass. The incentives for using the smaller 
zoned assemblies are discussed in more detail in Ref. 1. 

Zoned critical assemblies are suitable for many 
types of primarily spectral dependent physics meas
urements, such as Doppler effect measurements 
or fission ratios, provided the correct neutron spectrum 
is achieved in the test zone. Generally, the reference 
system (which may or may not actually be built) 
is defined as a full-size critical assembly, and the 
central spectrum for this assembly is the reference 
spectrum. The test zone in the zoned assembly should 
have the same material composition as the reference 
system, and the buffer and the driver regions in the 
zoned systems are designed to minimize, as much as 
possible, the spectral mismatch at the boundaries of 
the test zone. 

Experimental studies of zoned systems have been 
carried out previously at Argonne National Laboratory 
and the results are reported in Refs. 1-3. The primary 
emphasis in these measurements was to confirm the 
spectrum in zoned systems by comparison of measure
ments made in the zoned system to measurements 
made in a full-size refei-ence system. The reference 

system was ZPR-6 Assembly 5, a large, dilute ura
nium-carbide core, and the zoned cores were Assem
blies 4Z, 11 and 12 of ZPR-9. The general conclusions 
of this work were that the central reactivity worth 
ratios (i.e., worth in zoned system/worth in reference 
system) were the most sensitive test of the spectrum 
in the zoned systems, and that the spectra in As
semblies 4Z, 11 and 12 were adequately matched 
to the reference for most types of spectral dependent 
measurements. The one important exception was that 
the adjoint spectra in Assemblies 11 and 12 were 
not matched adequately to do accurate sodium void 
measurements, as discussed in Ref. 1. 

The p^jimary purposes ot the zoned core measure
ments reported herein were: (1) to develop an ex
perimental method for checking spectral matching 
in a zoned assembly when no full-size reference as
sembly is available; and (2) to better evaluate some 
of the analytical methods normally used in zoned core 
design, by comparison with a variety of measurements. 

PROCEDURE .\ND EQUIPMENT 

ZPR-9 Assemblies 19, 21 and 22 were constructed 
specifically for the zoned core experimental program. 
ZPR-9 Assembly 24, which was used in the nuU-re-
acti^'ity plutonium alpha measurement (see Paper 
III-22), was checked by the experimental methods 
developed on the other assemblies. Assemblies 19 and 
24 were optimized designs with regard to spectral 
matching. The spectra in Assemblies 21 and 22 were 
purposely perturbed, by making the central zone small 
in Assembly 21 and by changing the buffer material 
in Assembly 22 from a mixture of UsOg and aluminum 
plates to pure aluminum. The latter was done to test 
the sensitivity of the measurements to reasonable 
cases of spectral mismatch. 

The measurements made on the assemblies were 
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AIR VALVE 

ENTIRE ASSEMBLY CAN MOVE IN THE 
^ CORE HORIZONTALLY 

F I G . 111-17-1. Sketch Showing Important Features of Radial 
Sample Changer. ANL Neg. No. 113-880. 

-TEFLON RINGS-

ALL DIMENSIONS IN INCHES 

F I G . III-17-2. Out Drawing of Reactivity Sample and Sam
ple Holder. .4A'/. Neg. No. 113-1444. 

central and radial reactivity worth, radial fission 
counter and BF3 counter ratios, radial and axial 
U-235 foil activations and central U-238 Doppler 
effect. A special pneumatic sample changer was con
structed for the reactivity measurements. Cylindrical 
samples approximately YQ in. in diameter and 2 in. 
long were oscillated into and out of the assembly, and 
the reactivity was determined by a calibrated autorod, 
which helfl the flux level constant. The autoiod was 
calibrated from period measurements. Figure III-17-1 
is a rough outline drawing showing some of the im
portant features in the operation of the sample 
changer. The entire samjile changer could be moved 
horizontally so that the samples could be oscillated to 
any point along the radius. The rotating cylinder 
has eight sample positions which can be adjusted to 
accept samples up to 6 in. long. The samples are en
closed in stainless steel sample holders, and the double 
wall tube which extends into the matrix is also made 
of stainless steel. A detailed drawing of a sample and 
sample holder is shown in Fig. 111-17-2. The sample 
holder diameter was somewhat smaller than the 
inner tube diameter, and small teflon rings were used 
to seal the air flow and provide the bearing surface. 
The transit times for the samples were slightly over 

1 sec, and the sample impact at the ends was cushioned 
by an oiifice arrangement which controlled the rate 
of air escape from in front of the samples. End caps 
for the sample holders with thicknesses of %2, 2 and 
4 in. were provided in order to stop neutron stream
ing in the sample changer tube. This effect is discussed 
below. In addition, an alternate inner sample changer 
tube was provided which contained a 4 in. stainless 
steel plug to stop neutron streaming in the inward 
direction. 

The U-235, U-238, sodium, and boron reactivity 
samples were sealed inside thin wall (0.010 in.) 
stainless steel cans for safety. The geometiy of the 
samples was either hollow or solid cylinder, 0.87 in. 
in outer diameter, depending upon the amount of 
material required. The one exception was the natural 
boron powder sample, which was contained in a stain
less steel tube approximately '/» in. in diameter and 2 
in. long. The samples were sized to give reactivity 
signals ranging from 0.0.50-0.250 Ib in Assembly 19, 
and the accuracy of the measurements was about 
±0.002 Ih. 

The same radial hole and drive mechanism was 
used for the U-235 and U-238 fission counters and the 
BF3 counter. The double wall stainless steel tube was 
replaced by a stainless steel probe with the counter 
attached to the end. 

Measurements were made to check the effect on 
the reactivity results of neutron streaming in the 
sample changer tube and also the effect due to the 
stainless steel in the thick sample holder end cap plugs. 
Since it was not possible to separate the two effects 
in the pneumatic sample changer, a measurement 
was made in an axial oscillator drawer in .Assembly 
24. The oscillator drawer was loaded solid with ma
terial so that no streaming was possible. Measure
ments were made of carbon, a material verj' sensitive 

T.\BLE III-17-I. CoMP.XHisON OF REACTIVITY WORTHS WITH 

/\ND WITHOUT S T . V I N L E S S S T E E L S T R E . \ M I N G P L U G 

Assembly 

19 

21 
22 

Material 

U-235 
B 
Al 
C 
AI 
Al 

Reactivity Worth, Ih ' 

Center of Zone 

Sample 

Thin End 
Closure 

0.2095 
-0.2293 
-0.0629 

0.1284 
-0.0328 
-0.0293 

Sample 
with 4 in. 
SS Plug 

0.2105 
-0 .2331 
-0.0019 

0.1266 
-0.0.329 
-0.0356 

Radius 22.1 cm 

Sample 
with 

Thin End 
Closure 

_ 
— 

-0 .0103 
0.1683 

— 
— 

Sample 
with 4 in. 
SS Plug 

„ 

— 
-0.0123 

0.1519 

— 
— 

' Approximate uncertainty ±0.002 Ih. 
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Assembly 

19 

21 

22 

24 

Sample 
Matenal 

Enriched U 
Depleted U 
B (Nat.) 
Al 
C 
Na 
SS304 

Enriched U 
B (Nat.) 
Al 
C 

Enriched U 
B (Nat.) 
Al 
C 

Enriched U 
Al 

Sample 
Weight, 

g 

3.084 
25.988 
0.553 

53.014 
33.441 
16.564 
34.511 

3.084 
0.553 

53.014 
.•i3.441 

3.084 
0.553 

53.014 
33.441 

3.084 
53.014 

TABLE III-I7-II 

0 

68.26 
-6 .503 

-421 .5 
-1 .185 

3.786 
-0 .097 

— 
101.82 

-622 .6 
-0 .621 

6.043 

73.74 
-475 .6 

-0 .672 
5.499 

60.18 
-2 .346 

5.52 

69.55 
-6 .304 

-415 ,0 
-1 .168 

— 
— 
— 

101.30 
-626 .2 

-0 .262 

— 
— 
— 

-0 .506 

— 

— 

REACTIVITY WORTHS, 

Radial Position, 

10.04 

68.06 
-6 .565 

-414 .5 
-1 .147 

3.765 
0.115 

— 
100.16 

-629 .8 
0.315 
7.578 

72.31 
-452 .1 

- 0 . I 2 I 
6.854 

61.28 
-2 .246 

16.56 

66.44 

— 
-413 .9 

-1 .028 

— 
— 
— 
93.71 

-609 .6 
0.272 

— 

— 
— 
— 

— 

Ih/kg 

cm 

22.08 

65.86 
-6 .399 

-427 .1 
-0 .866 

4.542 
-0 .054 

— 

-592.6 

— 
— 
61.96 

-452 .1 
1.111 

13.67 

68.48 
-2 .327 

27.60 

65.01 
-5 .991 

-409 .6 
-0 .232 

6.046 
1.539 

— 

— 
— 
— 
53.92 

-472 .3 
1.422 

21.22 

— 

30.36 

59.40 

_ 
-415 .6 

-0 .232 

— 
_ 
— 

— 
— 
— 

— 
— 
— 

— 

Average 
Uncertainty 

0.75 
0.080 

_ 
0.O40 
0.070 
0.130 

— 
0.50 
3.5 
0.030 
0.035 

0.70 
4.2 
0.035 
0.065 

1.50 
0 115 

Assembly 

19 

21 

22 

24 

Worth Ratio 

p(Al)/p(U-235) 
p(C)/p(U-235) 
p(Nat. B)/p(U-235) 
p(U-23S)/p(U-235) 

p(Al)/p(U-235) 
p(C)/p(U-235) 
p(Nat. B)/p(U-235) 

p(AI)/p(U-235) 
p(C)/p(U-235) 
p(Nat. B)/p(U-235) 

p(AI)/p(U-235l 

TABLE 

0 

-0.01736 
0 05521 

- 6 . 1 7 
-0 .0953 

-0.00610 
0.0593 

- 0 . 1 1 

-0.00911 
0.0746 

- 6 . 4 5 

-0 .390 

II-17-III. 

5.52 

-0.01679 

— 
- 5 . 9 7 
-0.0915 

-0.00259 

— 
- 6 . 1 8 

— 
— 
— 
-

REACTIVITY WORTH RATIOS. Ih/kg 

Radial Position, 

11.04 

-0.01685 
0.0553 

- 6 . 1 6 
-0.0965 

0.00314 
0.0757 

- 6 . 2 9 

-0.00167 
0.0948 

- 6 . 2 5 

-0 .367 

16.56 

-0.01547 

— 
- 6 . 2 3 

0.00290 

— 
- 6 . 5 1 

_ 
— 
— 
-

cm 

22.08 

-0.01315 
0.0690 

- 6 . 4 8 
-0.0972 

— 
— 

0.01793 
0.2206 

- 7 . 3 0 

-0 .340 

27.60 

-0.00357 
0.0930 

- 8 . 3 0 
-0.0922 

— 
— 

0.02637 
0.3935 

- 8 . 7 6 

-

30.36 

-0.00391 

— 
- 7 . 0 0 

— 
_ 
— 
— 
_ 
— 
— 
-

Average 
Uncertainty 

0.0005 
O.OOI 
0.10 
0.002 

0.0004 
0.0006 
0.10 

0.0006 
O.OOI 
O.IO 

0,0025 

to small spectral changes, both with a void next to 

the carbon and with approximately 300 g of stainless 

steel next to tbe carbon. The stainless steel simulated 

the stainless steel end plugs on the sample holder. 

The measured carbon worths were, respectively, 

-0.282 ± 0.002 and -0.277 ± 0.002 Ih. These values 

are very nearly in agreement, which is an indication 

that the effect of the stainless steel end plugs on 

the measured worths was small. 

Measured reactivity worths, using the imeumatic 

sample changer, with and without the stainless end 

plugs at both the zone center and near the edge of the 

zone, are listed in Table III-17-L Except for the carbon 

value at 22.1 cm radius, all the measured worths 

with and without the stainless steel end plugs are 

either in agreement or very nearly so. The good agree

ment for the primarily absorbing materials boron and 

U-235 is further indication that the spectrum per

turbation effect of the stainless steel is not large. The 

carbon measurements, however, seemed to indicate 

the possibility that a small, but not insignificant, 

streaming effect does exist. Therefore, most of the 
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TABLE III-17-IV. NoHMALlzEli CODNT RATES FOR U-235 AND U-23S FISSION CofNTERs AND A B F , COUNTER" 

Radial Position, 
cm 

0 
2.76 
5.52 
8.28 

11.05 
13.80 
16.56 
19.32 
22.10 
24.84 
27.60 
30.36 
33.12 
35.88 
38.63 
41.39 
44.16 
49.67 
55.19 
60.71 
66.23 

U-23S 

lOOO 
0.993 
0.977 

— 
1.007 

_ 
0.994 

_ 
0,992 
1.021 
0.994 
0.965 
0.932 
0.882 
0.858 
0.824 
0.794 
0.017 
0.339 
0.178 
0.101 

U-238 

1.000 
0.998 
1.004 

_ 
1.001 

_ 
1.000 

_ 
0.995 
0.984 
1.052 
1.237 
1.380 

— 
1.137 

— 
0.578 
0.257 
0.121 
0.052 

— 

BF, 

1.000 

_ 
1.015 

— 
1.005 

— 
1.017 

_ 
1.012 
1.029 
1.0O7 

— 
0.915 

— 
0.883 

— 
0.943 
0.703 
0.373 

— 
— 

U-235 

1.000 
0.983 
0.980 
1.005 
0.995 
0.999 
0.996 
0.971 
0.932 
0.899 
0.880 
0.912 
0,965 

— 
0.979 

— 
0.805 
0.545 
0.253 
0.122 

— 

.Assembly 21 

U-238 

1.000 
1.006 
0.986 
1.001 
1.009 
0.990 
1.043 

— 
1.415 

— 
1.153 

— 
0.016 

-— 
0.301 

— 
0.158 

— 
— 
— 
— 

BF, 

1.000 
0.987 
1.005 
0.980 
1.009 
1.006 
0.982 
0.938 
0.SS6 
0.892 
0.940 
1.172 
1.333 

— 
1.670 

— 
1.396 
o.8ia 
0.347 
0.149 

— 

U-235 

1.000 
1.008 
0.996 
1.005 
0.971 
0.982 
0.978 
0.970 
0.978 
0.968 
0.980 
0.969 
0.920 
0.859 
0.853 
0.815 
0.768 
0.606 
0.317 
0,173 

— 

.Assembly 22 

U-238 

1.000 
1.030 
0.972 
1.006 
0.975 
I.OOJ 
0.959 
0.962 
1.006 
0.995 
1.085 
1.238 
1.378 
1.322 
1.147 

— 
0.589 
0.233 

— 
— 
^ 

BF, 

1.000 
1.038 
0.977 
0.987 
0.973 
1.001 
1.033 
1.063 
1.059 
1.006 
1.006 
0.973 
0.922 
0.895 
0.893 
0.938 
0.961 
0.780 
0.411 
0.256 

— 
" All counts were normalized to 1.0 at assembly center. Statistical uiicertaint ies were less than l^f for the TJ-235 and BFj counters 

and about 1.5% for the XJ-238 counter. 

TABLE I IM7-V. NOHM.VLIZED COUNT RATE H.^TIOS FOR U-235, r-23K FISSION COUNTERS AND A BF3 COUNTERS* 

cm 

0 
2.76 
5.52 
8.28 

11.05 
13.80 
16.56 
19.32 
22.10 
24.84 
27.60 
30.36 
33.12 
35.88 
38.63 
41.39 
44.16 
49.67 
55.19 
liO. 71 

BK,/U-23S 

1.000 

— 
1.038 

— 
0.998 

— 
1.023 

— 
1.020 
1.008 
1.013 

— 
0.981 

— 
1.029 

— 
1.188 
1.236 
1.100 

— 

.Assembly 19 

U-238/ 
U-235 

1.000 
1.005 
1.028 

— 
0.994 

— 
1.006 

— 
1.003 
0.904 
1.058 
1.282 
1.481 

— 
1.301 

— 
0,728 
0,417 
0,357 

— 

U-238/BF, 

1,000 

— 
0,989 

— 
0.996 

— 
0,983 

— 
0.98.3 
0.956 
1.045 

— 
1.508 

— 
1.288 

— 
0.013 
0.337 
0,324 

— 

Asscmbl)- 21 

BF,/ U-235 

1.000 
1,004 
1.026 
0.975 
1.014 
1.007 
0,986 
0,966 
0,951 
0,992 
1,068 
1,285 
1.381 

— 
1.706 

— 
1.733 
1.5§7 
1.372 

— 

U-238/ 
U-235 

1.000 
1.023 
l,00(i 
0,99li 
I 014 
0 991 
1,047 

— 
1,518 

— 
1,310 

— 
0,6.38 

— 
0.307 

— 
0.196 

— 
— 
— 

U-238/BF, 

1.000 
1.019 
0.981 
1.021 
1.000 
9,84 
1,052 

— 
1,597 

— 
1.227 

_ 
0.462 

— 
0.180 

_ 
0.113 

_ 
— 
— 

BF,/U-235 

1.000 
l.OiO 
0,981 
0,982 
1.002 
1.019 
1.056 
1.095 
1.082 
I.Oto 
1.027 
1.004 
1.002 
1.042 
1.047 
1.I5I 
1.251 
1.2,87 
1.297 
1.479 

.Assembly 22 

U-238/ 
U-23S 

1.000 
0.998 
0.976 
1.001 
1.004 
1.021 
0.981 
0.992 
1.029 
1.028 
1.107 
1.278 
1.498 
1.539 
1.345 

0.767 
0.384 

-

U-238/BF, 

1.000 
0.992 
0.995 
1.019 
1.002 
1.002 
0.928 
0.905 
0.950 
0.989 
1.078 
1.272 
1.495 
1.477 
1.284 

0.613 
0.299 

_ 
-

' All ratios are normalized lo I.O al assembly center. Statistic.il nncertaiiilies are less than 2";̂  for all 

http://Statistic.il
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TABLE III-17-VL CENTRAL REACTIVITY WORTHS IN ASSEMBLY 19; COMPARISON WITH ASSEMBLY I 

149 

Sample 
Material 

(CH,). 
Be 
B-10 
C 
Na 
Al 
Fe 
SS can 
SS block 
Ni 
Zr 
Nb 
Mo 
Ta 
W 

Enriched U 

Depleted U 

Weight of 
Sample, 

S 

58.986 
114.308 
29.29 

102.0 
51.38 

165.33 
488.0 

72.39 
480.9 
546.0 
406.0 
481.2 
599.0 
924.7 

1108.0 
18.17 U 
16.93 U-235 

1153,8 

Can 
Type 

bare 
bare 
SS 
bare 
SS 
bare 
bare 
bare 
bare 
bare 
bare 
SS 
bare 
bare 
bare 
SS 

bare 

Can 
Weights, 

g 

_ 
— 

55,73 

— 
56.42 

— 
— 
— 
— 
— 
— 

30.10 

— 
— 
— 

72.003 

— 

Gross Sample 
Worth, 

Ih 

17.513 ± 0.009 
1.801 ± 0.007 

-39.312 ± 0.070 
0.459 ± 0.007 

-0 .095 ± 0.005 
-0 .091 ± 0.007 
-0 .720 ± 0.007 
-0 .153 ± 0.005 
-0 .871 ± 0.007 
-1 .435 ± 0.007 
-0 .748 ± 0.007 
-5 .983 ± 0.GO7 
-5 .115 =t 0.075 

-19.724 ± 0.007 
-8 .945 ± 0.0O7 

1.100 ± 0.007 

-6 .317 ± 0.007 

Net Sample 
Worth, 

Ih 

17.513 ± 0.009 
1.801 ± 0.007 

-39.195 ± 0.071 
0.459 ± 0.007 
0.020 ± 0.007 

-0 .091 ± 0,007 
-0 .720 ± 0.007 
-0 .153 ± 0,005 
-0 .871 ± 0,007 
-1 ,435 ± 0.0O7 
-0 .748 ± 0,007 
-5 .920 ± 0,009 
-5 ,115 ± 0,075 

-19.724 ± 0.007 
-S.945 ± 0,007 

1,254 ± 0,009 

-6 .317 ± 0.007 

Specific Sample 
Worth, 
IhAg 

296,9 ± 0 . 2 
15.76 ± 0 . 0 0 

-1338.2 ± 2.4 
4.50 ± 0.07 
0.39 ± 0.14 

- 1 . 1 5 ± O.OJ 
- 1 . 4 7 5 ± 0.014 
- 2 . 1 1 ± 0,07 
- L S I ± 0,02 
- 2 , 6 3 ± 0.02 
- 1 . 8 4 ± 0 . 0 2 

-12 .30 ± 0.02 
-8 .539 ± 0.125 

-21.269 ± 0.008 
-8 .074 ± 0.0O7 
69.01 ± 0.50 

-5 .475 ± 0.006 

ff. 

o\ 

W
o

rt
h

. 

o 

Z
P

R
-

o" 

A
ss

y 
W

or
th

 

1.421 
1.381 
1.689 
1.254 
1.538 
1.566 
1.600 

— 
1.643 
1.725 
1.688 
1.679 
1.642 

— 
1.756 

— 
1.678 

measurements were made with the thick (4 in.) stain
less steel end plug on the sample holder (as shown in 
Figure III-17-2). 

DISCUSSION 

Since the test zone in a zoned assembly usually has 
the same material composition as the reference assem
bly, the problem of spectral matching is primarily 
one of designing the buffer and driver regions so that 
the spectrum in the zone converges rapidly to the 
asymptotic spectrum characteristic of the reference 
material. The radial measurements were made pri
marily to obtain information on spectral change along 
the radius. If the measurements indicate a stable, un
changing spectrum over a large area at the center of 
the test zone, then the spectrum must have converged 
to the stable spectrum characteristic of the reference 
material, and the spectrum can be considered as rea
sonably well-matched. 

Consider the ratio of the reactivity worths of two 
materials as a function of radius. This ratio will 
change if the spectrum changes or if the relative 
leakage effects of the two samples change. A change 
in the magnitude of the flux will not affect the worth 
ratios. Calculations indicate that, along the hori
zontal midplane in the test zones of the assemblies 
considered, the leakage worths of the samples were 

very small compared to the total worth (i.e., less 
than 2% for all samples in all assemblies). Therefore, 
the change in the worth ratios with radius was pri
marily due to spectrum change. Calculated leakage 
connections were generally not made, since they were 
smaller thfen the uncertainties in the measured ratios. 
In the case of the fission counter and BF3 counter 
ratios, the change in these values with radius is en
tirely due to spectrum change. 

RESIH^TS 

The important reactivity worth and fission and 
BFs counter results are contained in Tables III-17-II 
through III-17-\T. Some of the more interesting com
parisons are shown in Figs. III-17-3 through III-17-6. 
All four assemblies are compared in Fig. III-17-3 
which shows the ratio of aluminum worth to U-235 
worth for each assembly. The nearly constant value 
for this ratio over a large section of the central zone 
for -Assemblies 19 and 24 indicates a reasonably stable 
spectrum in the central test zone, is predicted by the 
calculations. The rapidly changing value for this 
ratio in Assemblies 21 and 22 indicates a changing 
spectrum throughout most of the central zone. This 
ratio is clearly sensitive to the difference between the 
well-matched spectra of Assemblies 19 and 24 and the 
perturbed spectra of Assemblies 21 and 22. Figure 
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III-17-4 shows the carbon-to-U-235 worth ratio for 
Assemblies 19, 21 and 22, and the differences between 
Assembly 19 and Assemblies 21 and 22 are again 
clearly indicated. Figure III-17-5 shows the boron-to-
U-235 worth ratios for Assemblies 19, 21 and 22. Dif
ferences among the assemblies are not clearly indi
cated in this figure, although the softening of the 
spectrum near the aluminum buffer in Assembly 22 
is apparent. Two conclusions from the comparison 
of these figures are: (1) Since boron and U-235 are 
absorbing materials, more or less directly proportional 
to the spectrum, it appears that the magnitude of the 
spectrum perturbations in Assemblies 21 and 22 are 
not exceptionally large. This conclusion is further 
substantiated by fission and BF3 counter ratios and 

F I G . III-17-3. Normalized Radial Keaotivity Worth Ratios 
for Aluminum and U-235 in ZPR-9 Assemblies 19, 21, 22 and 24. 
ANL Neg. No. 113-879. 
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FIG. III-17-4. Normalized Radial Reactivity Worth Ratios 
for Carbon and U-235 in ZPR-9 Assemblies 19, 21 and 22. ANL 
Neg. No. 113-875. 
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F I G . III-17-5. Normalized Radial Reactivity Worth Ratios 

for Boron and U-235 in ZPR-9 Assemblies 19, 21 and 22. ANL 
Neg. No. 113-878. 

4 

2 

0 

R 

_ 1 

-

-

" 
1 

' 1 

- — -A 

, 1 

' 1 
' ' g ' 

ll 
It 

ASSEMBLY 22 , / 

V^" 
1 1 

V 
1 IS 

ll 

\^J 
1 
^ B U F F E R 

! 

-

-

-

-

10 20 
RADIUS, cm 

30 40 

F I G . III-17-0. Normalized Radial Count Ratios for U-238 
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TABLE III-17-VII. CENTR-^L WORTH R.VTIOS IN .\sSEMBLrES 

19, 21 .\ND 22 

Material 

B 
C 
Al 
SS304 
Ta 
Enriched V (93%) 

Depleted U 
Absorber Avg." 

Sample Weight, 
g 

0.553 
33.441 
53.014 
34.511 

6.772 
3.084 
2,868 U-235 

25.988 

Worth Ratios, Ih 

A
ss

em
bl

y 
21

 
A

ss
em

bl
y 

19
 

1.48 
1.60 
0.63 
1.37 
1.47 
1.49 

1.43 
1.47 

A
ss

em
bl

y 
22

 
A

ss
em

bl
y 

19
 

1.13 
1.45 
0.57 
1.06 
1.15 
1.08 

1.12 
1.12 

" Avei'iige uncertainty ± 1 - 2 9 C T except for Al which 
±8%. 

file:///sSEMBLrES
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by the multigroup calculations. (2) The ratio of a 
scattering material, such as aluminum or carbon, and 
an absorbing material is a sensitive index of spectral 
change. The sensitivity of the ratio is due to the sen
sitivity of the scattering material worths to small 
changes in the adjoint spectrum. This is discussed in 
more detail in Ref. 1. The radial worth ratios, there
fore, afford a fairly good test of spectral convergence 
in a zoned assembly. 

The ratio of the U-238 fission counter to the BF3 
counter is shown in Fig. III-17-6 for Assemblies 19 and 
22. The Assembly 21 ratio was not significantly dif
ferent from Assembly 19 throughout the central re
gion of Assembly 21. This ratio should be a sensitive 
index of the high energy to low energy real flux ratio. 
Although the effect of the aluminum buffer in Assem
bly 22 is indicated, the difference between the assem
blies is not nearly as apparent as that indicated by 
the worth ratios. 

It was possible to confirm the spectral matching 
in Assembly 19, by a method independent of the 
radial worth measurements, since the materials in the 
test zones in Assemblies 19, 21 and 22 were selected 
to be the same as those of ZPR-6 Assembly 6 (see 
Paper I I I - l ) , so that Assembly 6 could serve as a 
full-size reference assembly. The central worth meas
urements in Assemblies 19 and 6 are compared in 
Table III-17-VI. The same reactivity samples were 
used in both assemblies. The relatively constant worth 
ratios between the assemblies indicates fairly good 
spectral matching as discussed in Ref. 1. The values 
indicate that the matching of Assembly 19 to Assem
bly 6 was at least as good as the matching of ZPR-9 
Assembly 12 to ZPR-6 Assembly 5. 

The U-235 activation results are given in Paper 
III-2 and the results are discussed therein. The good 
agreement between the radial U-235 fission counter 

and activation results indicates that neutron streaming 
in the radial sample changer hole did not signifi
cantly affect the fission counter results. The activa
tions were made along the same radius but about 2 in. 
removed from the radial hole. 

Central natural UO2 Doppler measurements were 
made only in Assemblies 19 and 21. The final Doppler 
results are not yet available; however, the prelimin
ary results indicate that the Doppler effect in As
sembly 21 was about 25% larger than in Assembly 19. 
Table III-17-VII gives the central reactivity worth 
ratios between Assemblies 21 and 19 and between 22 
and 19. The Assembly 21-to-19 ratio predicts that 
the Doppler effect in Assembly 21 should be about 
45-50% greater than in Assembly 19 for good spec
tral matching between the two assemblies. The Dop
pler results indicate that the Doppler energy flux in 
Assembly 21 is, therefore, somewhat deficient. This 
is undoubtedly due to the small size of the test 
zone and the fact that the driver spectrum is con
siderably harder than the test zone spectrum. The 
indication is then that this particular zone is too small 
to do meaningful Doppler measurements. 

The evaluation ot the zoned core analytical tech
niques, by comparison with measurements, is not yet 
complete and will not be reported in this paper. 
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IH-18. Neutron Spectroscopy in ZPR-6 Assembly 6 Using Proton-Recoi l Counters 

E. F. BENNETT and R. A. KARAM 

INTRODUCTION 

In-core measurements of the neutron spectrum in 
various of the ZPR-6 assemblies have been made 
using proton-recoil proportional counters. The method 
has been discussed elsewhere.''^ The measurements 
described here were the last to be made on a series 
of fast critical assemblies fueled with U-235 and in
clude central spectra (also with sodium voiding) as 
well as spatially dependent spectra. 

Intercomparison of measured spectra with calculated 
values are also included and a discussion of possible 
systematic errors both in the measurement and in the 
intercomparison with calculation is made. 

EXPERIMENTAL RESULTS 

The proton-recoil detectors used for these measure
ments are described in Refs. 1 and 2 and the preampli
fier is described in Ref. 3. Each spectrum contains 
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TABLE 1II-18-I. AS-LOADED MATERIAL CONCENTRATIONS IN ASSEMHLY 6 OF ZPR-6 

Region 

1 (core) 
2 (core) 
3 (core) 
4 (blanket) 

Outer Radius, 
cm 

77.17 
85.53 
90.87 

120.03 

Atoms (X IO-**) per cc 

U-235 

0.001150 
0,001070 
0,001560 
0.000083 

U-238 

0.00579 
0.00579 
0.00579 
0,04008 

Na 

0,00914 
0,00579 
0.00831 

0 

0.01465 
0.00779 
0.01405 

Fe 

0.01410 
0.01465 
0.01524 
0.0O423 

Ni 

0.001365 
0.01572 
0.001518 
0.000567 

Cr 

0.002788 
0.003253 
0.003115 
0.001215 

9 
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the results of several runs (at the same reactor flux 
level) with the electronics set to view consecutive 
regions of the proton-recoil energy distribution. In 
addition, two detectors were used: one, filled with a 
predominantly hydrogen gas mixture, covered the 
energy region below 100 keV while the other, con
taining methane, was used for energies above 100 
keV. At the higher energies wall-and-end events were 
significant and an appropriate correction described 
in Ref. 4 was made to the measured distributions. 

The detectors were placed in the core in substitution 
for a drawer ( 5 x 5 cm) containing representative 
core material. The mean composition of Assembly 
No. 6 core is shown in Table III-18-I. Measurements 
were made at several radial locations with the center 
of the detectors axially displaced from the reactor 
midplane by about 12 cm. 

Figures III-18-1 through III-18-4 are for spectra 
measured at the reactor midplane and with the center 
of the counters located at a radial distance of 88 cm 

\—I—I I I 11 !| 1—I—I rrrri i i i i 111| 
1 
11 

ASSEMBLY 6 EDGE SPECTRUM 

10^ 
ENERGY, kev 

FIG. III-I8-3. Edge Spectrum (y = 88.0 cm) in ZPR-6, Assembly 6 Together with a 22-group Diffusion Theory Calculation. ANL 
Neg. No. 113-846. 
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10'= 10^ 10' 

ENERGY, kev 

^.0 cm) in ZPII-6. Assembly 6 Together with a 22-group Diffusion Theory Calculation. 
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•18-5. Central Neutron Spectrum in a Sodium-Voided Region of ZPR-f 
Sodium-voided Region. ANL Ne . No. 113-1 
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F I G . III-I8-0. Integral Neutron Flux .is a Function of Radial 
Detector Location. ANL Neg. No. 113-891. 

(edge of core) and at 105 cm (inside the blanket). 
A calculated energy-group histogram is shown to
gether with the measurements; the calculation 
will be discussed in the next section. 

The calculated spectrum and the measurement are 
area normalized in each of Figs. III-18-1, III-18-2, 
III-18-3, and III-18-5. In Fig. III-18-6 integrated 
spectra from both the measurement and from the group 
histogram are plotted as a function of radial dis
tance. Normalization of measurement to calculation 
was made at the center of the core only in order to 
compare the integral flux decrease with radius. The 
rapidly changing flux across distances equal to a fuel 
drawer size tends to complicate the interpretation 
of this intercomparison. Generally, no significant dis
crepancy was observed. 

Figure III-18-5 shows a spectrum taken at the cen
ter of the assembly but with a region of radius equal 
to 18 cm voided in sodium. The large scattering reso
nance in o.xygen at around 450 keV depresses the 
flux very strongly. The effect is more pronounced 
in the absence of sodium, as is also indicated by the 
calculation (which is actually for an assembly en
tirely voided in sodium). The measured and calcu
lated values are area normalized. There is no obvious 
way to compare absolute fluxes, as measured, with the 
fine energy-group MC= calculations.'' 

COMPARISON WITH THEORY 

The MC- calculations shown in Figs. III-18-1 and 
III-18-5 were done using an ultrafine energy-group 
structure (1510 groups) from 10 MeV to 29 eV. Het
erogeneity effects such as self-shielding in the U-238 
plates were accounted for in the fundamental mode 
calculations in MC= by equivalence theory. The re
sulting ultrafine group fluxes from MC= are appropriate 
for an eciuivalent homogeneous core and thus do not 
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incorporate any spatial effects inherent in the 
criticals loaded with plate geometry. The resolution 
of measurements was never sufficient to reveal all of 
the resonance detail present in the calculated spectrum. 
Experimental resolution was known, however, and a 
smoothing of the MC- calculation over a Gaussian 
function with an energy-dependent width representing 
experimental resolution was made before plotting. 
Insofar as the overall experimental resolution func
tion cannot be approximated by a Gaussian (gener
ally this is so), any comparison of calculation and 
exijcriment will be subject to error. 

Perhaps the most striking discrepancy between 
calculation and experiment occurs at low energies in 
Fig. III-18-1. Known sources of systematic error (in 
particular, pulse pileup distortion) probably occurred 
during the counting and additional errors (discussed 
below) may also have influenced results. Further
more the discrepancy may also be due to the non-
applicability of equivalence theory to the complex 
unit cell of Aseembly 6 (see Paper No. I I I - l ) . 

The calculated spatially dependent broad group 
neutron spectra shown in Figs. III-18-2, III-18-3, 
and III-18-4 were obtained with a one-dimensional 
diffusion theory calculation using cross-section set 
ZPR-6-6 E N D F / B - B (see Paper No. III-15). 

SYSTEMATIC ERRORS IN THE MEASUREMENTS 

These measurements were the last to be made with 
the spectrometer described in Refs. 1 and 2. The orig
inal instrument was used in several of the ZPR-3, 
ZPR-6, and ZPR-9 assemblies and a variety of 
sources of systematic error were identified during the 
period of its use. 

.\n improved spectrometer has been built and the 
more apparent systematic errors, at least, have been 
reduced substantially although results on ZPR as
semblies are not yet available. I t is appropriate here 
to discuss these errors and to indicate the extent of 
their effect upon result. 

CALIBRATION 

An accurate relationship between ionization (pulse 
height) and proton energy is required for spectros
copy. Calibration with standard sources may pro
vide this relationship; the method described in Ref. 1 
(using the N"(?i,p)C'"' reaction together with a verj' 
simple assumption as to W behavior) does not provide 

good agreement as to the location of resonance de
tail, especially at low energies. The location of a 
resonance depression can be ascertained with con
siderable accuracy and a correspondingly precise 
calibration is required if agreement with theory is 
expected. One may question the significance of any 
detail measured within a large scattering-resonance 
as compared with an MC- calculation. The hetero
geneous core arrangement, especially as obtained dur
ing measurements with a probe, may effect details 
within strong resonances in ways not allowed for by 
the calculations. 

HEAVY PARTICLE RECOILS 

Gas mixtures used for spectroscopy contain nuclei 
other than hydrogen (in particular carbon and nitro
gen). Scattering from these nuclei will introduce a 
sizeable systematic error into the results of certain 
spectra, especially at lower energies. A correction 
has been made to allow for this effect but the correc
tion is not reliable, due primarily to the lack of data 
on ionization from heavy particles stopping in hydro
gen gas at low energies. The amount of contamination 
from these heavy nuclei was excessive for the measure
ments reported here. This source of systematic error 
can be greatly reduced in the future. 

FINITE SIZE EFFECT 

.\ method for treating numerically the systematic 
errors arising from finite size effects is given in Ref. 4. 
This method has been applied to the data shown 
here. The correction is expected to be generally ade
quate below about 1 MeV; residual systematic errors 
ought not be as large as statistics. At higher ener
gies where most of the proton tracks are too long in 
range to be contained within the effective counter, 
the correction is large and the corrected spectrum is 
subject to increasingly large errors. 
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III-19. Fine-Speclral Interface Effects of Resonance Scattering Upon Mult igroup 
Cross-Section Averaging 

D. MENEGHETTI and K. Y.. PHILLIPS 

INTRODUCTION 

Detailed neutron spectra and fine-flux-weighted 
coarse group cross sections for fundamental mode sys
tems containing resonance scattering materials may 
be calculated by methods such as that used in the 
Argonne program ELMOE.'*' For the central region 
of a core wherein the flux spectrum is closely similar 
to that of an equivalent bare core, this space-inde
pendent approach suffices. In regions near interfaces 
or in reflector regions the fundamental mode solutions 
do not apply. Application of a method of iteration 
between spatial-dependent coarse group solutions 
and ELMOE calculations has been described.--^ The 
approximate method did not consider effects of fine-
energy flux-detail across an interface. 

More recently, however, a method of calculating 
fine-energy-detailed fluxes across an interface be
tween media of differing resonance-scattering charac
teristics has been described.* This used a combination 
of the ELMOE library of angular scattering data in 
conjunction with the Argonne discrete-S„ code 2D-
SNARG."*' The two-dimensional program was used 
for these one-dimensional cases because the ordering 
of the calculation, proceeding group by group, keep
ing only those group constants for the current group 
in memory at any point in time, enabled a problem 
with a very large number of energy groups to be car
ried out. Furthermore, if the only projected usage for 
this ELMOE-SNARG linkage was for Sj solutions a 
more efficient approach would be a more direct (non-
discrete-ordinate) P, or consistent P i method. 

The present study describes use of collapsed cross 
sections obtained by direct calculation of spatially-
dependent fine-group solutions as energy and also 
spatial weighting factors.'' 

A sensitive measure of the effect of employing 
pointwise or subregionally-dependent cross sections 
for interface cases is the comparison of the calculated 
coarse-group leakages across an interface compared 
with the sum of the corresponding directly calculated 
fine-group leakages. 

METHOD 

Spatially-dependent fine-energy detailed fluxes 
through interfaces between vtirious scattering media 
were directly calculated in tbe energy range of interest 
for resonance scattering effects. Tbe fine-energy-group 
scattering cross sections used were those of the ELMOE 

library of angular scattering data. The fine equal-
lethargy intervals had 0.982(i66 as tbe ratio of suc
cessive fine-energy-group boundaries. Since oidy the 
fine detail cross section data for the elastic scattering 
process are given in the ELMOE library, only the 
elastic transfer matrix and the scattering portion of the 
total (or transport) cross .section are normally in fine 
cross section detail. In the u.sual usage of tbe ELMOE 
library other cross section processes are obtained from 
a much coarser cross section set and the a.ssumption of 
cross section constancy over tbe fine groups encom
passed within a coarse group is employed. The present 
studies also use coarse group cross sections for these 
processes. The choice of fine-group cross sections within 
the coarse group intervals, however, were instead 
smoothed by parabolic fitting. This circumvented the 
otherwise abrupt changes in cross .section at the coarse 
energy group boundaries from effecting the smoothness 
of fine-group solutions in cases where the elastic scatter
ing process is not the predominant process in the 
energy range of interest. 

The cro.ss .section data were entered uito a modified* 
version of the discrete S„ code 2D-SXARG. Only a 
limited range of energies were fine-group subdivided. 
In these studies the corresponding coarse groups were 
generally 0.5 lethargy units wide and the fine-energy 
structure consisted of about 28 to 30 equal lethargy 
subdivisions for each coarse interval. 

The fine-solutions used for collapsing the fine-group 
cross sections to effective coarse group cross sections 
are applied fission source (inhomogeneous solution) 
.anisotropic Si results. For simplicity of presentation, 
the one-dimensional slab geometry, consist ent-Pi equa
tions rather than the linearly anisotropic .S.> equations 
are used in the following de.scription of the spatially-
dependent fine-solution-weighted cross section collapse. 
For fine-energy group j for a homogeneous region, the 
consistent P i equations 

^ - 4 ^ + S,0»(^) = t 2° , . - ,«° . ( . ) -f SAz) (1) 
dz j ' = i 

and 

1 d1>](z) 
3 dz 

-t- 2,*;(j) = z 2;,,^,0;.(2) (2) 

may be rewritten in terms of the fine-group diagonal 
transport cross section, 2, , , = I), — 2!,.._ , and group 
removal cross section, 2,̂ .̂ , as 
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d<t>)(z) 
dz 

ld«;(2) 

+ S„,«°(0) = E t,.^,<l>°-(z) -1- Siiz) (3) 

st,0;(2) = E 2;,.-,i*.;'(2). (4) 
3 dz 

Since the energy-collapsed effective coarse-group 
cross sections were subsequently used in diffusion 
theory calculations, the coarse transport cross section 
at a given spatial position for a coarse group ./ was ob
tained by 

E ^i.t>] - E j : sJ'-w 
(5) 

since from Eq. (4) both Si,,, and 2, , ._ , are current 
weighted. Coarse removal and coarse transfer cross 
sections were obtained by flux weighting taking account 
of transfers over coarse group boundaries. 

Effective coarse group cross sections energy-collapsed 
over a subregion consisting of many me.sh points used 
analogous formulae except that spatially-integrated 
fine-group fluxes and fine-group currents were used for 
the weightings. 

CASES STUDIED 

Four slab-geometry cases simulating core-reflector 
systems representing interface situations with differing 
abutting media have been studied. The geometrical 
dimensions in all four cases are identical and are 
shown in Fig. III-19-1. 

The interface is at 30 cm from the core center. 
The applied source is a spatially-flat fission-energy-
distribution source in the core region. The broken 
fines in Fig. III-19-1 show the possible subregions 
into which the core and reflector regions were sub
divided for purposes of obtaining six subregional col
lapsed cross section sets for comparison with a separ-

Core Reflector 

Reflective 
B. C. 

Void 

0 18 27 33 42 60 an 
30 

FIG. III-19-1. Slab-geometrj' Arrangement and Dimensions 
Used (or Core-reflector Interface Studies. ANL Neg. No. 113-
IBSg. 

TABLE III-19-I. REGIONAL ATOMIC D E N S I T I E S , 10̂ * atoms 
per cm' 

Case 

A 

B 

C 

D 

Core 

Al 
U-235 

C 
U-235 

U-238 
U-23S 

Pu-239 
U-238 
0 
Fe 
Ni 
Cr 

0.0603 
0.004-

0.054 
0.004» 

0.035' 
0.004" 

0.00092-
0.00044" 
0.01472 
0.01044 
0.001305 
0.01472 

Reflector 

Fe 

Ni 

Al 

Na 

0.0847 

0.0913 

0.0603 

0.022 

» Only the absorption property of fission and not the source 
property is used. Also these elements are not treated by the 
detailed Legendre polynomial expansion coefficients. 

F I G . III-19-2. Neutron Flux Spectrum at Various Spatial 
Positions in the Aluminum-diluent Core and Iron Reflector. 
ANL Neg. No. llS-1529. 
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F I G . ni-19-3. Neutron Current Spectrum at Various Spatial 
Positions in the Aluminum-diluent Core and Iron Reflector. 
ANL Neg. No. 113-1534. 

TABLE III-19-II. SUBREGION M.\CROSCOPIC THANSPORT 

CROSS SECTIONS, cm"': ALUMINUM-DILUENT CORE, 

IRON REFLECTOR 

Coarse 
Energy 
Group, 

8 
9 

10 
11 
12 

Lethargy 
at Bottom 
of Group 

4.5 
5.0 
5.5 
6.0 
6.5 

Aluminum-Diluent Core 

Subregions 

0-18 
cm 

0.197 
0.193 
0.169 
0.112 
0.086 

18-27 
cm 

0.112 
0.165 
0.162 
0.106 
0.087 

27-30 
cm 

-0 .464 
0.055 
0.150 

-0 .002 
0.087 

Iron Reflector 

Subregions 

30-33 
cm 

1.240 
0.387 
0.286 
2.15 
0.005 

33-12 
cm 

0.172 
0.197 
0.318 
0.168 
0.104 

42-60 
cm 

0.131 
0.200 
0.328 
0.182 
0.096 

ate collapsed cross section set at each of the 50 mesh 

points used in these studies. For further comparison 

one and two collapsed cross section sets were also ob

tained for each region. In the case of one collapsed cross 

TABLE I I I - 1 9 - n i . f3nBEEGioN MACROSCOPIC ELASTIC 
TBANSFER ( / - > / - ! - 1) CROSS SECTIONS, cm"' : 

ALUMINUM-DILUENT C O R E , IRON REFLECTOR 

Coarse 
Energy 
Group, 

J 

9 
10 
11 
12 

Lethargy 
at Bottom 
of Group 

4.5 
5.0 
5.5 
6.0 
6.5 

Aluminum-Diluent 
Core 

Subregions 

0-18 
cm 

0.0329 
0.0274 
0.0154 
0.0097 
0.0029 

18-27 
cm 

0.0331 
0.0272 
0.0161 
0.0106 
0 0029 

27-30 
cm 

0.03871 
0.0261 
0.0186 
0.0117 

Iron Reflector 

Subregions 

30-33 33-42 42-60 
cm cm 

0.0160 
0.0238 
0.0180 
0.0553 

0.0159 0.0I4I 
0.02200.0215 
0.0223 0.0231 
0.0395:0.0399 
0.0086 0.0081 

TABLE III-19-IV. CORE LEAKAGE: ALOMINUM-DILCENT 

C O R E . IRON REFLECTOR 

Energy 
Group, 

J 

8 
9 

10 
11 
12 

Eum,, 
MeV 

0.11-0.18 
0.067 
0.0407 
0.025 
0.015 

Fine Group 
Calc." 

0.000556 
0.0105 
0.00926 
0.00776 

-0.0159 

Coarse Group Calc./Fine 
Group Calc. 

2 Sets' 

5.89 
0.840 
1.463 
1.520 
1.152 

4 Sets' 6 Sets'',SOsets' 

1.025 
0.974 
1.053 
1.118 
1.097 

1.89o| 0.990 
0.982 1.000 
1.014 
1.115 
1.009 

1.000 
1.000 
1.000 

" Summed fr(mi directly calculated fine-group spatially 
dependent solution employing about 29 fine grovips per coarse 
group. Based upon tcjtal applied source of unity. 

^ One coarse cross-section set in each region. Interface at 30 
cm. 

' 'Two coarse cross-section sets in each region. Subregional 
outer boundaries are 27 and 30 cm in the core region and 42 and 
60 cm in the reflector region. 

•* Three coarse cross-section sets in each region. Subregional 
outer boundaries are 18, 27, and 30 cm in the core region and 
33, 42, and 60 cm in the reflector region. 

" Using 50 coarse cross-section sets at each of the 50 mesh 
intervals of the calculation. 

section set in each region the fine-weighting solutions 

were those at the center of the core region and at the 

center of a reflector region. Two collapsed cross section 

sets in each region were based on energy-spatial 

fine-weighting over the two larger corc-subregions 

together and over the two larger reflector-subregions 

together, with separate collapsed cross section sets 

for the two thinner regions abutting the interface. 

The regional atomic densities are listed in Table 

III-19-I. 

Kcsults for the case of a 30 cm thick iron slab hav

ing an applied fission at one face will also be given 

later. 
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FIG. III-19-4. Neutron Flux Spectrum at Various Spatial 
Positions in the Carbon-diluent Core and Nickel Reflector. 
ANL Neg. No. 113-1536. 

TABLE HI-19-V. SUHREGION MACROSCOPIC TRANSPORT 

CROSS SECTIONS, cm~': C. \RB ON-DILUENT C O R E , 

NICKEL REFLECTOR 

Energy 

J 

6 
7 
8 
9 

10 
11 
12 

Lethargy at 
Bottom ol 

Group 

3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 

Carbon-Diluent Core 

Subregions 

0-18 
cm 

0.210 
0.241 
0.264 
0.276 
0.283 
0.294 
0.299 

18-27 
cm 

0.214 
0.234 
0.276 
0.263 

.0.306 
0.276 
0.293 

27-30 
cm 

0.213 
0.229 
0.409 
0.237 
0.073 
0.276 
0.289 

Nickel Reflector 

Subregions 

30-33 
cm 

0.426 
0.511 
1.469 
0.686 
6.714 
1.065 
2.376 

33-42 
cm 

0.326 
0.457 
0.403 
0.531 
0.385 
1.005 
1.877 

42-60 
cm 

0.317 
0.455 
0.381 
0.518 
0.378 
1.006 
1.871 

TABLE III-19-VL SUBREGION MACROSCOPIC ELASTIC 

TRANSFER (J —* / + 1) CROSS SECTIONS, cm~': 

CARBON-DILUENT CORE, NICKEL REFLECTOR 

Coarse 
Energy 
Group, 

J 

6 
7 
8 
9 

10 
11 
12 

Lethargy at 
Borrom of 

Group 

3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 

Carbon-Diluent Core 

Subregions 

0-18 
cm 

0.0604 

18-27 
cm 

0.0605 

27-30 
cm 

0.0597 
0.06750.06750.0677 
0.0748 0.07510.0757 
0.0733 0.07280.0698 
0.0728 
0.0773 
0.0747 

0.0730 
0.0769 
0.0737 

0.0707 
0.0768 
0.0702 

Nickel Reflector 

Subregions 

30-33 
cm 

0.0248 

33-42 
cm 

0.0234 
0.0326*0.0333 
0,03130.0308 
0.0477 
0.0379 
0.0775 
0.1876 

42-60 
cm 

0.0245 
0.0329 
0.0.327 

0.0392 0.0384 
0.0333 
0.0737 
0.1512 

0.0339 
0.0719 
0.1501 

TABLE III-19-Vn. CORE LEAKAGE: CARBON-DILUENT IN 

CORE, NICKEL REFLECTOR 

Energy 
Group, 

6 
7 
8 
9 

10 
11 
12 

Etmnr, 
MeV 

0.3-0.5 
0.18 
0.11 
0.067 
0.0407 
0.025 
0.015 

line 
Group 
Calc-

0.00309 
0.00521 
0.000217 
0.00856 

-0.00221 
0.00069 
0.00906 

Coarse Group Calc./ ine 
Group Calc. 

2 Sets'" 

0.312 
1.016 

10.7 
0.591 

- 4 . 3 7 
0.985 
0.740 

4 Sets" 

0.930 
0.978 
1.595 
0.937 
0.495 
0.940 
0.841 

S Sets'" 

0.946 
1.016 
1.220 
0.952 
0.498 
0.947 
0.845 

50 Sets' 

1.000 
1.000 
0.992 
1.000 
1.005 
1.001 
1.000 

" Summed from directly calculated fine-group spatially 
dependent solution employing about 29 fine groups per coarse 
group. Based vipon total applied source of unity. 

^ One coarse cross-section set in each region. Interface at 30 
cm. 

•̂  Two coarse cross-section sets in each region. Subregional 
outer boundaries are 27 and 30 cm iu the core region and 42 and 
60 cm in the reflector region. 

•* Three coarse cross-section sets in each region. Subregional 
outer boundaries are 18, 27, and 30 cm in the core region and 33, 
42, and 60 cm iu the reflector region. 

" Using 50 coarse cross-section sets at each of the 50 mesh 
intervals of the calculation. 

RESULTS AND DISCUSSION 

ALUMINUM-DILUENT CORE AND IRON REFLECTOR 

The neutron flux spectrum and the neutron current 

spectrum at various positions in the aluminum-diluent 

core and iron reflector case are shown in Figs. III-19-2 

and III-19-3, respectively. 

The penetration across the interface of the flux spec

trum characteristic of the adjacent resonance scatterer 

is evident on both sides of the interface. Further

more, the rapid variations in sign and magnitude with 

respect to energy and space, of the current indicates 
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TABLE III-19-Vni. .SuBHEGioN MACROSCOPIC TBANSPOBT 
CROSS SECTIONS, cm-": U-2.38-DiLtiENT CORE, 

ALUMINUM REFLECTOR 

LtIHAKbT 
FIG. III-19-5. Neutron Flux Spectrum at Various Spatial 

Positions in the U-238 Core and Aluminum Reflector. .ANL Neg. 
No. 113-1530. 

the possible care required in collapsing transport cross 
sections in the locale of interfaces. 

The collapsed cross sections for transport and elastic 
transfer tor the approximation utilizing six cross sec
tion sets—three sets for the three core subregions and 
three sets for the three reflector subregions—are listed 
in Tables III-19-II and III-19-III, respectively. The 
transport values include both the light atom and heavy 
atom contributions. The elastic transfer values do not 
include the heavy atom contribution. 

The collapsed transport cross sections are seen to 
vary considerably and in some instances be nega
tive near interfaces. Negative values and small posi
tive values occur from the combination of negative 
currents in some fine energy intervals with large values 
of fine group cross sections. In this scries of studies 
the negative transport values did not appear to 
give rise to difficulties in their usage in the coarse 

Coarse 
Knerg>' 
Group, 

J 

8 
9 

10 
11 
12 

Lethargy 
at Bottom 
of Group 

4.6 
5.0 
5.5 
6.0 
6,5 

U-238-Diluent Core 

Subregions 

0-18 
cm 

0.394 
0.448 
0.489 
0.529 
0.557 

18-27 
cm 

0.393 
0.454 
0.486 
0.5,32 
0.557 

27-30 
cm 

0.390 
0.450 
0.486 
0.532 
0.557 

Aluminum Reflector 

Subregions 

30-33 
cm 

0.620 
-0 .030 

0.098 
0.012 
0.056 

33-42 
cm 

0.189 
0.190 
0.134 
0.095 
0.043 

42-60 
cm 

0,147 
0.140 
0.122 
0.053 
0.046 

TABLE III-19-IX. SUBREGION MACROSCOPIC EL.ISTIC 
TRANSFER (J ^ J + 1) CROSS SECTIONS, cm"': U-238-

DiLUENT CORE, ALUMINUM REFLECTOR 

F.nergy 

/ 

8 
9 

10 
11 
12 

Lethargy 
at Bottom 
of Group 

4.5 
5.0 
5.5 
6.0 
6.5 

U-238-Diluent Core 

Subregions 

0-18 
cm 

— 
— 
— 
— 

18-27 
cm 

— 
— 
— 
— 

27-30 
cm 

— 
— 
— 
— 

.\luminum Reflector 

Subregions 

30-33 
cm 

0.0314 
0.0244 
0.0190 
0.0088 
0.0034 

33^2 
cm 

0.0328 
0.0264 

42-60 
cm 

0.0353 
0.0295 

0.0175 0.0165 
0.0090|0,0098 
0.0033|0.0031 

group diffusion calculations. (Situations might, how
ever, occur when this may possibly cause difficulty. 
In such situations a further subdivision of that coarse 
group into, for example, two coarse groups may cir
cumvent the difficulty.) 

The effects upon calculation of interface leakages 
of employing pointwise and subregional energ>'-col-
lapsed cross sections are shown in Table III-19-IV. 

I t is noted that utilization of a separate cross sec
tion for each mesh point results in interface leakage 
values essentially as in the reference fine-group cal
culation. The use of 2 or 3 subregional sets in each re
gion is seen to give considerably better results than 
the simple use of one set for a given composition re
gion. These coarse group calculations were carried out 
using the diffusion theory option of SNARG-1D.'»> 

CARBO.N-DILUEXT CORE AND .NICKEL REFLECTOR 

The neutron flux spectrum at various positions in the 
carbon-diluent core and nickel reflector case is shown 
in Fig. III-19-4. In this case the core diluent is a non-
resonance scatterer and the reflector a resonance scat
terer. 

The collapsed subregional cross sections for the 
approximation utilizing three sets in each composi-

file:///luminum
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tion are listed in Tables III-19-V and III-19-VI, re
spectively, for the transport and elastic transfer proc
esses. 

The calculated coarse-group interface-leakages be
tween the carbon-diluent core and the nickel reflector 
are given in Table III-19-VII. 

U-238-DILUENT CORE AND ALUMINUM REFLECTOR 

In this example the core diluent is a heavy atom 
and only the scattering data for the resonance scatterer 
of the reflector is from the ELMOE library of scat
tering data. The neutron flux spectrum at various 
positions is shown in Fig. 111-19-5. The discontinuities 
in the derivative of the curves in the U-238-diluent 
region is caused by the input of smoothed coarse 
group cross sections for U-238 as previously de
scribed, to circumvent a histogram-like spectral en
velope. 

The collapsed subregional transport and elastic 
transfer cross sections for the situation using three sets 
in each of the two composition regions are listed in 
Tables III-19-VIII and III-19-IX, respectively. No 
values are listed for the elastic transfer in the U-238-
diluent region because the fine-energy U-238 scat
tering data were not available in the ELMOE library 
of scattering data. 

The comparisons of the calculated coarse-group 
interface leakages between the U-238-diluent core 
and the aluminum reflector are given in Table 
III-19-X. 

TABLE III-19-X. CORE LEAKAGE: U - 2 3 8 - D I L U E N T CORE, 

ALUMINUM REFLECTOR 

Coarse 
Energy-
Group, 

J 

8 
9 

10 
11 
12 

MeV 

0.11-0.18 
0.067 
0.0407 
0.025 
0.015 

Fine 
Group 
Calc-

0.00164 
-0.00824 
-0.00287 
-0 .0102 
-0.00247 

Coarse Group Calc./Fine 
Group Calc. 

2 
Sets'" 

2.64 
0.856 
2.26 
0.750 
1.963 

4 
Sets' 

1.274 
0.953 
1.350 
0,960 
1.196 

6 
Sets'! 

1.083 
0.992 
1.126 
0.983 
1.070 

50 
Sets" 

0.999 
1.000 
1.001 
1.001 
1.001 

^ Summed from directly calculated fine-group spatially 
dependent solution employing about 29 fine groups per coarse 
group. Based upon total applied source of unity. 

'̂  One coarse cross-section set in each region. Interface at 
30 cm. 

•= Two coarse cross-section sets in each region. Subregional 
outer boundaries are 27 and 30 cm in the core region and 42 and 
60 cm in the reflector region. 

'' Three coarse cross-section sets in each region. Subregional 
outer boundaries are 18, 27, and 30 cm in the core region and 
33, 42, and 60 cm in the reflector region. 

* Using 50 coarse cross-section sets at each of the 50 mesh 
intervals of the calculation. 

i^^r- rYrr i 

F I G . III-19-6. Neutron Flux Spectrum at Various Spatial 
Positions in the PuOj Fueled Core and Sodium Reflector. ANL 
Neg. No. 113-1533. 

TABLE III-19-XI. SUBREGION MACROSCOPIC TRANSPORT 

CROSS SECTIONS, cm^': PUOJ-FUELED C O R E , 

SODIUM REFLECTOR 

Coarse 
Energy 
Group, 

8 
9 

10 
11 
12 
13 
14 
15 

Lethargy 
at Bottom 
of Group 

4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.5 

PuO.-Fueled Core 

Subregions 

0-18 
cm 

0.221 
0.253 
0.258 
0.311 
0.265 
0.331 
0.471 
0.472 

18-27 
cm 

0.220 
0.252 
0.260 
0.305 
0.263 

27-30 
cm 

0.215 
0.243 
0.268 
0.197 
0.261 

0.330 0.326 
0.470' 0.462 
0.4781 0.559 

Sodium Reflector 

Subregions 

30-33 
cm 

0.0827 
0.0980 
0.1159 
0.0900 

33^2 
cm 

0.0804 

42-60 
cm 

0,0793 
0.0920; 0.0894 
0.0930 0.0899 
0.0904 

0.0914 0.0901 
0.1079! 0.1106 
0.1735 0.1644 
0.3866 0.2515 

0.0882 
0.0908 
0.1118 
0.1616 
0.2427 
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TABLE I I I -19-Xn. SUBREGION MACROSCOPIC ELASTIC 

TRANSFER (J" —> 7 + 1) CROSS SECTIONS, cm~': PuOj-

FuELED CORE, SODIUM REFLECTOR 

Coarse 
Energy 
Group, 

8 
9 

10 
11 
12 
13 
14 
15 

Lethargy 
at Bottom 
of Group 

4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.5 

PuOi-Fueled Core 

Subregions 

0-18 
cm 

0.0234 
0.0238 
0.0257 
0.0276 

18-27 
cm 

0.0233 
0.0238 
0.0258 
0,0277 

27-30 
cm 

0.0231 
0.02.'i4 
0.0264 
0,0265 

0,02.17 11,02:«)'0,0249 
0.027211,(L>7L'I),0271 
0.0408,0.0108,0.0395 
0.0283 0,0284 0.0311 

Sodium Reflector 

Subregions 

30-33 
cm 

0,0149 
0,0158 

33^2 
cm 

0.0147 
0.0163 

0.01600.0165 
0.0157 
0.0135 
0.0185 
0.0285 
0,0314 

0.0144 

42-60 
cm 

0.0144 
0.0150 
0.0171 
0.0131 

0,0140 0,0144 
0.0184 0.0179 
0.0273 
0.0338 

0.0265 
0.0338 

TABLE I I I -19-Xin . CORE LEAKAGE: PUOS FUELED CORE, 

SODIUM REFLECTOR 

Coarse 
Energy 
Group, 

J 

8 
9 

10 
11 
12 
13 
14 
15 

Mev' 

0.11-0.18 
0.067 
0.0407 
0.025 
0.015 
0.0091 
0.0055 
0.0021 

Fine 
Group 
Calc." 

0.0308 
0.0196 
0.0150 
0.00876 
0.00971 
0.00619 
0.00170 
0.00214 

CoarseGroup Calc./Fine 
Gorup Calc. 

2 
Sets' 

0.962 
0.997 
1.132 
0.686 
1.195 
0.898 
0.877 
1.482 

4 
Sets" 

0.992 
1.002 
1.024 
0.945 
1.034 
0.970 
0.983 
1.070 

6 
Sets'" 

0,996 
1.000 
1.010 
0.971 
1.020 
0.988 
0.994 
1.057 

SO 
Sets" 

1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

" Summed from directly calculated fine-group spatially 
dependent solution employing about 29 fine groups per coarse 
group. Based upon total applied source of unity. 

'' One C(Kvrse cross-section set in each region. Interface at 30 
cm. 

'^ Two coarse cross-section sets in each region. Subregional 
outer bouiidjiries are 27 and 30 cm in the core region and 42 and 
GO cm ill the reflector region. 

'^ Three coarse cross-section sets in each region. Subregional 
outer boundaries are 18, 27, and 30 cm in the core region and 33, 
42 and GO cm in the reflector region. 

" Using 50 coarse cross-section sets at each of the 50 mesh 
intervals of the calculation. 

Pu02-I'UELED CORE AND SODIUM REFLECTOR 

In this example the composition of the core region 
simulates a Pu02-fueled core containing sodium 
coolant and steel structural materials. The sodium re
flector region can represent a plenum. Details of 
neutron flux spectrum at various spatial positions are 
shown in Fig. III-19-6. For this example a larger num
ber of coarse energy groups was subdivided into fine 

Ei 

"1 T" 
Fe SLAB 

"1—T" 
0.125 cn 

F I G . III-19-7. Neutron Flux Spectrum at Various Spatial 
Positions in the Iron Slab. ANL Neg. No. 113-1528. 

groups in order to insure that the lower groups con
taining the large resonance of sodium would be in
cluded. 

The spectrum variations due to the sodium scatter
ing resonance structure are only those caused by the 
sodium resonances having widths which are close to 
the fine-energy group intervals. The many narrower 
sodium resonances thus do not show explicitly their 
effects upon the spectrum fine structure. 

The collapsed cross sections corresponding to the 
situation having each com])osition region described by 
three subregional sets arc shown in Tables III-19-XI 
and III-19-XII, respectively, for the transport process 
and for the light-materials elastic transfer process. 

Comparisons of calculated coarse interface-leak
ages between the rejiresentative PuO^-fueled core and 
tho sodium plenum are given in Table III-19-XIII . 
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IRON SLAB WITH APPLIED SOLTICE AT A SURFACE 

In this example a 30 cm thick iron slab was as
sumed to have an applied fission-spectrum source at 
one surface. The detailed spectrum at various posi
tions, over an energy range of interest for studying 
resonance scattering effects, is shown in Fig. III-19-7. 
For this case, in addition to collapse of a separate 
coarse cross section set at each of 50 mesh intervals, 
a one-set and a two-set collapse were also obtained. 
The one-set collapsed cross sections used the fine 
flux and current solutions corresponding to the mid
point of the slab. The two-set coarse cross sections 
used the spatial-averaged fluxes and the spatial-aver
aged currents corresponding to the subregions from 
0 to 2 cm from the source and from 2 to 30 cm from 
the source. The collapsed cross sections for the latter 
subregional division are listed in Tables III-19-XIV 
and in-19-XV, respectively, for the transport and 
elastic transfer processes. 

In this case the calculated coarse currents at the 
2 cm position and the leakage out of the slab at the 
30 cm position, using one, two, and 50 cross section 
sets, are compared with the corresponding values by 
the direct fine-group solution. These results are given 

TABLE III-19-XIV. SUBREGION M.\CROSCOPIC TR.\NSPORT 

CROSS SECTIONS, cm"': IRON SLAB 

TABLE III-19-XVI. CURRENT IN IRON SLAB AT .VBOUT 2 cm 

FROM SLAB FISSION SOURCE 

Coarse Energy 
Group, 

J 

8 
9 

10 
11 
12 

Lethargy 
at Bottom 
of Group 

4.5 
5.0 
5.5 
6.0 
(1.5 

Iron Slab 

Subregions 

0-2 cm 

0.138 
0.211 
0.318 
0.282 
0.098 

2-30 cm 

0.138 
0.221 
0.330 
0.200 
0.093 

TABLE III-19-XV. SUBREGION MACROSCOPIC ELASTIC 

TRANSFER {J —*J -\- 1) CROSS SECTIONS, cm"': 

IKON SLAB 

Coarse Energy 
Group, 

J 

8 
9 

10 
11 
12 

Lethargy 
at Bottom 

4.5 
5.0 
5.5 
6.0 
0.5 

Iron Slab 

Subregions 

0-2 cm 

0.0108 
0.0173 
0.0151 
0.0412 . 
0.0037 

2-30 cm 

0.0121 
0.0179 
0.0192 
0.0366 
0.0060 

Coarse 
Energy 
Group, 

J 

8 
9 

10 
11 
12 

Fine Group 
Calc. 

0.0230 
0.0118 
0.000953 
0.0000044 
0.00032B 

Coarse 

1 Set 

1.010 
1.020 
0.924 

35.0 
0.740 

Group Calc./Fine 
Group Calc. 

2 Sets 

0.996 
1.002 
0.994 

- 2 . 4 
1.035 

50 Sets 

1.000 
1.000 
1.000 
1.000 
1,000 

TABLE III-19-XVU. LEAKAGE OUT OF IRON SL.VD AT AHOUT 

30 cm FROM SLAB FISSION SOURCE 

Coarse 
Energy 
Group, 

J 

8 
9 

10 
11 
12 

Fine Group 
Calc. 

0.0629 
0.0267 
0.00921 
0.00364 
0.00973 

Coarse Group Calc./Fine 
Group Calc. 

1 Set 

1.007 
1.026 
0.952 
1.012 
1.053 

2 Sets 

1.000 
1.007 
0.982 
1.030 
1.028 

50 Sets 

1.000 
1.000 
1.000 
1.000 
1.000 

in Tables III-19-XVI and III-19-XVII for the 2 cm 
and outer edge, respectively. 

As in the previous examples, the coarse group 
calculations were carried out with the diffusion-theory-
option of SNARG-ID. These results are to be con
sidered a measure of the sensitivities of calculations 
to spatial-energy collapse of cross sections and do 
not iniplj* that diffusion theory is the appropriate 
solution approximation for the problems. 
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III-20. Calculated Spatially-Dependent Fine-Energy Neutron Spectrum 
for ZPR-3 Assembly 51 

D. MENEGHETTI and K. E. PHILLIPS 

Results of neutron spectrum measurements in core neutron spectrometer have been reported by J. 
and reflector regions of ZPR-3 Assembly 51, the first Powell.' 
of a series of critical assemblies in support of the Fast A spatially-dependent fine-energy-detailed neutron 
Flux Test Facility (FFTF), using a proton-recoil flux spectrum using 371 equal-lethargy energy groups 

LETHARGY LETHAROY 

F I O . III-20-1. Calculated Pusitioii-ilepcndeut Fine-.spectrum Cciiiiparcd with Experiment. . l .Vi Neg. No. 113-558. 
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in the energy range 2.1 keV to 1.35 MeV has been 
calculated by use of a composite^ of the ELMOE 
library of angular scattering data and the Argonne 
discrete S„ transport code. Cross sections other than 
those for transport and elastic transfer properties were 
derived by smoothing the coarse cross sections in the 
Yiftah, Okrent and Moldauer compilation.^ Cross sec
tion smoothing was done to prevent cross section dis
continuities at the coarse group boundaries from dis
torting local spectral variations. The one-dimensional 
cylindrical geometry Sn analysis was an inhomogene
ous calculation and used the transport approximation. 
The inhomogeneous calculation utilized an estimated 
.•spatially distributed fission source in the core to cir
cumvent the need for source iteration. Axial leakage 
effects were included by using fine-energy leakage-
absorptions. 

The assembly had a plutonium-fueled core and a 
two-zone radial reflector. The inner and outer radial 
reflectors consisted of nickel, sodium, and steel-matrix 
and iron and stcel-matrix, respectively. The cylindri-
calized core radius used in the analysis was 28.1 cm. 
The outer radii of the radial reflectors were 47.6 and 
64.0 cm respectively. The radial dimensions of Assem
hly 51 are smaller than the normal dimensions since a 
larger degree of subcriticality had been necessary in 
the reported spectral measurements in order to reduce 
the spontaneous neutron background due to pluto
nium. 

Both high resolution calculated spectra and calcu
lated spectra through a 15% resolution Gaussian en

ergy-window at positions approximately correspond
ing to the four experimental positions reported by 
Powell are shown in Fig. III-20-1. The calculated 
positions are at the core center, at 11.2 cm, at 25.2 cm 
(near the core-reflector interface), and at 36.2 cm 
(near the center of the nickel-sodium reflector). For 
comparison, the experimental data'- ^ are also shown. 
The calculated and experimental values have been 
normalized at the core center for best fit over the 
energy range of interest. Since a coarse energy struc
ture was used above 1.35 MeV (2.0 lethargy) the 
lethargy region corresponding to the energy just below 
1.35 MeV contains distortion of the envelope of the 
flux-shape which tends to make the calculated flux too 
low near that energy interface. Structures in the spec
tra are primarily due to iron, oxygen, chromium, 
nickel and sodium in the core and to nickel, sodium 
and iron in the reflector. 
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I l l - 2 1 . Analysis of Central React ivity Worths Incorporating Self-Shielding 

T . NAK.451UKA,* R . A. IvARAM a n d D . K . D A N C E 

The central reactivity worth of a material provides 
a convenient means of verifying material cross section 
data sets in a particular neutron spectrum if .sample 
size effects are accounted for correctly. In this work, 
corrections to first order perturbation theory incor
porating self-shielding effects both inside and outside 
the sample, as well as scattering, fission, and edge 
effect perturbations were made in each energy group. 

THEORY 

The basic concept used was the calculation of the 
ratio of the actual average flux in the sample to the 

• Visiting Scientist, Japan Atomic Energy Research Insti
tute, Tokai-mura, Japan. 

unperturbed flux for each energy group. This ratio 
was then used to multiply the components of Sk/k, 
i.e. absorption, fission, scattering and leakage in each 
group, obtained from first order perturbation (FOP) 
calculations. The perturbcd-to-unperturbed flux ratio 
Ri in group i can be expressed as 

R, 
(2„)ir,*». (1) 

where C, is the absorption rate in group i per unit sur
face area of a finite sample of thickness T, 2a, is the 
absorption cross section in group i, and tp, is the un
perturbed flux prior to the insertion of the sample. 

The formulation for C, is based in part on the single 
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scattering treatment given by K. Beckhurt and K. 
Wirtz. We consider fir.st the infinite slab problem. 
For such a ca,se the number of neutrons in group i 
which suffer their fir.st collision in dx about x is' 

(2) 
Piiix) dx = 

(«V2)(£'2[2„(r - x)] -)- B,(S„-a-)l2,;rfx, 

where 
<̂ i is the unperturbed flux 
E2( ) is the exponential function of order 2 
2, , is the total cross section in group i 
T is the thickness of the slab. 
The fraction of the total collisions which lead to 

absorption in group i is given by (2a,/2,i) , whereas the 
number of neutrons born into any group j due to a 
collision in group i is given by 

A,^, 
2,v 

(3) 

The probability that a neutron isotropically scattered 
in dx about x in the sample escapes without making 
another collision is 

y2\E,{Zui.T - x)] + EAZ„x)\-, 

therefore the nonescape probability is 

Bi(x) = 1 - VAE,[^„(T - X)] + E,CL,ix)] (4) 

and the number of neutrons which .'̂ uffer a second colli
sion in group j is 

P2i = i : Ai^s f Pu(x)Bj(x) dx. (5) 
1 = 1 •'o 

The symbol NG designates the number of groups. Note 
that the summation over i = 1 to NG is done to allow 
for fission neutrons contributed to the various groups 
when the collision ends in a fission. Xow, given that a 
second collision takes place and assuming that P2,-, 
an integral quantity over the sample, has a flat distribu
tion, the number of neutrons that suffer three collisions 

P3y = E ^ - y / (P,./T)Bi(x) dx, 

which may be written as 

(6) 

(7) 

where 

f«'^^^"Vf dx. 

In a similar manner the iiunil)er of neutrons that 
undergo k collisions are 

P„i= ilAi^iPu-uB,. (8) 

The total number of neutrons absorbed in the infinite 
slab of thickness T in group j after k colli.sioas can now 
be written as 

Ci = (Z„i/Z,i)[f^ P,i(x)dx 

+ i : 4 . w f Pu{x)Bi{x)dx 
1-1 *'o 

NO /NG pT \ 

-h Bj E A,^i ( E A „ . / P,Ax)B,{x) dx 

(9) 

The foregoing development is rigorous within the 
broad group approximation of the neutron spectrum 
for infinite slabs only. Considerations of neutrons that 
make colhsions through the edge of a disc-shaped 
sample was treated by G. Hanna.^ The increase in the 
number of colhsions due to the finiteness of the sample 
can be represented as 

A-i = P i , ( l -+- ei), (10) 

where P i ; is the number of neutrons that suffer k colli
sions in the finite sample and e is given by the expression 

ei = |22, / j 'V[l-2£3(2„r)] | 

[2/(irn)]\I[1.„T - A ( « 2 „ r ) ] | , 

where 

n = 2(R/T) = the radius-to-thickness ratio, 

H^.iT) = (2/2„T) [' ' ll -i- e'-"'""' 

- [2/(2,y.sece)](l - <;--'•''•"•)] sin-'9 («, 

(11) 

and 

A ( « 2 o r ) = / £2(n2„rsin<^)rf(cos<(.).' 

(12) 

(13) 

As the collision density increases because of the finite 
size of the sample so does the escape probabilit}-. The 
decrease in the nonescape probability due to the finite
ness of sample is taken into account by multiplying 
the quantities Bj of Eq. (4) by the ratio of the non-
escape probabilities of the finite to the infinite samples 
as obtained from the rational approximation. Specific
ally this ratio can be written as: 
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Ki 

1 - 4 7 , 

4 7 
1 + ^ 2 , , . 

1 
(14) 

1 + 
22„r 

1 + R 

1 4- 22„7' 

where 7 and S are the volume and surface area of the 
sample. 

Finally the effect of the sample on the flux outside 
the sample must be considered. The outer flux perturba
tion may be defined as the ratio of the flux at the sur
face of the sample to the flux at the same point prior 
to the introduction of the sample. This perturbation 
factor, according to R. Ritchie and H. Eldridge,^ can 
be expressed as 

Fi= (I -\-iy2 - E,[i:,iT]]gi)-\ (15) 

where the g factor can be approximated according to 
Ref. 4 by the relation 

ff. = 1.05R/\,i. (16) 

where Xn is the total mean free path in group i of the 
core material. 

The final relationship governing the number of 
neutrons absorbed per unit area in a circular disk of 
radius R and thickness T in group j after k collisions 
can be written as 

d = (Fi2.y/2,i) 11 P'liix) dx 

-I- T.KiAi,i f P'u(.x)Biix) dx 

T.KiAi,ij\j:j<:iA.^i 

• f P,„{x)Biix) d,i:^ -IT ... 

NO 

-I- Bi E Ki-Ai^iPt-

(17) 

Equation (17) was used in conjunction with Eq. (1) 
to obtain the appropriate correction factors to first 
order perturbation calculations.'i 

COMPARISON OF THEORY AND MEASUREMENTS 

The foregoing theoretical treatment of self-shielding 
was applied to calculate the central reactivity worths 

of various samples whose worths have been measured 
in a large oxide core, .Assembly 6 of ZPR-6. Assembly 
6 was a 4000 liter cylindrical core reflected with 30 
cm of depleted uranium (0.2% em-ichment). Complete 
details of this assembly were reported elsewhere (see 
Paper I I I - l ) . 

The reactivity worth of a sample was measured by 
either of two methods: (1) If the reactivity of a sample 
was one inhour or more, its worth was determined by 
the period method, i.e. measuring repetitively the 
period of a slightly above critical system ( ^ 1 0 Ih) 
with and without (void) the sample at the center of 
the core. The accuracy of this procedure is typically 
0.005 Ih. (2) The reactivity of small samples was deter
mined by oscillating the sample relative to void and 
using a calibrated autorod. The accuracy inherent in 
this technique can be as low as 0.001 Ih provided the 
autorod is accurately calibrated. The samples used 
were 2 in. square (nominally) by various thicknessess. 

The calculated and measured values for the central 
worths in Assembly 6 are compared in Table I. The 
third column in Table III-21-I lists the calculated 
values obtained using first order perturbation* (FOP) 
theory and Cross Section Set 224.'^' Values in paren
theses were obtained with Set ZPR-6-6 ENDF/B-A 
generated specifically for .Assembly 6 (see Paper I I I - l ) . 
The FOP values were corrected for self-shielding 
according to Eq. (17) with the number of consecutive 
scatterings terminated after 5, and the results are 
listed in the fourth column of Table III-21-I. The 
measured values are listed in the last column. 

It is s(^n from Table I1I-21-I that a significant 
improvement in the agreement between the calculated 
and measured values results as a consequence of the 
self-shielding corrections. Note that for B-10, where 
the cross sections are smooth with energy, the agree
ment between the calculated and measured value is 
very good. For U-238, which has many resonances, 
the agreement with measurements is good for the 
thinnest and thickest samples. This may be due to 
negligible self-shielding in the thinnest sample and to a 
small contribution from resonance neutrons to the 
total worth of the large sample. The calculated values 
of iron, chromium, niobium, aluminum and molyb
denum are somewhat higher than the measured values. 
This discrepancy could very well be due to the inad-
quacy of the multigroup approximation to the neutron 
spectrum in the resonance energy range rather than to 
inaccuracies in basic data. In the case of nickel, 
E N D F / B data seem to result in low values for the 
cross sections. For molybdenum, the E N D F / B values 
are significantly different from those of Cross Section 
Set 224. The calculated and measured values of U-235 
are in good agreement. 

file://-/-iy2
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TAIJLK 111-21-1. MHIASURE!) AND C.\I.C(IL.\TEU CENTR.M. RE . \ 

Material 

Fe 
Ni 
Cr 
Na 
B-IO 
Ti 
Zr 
Nb 
Mo 
Al 
C 

Be 
U-238 
U-238 
U-238 
U-238 
U-23S 
U-238 
U-235 
U-235 
U-235 

Sani|)le Weight, 
R 

488.0 
546.0 
220.73 
51.38 
20.29 
90.42 

400.0 
481.2 
599.0 
105.33 
103.0 
114.31 

5.913 
11.739 
28.977 
00.227 

147.123 
1153.580 

4.511 
22.950 
(il.491 

•TIVITY WORTHS IN ASSEMBLY 6 OF ZPR-6 

Cakulated Worth," Ih"" 

First Order Perturbation 
(FOP) 

-0 .746 ' ' ( - o . e s s ) -
-1 .009 (-0.721) 
-0 .363 (-0.403) 
-0 .023 (-1-0.002) 

-.33.015 (-32.842) 
- 0 . W 5 — 
-0.464 — 
-5.259 — 
-3 .888 (-6.211) 
-0 .279 (-0.204) 
-1-0.036 )-l-0.060) 

— (-0.4711) 
-0.0211 (-0.0248) 
-0.0420 (-0.0493) 
-0.1037 (-0.1216) 
-0 .215 (-0.253( 
-0 .526 (-0.617) 
-4 .132 (-4.838) 

— (-1-0.191) 
— (-1-0.969) 
— (4-2.596) 

FOP Corrected for 
Self-Shielding 

-0 .646 (-0 .561) 
-0 .929 (-0 .748) 
-0 .352 (-0 .369) 
-0 .033 (-0.004) 

-21.945 (-22.145) 
-0 .061 — 
-0 .425 — 
-4 .290 — 
-3 .105 (-4.371) 
-0 .263 (-0.192) 
-1-0.042 (-|-0.0«li) 

— (-0.352) 
-0.0211 (-0.0248) 

— (-0.0494) 
— (-0.122) 
— ( ( -0 .255) 
— (-0.623) 
— (-3.710) 
— (-1-0.190) 
— (4-0.986) 
— (4-2.665) 

Measured Worth, 
Ih 

-0 .450 ± 0.004 
-0 .833 ± 0.008 
-0 .222 ± 0.008 
-1-0.013 ± O.OOS 

-23.209 ± 0.010 
-1-0.026 ± 0.013 
-0 .443 ± 0.007 
-3 .525 ± 0.007 
-3 .115 ± 0.021 
-0 .122 ± 0.010 
4-0.360 ± 0.002 
4-1.304 ± 0.003 

-0 .0252 ± 0.002 
-0.0129 ± 0.002 
-0 .103 ± 0.002 
-0 .220 ± 0.002 
-0 .514 ± 0.002 
-3 .764 ± 0.003 
4-0.186 ± 0.002 
4-0.947 ± 0.002 
4-2.567 ± 0 . 0 2 0 

* Calculated with one-dimension diffusion theory.* 
b 1% Ak/lc = 458 Ih. 
= The number of consecutive scatterings in sample was terminated after 5. 
"* Values obtained from Cross Section Set 224.'^' 
" Values in parenthesis obtained from E N D F / B parameters. 

TABLE I1I-21-TI. CALrrL.vrEi) CENTUAI. REACTIVITY WORTHS AS .\ FUNCTION OF THE NUMBER OF CONSECUTIVE SCATTERINGS 

IN SAMPLE, ZPR-6 

Material 

Na 
Fe 
Ni 
Cr 
B-10 
Mo 
Al 
Mn 
Be-9 
C 

Sample Size, 
in. 

2 x 2 x 1 
2 x 2 x 1 
2 x 2 x 1 
2 x 2 x 1 
2 x 2 x 1 
2 x 2 x 1 
2 x 2 x 1 
2 x 2 x 1 
2 x 2 x 1 
2 x 2 x 1 

Worth, Ih'"' 

Measurement 

4-0.013 ± 0.008 
-0 .450 ± 0.001 
-0 .832 ± 0.008 
-0 .222 ± 0.008 

-23.208 ± 0.012 
-3 .115 ± 0.021 
-0 .122 ± 0.010 
-0 .481 ± 0.006 
-1 .304 ± 0.003 
-0 .360 ± 0.001 

FOPIW Values 

-0.00230 
-0.6581 
-0.7204 
-0.4034 

-32.842 
-6.2113 
-0.2042 
-1.1903 
-0.4711 

0.06037 

No. of Consecutive Scatterings in Sample 

1 

-0.00989 
-0.4856 
-0.7184 
-0.3375 

-21.812 
-3.5795 
-0.1803 
-0.5028 
-0.56,S6 

3 

-0.00503 
-0.5448 
-0.7514 
-0.3622 

-22.139 
-4 .2362 
-0.1906 
-0.5702 
-0.4325 

0.00991 1 0.05527 

5 

-0.0O134 
-0.5607 
-0.7477 
-0.3692 

-22.145 
-4.3713 
-0.1920 
-0.5939 
-0.3525 

0.06644 

• 1% Ak/k = 458 Ih. 
i- First order perturbation theory calculations with E N D F / B data. 

The disagreement between the calculated and 

measured values of scattering materials such as carbon 

and beryllium may be associated with inaccuracies in 

the calculated adjoint fluxes rather than with errors 

in basic data. 

The calculated worth as a function of the number of 

consecutive scatterings in the sample for a few ma

terials is shown in Table III-21-II. I t is seen that 

convergence has been achieved with five scatterings 

for practically all the materials except sodium, beryl

lium, and carbon. 
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III-22. Measurement of the Capture- to-Fiss ion Ratio of U-235 and Pu-239 in the 
Kilovolt Region Using Critical Assembly Nu l l -Reac t iv i ty T e c h n i q u e s 

C. E. TILL, L . G . LESAGE, G . S . STANFORD, E . F . GROH and W. R. ROBINSON 

Spectrum averaged values for the capture-to-fission 
ratio for U-235 and Pu-239, in spectra designed to 
maximize the number of reactions in the kilovolt re
gion, have been measured using the null-reactivity 
technique. The measurements were made in a zoned 
fast critical assembly, ZPR-9 Assembly 24. The com
position of the test zone in Assembly 24 was experi
mentally adjusted to establish a /c„ of unity, so that 
the total fission source rate equalled the total absorp
tion rate in a central region. The fission rates and 
the important capture rates, except for the fissile 
element capture, were measured directly. 

The following section contains a brief discussion 
of the theory of this experiment, and the final section 
describes the conduct of the experiment. The final re
sults are not available at the time of this writing. 

DISCUSSION 

In order for the fission sources to equal the ab
sorptions, it is necessary both that the measured re
activity worth of the test zone material be equal to 
zero and also that the spectrum in the test region be 
the infinite-medium spectrum characteristic of the 
test zone composition. If the spectrum is not correct, 
it is possible for the fission sources and the absorption 
not to be equal, and to still have an indicated null 
reactivity. The following equations for the capture-to-
fission ratios for U-235 and Pu-239 are obtained by 
equating the fission sources and the absorptions. 

a-' = ( '̂= _ 1) -f {l/F'-'')[v" - l)F'' - C" - C"] (1) 

and 

a " = ( / ' - 1) -I- ( ! / / ? " ) [ ( „ " _ 1)/?-' 

I / ^ -h (v -

+ C")l, 

l)F'-' -{- (v" - DF" 

1)F"- (C"-'-{-C"-\-C" + (" 
(2) 

where a is the capture-to-fission ratio, C and F are 
the average radiative capture and fission rates in the 
test region, respectively, and the superscripts refer to 
the isotopes, with "ss" referring to stainless steel. In 
order to determine the alpha values, the important 
terms on the right-hand sides of Eqs. (I) and (2) are 
measured individually. The exceptions are the v 
values, for which the literature values must be used, 
and the absorption in the stainless steel, which is 
calculated. The fraction of the absorptions in the 
stainless steel is small however. Minor corrections are 
also necessary in the plutonium case for the higher 
isotope content. 

« 
D E S C R I P T I O N O F E X P E R I M E N T 

Tho measurements were made in ZPR-9 Assembly 
24 which is described in detail in another paper in 
this annual report (see Paper 111-21. Assembly 24 
was a zoned core, with a central region about 26 cm 
in radius, which was made up of enriched and de
pleted uranium and carbon plates in addition to the 
stainless steel in the matrix. For the Pu-239 measure
ment, a small plutonium null zone, composed of plates 
of depleted uranium, carbon and stainless steel clad 
plutonium, was substituted at the center of the U-235 
zone. The plutonium zone was designed both for null 
reactivity and to have a characteristic infinite me
dium spectrum for the uranium zone. The calculated 
infinite medium spectra for the plutonium and uranium 
zones were in good agreement. The size and the average 
atomic concentrations for the plutonium zone are 
given in Table III-22-I. 

The null-zone compositions were selected to sen
sitize the measurements to the alpha values between 
100 eV and 25 keV. As indicated in Fig. III-22-1, 
approximately one-half of the total fissions were in 
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TABLE III-22-I. ZPR-9 ASSEMBLY 24, PLUTONIUM Z O N E ' 

Material 

Pu-239 
Pu-240 
Pu-241 
Aluminum 
U-235 
U-238 
Iron 
Nickel 
Chromium 
Carbon (Graphite) 

Atom Densities X 10"" 

1.008 
0.047 
0.005 
0.519 
0.029 

13.346 
7.309 
0.924 
2.086 

41.129 

' Equivalent radius of zone; 9.34 cm; height of zone: 7.62 

14 

I I 
ALPHA 

U-235 ENDF/B 

Pu-239 ENDF/B 

Pu-239 UK 

F I G . III-22-1. Capture-to-Fission Ratio and Fissions Per 
Unit Lethargy vs. Neutron Energy. ANL Neg. No. 113-484. 

this range, and the fissions were distributed fairly 
uniformly in energy over this region as well. 

Calculated differential alpha values for U-235 and 
Pu-239 using MC^ averaged E N D F / B data and for 
Pu-239 using the higher reported measurements' are 
also included in Fig. III-22-1. Spectrum averaged 
alphas for Pu-239 of 0.33 and 0.58 are predicted for 
this measurement by the E N D F / B data and the 
higher measurements, respectively. 

An 11 ft axial oscillator drawer, installed at the test 
zone center matrix position, and a sample changer, 
capable of inserting or removing from the oscillator 
drawer two 2 x 2 x 2 in. SS sample boxes, were con
structed for the reactivity measurements. Figure III-
22-2 shows the important features of the oscillator as 
installed in the assembly. The oscillator drawer was 
loaded identically to the other drawers in the test 
zone, except for the two sample jjositions, and the 
drawer was long enough so that during oscillation 
very little reactivity change was observed. 

The sample boxes were loaded with plates of en
riched and depleted uranium and carbon and the ra
tios of materials were varied slightly in the reactivity 
measurements in order to determine the null composi
tion precisely. When this was completed, the central 
region was reloaded to the experimentally determined 
null composition and the null re-checked by further 
reactivity measurements. 

The size of the test zone was chosen to be the same 
as that of two other zoned assemblies, ZPR-9 As
semblies 12 and 19. The central spectra in both of 
these assemblies have been checked experimentally 

OSCILLATOR 
DRAWER 

(IN THE OUT 
POSITION) 

ZPR-9 MATRIX 

DEPLETED REFLECTOR 

IRON REFLECTOR 

DRIVER 
R I I F F F R 

3 f t 

8 f t -

20 in. 
_J_ 

AIR PISTON (TO RAISE AND 
LOWER SAMPLES, IN UP 
POSITION) 

AIR OPERATED SUCTION CUPS 
(USED TO HOLD SAMPLES) 

2 x 2 x 2 in. SAMPLE BOXES 

OSCILLATOR 
DRIVE 
MOTOR 

SAMPLE POSITIONS IN 
OSCILLATOR DRAWERS 

F I G . II1-22-2. Axial .Sample Cliangor Installed in A.̂ .scnil>ly. yl.VLA'ej. A'o. 113-1. 
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and found to be well converged. Because of the heavy 
loading of depleted uranium in the test zone, the 
size of Assembly 24 was effectively greater than either 
of the other assemblies in terms of mean free paths. 
Another favorable factor was that the enrichment of 
the driver region was considerably less in Assembly 24 
than in either of the other assemblies so that the 
spectrum entering the test zone was more nearly 
matched to the test zone spectrum. In order to ex
perimentally check the spectral convergence in the 
test zone, radial and axial foil activations and radial 
reactivity worth measurements were made. The foil 
activations indicated a spatially flat spectrum in the 
central part of the test zone, and the radial reactivity 
worth measurements indicated a stable, converged 
spectrum throughout most of the test zone. The radial 
reactivity measurements are discussed in detail in an
other paper in this annual report (see Paper III-17). 

In order to determine the alpha values, the individ
ual fission and capture rates indicated in Eqs. (1) 
and (2) were measured, and a considerable redun
dancy in the measurements was achieved for the 
important terms. In some cases the ratios were meas
ured directly and in other cases absolute measure
ments on the individual rates were jierformed. In Eq. 
(1) the important terms were (7-28, F-25 and F-2S. 
The ratio F-2S/F-25 was measured by in-core fission 
counters and the ratio C-2S/F-25 was determined 
using simultaneous thermal irradiations. The terms 
C-2S, F-25 and F-2S were determined by radiochem-
istry. The radiochemical determinations were per
fonned by R. J. Armani. For the fission rates the 
separated Mo-99 activity was counted and for C-28 
the separated Np-239 activity was counted. The 
U-238 capture rate was also determined by counting 
irradiated U-238 foils in a calibrated counter. An ab
solutely calibrated Am-243 source was used to cali
brate the counters for the U-238 capture rate meas
urements. The fission rates at the surfaces of the 
plates were also determined by fission track counting 
in mica foils. The fission track counting was per-

D Pu 239 (BOX 21 

• U-235 (BOX 21 

a u-235 (BOX I) 

• U-238 FISSIONS 

O U-238 CAPTURES 

F I G . III-22-3. Measured Fission and Capture Rates in 
Sample Boxc.-!. ANL Neg. No. 113-487. 

formed by J. Roberts of Northwestern University. In 
order to properly average the fission and absorption 
rates over the test zone composition, detailed map
pings were made using thin irradiation foils of the 
relative fission and absorption rates throughout the 
sample boxes, as indicated in Fig. III-22-3. 

For the plutonium-alpha measurement, the fission 
rate in Pii-239 was measured by the same techniques 
used for tho other fission rate measurements. Calcu
lated cori^'ctions were made for the Pu-240 and Pu-
241 terms; however, these contributed a very small 
uncertainty to the final result, since the plutonium 
plate in the test box contained only 1.0% Pu-240 and 
a nearly negligible amount of Pu-241. 
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111-23. P u - 2 3 9 a n d U - 2 3 5 C a p l u i e - t o - F i s s i o n R a t i o M e a s u r e m e n t s b y t h e 
R e a c t i v i t y - R e a c t i o n R a t e M e t h o d i n A s s e m b l y 24 o f Z P R - 9 

M. M. BRETSCHEE and W. C. REDMAN 

INTRODUCTION 

These measurements were undertaken to resolve 
uncertainties regarding the capture-to-fission ratio 
g239 of Pu-239 in the energy range between 600 eV and 
about 10 keV. Recent measurements''^ indicate that 
in this energy interval 5^" is considerably larger, per
haps by as much as a factor of two, than indicated by 
E N D F / B data. 

The a measurements described in this paper were 
made by the reactivity-reaction rate method' ' in 
Assembly 24 of ZPR-9. This assembly (see Paper III-2) 
was designed to give a soft spectrum so that integral 
alpha measurements would be sensitive to alpha values 
in the energy range of 1 to 10 keV. For this core, the 
calculated median fission energy was 13 keV. 

METHOD 

The reactivity-reaction rate technique for determin
ing capture-to-fission ratios in low flux critical assem
bhes is described in Paper III-24. For convenience, 
however, the fundamental equations, derived from 
first-order perturbation theory, are repeated below. 
They apply to a sample located at the center of the 
reactor where there are no flux gradients. 

(1 + a ) 
RM)F W„{A)/W„ 

p(A)[l • - {p.(A)/p(A)n 

')IF/F{V'")]WJV" ')/W, 

(1) 

(2) 

where 

F = [p[l - (P./P)]/Rf\ 

Here 

,'(S)[W,/W,(S)]/S. (3) 

p,/p = the fraction of the total reactivity 
contributed by scattering 

R/,Rc = the specific fission and capture rates 
in the sample, respectively 

a = Rc/Ri = the effective capture-to-fission ratio 
V = the effective number of neutrons 

emitted per fission 
S = the neutron emission rate from the 

Cf-252 spontaneous fission source 
Wf = the average neutron importance, 

weighted according to the sample's 
virgin fission neutron distribution 

Wa = the average neutron importance, 
weighted according to the sample's 
ab.sorption rate 

p = the specific reactivity of the sample 
p'(S) = the apparent reactivity as.sociated 

with the emission of spontaneous 
fission neutrons, normalized to the 
flux level corre.sponding to the reac
tion rate measurements. 

The symbol A refers to a reference absorber or substi
tute material which in the.se measurements was usually 
Li-6. Manganese, used successfully in earlier a '" 
measurements in thermal criticals, was also used here 
as a second reference absorber. However, manganese is 
not an ideal reference absorber in fast spectra because 
scattering contributes a sizeable fraction of the total 
reactivity. 

It will be noted that in Eqs. (1) through (3), the 
quantity (1 -1- a) results from a combination of the 
measured absolute reaction rates, relative reactivities, 
and other quantities such as v and S. Hence, for a 
meaningful determination of 5 by this reactivity-
reaction rate method, the experimentally determined 
quantities and related correction factors must be 
e.stablished precisely. For this reason the discussion 
which follows emphasizes the thoroughness of the 
measurements and related evaluations involved in the 
determination of the various quantities on which the 
resulting values for a are based. 

TABLE III-23-I. ISOTOPIC COMPOSITION OP SAMPLES 

Sample 

Pu 
Enriched U 
Depleted U 
Enriched Li 
Depleted Li 

Isotopic Composition, 
Isotope- Wt % 

239-98.938904 
234-0.66730 

240-1.011916 
235-93.098349 
236-0.231485 

0-94.930665 
li-0,006001 

241-0,019125 
230-0.322750 
236-0.002301 

7-5.060345 
7-99.993999 

242-0.000000 
238-5.921597 
238-99.700216 

http://the.se
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DESCRIPTION OF SAMPLES 

Samples of identical dimensions were used for both 
reactivity and reaction rate measurements. Table 
III-23-1 summarizes the iHf)topic composition of the 
plutonium, uranium, and lithium samples. 

All of the samples were contained in stainless steel 
cans having an outer diameter of 0.8G5 in. and a length 
of 1.995 in., for use in the ZPR-9 radial sample changer. 
The plutonium was alloyed with 1.2 w/o aluminum 
and rolled into three foil thicknesses: 0.005 in., 0.015 
in., and 0.030 in. Annular samples of these thicknesses, 
each having a diameter of 0.825 in. and a length of 
1.250 in. were enclosed in welded stainless steel cans. 
The uranium samples were prepared by wrapping foil 
around the inner walls of the stainless steel sample cans. 
All of the enriched uranium samples had a length of 
1.750 in., with thicknesses of 0.005 in., 0.020 in., and 
0.040 in. The depleted uranium sample was of similar 
dimensions, except that the wall was 0.035 in. thick. 

Cylindrical samples, both enriched and depleted in 
Li-0, were prepared by extruding lithium in an argon 
atmosphere to a diameter of 0.623 in. and cutting it 
into 0.850 in. lengths. After weighing, the samples were 
sealed by electron beam welding in aluminum cans 
having a wall thickness of 0.020 in. Two of these 
samples were placed end to end and positioned at the 
center of the stainless steel sample cans for subsequent 
reactivity and reaction rate measurements. The sam
ples contained 99.8703 w/o lithium, 0.0007 w/o chlorine, 
0.0448 w/o carbon, and 0.0291 w/o nitrogen. 

At the start of these measurements it was known 
that manganese might not be a very useful reference 
absorber (see Paper III-24). Nevertheless, manganese 
was used as a second reference absorber because 
beta-gamma coincidence counting equipment was 
available for measuring absolute manganese absorption 
rates. To prepare foils suitable for irradiation and 
absolute counting, manganese was alloyed with copper 
and nickel. The composition of this alloy was 95.160 
w/o manganese, 2.864 w/o copper, 1.459 w/o nickel, 
0.377 w/o nitrogen, 0.073 w/o oxygen, 0.064 w/o 
carbon, and 0.003 w/o hydrogen. Reactivity and 
absorption rate measurements were performed \Aith 
cylhidrical samples of this alloy. These samples were 
composed of 0.825 in. diameter pellets stacked to a 
height of 1.750 in., to fill the stainless steel can. Man
ganese foils, 0.001 in. thick, were positioned at the ends 
of the cylinder and between these were solid 0.247 
in. thick manganese pellets to average the absolute 
absorption rate over the sample dimensions. 

Cylindrical samples of copper, nickel, aluminum, 
and stainless steel were also used for reactivity measure
ments, to permit corrections for the presence of these 
materials in the primary samples. 

REACTION RATE MEASUREMENTS 

Equations (1) and (2) are valid only if the reaction 
rates, Ra and R / , and the apparent reactivity p' (S) 
are normalized to a common flux level. Therefore, gold 
and manganese flux monitor foils were placed at a 
fixed position in a stainless steel drawer located in the 
reflector region of the reactor for all the reaction rate 
measurements. The absolute specific absorption rates 
of these foils were determined by the beta-gamma 
coincidence method using equipment developed for 
neutron source calibrations by the manganese bath 
procedure.^ Except for the lithium irradiations, all the 
activations were carried out at essentially the same 
flux level. For these runs the specific absorption rates 
of the monitor foils were averaged and then all the 
monitor foil data were normalized to the average. This 
procedure allowed a comparison of the gold foil monitor 
data with the manganese data. Finally, a flux nor
malization factor was determined for each activation, 
by taking the weighted mean of the gold and manganese 
data. 

Fission rates for Pu-239, U-235, and r -238 were 
determined radiochemically by a procedure^ involving 
the recover}' of the fission product Mo-99 from the 
irradiated sample and absolute beta counting. Prior to 
the chemical analysis, each irradiated sample was cut 
into several pieces and each piece analyzed separately. 
The end result was based on the average of these 
individual determinations. 

The Pu-239 specific fission rate R/ was calculated 
from the following equation: 

23S ^ _ ! Rf(Pil-A\) 

' a „ ( l - OAOH + (O24ofl}'° -I- a,„RT')/a2„Rf'V 
where /('/(Pu-Al) is the measured fission rate per gram 
of the plutonium-aluminum alloy, normalized to the 
common flux level. A value of 5.9% '' was used for 
the yield of Mo-99 for fast fission of Pu-239. The a.'s 
are the isotopic weight fractions given in Table III-23-I 
and OAI is the weight fraction of aluminum in the 
sample. Thirty-group cross .sections generated by the 
MC' code' from E X D F / B data and MACH-I central 
fluxes" were used to calculate the term in square 
brackets, equal to 1.00233. 

Isotopic uranium fission rates were evaluated from 
the following equations: 

R'r = a^jsiJf [1 -\- ial^tRf* -h als^RD/aiiiR}"] 

R'l = oizJtT + ot\,JiT[\ -f \ai^RT/ai^RT\]. 

R'f and /?/ are the flux normalized fis.sion rates per gram 
of the enriched and depicted samples, respectively. 
-Again, the a /s are the isotopic weight fractions given 

file:///Aith


174 III. Fast Reactor Physics 

TABLE I I I - 2 ; M I . P U - 2 3 9 , U-235, AND U-238 ABSOLUTE 
SPECIFIC FISSION RATES" 

Isotope 

Pii-239 
Pu-239 

Weighted Mean: 

Pu-239 
Pu-239 
U-235 
U-236 

Weighted Mean: 

U-235 
U-235 
U-238 

Wall Thickness, 
in. 

0.005 
0.005 

0.015 
0.030 
0.006 
0.005 

0.020 
0.040 
0.035 

fissions/g-sec 

(3.402»i ± 0.01966) 10* 
(3.46314 ± 0.02311) 10" 
(3.42383 ± 0.02480) 10* 

(3.34669 ± 0.03444) 10« 
(3.28635 ± 0.02267) 10« 
(3.81007 ± 0.02038) 10« 
(3.76855 ± 0.01810) 10« 
(3.78950 ± 0.02300) 10" 

(3.66117 ± 0.03732) 10' 
(3.53793 ± 0.02420) 10' 
(6.13739 ± 0.04525) 10' 

'R'" = (4.92232 ± 0.05911) 10' capturcs/g-sec 
a-"' = R',"/R'," = 8.02022 ± 0.10134 

in Table 111-23-1. As before, the bracketed terms were 
calculated using the MC' and MACH-I codes. These 
equations were solved simultaneously to determine the 
isotopic fission rates Rf-" and Rf. Two separate ir
radiations were made for the 0.005 in. thick uranium 
and plutonium samples. A summary of the isotopic 
specific fission rates for samples of different thicknesses, 
based on several values per sample, is given in Table 
III-23-II. 

The U-238 capture rate was measured by a radio
chemical technique which allows U-239 to decay to 
Np-239 which is then extracted by an ion exchange 
process. Absolute beta counting was used to determine 
the Np-239 activity. The errors quoted in Table III-
23-11 represent the })recision of the measurement and 
do not include uncertainties .associated with thn fission 
yield of Mo-99. 

The method for determining the absorption rate in 
the lithium samples has been described previously (see 
Paper III-24). For these samples, enriched and de
pleted in Li-6, the normalized tritium production rate 
per gram of sample may be expressed as 

and 

RI., = a'u(alR''„,, -1- a'^Rl.,) 

Ri., = aUaiRi., + a'iRl., 

where the a,'s are the isotopic weight fractions (Table 
III-23-I) and where OLI is the fraction of lithium in 
the sample. These equations were solved simuUane-
ously to determine Rl.,, the specific tritium production 
rate in Li-6. The absorption rate, /i*„(Li-6), is nearly 
et]util to R„., -. 

R„{U-C,) = RL.II -I- IRl.r -H R'i^)/Rl.,] 

= 1.000198/;°,,,. 

MACH-I fluxes and MC' cross sections generated from 
the I ; N D F / H data for lithium were used to calculate 
the term in brackets. To correct for decay, a tritium 
half-life of 12.346 ± 0.002 yr"°' wa.s used. 

IVLingancse capture rates were measured by the 
same beta-gamma coincidence method used in our 
previous a determinations. Manganese foils, 0.001 in. 
thick, were irradiated at various positions along the 
axis of the cylindrical manganese aKsorber with the 
plane of the foils parallel to the cylinder base. Cylinder 
and foil diameters were equal. These foils were counted 
at two different times so that a correction could be 
made for the small amount of the Cu-64 activity 
produced in the foils. The capture rate of the manganese 
sample was then evaluated from the etiuation 

R. .r - r rn.y{m)dm/M •• 
•'0 

dx, 

where M is the total mass of the manganese sample and 
X is the fraction of the sample mass between one end 
of the cylinder and the position of the foil whose 
normalized specific capture rate is r„,y{x). Gaussian 
quadrature methods were used to perform the mmierical 
integration. 

From this capture rate one may evaluate the specific 
manganese absorption rate, /?„(]\ln), as follows; 

TABLE n i -23- I I l . T>i-G AND MANGANESE ABSOLUTE SPECIFIC ABSORPTION UATES 

Sample 

Li«-27 
Li«-26 
Li«-29 
Li«-33 
Li'-19 
Li«-32 

Jf.(Li-6) 
abs/g-sec 

(7.16740 ± 0.06920) 10' 
(7.26608 ± 0.04269) 10' 
(7.24747 ± 0.12053) 10' 
(7.27356 ± 0.14013) 10' 
(7.28337 ± 0.08587) 10' 
(7.4.3519 ± 0.17289) 10' 

Sample 

Mn-2 
Mn-3 
.Mn4 
,Mn-5 

R„{Mn), 
abs/g-sec 

(2.94339 ± 0.017026) 10' 
(3.03406 ± 0.018928) 10' 
(2.90226 ± 0.018347) 10' 
(3.02240 ± 0.013912) 10' 

Weighted Mean: Ka(Li-6) 
fl.(Mii) 

(7.27701 ± 0.04097) 10' abs/g-sec 
(2.99328 ± 0.02178) 10' abs/g-sec 
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fl„(Mn) = «„ , , [ ! -f (fl„,„ -f- ft,,p)//e„,,]/aM„ 

= 1.0.53466 i f„ , , . 

The fraction of manganese in the sample is OMA and 
the term in brackets was also evaluated from E N D F / B 
data. In Table 111-23-111 we li.st the measured absorp
tion rates, normalized to the reference flux level, for 
both Li-G and manganese. 

REACTIVITY MEASUREMENTS 

Reactivities were measured using the fine autorod 
mechanism and radial sample changer available in the 
ZPR-9 facility. Equations similar to those used to 
evaluate isotopic fission and absorption rates are 
needed to extract the required reactivities from the 
measurements. Thus, for the plutonium samples, 

239 _ (ppu-Ai — OAIPAI) 

*" (1 - aAi)o2i,[l -I- (a24op»-|-a2i,p"')/a.39P=='] ' 

where the a's have already been defined and the p's 
refer to .specific reactivities. Again, the MACH-I 
program was used to evaluate the term in brackets. 
Similar equations apply to the enriched and depleted 
uranium samples. 

p ' ( U ) = aMSp'^'ll + (OojlP"'" + 02:)6P''"')/a236p"''] 

I .. 23S 
i " « 2 3 8 P 

' ' / T T ^ «<* 235 , d 2 3 8 i , , / d 2 3 6 / d 2 3 8 \ i 

p ( U ) = 0235P -|- a238P U + (a236P /a238P }J. 

For the case of lithium, 

p'(Li) = OLiOcp [1 -f- (aciPci + OcPc + asp-K)/ai.ia'sp'] 

-f OLIOVP' 

P (Li) = OLiajp -I- (!Li«7p'[l + (iciPci + "cPc 

Finally, for the manganese sample, 

PMn 

_ (Palloy — flCuPCu ~ QNiPxi) 

<iMn[l + (cicpo + a^iPr; -)" aopo -|- aHpH)/aMnPM„] ' 

The terms in the numerator were determined from 
experimental data while the terms in the brackets were 
evaluated from E N D F / B data and MACH-I ctdcula-
tinns. Specific reactivities, measured at the center of 
the reactor, are listed in T.able III-23-IV. 

RESPONSE TO EXTRANEOUS Cf-252 XEUTRON SOURCE 

Two Cf-252 spontaneous fission neutron sources 
were prepared and sealed by welding in double-walled 
aluminum containers. Both capsules are of identical 
dimensions, ̂ ^f 6 in- long and 0.665 in. diameter. The 

T.\BLE II1-23-IV. SPECIFIC REACTIVITIES 

Sample 

Pu-239 
Pu-239 
Pu-239 
U-235 
U-235 
U-235 
U-238 
Li-6 
Li-7 
Mn 
Al 
Cu 
Ni 

WaU 
Thickness, 

in. 

0.005 
0.015 
0.030 
0.005 
0.020 
0.040 
0.035 

Specific Reactivity, 
Ih/g 

(7.23013 ± 0.03986) 10"' 
(7.20374 ± 0.02363) 10-" 
(7.19046 ± 0.01063) IO"' 
(6.31267 ± 0.03375) IO"' 
(0.16492 ± 0.01012) Ifl-" 
(6.03137 ± 0.02283) 10"' 

-(5.03893 ± 0.03612) IO"' 
-(8.86939 ± 0.01055) 10^' 
-(9.78881 ± 0.27930) 10"' 
-(5.04177 ± 0.01317) 10"" 
-(2.38821 ± 0.03141) IO"' 
-(4.23687 ± O.0185O) 10"' 
-(2.72312 ± 0.01006) 10-' 

0.2 0 .4 0.6 0.8 
(/(FREQUENCY) 

F I G . III-23-1. Reactor Response to Cf-252 Spontaneous 
Fission Neutrons. ANL Neg. No. 113-1407. 

strength of each source was measured by the manganese 
bath technique." For these a measurements, the two 
sources were placed end to end and used as a composite 
source. April IS, 196S was chosen as a reference date 
and the combined strength of these sources at this time 
was found to be 
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S(4/18/68) = (7..54784 ± 0.03032) 10' 

-I- (4.95932 ± 0.02137) 10° 

= (1.25072 d= 0.00371) lO'n/sec. 

The measured reactivity of an cKtraneous neutron 
source consists of two parts. One part is the reactivity 
of the source container as well .as the reactivity associ
ated with neutron-induced reactions in Cf-252. We 
shall denote this reactivity contribution by pa. The 
second part is the apparent reactivity associated with 
the emission of spontaneous fission neutrons. Call this 
contribution p (S). Then 

Po - p'(S), (4) 

where p„ is the measured reactivity. Xow p (S) varies 
directly as the neutron source strength .S ;ind inversely 
as the reactor power level. Thus, pa may be determined 
by measuring p„ at several different power levels. 
Figure III-23-1 shows a plot of p„ versus (1 / / ) , where 
/ is the frequency output of a voltage-to-frequency con
verter connected to an ion chamber which monitored 
the reactor power level. The intercept of this graph is 
Po. Data were corrected for the effect (jf subcriticality " 
and fitted by the least-squares process, and the weighted 
mean of two such measurements gave the result 

po = -0.179359 ± 0.003045 Ih. 

What is needed in Eq. (1) to determine the capture-
to-fission ratio is p'(S), adjusted to the flux level to 
which the reaction rate measurements have been 
normahzed. At a low power level, where the effect of 
the extraneous source is much enhanced, pm was meas
ured and at the same time the flux level was monitored 
with gold and manganese foils at the reference position 
used for the reaction rate determinations. I t follows 
from Eq. (4) that 

p'(S) = (p„ - pa)e'"-N, 

where e^'^ corrects for the decay of the neutron .source 
strength between the reference date (4/18/68) and 
the later time when p„ was measured. N is the flux 

normalization ratio, the flux level for tlie p„ measure
ment divided by the flux level to K}iwh all the reaction 
r.ate mea.surements have been normalized, t h e weighted 
mean of two such measurements is 

p'(.S') = 0.173,506 ± 0.000964 Ih. 

CALCULATED QUANTITIES 

Several quantities appearing in Eqs. (1) through (3) 
must be obtained by calculation. These are Wa(A )/W„, 
W,/W,{S), V, and [1 - (P,/P)\, where 

TFa = Y.<>*'(''.- + <^/>.*./ Y.(<'< + " / ) . * . 

KV = E •i>*Xi 

i' = S (ra,)/^,/ 22 an^i. 

These ciuantitics have been calculated using MC^ cross 
sections obtained from the E N D F / B data and flu.\es 
and adjoints from the MACH-I code. For Li-6, man
ganese and Pu-239 jierturbed fluxes, obtained from a 
self-shielding calculation," were used. The l'-235 and 
l'-238 samples were hea\ily shielded by the surrounding 
core materials and therefore fluxes characteristic of 
the center of the core were used for these calculations. 
These results are summarized in Table III-23-V. 

RESULTS 

With the ((uantities found in Tables III-23-I1 
through III-23-V together with the californium data, 
the capture-to-fission ratios may be evaluated from 
Eqs. (1) through (3). The a values determined in this 
manner are shown in Table III-23-VI. Values listed 
under the column headings; a-^In and a-Li^ are calcu
lated fn>m Eq. (1) with manganese and Li-0 as the 
reference absorbers, respectively. Under the a-V^ 
heading are the values calculated from Eq. (2) using 
the radiochemical result for a™. X'̂ ote that the first 
entry in this column is the radiochemical value ofa™. 

At the start it was recognized that manganese was 
not an ideal reference absorber for a determinations in 

TABLE III-23-V. CALCULATED QUANTITIES FOR (1 -t- a) ME.\SUREMENTS IN Z P U - 9 , ASSEMBLY 24 

Isotope 

Pu-239 
Pu-2.39 
Pu-239 
U-235 
U-238 
Li-6 
Mn-55 

Thickness, 
in. 

0.006 
0 016 
0.030 
0.005 
0.035 

— 
— 

1 - (p,/o) 

1.00591 
1.00700 
1.00842 
1.00893 
0.84064 
0.99116 
0.99497 

W//If/(Cf) 

0.98950 
0.98958 
0.98967 
0.98053 • 
0.98643 

»'o(Li-6)/lI'. 

0.96651 
0.96625 
0.96719 
0.97328 
0.99886 

ir,.(Mn)/lt'„ 

1.07489 
1.07572 
1.07676 
1.08354 
1.11202 

Ifa (U-238)/IK, 

0.96661 
0.90735 
0.96829 
0.97439 
1.00000 

V 

2.91678 
2.92183 
2.92982 
2.44962 
2..S0292 
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Sample 

U-238 
U-238 
U-235 
U.235 
U-235 
U-235 
Pu-239 
Pu-239 
Pu-239 
Pu-239 

TABLE III-23-VI. MEASURED CAPTURE-TO-FISSION RATIOS 

Thickness, 
in . 

0.000 
0.035 
0.000 
0.005 
0.020 
0.040 
0.000 
0.005 
0.015 
0.030 

a-Mn, 
Eq. (1) 

6.124 ± 0.076 

0.068 ± 0.021 
0.061 ± 0.022 
0.052 ± 0.021 

0.205 ± 0.026 
0.183 ± 0.026 
0.167 ± 0.024 

<i-Li', 
Eq. (1) 

7.855 ± 0.086 

0.327 ± 0.026 
0.318 ± 0.027 
0.307 ± 0.026 

0.497 ± 0.031 
0.471 ± 0.033 
0.450 ± 0.030 

a-U"", 
Eq. (2) 

8.020 ± 0.101 

0.352 ± 0.031 
0.343 ± 0.032 
0.331 ± 0.031 

0.525 ± 0.037 
0.498 ± 0.038 
0.477 ± 0.035 

a Calculated from 
ENDF/B Data 

9.183 

0.346 

0.362 

fast spectra because its scattering cross section is very 
large relative to the capture cross section and the cross 
sections are not known precisely. For this case the 
correction factor [1 — |/3s(^ii^)/p(Mn)|] is large and 
uncertain because it depends very sensitively on the 
shape of the adjoint flux. The results in Table III-23-VI 
certainly support this prediction. However, the very 
wide disagreement between a values based on the 
manganese data from those obtained from the Li-6 and 
U-238 data is not completely understood and is still 
under investigation. 

It is seen from Table II1-23-V1 that the reactivity-
reaction rate method using Li-6 as the standard ab
sorber gives an a value for U-238 Avhich is in agree
ment, within experimental errors, with the independent 
result based on radiochemical techniques. This provides 
a direct check on the self-consistency of this reactivity-
reaction rate technique for measuring capture-to-
fission ratios in low flux systems. 

T. L. Andersson et al.,^* and W. N. Fox et al.,'^ used 
the reactivity-reaction rate method to determine a^^^ 
and a"^ in different fast reactor spectra. Since they did 
not have a calibrated Cf-252 fission source, they relied 
on a calculated value for W//Wa , the worth of virgin 
fission neutrons relative to that for neutrons absorbed 
in the sample. For purposes of comparison, we too have 
evaluated our data omitting the information provided 
by the californium source. From first-order perturba
tion theory we obtain the result 

(1 + a ) = vWf/W, 

TABLE III-23-VII. MEASURED CAPTUHE-TO-FISSION RATIOS 

BASED ON A CALCULATED VALUE FOR THE RELATIVE 

WORTH OF VIRGIN FISSION TO ABSORBED NEUTRONS 

p[l - (p,/p)]R,(A)Wa(A) (5) 

p{A)[l - {p.(A)/p{A)]]R,W,. 

Using the U-238 data, 

(1 + a) = vW,/Wa + 

p[i - (p./p)]Rrwr[i -f a"' - (p"TFr/iy")] (") 
p'^tl - (p™/p™)]fl/IFa 

All the symbols in these equations have been defined 

Sample 

U-238 
U-235 
U-235 
U-236 
Pu-239 
Pu-239 
Pu-239 

Thickness, 
in. 

0.035 
0.006 
0.020 
0.040 
0.005 
0.015 
0.030 

a-U*. 
Eq. (5) 

7.782 ± 0.072 
0.265 ± 0.019 
0.256 ± 0.021 
0.244 ± 0.019 
0.423 ± 0.024 
0.397 ± 0.027 
0.376 ± 0.023 

S-U=", 
Eq. (6) 

8.020 ± 0.101 
0.208 ± 0.033 
0.198 ± 0.035 
0.180 ± 0.034 
0.352 ± 0.042 
0.324 ± 0.044 
0.302 =t 0.042 

previously. Capture-to-fission ratios calculated from 
these equations are shown in Table III-23-VII. 

A comparison of the 5 values quoted in Tables 
III-23-VI and ni-23-VH shows that one cannot rely 
on calculator values for the relative worths of fis.sion 
to absorbed neutrons. The use of a Cf-252 spontaneous 
fission source improves the reliability of capture-to-
fission ratios measured by the reactivity-reaction rate 
technique. 

The uncertainties listed in Tables III-23-VI and 
III-23-VH are the standard deviations in the a meas
urements. These errors include an estimate of the 
uncertainties associated with the values of p, the 
calibration of the NBS tritiated water standard, and 
the half-life of tritium. However, possible errors in the 
yield of Mo-99 in the fission of Pu-239, U-235, and 
U-238 have not been taken into account. 

The measured capture-to-fission ratios for Pu-239 
obtained here are considerably larger than the value 
calculated for an infinitely thin sample using the 
E N D F / B data. Thus, the E X D F / B data apparently 
underestimates the amount of capture or overestimates 
the amount of fission in Pu-239. 
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III-24. Li-6 as a Reference Absorber for Capture-to-Fission Ratio Measurements 
in Zero Power Fast Critical Assemblies 

M. M. BRETSCHER 

INTRODUCTION 

Low flux capture-to-fissiori ratio measurements, 

described inRefs. 1 and 2, use a reactor oscillator method 

in combination with absolute counting. As tests of this 

direct low-flux method, the effective capture-to-fission 

ratio a was measured for U-235 in both the thermaP 

and epithermal* portions of the flux in the Argonne 

ZPR-7 facility, Hi-C Core 10. Having demonstrated 

that capture-to-fission ratios can be measured in zero 

power thermal systems by this technique, a study^ 

was undertaken to determine what modifications, if 

any, were needed to apply this method to a measure

ments in low-power fast critical assemblies. 

For a measurements corresponding to nearly thermal 

energies, manganese proved to be a very useful sub

stitute material, or reference absorber. However, in a 

fast flux the manganese {n,y) cross section is very small 

and a large fraction of the total cross section comes 

from scattering. It will be shown that Li-6 is a nearly 

ideal absorber and more appropriate tha!i manganese 

for use in a measurements by the oscillator method in 

zero power fast reactors. A technique for determining 

the absolute absorption rate in a Li-6 sample is also 

described. 

T H E OSCILLATOR METHOD 

According to first-order perturbation theory, the 
reactivity associated with a fi.ssile material located at 

the center of a reactor may be written as^ 

• + Pabior; + P„ 

= T, / r z -t-ix, z (w/),0, 
IJ •'sample \_ I i 

- E</'*(<'. + I ' / ) .* - Z E (<*>,* - <t>t)a,^,,,t,,'\ dV, 

where A' is the number density of nuclei iu the sample; 

Ol, (ft , and ir,,i are microscopic fission, capture, and 

transfer (from thoi th to the Wh group) cross sections, 

respectively; <i>i and <t>> are the real and adjoint flu.xes 

belonginK to the rth group; v is the average number 

of neutrons per fission; and xi is the fraction of fission 

neutrons born into the j th group. The perturbation 
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denortiinator is denoted by D. For small samples the 
unperturbed flux is essentially constant over the dimen
sions of the sample and the above eciuation may then 
be written in the form 

T,\BLE n i -24 .1 . C.\Lri L.iTEii Ql ANTITIES FOR (1 + a) 
ME.ASIREME.NTS I.N ZPIi.9 ASSEMBLY 24 

pd -

where 

P./p) [W,-!>R, W,R,{\ + a)]/D, (1) 

p,/p = fraction of the total reactivity 
resulting from scattering 

Rf ,Rc = fission and capture rates in the 
sample, respectively 

p = E ' '"'i^t't'i/zL. <'/i<t>i 

= average number of neutrons 
emitted per fission 

a = Rc/Ri = effective capture-to-fis.sion ratio 
Wj = E "̂ i Xi = average neutron importance 

* weighted according to the sam
ple's virgin fis.sion neutron dis
tribution 

Wa = X-^*'^"' + "l^i't'i/T, (<'c + "Ai^, 

= average neutron importance 
weighted according to the sam
ple's absorption rate. 

For a nonfissionable absorber, 

p[A)[\ - p.(A)/p(A)\ = -Ra(A)W.(A)/D^, (2) 
where /o(.4) and /?„(.4) are the reactivity and absorp
tion rate of absorber A, respectively. Similarly, an 
extraneous neutron source has an apparent reactivity 

p\S) = SW,(.S)/Ds, (3) 

where S is the neutron emission rate. The perturbation 
denomin.ators in the reactivity expressions for the ab
sorber and extraneous source are denoted by DA and 
Ds, respectively. 

Xow if the reaction rates R/ and Ra(A) and the 
apparent reactivity p'(S) are all normalized to the 
same flux level Z> = £»., = Ds , Eqs. (1) , (2) , and (3) 
combine to give 

RSA)Wa(A)/Wa 

(4) 

(1 + a) 
p ( A ) [ l - p . ( A ) / p ( A ) l 

[p(\ - p./p) vp'(S)W,/W,(S)' 

I Rr S A 

W. C. Redman has suggested' that capture-to-fission 
ratios could be measured in zero power reactors through 
the use of F:q. (4). The quantities RM), Rf , S, p,p(A) 
and p'{S) appearing in this equation are measured 
experimentally while the other terms must be cal
culated. Reactivities may be measured with a pile 
oscillator while absolute counting methods are needed 
to determine the reaction rates and the neutron source 
.strength. 

Quantity 

1 - (p.//.) 
w,/WAC{) 
W„(Mn")/iV„ 
W.(U'}/W, 
W\(B")/W, 

n'.(U"')/w. 
'^ 

Pu-239 

1.00478 
0.99496 
1.1570fi 
0.97461 
1.01433 
0.95790 
2.91332 

U-23S 

1.00730 
0.98171 
1.11)545 
0.98159 
1.02170 
0.9(>48() 
2.44795 

U-238 

0.84449 
0.98932 
1.20791 
1.01734 
1.05891 
1.00000 
2.80230 

Li-6 

0.99386 

B-10 

0.99936 

Mn-55 

1.13909 

CHOICE OF A UEFEHENCE ABSORBER 

In order that the quantity (1 + a) be relatively 
insensitive to calculated corrections, materials must 
be chosen such that Wf/Wf(S), W,iA)/W^ and 
[I — ps(A)/p(A)] are all very close to unity for the 
neutron spectrum of interest. Also, the reference ab
sorber must lend itself to an absolute determination 
of the absorption rate RJA). 

A Cf-252 .spontaneous fission source is a very ade
quate choice for the extraneous neutron emitter. As 
seen in Table IIL24-I, \Vf/Wf{Cf) differs from unity 
by less than 2% for both U-235 and Pu-239. 

Three materials, Mn-55, Li-6, and B-10, have been 
considered as references for Pu-239 and U-235 a meas
urements in fast spectra. For ZPR-9 Assembly 24,'^' 
Wa(A)/Wa and [1 - p,(A)/p(A)] have been calculated 
for these materials located at the center of the core. 
The results are summarized in Table III-24-1. These 
quantities were calculated from MACH-l'^' fluxes and 
thirty-group cross sections generated by the MC^ 
code.^ No self-shielding corrections have been made. 

Table III-24-I shows that manganese is not very 
suitable as a reference absorber because the value 
obtained for (1 + a) depends strongly on the calculated 
corrections [1 - p«(i\In)/p(Mn)] and W„(Mn)/Wa. 
On the other hand, Li-6 and B-10 appear to be equaUy 
suitable for use as standards since these corrections 
amount to only a few percent at most. 

Radiochemical methods may be used to measure 
fission and capture rates in U-23S. Thus, (1 + a) 
measurements may be made relative to an experimental 
value of (1 + a) for U-23S. For this ca.se, Eq. (4) takes 
the form 

[ p d - p./p) 
Rf 

r p ( i - p./p) 

L Rf 

vp(S)Wf/Wf(S)' 

s 
Vp'(S)W,/Wf(S)-

s 

WW') (5) 

Wa ' 

Unfortunately, as Table III-24-I shows, .scattering 
contributes about 15.5% to the total measured reac-

http://ca.se
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tivity of U-238, necessitating a relatively large cal
culated correction. Nevertheless, the use of U-238 
offers a direct check on the self-consLstency of this 
technique for measviring the capture-to-fission ratio. 
One can compare the (1 -|- a) value for U-238 a.s ob
tained through the use of a reference absorber [Eq. 
(4)] with the direct radiochemical determination. 

Capture-to-fission ratio measurements in fast spectra 
using this technique have been reported recently;"'^^ 
however, Wf was calculated rather than determined 
experimentally with a californium source. In both of 
these measurements, B-10 was chosen as the standard 
with BF3 counters used to determine the absorption 
rates. Reactivity measurements were made with an
nular samples of B-10. Consequently, the sample used 
for reaction rate measurements had a self-shielding 
factor different from that used for the reacti\'ity de
terminations. 

For the recent mea.surements of a for Pu-239 and U-
235 in ZPR-9 Assembly 24 (see Paper III-23) Li-6 was 
chosen as the reference. Cylindrical lithium .samples, 
enriched to 95.6% in Li-6, were extruded in an argon 
atmosphere to a diameter of 0.623 in. and cut into 
lengths of 0.850 in. The samples were weighed and 
sealed by electron beam welding in aluminum cans 
having a wall thickness of 0.020 in. These samples were 
u.sed for both reactivity measurements and absolute 
absorption rate determinations. 

ABSOLUTE Li-6 ABSOHPTION RATE 

The absorption rate in Iji-6 may be WTitten as 

Ra(U') = /?„ .„ + R„.y + Rr..,. = 

R..AI + (R,.y + ff..,)/«,,J = 

1.000198 fl„,,, 

where (R„.y + R„,,)/R„,, is calculated from MACH-1 
fluxes and MC ' 30-group cro.ss sections using EXDF/B 
data for Li-6.'"' Thus, the absorption rate is dominated 
by the reaction Li" + n — He' -f H' . 

This reaction rate can be determined by measuring 
the tritium activity induced in the irradiated sample. 
Following the irradiation, tritium may be removed 
from the lithium .sample by an isotopic dilution method 
using hydrogen as the carrier gas. This technique was 
used by a number of inve.stigator.s"''^ who mea.sured 
the Li'{n,/) cross section. 

Briefly, the procedure consists of placing the ir
radiated .sample in a stainless steel oven, evacuating 
the .system, and then adding a known amount of hy
drogen from a calibrated reser\'oir. The oven is then 
heated to about 750°C. In the hydrogen environment 
the lithium at this temperature is readily converted 
to molten lithium hydride and additional hydrogen is 
added to maintain a pressure of about one atmosphere. 
Once the hydrogen pressure reaches an equilibrium 
value, the oven temperattu-e is raised to about 900°C 
where the LiH readily decomposes with the liberation 
of a mixture of hydrogen and tritium gas. Following a 
technique used by E. N. Sloth, et al.," this hydrogen-
tritium mixture is passed over a hot (750°C) bed of 
CuO. The hydrogen reduces the CuO with the subse
quent formation of water Aapor which is then collected 
in a liquid nitrogen cold trap. The activity of this 
tritiated water is determined by dissohing a portion of 
the sample in a dioxane base liquid scintillator and 
counting the tritium decays. Calibration of the counting 
system is .iccomplished by the use of a tritiated water 
sample obtained from the National Bureau of Stand
ards. The absolute activity of this NBS standard was 
measured by two independent laboratories"" with 
results that agree within 0.2o%.<™i 

Apparatus for extracting tritium from neutron-
irradiated lithium samples has been built and tested. 
A sketch of this .system is shown in Fig. III-24-1, 
where P, and Fj represent thermocouple pressure 
gauges. Oven walls and thermocouple wells are made of 
Type 347 stainless steel in order to minimize hydrogen 
losses by diiTusion through the hot sm-faccs.=' Also, 
Type .347 stainless steel is more corrosion resistant to 
molten hthium and lithium hydride than most mate
rials. The oven for heating the lithium sample is fitted 
with a Type 347 stainless steel liner which is replaced 
at the beginning of each extraction. This prevents 
cross contamination from one sample to the next. 

Before each tritium extraction a freshly activated 
bed of CuO is prepared. Hydrogen is passed over com
mercial grade CuO (in wire form) at a temperature of 
about 350°C. After reducing .all the CuO to copper the 
hydrogen flow is stopped and the excess ga-s is ptmiped 
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out of the .system. Oxygen is then passed over the bed 
at a temperature of 425°C. With the formation of a 
fresh .supply of CuO the oxygen supply is turned off 
and the entire system is outgas.sed. A greater fraction 
of the initial hydrogen is converted to water if freshly 
activated CuO is used in place of a commercial grade 
of CuO. 

With the oven at room temperature, the alumimmi-
jacketed lithium sample is placed in position and the 
reservoir is filled with ultra pure hydrogen (99.999%). 
The reservoir pressure is read with a fused quartz 
precision pressure gauge and the temperature is also 
measured. Typically, the initial pressure is 30.00 psi 
at room temperature. 

After evacuating the system, the oven containing the 
lithium sample is valvcd off from the fore pumj) and 
about one atmosphere of hydrogen is added to it. 
The oven is now turned on and the temperature set at 
750°C while additional hydrogen is added so as to 
maintain a pressure of about one atmosphere. Com
plete formation of LiH is signaled when the pressure 
reaches an equilibrium value. The oven temperature 
is now raised to 900°C where lithium hydride readily 
dissociates'^ and the gas is allowed to slowly flow from 
the lithium oven over the hot (750°C) CuO bed to the 
liquid nitrogen cold traps which have been isolated 
from the vacuum pump. After all the hydrogen in the 
reservoir has been u.sed, the tritiated water is vacuum 
distilled into the second trap and then carefully weighed. 
About 6 h are retiuired for the extraction and the 
amount of water collected shows that about 1 % of the 
initial hydrogen supply is lost during this time. 

A small fraction of tritium probably remains in the 
lithium-aluminum residue following the primary ex
traction. To investigate this possibility, the system was 
allowed to cool and then a second extraction was 
performed on the sample. The activity of this .second 
water sample was only 0.05 % of that of the fir.st. Fol
lowing this second extraction, the residue was again 
allowed to cool and was then dissolved in ethyl alcohol. 
The hydrogen released in this process was passed 
through a series of liquid nitrogen cold traps designed 
to freeze out any alcohol vapor that might be present. 
Again the hydrogen was passed over the hot CuO bed 
with the water vapor collected in the final traps. The 
activity of this water sample was about 0.06 % of that 
of the first sample. 

The aluminum jacket surrounding the lithium sample 
does not disturb the results. During the initial heating 
process the aluminum melts and lithium aluminum 
hydride may be formed: 

Li + Al + 2H, • LiAlHi. 

However, this compound readily dissociates at tem
peratures above 200°C:'°" 

200°C 

LiAlHj - • LiH -f Al -\- ^-zH.. 

F. Brown, et al.,^* ha\'e shown that no detectable 
amounts of tritium result from neutron interactions 
on alumiiuim. 

The lithium samples contain 4.4% Li-7 and .so a 
small correction must be made for the tritium activity 
resulting from the Li^(rt,ft'a)H^ reaction. Lithium 
samples containing 99.993% Li-7 were irradiated and 
the induced tritium activity was measured by the 
methods just described. The tritium produced in the 
Li-7 reaction recjuires a correction of only 0.005%. 

With the methods just described the /?a(Li-6) re
action rate can be measured with an accuracy of about 
1 % for samples irradiated in zero power fast reactors. 
The oscillator method was recently employed using 
Li-6 as the .standard absorber to measure a for Pu-2.39 
and U-235 in ZPR-9 Assembly 24 (see Paper III-23). 
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III-25. Prel iminary Measurements of the Fission Yield of Mo-99 and Ba-140 
from Pu-239 in Fast Spectra 

R. J. AHMANI, R . GOLD, R . P . LARSEN* and J. H. RoBERTst 

Absolute radiochemical yields from fast neutron 
induced fission in Pu-239 have not been accurately 
measured to date, as may be inferred by an examination 
of the appropriate literatme.'"' The need for these 
yields has and will continue to increase with the in
creased use of Pu-239 fuel in fast reactors. Several 
yields are extremely useful for radiochemical deter
minations of fuel burn-up, such as Mo-99, Ba-140 and 
Cs-137. Consequently, accurate yield data for any of 
these isotopes is highly desirable. 

Fission yield measurements for Pu-239 in fast neutron 
spectra have been planned. These measurements will 
be made in environments where the neutron spectrum 
has been well calculated and, wherever possible, experi
mentally measured (either by time-ot-flight or with 
proportional counters). The spectra that have been 
chosen are similar to those expected in fast breeder 
reactors. Initial measurements will be made of the fis
sion yields of Mo-99 and Ba-140. Subsequent measure
ments will include other isotopes of interest. 

The initial measurements of Mo-99 and Ba-140 will 
be carried out by using radiochemical techniques to 
determine the amount of Mo-y9 and Ba-140 produced 

* Chemical Engineering Division, Arg<jnne National 
Laboratory. 

t Northwestern University, Evanston, Illinois. 

in irradiated Pu-239 foils. The measurement of the 
total number of fissions which occur in the foil will be 
accomplished by using the solid-sttite track recorder 
technique.* Irradiations will be carried out with nano
gram quantities (10~' g) of Pu-239 plated on platinum 
planchets. These electroplated samples will serve as 
fission sources for the solid-state track recorders. In 
addition, such small quantities of Pu-239 will be ac
curately determined by alpha counting, since the 
Pu-239 half life has been accurately reported. Milligram 
quantities of Pu-239 in the form of metal foils will be 
included in the sample capsules for the radiochemical 
determination of Mo-99 and Ba-140. The arrangement 
of track recorders and metal foils in the capsule will be 
such that .symmetry, flux gradients, and flux depression 
will be taken into account. 

The fission yield can then be calculated from the 
fission rate equation 

A 
F(l - e->-') ' (1) 

where 
Y = fission yield 
F = fission rate 
A = •' ''-- '• activity of the isotope of interest 



26. Pacilio 183 

X '= decay constant of the isotope of interest 
( = irradiation time at constant flux level. 

It is expected that with these techniques, it will even
tually be po.ssible to attain accuracies of 2% for Mo-99 
and Ba-140. 

Preliminary measurements have been planned for 
the Gulf General Atomics Assembly, ZPR-3, and the 
,\rgonne Thermal Source Reactor (ATSR) Snell Block. 
The fast neutron spectum is either well calculated or 
measured for al! these environments. 
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111-26. Reactor Neutron Noise Studies 

N. PACILIO* 

An extensive and detailed study has been made 
concerning advanced methods of reactor-neutron-
noise time analysis. These methods can yield ac
curate information on reactor kinetic parameters 
and will therefore become more important in both 
basic and applied aspects of nuclear reactor science 
and technology. 

The presentation is divided into five sections repre
senting independent areas of reactor neutron noise 
studies. This summary, which is essentially theoreti
cal, is dedicated to a better understanding of the 
phenomenology involved in the various experimental 
procedures. Those subjects which have been more 
completely covered in the literature are cited in the 
general reference list. 

THE ROLE OF THE POLARITY CORRELATION 

FUNCTION IN REACTOR-NOISE 

ANALYSIS 

The most recent trend of noise analysis is oriented 
to the consideration of a discrete noise field to be 
sampled in the time domain. This return to the study 
of individual pulses must be essentially intended as 
an extension of the original approach, motivated by 
new theoretical and technological opportunities, which 
now allow a profitable application of noise tech
niques to any type of reactor. Among the main ele
ments of this approach is the development of new 
techniques' in which only the sign of the signal (with 
respect to the mean value) is needed to determine 
the time-correlation function and, therefore, the 
kinetic parameters. 

* Resident Associate, Comitato Nazionale Per L'Energia 
Nucleate, Rome, Italy. 

The work has been limited to considering the 
techniques involving polarity correlation; this func
tion and its dependence on the probabiHty distribu
tion of pulses are introduced and described. Several 
types of amplitude distributions are considered in 
order to take into account the possible characteristics 
of the detected pulses, viz. their limited number, the 
mutual degree of correlation and some other non-
Gaussian properties. 

The polarity correlation function is expressed as a 
function of the numerical correlation function of 
counts, under the hypothesis that the signal from a 
neutron detector placed inside a reactor follows a 
Gauss or an Edgeworth amplitude distribution. Since 
the correlation function of the power level signal in a 
steady-state operating reactor has been extensively 
treated by many authors, the polarity algorithm and 
its experimental applications find, in this way, the 
link to reactor kinetic analysis. 

The well-known sinusoidal-'^ relation between the 
polarity correlation and the numerical correlation 
function—valid under the Gaussian and standard-
measure assumption—needs to be modified* when the 
previous conditions are not satisfied, i.e. for non-zero 
mean, skew and non-mesokurtic distributions. The 
corrections have been calculated for the conditions of 
small or an unrestricted degree of correlation between 
the two variables. Some questions arising from the 
experimental realization of the technique have been 
treated. I t has been noted that the first-order cor
rections are proportional to the correlation or con
stant; they do not affect the obtainable results since 
the required correlation function is a linear combi
nation of exponentials whose decay constants give 
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the wanted information. If a higher degree of correla
tion is achieved, the sensitivity ot the method is im
proved but higher-order corrections are not negligible 
anymore and the interpretation of the experimental 
data is less immediately feasible. 

REACTOR-NOISE ANALYSIS FROM THE SIGN OF THE 

FLT'CTUATIONS AROUND A STEADY-STATE 

POWER LEVEL 

The method described' has its point of departure 
essentially in the Feynman variance procedure, which 
is the common ancestor of the whole ensemble of neu
tron statistics techniques applied at the present time. 

Until now, no results have been obtained by meas
uring the covariance between samplings from two 
counters, as suggested by C E. Cohn," who emphasizes 
some advantages of this technique not obtainable by 
using a single detector and the computation of the 
variance. In fact, the adoption of two counters relieves 
the stringent necessity of a high detection-efficiency 
and allows these techniques to be applied to fast 
systems also. 

The theoiy concerning this experiment can be 
easily extracted from some of the previous works on 
the subject merely by taking into account the presence 
of two differently effective detectors and the conse
quent modifications. In this way a relation can be 
obtained between the covariance of the neutron counts 
from both detectors and the kinetic parameters of the 
system. This relation also depends on the time inter
val adopted to record the counting events. Although 
this covariance method seems to offer good experi
mental prospects, its realization may benefit from 
further improvement if the meaning and the role of 
the covariance of a certain joint distribution of 
variables is recalled and appropriately used in order 
to optimize the data collection process. In fact it can 
be shown that no numerical information about the 
two signals is indispensable for the calculation of the 
covariance, since merely knowing the sign of the two 
variables with respect to their mean values and 
employing some properties of the probability distribu
tion function allows the covariance to be determined 
by a simpler and faster procedure. 

The experiment may be conceived on the following 

Assume that a certain population is sampled in a 
time interval t by two simultaneously operating 
counters and that some polarity information is col
lected from both of them, e.g. the sign of the differencer 
between the number of pulses occurring in that interval 
t and the mean number of events expected in the same 
interval t, or any other equivalent information about 

the mean level of the fluctuation signal (higher or 
lower with respect to the long-time-averaged level) 
in the given interval t. This measurement is repeated 
Â  times. 

Four types of results are clearly possible; let A l̂, 
A'2, ;V3, and A'4 be the number of pairs featuring 
the following combination of signs (-I--I-, —+, — , 
-H —), respectively. Their sum is equal to N. 

If the outputs of the two counters are positively 
(negatively) correlated, A'l and -V3 (N2 and A'4) are 
expected to be greater than A'2 and Ni (Nl and N3) 
according to the amount of coherence involved. This 
is obviously given by the covariance of the two varia
bles for the adopted gate-width t. If standard-measure 
conditions hold for both the variables, the covariance 
is also called the correlation coefficient. 

If calculated for the neutron population in a 
steady-state operating reactor, the covariance is a 
function of the reactor static and dynamic condi
tions, viz. reactivity, flux shape, and fuel, as well 
as of the time inten'al t. In particular, [cov(t)/mean] 
is monotonically increasing with respect to t from a 
zero value toward an asymptotic value depending 
essentially on the detector cfl3ciency and the reactivity. 
Thus, A'l and A'3 are expected to be as probable as 
N2 and A'4 in the case of short time intervals t, 
since the two detectors are actually independent; how
ever, in the case of longer intervals, a trend appears 
in both detectors toward a similar behavior of their 
characteristic counting fluctuations. Then, A'l and 
A'3 become more probable than A'2 and A'4; the excess 
of A'l and A3 and the defect of N2 and Ni can be 
quantitatively interpreted in terms of the increasing 
degree of coherence between the two detectors. In this 
way experimental observation of the quantities Nl, 
N2, .A3, and A'4 leads to the determination of cov(f), 
whose magnitude for various values of ( can be ana
lyzed and interpreted in terms of reactor parameters. 

In the first part of the work, the formation of cov(() 
is given in the case of the described experiment of two 
detectors placed inside or near a multiplying assembly. 
In the second part, the role of the covariance in the 
probability distribution of two correlated variables is 
outlined under the assumption of Gauss and Edge-
worth frequency surfaces and the possibility of its 
determination from only the sign of the variables with 
respect to their mean values is presented. 

Some geometric and numerical properties of the 
quantities involved, viz. the probability distribution 
functions, are also taken into account to allow a 
better and more direct understanding of some of the 
physical phenomena treated on the way to the final 
formulae. 
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RSMARKS ON METHOD.S BASED ON THE EXPECTED 

NUMBER OF CORRELATED NEUTRON PAIRS AND 

TRIPLETS FOR KINETIC PARAMETER 

DETERMINATION 

An interesting alternative to the variance experi
ment is based on the determination of the ratio of the 
expected number of correlated neutron pairs to the 
expected number of random neutron pairs in a given 
time interval. This parameter, Z, is strictly related 
to the instantaneous and mean counting rates and it 
is found to be quite close to the correlated relative 
variance Y. I t can also profitably replace Y in some 
experimental circumstances where the variance ap
proach proves unfruitful, i.e. for subcritical measure
ments. The procedure is unsuitable for non-zero power 
and fast reactor systems. 

The new method''* has its point of departure from 
an analysis of some of the inconvenient aspects ot 
the correlated relative variance method. In addition it 
possesses independent physical meaning and phenom
enology. Actually this procedure represents a new 
method of data treatment, since the measuring appa
ratus and the data collection can be essentially iden
tical to those adopted tor the conventional variance 
experiment. 

In order to understand the advantages ot the pro
cedure, some comments concerning the theoretical 
formulation ot the prompt variance analysis are 
necessary. In the prompt variance method, the main 
role is played by the quantity Y which suffers from 
the following shortcomings: 

1. Y is not a real reactor parameter since its magni
tude depends on detector sensitivity and loca
tion inside the reactor, i.e. it depends on the flux 
profile. 

2. The value ot Y is small in the time region 
where the maximum ot correlated neutron pairs 
is expected, i.e. its value is small in the range of 
time intervals a where its dependence on the 
prompt-neutron decay eigenvalue is strong and, 
conversely, becomes large where the dependence 
is no longer sensitive. 

3. The value of Y is small if detector count rates are 
small with respect to the overall fission rate, i.e. 
a location far away from the flux peak and/or 
small detector sensitivity. 

4. The dependence of Y on reactivity is such that 
Y decreases with respect to reactivity more 
rapidly than (1 — $ ) ~ ' , since increasing values 
ot a demand shorter intervals to be accurately 
determined. Thus the Feynman-variance method 
cannot be applied to strongly subcritical systems, 
a small Y being prohibitive for any analysis. 

5. In some assemblies such as natural uranium and 
light water lattices even the asymptotic and 
maximum values of Y are on the order of 0.01 
and hence then practicallj' useless tor any signifi
cant interpretation. 

The new term Z is equal to the ratio ot the expected 
number of correlated neutron pairs to the expected 
number ot random neutron pairs. The physical mean
ing and the basic characteristics of the parameter Z, 
partially in contrast with the quantity Y, can be 
summarized as follows: 

1. The value ot Z vanishes for a Poisson process, 
as does Y, according to the absence of any corre
lated pair. This is also equivalent to the tact 
that Z vanishes it no multiplication exists. 

2. Contrary to Y, Z is large in the range ot short 
time intervals and has a strong dependence on the 
value ot a. 

3. For very short time interv'als Z does not vanish, 
contrary to Y, since no correlation is detectable 
tor vanishing sampling intervals. Conversely, 
Z remains finite and tends to a maximum since 
the chances ot correlated pairs increase with 
respect to those of random pairs. The limit value 
Z(0) coincides with correlated-to-uneorrelated 
ratio of the Rossi-alpha experiment and there
fore offers a significant theoretical basis and the 
possibility ot comparison between the two tech
niques. 

4. For very long time inter\-als, but still in the 
prompt-neutron approximation, Z tends to van
ish, since the number of correlated pairs saturates 
and practically all random pairs are detected. 

5. Z is a characteristic physical parameter ot the re
actor, since it does not depend on detector loca
tion and sensitivity but only on reactivity and 
power (source) level as well as on the sampling 
interval A^ 

6. The dependence of Z on reactivity appears to 
be a direct function of a, i.e. the slope ot the be
havior, since the initial value Z(0) is approxi
mately constant for decreasing reactivities. 

Further and recent investigations' on the neutron 
fluctuation phenomena have considered the possi
bility of reaching additional intormation via a third-
order moment analysis of the distribution counts, 
and via the determination of the ratio ot the expected 
number of correlation neutron triplets to the expected 
number of random neutron triplets. Both procedures 
may be regarded as extensions of the second-order 
moments previously discussed. 

For instance, the mathematical formulation shows 
that, from a strictly theoretical point of view, experi-
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ments of this type yield the effective total fraction 
/3 of delayed neutrons and the prompt-neutron genera
tion time A separately without any need of static 
measurements. This would really be novel in reactor 
parameter measurements. 

Several types of analyses have been proposed ac
cording to the several combinations ot third-order 
moments which can be adopted in manipulating the 
collected data. The only experiment performed tor 
those purposes has shown that, at the present time, 
the horizon of those procedures is not larger than 
that offered by the second-order methods. Further
more, it has shown that a separate determination ot 
/3 and A is based on the detection of events (a triplet 
of neutrons originated from the same fission event) 
which is too rare and infrequent to make it possible, 
at least in thermal reactors. Thus, at the present time, 
the third-order experiment is just another type ot 
analysis which can be performed on the same set ot 
data useful tor the second-order experiments, and in 
some cases—e.g. those in which a very high efficiency 
is available—can allow a more adequate precision 
to be reached in comparison with the various variance 
procedures. 

COMMENTS ON SOME PROBABILITY METHODS USED 

IN REACTOR-NOISE TIME ANALYSIS 

Several methods based on analysis ot the time 
probability distribution ot neutron counts in a de
tector have been developed for the study of correla
tions among reactor neutrons. Four of them have in
teresting interrelationships and cover a wide range ot 
possibilities in reactor measurements. The first is a s . 
old as reactor technology itself or at least as old as 
the idea of a correlation experiment; the second was 
developed in the early 1960's while the remaining 
two have quite recently appeared in the literature. 

The four methods are (see Figs. III-26-1 through 
III-26-4, respectively): 

1. the Rossi-alpha methoti,'-'' based on the deter
mination of the time distribution of all pulses 
following a certain triggering pulse from the neu
tron detector; 

2. the zero count probability method,^^ based on 
the determination of the probability ot no counts 
as a tunction of the time interval t during which 
the neutron detector output is observed; 

3. the time interval from a random origin method,^' 
based on the determination of the time distribu
tion ot the pulse immediately following a random 
start ot the time analysis; and 

4. the pulse-to-pulse time interval method,^^ based 
on the determination of the time distribution ot 
the pulse successive to the pulse which triggered 
the time analysis. 

The described methods lead to the determination of 
some fundamental reactor kinetic parameters, which 
follow from the value of the prompt neutron decay 
eigenvalue a, measured at critical and subcritical. 
They are the ratio of the effective delayed neutron 
fraction to the prompt neutron lifetime, the reac
tivity, and all the kinetic and dynamic coefficients 
usually expressed in terms of reactivity. Determina
tion of the detector efliciency and, therefore, of the 
absolute power level are also possible. 

The four methods are complementary in their ap
plicability and effectiveness. In tact, Method 1 is 
widely used in fast experiments but is too time-
consuming for thermal experiments; furthermore it is 
power sensitive, that is to say, the smaller the power 
(source) level, the larger the correlation term, which 
contains the required information. Methods 2 and 3 
are efficiency limited, that is to say, the larger the 

F I G . II1-26-3. Phenomenology of the Time Interval from a 
Random Origin Experiment. .•l.VL Neg. .Vo. 112-9330. 

J L 
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Interval Experiment. ANL Neg. No. 112-9330. 
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detection efficiency, the larger the correlation term to 
measure. Thus, they are applicable only to thermal 
reactors. Method 4 suffers fewer limitations from 
power (source) and/or efficiency problems; it is rather 
equivalent to Method 1 in fast experiments; much 
taster than Method 1, more flexible than Method 2, 
and as eff'ective as Method 3 in thermal experiments. 

.\11 the procedures imply the use ot pulse counters 
and are thus limited to zero power reactors. 

There is another new technique [even- or odd-count 
probability method) recently added to the long list of 
reactor-noise time-analysis ])rocedures.'* I t is based on 
the determination ot the parity ot the number of 
pulses which occur in given time intervals. 

Each technique has been applied to both random 
and correlated processes. Thus, the Poisson distribu
tion has been adopted to describe uncorrelated events. 
The Pal-Mogilner-Zolotukhin distribution^^'^^ (it rep
resents the distribution of neutron counts in the one-
point monokinetie model) and the Polya distribu
tion^'' (often used instead ot the more mathematically 
elaborate Pal-Mogilner-Zolotukhin distribution) have 
been chosen as distributions of events of a correlated 
nature. An extensive computational study of all the 
methods for each of the three considered distributions 
has been performed. 

REACTOR-NOISE ANALYSIS IN THE TIME DOMAIN: 

CURRENT STATE OF THE ART 

The author has written a book" as a partial and 
synthetic description of the state ot the art ot neutron 
fluctuation observations at the present time. 

One ot the most impressive tacts concerning reactor-
noise analysis methods is in the multiple differen
tiation and branching from one or two pioneering 
procefhires into several special techniques from the 
viewpoint ot methodology, data collection, and inter
pretation ot results. 

Today a unique reference list on reactor-noise 
analysis is no longer acceptable, since such a list would 
he extremely confusing for a neophyte. In order to 
avoid partially this inconvenience, the presentation 
has been limited to techniques related and,/or applied 
to spontaneous fluctuations in the time domain and 
have dropped the Fourier-conjugated methods which 
imply the observation and analysis of the same phe
nomena in the frequency domain. The growth ot 
published material requires this separation from the 
noise analysis via analog method as well as from all 
other non-neutronic noise techniques. Thus, the pres
ent work is essentially the description of the evolution 
of the art treated in Ret. 18. 

Reference 17 has been directed to experimentalists: 
the reference list on reactor noise is full of extremely 

elegant theoretical treatments but is often short ot 
practical indications of how experiments could be per
formed or wiiich is the focal formula with which to 
work. For this purpose, we have divided the most fre
quently used techniques into tour categories: each ot 
these feature substantial differences concerning either 
the measuring apparatus or the treatment ot data and 
the extraction of information on reactor parameters. 
The final formulae of each procedure are not derived 
but simply described and interpreted according to 
an experimental perspective, since the main emphasis 
is given to the methodology, the efficiency, and the 
more or less difficult realization ot the techniques. 

An extensive chronological reference list is also 
reported tor each group in order to allow a sufficiently 
complete documentation ot the theoretical back
ground of the methods and of the most widely known 
results obtained in kinetic and reactive parameter 
measurements. 

OUTLINE 

The analysis of the luethods is divided into four 
groups: 

1. Time Correlation Analysis Among Neutron Pulses 
a. Rossi-alpha method 
b. Inherent "pulsed-.source" method 
c. Auto- and cross-correlation method of the 

neutron detector output 
d. Pulse-to-pulse time interval method 
e. Time interval from a random origin method 

2. Analysis of the Moments of Neutron Distribution 
a. Feynman-variance method 
b. Expected number of correlated neutron pairs 

method 
e. Bennett-\ariance method 
d. Third-order moment method 
e. Covariance method 

3. Analysis of the Probability ot Neutron Distri
bution 
a. Zero probability method 
b. Even or odd-count probability method 
c. Polya model method 
d. Other intermediate methods 

4. Analysis ot the Signs of Fluctuations 
a. Polarity auto- and cro.ss-correlation method 
b. Covariance method via polarity detection 

Every method is treated in the following format: 
1. presentation 
2. mathematical formulation 
3. experimental methodology 
4. interpretation of data. 
All the described techniques provide the determina

tion of the values of time behavior parameters (e.g. 
prompt-neutron decay constant a) as well as tho.se of 

http://tho.se
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static parameters (e.g. reactivity, power) repliicing 
and extending original reactor physics procedures used 
in earlier experiments. In fact, for a nuclear system, 
tho prompt period at criticality, viz, the ratio of the 
prompt-neutron lifetime to the effective total fraction 
of delayed neutrons, is one of the mo.st important 
parameters for comparison between theory and ex
periments. It is important because it allows basic data 
concerning cro.ss-section libraries, spectral distributions 
and discretization into groups, importance function, 
etc., to be checked directly with the results of measure
ments. A homogeneous comparison between calculated 
and observed values of a offer.s valid additional infor
mation that can be obtained from even subcritical as
semblies. For subcritical .systems, the parameter a is 
observable while reactivity is not. This suggests a new 
approach to all the reactivity-related coefficient meas
urements, that is fuel, control rods, temperature, and 
moderator level, which is extendible to highly sub-
critical .systems unlike all other reactivity-based pro
cedures. 

All mathematical develojjments are generally based 
on a bare monoenergetic diffusion-theory model; often 
the prompt-neutron kinetics approximation is adopted. 
Such a simplified treatment does not imply any una-
wareness of and/or disregard for reactor-noise theo
reticians and their more complex and sophisticated 
models. Obviously the validity of the methods, as 
practical tools, remains intact and effective. Problems 
of a more subtle interpretation of the results come 
after and beyond the verified possibility of measuring 
reactor parameters. 

Presently, reactor-noise time-analysis methods are a 
challenging but insufficiently applied tool of measuring 
reactor physics and engineering data. These tecliniques 
are fast, accurate, and inexpensive. In addition, they 
do not interfere with reactor operation. In all probability 
they will become routine procedures for research in 
low power critical (and subcritical) facilities as well as 
for control in high-power reactors. This is why Ref. 
17 is a step, but only an intermediate step, toward the 
more extended message that still has to be commu
nicated. 
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i n - 2 7 . S t u d i e s o f R e a c t i v i t y C o e f f i c i e n t s i n L a r g e F a s t R e a c t o r s 

H. H. HUMMEL and L. K. VOLODKA 

PART A. APPLICABILITY OF FIRST-ORDER PERTURBATION 

THEORY IN SODIUM VOIDING CALCULATIONS 

The reactivity change that occurs when sodium is 
voided from a reactor can be resolved by first-order 
perturbation theory into spectral (moderation), capture, 
and leakage components.'-' The approximation is made 
in the first-order theory that the unperturbed fiux and 
adjoint are used in calculating reactivity changes; 
otherwise a k calculation is recjuired for each perturbed 
conhguration. Perturbation theory can be made to 
give the exact result for total reactivity change by u.sing 
the unperturbed fiux and jierturbed adjoint, or vice 
versa. The resolution into components no longer has a 
precise physical meaning, however, since the compo
nents are slightly different by the two methods. 

A question that arises in fir.st-order perturbation 
theory in the diffu.sion theory approximation is what 
to use for 5D, the change in diffusion coefficient. If 
2,„j and Si,,, are the unperturbed and perturbed 
re.ictor transport cross sections respectively for group 
;, the exact expression for SD, is 1/32,,,. — l /3S„, j = 
(2,,,. - S,r,.)/.'ffiir,,. 2 , , , , . If the perturbation is 
assumed small and 2irj, is approximated in the denom
inator by 2 , , , , , SDj becomes (S,,,, - S„,.)/.32?,,,. . 
This exj>res.sion and the exact one w-ill be referred to as 
Option A and Option B respectively. (P^or exact pertur
bation theory only Option B is u.sed.) For sodium 
voiding Option A will yieUl a smaller leakage component 
than tlie more correct t)ptioii B, since 2, , , < 2,, , . 
On the other hand, the neglect in flux (or adjoint) 
changes in calculation of the leakage component in
troduces an error which tends to oppose that of Option 
A, so that in some ca-ses the use of Option A will roughly 
compensate the error from neglect of the flux per
turbation. 

A possible iuteipretation of the error from neglect 
of the fliLx perturbation in the core region is that the 
increase in reflector savings occurring on sodium voiding 
is not taken into account. The .associated decrease in 
the gradient of the flux (or adjoint) is therefore not 
taken into account either, resulting in an overestimate 
of the leakage component. 

First-order and exact jK'rturbation calculations for 
sodium voiding are compared in Table 111-27-1 for a 
spherical and an infinite .slab reactor. The exact solution 
given here is for the perturbed flux and unperturbed 
adjoint. Note that tlie perturbed eigenvalue /.' occurs 
ill the deiioniiuator of tlie tabuhited reactivity values 

for the exact theory, while for the first-order theory 
results the unperturbed \alue /.• occurs. This slight 
inconsistency is not important for the present com
parison. The compo.sitions used in these calculations 
were those of the inner core region and axial blanket 
of a 1000 MWe reactor with PuC-lIC fuel." The fertile-
to-fis.sile ratio in the core was 6.61, and ajjproximate 
volume percentages of fuel, stainless steel, and sodium 
in both core and blanket were 2G, 8, and 66 respectively. 
This sodium content is 1.5 to 2 times the range of 
current design interest, so that conclusions about the 
magnitudes of non-linearities on sodium voiding and 
of other properties dependent on sodium content 
should be interpreted accordingly. 

Results are given in Table III-27-I for voiding the 
core alone, for voiding core phis blanket, and for voiding 
from full to half sodium, lialf to no sodium, and full to 
no sodium. Failure of tlie components for full-to-half 
and half-to-no sodium voiding to add up to those for 
the full-to-no sodium voiding case is a consequence of 
the ambiguity in the definition of these components 
mentioned above (and also because of a slight incon
sistency in the denominator). 

I t is observed from Table III-27-I that, for voiding 
of the core alone, use of Option A usually gives better 
results because of the compensation of errors mentioned 
previoiLsly. TJse of this option introduces large errors 
for blanket voiding, however. The errors indicated 
for the first order theory are so large that it should 
not be used for complete reactor voiding, although it 
is acceptable for voiding of small regions or for calcu
lating the effect of small sodium density changes. 
Non-linearities with sodium content are large enough 
that extrapolation of the total voiding effect or of 
the leakage component from partial to total voiding 
is unsafe. (The large non-linearity in the leakage com
ponent arises from the fact that the 6D corre.sponding 
to a given change in sodium content varies with sodium 
content.) For the spectral and capture components 
the non-linearity is small enough that extrapolation 
is a reasonable procedure. 

While the effect of fliLX perturbations on the sodium 
voiding reactivity change by a perturbation calculation 
is significant (Exact versus Option B in Table III-27-I), 
it is much larger in a direct k calculation, in which 
there is no adjoint function weighting. In Table III-
27-11 the Sk for sodium voiding for the ca.ses of Table 
III-27-I is given along with similar results for a bare 
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TABLE TTI-27-I. Ex vex VERS i s FIRST-ORDER PERTIRH. \TION THEORY FOR SPHERH^M ' 

AND I N F I N I T E SLAn** R E A C T O R S 

Change in 
Sodium Content Regions 

k 

(Perturbed Flux) 

Spectral 
+ 

Capture 
Leakage Total 

^ , First Order 5Z>= ^ 

Option A 

Spectral 
+ 

Capture 
Leakage 

^ J - i r s t Order 5Z?= r | ^ 

Option B 

Spectral 

Capture 
Leakage 

Sphere, Blanket Not Voided 

Full-Half 
Half-No 
Full-No 

1.0063 
1.0095 
1.0095 

3.06 
3.45 
6.27 

- 2 . 4 2 
- 3 . 1 2 
- 5 . 3 3 

0.63 
0.32 
0.94 

2.94 
3.33 
5.88 

- 2 . 2 2 
- 2 . 8 4 
- 4 . 4 9 

0.72 
0.49 
1.44 

2.94 
3.33 
5.88 

- 2 . 6 6 
- 3 . 6 0 
- 6 . 7 1 

0.28 
-0.27 
-0.83 

Sphere, Blanket Voided 

Full-Half 

Half-No 

Full-No 

Core 
Blanket 

Total 

Core 
Blanket 

Total 

Core 
Blanket 

Total 

0.9974 

0.9786 

0.9785 

3.00 
0.42 
3.42 

3.21 
0.59 
3.80 

6.87 
0.96 
6.83 

- 2 . 5 2 
- 1 . 1 8 
- 3 . 7 0 

- 3 . 6 1 
- 2 . 1 4 
- 6 , 7 6 

- 5 . 9 5 
- 3 . 0 9 
- 9 . W 

0.48 
- 0 . 7 6 
- 0 . 2 8 

- 0 . 4 0 
- 1 . 6 6 
- 1 . 9 5 

- 0 , 0 8 
- 2 , 3 3 
- 2 , 2 1 

2,94 
0,37 
3,31 

3.29 
0.53 
3.82 

5,88 
0.74 
6.62 

- 2 . 2 2 
- 0 . 9 5 
- 3 , 1 7 

- 3 . 0 5 
- 1 . 6 1 
- 4 . 6 6 

- 4 . 4 4 
- 1 . 9 0 
- 6 . 3 4 

0,72 
- 0 , 6 8 

0.14 

0.24 
- 1 . 0 8 
- 0 . 8 4 

1.44 
- 1 . 1 6 

0.28 

2.94 
0.37 
3,31 

3.29 
0.53 
3.82 

5.88 
0.73 
0.61 

- 2 . 6 6 
- 1 . 1 4 
- 3 . 8 0 

- 3 . 8 5 
- 2 . 0 6 
- 5 . 9 0 

- 6 . 7 1 
- 2 . 9 0 
- 9 . 6 1 

-0.28 
-0.77 
-0.51 

-0.56 
-1 .52 
-2 .08 

-0 .83 
-2.16 
-2.99 

Infinite Slab, Blanket Not Voided 

Full-Half 
Half.No 
Full-No 

1.0190 
1.0416 
1.0416 

3.16 
3.72 
6.74 

- 1 . 3 0 
- 1 . 6 4 
- 2 . 7 4 

1.86 
2.18 
4.00 

2.98 
3.50 
5.96 

- 1 . 2 4 
- 1 . 4 6 
- 2 . 4 8 

1.74 
2.04 
3.48 

2.98 
3.50 
5.96 

- 1 . 4 9 
- 1 . 8 5 
- 3 . 7 5 

1.49 
1.64 
2.20 

Full-Half 

Half-No 

Full-No 

Core 
Blanket 

Total 

Core 
Blanket 

Total 

Core 
Blanket 

Total 

1.0106 

1.0l;i4 

1,01.34 

Infinite Slab, 

3.12 
0.84 
3.96 

3.53 
1.17 
4,70 

6,41 
1,89 
8,30 

- 1 . 3 4 
- 1 . 5 9 
- 2 . 9 3 

- 1 . 7 4 
- 2 . 6 9 
- 4 , 4 3 

- 3 . 0 2 
- 3 . 0 8 
- 7 . 0 0 

Blanket Voided 

1.78 
0.75 
1.03 

1.79 
- 1 . 6 3 

0.27 

3.39 
- 2 . 0 5 

1.30 

2.98 
0.76 
3.73 

3.45 
l .W 
4.49 

5.96 
1.50 
7,46 

- 1 . 2 4 
- 1 . 3 3 
- 2 . 5 7 

- 1 . 6 5 
- 2 . 1 1 
- 3 . 6 6 

- 2 . 4 8 
- 2 . 6 6 
- 5 , 1 4 

1.74 
- 0 . 6 8 

1.16 

1.90 
- 1 . 0 7 

0.83 

3.48 
- 1 . 1 6 

2,32 

2,98 
0.75 
3.73 

3.45 
1 M 
4.49 

5,95 
1,51 
7.46 

- 1 . 4 9 
- 1 . 6 0 
- 3 . 0 9 

- 1 . 9 6 
- 2 . 6 9 
- 4 . 6 5 

- 3 . 7 5 
- 4 . 0 6 
- 7 . 8 1 

1.49 
-0 .85 

0.64 

1.49 
-1.65 
-0.16 

2.20 
-2 .55 
-0.35 

" Core radius 83.2 cm; blanket extrapolation outer radius 128.2 cm. 
*• Half height: core 31.8 cm; core and blanket 76.8 cm. 
"The unperturbed eigenvalue (before voiding) is demited hy k and the iieiturbed eigenvalue by *•'. In each case k = 1 for full 

sodium, while k for half to no sodium eriuals k' for full to half. The fust column was obtained bj- direct eigcnvalvie calculation, the 
others by perturbation theory. 

core of the same composition, in which no change in 

reflector savings occurs on sodium voiding, so that the* 

geometrical buckling remains constant. The effect of 

the change in reflector saA'ings is seen to be very large 

in this case. A perturbation calculation was also made 

in which a "chopped" (sin Br)/Br flux was used over 

the spherical core, and the effect of a reflector savings 

change was obtained by varying the buckling. In this 

instance the effect of flux perturbation was much smaller 

and was of the same order as for the corresponding case 

in Table III-27-I, ag;iiii slmwing the effect of adjoint 

function weiglitiiig. 
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PART B . APPLICABILITY OF SUMPLE FLUX APPROXIMA

TIONS IN DOPPLER EFFECT CALCULATIONS 

A comparison is given in Table III-27-II1 of one-
and two-dimensional calculations ot the Doppler effect 
for the 1000 MWe reactor mentioned in Part A. The 
core of this reactor has two enrichment zones, as in
dicated, and the axial and radial blankets have differ
ent compositions. It was considered of interest to see 
how well the Doppler effect in this typical power re
actor geometry could be predicted by the use of the 
simplest flux approximations. 

The Doppler effect is primarily a .spectral phe
nomenon and is not expected to be .sensitive to geo
metrical details; for a large uniform core uniformly 
heated it is well predicted from a fundamentid mode 
flux. In the present w^ork, given in Table I1I-27-I1I, 

T . \ B L E I I I - 2 7 - I I . liEFLECTOll S.IVIXGS -VNO B A HE C"11E 
RE.VCTIVITY EFFECTS FOR C. \SES IN T . \ B L E III-27-I 

TABLE III-27-III. DOI 'PLER EFFECT" I.\ CORE OF COMBCS-

TION ENGINEEKI.NO 1000 MWe RE.\CTOR, 1500 -^ 1100°K 

{Core height 76 cm) 

Sphere 
Blanket Not Voided 

Full-Half 
Half-No 

Sphere 
Blanket Voided 

Full-Half 
Half-No 

Slab 
Blanket Not Voided 

Full-Half 
Half-No 

Slab 
Blanket Voided 

Full-Half 
Half-No 

cm 

19,2 
23.5 

19.2 
21.8 

19.4 
22.8 

19,4 
22,0 

5\, 
cm 

4,3 
6.4 

2.6 
2.7 

3.4 
4,9 

2,6 
3,1 

St 
(Reflected), 

% 

0,63 
0.32 

- 0 . 2 6 
- 1 . 8 9 

1.90 
2.20 

1,06 
0,28 

ill 
(Const. 

B'), 
% 

- 1 . 6 
- 3 . 5 

- 1 . 6 
- 3 , 6 

- 1 , 6 
- 3 . 2 

- 1 . 6 
- 3 . 5 

Radii, cm 

%Sk, 2 0 
%ik, IU Radial 
%Sk,"< Fund. Mode 

0-78.0"-' 

0.0880 
0.0849 
0.0866 

78.0-110.01=" 

0.0311 
0.0300 

— 

Total 

0.1197 
0.1149 

— 
* By first-order perturbation the<jry. 
^ Fertile to fissile ratio 6.61. 
= Fertile to fissile ratio 5.07. 
-^ Jo weighting for bare radius of 176 cm. 

the results of two-dimensional and one-dimensional 
radial calculations for uniform heating of the core are 
compared. For the one-dimensional calculations the 
(group-independent) transverse buckling, lussumed 
the same in all regions, was adju.sted to obtain criti
cality. For the central region a "chopped" Bessel 
function fundamental mode calculation was also per
formed. Agreement among the three calculations is 
good, indicating that for thi.s reactor the simplest 
flux approximations are adequate for Doppler effect 
calculations. More sophisticated techniques are un
doubtedly required when moderating reflectors are 
present to augment the low-energy flux in the outer 
part of the core. 
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I l l -28 . Fast Reactor Calculat ions w i t h Cons is tent Sets for S o m e 
I m p o r t a n t N e u t r o n Cross Sect ions 

J. M. KALLFELZ and W. P. POENITZ 

INTRODUCTION 

In studies made in the past of the influence of various 
cro.ss section changes on reactor calculations, it appears 
that proper considertition has often not been taken 
of the fact that a change in one cross section may re
quire a correlated change in other cross sections. The 

study reported here was originally prompted by the 
question of how the lower capture cross .sections for 
r -238 measured by M. Moxon and C. Chaffey' and 
H. Menlove and W. Poenitz- would influence fast 
reactor calculations. One question of interest was how 
much the lower cr, for U-238 would compensate the 
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effect on i,// of the higher values of a = ffe/ff/ for Pu-
239 recently measured by M. Schomberg et al.' 

In considering these (luestions, three "consistent 
sets" for a, (U-238) and cr/ (U-235) were determined, 
for which a maximum effort was made to take into 
account the interrelation of various cross section meas
urements. We concluded that two different types ot 
changes in cross .sections should be .studied. 

(a) Changes due to correlated discrepancies between 
both capture and fission cross section values of several 
sets which were measured by different experimental 
methods, or with the use of different .standards. For 
.such discrepancies, a change in one cross section re
quires an associated change in other cross sections in 
the same direction. 

(b) Changes due to uncorrelated discrepancies be
tween data for the same cross section from different 
measurements using the same experimental method 
or standard. Such discrepancies allow uncorrelated 
changes of various capture and fission cross sections 
in different directions. 

To determine the appropriate values for Pu-239 
to use with each of the sets, a compiled ratio of <rj /a/ 
was used; for this ratio, changes of type (b) were also 
considered. 

Calculations of various integral parameters for a 
fast critical a.ssembly have been made to determine 
the influence on the parameters of the above corre
lated and uncorrelated changes. The base set of cross 
section data, on which the alterations were performed, 
was that of the Evaluated Xuclear Data File 
(ENDF/B). 

CROSS SECTION SELECTION 

Recently, there have been many measurements of 
fast neutron cross sections reported. A compari.son 
of the data obtained by different experimental methods 
and different groups of experimenters allows some 
conclusions about the accuracy of the.se cross sections. 
The data available up to now are not sufficient to desig
nate one set of fission and capture cross .sections as 
the mo.st accurate, but allows the determination of 
three different sets for <r„ and tr/ , shown in Figs. III-
28-1 and III-28-2, which are consistent within them
selves, but exclude one another. 

(a) For Set 1, it is a.s.sumed that the fi.ssion cross 
section of U-235 as measured by P. White* and the 
capture cross section of U-238 measured by J. Barry 
et al. ' are right. This would be supported by measure
ments by B. Diven for U-235 fission.« 

(b) Set 2, whose values in the higher keV range are 
much lower than Set 1, is btised on new capture cross 
.section measurements performed with the associated 
activity method as well as with integral methods. The 
a,{\J-238) curve for Set 2 is from the measurements of 
Menlove and Poenitz.' From (r,(Au)/(7£(U-235) meas
urements' and <rc(Au) measurements of K. Harris 
et al.' and W. Poenitz et al.'» the Set 2 values of a, 
(U-235) were computed; these values deviate from 
those of Set 1 in the same way as the (jc(U-238) values. 

(c) Set 3, which is generally in agreement with Set 
2, is based on capture cross section measurements 
relative to the B"*(n,a) cross section which were per

formed for many materials They show generally 

SET I 
SET 2 
SET 3 
SET 4 
ENDF/B VALUES 

3 % - - 6 X -

E, kev 

F I G . III-28-1. Fission Cross Section for U-235 for Various Sets. Below 200 keV, Set 4 Coincides with Set 2. The Percentages at the 
Bottom of the Figure are the Estimated Uncorrelated Uncertainties for Set 4. ANL Neg. No. 11S-1S56 Rev. 1. 
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"T 1 r 

0.01 _L. _L. J I l_ _L. _L. _1_ 
20 100 1000 

E, kev , 

FIG. III-28-2. Capture Cross Section for U-238 for Various Sets. The Percentages at the Bottom of the Figure are the Estimated 
Uncorrelated l^ncertainties for Set 4. .iNL Neg. No. 113-1U5 Rev. 1. 

somewhat lower results in the lower keV energy 
range"" and a somewhat steeper downward slope 
with increasing energy in the higher keV region'*-^' 
compared with the a, values used for Set 2. For Set 3 
it was assumed that the ratio between (r/(U-235) 
and <r, (U-2.38) is the same as in Sets 1 and 2. 

(d) Set 4 gives the cross sections which are the best 
estimate of the authors, based on the available data 
included in Sets 1-3. The estimated uncorrelated un
certainties, shown in Figs. III-28-1 and III-28-2, are 
for this .set. 

(e) The ratio of the fission cross sections of Pu-239 
and IT-235, given in Fig. 111-28-3, is essentially that 
of W. Davey" except that it has been reduced slightly 
111 the low energy range to include some new experi
mental data. 

(f) Although the fis.sile element cross sections were 
the primary subject of the present considerations, 
some adju.stments to the capture cross section for 
molybdenum were considered desirable, because 

several newer measurements deviate by as much as a 
factor of two from the E N D F / B data which were 
taken from J. Schmidt 1962.""' To derive the (T,(MO) 
curve shown in Fig. I1I-28-4, data of H. Weigmann 
et al.," D. Kompe,'* and W. Poenitz" were taken into 
account. 

METHOD OF REACTOR CALCULATIONS 

Reactor calculations were performed for ZPR-3 
Assembly 48, which was designed to provide core 
neutron spectra similar to those expected in large fast 
power reactors. The simplified model of A.ssembly 48 
suggested by P. Greebler^" for the testing of the 
E N D F / B file was used. This is a homogeneous spheri
cal core containing the critical mass of 272 kg Pu-239, 
plus an additional 21.3 kg Pu-239 to account for the 
0.0125 disadvantage in k,,/ due to the a.ssumption of 
homogeneity. The equivalent experimental k^/f of this 
sphere would be 1.011. 

The E N D F / B core group cross sections were de-
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FlQ. III-28-3. Ratio of Pu-239 , , to U-235 <,, . The Per
centages at the Bottom of the Figure are the Estimated Uncor
related Uncertainties. ANL Neg. No. 11S-1S54. 

termined from a calculation with M C ' ' " for a bare 
critical core with the Assembly 48 composition. Tvventy-
sbi groups of 0.5 Au, covering the energy range from 
10 MeV to 22.5 eV, were used. The blanket group 
cross sections were obtained from an M C calculation 
for an infinite medium with the composition of the 
blanket. It should be noted that the self-shielding 
included in the group cross sections is that of the homo
geneous region. 

Group constants for the various sets for <r/(U-235), 
!i-t(U-238), and cr/(Pu-239) were determined from the 
curves given above, using as the weighting spectra 
results for the E N D F / B set from MC^ To be consistent, 
the group values for some cross sections which were 
determined relative to these had also to be changed. 
(rc(U-235) and (rc(Pu-239) were raised or lowered the 
same amount as the associated a/ . ir/(Pu-240) and 
(7,(Pu-240) values were changed the same relative 
amount as the value for ir/fU-235). The <r/(U-238) 
values were treated in .several ways, since Davey's 
work in 1966,'"' from which the E N D F / B values 
were determined, contains both absolute determina
tions and measurements relative to <r/(U-2.33) and 
ir/(U-235). Hence tor some of the early calculations 
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F I G . III-28-4. Capture CIross Section for Molybdenum. .iNL Neg. No. 113.1153. 
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TA6LE ni-2s-

Group 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

ENDF/B 

1.301 
1.286 
1.238 
1,195 
1,206 
1,3()3 
1,619 
1.716 
1.977 
2,279 

. i7,{U-235) V-iLfES 

Set 1 

1.357 
1.481 
1.273 
1.162 
1.240 
1,363 
1.603 
1.677 
1.929 
2,243 

Set 1/ 
ENDK-B 

1,043 
1 151 
1,028 
0,972 
0,980 
1,000 
0.989 
0.977 
0.970 
0.984 

FOR SEVER 

Sets 

1.222 
1.219 
1.044 
0.974 
1.030 
1.162 
1.327 
1.529 
1.778 
2.082 

\ i . SETS 

Set 3 / 
ENDF-B 

0.939 
0.948 
0.843 
0.815 
0.814 
0.853 
0.874 
0.891 
0.899 
0,914 

(r/(U-23S) was not changed, while for others it was 
changed the same relative amount as (T/(U-235). Due 
to a reevaluation of some of the earlier (7/(U-238) 
determinations, and some recent very accurate aY/af 
measurements, a more recent work (Davey 1968)"^' 
puts more emphasis on the relative measurements and 
uses the ratio ir/'/ir/' as a basis for determining <7/(U-
238). For the later calculations, cr/(U-23S) was treated 
as based on relative measurements. 

To investigate the effects of uncorrelated errors, 
the group values of Set 4 for cr,(U-2.S8), <?,( Pu-239) 
and tr/(Pu-239) were further raised or lowered inde
pendently by the percentages given in Figs. I1I-2S-1, 
111-28-2, and III-28-3 for the uncorrelated error hmits.* 

The cross sections were changed in the groups corre
sponding to the energy range covered in Figs. I1I-28-1 
through 111-28-4. (Groups 3-12 for all isotopes except 
molybdenum, for which the changes were in groups 
6-18.) Table I1I-2S-I gives the group values for several 
of the sets compared to the E N D F / B values. 

After changing the group values for the various 
cross sections, one dimension diffusion theory calcula
tions of Assembly 48 were performed with ]\I.-V('H-
1.'"'" Besides A,// , central reaction ratios and first-
order perturbation theory central worths were calcu
lated to compare with experiment. SK transport theory 
calculations of the same assembly were also performed 
with SNARG-ID"" for the basic E N D F / B values. 
The diffusion theory to iSj correction ftictor of -t-0.008 
in k,,, determined for this case was added to all M.\CH-
1 ktff results. The difference in Av// between an *S4 
and an iS'ie calculation was negligible. 

CALCULATIONAL RESULTS 

The first results shown in Table III-28-II are for 
the investigation of the uncorrelated errors. For these 
calculations only cr/(Pu-239), <7,(Pu-2.39) and (r,(U-238) 
were changed from the ENDF. 'B values. It is interest
ing to note that .simply by independently changing 

* The uncorrelated error for Pu-239 was the square root of 
the sum of the squares of the errors for ff/(U-235) and a, ja,-. 

the U-2.38 and Pu-239 cross sections within the limits 
on the uncorrelated errors given above, A-,// can be 
varied from about 0.955 to 1.02. 

The second part of Table III-28-II shows the results 
for the correlated error investigation, in which calcula
tions were made for the various consistent sets. For 
these calculations, ac and <r/ were changed for U-235, 
Pu-239 and Pu-240. <r,(U-238) was also adju.sted, 
while calculations were performed with and without 
changes to (T/(U-2.38). The "Set 4-Adjusted" values 
used in C.a.'-e 17 are essentially those of Ca.se 5 [Set 
4 upper uncorrelated limit for (T/(PU-2.39) and ffr(Pu-
2.39), lower limit for <r.(U-238)] with ,r/(U-238) and 
(rc(Pu-240) and (7/(Pu-240) also changed from E N D F / B 
to Set 4 values. This combination was calculated 
becau.se for the uncorrelated error investigation of Set 
4, Case 5 had the k,jj value closest to the experimental 
value of 1.011. As mentioned in the introduction, 
recent measurements '" have indicated that the value 

TABLE 1II-28-II. C.\utL.vjEu V A U E S OF k,,, FOR Z P H - 3 , 
ASSEMBLY 48, FOR DIFFERENT .\LTER.VTIONS TO THE 

E N D F / B SET 

(All values are calculated in the spherical 1-D case, with 
MACH-1. A correction factor of 0.008 has been added to all 
values to convert them from diffusion the(»ry to .s", iTatisport 
theory. The "experimental" value of k,ij is 1.011,1 

A. Uncorrelated Error Investigation 

Case 

1 
2 
3 

4 

5 

b 

7 

8 

(r,(U-238) Value 

* E N D F / B 
Set 4 
Set 4 

Lower Limit 
Set 4 

Lower Limit 
Set 4 

Lower Limit 
Set 4 

Upper Limit 
Set 4 

Upper Limit 
Set 4 

Upper Limit 

,7/(Pu-239) and 
•T.(Pu-239) Values 

E N D F / B 
Set 4 

Set 4 
Set 4 

Lower Limit 
Set 4 

Upper Limit 

Set 4 
Set 4 

Upper Limit 
Set 4 

Lower Limit 

*.// 

1.000 
0.984 

0.993 

0.970 

1,017 

0,976 

1.000 

0.954 

B. Correlated Effort Investigation 

Case 

9 
10 
11 
12 
13 
14 
15 
16 
17 

Consistent Set No. 

1 
2 
3 
4 
1 
2 
3 
4 

4-Adiusted 

oy (U-238) Changed 

No 
No 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 

ktn 

1.004 
0.973 
0.971 
0.984 
1.010 
0.969 
0.966 
0.984 
1,016 

http://Ca.se
http://becau.se
file:///lter.vtions
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TABLE n i -28 - I I I . CENTH.^L RE.ICTION RATES (PEE ATOM) RELATIVE TO U-23S FISSION, IN ZPR-3, ASSEMBLY 48 

Reaction 

P u " ' - / 
U"'-c 

U".- / 

Measured 

0.976 ± 0.010 
0.138 ± 0.007 

0.0307 ± 0.0003 

ENDF/B 

0.928 
0.142 

0,0303 

Set 1 

0.945 
0.147 
0.0306' 
0.0329 

Set 2 

0.922 
0.147 
0.0312' 
0.0300 

Sets 

0.917 
0.143 
0.0311' 
0.0297 

Set 4 

0.928 
0,145 
0,0309-
0,0310 

Set 4-Adjusted 

0.968 
0.139 

0.0309 

" For U*'^-/ calculated vjilues, the top and bottom numbers are for ff/(U-238) unchanged and changed, respectively (see the dis
cussion in the text). For the other reactions, the values are for ff/(U-238) changed, and were practically identical with those for v/iV-
238) unchanged. 

TABLE III-28-IV. CENTRAL WORTH (Ih/kg] IN ZPR-3 ASSEMBLY 48 
(Calculations are with MACH-1 perturbation theory option) 

Element 

C'-" 
Na'^l 
Mo 
U-235 
U-238 
Pu-239 

Measured Worth 

- 4 , B =b 1.2 
- 0 , 3 ± 0,3 

- 4 3 , 4 ± 0.4 
-f-339.0 ± 4.0 
- 2 4 . 8 ± 0.5 

-1-445.0 ± 4.0 

ENDF/B 

-1-6.0 
-1-1.2 

- 9 8 . 5 
-1-397,2 
- 3 2 , 3 

-1-523,4 

Set 1 

-1-4.2 
- 0 . 9 

- 9 8 . 0 
-1-392. () 

- 3 3 . 5 
-1-531.1 

Set 2 

-1-22.2 
4-5.8 

-103 .3 
-1-396.5 
-.32,7 

+519.3 

Calculated Worth-. *•• ^ 

Se ts 

-(-25.7 
-1-7.0 

-105 .7 
4-393,4 
- 3 1 , 8 

-1-512.7 

Set 4 

-1-16.9 
4-3.9 

-102 .3 
4-392.9 
- 3 2 . 3 

4-518.9 

Set 4-Adjusted 

ENDF/B Mo 

4-3.9 
4-0.3 

- 9 9 . 2 
4-370.8 

- 3 0 . 9 
4-515.7 

Fig. 4 Mo 

4-5.2 
4-0.5 

-74 .5 
4-369.8 

-31 .0 
4-514,7 

» All set values are for case in which ff/(U-238) was changed the same relative amount as ff/(U-235). 
b Calculated value of lh/(^rc^k/k) ranged from 986. to 993. For all values in this table, 990. lh/i%Ak/k) was used. 
= The self-shielding included in the group cross sections is that of the homogeneous core. 
•* Calculations are for C-12 and Na-23. 

of a = Oc/aj for Pu-239 may be much higher in the low-
energy range than the values in the E N D F / B file. 
In anticipation of the expected drop in /{•«// cau.sed 
by raising this value,* the fact that the Set 4-Adjusted 
value of kfff was greater than the experimental value 
was another argument for this combination. 

Table III-28-III shows the value of the central re
action ratios for the important isotopes, compared 
to the experimental values. Only for Set 4-Adjusted 
do all calculated values fall within experimental limits. 

For elements for which the scattering component 
is an important portion of the total central worth (e.g., 
carbon, sodium), it can be seen from Table III-28-IV 
that the calculated total central worth is fairly sensi
tive to the changes made in the various sets.f This 
is because the scattering component is a sum of posi-

* A calculation for Assembly 48 using the Pii-a values of H. 
Gwin et al.,*^ assuming the ENDF/B a/ values were correct 
and altering ac , gave a k,.// value IA% lower than for Ihe 
ENDF/B Pu-a values. 

t These calculations were all for a fixed core radius, so tha t ' 
k was different for the various sets (see Part li of Table 111-28-
II) . For calculations in which the radius was varied to obtain 
k — 1.0, the differences in the worths for the difTerenl sets were 
only about half as large. 

tive and negative components which add up to nearly 
zero for this case, and the result is a sensitive function 
of the adjoint flux shape. While the overall agreement 
whh experiment is slightly better for Set 4-Adjusted 
than for the other sets, most values are considerably 
outside the experimental error limits. This is probably 
due in part to self-shielding effects in the experimental 
samples which are not completely corrected for in the 
group cross sections, and to the fact that the fairly 
flat adjoint flux energy form in Assembly 48 decreases 
the accuracy of calculations of the scattering compo
nent of the central worth. At any rate, the simple 
homogeneous sphere model and diffusion theory used 
for the calculations should not be expected to give 
particularly accurate central worths; the influence of 
such effects as transport and heterogeneity on the 
central worths is difficult to calculate even with a more 
sopiiisticated motlel. 

The i>oor agroonient between calculated and mcas-
vn-ed molybdenmn wort lis, which depends primarily 
on capture, probably is significant. The EXDF/B 
values give a worth more than 100*!̂ ^ higher than ex
periment. The value with cross sections derived from 
the curve in Fig. 10-28-4 or this curve lowered to 
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what the authors consider to be the lowest reasonable 
limit (15% lower over the entire energy range) are 
still about 70% and 60% higher than experiment, re
spectively. While alterations to the cross section values 
below 1 keV would improve the agreement somewhat, 
this poor agreement is not understood. This case seems 
indicative of limitations in the central worth calcula
tional methods used and/or experimental accuracy. 

OBSERVATIONS 

The integral parameter calculations, which were 
all for one a.ssembly, are obviously iiLsufficient to give 
really strong evidence as to which cross section set is 
the most accurate. However, there are several interest
ing observations which result from this study. 

(a) Considering the results for k^ff and the central 
reaction ratios, the fact that "Set 4-Adjusted" gave 
better comparison with experimental values than the 
other cross section sets is an indication that the ratio 
(r/(Pa"')/(r,(V™) .should be higher than is presently 
the case in the E N D F / B set. 

(b) As a check for differential cross .sections, the 
inherent difficulties involved in calculating accurate 
central worths (particularly for the light elements) 
make them appropriate only for identifying gro.ss errors. 
It is the authors' opinion that for locating regions of 
possible moderate error in important cross sections, 
the integral parameters compared should be restricted 
to such significant and accurate parameters as t,// 
and central reaction ratios of the important elements. 

(c) The rather large uncertainty in k,/j which can 
he obtained just by adjusting the various cross sections 
within tho uncorrelated error limits illustrates the 
danger of adjusting a particul.ar differential cross sec
tion to fit integral data. The authors feel that compari
sons of calculated and experimental integral data should 
be used primarily to help choose between two or more 
differing measured cross sections, or to indicate further 
areas of necessary experimental investigations of differ
ential cross sections. 
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111-29. The Effective Delayed Neutron Fract ion in Fast Reactors 

D. A. MENELEY 

INTRODUCTION 

The commonly used expression for the effective 
delayed neutron fraction in reactor kinetics (e.g., 
Ref. 1) contains a parameter 0 representing the frac
tion of total fission neutrons from each fissioning iso
tope which are delayed. This parameter is usually 
assumed to be independent of the reactor system, at 
least for fast reactor calculations. Recommended /3-
values are commonly taken from Ref. 2. These /3 
values are, in fact, derived quantities which depend 
on the reactor spectrum and on v, the total fission 
neutron yield, as is shown below. 

Given the inaccuracies in the basic delayed neutron 
data at the present time, it would probably be sufhcient 
to redefine 0 values appropriate to each typical reactor 
spectrimi. This would not require a change in definition 
of the effective /3. I t is possible, however, to reformulate 
the etiuation in a more general form with no increase 
in complexity. The changes remove the implicit de
pendence of delayed data on reactor spectrum and 
on prompt yield data, and clarify the physical meanings 
of basic data used in reactor calculations. 

BASIC DATA 

GROUP YIELDS AND DECAY CONSTANTS 

Ideally, the group yields and decay constants would 
be the measured number of individual delayed neutron 
precursors produced per fission in each fissioning 
nuclide, and associated decay constants. The yields 
would be incident neutron energy-dependent due to 
the shift in mass-yield curves with energy. The decay 
cou'^tants would depend only on the precursor nuclide. 

Currently available data- consists of measured total 
yields in neutrons per fission, with yield fractions and 
decay constants for characteristic delayed groups. 
These yield fractions are obtained by fitting emission 
decay curves to a sum of exponentials. O. Keepin^ 
recommends the use of six groups of delayed neutron 
precursors, even though more than six actual precursors 
have been identified. He ba.ses his choice on the ob.serva-
tion that six groups give the statistical "best fit" of 
individual decay curves, and that identification of 
every precursor would lead to an uiunanageably large _ 
number of delayed groups (-^liO). Unfortunately six-
group fitting of individual decay curves results in fission-
ing-isotope-dependent decay constants. When there 
are five or six different fissioning isotopes, such as in 

fast breeders, one must treat each isotope separately. 
Thus in effect '.iO or 36 delayed gi'oups are required. 

An alternate possibility is a simultaneous fit of the 
decay curve data from all isotopes and ail measuring 
energies. The decay constants would be independent 
of fissioning isotope and incident energy; however 
the group yields would depend on both of these. The 
number of delayed groups could then be varied as 
required up to the total number of known precursors. 
Decay constants which are known from radiochemical 
analysis could be inserted directly into the etjuations. 
Fewer groups could be fitted for specific, lower accuracy 
applications. 

There are two advantages to this treatment of basic 
data. The first is that the quantities presented are 
physically meaningful. The second is that the data 
storage reriuirements are simplified, since the total 
number of delayed groups is reduced and the delayed 
neutron yield cross sections {v 2/) can be stored on 
a "composition" level (a "composition" is defined 
as a homogeneous mixture of isotopes, more than one 
of which may be fissionable) in a manner completely 
analogous to the prompt neutron yield cross-sections 
(v^S/). A potential weakness of the approach lies in 
the difficulty of accomplishing a least squares fit ^\ith 
the large inimber of unknowns implied by the above 
arguments. The second question, common to all decay-
curve analyses, is whether there are any significant 
precursor-parent isotopes which may introduce growth-
decay behavior into individual precursor emission 
curves. There is s<mie indication that this is not a 
serious problem.^ 

The processed data therefore would consist of a 
decay constant X, for each delayed precursor group t 
and an absolute yield Vi,j(E) in neutrons per fission 
as a function of incident neutron energy E from fission 
in each isotope j . 

EMISSION SPECTRA 

In the ideal case these data would consist of the 
delayed neutron emission spectrum measured for decay 
from each neutron emitter. In Ref. 4 Keepin develops 
an empirical argument showing mutually exclusive 
conditions for isomerism and delayed neutron emission. 
Therefore the neutron precursors must undergo j3-
delay from ground state, resulting in emission spectra 
independent of the fissioning isotope and of the energy 
of the neutron causing fission. 
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The Taest emission spectra available \vere measured 
by R. Batchelor and H. McK. Hyder' for thermal 
fission in U-235. The individual delayed group spectra 
for four groups were obtained by use of characteristic-
group half-lives and abundances from Ref. 6. Aside 
from the fact that the current recommended values 
of these quantities are quite different from those of 
Ref. 6, there is another factor that may make these 
spectra dependent on the fissioning isotope and in
cident energy of the neutron causing fission. Suppose 
that a typical characteristic group consists of one bro
mine and one iodine precursor. Their respective kryp
ton and xenon emitters may have different emission 
spectra due to different ^-decay energy excess over 
the neutron binding energy in the emitter. Therefore, 
as the relative quantities of bromine and iodine iso
topes assigned to the group vary as a function of the 
fis.sioning nucleus and its excitation energy, the group 
emission spectrum will vary. 

Provided that only one precursor is assigned to each 
delayed group, and provided that all precursors do 
in fact decay only from ground state, the delayed 
neutron spectra x»(.^) for group i will be independent 
of incident neutron energy and of the isotope under
going fission. 

EFFECTIVE DELAYED NEUTRON FRACTION 

Using the basic data as defined in the previous sec
tion, the delayed neutron source cross section for group 
i .at space point (r,£) is given by 

pendent of incident energy E, Eq. (2) may be rewritten 

V'';L,(X,E) = Z nj{r)vUE) a,.,{E), (1) 

where HJ is the density of isotope^' at point r, vij{E) 
is the yield into delayed group i per fission in isotope i 
at energy E, and <T/J(E) is the fission cross section of 
isotope J at energy E. l'\>ll()wing the development by A. 
Henry,^ the effective dela>'ed neutron fraction is then 
given by 

= U I ^4>*ir,E')x',(E') 

• I rv2/(r,E)0(r,£) dE dE' dr. 

(2) 

0(r,i') and <it*{T,E ) are the real and adjoint flux in 
the system, respectively, and E and E are the energies 
of the incident and emitted neutron, respectively. 
The value of F is unimi)ortant except for the require
ment that the same F he used in definition of the reac
tivity and neutron generation time. Common practice 
identifies F as the denominator of the perturbation 
theory expression for ik/k. 

If the delayed neutron yield is assumed to be inde-

Z "i.-n.M I a,,,{E),t,{i,E) dE\ dE' dr. 

(3) 

Note that Eq. (.3) has roughly the same form as the 
usual expression for /3-effectivc, except that the yield 
per fission in isotope j is a.ssumed constant instead 
of the fraction of the total fission neutrons produced 
from isotope j . This latter assumption ean be true 
only if the ratio v'\.j{E)/v'(E) is independent of E. 
There are theoretical arguments and recent experi
mental results'* indicating that Pi.jiE) generally de
creases as a function of E, while vf{E) increases. 

In order to .see more clearly the main approximation 
introduced by the current formalism, recast the term 
inside the braces in Eq. (3) as 

Z^.nM [[vf(E) +Z-'i,iE)-\ 
1 "j •'nt • J 

•<r/,,(£)0(r,£) dE 

(4) 

where 

£ ["fiE) + E vUmyf.i(E),l,(i,E) dE (5) 

• f a,.,{E)4,{t,E) dE 

"'(E) is prompt neutron yield per fi.ssion in isotope 
j at energy E, and the i summation extends over all 
delayed neutron groups. 

The ratios vi.j/v,-*' in Eq. (4) is recognized as the 
definition of the delayed neutron fraction /Sj., given in 
Ref. 2, and the whole expression as the delayed neutron 
production term which appears in the usual $, equation. 
The difference is the fact that in the usual formalism 
the 0(r ,£) function in Eci. (5) is replaced by the fiux 
spectrum in which the measurement is carried out. 
Also, unless v,'^^ is measured directly, the fission cro.ss 
section and the total yield per fis.sion are replaced by 
values accepted at the time of the measurement. This 
error can probably be reduced by use of a v'j^ value 
which is more appropriate to the sy.stem under study. 

Secondary approximations may arise due to the 
difference between the X((E ) as defined in Eq. (3) 
and the delayed spectra resulting from separation into 
characteristic delayed groups each representing more 
than one precursor. In any case the more precise Kq. 

file:///vere
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(2) must be used to account for the actual energy 
dependence of the vij{E) term, if it is important. 

SUMMARY 

The effective delayed neutron fraction equation has 
been recast into a form con.sistent with the actual 
physical behavior of the delayed neutron i)recursors. 
Given the present state of the basic data, this reformu
lation probably docs not change the /3-effective com
puted in typical fast reactors outside the range of 
uncertainty in the basic data. Application of Kq. (3) 
in place of the older formulation using the delayed 
nevitron fractions of Ref. 2 to a plutonium fueled 
fast breeder with median fission energy of --^0.2 MeV 
gives an increase of approximately 3 percent in the 
contributions to /3, from thermally fissionable nuclides. 

Two advantages may justify the formulation of Eq. 
(2). First, the basic data are included in a physically 
meaningful form, independent of artificial functional 
dependences (such as delayed yield dependence on 
prompt yield data). Secondly, the accuracy of Eq. (2) 
is governed only by the accuracy of basic data. It is 
not affected by the mismatch between actual conditions 

in the reactor and those a,ssumed to apply during deriva
tion of the delayed data (e.g., the dependence of frac
tional yields on measuring spectrum). 
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L. B. MILLER 

Neptunium can be produced by the irradiation of 
U-236 with neutrons. The reaction sequence involves 
neutron capture and subsequent j3-decay: 

nV" in If' • + MNP'-'''. (1) 

In one production method the XJ-236 to be irra
diated in the neutron flux of a thermal reactor is 
contained in U-238 at a concentration of 500 ppm. 
The large amount of U-238 present reduces the reac
tion rate in the U-236. In particular, the 6.68 eV 
resonance of U-238 shields the 5.49 eV resonance of 
U-236 in which ahout one-halt of the absorptions 
occur. 

To determine the magnitude of this shielding effect, 
the Argonne Monte Carlo code* (AMC) was utilized 
to represent exactly the fourteen-region cell used in 
the irradiation. The dimensions of the regions arc 
given in Table 111-30-1. The energy range from 10.67 
to 5.04 eV was divided into 10 equal lethargy intervals 
and the average fluxes, cross sections, and reaction 

rates in each lethargy inter\-al were tabulated for each 
spacial region. The temperature of the uranium was 
taken as 600°K. 

TABLI-; III-30-I. COMPOSITION OF CELL L'SED FOR 
IRR.VDIATION OF U-236 

Outer Radius, 
cm 

0.551 
0.(112 
1.483 
1.593 
2,242 
2.300 
2.987 
3.058 
3.439 
4.106 
4.242 
8.698 

10.206 
(Side ol square = 21.495) 

Composition 

Water 
Zircaloy-2 
Uranium 
Zircaloy-2 
Water 
Zircaloy-2 
Uranium 
Zircaloy-2 
Water 
Zircaloy-2 
Void 
Graphite 
Void 
Graphite 
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TABLE III-30-II. U-236 RESONA.NCE ABSORPTION PHOIUBJLITY 

201 

Inner fuel ring 
Outer fuel ring 

Total 

Without U-238 
Resonance, 

X io-» 

0.567 ± 0.10 
0.947 ± 0.17 

1.514 ± 0.20 

With U-238 
Resonance, 

X io-» 

0.443 ± 0.08 
0.746 ± 0.09 

1.189 ± 0.12 

Difference, 
X io-» 

0.124 ± 0.13 
0.201 ± 0.19 

0.325 ± 0.23 

Calculated 
Differential, 

X io-» 

0.130 ± 0.019 
0.242 ± 0.027 

0.372 ± 0.033 

Fractional Reduction 
in Reaction 

Rate 

0.229 ± 0.037 
0.256 ± 0.037 

0.245 ± 0.027 

^ AND Z-ZIRCALOY-2 E2Z]-V0IDS 
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FIG. 111-30-1. Flux Distribution in 14 Region Cell. .\NL 
Neg. No. llS-liOS. 

Two cases were considered. In the first case the 
U-238 was assumed to have a potential scattering 
cross section of 8.3 barns and no resonance cross sec
tions. In the second case the 6.68 eV resonance of 

U-238 was included. For these two cases the absorp
tion rate in U-236 per neutron slowing down past 
10.67 eV is shown in the first two columns of Table 
111-30-11. The difference is shown in the third col
umn. 

The difference was also calculated by a Monte 
Carlo perturbation technique similar to the technique 
previously used to compute temperature derivatives 
of reaction rates.- This technique yields a much more 
accurate value for the difference, with essentially no 
increase in computer time. The results of the computa
tions are shown in column four of Table III-30-II . 
Based on this value, the reduction in the capture 
rate in the 5.49 eV U-236 resonance caused by U-238 
shielding was determined to be approximately 25%, 
as is shown in column five of Table III-30-II . 

The flux per unit area per lethargy interval, nor
malized to a slowing down density of one neutron 
per second in the cell, is plotted as a function of space 
in Fig. III-30-1. 
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III-31. EBR-II Power Coefficient Variat ions During Operational R u n 26" 

P. J. PERSIAN:, J. K.4LLFELZ, F . K I R N , * ,T. K . LONG* and R. SMITH* 

The purpose of this paper is to present a prelimi
nary analysis of the reactivity versus power and 
partial flow experiments in EBR-II during Run 26. 
The experimental results for the power reactivity 
measurements made during this run appear to indicate 
that the reactivity curves at the end of the run dif-

' Idaho Division, Argonne National L.iboratorv. 

fered in behavior from the curves determined in the 
early stages of operation. 

In an attempt to identify the mechanisms that may 
contribute to these variations, the components of the 
power curves were analyzed separately. 

The fuel temperature feedback was determined ex
perimentally by measuring the change in reactivity 
between 41.5 WW-full flow and 22.5 MW-54% flow. 

file:///nnual
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TABLE III-31-L ME.VSUREU CHANGE IN RE.\cTiviTy 
BETWEEN 41.5 M W - F U L L F L O W AND 

22.5 MW-54%, FLOW 

Experiments 

1 
2 
3 
4 
5 

Reactivity in 
Inhours 

8.8 
11.3 
11.6 
9.5 

14.8 

Run 

26A-start 
26B-slart 
26B-end 1 
26C-start/ 
2(iC-end 

Burnup, 
MWd 

0 
114 

1056 

1750 

The powcr-to-flow ratio for these two cases is con
stant, and one can assume that the only temperature 
differences for the two power conditions are those for 
the fuel." A series of such measurements made at 
several stages of core burnup is included in Table 
III-31-I. 

Of the data in Table III-31-I, values of experiments 
2 and 4 should have associated with them large un
certainty factors. For experiment 3, the power was 
actually 24.2 MW rather than 22.5 MW so that an 
estimated correction to the experimental data was 
necessary. In experiment 5, the data were taken in 
the ilescending power mode as contrasted with the 
other runs, so that "hysteresis effects" are involved. 

While the data are probably accurate to only sev
eral inhours, the trend of the measurements seems to 
indicate an increase in the power coefficient ranging 
from —0.95 to —1.25 Ih /MW in the fuel temperature 
feedback during Run 26. The value of -1 .25 Ih /MW 
is used as the average for Run 26C, based on a 
weighted average feedback of 13.5 Ih for the last two 
measurements listed in Table III-31-I. 

A possible explanation for such an effect would be 
that the fuel thermal conductivity and the thermal 
conductivity of the fuel-cladding bond decrease with 
burnup. This behavior is consistent with recent meas
urements^ of the fuel thermal conductivity as a 
function of swelling and a/o burnup. The reported 
results'* seem to indicate that a loss in thermal con
ductivity greater than 10% can be expected for EBR-
II, Mark-IA driver fuels which have undergone a 
4% swelling, at a burnu]) of 0.8 a/o and at an irradia
tion temperature of 484°C. As a result, fuel tempera
tures and associated fuel expansion would be greater 
at the end of the run than at the beginning, for the 
same power. 

The uncertainties in the fuel pin temperature 
changes allow the possibility that some of the fuel 
pellets may undergo a phase transition. The heating 
of the U-5 w/o Fs fuel alloy to temperatures of 552°C 
or slightly higher results in the partial formation of 
a low density gamma iiraniuin phase.^ Associated with 

the gamma phase is a marked increase in the linear 
expansion coefficient. The change in the expansion co
efficient as a function of burnup could in part account 
for the increase in the fuel temperature reactivity 
effect. 

Assuming that the sodium temperature coefiicient 
and, in turn, the sodium power coefficient of —0.85 
Ih /MW remains constant throughout the run, the 
linear reactivity feedback increases from —1.8 to 
- 2 . 1 Ih /MW. 

•Subtracting the values for the total linear feedback 
from the measured values ot the power curve gives 
the nonlinear component of reactivity for three cases 
(26.\, 26B, 26C) representative of varying degrees 
of fuel burnup, respectively. Referring to Fig. III-31-1, 
it appears therefore that there has also been an in
crease in the nonlinear component of reactivity during 
Run 26. 

It is possible that the introduction of the stainless-
steel reflector has resulted in the reactor subassem
blies being mutually subjected to increased bending 
and torsional stresses. Consequently, the subassembly 
clearances may have been increased by the repeated 
bowing cycles. Some evidence in this direction is in
dicated by recent post-irradiation measurements' 

20 30 

REACTOR POWER, MWt 

F I G . 111-31-1. Nonlinear Component of Reactivity for 
Operational Power Run 26. ANL Neg. No. 112-9480. 
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made across the subassembly flats. This less-tight core 
configuration would result in an increase in the posi
tive nonlinear feedback. 
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111-32. Analysis of the Variat ion in the EBR-II Power 
Coefficient Due to Blanket Change' 

P. ,J. PEIBIANI , T . R . BUMP, R . A. CUSHMAN,* ,J. LONG* and D. KUCERA 

This study of the EBR-II power coefficient for 
Run 25 is based mainly on experimental observa
tions- which suggest that the variations experienced 
in the power reactivity curve between Runs 24 and 25 
are consistent with the two distinct core configurations 
that were involved; namely, a radial uranium 
blanketed system and a mixed stainless-steel-uranium 
reflected core, respectively. 

The reactivity feedback as a function of power for 
the two operational runs are presented in Fig. III-
32-1. The experimental data have been adjusted and 
normalized for reactivity effects resulting from the 
variation in initial power, inlet coolant temperature, 
burnup during measuring intervals, and control rod 
expansion effects. 

The significant differences are the marked reduc
tion in the slope of the power curve for Run 25 in the 
15 to 30 MWt power range, and the reduction ot 
about 25 inhours in the at-power 45 MWt reactivity 
decrement between Runs 24 and 25. 

The total power reactivity feedback as given in 
Fig. III-32-1, can be primarily resolved into linear 
and nonlinear comjionents. The linear component is 
that reactivity feedback resulting from the density 
change of the sodium, and the density change and 
axial expansion of the fuel with temperature. The re
activity feedback resulting from the radial movement 
ot the core grid structure, and the core and blanket 
subassemblies, are included in the nonlinear bowing 
effect component. 

The axial fuel expansion coefficient tor Run 25 was 

• Idaho Division, Argonne National Laboratory. 

obtained from the partial flow experiments performed 
at two power levels at the start of Run 25. The ex-
jieriments yielded a value ot —0.75 Ih /MW as the 
fuel expansion contribution to the linear component 
of the pow'er coefficient. Assuming that the linear 
component is comprised mainly of the fuel-expansion 

20 30 
POWER, MWt 

F I G . 111-32-1. Measured Total Reactivity. .4.VL Neg. No. 
111-87S1. Rev. 1. 
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' F I G . III-32-2. Nonlinear Component of Reactivity for 
Operational Power Runs 24 and 26. .iNL Neg. No. llS-»4»3. 

effect and the overall sodium-expansion effect (com
puted as —0.85 Ih /MW) , the total linear component 
of —1.6 Ih /MW was assumed to be valid for both 
cores. 

The difference between this linear effect and the 
total experimental curve yields the component of 
the power coeflScient resulting from the radial motion 

of the core and blanket subassemblies, including the 
bowing effects. The results of separating the linear 
component from the total measured reactivity re
sponse with reactor power for Runs 24 and 25, are 
presented in Fig. III-32-2. 

One of the more significant experiments performed 
in the study of the Run 25 power coefficient was a 
series of partial coolant flow measurements at several 
power levels. This series of measurements allowed a 
check on the consistency of deriving the nonlinear ef
fect, i.e., bowing effect, from the full flow case. Refer
ring to Fig. III-32-2, the magnitudes of the bowing 
reactivity effect between the full flow experiments 
are found to agree within the experimental error. 

The general shape and the magnitude of the non
linear component curves are used to check the ade
quacy of models being developed^' * to describe the 
collective interactions of the radial deflections of the 
core and blanket subassemblies. The comparison of 
a preliminary model is also included in Fig. III-32-2. 
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111-33. Further Invest igat ion of the Constant Component s 
of the Power Coefficient of EBR-11 

R. E. .JARK.\ and J. T. MAUELL 

INTRODUCTION 

The investigation of the power coefficient of 
EBR-II presented here is a continuation of the work 
that appeared in Ref. 1. The refinements of the models 
and methods used in the present analysis and the 
extension of the study to additional loading of 
EBR-II (Runs 16, 24, 26, and 27) is discussed in this 
report. 

The total power coefficient was obtained for 
EBR-II, as well as reactivity effects associated with 
the individual material components (fuel, sodium, 

and steel). A two dimensional transport code, 
SNARG-2D,'^' with a new six-group cross section set 
was used in the analysis (see Paper III-35). The re
activity effects due to changes in temperature and 
dimension from 0 to 45 MW operation were obtained 
by comjiaring the value of fc,,, for EBR-II with 
specified changes to ke„ for a base case. EBR-II at a 
uniform 700°F was taken as the base case. The com
ponents which were investigated include: sodium in 
the core, in the upper blanket, in the inner blanket 
(reflector), and in the entire reactor; the exjiansion of 
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the fuel in the core; the radial and axial expansion of 
the steel structure. 

CALCULATIONAL METHODS AND MODELS 

More detailed temperature data were available for 
this study, resulting in a different representation of 
EBR-II for the two-dimensional calculations shown 
in Fig. III-33-1. The temperatures of the materials in 
each region are given in Table III-33-I for the cases 
of a steel reflector and a depleted uranium blanket 
surrounding the core. The temperatures were based 
on detailed heat transfer calculations.' The reactor 
dimensions, volume fractions, expansion coefficients, 
and the atom densities of iron and sodium are the 
same as those used in the previous study. 

A systematic way of preparing the data for calcu
lating the components of the power coeflficient was 
deveIo])ed. Two codes, HVYISO and ASPIRIN, 
were written to facilitate rapid and accurate prepara
tion of the input cards for the calculation of the com-

TABLE 

REGION 

Region 

1 

2, 3, 4 

5 

6 

7 

8 

9 

10 

11 

12, 18 

13, 19 

14, 20 

16, 21 

16, 22 

17, 23 

24 

III-33-I. TEMPERATURE 

IN RUNS 16, 24, 

Run 16, 24, 

Fuel 

720 

— 
926 

918 

917 

921 

911 

874 

800 

— 
— 
— 
— 
— 
— 
850 

Steel 

720 

700 

822 

820 

821 

832 

835 

811 

772 

853 

849 

858 

885 

896 

865 

850 

15, 26. 27 

27' 

Sodium 

720 

700 

776 

775 

778 

792 

798 

782 

770 

853 

849 

858 

885 

896 

865 

850 

])ATA BY MATERIAL A.ND 

AND 27 ' OP EBR-II , °F 

Run 25, 26, 27 

Fuel 

720 

— 
914 

911 

912 

922 

919 

896 

— 
— 
— 
— 
— 
— 
— 
— 

Steel 

720 

700 

813 

814 

817 

833 

837 

826 

730 

846 

844 

856 

886 

904 

886 

760 

Sodium 

720 

700 

773 

772 

778 

793 

802 

793 

730 

846 

844 

856 

886 

904 

886 

760 

REGION NO. 

1 

2 
3 
4,11. 24 

5 THRU 10 
12 THRU 17 
18 THRU 23 
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FIG. I I I - : J 3 - 1 . Representalinn of EBR-H for Two Dimen

sional Calculations with Region Number and Identification. 

ANL Neg. No. IIS-ISU Rev. 1. 

ponents. The HVYISO code programmed for the CDC-
160A calculates the atomic densities of the heavy 
isotopes in the EBR-II fuel; that is, U-235, U-238, 
Pu-239, and fission product pairs. Printed computer 
output provides the weight of each nuclide for each 
subassembly in a loading. HVYISO combines the 
subassemblies into the proper row and converts the 
weight of the heavy nuclides into the atomic den
sities for that row. The data are then punched into 
the input cards in the proper format for the SNARG-
2D code. , 

The ASPIRIN code, also written for operation on 
the CDC-160A, calculates the appropriate changes in 
the material densities and regional dimensions for 
given temperature changes in the various regions. For 
the case of the sodium coefiicient, the temperature (s) 
of the sodium in a given region (s) is inputted to 
ASPIRIN. The atomic density of sodium in the re
gion (s) is calculated and a full deck of input cards 
for the SN.\RG-2D code with the new densities for 
sodium is punched by ASPIRIN. 

The temperature of the fuel in each of the core 
regions is inputted into ASPIRIN in the calculation 
of the fuel expansion coefficient. The expanded height 
of the fuel is calculated for each core region and an 
average height is then obtained for the entire core. 
The atomic density of the fuel is then adjusted to be 
consistent with the new height, and a complete 
SNARG-2D input deck is punched. The calculation 
of the axial steel coeSicient is identical in procedure 
to that used for the fuel expansion coefficient. 

The radial expansion coefficient for steel is obtained 
by first assuming that the subassemblies in the core 
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are tightly packed at 700°F. Using the appropriate 
input values of the temperatures for each region the 
new radial dimensions are calculated by the following 
equation: 

I'l = ro(l — a^T) 

where 
a = linear expansion coefficient 

7*0, ri = initial and final rtidii 
AT = temperature rise above 7(X)°F. 

Again the atomic density of the material is corrected for 
the change in the dimensions and the input deck is 
prepared by the ASPIRIN code. The use of ASPIRIN 
has proved to be effective as a timesaver and also effec
tive in reducing the number of errors in the input data 
to the SNARG calculations. 

A brief description of the loadings for Runs 16, 24, 
25, 26, 27, and 27' is given in Table III-33-II. Run 
27' is a fictitious loading in which four half-loaded 
subassemblies in Run 27 were replaced by fully 
loaded subassemblies and the steel reflector subassem-
Ijlies were replaced by depleted uranium subassem
blies. The results of the k,,// calculations for the vari
ous components of the power coeflScient are presented 
in Table III-33-III . Two sets of values are presented: 
reactivity defect from 0 to 45 MW in units of Afc X 
10~° and the temperature coefficient of reactivity in 
units of Afc/AT" X 10-=. 

DISCUSSION or THE RESULTS 

The total reactivity defect for the six cases con
sidered in this study differ by 21/2% or less from the 

TABLE III-33-II. DE.SCRIPTION OF THE CORE LOADING LO.\DINGS rou HUN 16, 24, 25, 26, 27 A.VD 27' 

Item 

Number of S/A in core" 
Rows 7, 8 
Fuel type 
Axial bikt. material 
Axial bIkt. design 

Number of e.xperiments 

Ave. core Na temp, °F 
Ave. fuel temp. °F 
Ave. core steel temp, °F 
Expansion core radius, cm 
Ave. upper refl. Na temp, °F 

Run 16 

75 
dep, U. 
MK-I 
dep. U. 
pin 

5 

791 
811 
830 

0.0347 
881 

Run 24 

81 
dep. U. 
MK-IA 
steel 
pin 

9 

787 
811 
825 

0.0349 
876 

Run 25 

88 
steel 
MK-IA 
steel 

50 pin/13 tri-
flute 

11 

792 
811 
828 

0.0364 
884 

Run 26 

91 
steel 
.MK-IA 
steel 

33 pin/31 tri-
fiute 

13 

792 
811 
828 

0.0370 
,S.S4 

R u n 27 

91 
steel 
,MK-IA 
steel 

16 pin/45 tri-
flute 

16 

792 
811 
828 

0.0.370 
884 

Run 27' 

91 
dep. U. 
MK-IA 
steel 

16 pin/45 tri-
flute 

16 

787 
811 
825 

0.0370 
876 

' S/A = subassembly. 

TABLE HI-33-III. I{B-\CTIVITY DEFECTS (—Aft X 10^) AND TEMPERATURE COEFFICIENT 

RUNS 16, 24, 25, 2(), 27, AND 27' ( i # ' X '«-') ••™ 

Na core, AA: 
Na core, Ak/A°F 
Na upper refl., Ak 
Na upper refl., Ak/A°F 
Na inner refl., Ak 
Na total, Ak 
Fuel, A«; 
Fuel, Ak/A°F 
Steel expansion 

axial, Ak 
axial and radial, Ak 
radial, ])i/mil 

45 MW 
no radial exp., Ak 
radial exp., Ak 

Run 16 

44.7 
0.494 

29.6 
0.16 
5.9 

80.4 
44.6 
0.211 

8.7 
119.6 

2.4 

135.2 
255.3 

Run 24 

40.7 
0.465 

30.9 
0.189 
7.2 

79.0 
43.6 
0,206 

9.1 
118.2 

3.4 

138.1 
250.3 

Run 25 

43.6 
0.481 

40.7 
0.223 
3.6 

88.2 
42.3 
0.200 

12.4 
122.0 

3.3 

152.1 
255.7 

Run 26 

40.8 
0.462 

40.1 
0.222 
3.2 

84.5 
41.5 
0.196 

17.9 
129.0 

3,3 

147.7 
253.9 

Run 27 

41.7 
0,453 

41,3 
0,225 
3,4 

86,7 
42,0 
0,199 

17,3 
132.7 

3.4 

148,1 
265,9 

Run 27' 

39,3 
0.451 

37.6 
0.214 
5.6 

82.4 
44.0 
0.218 

10.9 
99.6 
3.5 

141.3 
244,0 
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mean value. Such deviation is considered to be 
within the accuracy of the calculations. There are, 
however, some larger variations in the individual 
components of the power coefficient for these cases 
(Table I I I -33-III ) , but there is diflSculty in deter
mining the cause for the variations from the results 
of this study. As may be seen from the loading de
scription in Table III-33-II, several changes were 
made between each run and, therefore, a change in a 
coefficient cannot be attributed to one change in the 
loading. Furthermore, the analysis is hampered by a 
lack of reaction summaries for each material in the 
regions. 

The sodium temperature coefficient of the core be
comes less negative while that in the upper reflector 
becomes more negative as the size of the core in
creases. The sodium coefficient in the inner reflector 
region depends on whether a depleted uranium or 
stainless steel reflector is employed there. The fuel 
expansion coefficient does not seem to show any trend 
with just one parameter. The fuel coefficient is less 
negative for larger cores but also is more negative for 
cores surrounded by depleted uranium than for those 
surrounded by steel. The axial expansion coefficient of 
steel, which seems to be influenced most by the ma
terial in the inner blanket region, is most negative 
for loadings which include a steel reflector rather than 
a depleted uranium blanket. 

The reactivity change due to radial movement of 
the subassemblies does not show a clear pattern from 
the data in Table III-33-III . A more detailed exami
nation of the radial expansion and compaction was 
made to study the influence of the radial reflector or 
inner blanket. In this analysis the new dimensions 
and volume fractions were calculated on a CDC-160A 
program for various clearances between subassemblies 
under isothermal conditions at 700°F. The values of 
K/i were calculated for the isothermal expansion and 
contraction ot both the subassemblies in the core and 
inner blanket regions. The results of these calcula
tions in terms of Ih/mil change in clearance between 
the subassemblies are given in Table III-33-IV. The 
expansion coefficient of the core increases with in
creasing core size while the compaction coefficient 
changes little from case to case. The coefficients for 
the cases of a steel reflector in the 7th and 8th row are 
substantially greater than those with depleted ura
nium subassemblies in the inner blanket. 

SVMMAHY 

The use of computer codes (HVYISO and ASPI
RIN) to prepare the input cards for the reactivity 
calculations removes many ot the errors that had 

TABLE III-33-I\ ' . EXP.VNSION .\Nn COMP.\CTION 
COEFFICIENTS OF THE CORE REFLECTOR .^ND 

BI.-1NKET FOR RiN 16, 24. 25. -\.VD 26 

16 
24 
25 
26 

E.xpansion, —Ih/mil 

Core 

3.13 
2.73 
2.60 
2.50 

Blanket/Reflector 

O.IO/N.A." 
0.11/N.A." 
N.C."1/0.39'' 
N.C.<'>/0.40i' 

Compaction, —Ih/mil 

Core 

2.73 
2.61 
2.53 
2.55 

Blanket/Reflector 

0.11/N.A." 
0.11/N.A." 
O.Ot/N.C."'" 
O.OS/N.C.'"" 

" N.A.—not applicable; im leHectnr repinn present. 
^ N.C. '"—not calculated, ;ip])niximately equal to cuin-

pactioii coefficient —0.04 Ih/mil . 
= N.C.<^'—not calculated, approximately equal to expansion 

coefficient —0.4 Ih/mil. 

previously occurred in the preparation of the 
SXARG-2D deck. This improvement can be seen in 
the internal consistency of the values calculated for 
the components of the reactivity coefficients and the 
total reactivity coefficients. The calculated values of 
the temperature coefficients for each component can 
be used to calculate an isothermal coefficient. Making 
this calculation results in a calculated value of —1.01 
Ih / °F for the isothermal coefficient, which is in ex
cellent agreement with experimental values. Where 
applicable the values of the temperature coefficients 
appearing in Ref. 4 have compared well with the 
values calculated in this study. I t should be noted, 
however, that there are different assumptions and dif
ferent divisions of the individual components of the 
temperature •coefficients given in Ref. 4 and those 
presented here. 

Even with this good agreement in the calculated 
values of the reactivity and temperature coefficients, 
the power reactor decrement for some of the recent 
runs of EBR-II has not been completely explained. 
The difficulty arises in understanding the non-linear 
components of the reactivity coefficients, most par
ticularly the bowing effect. Work is continuing in 
analyzing the recent experimental data on the reactor 
power decrement and a new approach is being ex
amined which employs the use of the isothermal ex-
jiansion and compaction reactivity effects. These data 
will be employed to determine whether the reactivity 
effect of the bowing can be translated into a reason
able model of movement for the subassemblies in the 
core and blanket/reflector regions. 
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I l l -34 . EBR-H Control -Rod-Bank D y n a m i c Reactivity Feedback 

.1. A. DESHONG, J R . 

A theoretical model of the dynamics of the EBR-II 
control-rod-bank reactivity feedback has been devel
oped as shown in Fig. 111-34-1.'" The coefficients 
Cl through Ci are associated with various lengths of 
the rod along its axis, each of which possess different 
dynamic characteristics.- The time constants shown 

65/?= 3.6"F/MW 
8p/P= 2.93°F/MW 

C| = 5.06x10 in/"F 

C2» 18x10 in /°F 

C j ' 2.0xl6^in./°F 

Ĉ  = 2.0xl0"''in./°F 

w = 2.23xl0''8k/k per inch 

i S r c 

Cj 
t l + 2 l . 3 s ) 

C4 
(1 + 725) 

"= ( + (• 

i^ , 
+ '• 

"TOTAL 

((8k/k)(;oNTROL 
ROD 

EXPANSION 
F I O . III-34-1. EBR-II Control-Iiod-Bank Dynamic Reac

tivity Feedback. ANL Neg. No. 11SSJ,S. 

for each section were calculated based on the 
dynamic heat-transfer characteristics of that section. 
The values d, through di are the dynamic changes in 
length of various rod portions, and W converts these 
to reactivity feedback. The total expansion, 
droTAL, at 45 MW is 153 mils, corresponding to 
3.42 X IO-* Sk/k or 14.7 Ih. The average coolant 
temperature rise in the control subassembly is repre
sented by dc and the coolant temperature rise in the 
inner plenum by Dp. AP represents a power incre
ment, Po is the initial power, and s is the LaPlace 
transform variable. AOTC is the effective temperature 
rise (for a power increment AP) of the coolant in 
contact with that portion of the control rod which 
passes through the top cover of the plenum. 

The dynamic rod-bank reactivity effects are being 
used in an effort to understand the other feedback 
effects, including the positive structural effect. The 
dynamic reactivity of the rods has been subtracted 
from the measured reactor response to develop a 
model for the remaining reactivity effects. 
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i n - 3 5 . Analysis and Deve lopment of Neutron Cross 
Sect ions for EBR-II Studies 

D. A. KUCERA and J. T. MADELL 

INTRODUCTION 

As mentioned in Ref. 1, the value of reactivity of 
EBR-II, Run 25, was calculated to be 1.05715. The 
measured value was between 1.003 and 1.005 at the 
start of Run 25. A discrepancy of over 5% in the 
value of the reactivity is unacceptable in calculations 
of an absolute nature, such as determining the en
richment or number of subassemblies required for 
criticality. A study was conducted to determine the 
cause of the discrepancy. 

AREA.S OF I N V E S T I G A T I O N 

Five general areas were considered to be possible 
sources of a discrepancy in the value of reactivity. 
A discussion of the investigation of these areas is 
given in sections 1-4. 

1. NEDTRONIC MODEL 

One possible source of the discrepancy is the ac
curacy with which the neutronic model represents 
the physical system. The accuracy can be affected 
hy the selection of the model to describe the neutron 
transport and by the selection of the number of 
energy groups to represent the neutron reactions. A 
series of diffusion and transport calculations was per
formed using a simple model of EBR-II . For these 
calculations EBR-II was represented as a three 
region (core, reflector, and blanket) sphere whose 
compositions are given in Table III-35-I. Using cross 
section Set 236<=' the MACH 1 code' calculated 
the critical radius of the core. For these critical 
dimensions and compositions a number of different 
types of diffusion and transport calculations were 
run to determine values of reactivity with the 22 
and 6 group cross section sets. The results are pre
sented in Table III-35-II . 

The conclusions drawn at this point were: (1) 
the use of the 6-group set for the reflected EBR-II 
produced a reactivity which was 0.924% higher than 
that yielded by the 22-group set, and (2) the value 
of k calculated using MACH 1 was 2.7% lower and 
using the S2 approximation was 2.6% higher than 
the value of k calculated using the Sm approxima
tion. The comparisons between the reactivities cal
culated by the S2, Sir,, and diffusion approximations 
were in agreement with the comparisons presented 
in Ref. 4. Making corrections for the use of a 6 group 

T.ABLE III-35-I. COMPOSITION FOE SIMPLIFIED ( T H R E E 
REGION, 8PHERIC.\L GEOMETRY) MODEL OF EBR-II 

Concentration, 
atoms/cm' X 10" 

Material 

U-236 
U-238 
Pu-239 
Fe 
Ni 
Cr 
Na 

Fission Prod. 
Mo 
Nb 
Zr 

25.2 cm 
Radius Core 

6.3 X 10-' 
6.0 X 1 0 ' 
1.0 X io-» 
1.2 X 10-' 
1.5 X 10-" 
3.0 X 10-" 
1.1 X 10-' 
1.0 X 10-' 
7.0 X 10-' 
3.0 X 10-« 
6.0 X 10-' 

10.0 cm Thick 
Reflector 

— 
— 

4.5 X 10-' 
6.1 X 10-" 
1.4 X 10-' 
4.0 X 10-' 

— 
— 
— 
— 

35 cm Thick 
Blanket 

6.0 X 10-> 
2.9 X 10-' 
3.0 X 10-» 
1.2 X 10-' 
1.5 X 10-» 
3.0 X 10-' 
4.0 X 10-' 

— 
— 
— 
— 

TABLE III-35-II. RE.KTIVITV OF EBR-II usi.N<i D I F F E R E N T 
TYPES OF NEUTRONIC CODES AND ENERGY GROUPS 

Tj-pe 

Diffusion 
St 
S, 
S, * 
S„ 

Six Groups 

1.00924 
1.06287 
1.04021 
1.0.3803 
1.03711 

Twenty-Two Groups 

1.00-
1.05298 

' Core radius varied to obt a 1 k = 1.00. 

set and the So approximation, the new value of re
activity for EBR-II , Run 25, was determined to be 
1.0191. 

2 . LIBR.ARY TAPES OF CROSS SECTIONS 

Another source through which errors may be in
troduced is the neutron cross section library tapes. 
There have been experiences in which cross section 
data were either improperly punched on cards or 
improperly written onto the tape. This is a malfunc
tion of the computer equipment rather than the com
puter programs. Investigation of the cross section 
data was carried out in two parts. In the first part 
the cross sections generated for the XLIBIT format 
were compared with those of the same nuclides pro
duced in the MACHLIB format. No errors were 
found in the examination of these two cross section 
formats. 
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TABLE III-35-III. ATOM D E N S I T I E S OF NUCLIDES USED IN 

GENERATING THE WEIGHTING SPECTRA FOR M C , 

atoms/cm' X 10'^ 

Nuclide 

U-235 
U-238 
Pu-239 
Fe 
Ni 
Cr 
Na 

Core 

6.1238 X 10-' 
5.5760 X 10-' 

— 
1.3718 X 10-' 
1.7365 X 1 0 ' 
3.9194 X 10-' 
1.1176 X 10-' 

Blanket 

6.6030 X 10-' 
2.8668 X 10-' 
3.5940 X 10-' 
1.1960 X 10-' 
1.5141 X 10-' 
3.4173 X 10-' 
4.3234 X 10-' 

Reflector 

_ 
— 
— 

4.8535 X 10 ' 
6.1460 X 10-' 
1.3868 X 1 0 ' 
4.3225 X 10-' 

Perturbation analysis was used to investigate any 
errors in the cross section library. The worths of sev
eral nuclides were evaluated in an EBR-II spectrum 
and were compared with similar data reported in 
Ref. 5 and found to be in general agreement. Al
though neither method of determining errors in the 
cross section data is foolproof, experience has shown 
that errors of the types being investigated here are 
large in magnitude and would usually be uncovered 
by one of these two lines of investigation. 

3 . NUCLIDE COMPOSITIONS IN EBR-II 

The uncertainty in the fuel composition for Run 25 
could explain some of the discrepancy in the re
activity. To eliminate this factor the reactivity of the 
wet critical experiment was calculated with an tS2 
calculation using the 6-group cross section set. 

The amount of fuel in the wet critical experiment 
was reported in detail and criticality was accurately 
measured at zero power. A value of 1.0597 was cal
culated for keif. The value corrected for the 6 groups 
and S2 approximation is 1.02256. The discrepancy 
of over 2% k in calculating the well described and 
well controlled wet critical experiment suggests that 
the source of the trouble lies in the calculation of 
the broafl group cross sections. 

4. CALCULATION OF BROAD GROUP CROSS SECTIONS 

Two remaining areas left for investigation were 
the MC- code" itself and the selection of the weight
ing spectrum used in the MC- code. An error in the 
MC- code was detected in the treatment of inelastic 
scattering. Calculations showed that the value of 
kc„ was reduced by 0.5% for a large oxide system 
when proper treatment of inelastic scattering was 
introduced. This information led to the development 
of a new cross section set from which the influences . 
of the errors in the MC^ code and the selection of 
the weighting spectram were determined. 

The MC- program generated 22-group cross sec
tions weighted with typical EBR-II core, blanket, 
and reflector spectra. The compositions used in 

generating the spectra are given in Table III-35-III 
and the energy structure of the 22-group set is pre
sented in Table III-35-IVa. The MC- program gener
ating the core-average cross sections employed a 
buckling search to criticality and considered the 
heterogeneity of the EBR-II core. The other two 
programs used a homogeneous mixture of reflector and 
blanket materials with a buckling equal to zero. In 
addition to the nuclides on the MC^ library tape, the 
22-group cross sections of seven additional nuclides 
{molybdenum, niobium, zirconium, natural boron, 
B-10, tungsten, tantalumj from Set 224 ' " were in
cluded. The cross sections for all these nuclides were 
converted from the MC= format to both MACHLIB 
and XLIBIT formats. A description of the nuclides 
—their weighting spectrum and their designation— 
is given in Table III-35-V. 

TABLE III-.35-IVa. GROUP STRUCTURE OF CROSS 

SECTION SET 238 

Energy Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

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

Lower Energy 
Limit, 

eV 

3.68 
2.23 
1.35 
8.21 
4.98 
3.02 
1.83 
1.11 
6.74 
4.09 
2.48 
1.50 
9.12 
4.31 
2.62 
2.03 
1.23 
9.61 
5.83 
2.75 
1.01 
2.90 

X 10« 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10> 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 

Upper Lethargy 
Limit 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
5.0 
6.5 
7.0 
7.75 
8.25 
8.50 
9.0 
9,25 
9.75 

10.5 
11.5 
12.75 

TABLE III-35-IVb. GROUP STRUCTURE . 

SECTION SET 23806 

Energy 
Group 

1 
2 
3 
4 
5 
6 

Corresponding 
Set 238 
Groups 

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

11 through 22 

Lower Energy 
Limit, 

eV 

2.35 X 10' 
8.21 X 10' 
3.02 X 10' 
1.11 X 10' 
4.09 X 10' 
2.90 X 10' 

F CROSS 

Upper 
Lethargy 

Limit 

1.5 
2.5 
3.5 
4,5 
5.5 

12.75 
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TABLE III-35-V. T H E L I S T OF NUCLIDES, WEIGHTING SPECTRA, AND DESIGNATION 

ON CROSS SECTION T A P E S FOR SETS 238 AND 23806 

U-235 

PII-239 

U-238 

Pu-240 

Fe 

Ni 

Cr 

Na 

FPAIl! 

O.vygen 

Carbon 

C(ore) 
R(eflector) 
B(lanket) 

C 
R 
B 

C 
11 
B 

C 
R 
B 

C 
R 
B 

C 
R 
B 

C 
R 
B 

C 
R 
B 

C 
R 
B 

C 
R 
B 

c 
R 
B 

Nuclide Designation on Cross Section Tapes 

MACHLIB 

238 

1 
23 
12 

2 
24 
13 

3 
26 
14 

4 
26 
15 

5 
27 
16 

0 
28 
17 

7 
29 
18 

8 
30 
19 

9 
31 
20 

10 
32 
21 

11 
33 
22 

23806 

1 

21 
41 

2 
22 
42 

3 
23 
43 

4 
24 
44 

5 
25 
45 

6 
26 
46 

7 
27 
47 

8 
28 
48 

9 
29 
49 

10 
30 
50 

11 
31 
51 

XLIBIT 

238 

U235-C 
•• R 
" B 

Pii239C 
" R 
" B 

U-238_C 
" R 
" B 

PU240C 
" R 
" B 

FE C 
R 
B 

NI C 
" R 
" B 

CI! C 
R 
B 

NA C 
R 
B 

FPAIR C 
R 
B 

OXY- _C 
R 

" B 

CAR_ _C 
" R 
" B 

23806 

R_1N_1 
R_2N23 
R_3N12 

R_1N_2 
R_2N24 
R_3N13 

R_1N_3 
R_2N25 
R_3N14 

R_1N_4 
R_2N26 
R_3N14 

K_1N_6 
R_2N27 
R_3N16 

R_1N_6 
R_2N28 
R_3N17 

R_1N_7 
R^2N29 
R_3N18 

R_1N_8 
R_2N30 
R-3N19 

R_1N_9 
R.2N31 
R_3N20 

R-INIO 
R_2N32 
R.3N21 

R_1N11 
R_2N33 
R_3N22 

Mo 

Nb 

Zr 

Bnol 

W 

Ta 

B_10 

Stainless 
Steel 

Fissium 

C(ore) 
R(eflector) 
B(lanket) 
Set 224 

C 
R 
B 
Set 224 

C 
R 
B 
Set 224 

C 
R 
B 
Set 224 

C 
R 
B 
Set 224 

C 
B 
B 
Set g24 

C 
R 
B 
Set 224 

C 
R 
B 
Set 224 

C 
R 
B 
Set 224 

NucUde Designat 

MACHLIB 

238 

34 

35 

36 

37 

38 

39 

40 

41 
43 
42 

44 

23806 

12 
32 
52 

13 
33 
S3 

14 
.34 
54 

15 
35 
65 

16 
36 
66 

17 
47 
57 

18 
38 
58 

19 
39 
59 

20 
40 
60 

ion on Cross Section Tapes 

XLIBIT 

238 

MO 

NB 

ZR 

BNAT_ _ 

W 

TA 

BIO 

23806 

R_1N34 
1!_2N34 
1!_3N34 

R_1N35 
R_2N35 
R_3N35 

R_1N36 
R_2N36 
R^3N36 

R_1N37 
li^2N37 
R_3N37 

R_1N38 
R_2N38 
R_3N38 

R_1N39 
R_2N39 
R_3N39 

R_1N40 
R_2N40 
R.3N40 

R_1N41 
Ii^2N43 
R_3N42 

R_1N44 
R^2N44 
R_3N44 

The group collapsing routine of the MACH code 
was used to produce the 6-group sets (Set 23806) 
in both M.\CH and XLIBIT format. In this group-
collapsing routine the groups are weighted linearly 
with the real flux, which was generated from the 
reactor system described in Table III-35-III. The 
energy stmcture of the six group set, which is given 
in Table III-35-IVb, is the same as that used in 

Set 23606. The basis for selecting the energy struc
ture used in Set 23606 is described in Ref. 1. 

COMPARISONS OF SETS 238 .\ND 23806 WITH SETS 236 

AND 23606 

A series of calculations was performed to compare 
the reactivity calculated with the new and the old 
cross section sets and with different weighting spectra 
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TABLE in-35-VL VALUE OF A-,// FOR SPHERICAL U E P H E -

SENTATION OF E B H - I I VOR V A R I O I S CROSS SECTION SETS, 

WEIGHTING SPECTRA, AND NEUTRONIC MODELS 

Case 

1 
2 
3 
4 
5 
6 
7 
8 

Cross-
Section 

Set 

238 
238 
236 
236 

23800 
23806 
23606 
23606 

Weighting 
Spectrum for 

Cross 
Sections in 
Reflector 

Region 

Reflector 
Blanket 
Blanket 
Core 
Reflector 
Blanket 
Blanket 
Core 

Diffusion 

0.9747 
0.9848 
0.9858 
0.9855 
0.9768 
0.9800 
0.9894 
0.9886 

S2 

1.0231 
1.0331 
1.0276 
1.0274 
1.0250 
1.0351 
1.0374 
1.0307 

S. 

1,0019 
1.0122 
1.0069 
1.0061) 
1.0035 
1.0138 
1.0164 
1.0156 

S, 

1.0000 
1.0102 
1.0050 
1.0047 
1,0010 
1.0119 
1.0144 
1.0135 

for nuclides in the reflector. The system used for com
parison was a spherical representation of EBR-II 
with a core, reflector, and blanket region. The com
positions of these regions are similar to those given 
in Table III-35-I. The values of the multiplication 
were calculated using diffusion theory and three orders 
of the transport approximation and were normalized 
in Table III-35-VI so that a value of 1.0 was ob
tained for the ^8 calculation in case 1. 

The following observations are made from the 
data in Table III-35-VI. 

1. The relationships between the various neutronic 
representations are the same as those reported earlier 
in this paper. That is, diffusion theory predicts a 
kcff of about 2V2% below the measured value whereas 
the S2 approximation predicts a fc,/, about 21/2% larger 
than the measured value. Thus, the corrected values 
of keff for the wet critical and Run 25 remain about 
the same; that is, about 1.02. 

2. The selection of a weighting spectrum in the 
reflector region has a significant effect on the value 
of fcc;,. This can be seen by comparing the values 
of k,,f for all neutronic representations for case No. 
1 with 2 and case No. 5 with 6. The only difference 
among these cases is the weighting spectrum used 
for the cross sections of the nuclides in the reflector 
regions. The use of a spectrum characteristic of re
flector material produces a value of fce,/ of about 1% 
less than blanket weighted cross sections do. 

3. There appears to be little difference in the use 
of core or blanket-weighted cross sections in the re
flector region. This can be seen by comparing case No. 
3 with 4 and case No. 7 with 8. 

4. The improved treatment of inelastic scattering 
incorporated within the latest MC- code appears to 
have little effect on the value of k,// for these cases. 
The basis for this conclusion can be seen by com
paring cases No. 2 and 3 and cases No. 6 and 7. 
In these cases the identical weighting spectra for the 
cross section were used in each region so the only 
difference in these cases is in the treatment of inelastic 
scattering by MC-. 

INVESTIGATING THE IMPORTANCE OF THE WEIGHTING 

SPECTRUM 

.\ perturbation analysis was conducted to deter
mine the cause of the difference in the ke/f calculated 
with a different weighting spectrum in the reflector 
region. The reactivity effect produced by exchanging 
blanket-weighted and reflector-weighted cross sec
tions in the reflector region were calculated for the 
individual and total components of Ak/k. The re
sults of the calculations given in Table III-35-Vn 
revealed that the leakage component makes the 
largest contribution to the reactivity. The exchange 

TABI.F' III-35-VII. COMPONENT ANO TOTAL VALUES OF Ak/k KOH THE IC.XCII.VNOE OF REFLECTOR 

WEIGHTED SPECTRI'M CROSS .SECTIONS IN THE REFLECTOR REGION 

Substituting Blanket for Reflector-Weighted Cross Sections in Case 1 MACH Calculation 

Nuclide 

Fe 
Ni 
Cr 
Na 

Total for mixture 

Capture 

- 3 , 1 9 X 10-' 
- 2 , 0 1 X 10-' 

5.48 X 10-' 
3.25 X 10-' 

-3..36 X 10-' 

Radial Leakage 

8.37 X 10-' 
- 4 . 2 0 X 10-' 

1.19 X 10-' 
5.85 X 10-' 
9.62 X 10-' 

Elastic Scattering 

1.44 X 10-' 
- 5 , 0 9 X 10-' 

3,14 X 1 0 ' 
8,00 X 10-' 
1,32 X 10-' 

Inelastic Scattering 

- 1 , 6 1 X 10-' 
- 8 , 7 0 X 10-' 
- 2 . 7 7 X 10-' 
-1-2.69 X 10-' 
- 4 . 9 9 X 10-' 

Total Ah/k 

8.20 X 10-' 
- 8 . 2 1 X 10-' 

1.23 X 10-' 
7.00 X 10-' 
9.41 X 10-' 

Fe 
Ni 
Cr 
Na 

Tota] for mixture 

Substituting Blanket for Reflector-Weighted Cross Sections in Case 2 MACH Calculation 

2.24 X 10-' 
2.84 X 10-' 

- 6 . 6 9 X 10-' 
- 3 . 0 8 X 10-' 

2.43 X 10-' 

- 1 . 0 0 X 10-'' 
- 1 . 1 1 X 10-' 
- 1 . 1 8 X 10-' 
- 5 . 0 6 X 10-' 
- 1 , 1 3 X 10-' 

- 2 , 3 6 X 10-' 
4-2,98 X 10-' 
- 3 , 3 2 X 10-' 
- 1 , 0 6 X 10-' 
- 2 , 6 0 X 10-' 

-f6.70 X 10-' 
7.87 X 10-' 
2.19 X 10-' 

-3..32 X 10-' 
- 3 . 3 2 X 10-' 

- 1 . 0 0 X 10-' 
4.79 X 10-' 

- 1 . 2 2 X 10-' 
- 6 . 4 6 X 10-' 
- 1 . 1 3 X 10-' 
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of reflector and blanket-weighted cross sections for 
iron accounts, in turn, for 89% of the total difference 
in the leakage. It is noted that the values of re
activity for the two substitutions have different 
absolute values due to the first order nature of the 
perturbation analysis. The sensitivity of the leakage 
component is related to the discrepancies in the 
transport cross section. The transport cross section 
of iron, for example, is very sensitive to the weighting 
spectrum in energy regions containing large reso
nances. For example, an 80% difference in the llth 
broad group transport cross section of iron is seen 
between the cross sections weighted with reflector 
and blanket spectrum. 

In generating broad group transport cross sections 
the MC- code weights the ultrafine group cross sec
tion data with the flux and the inverse of the 
homogenized transport cross section. If the weighting 
spectrum does not take into account the depressed 
flux and large homogenized transport cross section 
in a resonance region, the broad group cross section 
will be in error. Discrepancies in the transport cross 
sections in resonance regions of iron are expected 
because the spectrum characteristic of the blanket 
does not represent the spectrum in a region of high 
iron content. However, the sensitivity of the reactiv
ity to the changes in the cross sections was not ex
pected because (11 the iron resonances occur at the 
tail-end of EBR-H's spectrum; (2) the reflector is 
thin and not in a region of great importance; (3) to 
be significant, all of the errors must be in the same 
direction. An investigation showed that the effect of 
the weighting spectrum is important in this case 
because the gradients of the flux and adjoint flux in 
the resonance regions are large, even though the flux 
and adjoint arc not, as may be seen from the equa
tion 

Sk m-.j = Zv^yV*;^^-^--j. (1) 

where 

f = energy group. 

Further, the value of Sfcy has the same sign for all 
energies where the perturbation in the transport cross 
section is large. It should be noted that some other 
cross sections were more sensitive to the weighting 
spectrum than the transport cross section of iron, 
but had a small effect on the reactivity. 

In analyzing many-region reactors, consideration 
must be gi^'en to the choice of the weighting si)ec-
trum, even for small regions of low importance. Some 
conditions for which one would expect the reactivity 
to be sensitive to the weighting spectrum of the cross 
section are: (11 an abundant nuclide has a nuclear 
property which varies significantly with energy (usu
ally these are resonances), (2) the abundant nuclide 
occurs in substantially different amounts in the re
actor than it did in the composition from which the 
weighting spectrum was generated, and 131 the 
nuclear projierty makes a significant contribution to 
the reactivity of the reactor in the energy regions 
where the variations exist. 
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-36. Analysis of Experimental Subassembl ies in EBR-II 

,1. T. MADELL and H. E. .JAKKA 

The role of KHH-II is now defined as an irradia
tion facility for the Licjuid Metal Fast Breerler Re
actor (LMFBRI Program. To meet this role some of 
the standard fuel and blanket subassemblies have 
been replaced with subassemblies containing experi
ments for irradiation. There are approximately 25 
experimental subassemblies now in EBR-II and their 
compositions and design vary widely. Calculations 
were performed to investigate (1) the effect of the 
experimental subassemblies upon the operation of 
EBR-II and (2) the jierformance of tbe experimental 
subassembly itself, the purpose of which was to de
termine the design features necessary to achieve the 
desired |>erformance of the experimental subassem
blies. Calculations are presented here dealing with 
two types of unencapsulated experimental subas
semblies. The first subassembly contains Mark-II fuel 
and the second, a mixed oxide fuel. 

EXPKRIMF.NTAL Sl'BA.SSEMBLV WITH A M A R K - I I 

FUEL 

A new driver fuel for EBR-II, designated as Mark-
II,"* is being developed to provide increased burn-up 
cajiabilities. The Mark-II design bas the same fuel 
(uranium-5 w/o fissium) but different dimensions for 
the jacket, fuel pin, and gas space than those of the 
Mark-IA design. The enrichment of the Mark-II 
fuel was calculated for two situations: first, for a 
loading of EBR-II with all driver fuel of the Mark-II 
design and second, for an experimental subassembly 
of the Mark-II design being irradiated in a core of 
Mark-IA fuel subassemblies. 

ENRICHMENT FOR MARK-II CORE LOADING 

The enrichment calculations were carried out in a 
series of SNAR0-2D'-> calculations (.S;) in the 
R-Z directions using the six group cross-section Set 
23806.'''> The loading for EBR-II with Mark-II 
driver fuel used in these calculations is given in 
Table III-36-I. I t should be noted that stainless steel 
reflector subassemblies occuiiy the 7th and 8th rows 
in these calculations. The material compositions and 
dimensions for the loading were obtained from 
various EBR-II reports.<•" For this loading, a 60 
a/o enrichment of the uranium was calculated t o ' 
achieve criticality at 45 MW. In addition, the rela
tion between enrichment and reactivity was found 
to be Ak/k = 0.0063 A (enrichment). Thus an in
crease of 1% above the calculated value of 60 a/o 

results in a 0.63% increase in reactivity. The cal
culated value of the enrichment was later altered 
to take into account changes in the basic core loading 
and differences in the operating characteristics of the 
fuel which were related to the initial reactivity re-
(luirements. The changes considered were: 

1. Depeleted uranium blanket instead of a .«teel 
reflector 

2. Change in the conti'ol rod design (replace so
dium with natural boron followers) 

3. Additional initial reactivity to compensate for 
higher burn-up 

4. Additional reactivity for greater fuel expan
sion. 
The predicted values of reactivity for each of these 
items are given in Table III-36-II. Taking into ac
count all of these factors, an enrichment of 64.6 a/o 
is calculated for Mark-II core loading at 45 MW. 

ENRICHMENT OF THE MARK-II EXPERIMENTAL 

SUBASSEMBLY IN A MARK-IA CORE 

The enrichment of the experimental subassembly 
is based on the requirement that the experimental 
subassembly produces the same amount of power 
in a Mark-IA core loading at .50 MW as a Mark-
II subassembly would produce in a Mark-II core 
loading at 62.5 MW. The enrichment has been cal
culated by using two approaches. 

In the first approach, the power production in a 
subassembly is assumed to be proportional to the 
U-235 loading. Experience with other experimental 
subassemblies has determined this to be a rea
sonable assuni])tion. .\ fully loaded Mark-I.\ fuel 
subassembly contains about 2880 g of U-235. To 
achieve the simulated power of 62.5 MW in a core 
producing 50 MW, the U-235 loading must be in
creased by a ratio of 62.5/50. Multiplying by this 
ratio yields a U-235 loading of 3600 g, which is 
equivalent to a 76 a.'o enrichment in a Mark-II 
subassemiily. 

The second approach is based ou an a]iproxima-
tion that the flux le\-els in Mark-II loading arc close 
to that in a Mark-IA loading for the same power 
liroduction. Thus a Mark-II subassembly enriched 
to achieve criticality for a lo.adiug in Table III-36-I 
would produce the same power as a Mark-IA sub-
a.ssembly enriched to achieve criticality for the same 
lotiding. For a reactor loading described in Tabk 
n i -36- I operating at 50 MW, a Mark-II experi-
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mental "subassembly would require a 75 a/o enrich

ment (60 a/o X 62.5/50) to simulate 62.5 MW 

operation. The change of subassemblies in the 7th 

and 8f/i rows from steel to depleted uranium would 

require an additional 2% enrichment of the Mark-II 

experimental fuel, or a total enrichment of 77 a/o. 

EXPERIMENTAL .SUBA.SSEMBLIEK WITH A MIXED 

OXIDE FUEL 

A study was conducted of some aspects of the 

performance of "typical" F F T F test subassemblies in 

EBR-II and of their effect on EBR-II 's perform

ance. Two "typical" mixed oxide experimental sub

assemblies were considered during the study—one 

designated as the ANL-GE type and the other as 

the PNL type. The ANL-GE type was studied 

TABLE III-36-I, DESCRIPTION OF THE MARK II 
Lo.MUNG FOR EBR-II 

Type of Subassembly" 

Total Cure .S/A's 
Mark II Driver S/A'.s 
Mark IA Control/Safely 
Oscillator and Steel Dummy 
Experiments (same as Run 27) 

Number in Core 

91 
61 
12 
2 

16 

" S/A ^ sub:isseml)ly. 

TABLE III-3(i-II. REACTIVITV EFFECT OF CHANGES 
i.\ THE EBR-II Lo.vDiNG WITH MARK II F U E L 

1 

2 

3 
4 

Change of steel reflector to depleted uranium 
blanket 
Change of sodium to natural boron control fol
lowers 
Excess reactivity for 2.0 a/o burnup 
Excess reactivity for additional fuel expansion 
in Mk-II design 

Total 

-A*/ t , 

% 
1.0 

0.3 

1.2 
0.4 

2.9 

TABLE III-36-IV. PERCENT REACTIVITY CHANOE 
AND POWER DENSITY KATIO FOR A N L - O E 

Srn.\ssEMHLiEs VERSUS DRIVER FUEL 

U-235 
Knrich-
ment, 

% 

93 
43 
0 

Percent Reactivity Change 

Row *2 

-1-0.52 
- 0 . 0 7 
- 0 . 6 4 

Row *3 

-t-0.42 
- 0 . 0 7 
- 0 . 5 3 

Row * 4 

-1-0.32 
- 0 . 0 5 
- 0 . 4 0 

Row *5 

-1-0.24 
- 0 . 0 2 
- 0 , 3 0 

Row * 6 

-1-0.10 
-0 .003 
- 0 . 2 1 

Power 
Density 
Ratio, 
Oxide/ 
Driver 

1.163 
0.708 
0.377 

- + 0 4 

^ 
<-t-0.2 

> 0.0 

CT
I 

UJ 

•̂  -0,2 

UJ 

1 -0.4 
(J 

S -06 

- 0 6 

1 

— 
S " ROW 

^—' 

4 " ^ ^ 

y 

/ 

^ / 

/ 
/ 

1 1 

1 

'-"^yv 

/ / 

1 

1 1 
/ / / — 

/ 
/ y — 

A^^^^ ' ' , • ' ^ ^ — 

-̂>-— ^^^^ — 

-

— 

1 1 
-1500 -1000 -500 +500 +1000 

CHANGE IN EQUIVALENT LOADING OF U-235 
PER SUBASSEMBLY, g 

F I G . III-36-1. Reactivity Change Produced by Changing 
the U-235 (Equivalent) Loading in a Subassembly for Various 
Row Positions in EBR-II . ANL Neg. No. 113-Ha7. 

TABLE III-36-III. DESCRIPTION OF ANL. ( iE, A.\O PNL TYPES OF OXIDE T E S T SUIIASSEMRLIES 

Composition 
Pellet diam., in. 
Clad o.d., in. 
Clad thick., in. 
Theoretical density, % 
Height, in. 
Linear power, kW/ft 
U enrichment, a/o 
Pn enrichment, a/o 

ANL 

UOi-20 w/o PuOj 
0.245 
0.290 
0.020 

~84 

no 
^ 1 7 

93 
91 

GE 

UO.-25 w/o PuO, 
0,243 
0.290 
0.020 

- 8 5 
13.5 

- 2 0 
93 
91 

PNL 

UOs-25 w/o PuO, 
0.210 
0.250 
0.015 

83 
13.5 
5-17 

0, 43, 93 
91 
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TABLR III-3(j-V. LINEAR POWER (JENERATION 

ANL-CJE OXIDE T E S T SUBASSEMHLIES IN 

kW/ft (average) 

U-235 
Enrichment, 

% 
93 
43 
0 

Row *2 

22.8 
13.8 
7.3 

Row Iti 

21.1 
12,8 
6,8 

Row *4 

18,5 
11,3 
6,0 

Row *5 

14,8 
9,0 
4,7 

Row * 6 

11,4 
(i.9 
3.6 

TABLE rri-3(i-VL NUMBER OF DAYS OF 45 MW 

OPERATION TO ATTAIN 1% BURNUP IN ANL-CJE 

OXIDE T E S T HUHASSEMULY 

U-235 
Enrichment, 

% 
93 
43 
0 

Row «2 

48 
80 

150 

Row *3 

52 
86 

160 

Row *4 

60 
99 

186 

Row (KS 

74 
122 
228 

Row «6 

96 
KiO 
300 

TABLE III-3()-VlI. Loss OF POWER DEFECT DUB 
TO No FUEL EXPANSION IN AN OXIDE 

T E S T SUBASSEMBLY 

Loss" 

Per S/A, Ih 

Row ml 

1.3 

Subassembly Position 

Rows ml 
and *3 

1.0 

Rows * 4 
and «5 

0.63 

Row $6 

0.47 

" S/A ^ subassembly, 

first and the results were then modified for the 
of the PNL type. 

studv 

ANL-GE TYPE 

A description of the ANL-GE test subassem
bly'- " is given in Tabic I I I -36- in . The reactivity 
worth of rejilacing an EBR -II (h'iver with a test 
subassembly was obtained with X-Y SNARG calcu
lations along with the resulting changes in power 
density. The reactivity worths of the cxiieriments 
for various uranium enrichment and subassembly 
positions arc given in Table in-36-IV. The ratio 
of the power density in the test subassembly to the 
driver that was replaced is also given in Table I I I -
36-IV. The reactivity worth of the replacement is 
presented as a function of change in the loading of 
U-23.5 (equivalent) in Fig. III-36-1, where Pu-239 
is assumed to be twice as reactive as U-23.5. 

The power generation of a driver subassembly in 
the center of EBR-II is 1140 kW or 8.0 kW/ft at a 
reactor power of 62.5 MW."> The linear power gen
eration in ANL-GE oxide was calculated (Table 
III-36-V) by correcting for the difi'erence in power 

density and the length of fuel pins between the test 
and driver subassemblies. The number of days to 
achieve 1% burn-up for the mixed oxide fuel (Table 
III-36-VI) is obtained by correcting the driver fuel's 
value of 2735 M W D / 1 % burnup in the center posi
tion. 

Two dnnensional calculations were performed to 
determine the worth of fuel expansion (or the lack 
of it) by position in EBR-II. In considering the safety 
aspect of the oxide fuel loading, a consers'ative posi
tion of a zero fuel expansion coefficient was taken. 
The loss of the reactivity decrement at 45 MW due 
to a zero expansion coefficient of an oxide subas
sembly is given in Table III-36-VII as a function of 
core position. 

PNL TYPE 

A descrij)tion of the PNL test suljasscmbly" 
is given in Table III-36-III. The performance of a 
PNL type subassembly was based on the results for 
the ANL-GE type. The reactivity worth, power 
density ratio in Table III-36-VIII, the linear power 

TABLE II1-36-VIII, PERCENT REACTIVITY CHANGE 

ANO POWER DENSITY RATIO FOR PNL 

StBASSEMHI.Y VERSUS D R I V E R F U E L 

u-235 
Enrich
ment, 

% 

93 
43 
0 

ROW (dl 

-1-0.12 
- 0 . 4 0 
- 0 . 8 0 

Percent Reactivity Change 

Row mi 

-1-0.095 
- 0 . 3 3 
- 0 . 6 6 

Row tn 

-1-0.065 
- 0 . 2 5 
- 0 . 5 2 

Row ms 

-1-0.050 
- 0 . 2 0 
- 0 . 3 8 

Row It 6 

-1-0.030 
- 0 . 1 4 
- 0 , 2 5 

Power 

Ratio, 
Oxide/ 
Driver 

0,92 
0,56 
0.30 

TABLE III-3(i-I.\. LINEAR POWER OENERATION 

IN PNL OXIDE P I N S 

U-235 

/o 

93 
43 
0 

Power Density, kW/ft (average) 

Ring *2 

18.0 
10.5 
5.8 

Ring «3 

16.7 
9.9 
5.4 

Ring *4 

14.6 
8.8 
4.7 

Ring «5 

11.7 
6,9 
3,8 

Ring #6 

9,0 
5,3 
2,9 

TABLE III-:ifl-X. NUMBER OK DAYS OF 45 MW 

OPER.VTION TO ATTAIN 1% BURNUP IN PNL 

OXIDE FUEL 

u-235 

% 
93 
43 
0 

Days for 1% Burnup 

Row »2 

60 
100 
188 

ROW *3 

65 
107 
200 

ROW «4 

75 
124 
232 

ROW »5 

92 
152 
285 

ROW #6 

120 
200 
375 
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generation in Table III-36-IX, and burn-up rates in 
Table III-36-X are based on the relative U-235 
(equivalent) loadings of the PNL and ANL-GE 
types. The loss of the reactivity defect is the same 
in both types because both are assumed to have a 
zero fuel expansion coefficient. 

SUMMARY 

There are other aspects of performance of the oxide 
test subassemblies which have been recognized as 
significant but which have not been determined 
quantitatively. The entire facet of the dynamic re
sponse of the oxide pins has not yet been analyzed, 
although it is obviously different from that of the 
metal pins. Another area for further attention is that 
of neutron streaming through the void space above 
or below the fuel. 

A preliminary study has been made to determine 
the maximum number of oxide test subassemblies 
which can l)e loaded into EBR-II . The determination 
has been based on a uKiximum allowable loss of 10 

Ih in the power decrement. Based on the data in 
Table III-36-VII the maximum number of test sub
assemblies ranges between 10 (for all test subas
semblies in Rows 2 and 3) and 20 (for all test sub
assemblies in Row 6). 
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111-37. Invest igat ion of Regional Representat ions of 
the Core of EBR-II 

R. E. .I.uiKA and .T. T. M.MIELL 

The core of EBR-II is heterogeneous in two respects. 
First, within each suba.sscmbly there is a hetrogeneous 
array of steel-clad fuel pins surrounded by sodium 
coolant. Secondly, there are several types of suba.ssem-
blies in the core which differ significantly in composition. 
For example, there are fully or partially loaded fuel sub
assemblies in the core region. Interest exists in examin
ing the methods of representing EBR-II, with its vari
ous types of subassemblies, by a number of homogeneous 
regions in one-dimensional calculations. 

The DEXSE'" code, developed at .A.rgonne's Idaho 
Divtsion, calculates the titomic densities for annular core 
regions of EBR-II. The code divides the core into 15 
ainuilar regions and a.ssigns the exact fraction of each 
suba.sscmbly to the proper region. In a more commonly 
used methoti, each of the six hexagonally shaped rows of 
the core is assumed to constitute an annular region com
posed of the suba.ssemblies in that ring (Kig. III-.37-I). 

One can see from Fig. III-.'J7-1 that there is not a one-
to-one corre.sjiondcnce between the hextigonal rows and 
annuhir regions. For example, .some subassemblies in the 
sixth hexagonal row are partially in the lifth annular re
gions, and vice versa. 

One-dimensional diffusion calculations in cylindrical 
geometry were performed with a O-region and 15-region 
(from DENSE) representation of the EBR-II, Run 25, 

RO\A( 

F I G . III-37-1. Representation of the Core of EBR-II by 
Hexagonal Hows and by .\niiubir Regions. .iNL Neg. No. 113-
H86. 

file:///niiubir
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— I r - - ^ 

F I G . III-37-2. Fission Density Distribution for (a) 6-Region 
Core and (b) 15-Region Core. .4A7. Neg. No. 113-H77. 
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core. In other respects the input for the calculations was 
identical. The calculated eigenvalues were almost 
identical, differing by only 0.04%. The power density 
distributions given in I'igs. III-37-2a and III-.'i7-2b 
differ significantly, which is expected from the differ
ences in the smear den.sities of the fuel in the two cases.' 
However, the distributions for reaction rates of o-fVi 
ffc <f>, fffVf 'I'lid o-fV/ô f <t> ii''c i" good agreement for both 
cases, as may be .seen in Tigs. III-.'i7-li through III-37-G. 

For Run 25 loading the simple (i-region representation 
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of the core is sufficient for obtaining the eigenvalue and 
properties dependent only on the flux spectrum and dis
tribution, such as reaction rate. 
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111-38. T h e E x p e r i m e n t a l B r e e d e r R e a e t o r 11 ( E B R - 1 1 ) 
S h i e l d D e s i g n a n d P e r f o r m a n c e ' 

A. E. MCARTHY and F. S. K I R N * 

The shielding and physics analyses for EBR-II arc 
presented in Refs. 2-5; however, the more important 
parts of the shield design work are given in Ref. 1. 
Results of more recent radiation level measurements 
at several locations in the reactor are reported in this 
paper to indicate the performance of the shield. 

The following is a summary of the work reported 
in Ref. 1. 

In the radial cross section the EBR-II shielding 
consists of uranium hlankets, graphite and borated-
graphite neutron shield, sodium tank, and a final con
crete biological sliield. Magnetite concrete was used 
above the reactor to conserve space while all other 
concrete was ordinary. Boron in steel and borated 
graphite were used to reduce the activation of com
ponents and the sodium of the secondary coolant sys
tem. 

Main sliield design problems involved the follow
ing: (1) determination of multigroup neutron and 
gamma-ray flux distributions, (2) cah'ulation of pri
mary sodium activity, (3) ])rediction and reduction of 
the secondary sodium activity, and (4) calculation 
and control of tbe possible radiation through the 
many penetrations of the top shield. 

The following are highlights of the design consider
ations discussed in Ref. 1: 

1. Neutron flux distributions were based on twenty-
group and ten-group diffusion theory calculations. 
The highest energy groups were oo-1.35 MeV and 10-
1.32 MeV, and the lowest energy groups were 0-0.085 
eV and 0-0.27 eV, respectively. Gamma-ray calcula
tions were based on point kernel integration with 
linear buildup based on H. Goldstein and J. Wilkins 
data.'' 

2. Fluxes from nudtigrou)) diffusion analyses were 
used to estimate the jirimary and secondary sodium 
coolant activities. Calculations of the relative neu
tron absorptions by neutron energy and by reactor 
region showed that essentially all neutron energies 
from thermal to over 1 JleV had to be considered. 
These calculations indicated that the secondary so
dium activity was decreased by a factor of two by 
placing boron in the neutron shield. Another factor of 
three was realized by placing lioron steel around tbe 
heat exchanger. 

3. Several twenty-group dift"usion theoi-y calcula-

* Id!i)i(i Division, Aryidiiie Naliuiml T.a))nr)U<)ry. 

tions were made to account for the fact that the heat 
exchanger is not on the reactor radial centerline but 
significantly above it. Each calculation used the so
dium thickness between the neutron shield and the 
heat exchanger specified by the angular path being 
considered. 

4. Gamma-ray calculations showed that the so
dium decay gamma-rays were the strongest source at 
the outside of the sodium tank. The more penetrat
ing 8 MeV capture gamma-rays from the structural 
steel in the neutron shield dominated at the outside 
of the concrete. 

EXPERIMENTAL MEASUREMENTS OF 

SHIELDING 

During the initial operation of EBR-II and subse
quent routine operation, careful radiation level meas
urements were made. It is almost impossible to make 
an unqualified measurement from which one can de
termine the accuracy of the calculations. Neverthe
less, the shielding appears to be properly designed for 
both neutrons and gamma-rays at every critical posi
tion where personnel have continuous access. 

A series of measurements at points of most in
terest have been made during ojieration at 45MW and 
after the soditim-24 activity has reached e(|uilibrium. 
The results are given in Table III-38-I for the gamma 
radiation levels, as measured with a standard Geiger 
counter radiation meter. I t should be noted that the 
background reading in the reactor building varies 
from place to jjlace with a minimum of about 0.1 
niR/hr. Consequently, all radiation lev(ds should be 
considered as an upper limit. 

The neutron radiation levels have also been meas
ured at significant points around the reactor shield. 
Using a tissue-equivalent neutron dosimeter, no neu
tron dose rate greater than 0.1 inRem/hr was meas
ured at any point in the reactor builtling with one 
exception. A maximum reading of 0.5 inRem/hr was 
obtained in the reactor basement in a region where 
there are penetrations through the concrete shield for 
the shield cooling duct«. Surveys taken with thermal 
neutron detectors indicate no thermal flux dose rate 
greater than 0.02 niRem/hr. 

ACTIVITY OF PRIMARY SODIUM COOLANT 

The activity of the primary sodium is routinely 
monitored. Samjdes are taken from the sodium puri-
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TABI.K in-;)K-I, ti,iMM,i R,vi)i,vTioN LEVELS IN E B I M I 

Pt. 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Location 

Olllsido rcaclor radial sliield 

Ti)p (if reartor (.11 t(.]i of sliield pliiR 

Coiitnil nid area al t(ip iif sliield pluf̂  

Transfer arm al fldor level 
At top (if reactor above Ihe Na-Na lieat e.\-

changer 
Secondary sodium line outside liiiildiiiE 
Na cold trap room 
Over west NaK lines to the shutdown coolers 

Level, 
mR/h 

0.4 
3.0 
0.0 
0.3 
0.2 
0,2 
0,2 
0,0 

12.0 

6.0 
>10« 
H5 

Note 

Minimum radial reading on horizontal reactor center line. 
Directly across from Na purification room. 

— 
I 
— 

Affected hy scattering from vertical peiitrations. 

— 
Primary .sodium purification cold trap 
This is a very localized radiation source whicli was unan

ticipated bill now has been adequately shielded. 

fication line, which hy virtue of its sampHiig position 
should give a uniformly mixed sample. The sodium-24 
equilibrium activity at 45M\V has been measured 
repeatedly and found to be 6.4 X 10- /iCi/gram 
(8.9 X 10- /.Ci/gram at 62.5 MW). This compares 
with the calculated value of 12 X 10- ^Ci/gram at 
62.5 MW. 

The sodium-22 formed by the (/n2?)| reaction on 
sodium-23 is also present in measurable amounts. As 
of December 1966, with 12,245 MWd accumulated by 
the reactor, the sodium-22 concentration was 3 X 10~-
/iCi/gram. 

SECONDARY SODIUM ACTIVITY 

The secondary sodium circulates through the 
neutron flux field when it passes through the Na-Na 
heat exchanger located inside the reactor tank. The 
equilibrium activity of the sodium during 45 MAV 
operation has been determined to be 6.2 X 10""^ fiC'i/ 
gram. As shown in Table III-38-I, the radiation level 
on the secondary piping at a radial level of 8 in. from 
the pipe center is 6 mR/hr which is less than the 
conservative prediction of a maximum of 50 mR/hr. 

The 

COVER GAS ACTIVITY 

reactor sodium in EBR-II is l)lanketed with 
argon as the cover gas. The activity of this gas has 
been measured using standard pulse height analysis 

techniques. The equilii)rium argon-41 activity formed 
from the Ar'*" {n,y} reaction is 2.5 /iCi/liter of gas at 
STP. There are about 2.2 x IQ-* liters of cover gas. 
In addition to the argon-41, the cover gas contains 
7.5 (nCi/liter of xenon-137 and 7.0 ^Ci/liter of xenon-
135. These are fission product gases which come 
about from the fission of " tramp" uranium in the 
sodium. From a radiation hazards point of view, this 
fission ])roduct activity is more significant than the 
argon-41 activity. 
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111-39. Calculat ional Studies in Support of the Fast Flux Test 
Facil i ty (FFTF) Critical Experiments on ZPR-3 

D. MENEGHETTI, A. J. ULRICH, P. J. PERSIANI AND ,I. C . BEITEL 

I. INTRODUCTION 

The effort of the Reactor Physics Division in sup
port of the F F T F critical experiment program on 
ZPR-3 is that of planning and calculational studies 
of the critical experiment needs of the Pacific North
west Laboratory (PNL) reactor designs. Long range 
planning, as well as detailed planning, are carried 
out jointly with personnel of Argonne's Idaho Division 
and of the Pacific Northwest Laboratory. The joint 
planning effort during this reporting period was to 
prepare general plans and detailed descriptions of 
required experimental work plans. These have been 
directed principally toward the PNL axially-siilit 
conical-core design concept.' More recently the pro
gram of experimental studies has been directed to
ward tho PNL concept of a central axial test zone 
region surrounded hy an annular core. 

Calculational studies have been conducted in sup
port of experiments on ZPR-3 Assembly 51 ' - ' and on 
tile subse(|uent series of criticals denoted as As
semblies ^2-A through 52f.'-̂ "-''' Assembly 51 was a 
plutonium-fueled cylindrical core with a nickel-rich 
reflector. The core composition approximated the 
ilriver-core regions of the split-core F F T F conce|)t if 
tiie dilutions due to controls, safety rods, and shims 
of the reactor design concept are disregarded. Con
struction of a critical assembly ineorjiorating the 
dilutions representative of the average driver compo
sition of the concept would lower the average fuel 
density and would re(iuire a plutonium mass above 
the 430 kg total-i>lutonium loading-maximum cur
rently specified. The series of criticals 52a through 
52f were scoping experiments with annular or 
axialiy-sjilit cores having central or gaji stxliuin 
zone regions, respectively. 

These criticals arc all part of phase B of the 
FFTF critical experiment program. Phase A critical 
experiments and calculations have been described 
previously;'"-"' it consisted of experiments on a 
modified ZPR-3 Assembly 48 primarily for jioison 
control rod studies at central and at core-reflector 
interface j)ositions. The modified assembly is re
ferred to as Assembly 48a. Phase C is to consist of 
engineering mock-up experiments which will be 
planned toward finalizing important design param
eters. 

Calculational studies in support of these critical 
experiments have largely been scoping estimates to 

a.ssist direction of the critical experiments. More re
cently detailed post-experimental analyses of some 
ex])eriments have been initiated. 

II . MULTIGROUP CROSS SECTIONS 

A 29-group cross section set, designated 29001. 
has been prepared. Except for the lowest energy 
group, the set was generated using the MC- code" with 
compositions approximating the core and reflector 
corresponding to ZPR-3 Assembly 51. (Not all nu
clides needed to generate the cross section set were 
available in the library tapes which could be used 
with the MC- code. The composition was therefore 
modified by representing aluminum as sodium and 
by replacing manganese, silicon, and molybdenum 
Iiy iron. I The sources of the basic cross section data 
are listed in Table III-39-I. The energy and lethargy 
structure of the 29-group set are listed in Table I I I -
39-11. The core fine-flux-averaged cross sections were 
obtained using the heterogeneous fundamental mode 
option. The reflector cross sections were obtained us
ing a homogeneous medium line-flux calculation with 
zero buckling. For Doppler calculations, core cross 
sections for 1000°K, in addition to those for 300°K, 
were also ju-epared. (Irouji-29 cross sections were 
generated u«ing the THERMOS code'" with compo
sitions of core and reflectors. These were averaged 
o\er energies below 0..532 eV. 

The heterogeneous option of the MC- code was 
used to approximate the effects of resonance self-
shielding due to the slab-gcometrj' thin-plate-struc
ture configurations within the assembly core drawers. 
Since this option is only directly applicable for 
binary cells the more complicated intradravver struc
tures were approximated as binary cells. 

The regionally-dependent six-group cross sections, 
designated as Set 29601. have also been derived by 
regional flux-weighted collapse using 29-group solu
tions. These are largely employed in two-dimensional 
analysis. The energv structure is given in Table 
III-39-III. 

III. ZPR-3 ASSF..\IBLV 51 

ZPR-3 Assembly 51 was a cylindrical core of 
i-adius —33.5 em anil height 86.5 cm. The average re
gional atomic densities used in these calculations are 
listed in Table III-39-IV. The experimental compo
sitions" differed slightly from these values. Axial re-
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TABLE IIl-.TO-I. CROSS KBCTION .SOITHCE 

Material 

Pu-239 
Pu-240 
Pu-241 
U-238 
U-235 
0 
C 
Fe 
Cr 
Ni 
Na 
B-10 

Library" 

ENDF/B 
ENDF/B 
E N D F / B 
E N D F / B 
E N D P / B 
UC 
M C 
M C 
M C 
M C 
ENDF/B 
E N D F / B 

"Preliminary E N D F / B data (1967) was used; Status I 
data were not available at the time the cross sections were 
calculated. 

TABLE III-39-II. MULTIGKOUP CROSS SECTION 

ENERGY STRirrirRE 

Group 

1 
2 
3 
4 
S 
6 
7 
8 
g 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Energy Lower Limit 

3.68 MeV 
2.23 
1.35 
0.821 
0.498 
0.302 
0.183 
0.11 

67.4 IteV 
41.0 
24.8 
15.0 
9.12 
4.31 
2.61 
2.03 
1.23 
0.961 
0.583 
0.275 
0.101 

29.0 ev 
17.6 
6.48 
3.93 
1.44 
0.876 
0.532 

thermal group 

Letliargy Lower Limit 

1.0 
1.6 
2.0 
2.6 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.75 
8.25 
8.5 
9.0 
9.25 
9.75 

10.6 
11.5 
12.75 
13.25 
14.25 
14.76 
15.75 
16.25 
16.75 

flectors were 30.48 cm thick. The inner and outer 
radial reflectors, which also surround the axial re
flector regions, were 17.8 cm and 15.5 cm thick, re
spectively. 

Criticality Studies 

Criticality studies were made not only for com

parison with experimental results but to determine 
the sensitivity of the calculated criticality to meth
ods of calculation and to the plutonium alpha value 
in the region of alpha uncertainty. Both 29-group 
and 6-group one-dimensional diffusion theory calcu
lations using the MACH 1 program" were made. 
Axial buckling values of 0.000717 and 0.000711 cm-2, 
respectively, derived from axial reflector savings ob
tained by auxiliary slab-geometry calculations, were 
used. These resulted in calculated critical mass (Pu-
239 4- Pu-241 -I- U-235) values of 209.5 and 211.0 
kg, respectively, compared with the experimental 
value"' of 212.08 kg. The calculated values include 
approximately the thin slab heterogeneity correction 
effects upon resonance self-shielding through the 
heterogeneous MC- generation of cross sections. How
ever, these calculations do not include the reactivity 
effects of spatial flux variations across the drawer-
cells due to heterogeneities. 

To determine two-dimensional effects directly and 
to determine transport effects, the 6-group cross sec
tion set was utilized for a study to compare cal
culated krri„Hvr values derived from the one-di
mensional cylindrical geometry diffusion theory with 
two-dimensional ifZ-geometry diffusion and transport 
solutions. In two-dimensional calculations the 2D 
CANDID" ' " diffusion jirogram and the discrete-
onlinate transjiort program SN.4R(i-2D"'*' were used. 

TABLE III-39-III. DESCHIPTIIIN or ENERGY 

STUUCTURE F(IH SET 29601 

Group 

1 
2 
3 
4 
5 

r, 

Lower Energy Limit 

1.35 MeV 
183. keV 
24.8 keV 
4.31 keV 

275. eV 
10-> eV 

TABLE III-39-IV. AVEH.\GE IJEGIUNAL COMPOSITION OF 

ZPR-3 ASSEMBLY 51, atoms/b-cni 

Material 

Pu-239 
Pu-240 
U-235 
11-2.38 
Ĉ  
O 
Ke 
Cr 
Ni 
Na 

Core 

0,001731 
0.0001706 
0.0000160 
0.007018 
0.003113 
0.01279 
0.0162694 
0.003667 
0.001600 
0.0043113 

Axial 
Reflector 

0.01076 
0.00259 
0.02893 
0.01037 

Radial 
Reflector 1 

0.007926 
0.001870 
0.05640 
0.00416 

Radial 
Reflector II 

0.07547 
0.00115 
0.00049 
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Two-dimensional diffusion theory resulted in a reac
tivity increase of -1-0.008 Ak/k, and two-dimensional 
,84 (and .S'li) calculations resulted in an increase of 
-1-0.018 Ak/k relative to one-dimensional cylindrical 
geometry diffusion theory. Since the previous one-
dimensional 6-group and 29-group values of critical 
mass were similar, the latter 6-group two-flimensional 
RZ results indicate that a corresponding 29-group cal
culation should also be over-reactive by about the 
same amount. 

Relative Reactivity Variations with S^• for ZPR-S 
Assembly Bl Type Systems in Different Ge
ometries 

To determine the S„ approximation required for 
studying slab, cylinder, sphere, and finite cylinder 
reactivity aspects of Assembly 51 type systems, one-
dimensional slab, cylinder, and sphere calculations in 
six energy groups using the one-dimensional dis-
crete-ordinate transport code, SNARG-ID,"•'•i were 
made with .S2 , iS4 , and Se approximations. The cores 
had the composition of Assembly 51. The slab case 
had the axial reflector of Assembly 51 and the cylin
drical case had the radial reflector composition of 
Assembly 51. The spherical cases were carried out 
successively with the radial reflector composition and 
thickness and axial reflector composition and thick
ness, respectively. Diffusion theory and .So , ,54 , and 
>% analyses using the RZ geometry of the two-
dimensional diffusion theory program, CANDID-2D, 
and the transport theory program, SNAIIG-2D, were 
also made. The comparisons are shown in Table I I I -
39-V. 

Results show that the slab geometry aspects of the 
axial-direction would be adequately calculated by 
either diffusion theory or S-> (which arc essentially 
equivalent) in slab geometry. The cylindrical ge
ometry aspects of the radial-direction requires .S4. 
The two-dimensional spherical results and also the 
two-dimensional cylinder results indicate that S4 is 
needed. The simulative spherical cases show that the 
correction from & to S4 is about -l.O^f Ak/k 
whereas the cylinder correction by 2-dimensional 
calculation is about - 0 . 7 % Ak/k. Thus, if the k,.„ 
ratio of S^ to So from simulative spherical geometry 
calculations are employed to correct a two-dimen
sional .So finite cylinder result to .S4 the correction 
will be of the order of 40% in error. 

Effect of Pu-2S9 Alpha-Values upon Reactivity of 
ZPR-S .Assembly 51 

Recent concern about the value of alpha of Plu-
tonium-239 led to a calculational estimate on the re
activity effect u])on Assembly 51 of increased alpha-

TABLE III-39-V. COMPARATIVE VARIATIONS o r k FOR ZPR-3 
ASSEMBLY 61 WITH Sf/ APPROXIMATIONS IN 

VARIOUS GEOMETRIES 

kfjf Ratios 

k(DT)/k(S,) 
k(S,)/k(S,) 
k(S,)/k(S,) 

2-Dim. Calc. 

Cyl. 

0.991 
1.007 
1.000 

1-Dimensional Calculations 

Sphere 

Rad. 
Refl. 

0.990 
1,010 
1,001 

Axial 
Refl. 

0.987 
1,013 
1,001 

Cylinder 

Rad. 
Refl. 

0.993 
1.006 
1.001 

Slab 

Axial 
Refl. 

0.999 
0.999 
1,000 

TABLE III-39-VI, HATIOS OF PLCTONUM O - V A L I E S 

Group 
J 

12 
13 
14 
16 
16 

keV 

15.031-
9.11 
4.31 
2,61 
2,03 

B8B 1 "001 (B) 
" J / o / 

1.85 
2.24 
2.27 
2,12 
2,06 

Group 

17 
18 
19 
20 
21 

keV 

1.23 
0.96 
0.58 
0.28 
0.10 

"J la, 

1.89 
1.66 
2.82 
1,93 
2,U 

of , uglily liased upon provisions " otj : group-vahie 
o(i ' ) d.ata of lief. lli. 

aj : group-value of a corresponding to group capture 
and fission cross sections in Set 29001. 

'̂ fi'i2 upper energy is 24.8 keV. 

values in the energy range 0.1 to about 25 kcV. The 
increased al])ha-values for the multigroup cross-sec
tion groups in this range were roughly based upon 
the jirovisioi^al data reported by M. Schomberg, M. 
Sowerby and F. Evans.'" The increased alpha-values 
were assumed to affect the group cross sections 
through increase in the group capture cross sections 
for Pu-239. The ratios of the grouj) alpha-values 
based on the Schomberg data to those of cross-section 
Set 29001 are com|)ared in Table III-39-VI. The 
calculations resulted in a reactivity decrease of about 
— 3.4% upon use of the capture cross sections cor
responding to the larger alpha values. 

Spatial-Variations of Pu-339 and V-238 Fission De
tector Responses 

The spatial variations of Pu-239 and r -238 fission 
detector responses for ZPR-3 .\ssembly 51 have been 
calculated. The analysis used the 6-energy-group 
cross section set in two-dimensional RZ diffusion 
theory. The 6-group detector cross sections used in the 
core region were obtained from the 29-group core-
flux averaging. In the reflector region corresponding 
reflector-averaged detector values were used. 

The calculated results are compared with the ex
perimental values'" (Figs. III-39-1 and III-39-2) ob
tained by the ZPR-3 experimental group. 

file:///ssembly
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ing the rod was estimated for the spike-rod case. Re
sults of calculations using these neighboring-drawer 
composition values are also given in Table III-39-
V n for comparison with the values obtained by use 
of in-erall-core-average composition surrounding the 
roil. 

Distrilntted .Sodium Worth 

The reactivity change due to removal from As
sembly 51 of approximately ten percent of the so
dium throughout the core has been calculated using 
the two-dimensional SNARG transport code in .S2 ap
proximation. The six-group cross section set was used. 

• " ^ • L l i i 11 s, 
V 

CORE + . 

U- 238 FISSION 

-L. -J-

\ 

-X. •*.....* 

-REFL.-

2 

iJb. 
10 20 30 4 0 5 0 60 70 

RADIAL POSITION FROM CENTER, cm 

FIG, 1II-39-1, Calculated Kadial Detector-i„„ 
--• " • ' Xeg. No. 113-1191. 

- -- - -- r-responses Com
pared with Experiment. .4A7. .Ve; 

Spatlally-Dependent Fine-Energy Neutron Spectra 

Spatially-dependent fine-energy-detailed neutron 
flux spectra in the core and reflector regions have 
been calculated. Tbe calculational results are de
scribed and compared with the experimental"*' '" re
sults in Paper III-20. 

Safety Rod Worths 

Calculations of the worths of the spiked safety rods 
used in Assembly 51 and of the initially unspiked 
safety rod have been made for a 10-in. removal posi
tion. Comiiosition of the drawers, detailed geometri
cal configuration of the system, and the experimental 
values are reported in Ref. 2. The fissile and fertile 
atomic densities A' in the spiked safety drawers are 

.V" -••'» + - " = 0.002990, .V"--"-"' = 0.000329. and 

.v- : 0.014635. 

The six-group cross section set was used in the two-
dimensional, RZ geometry, discrete-ordinate trans
port code SNARG-2D in the .S2 approximation. Re
sults are given in Table III-39-VII. The sensitivity 
of the calculated values to the composition surround-

; X 
CORE •^. 

4 
U-238 FISSION 

I I I I 

• 

0 10 20 30 40 50 60 70 80 
AXIAL POSITION FROM CENTER, cm 

Flu. III-39-2. Calculated Axial Detector-responses Com
pared with Experiment. ANL Neg. No. 11S-189S. 

TABLE III-;i9-VII. C.\LVVL\TED% Ak/k FOR 10 in. I{EMOV.\L 
Of A S \FETV Rnu FOR ZPR-3 AssEMiti-v 51 

Safety Rod Type 

Unspiked 
Spilted 

Calculated % Ak/k 

Composition Surrounding 
the Rod 

Overall Core 
Average 

- 0 . 1 3 
- 0 . 2 6 

Neighboring 
Drawers 

- 0 . 2 7 

Experimental 
% Ak./k' 

-0 .115 
-0 .238 

' Estimated from data given in Ref. 2. 

file:///FETV
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The quantity of sodium removed was 11.54 kg which is 
also the total quantity removed in the 112 A-type 
drawer experiment-" which resulted in —201.6 Ih. 
The calculation gave —182 Ih using a conversion 
factor of 1036 Ih per percent Ak/k. 

Substitution of Sodium Cans for .{.rially-Central 
Core Materials 

The reactivity change due to substitution of so
dium contained in stainless steel plate-sha|)ed cans in 
place of the core material of the two axially central 
drawers and associated axial reflector materials was 
calculated. The MACH 1 diffusion theory code and 
the 29-group cross section set were used in the 
analysis. The calculated value was —789 Ih com
pared with the experimental value-" of —763.08 Ih. 

Estimate of Effect of l^ponfaneous Plntonium Fission 
Upon Subcritical Measurements 

Previously reported studies" of the subcritical 
measurement of A:,.// were concerned with the de
pendence of the inverse of multiplication on k,.,j 
when poison was added to produce the subcriticality. 
When the subcriticality is caused by the removal 
of part of the plutonium fuel, the plutonium spon
taneous fission source is also removed. Then the 
change in multiplication must be corrected for the 
change in the value of the source. 

The size of this correction was iin'estigated by 
comparing two computations for Assembly 51, using 
the MACH-l code. In both comiiutations a sub-
critical Ak = —0.0072 was produced by substituting 
canned sodium for core material throughout a cen
tral axial region re])resenting the 2 X 2 in. cross sec
tion of the P-16 central drawers. In this comparison 
the subcritical multiplication was taken to be pro
portional to the computed B-10 reaction rate at the 
outer edge of the radial reflector. First, with the 
spontaneous fission source strength used in the MACH 
1 calculation, the B-10 reaction rate was 49.50. with 
the source still present in the sodium in the central 
drawers. In the second computation the spon
taneous fission source was removed from the sodium 
to give a reaction rate of 4890. The corresponding 
multiplication is analogous to that which was ex
perimentally measured. In this case a correction factor 
of about 1.012 must be applied to the Ak obtained 
from the second multiidication to obtain the de
sired AA- of —0.0072 which corresponds to the first 
multiplication. 

Estimated [>oppler Coefficient 

The core drawer cells of ZPR-3 Assembly 51 con
tained three types-' of fuel pieces; plutonium metal. 

designated type 1; ZPPR, type 2; and SEFOR, type 3. 
In the computation of the Doppler coefficient it was 
assumed that the heat produced by fissions in each 
type of fuel does not flow out of the fuel piece. Be
cause the three types of fuel heat up at three differ
ent rates, a reference temperature rise was needed, 
and the Doppler coefficient, dk/dTi , was computed 
per degree rise of plutonium metal fuel. Con
comitantly, ilT-./dT, and dT:,/dTi had to be evalu
ated. It was also assumed that the temperature rise of 
each type of fuel is not a function of position in the 
reactor. Thus the coefficient is based on a spatial 
"average" temperature rise. 

The reactivity effect of a temperature change was 
evaluated for each type of fuel separately by com
puting kr/i with the M.\CH 1 code, using the 29-
group cross section set, when the temperature of 
each tyjie of fuel was separately increased to 1(X)0°K 
while other materials and other fuel types were 
held at 300°K. 

The o\'erall Dojjpler coeflieieiit was found from 

dk 
ciTi m.*mm)-m.m 

to be dk/dT, = -4 .33 x 10-V°K rise in the plu
tonium metal temperature. The Doppler effect was 
assumed to have a l/T dependence. 

IV. ZPR-3 Ast?EMBLiE8 o2a THROUGH 52f 

The originally planned critical a.s.sembly program to 
follow A.ssembly 51 was to have con.siisted of a series of 
experiments diirried out in an iixially-split version of 
the ZPR-3 Assembly 51. Since annular cores with cen
tral test zones were subse<|uently also being considered 
by PNL, the critical experiments which followed those 
]>erformed on ZPR-3 Assembly 51 consisted instead of a 
limited number of experimfMits upon a series of cores 
representative of both of these geometries. Basically, 
the experiments were intended to provide data for ex
periment-theory correlation for test-zone flux to core 
power ratios. The following is a description of the ZPR-3 
Assembly 52 scries of critical assemblies: 

52a: Same as Assembly 51 except that the total nom
inal 30 cm thick radial reflector is nickel-con
taining, that the depleted drawers next to the 
spiked safety rods arc normal drawers, and that 
the control rods are repositioned so as not to fall 
into the gap-po.sition in subsequent assemblies 
of this series. 

52b: Same as Assembly 52a except that is has a 3 x 3 
sodium column region located along the central 
axis throughout the entire assembly. 

52c: Same as As.sembly 52b except that it has a 5 x 5 
sodium column with the corners of core material 



226 / / / . Fast Reactor Physics 

TABLE IIT-39-Vni. C.\LCULATED ESTIMATES OF CRITICAL 

MASSES .\ND OK F L I X LEVELS IN THE SODUM liEcioNs OF 

THE ZPK-3 AssEM)n.Y 52 SEIUES 

ZPR-3 
Assembly 

No. 

52a 

52b 
S2c 
52e 
62f 

Estimated Critical Mass 
(Pu-239 -1- Pu-241 -1- U-235), 

kg 

With Assembly 
51 Safety Rods 

206 (200,7)" 
210>> 

250 (235.8)" 
298 (280,0)-
348" 
347 

With Additional 
Safety Rod 

Spiking 

287 
338 (282.0)" 
338 (309.2)" 

Estimated Neutron 
Flux at Center per 
Unit Source in the 

System 

5.1 X 10-' 
6.1 X ID-'"-' 
3,7 X 10-' 
3,0 X 10-' 
2,7 X 10-' 
2,4 X 10-' 

" E.\perimental valitos in parentheses from Hefs. 3, 4, and 5. 
*• 33 cm thick radial reHector. Others have been calculated 

with 30 cm thick radial reflectors. 
" Assuming a circular periphery for core-drivers plus test 

r e t a ined ; i.e., a 5 x 5 column minus t he 4 corner 

columns. 
52d: Same as Assembly 52a except that it has a 3 x 11 

drawer rectangular sodium gap located axially 
throughout the entire assembly. The core con
tains additional safety spiking to insure suffi
cient rod worths. 

52e: Same as Assembly 52d except that the rectan
gular sodium gap is now 3 x 15 drawers; i.e., up 
to the radial reflector. 

52f: Same as Assembly 52c except that it has a 7 x 7 
drawer sodium region having the 3 corner 
drawer-columns at each of the four corners of 
the sodium region retained as core columns. The 
core contains additional safety rod spiking (as 
in 52d and 52e). 

Detailed descriptions of the experimental arrange
ments may be found in Refs. 3, 4, and 5. 

Criticality and Flux Level Studies 

Scoping studies of the critical masses for As
semblies 52a, b, c, and f were calculated by means 
of the one-dimensional MACH 1 diffusion code in 
cylindrical geometry using the 29 energy group cross-
section set. The test regions were 80 v/o sodium and 
20 v/o steel. The axial buckling previously used for 
Assembly 51 was employed. The results, normalized 
to the Assembly 51 experimental critical mass of 
212.08 kg of Pu-239 -I- 241 and U-235 are given in 
Table III-39-VIII. Effects on critical mass caused by 
additional spiking of safety rods are also listed for 
Assemblies 52c, e, and f. The critical mass of As
sembly 52e was obtained by the SNARG code in the 
•Si: approximation, using XY geometry with the six 

energy group cross-section set. I t too was normalized 
to the experimental critical ma.ss of Assembly 51. 
The reported experimental values-*"'' are given in 
parentheses. The additional safety-rod spiking cor
responds to 2.15 kg of fissile material per rod instead 
of the normal spiking of 1.59 kg per rod. There are 
eight rods, four in each half of the assemblies. 

The neutron flux at the center of each assembly 
]H'r unit neutron source in the assembly also appears 
in Table III-39-VIII. For Assemblies 52a, b, c, and 
f the flux w âs obtained by the SNARG code in the 
S-j ajiproximation, using PZ geometry and six neutron 
energy groups. For Assembly 52e, the flux was based 
upon a SNARG XY computation and normalized to 
one neutron profluced in the assembly. 

The analogous flux levels per unit fission can be 
estimated by inultijilying the per unit source values 
by 2.9. 

Deviations of critical masses from experiment 
with the large central sodium regions are largely due 
to the use of the identical axial buckling for all the 
cores in this series. For the sodium-gap case, Assembly 
52e, it has not been determined to what extent the 
use of the constant axial buckling is responsible for 
the deviation. 

Estimates of the Safety Rod Worths for the 
ZPP-3 Asseinbly 52 Series of 

Annular Cores 

Estimates of the safety rod worths for Assemblies 
52a, b, c, and f w'ere calculated by means of the one-
dimensional MACH 1 diffusion code in cylindrical 
geometry using the 29 energy group cross-section set. 
Initially, rod spiking, rod locations, and average core 
compositions were assumed to be the same as in 
Assembly 51, except where otherwise indicated. Simu
lation of rod regions was effected by homogeniza-
tion into an annular ring. The axial buckling pre
viously used for Assembly 51 was employed. The 

TABLE III-39-L\. CALCUL,\TED ESTIMATES OF WORTHS or 

ElOH'l' S.VFETY R o u s WITHDRAWN 9.5 in . FOR THE A N N U L A R 

CORES OF THE ZPR-3 ASSEMBLY 52 SERIES 

51 & 52a 
52b 
52(: 
52f 
52f (rods relocated) 

Worth of Eight Safety Rods, % Ak/k 

With Assembly 51 
Safety Rod Spiking 

- 1 . 8 ( -1 .85)" 
- 1 . 6 ( -1 .72)" 
- 1 . 4 ( -1 .37)" 
- l . I 
- 1 . 1 

With Additional 
Safety Rod Spiking 

- 2 . 0 
- i . r , (-1.72)-

" ExperimenlHl values fnim lief. 5 using 103(i Ih per per
cent Ak/k. 
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results,'normalized to eight times the Assembly 51 ex

perimental worth of one safety rod withdrawn 9.5 in. 

(Rof. 5) are given in Table III-39-IX. For the pur

pose of these estimates the Assembly 52a rod worths 

were assumed to be the same as those for Assembly 

51. 

Calculations indicated that the larger cylindrical 

test zone cases required additional spiking to insure a 

reactivity of at least —1.5% Ak/k. A calculation of 

the 52f core, which has the largest cylindrical test 

zone, was also made for safety rods positioned one 

drawer farther out radially so as not to abut the test 

zone. The worth did not change substantially. Other 

calculations using the additional safety rod spiking 

employed in Assembly 52d were also made to esti

mate safety rod worths for the 52f core. The fissile 

and fertile atomic densities in the rod drawer, cor

responding to this additional spiking, were: 

X'-"--i--«> + '-ii = 0 .004061, 

AfP»-24o + 242 = 0.000380, N^-^"^ = 0.014635. 

Approximate Method for Calculation of 

Axially-Split Cores 

A possible method of approximating solutions for 

axially-split cylindrical cores has been studied. For 

a cylindrical reactor with an axial-gap and having 

non-uniform axial composition it would be con

venient if the two calculational directions of a two-

dimensional code could be utilized for the radial di

rection perpendicular to the split and for the axial 

direction. An approximation to account for the 

leakages in the radial direction parallel to the gap is 

made by substituting an approximate buckling in that 

direction; this is a function of the perpendicular 

distance from the gap and from the center of the 

axial position. The method is described in Paper VI-

12. 
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Section IV 

Fast Reactor Safety 

Analysis of the course of accidents in fast power breeder reactor cores requires 
a broad range of reactor physics information. It is necessary to know damage and 
failure thresholds of the fuel; the types of fuel and coolant motion that can 
result, including acceleration and rate data; reactivity changes brought about by 
the motions, temperature changes, changes in neutron flux distributions through
out the core, etc.; and, finally, data sufficient to analyze the accident under study 
to its termination. Such matters are discussed in the papers of this section and, 
furthermore, the devices and means for acquiring and processing this kind of 
information are also treated. 





IV-1. High Power Level Transient Reactor Test (TREAT) Facility Sodium Loop 
Meltdo-wn Experiment on an Unbonded EBR-11 Mark 1 Fuel Pin' ' 

C. E. DICKERMAN, F . L . WILLIS, R . R . SMITH,* P. B. HENAULT,* R . PURVIANCE, .T. F . BOLAND,* A. DEVOLPI AND 

R. A. NoLANot 

The fact that more than 30,000 Experimental 
Breeder Reactor II (EBR-II) metallic driver fuel 
pins have been irradiated in the EBR-II core with
out a single identifiable or proven failure has demon
strated the conservatism of fuel design and reactor 
operation limits and the reliability of fuel fabrica
tion and inspection. However, this experience does 
not relieve safety evaluations from the need to con
sider the possible consequences of a defective driver 
fuel pin being loaded into the core. Accordingly, so
dium loop experiments are being performed in TREAT 
specifically to provide guidance for analyses of the 
behavior of a pin which either has no sodium 
thermal bond between fuel and cladding or which 
loses the bond upon reactor startup due to some un
specified defect. Two such experiments have been 
performed, ID-RP-1 and ID-RP-2, respectively. (A 
preliminary account of ID-RP-1 has been made.') 

Each experimental sample consisted of a 6% en
riched EBR-II fuel pin surrounded by a ring of six 
dummy pins on an EBR-II lattice pitch. Each fuel 
pin contained one atm of argon at room temperature, 
with no sodium bond, thus providing a limiting case 
simulation of complete expulsion of bond sodium. 
The samples were contained in a standard TREAT 
Mark I integral sodium loop.*'" Because the effective 
flow area per gram of fuel is approximately twice 
that in a true cluster, the flow rate was set at 4 m/sec 
through tho test section. 

ID-RP-1 was planned to correspond, with a 
modest degree of conservatism, to normal EBR-II 
operation. ID-RP-2 was deliberately run to ap
preciably more severe levels of coolant inlet tempera
ture and fuel alloy power level. Experimental coolant 
temperature rises were not severe, but the coolant 
temperature levels were comparable to or in excess 
of reactor temperatures. 

A summary of experimental conditions is given in 
Table IV-l-I . For comparison, the table includes 
ID-RP-I conditions and EBR-II operating param
eters for the central (i.e., highest power position) pin 
under Run 27A conditions. Each sample was sub
jected to a "flattop" TREAT transient" in which re-

* Idaho Division, Argonne National Laboratory. 
t Metallurgy Division, Argonne National Laboratory. 

actor power is sustained, after reaching the tempera
ture limit corresponding to the initial reactivity 
insertion, by a pre-programmed withdrawal of a con
trol rod. "Flattop duration" given in the tabic is the 
interval between the time of the temperature-limited 
peak to the reactor scram. In the case of TREAT, 
"reactor power" is the time-averaged pow'er over this 
duration. The pin average power is the axial av
erage, whether in TREAT or in EBR-II , per cc of 
fuel using ambient 17.5 grams/cc density. Two inlet 
coolant temperatures are given for each experiment, 
since the loops are package loops with no heat ex
change capability. 

No anomalies were found on the transient instru
ment record, which included inlet flow, inlet pressure, 
inlet coolant temperature, and outlet coolant temper
ature. 

Post-experiment neutron radiographs and neutron 
hodoscope scans indicated that the pin was intact af
ter ID-RP-2 but that some fuel slumping had oc
curred. 

Post-transient examinations showed that the fuel 
had melted t^own but had been safely quenched in 
place by the sodium-cooled cladding. No indications 
of failure propagation or incipient propagation were 
found. Both pins survived exposure without a cladding 
failure. Figure IV-1-1 is a post-transient neutron 
radiograph of the ID-RP-2 pin in situ in its loop, 
showing the fuel slumped inside the cladding, with 
internal voids. 

TABLE IV-l-I. ExrERIMENT.M, CONOITIONS 

Parameter 

Flattop duration, sec 
Power 

Reactor average. .MW 
Pin, W/cc 

Coolant 
Inlet initial temp., "C 
Inlet final temp., °C 
Temperature rise. °C' 

I D R P - l 

6.9 

57 
3100 

390 
430 
100<'" 

ID-RP-2 

6.2 

90 
4900 

435 
511 
116l"> 

Central 
Pin 

EBR-II, 
Run 27A 

45 
2680 

374 

-̂  
123 
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a STEPPED TANTALUM RINGS 
FOR AXIAL SHAPING OF 
SAMPLE NEUTRON FLUX 

b TOP END PLUG FUEL MOTION 
RESTRAINER 

C POST-TRANSIENT LOCATION 
OF TOP OF FUEL 

d POST-TRANSIENT LOCATION 

OF FUEL VOID 

e LOOP WALL 

f FUEL SAMPLE 

g DUMMY PINS IN RING SUR
ROUNDING SAMPLE 

h FLANGE FOR INLET PRES
SURE TRANSDUCER 

i WIRE PIN HOLDING BOTTOM 
END PLUG SPADE EXTEN
SION OF THE PINS 

) "SPADE" EXTENSION OF 
BOTTOM END PLUG OF PINS 

k TYPICAL TEST SECTION 

ELECTRICAL PREHEATER WIRE 

b-— "~~^^H 

c— ^_^^^H 

d— —•^H 

a — - » S H H 

f-—' w -^ • 

• 
a — —- K 

d-- ^"^•'^ 

IHr' 
Fui. IV-1-1. Posl-Transienl Nculron lladiograph ..f llie 11 )-l!l'-2 I'iii. .\ .\ I, Xeg. No. 11S-S9S Rev. 1. 
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iletallographic examination of fuel from the rela
tively low power ID-RP-1 experiment disclosed a 
fine-grained (about 25 microns) matrix characteristic 
of molten alloy rapidly cooled through the solidifica
tion range. Shrinkage voids and irregular surfaces 
gave additional evidence of fuel melting and rapid 
solidification. 

Calculations utilized an idealized model of melt
down in which fuel slumping against the cladding was 
assumed to occur abruptly and instantaneously 
along the length of the pin when the fuel surface at 
the axial midplane reached 1050°C. Transient heat 
transfer calculations^ indicated that the fuel-cladding 
interface cooled too rapidly after contact to permit 
significant penetration of the cladding by eutectic 
formation, even for the high penetration rate of ap
proximately 0.025 cm/sec, typical of attack by molten 
fuel.*" Because the specific early stages of the hypo
thetical loss-of-bond incident are not well defined, 
they were replaced by an assumed case of complete 
gas bonding. 

To provide additional information relevant to the 
mechanisms and consequences of bond-loss failures, 
flat-topped transient experiments are being con
sidered for the following driver fuel failure simula
tions: a gas-bonded element which has been "soaked" 
under 800°F sodium, gas-bonded element which has 
been irradiated to 1.2 a/o (maximum) burnup, and 
an element which is partially sodium bonded. 
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IV-2. Experiments on "High-Swell ing" Fuel of E.xperimental Breeder 
Reactor-II (EBR-11) Mark-IA Type 

A. B. ROTHMAN, C . J. RENKEN*, R . R . STEWART, N . R . TUCKER AND C . E . DICKERMAN 

INTRODUCTION 

The initial application of EBR-II was to test the 
feasibility of a high performance central fast breeder 
power plant with a fast and economical fuel process
ing system.' Since that time the facility has served 
also to achieve high burnup in fast reactor fuels as a 
part of the Atomic Energy Commission's program for 
the development of power reactors. I t is therefore 
of interest to run the EBR-II for extensive periods of 
time. However, due to its unique role in the Liquid 
Metal Fast Breeder Reactor Program, the safety of 
EBR-II must not be compromised in achieving high 
burnup. 

•Metallurgy Division, Argoime National Laboratory. 

Extensive analysis was employed initially to pro
vide for the safe operation of E B R - I I . ' " These early 
considerations have been updated by supporting ex
perimental and operational data.^ Two major cate
gories of nuclear events may be considered, namely: 
(1) reactivity insertions or loss of coolant flow result
ing from operational abnormalities, or (2) propaga-
tive failures resulting from loss of integrity of one 
fuel element or subassembly which might affect its 
neighbors and ultimately the prompt multiplication 
of the entire reactor system. 

The EBR-II hazards studies '- have considered the 
operational abnormalities in detail. With given modes 
of initiation, fuel element behavior and the degree of 
credibility and severity of such accidents have been 



234 IV. Fast ReacUn- Safety 

considered. The complete spectrum of fuel element 
failure propagation studies, however, is quite complex 
and outside the scope of the EBR-II hazards studies. 
Information on failure thresholds together with fur
ther studies on movement in failed or failing fuel 
elements is needed to assess the degree of credibility 
and severity of accidents resulting from the propaga
tion of fuel element failure. 

It was found from TREAT experiments--'' that a 
gross malfunction would be necessary in order to at
tain temperatures serious enough to cause damage to 
EBR-II fuel elements. However, reactivity insertions 
resulting from loss of integrity become a more serious 
consideration for EBR-II elements which have been 
fabricated from the so-called "high-swelling" fuel, 
i.e., fuel containing impurities responsible for high 
radiation-induced swelling. Extensive swelling from 
radiation exposure of these elements would be ex
pected to cause failure for less severe operational 
malfunctions. For this reason an experimental pro
gram has been initiated to study the dimensional 
stability, failure thresholds and the internal move
ments of "high-swelling" EBR-II Mark IA driver 
fuel elements which have been irradiated to high 
burnup in EBR-II . 

EXPERIMENTAL PROGRAM 

The TREAT experiments on EBR-II JIark IA 
elements will have a twofold purpose. Dry trans
parent studies will be performed in TREAT to de
termine failure thresholds and dimensional changes 
of both "high-swelling" and "low-swelling" elements 
which have been pre-irradiated to the design limit of 
1.2 a/o maximum burnup. An attempt will be made 
to instrument axial fuel motion as supplementary 
information in the understanding of fuel element in
tegrity. Loop experiments will be carried out also in 
order to determine possible internal fuel movements 
and the integrity of the pin under mild accident con
ditions. For this purpose, single EBR-II Mark-IA 
pins, pre-irradiated to 1.2 a/o maximum burnup, 
will be tested in TREAT within a ring of six hollow 
dummy pins on an EBR-II pitch. 

The peak temperatures for the series of tests which 
have been planned for the dry transparent series 
bracket the temperature range from the nominal 
operating temperature of EBR-II fuel to tempera
tures at the upper limit of fuel integrity. If neces
sary the pre-irradiated "high-swelling" fuel will be 
carried to a temperature required to cause failure in 
previous tests on fuel pre-irradiated in the MTR.'^'* 
The upper limits of fuel temperature and tempera
ture-rise rates for the dry transparent series are con
siderably greater than those which would be expected 

for ojicrational abnormalities in EBR-II . Such lati
tude is needed, however, in order to study failure 
thresholds as well as such relevant phenomena as 
fuel slumping and cladding penetration by molten 
uranium. 

Failure may be attained with sufficient time at 
temperature for more modest temperatures reasonably 
in excess of the operating fuel temperature in EBR-
II . Such failure tests will be carried out in the loop 
experiments, which are more clearly a mock-up of 
failure and failure propagation in EBR-II . I t is the 
intent that information from the dry transparent 
series of tests be used with or as a guide to the loop 
tests, as an aid to understanding the propagation of 
fuel element failure. 

DRY TRANSPARENT STUDIES 

Experiments for this series will be performed in the 
transparent photographic meltdown facility used for 
previous studies."* Briefly, the assembly consists of a 
fuel pin mounted inside a capsule contained in an 
atmosphere of flowing helium within a TRE.A.T slot 
liner suitable for high-speed color photography. The 
sample load frame, test capsule, and slot liner have 
been moflified to accomodate instrumentation and 
control leads to the sample. In order to eliminate 
severe power gradients in the 52% enriched 95% U-
5% Fs Mark-IA pin, the capsule will be lined with 
a 5 mil cadmium foil sandwiched between layers of 
fiberglass cloth as in past TREAT studies of en
riched Th-20 wt% U EBR-II type pins.' The ratio of 
sample to reactor jiower is also more favorable for 
TREAT operation with such a partial thermal neu
tron filter. 

The schematic diagram for the instrumentation 
and pre-heating of the fuel element is given in Fig. IV-
2-1. Leads are run behind the load frame and meltdown 
tray components, in order to provide protection for 
possible attack by molten sample fuel. The sodium in 
the fuel sample is maintained molten prior to each 
transient by the pre-heater. For operation with 
TREAT the output from the beaded thermocouple at 
the bottom of the fuel pin will be used, in conjunc
tion with a controller and solenoid actuated relays, 
for temperature control by interruption of the cur
rent to the pre-heater. A nominal current of 60 amps 
at 2 to 3 V has been found adequate to heat the 
sample in flowing helium. The current is supplied 
through copper connectors to the fuel pin which is 
sujiported axially at the base electrode on the bottom 
of the load frame by a female adaptor to its bayonet 
fitting. The bottom electrode is grounded by a fine 
stainless steel wire. The current to the heater is in
terrupted with initiation of the TREAT transient. 
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Two fast-response chromel-alumel thermocouples are 
welded to the cladding at the fuel midplane and top 
for fast response measurement of the cladding tem
perature during the transient. 

Electromagnetic transducers have been developed" 
which are provided at the top and bottom of the 
fuel in order to measure fuel motion in the Mark-I . \ 
element during the course of the transient. The end of 
the fuel moves through a jiulsed induction field gen

erated and detected by transducers that consist of 
two pickup coils interspersed with three field coils, all 
located coaxially. The coils are fabricated from 
silicate-insulated 40 gauge copper wire, with a Mu 
metal magnetic shield, held on zirconium forms. A 2-
mil stainless steel heat shield is provided also to pro
tect the coils from radiation heating by the fuel 
sample. The three field coils are driven in series by 
the current pulse. As the fuel-sodium interface 
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moves through the transducer, tw ô separate signal 
peaks are produced 4.3 mm apart. This type of re
sponse, as well as the three sample points used on 
each of the pulsed signals from each pickup, permits 
a useful measurement of the location of the fuel-
sodium interface. The success of the plan depends 
upon the existence of a difference between the re
sistivities of the sodium and the fuel that is great 
enough to produce a significant signal over the 
temperature range for the measurements. Extrapola
tion of existing resistivity data for the irradiated 
elements, in which the fuel alloy exists predominantly 
as the alpha phase, is encouraging. 

EXPERIMENTAL 0BSERV.\TI0NS IX THE TRANSPARENT 

SERIES 

The objectives of tbe experimental luograin for the 
transparent series are: 

(1) Detection of overall dimensional changes in 
EBR-II elements which could cause restriction 
or blockage ot coolant flow 

(2) Determination of failure thresholds for known 
thermal behavior of the element 

(31 Clarification of the mechanism of failure as 
an aid to the design of longer-lived fuel ele
ments. 

The first and second objectives are of significance 
in realizing the maximum safe limits for EBR-II 
Maik-I . \ driver fuel. In order to realize the third 
objective some phenomenon which is capable of 
observation must be considered. While this is diffi
cult for such a complex problem as the failure of an 
irradiatctl EBR-II fuel element, particular concern 
has been expressed in regard to the uncertainty in 
the behavior of trapped sodium resulting from ex
pansion of the "high-swelling" irradiated fuel to the 
inner diameter of the cladding.' The sequence of phe
nomena resulting from this event has been considered 
in the design of the experiment. We first consider the 
entrapment of a liquid sodium btd)ble between the 
cladding and fuel by adhesion of the fuel to the 
cladding at two or more points for a nominal temper
ature of 500°C. The adhesion of the fuel to the 
cladding may be physical at the surface or of deeper 
penetration as may be possible with alloy formation. 
Provided that this adhesive force is strong enough to 
contain the sodium and there is no leakage of so
dium through a crack in the cladding, considerable 
stress can be built up in the fuel element from re
stricted expansion of the liquid sodium at tempera- ' 
tures in excess of the trapping temperature. Under 
these conditions the cladding is in tension. As the 
bubble is cooled below 500''C, a gas pocket forms 
from the contraction of the liquid. The internal pres

sure in the two jjhasc bubble, which is governed by 
the vapor pressure of the trapped sodium, is lower 
than the pressure at 500°C. A gas phase is also pos
sible if the litiuid sodium is raised to its critical 
temjierature of 2460°C.'*** But this is academic since 
we expect failure of the fuel pin at much lower 
temperatures. The question of interest in regard to 
this sequence of conceived phenomena is the strength 
of adhesion at the hypothesized fuel-cladding bonds 
which are responsible for containing the sodium, 
thereby initiating stresses leading to cladding failure. 
We intend therefore to attempt a measure of this 
adhesive bonding by comparing the measured axial 
expansion of pre-irradiate<l Mark-IA fuel elements in 
the dry transparent TREAT tests with existing data 
for the unrestricted axial expansion of pre-irradiated 
unclad elements.-' A parallel effort will be made to 
correlate sudden changes in the measured rate of 
axial expansion with fuel element failure. The re
striction of axial expansion may not be related only 
to the hypothesized fuel-cladding mechanical inter
action. Other phenomena must be considered, such as: 
local compression of fuel alloy at elevated tempera
ture by the trajiped expanding sodium; and the ef
fect of plenum pressure in restricting such gross swell
ing or "frothing" as was obsen-ed in previous TRE.\T 
experiments with unclad pre-irradiated fuel near the 
melting point.^ 

Since the reason for the experiments is not oidy to 
test hypotheses but also to collect as much descrip
tive information as possible before, during, and after 
the test, the following information will be collected: 
power calibration, pre- and post-test radiographic 
examination, overall dimensional changes of the fuel 
pin. high-s]ieed photographic coverage of the test at 
2000 frames/sec, cladding temperatures, and stand
ard transient data from the operation of TRE.\T. 

PRELIMINARY RESfLT.S FOR THE DRY TRAXSPARENT 

.SERIES 

Calculations of the transient temperature profile 
in the fuel element will be made with RE-248 
ARGUS" using the methods described in Ref. 10. 
ARGUS computes the transient power input per 
unit volume of fuel, P{r,z,t), at radius r, axial posi
tion z, and time t, given by 

P{r,z,t) = e„p.(r)r,{z)n(t), 

where p, r,, and n are arbitrary numerical functions 
given pointwise for r, z, and t respectively. The 
standardization coefficient #», together with riiz) and 
^(>i, may be determined from the power calibra
tion reported previously for this series," assuming a 
radial power distribution of the form 
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pir) = h(Kr). 

Radiochemical determinations of the fissions, by 
the La"° method, in fuel alloy sections of a Mark-IA 
pin exposed to an integrated power history in TREAT 
of 25 MW-sec yielded an average power density 
calibration of 0.98 ± 0.02 cal/gm of fuel-MW-sec for 
this test series. Since no axial power distribution 
could be detected within the precision limits of the 
measurements, ni^) = 1. Detailed description of the 
neutron flux at the pin surface was obtained from 
the activation of 93% enriched uranium foils, 1 to 
2 mils thick, attached to the pin circumference at 
the fuel top, bottom, and midplane. Despite a 10% 
power anisotropy due to the flux distortion by the 
cadmium-lined capsule, the average flux in the fuel 
to that at the surface was found to be 0.805 ± 0.055. 
This value, which differs from that reported in Ref. 
11, was computed from the ratio of fissions in the 
fuel section, determined by the La-140 method, to fis
sions at the surface determined by the Mo-99 method. 
The value of the attenuation coefficient K may be 
computed for the distribution p(r) = Io{Kr) from 
the relation'-

0.805 
(Pf) 2 h{Kr„) 
P. Kr„ /o(A'ro) ' 

where (Pj), P,. and ro are respectively the average 
specific fission power in the fuel, the specific fission 
power at the surface, and the fuel radius for the 
Mark-IA pin. The computed attenuation coefficient 
7.9 ± 1.7 cm~' (uncorrected tor burnup), which cor
responds to a single group averaged total cross sec
tion of 350 ± 75 b/atom of U-235, is an index of the 
effectiveness of the cadmium filter. Finally the power 
calibration yields a value of 12.9 ± 1 . 3 cal/cc-MW-
sec, at zero burnup, for the standardization coefficient 
(̂1. The computed precision for this coefficient does 

not take into consideration uncertainties due to the 
flux anisotropy or the chemical separation of Mo-99. 

Mark-IA elements which are representative of the 
''high-swelling" and "low-swelling" fuels were selected 
for the TREAT experiments. The pre-TREAT ex
aminations of these fuel elements have been com
pleted. These examinations are: 

1. .luggernaut neutron radiography (mainly for in
ternal conditions) 

2. X-ray photography (mainly for bond height and 
liond region I 

3. Gross axial gamma scan (to cheek power dis
tribution) 

4. Full length macroscopic photograjihs of fuel ele
ments 

5. Diameter antl density determinations. 

Neutron radiographs of the "low-swelling" and 
"high-swelling" elements are shown in Figs. IV-2-2 
and IV-2-3, respectively. The extent of axial growth 
is greater than had been anticipated previously. In 
the case of the "low-swelling" fuel the gap separa
tion between the fuel and the restrainer is of the 
order of 0.2 in. This should be adequate to study 
the expansion of the fuel which is anticipated for the 
temperature range of the measurements. The "high-
swelling" fuel of the 4015 series in Fig. IV-2-3 has 
gap separations of the order of 20 to 50 mils both at 
the top and bottom of the fuel. This is also the case 
for pin 14 of the SL-38 series. Pins 11 and 13 for the 
SL-38 series do not appear to be typical of the more 
interesting high axial growth "high-swelling" pins. 
They appear to be more typical of the "low-swell
ing" series. It is felt therefore that a mistake may 
have been made in the inventory of these particular 
pins.^^ 

Dry transparent TREAT tests have been per
formed on the two unirradiated Mark-IA fuel pins, 
which were fabricated from "high-swelling" fuel. 
These particular runs provided metallurgical control 
samples for this series of tests as well as an in-pile 
check on the instrumentation of axial fuel motion in 
clad Mark-IA fuel using eddy current motion trans
ducers. 

The first jiin, SL-33-3. was irradiated to integrated 
doses of 1597, 2431, and 2917 .J/cc in three successive 
transients in the TRE. \T facility. Peak cladding 
temperatures for the center thermocouple were 503, 
630, and 65i°C, respectively. In each case the pin 
was pre-heated electrically to approximately 200°C 
to ensure that the sodium bond was molten ])rior to 
the transient. Two eddy current motion detectors 
were provided in the dry transparent test capsule. 
The center planes of these transducers were positioned 
at the top and bottom fuel surfaces of the pin, with 
the sodium bond molten, preliminary to insertion into 
the test capsule. The second pin, SL-33-6, was ir
radiated in another series of transients to successive 
integrated doses of 2917, 2986, and 3820 J/cc. Peak 
cladding temperatures for these transients were 668, 
714, and 918°C, respectively. 

The motion detectors were operative for all tran
sients. Extreme bowing and separation of the fuel 
spacer-wire were observed at the termination of the 
third transient on the first pin, due to mechanical 
constraint of the pin by the upper coil support frame 
lavite insulator. This was corrected after removal and 
replacement of that pin. Bowing was observed after 
the third transient on the second pin. Since there was 
no detectable se]iaration of the spacer wire, it ap
pears that this was from normal sample behavior at 
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elevated temperatures rather than from mechanical 
constraint. 

A post-mortem of the two test pins and analysis 
of data from the motion detectors will be performed 
in Fiscal 1969. The measured axial expansion for these 
tests may be compared with out-of-pile dilatometric 
data on U-5% Fs alloys^'' for temperatures up to 
730°C. It should be possible to extend the data in 
Ref. 14 to temperatures in the range 900-950°C by 
the in-pile motion detector measurements. 

TEST SERIES 

The dry capsule experiments on the pre-irradiated 
elements will be started in the first quarter of Fiscal 
1969. The initial experiments will include the Mark-
IA "high-swelling" and "low-swelling" fuel elements 
at the specific test conditions outlined in Table IV-
2-1. Since the pre-irradiated pins were selected pre-
liminai-y to the pre-test physical examination, it may 
he necessary to select alternate "high-swelling" pins 
as an upper limit of behavior for the test series, based 
upon the results of the neutron radiography discussed 
previously. 

The program for tests on the single EBR-II Mark-
IA pins in a Mark-I loop is given in Table IV-2-II. 
These studies are concerned with the behavior of ir
radiated Mark-IA pins under mild over-tempera
ture conditions including (1) possible internal fuel 
movements, (2) possible localized damage due to fuel 
burnup and (3) loss of integrity under mild accident 
conditions. For this series single EBR-II Mark-IA 
pins will be tested inside a ring of six hollow dummy 
elements. The peak power level for each irradiation 
will correspond to the power level in the central pin 
in EBR-II at 80 MWt operation. 

TAKLE IV-2-1. DRY TR.\NSPAHENT T E S T .SERIES 

TABLE IV-2-II. TESTS O.N .SINGLE EBR-II 
M A R K - I A P I . \ S I.V M A K K - I LOOP 

Test 
No. 

1 
2 
3 
4 
5 

li 

!) 
1(1 
11 

Sam
ple 
No. 

3 
3 
3 
4 
4 

5 
5 
ii 
0 
7 
7 

B
ur

nu
p,

 
a/

o 

1.2 
1.2 
1.2 
1.2 
1.2 

1.2 
1.2 
1.2 
1.2 
1.2 
1.2 

Max 
Clad 

Temp., 
°C 

500 
700 
800 
800 
950-

800 
950" 
800 
950" 
800 
950" 

Sample 
Energy, 

J/cc 

1580 
2770 
3380 
3380 
4250 

3380 
4250 
3380 
4260 
3380 
4250 

Comments 

HS (high-swelling") 
irradiated pins 

LS ("low-swelling") 
irradiated pins 

Test 
No. 

1 
2 

3 
4 

Sam
ple 
No. 

1 
1 

2 
2 

Flow," 
m/sec 

4 
4 

4 
4 

Sample 
Power, 
W/cc 

4800 
4800 

4800 
4800 

Sample 
Energy, 

J/cc 

3, OOO' 
-40,000 

3,000>' 
-10,000 

Comments 

Power level corre
sponds to central pin 
in EBR-II at 80 
MWt operation 

.Simulates flow decay 
with scram from ini
tial conditions 

"Tentative specification: It is intended that these pins 
reach or exceed the failure threshold. 

" Simulates 8m/sec for a pin inside a ring of fueled pins. 
'' Preliminary transient clipped to avoid fuel damage. 

SUMM.\RY 

A test program has been planned to investigate the 
integrity of "high-swelling" EBR-II Mark-IA driver 
fuel in TREAT for over-temperatures from opera
tional abnormahties of the EBR-II. Pre-test examina
tion of the test elements has been completed. Initial 
TREAT tests have been performed on unirradiated 
fuel in order to (1) provide metallurgical control 
specimens and (2) proof-test the instrumental capsule 
with pre-heating and detection of axial fuel motion 
in the EBR-II fuel pin. 
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IV-3. Digital Pholof5raj)hie Keadout System for Fast Neutron Hodoscope 
in the Transient Keaclor Test (TREAT) Facility 

A. D E V O L P I , R . P E C I N A , * K . R O L N I C K I , * D . T R A V I S * a n d 0 . LARSENf 

The fast neutron hodoscope is a 334-detcctor de
vice^ which has been set up to detect the movement of 
fuel samples by observing fission neutrons emanating 
from fuel pins undergoing tests in TREAT. A previous 
limitation of the hodoscope instrumentation was the 

in addition, the hodoscope has been brought up to a 
full complement of detectors. One further improve
ment is the relocation of all linear processing circuits 
in a rf-shielded mobile cage. 

The digital jihotographic system is now undergoiDg 
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readout and recording system, which, in tlie analog 
form,- was unable to match the input data rates or 
to provide quantitative data. A new digital data 
photographic readout system has been comfileted, and 

* Electriuiics Division, Argonne Natiiiiial Labiinilory. 
t Iihihii Divisinii, .\rgotine National Laboratory. 

final tests. This method of recording enables data to 
be accumulated at a peak instantaneous rate of nearly 
ono billion counts per second while retaining all 
spatial and temporal information derived from the 
transient. The novel methods of data compression and 
recording which have been devised to satisfy these 
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F I G . IV-3-3. An Example of One Frame of Digital Data Taken with IIVCAM Camera Operating at SIXM Pictures/.See; ii]> to 720 
J.amps can be Lit in One Frame. .ANL Neg. No. 113-831. 

Fill. IV-3-4. Output 
Demonstrating Iteiiditi 
graphic Data. 

f r i im 

III III' I 
(•lll.OK 
Single F 

Flying S|iot Sniniie 
ame of Digital Photo 

objectives are based primarily on the commercial 
availability of integrated circuitry binary sealers 
and a high speed framing camera which has an 840 m 
film length capacity. 

\\'ith l-msee time resolution as an objective, it has 
been jtossible to temporarily store all data from each 
channel in integrated circuitry binary scalers—334 of 
them. The processing path which leads to this storage 
stage is outlined in Fig. IV-3-1. 

Neutron detection is accomplished by a mixture of 
ZnS (Ag) in plastic (Hornyak button^) which pro-
iluces scintillations observed by a photonniltiplier 
tube. The linear signal is transmitted directly to a 
printed circuit card which contains all the linear-to-
digital pulse conversion functions. After integration 
anil amplification, those linear signals which exceed 
the discritninator level are shapeil into digital pulses 
of about 200 jusec width. 

Teni|)orary storage of the digital pulse is perforincif 
by three integrated circuit chips having a total ca-
]i!icity ot 4096. One such scale of 4096 is assigned to 
each detector channel. Since twelve readout lines are 
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required to sense the contents of each scaler, a data 
compression factor of 34 has been obtained. At this 
point, then, it is necessary to record an ordered twelve 
(lata bits every millisecond for each of 334 channels, 
or a total of 4 X 10" bits/sec. A data rate of this 
magnitude still exceeds the capacity of existing mag
netic recording media, except for the rather expen-
.sive solution of placing a number of specialized 
units in parallel. 

The data which have been accumulated in 1-msec 
intervals can be stored in digital fashion on photo-
Sraphic film. This is executed by displaying the data 

in a panel of lamps which are photographed in single 
flashes continuously by a high-speed framing camera. 

The contents of each scaler can be released by 
activating an "AND" gate connected to every output 
line.* The electronic readout switch consists of a 
device which chooses a set of 56 out of 336 scalers to 
be read out sinmltaneously. The two extra scalers are 
associated with a timer. A cycle of six banks of 56 
scalers completes the readout; it requires only 0.1 
msec to disgorge a bank of 56 scalers, so the total 
cycle time is 1.2 msec. 

As mentioned, 12 data lines are required for each 
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scaler. With 56 scalers being evaluated in any one 
phase of tbe readout cycle, at least 672 lamps are 
required to display their contents. Actually a 720-
lamp array is used (Fig. IV-3-2) which includes 
lamps reserved for fiducial tind jihase indication 
purposes. 

The digital pulses from the scalers are transferred 
to the lamp display in unison; at this instant the 
high-speed camera shutter opens to photograph tbe 
display. Proper timing is secured by deriving the syn
chronization signal from the position of the camera 
shutter. This "sync" pulse initiates the readout se
quence, causing the neon lamp display to be ignited 
at the proper time. The lamps, of course, are ignited 
only when a pulse is applied. The combination of 
lamps "on" and "off" reflects the binary code of the 
scaler. A 0.1-msec flash is sufficient to expose ade
quately the high sensitivity film. 

In order to follow a 1.2-msec schedule, the camera 
must operate at about 5000 frames/sec. We use a 
rotating-prism framing camera which has 1% elec
tronic regulation. This camera can reach full speed in 
3 sec with a loading of 840 m of 0.1-mm thick, 16-mm 
format high-speed film—enough to last over 20 sec. 
.\n examjile of data taken at this s|ieed is provided in 
Fig. IV-3-3. 

The effect of this procedure is that each scaler is 
interrogated every 1.2 msec; it is immediately reset to 
zero, and after the 0.1-msec readout period, it again 
coimnences storage. The entire binary-coded rate 
data which had been accumulated for 1.1 msec is 
stored on film, as single flashes, in groups of six 
frames. 

DECODING or DAT.\ 

With a camera operating at 5000 pictures,/sec, up 
to 100,000 frames can be developed. Most of this film 
is removed in editing, and only those portions perti
nent to the transient are retained. Calibration pulses 
are applied to the input for a number of frames prior 
to the meltdown. Even with this selection of film, a 
large amount of data remains for analysis. At least 
several hundred thousand coded bits are involved, out 
of the total film capacity of 100 million bits. 

The film is translated by an existing automatic-
flying spot scanning station (known as CHIGOE) into 
computer-eompatible data stored on magnetic tape. 
Figure IV-3-4 shows the impression gained by 
CHLOE from a single frame, and Fig. IV-3-5 dis
plays the program output which has interpreted the 
magnetic tape data. The number and jiosition of 
asterisks correspond to a visual examination of lamp 
exposures on the input frame. The ilata may now be 
correlated with the appropriate scaler, leading to an 
evaluulion of the channel count rates for any given 

frame which was exposed at a registered time. A 
visual display of the decoded data is now being pre
pared. 

COMPARISO.X WITH MAG.N'ETIC M E D I A 

The method of photographic digital recording de
scribed above has certain merits in comparison with 
magnetic digital recording. Taking as a point of dc-
]iartiire the output of the multiplexor—common to 
either method of recording—it can be seen that the 
remaining expense for photo-recording consists of a 
bank of neon lamjis with associated driving circuitry 
and a high quality framing camera. This expense 
is at least an order of magnitude less than any con
ceivable magnetic medium. 

It has already been mentioned that no single exist
ing magnetic storage technique can accommodate the 
bit rates generated in this experiment. Even specialized 
units which approach 10" bits/sec require custom-
made read stations to translate the data back to com
puter-compatible format. Furthermore, serious limita
tions caused by slewing I for magnetic tapes! and bit 
dropout must be considered. 

It is true that a special film interpretation station 
is required for photographic digital readout, but such 
a station is already in existence at Argonne and at 
many other laboratories around the world. 

One further observation is appropriate; the exist
ing technique described in this ]>aj)er does not exhaust 
the data density limits of iligital photographic record
ing. At least an order of magnitude greater density is 
allowable under present film grain, fog, and scanning 
conditions. .\t slower camera speeds, corresponding to 
longer intervals between readout, better quality film 
can be utilized. In addition, the various time and 
spatial jiarameters can be varied to provide an inex
pensive means of recording vast amounts of data; for 
exam]de, jihotographic digital recording can be easily 
adajited to repetitive experiments conducted with 
large detector arrays. 
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IV-4. Apparatus for High Speed Photographic Safety Experiments on 
Irradiated Fast Reactor Fuel Spec imens 

L. E. RoBi.NsdN and C. AUGU.ST 

INTRODL'CTIO.N' 

Direct observation of the course of meltdown ex
periments in the Transient Reactor Test Facility 
(TREAT) by means of high-speed photography has 
proved to be a very useful method of obtaining con
firmations of jiost mortem reconstruction of fuel 
sample failure mechanisms. The extension of this 
technique to the study of the behavior of pre-irra
diated specimens was accomplished through the de
sign and fabrication of equipment to permit exposure 
of test samples previously irradiated to levels of ap
preciable fission product inventories. 

In general, photographic experiments on pre-ir
radiated elements combine salient features of two 
types of cx|)eriments which had been performed pre
viously: photographic tests on unirradiated samples 
and opaque tests on pre-irradiated specimens. The 
design of the in-pile apparatus for use with pre-ir
radiated fuel was based on the previous equipment 
for photograjihic meltdown exjieriments on unirra
diated samples,' although the requirements of remote 
assembly, remote handling, and shipment to TREAT 
required extensive redesign of the comiionents. 

DESCRIPTIOX OF THE TREAT TRANSPARE.N'T FACILITY 

Test Capsules 

Figure IV-4-1 shows the basic layout of 
TRE.^T transiiarent in-pile facilities, both for 

the 

irradiated and irradiated samples. The sample fuel 
pin is contained in a double-walled zircaloy test 
capsule approximately 4.5 cm wide by 48 cm high by 
42 cm long, having a total wall thickness of 0.125 
cm. The front of the capsule has a 0.625 cm thick 
fused silica window (the "inner window" of the en
tire sub-assembly) attached, but not sealed, to the 
capsule. Behind the sample, there are a front-surfaced 
mirror and a 0.75 cm thick graphite slab which pro
vide extra containment for the walls closest to the 
test element. Capsule walls are coated with a special 
paint mixture consisting of powdered alumina or 
titania in silicone paint in order to su]>ply a diffuse 
high-reflectance background for jihotography. Figure 
IV-4-2 shows a disassembled test capsule. The 
window (made from UV grade artificial fused silica) 
slides down two tracks in the front of the capsule. One 
lower corner of the window is cut off to permit free 
circulation of the inert cover gas from the capsule to 
the remainder of the entire slot liner assembly. The 
cover gas inlet is attached to the white rubber tube 
connected to the rear of the capsule top. In front of the 
window in Fig. IV-4-2 is the test sample load frame, 
which is designed to hold the sample and any special 
instrumentation such as fuel motion detectors, and 
supjiort instrumentation and thermocouple lead wires. 
The load frame slides into the capsule and is latched 
in |ilace by tabs in the closed end of the capsule. 

For special experiments in which additional heat 

PURGE GAS INLET-. 

ZIRCALOY 
CAPSULE 

^GRAPHITE LINING 

'•INNER WINDOW 

^HANDLING "TEE" 

^ZIRCALOY LINING 

^SLOT LINER 

^LATCH 

F I G . I V - 4 - 1 . Cutaway View of THE.VP Traii.spareiil In-Pile Facility. . l . \7 . Neg. No. llt-lgiS. 
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FIG. IV4-2. Disa.s.scmbled Test Cup.siile. .4.V/, Neg. No. Ug-l 

capacity is needed in the floor of the capsule to con
tain very high energy meltdowns, a "meltdown tray" 
of zircaloy and graphite can be latched to the bottom 
of the load frame. Also shown in Fig. IV-4-2 is the 
inner-wall section of the capsule, withdrawn about 7 
cm from the rest of the capsule. This section is locked 
into place by tho capsule window. Therniocouiile lead 
wires are shown running from the sample and the 
load frame to the connector that is ]>lugged into the 
slot liner lead-through. The rod which extends from 
the front of the capsule is the handling "tee" used to 
insert the capsule into the slot liner. The handle locks 
into place inside the flange of the slot liner, thus hold
ing the zircaloy cajisule in position in the back of • 
the assembly. Figure IV-4-3 is the zircaloy capsule, 
disassembled to show the inner and outer 0.063 cm 
wall zircaloy capsule components. Tabs at the top 
and bottom and front of the inner capsule lock into 
place to hold the dutil-wall subassembly together. 

,^lot Liners 

Figure IV-4-4 shows the front of the slot liner, with 
the handling tee locked into the slot liner window 
fltinge slots at the bottom of the window', and the 
instrumentation lead wires running up from the 
handle ot the tee to the slot liner through-connector at 
tho top of the flange. The flange to]i has inlet and 
outlet cover gas (luick-disconneet connections that 
seal shut automatically when disconnected from the 
cover gas system at TRE. \T , and also the short lead 
wire extension iirovided for plugging into the experi
mental circuits at TREAT. The flange subassembly 
consists of two main parts: the stainless steel main 
flange, which is welded to the stainless steel slot liner, 
and a stainless steel auxiliary flange, which is bolted 
to the main flange and sealed by a silicone gasket. 
Figure IV-4-5 shows the front of the slot liner, with 
the test capsule partially inserted and the auxiliarj' 
flange removed to show its connections and gasket 
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lV-4-3. Hark View of Inner (left) and Outer (right) Zircaloy Cap.sule Compi iieiits. .I.V/, .\eg. .Xo. 112-1979. 

from the rear. The two steel jiegs on the front of the 
auxiliary flange, shown obliquely at opposite corners, 
are for use in aligning the outer window subassembly 
during remote loading operations. The auxiliary flange 
was designed as a serai-permanent part, and is re
moved only for changing the lead-through components 
when new instrumentation is required, .\nother view 
of the up]ier connections and the alignment pegs is 
shown in Fig. IV-4-6. 

Inside, the slot liner is lined with a 0.063 cm thick 
zircaloy shell. There is an additional layer of 0..53 
cm thick graphite in the region of the test capsule. 
The front of the subassembly is sealed by a 0.27 cm 
thick fused silica lUV grade) window. Figure IV-
4-7 shows the slot liner with the inner zircaloy liner 
withdrawn about 5 cm to show the zircaloy flange 
that is hold between the main slot liner flange and the 
auxiliary flange, and the window flange subassembly. 
The raised horizontal bands running around the slot 

liner are offsets, formed directly by rolling, in the 
0.20 cm thick steel slot liner walls to stiffen them. 
These bands are shown clearly in Fig. IV-4-8, which 
is a back view of the liner. 

Hnndliny Coffin 

.A handling coffin is used at TRE. \T to transfer a 
slot liner from its shipping coffin to the reactor, and 
to align and position the liner for insertion into and 
removal from the reactor core. The coffin used for 
unirradiated samples' was niodifled for previously 
irradiated specimens by replacing the original lead 
shot filling by cast lead, and by adding auxiliary 
shielding near the sample position. 

.Shipping Coffin 

The shipping coffin is a lead-shielded box which 
contains tw'O slot liner assemblies in separate, indi
vidually-sealed compartments. Internal shielding is 

file:///nother
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included between the two compartments so that, witfi 
one compartment empty and its shielded door open, 
the radiation through the door opening from the other 
compartment would not be higher than tho radiation 
levels outside the coffin walls. Each slot liner assembly 
is locked into its compartment by closing the com
partment doors to prevent liner rattling inside the 
cask and window breakage during shijiping. The 
coffin, in turn, is secured by cables to a shoek-

FlG, IV-4-4 . F r o n t View of Slot L i n e r wil h ( ' a p 
• i lh i i i l t ( ) i i t e rVVi i i i l i iw . . l .V/ . . \>(/ . .Vo, IIJ-2971:. 

mounted shipping pad. With this arrangement, no 
windows have been lost throughout the use of the 
tipparatus (more than a dozen experiments). 

REMOTE OPERATIONS 

Figure IV-4-9 shows the remote loading apparatus, 
in place, through a cave window. In the front, on the 
table, are the welding clamps used for attaching 
thermocouples to the surface of the test sample. The 
sample proper is in its load frame, while the load 
frame and zircaloy capsule are fastened to the remote 
assembly jigs. In the foreground are two manipula
tors. A close up of the remote welding of a bare wire 
thermocouple to the pre-irradiated sample is shown 
in Fig. IV-4-10. After capsule assembly, the capsule 
is slid into its slot liner assembly (Fig. IV-4-4), the 
gas and instrumentation leads are plugged into the 
inside of the auxiliary flange (Fig. IV-4-5), and the 
window flange subassembly is bolted into place (Figs. 
IV-4-6 and IV-4-7). The slot liner flanges and connec
tions are then checked for leaks using a helium mass 
spectrometer leak detector with a "sniffer" attach
ment to sense helium escaping from the liner. Dur
ing the loading of the capsule, the slot liner is 
positioned, partly extended, in its shipping coffin com
partment. After successful remote checking of the as
sembly, the liner is slid completely into its compart
ment, the shielded compartment door is lowered and 
sealed, and the coffin is removed from the cave. 

SAF-ETY CONSIDERATION.S 

To reduce the possibility of slot liner failure due to 
local stress concentrations, the slot liner is made 
from a single piece of 0.20 era thick stainless steel. 
(The previous liners for unirradiated samples had 
tO|> and bottom plates welded to the sides, and the 
stiffening ribs were separate bands spot welded to 
the liner sides ]iroperM. Tbe sjiot welds were elimi
nated by the integral stiffener design I Fig. IV-4-8). 
One weld at each top and bottom was eliminated by 
replacing separate to[> and bottom plates by forming 
the top and bottom into halves from the same steel 
sheet as the side. Toji and bottom welds were thus 
restricted to the flange end. the round sample end, 
anil a middle seam running the length of the slot 
line!'. 

Because of the stiffening bands and the round back 
end it was possible to design the unit for a routine 
proof test of 0.6 atm gage, prior to each experiment. 
Proof tests were ]ierforined originally using a mockup' 
of the TREAT viewing slot mechanical side 
restraints (essentially a succession of vertical line 
(•(uitacts at 10 cm intervals). Post-loading proof tests 
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FiG. IV-4-0. View of Slol Liner Fronl. Sliowing Upper Details and Alignment IVgs. AM. Xeg. .Vo. 111-1974. 
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FIG. I V - 4 - 7 . View of Slot Liner Front Vnd Shuwing Itelalicnship of Main Flange, Auxiliary Flange, and Window Flange Sub
assembly. ANL Xeg. No. 112-2977. 
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FIG. IV-4-,S. Bark View of Assembled Slot Liner. Showing Stiirening Hands. . l . \ /, Xrii. Xo. IK' 



4. Robinson and August 253 

Fi<;. IV-4-il, View Tbrougli Cave Window uf liemote Capsule Loading. . I . \7 . .\eg. Xo. 112-3433. 



F , G . IV.4-I0. Close-Up of In-Cave AltachnienI of Tl 
'S-SPU " lauin ienl of Thernmi ,,|e t„ Cladding of l>,e-l,-

•adiated THK..\T Sample. ANL \cg. .Vo. 
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were made inside the handling coffin, using grid-like 
inserts on either side to mock up the slot environment. 
This pressure capability, coupled with the 52 liter 
liner internal volume was sufficient to accommodate 
experimental requirements for the capability to meet 
accidents including the following: 

1. Air atmosphere in the slot liner caused by mal
function of the cover gas system, not detected on 
system instrumentation. This includes possible 
reactions with the fuels and with sodium released 
upon failure of sodium-bonded fuels. 

2. Decomposition of paint inside zircaloy capsule. 
3. Over-pressures caused by accidental excessive 

energy input to the sample. 
The zircaloy capsules have functioned, as de

signed, to safely contain meltdown of the samples. 
In addition, the double-walled capsule construction 
provides a convenient method of loading cadmium 
neutron absorbers to shape sample neutron flux or to 
shield the entire samjile. "Sandwiches" consisting of a 
layer of cadmium foil between two layers of fiberglass 
are held between the two zircaloy walls. Because of 
this multiple-layer construction, the low melting-
point cadmium is thermally shielded from local over
heating by spattered molten fuel or sodium. 

U.SE OF APPARATUS 

The apparatus for jihotographic experiments on fast 
reactor fuel failure has been in routine use during a 
period of approximately five years. It has functioned 
satisfactorily in experiments on metallic samples- and 
on oxide samples.^'' Slot linears have been reused 
routinely. The remote assembly zircaloy capsules 
were made to be interchangeable with the earlier 
bench assembly capsules,' and they have been 
routinely reused in experiments both on unirradiated 
and irradiated pins. 
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IV-5. Standards , Qual i ty Control , Fabricatioji and Assembly of 
Mark 11 Integral S o d i u m TREAT Loops 

L. E. ROBINSON 

INTRODUCTION 

A second generation of integral sodium loops is 
under development. These will contain much higher 
internal pressures and will provide more extensive in
strumentation than the Mark I integral sodiuin loops 
previously used in the TREAT facility. 

DESCRIPTION OF MARK II INTEGRAL SODIUM LOOP 

In the destructive meltdown of ceramic Fast Reac
tor fuels in the presence of sodium coolant, the ab
solute temperatures of molten fuel ejected into the 
coolant will be about 21/2 times as high as those of 
Ihe metallic fuels examined in the i l a r k I integral 
loops; thus the pressures resulting from the near-ex
plosive vaporization of sodium can be expected to be 
'ignificantly higher, also. Because of gross uncertain-
it's in the visualization of the mechanisms of such 

fuel failures and the actual amplitudes of pressures to 
be realized, the pressure containment capabilities of 
the Mark II integral loops were increased over those 
of the Mark I loops by more than an order of magni
tude—from 30 to 340 atm—while the design operating 
loop temperature was kept about the same. 

Doubling the in-pile cross section to be occupied 
by the integral loop and fitting the Mark II loop into 
the volume of two T R E . \ T fuel elements, made pos
sible a simplified closed circuit, direct flow, recircu
lating system, as shown in Fig. IV-5-1. The use of a 
single-walled loop geometrj' permits complete instru
mentation of the test section at inlet and outlet, for 
pressure, temperature and sodium flow. At the same 
time, the direct flow system minimizes hydraulic 
losses in the sodium flow and permits the incorpora
tion of a more versatile pumping system. 
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F I G . I V - 5 - 1 . Line Drawing of the .Mark II Integral TREAT 
•Sodium Loop. ANL Neg. No. 111-6708. 

To meet the need for containment of sodium at 
elevated temperatures, plutonium-bearing reactor 
fuels, and the high amplitude pressure pulses to be 
expected from the meltdown of refractory materials 
in the presence of sodium, the Mark II integral loop 
was specified to meet material fabrication, and dimen
sional rcfiuirements for a steady state rating of 340 
atm (5000 psi) at 532°C (1000°F) with a sizeable 
safety margin. 

DESIGN PROCEDURES AND STANDARDS 

As a basis for the detailed design of the JIark II 
integral loop, the ASME Boiler and Pressure Vessel 
Code' was selected from those available. The choice 
of this code stemmed from the realization that the 
Mark II loop should be considered to be equivalent 
to a Class A nuclear pressure vessel,- particularly 
since the loop is intended for use in the meltdown of 
plutonium-containing fast reactor fuel samples. Since 
the Mark II loop must be utilized in experimentation 
as a free-surface vessel with top penetration to load or 
remove test samples and closure to zero-leakage con
ditions prior to actual experiments in TRE.\T, as 
opposed to a permanently joined, fully-filled welded 
piping system, it was deemed particularly suitable to 
base the design upon the established standards and 
s]iecification of the ASME Code. 

The conservatism of the ASME Code, with its 4-
to-1 margin of ultimate tensile stress to rated tensile 
stress was an added incentive for use of this design 
base. 

Although the Mark II loop was designed in accord
ance with the standards and specifications of the 
ASME Code, the finished loops cannot be granted the 
Code stamp of approval, primarily because it does 
not meet thermal expansion criteria based on long 
term cycling service. The exceptions taken in the 
choice of materials, inspection procedures and criteria, 
and the specifications of heat treatment* will be de
scribed briefly below. In most cases, the exceptions 
are refinements in the standards of assurance in the 
acceptance or rejection of materials, components, and 
the results of fabrication processes; tbe remainder 
are options taken from the Code to provide desired 
imiirovements in the metallurgical properties of the 
loop body material. 

The major exception to the Code was the use of an 
unqualified material for a portion of the loop flow 
channel wall and primary conttiimiient. The flow tube 
of the Annular Linear Induction Pump (ALIP) was 
desigiicil to be made of Inconel X-750, fully age-
hardened, and clamped between mating flanges in the 
down-comer leg of the loop jiroper. The superalloy 
was required for its unusual higb-teniperature high-
strength properties, which permitted thinning the 
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pump wall to minimize the magnetic gap between the 
ALIP stator and central core. The Inconel pump wall 
thickness of 0.25 4cm (0.100 in.) with a 2.67 cm bore 
exceeds the exact design thickness requirement by 
more than 16%. 

While the Inconel X-750 is unqualified by the 
.\SME Code for the prescribed use, the maximum 
design stress for the material was calculated accord
ing to the most conservative method used in the de
termination of such stresses for qualified materials. As 
a further conservatism, the physical properties of 
wrought bar Inconel at 1000°F was used, instead of 
the much higher strengths of the fully age-hardened 
metal, as the base property for the calculation of 
design stress value. The Code prescribes that the 
lesser value obtained by calculating 621/2% of the 
yield strength at temperature, or determining 25% of 
the tensile strength, shall be taken to be the maximum 
allowable design stress of the subject material. The 
yield strength of Inconel X-750 is given as 84,000 psi 
and the tensile strength as 140,000 psi at the 1000°F 
design temperature of the Mark I I loop. The maxi
mum allowable design stress of the Inconel used in 
the loop was taken to be 25% of the tensile strength at 
temperature, i.e., 35,000 psi. Derating of the finished 
pump by 10%—to an efficiency of 0.90—to account 
for possible weld deficiencies, an effective maximum 
allowable stress of 31,500 psi was obtained and used 
in the design of Inconel components of the Mark II 
loop. Stresses are produced by the differential thermal 
expansion between the Inconel pump and the steel 
loop in excess of code specifications. Calculations* in
dicated these stresses to be acceptable for the loop 
service, with final confirmation to be made by proof 
tests. 

Early in the construction of the Mark I I loops, it 
became obvious that a major problem was involved 
in the procurement of the heavy-walled seamless 
tubing required, in the SA-312 Type 316 stainless 
steel specified, and with the necessary chemical com
position. The minimum order (10,000 feet mill-run, in 
many cases) required by possible suppliers, made 
direct purchase of the tubing prohibitive in cost, and 
very long, indefinite lead times left no assurance as 
to when construction could begin. As a result, the 
only solution that was found was fabricating every 
component of the loop proper (the loop "body") from 
bar stock. This entailed gun drilling and boring the 
tubular parts from selected bar, forming the tubes into 
the small-radius bends, and sequentially joining the 
components to make the loop body. 

Since the finished comjionents were to meet require
ments of Group A Finished Tubular Products, the bar 
stock was required to meet criteria more severe than 

the code requirements for bar stock. X-ray radiog
raphy and ultrasonic non-destructive test methods 
were specified as the inspection techniques to be used 
throughout material selection and fabrication, since 
these methods are the only Code-specified methods 
wdiich are applicable to the Mark I I loop. Bar 
selected from available stocks, of proper size and 
nominally correct chemical composition, was first 
examined by pulsed ultrasonics, to eliminate those 
specimens with unacceptable internal flaws. The 
reference defects prescribed by the Code for the ul
trasonic examination of bars (Section I I I , .\rt. N-
3221 •'> are a 1/2 x 3 in. hole in a 21/2 x 30 in. bar for 
the longitudinal wave technique, and a 1 x 0.075 in. 
groove in the same bar for the shear wave technique. 
These were considered as far too large in size to be 
meaningful in this case. 

With the object of ultimately obtaining a Group A 
Finished Tubular Product from the bar stock, the 
ultrasonic reference defect w'as decreased in size to 
'/32 in. diam x 1/2 in. depth for the initial selection of 
the bar. Following gun drilling of the round bar, the 
finished straight sections of tubing were examined 
by ultrasonic and radiographic methods, as prescribed 
by the ASME Code, with all pieces indicating per
ceptible flaws being rejected. After a mechanical 
forming process, as required, the finished product was 
again ultrasonically and radiographically examined, 
to confonii to the Code requirements for Group A 
Finished Tubular Products. 

Inspections of finished weld joints were performed, 
as far as possible according to the ASME Code, with 
the exception of the establishment of criteria for 
acceptance or rejection. The exception taken from the 
Code in the case of Tungsten Inert-Gas welds ITIG) 
consisted of the specification that all completed welds 
were to be totally clear of flaws detected by full 
radiographic examination, rather than to conform 
with the Code which allows detectable flaws below 
acceptable flaw size limits. Although the Code pre
scribes that finished welds be inspected by at least 
two of the several methods given, as applicable, and 
despite the desirability of using the ultrasonic and 
radiographic techniques throughout the system, the 
small scale and complexity of the loop system ren
dered the use of the ultrasonic method in the inspec
tion of finished welds impractical. As a result, the 
welds were checked initially by the Zyglo dye-pene-
trant method to indicate gross subsurface and super
ficial surface flaws, and then they were thoroughly 
x-ray radiographed. 

In certain cases (such as in the final weld of the 
Inconel pump flow tube) the alternate method of 
electron-beam welding was required as a means of 
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precisely controlling shrinking and to eliminate the 
necessity for adding extra metal during the welding 
process. I t was recognized that no standards existed 
by which the weld could be inspected by either the 
ultrasonic or radiographic method, because of the ex
tremely small size of the electron-beam weld zone. 
Since all welds were specified to be full-penetration 
and coin]iletely clear, it became necessary to establish 
some method by wdiich the criteria for acceptance 
might be met. During the welding process a massive 
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FIG. IV-5-2, l'ioli,ly|i|. .Mark II Integral Sodium Loop 
Assembly. .IA7. .Xeg. .Xo. 113-9511 A . 

internal back-up ring of Inconel was used, with a min
imum of 40% penetration of the electron beam into the 
ring specified. After welding, the penetration was de
termined by machining tbe ring out of the inner bore 
jirior to full radiographic examination. While wholly 
emjiirieal in method, this technique assured full 
jienetration in welding, whereas neither radiography 
nor ultrasonic inspection was capable of detecting 
incomplete penetration. 

QUALITY CONTROL IN FABRICATION AND ASSEMBLY 

Early in the procurement-fabrication process on the 
Mark II loops, it was found that vendor certifications 
of chemical composition and/or heat treatment his
tory of jiurchased materials were unreliable. Errors 
in certifications of chemistries often arise from care
lessness in transcription of data, as well as the ven
dor's insistence on using heat or batch chemistries, 
although wide variations can exist in the chemical 
comjiositions of particular pieces from a single heat 
or batch. Errors in heat treatment certification usu
ally arise from the efforts of individuals to substitute 
"educated guesses" for complete knowledge of the 
past history of the material. In such certifications the 
fact that the statements are made under notarization 
is apparently immaterial. 

As a means of obtaining assurance as to the chemi
cal content of the material from which a particular 
component was to be made, it was found necessary to 
obtain certifications from independent testing labora
tories, with re-tests or comparisons with secondary 
standards required in cases of repeated discrepancy. 
This procedure was followed in the fabrication of 
every component in the Mark II loops, including the 
additive metal wire used in the TIG weld. The SA-
312 T-316 stainless steel parent metal was required 
to have a carbon content of 0.04 to 0.08%, without 
exception; chromium and nickel content was held 
within the usual specifications for normal T-316 SS. 
Weld wire was required to possess a carbon content of 
0.05-0.07%, to minimize carbide precipitation; fusion 
ring material had the same chemistry as the parent 
metal. 

During the fabrication of the primary^ portion of 
the loops (loop body), each component was individ
ually inspected for dimensional accuracy within 
specified tolerances and surface condition. Fractional 
tolerances were specified wherever possible; high sur
face finishes were required only for interior surfaces, 
where the metal was to be in direct contact with high 
^•elocity liquid metal. Prior to joining, all components 
were subjected to ultrasonic and radiographic exami
nation, with detection of a perceptible fiaw giving 
sufficient reason for rejection. 

Ftibrication of tbe loop bodies was accomplished 
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by TIG tvelding, with each weld made in a fixed se
quence. The rigid sequence of joining was necessary to 
permit clean-up of each weld interior, followed by 
full radiographic examination. Post-fabrication in
spection was impractical because of the combination 
of thick wall and compact design of the facility. 

The unusual geometry and great length of the 
Mark II loop bodies necessitated some development 
work before the optimum method of full austeniza-
tion heat treatment was found. First efforts were made 
with a massively strong Inconel 600 fixture restrain
ing the loop body; this was discoveretl to hamper the 
movement of the body during the heat cycle and to 
produce residual distortion. Finally, the most practi
cal technique was found to be heat treatment with 
the 7-ft long device hanging in free suspension, com
pletely without restraint throughout the heat-quench 
cycles. 

Complete austenization of the T-316 stainless steel 
by solution heat treatment was deemed necessary to 
minimize the propensity of the high-carbon metal for 
precipitation of brittle carbides, and to optimize the 
physical properties of the steel. The ASME Code 
prescribes a minimum heat treatment for the material 
of 1800°F in order to realize the higher strength of 
the T-316; heat treatment of the entire loop body, 
after weld fabrication, became necessary because of 
the uncertainty in the heat treatment histories of the 
various components. Heat treatment was carried out 
in a radiant-tube pit furnace having a temperature 
variation of less than 10°F from top to bottom, purged 
with an argon atmosphere. After 2 h at 19.50°F, the 
loop was withdrawn into an argon-purged shroud, 
from which it was lowered into a natural-water 
quench tank; surface scaling was minimized through 
use of the inert gas. 

Test weld coupons were included with each loop 
during the heat-quench cycle, and metallographic 
examinations were made of each coupon's Welti zone 
to verify the austenization of both the parent metal 
and weld and the elimination of precipitated car
bides. •*( 

The flow tube of the sodium pump and the pump/ 
pressure transducer clamps, composed of Inconel X-
7>50, were heat treated to the fully age-hardened con
dition for maximum strength at elevated tempera
tures. Heat treatment was carried out in a vacuum 
furnace to minimize scaling oxidation. 

The assembly of the loop bodies with the auxiliary 
connecting lines and the dump tank was accomplished 
through essentially the same operations as for the 
loop bodies. The exceptions were in the heat treat

ment of the relatively thin-walled smaller tubing of 
the overflow, fill/dump, and blowout lines prior to 
their assembly by TIG welding, and in the post-weld 
heat treatment. All connecting tubing was solution-
treated and austenized before fitting. The finished as
sembly welds were not heat treated, since the thermal 
gradients in the region of the welds joining the 
smaller tubing were not sufficiently steep to cause 
carbide precipitation; in this case, the prescription of 
the Code, which "neither requires nor prohibits" 
post-weld heat treatment of a "P -8" material such 
as T-316 SS, was invoked. Tbe certification of chem
istries of all materials, full penetration, and full 
radiography of finished wields were as required for the 
loop body. The completed assembly is shown in Fig. 
IV-.5-2. 

Following complete assembly of the Mark II loops, 
each is given an overall dye penetrant examination to 
determine ageing or post welding surface flaws. 
Finally, the assembly is closed off and subjected to a 
vacuum leak check for helium tightness to the 
maximum sensitivity of the VEECO MS9AB mass 
spectrometer leak detector. 

When the assembled loop has been outfitted with 
sodium puniji, heaters, power leads, instruments, and 
thermal insulation, the Mark I I facility is subjected 
to a proof test of performance, prior to its use for in-
pile meltdown experiments. The proof test is carried 
out pneumatically, with the loop partially filled with 
sodium, to 125% of rated pressure while at tempera
ture, as prescribed by the ASME Code, .\lthough more 
dangerous tha» a simple hydrostatic test, the at-tem-
perature test is required because of the indeterminacy 
of theoretical stress analyses in which even the choice 
of the Code to be used is arguable. The sodium 
presence in the loop during the proof tests is necessary 
to establish the temperature distributions to be 
realized during experimental operation in the 
TREAT facility, and to provide the actual thermal 
stresses which will affect the loop. 

Only after each assembled and fully outfitted Mark 
II integral loop has survived the prescribed proof-
test of performance (out-of-pile) will it be used for 
meltdown experiments. 
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l \ ' -6. Design of Advanced Shipping Cask for Transient Keaclor 
Test (TREAT) Facil i ly Experlnienls 

C. E. DICKERMAN, A. P. GAVIN,* H . ROBERTSON,* V. L. WILLIS and .J. C^IZEK 

A shipping cask has been designed for transporting 
advanced loops and capsules between the TREAT 
Facility and the examination facilities in Illinois. 
The Mark II TREAT sodium loop was used as the 
reference for designing the cask package, although 
capability was provided to include other types of 
TREAT irradiation facilities sized to occupy the 
space, 10 X 20 X 240 cm, of two TREAT core elements. 
In addition, the new cask is designed to meet the 
stringent regulations for both "normal transport" and 
"hypothetical accident" specified by the Atomic 
Energy Commission in the Code of Federal Regula
tions Title 10, Part 71, "Packaging of Radioactive 
Material for Transport," and the applicable Depart
ment of Transportation regulations. 

The basic cycle of ojierations used in design is as 
follows: 

1. Use of the cask as auxiliary shielding at the hot 
laboratory contamination barrier when the test 
section is loaded and unloaded into the loop. 

2. Shipping. 
3. Compatibility witb TREAT operations for 

transferring the loop to and from the reactor 
handling cask. 

Activity to be contained consists of fission products 
in the sample, resulting both from transient TREAT 
irradiation and from prior irradiation at a total 
steady-state power level of 40 kW and six months of 
"cooling time" after removal from the steady state 
reactor. Total activity for the design is 320 curies. 
Because a TREAT "meltdown" experiment may 
cause the sample to change shape and move inside 
the main containment body of the loop or capsule, full 
shielding extends the length of the loop. Weight limi
tations and consideration of the fire criteria of the 
"hypothetical accident" specifications resulted in the 
selection of depleted uranium for shielding material. 
(The specified fire temperature is 1475°F, which is 
above the lead melting point but well below the 
uranium melting point. Consideration was taken in 
the design for potential difficulties due to attack of 
the steel cask structure by uranium-steel eutectic 
formation at the reference design temperature of 
1475°F.) No credit in design analysis was taken for • 
the experimental loop as a sealed secondary con-

* Ileaetor Kngineering Division, Argonne National Labora
tory. 

taiiier. Loop and container structural steel was used 
in the shielding analysis. 

Figure IV-6-1 is a drawing of the shipping cask 
design. Omitted for simplicity is the shipping skid, 
which also was specially designed to meet regulation 
specifications of "normal transport" criteria. The loop 
(or capsule) proper is shown, in dashed lines, inside a 
"special form" container, also in dashed lines. The 
"special form" container provides a secondaiy con
tainer, meeting requirements for impact and temper
ature capabilities. Outside the special form container 
is the cask proper. Stepped construction at the two 
ends of the loop and auxiliary uranium shiekling in
serts in the top and bottom of the cask provide shield
ing for a sample that is carried to the extreme ends 
of the loop during the TREAT excursion. The main 
(radial) shielding is a uranium sleeve 7.5 cm thick. 

The main cask structure is a steel shell, 56 cm o.d. 
by 3.7 cm thick. (Tbe figure, wdiich is based on the 
construction drawings, gives basic dimensions in 
inches.) Steel trunnions are located at the bottom of 
the cask to provide a pivot for uprighting the cask. 
Two more lifting trunnions are at the top (flange) 
end. Both sets of trunnions are set into 2.5 cm thick 
steel sleeves and are designed to receive the load of a 
9.15 111 (30 ft) drop without rupturing the cask body. 
The cask flange is sealed by an Inconel-asbestos 
spiral-wound high-temperature gasket, located inside 
the 56 cm steel shell to protect the cask seal in case 
it is dropped in a handling or shipping accident. The 
cask structure is designed to meet a design criterion 
of a 9.15 111 drop on top, bottom, side, or "corners" 
on an essentially unyielding surface. 

The entire cask is designed to meet the fire "hy
pothetical accident" criterion of exposure to a 1475°F 
environment for 30 min. This includes a cask struc
ture that will maintain adequate uranium shielding 
during and after the fire, have adequate strength, and 
maintain the compression on the high temperature 
cask gasket. Uranium side shielding is shown with 
steps in the figure. These are designed to prevent 
radiation streaming through the cask W'alls. The step 
dimensions are sized to maintain acceptable shielding 
during and after the hypothetical accident fire con
ditions. 

Design of the cask has been coordinated with the 
devi'lopmrnt of handling and transfer dt>sign work for 
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the Hot Fuels Examination Facility which is being 
designed by ANL for construction at the Idaho site 
in order to permit use of the cask for transportation 
between that future hot laboratory complex and 
TREAT. 

REFERE.\CE 

1. L. E. liobin.soii. Design of the .Mark II Integral Transient 
Reactor Test {TRE.A T) Facility Sodium Loop, lleactor 
Phj'sics Division Annual Report, July 1, 1965 to June 30, 
19G6, ANL-7210, pp. 245-250. 

IV-7. Low Level Acl iv i ly P lu lon i i in i Handl ing Facility for Transient Reactor 
Test (TREAT) Facility Experimental Apparatus 

C. E. DICKERMAN, C . AUGUST, N . R . TUCKEK and W. B. D O E * 

The reference design specifications have been re
ported' for a nitrogen glovebox facility in building 
301 which is to be used in operations on TRE. \T 
loops and capsules containing plutonium-bearing 
samples. Detailed review of operations with the 
facility has resulted in extensive design changes, and 
the glovebox as built differs significantly from the 
reference design. The basic requirement is that the 
facility be capable of servicing autoclaves from the 
Chemical Engineering Division TREAT program and 

* Uemote Control Division, .^igo ' National Laboratory. 

the loops and capsules of the Reactor Physics Divi
sion TREAT experiments. Two principal design 
changes were made: 

1. Glovebox size and configuration: Upon detailed 
review of glovebox operations, it was concluded that 
the two-level design' did not provide adequate han
dling space, necessary height above w^orking levels, 
and separation of operations. The basic CENHAM 
glovebox design was retained, but the original lay
out of two three-module tiers was replaced by a 
single-working-level glovebox, one and one-half 
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modules high, with an "L-shaped'' plan view. Two 
three-module sections are welded together to form the 
L: one section is for loop and capsule operations, and 
the other is designed for autoclave disassembly. 
Samples can be transferred from one part of the glove
box to the other. 

2. Gas System. After additional review of potential 
gas system malfunctions and the integration of glove
box operations into routine building operations, it was 
decided to change from a recirculating gas system 
with purification to a once-through system supplied 
by liquid nitrogen. The gas system can be fully con
verted to operation with argon if future needs require. 

Figure IV-7-1 is an isometric view of the glovebox 
facility. Each module is a cube approximately 105 
cm on a side. The full-size safety glass panels have 
four glove ports each, located on a square pitch of 45 
cm. The top row of half modules has two glove ports 
located in each corner panel (see Fig. IV-7-1). Glove
box fighting is provided by fluorescent fixtures above 
blank (i.e., no ports) safety glass panels in the top of 
the glovebox. One end of the "L" is equipped with a 
48 cm diam vacuum lock for bagging material into 
and out of the box and a small 10 cm diam (4 in.) 
entry port. The other end has a transfer port flange to 
hold transfer ports for attaching loops or capsules to 
the box by means of the split flange technique. An 
auxiliary loading hood (not shown) will be supplied 
as a permanent secondary containment area for the. 
transfer port. The auxiliary hood flange is shown in 
Fig. IV-7-1. 

Nitrogen gas is supplied to the glovebox through a 
pair ot inlet filters above the vacuum lock. The filters 
are provided to protect the supply system from con

tamination in the case of an accident. Gas distribu
tion and exhuast through the glovebox is made 
through the internal glovebox framework in a bal
anced duct system with dual primary exhaust ports 
at the other end of the L (see Fig. IV-7-1). Each 
exhaust port has two AEC filters in series to confine 
contamination to the box. 

After the gas leaves the filters, it enters the primary 
gas exhaust system. Both the primary and secondary 
exhaust systems have two motor-exhaust fans in 
parallel. One exhauster is adequate for full design 
flow in its system; to assure continuous operation, 
automatic power transfer switches have been pro
vided so that within each system a malfunction of the 
operating exhauster wdll activate the other as a 
standby unit. Automatic reserve power is available 
from the building 301 emergency power system. The 
primary exhaust system has a design capability of 25 
cfm, adequate for normal supply and box gas 
purging. A high-capacity, secondary exhaust branch 
with design flow of 500 cfm is activated by a box 
pressure-operated relief valve to maintain the glove
box gas pressure negative with respect to atmospheric 
pressure in the event of an emergency. The secondary 
exhaust port is located near the intersection of the 
two three-module sections forming the L-shaped Box 
(sec Fig. IV-7-1). 

REFERENCE 

1. C. 10. ]")ickerman, L. E. Robinson and R. Ivins, Designoflhe 
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IV-8. Conversion of the Trans ient Reactor Test (TREAT) Facil ity for 
Tes t ing Fast Reactor Subassembl ies 

H. P. ISKENDERIAN 

Results of a preliminary study to modify the TREAT 
reactor for carrying out meltdown tests of fast reactor 
fuel subassemblies were reported in Ref. 1. According 
to that study, a converter placed between the TREAT 
core and its test section TS, (Fig. IV-8-1), could cause 

ing of tbe fuel in the TS was increa.sed by a factor of 
about 2.6. The increase in available energy was obtiuned 
miunly by reducing the r-235 loading tind minimizing 
the density of U-238 in the two inner converter regions 
of tbe four-region cmiverter. 
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complete meltdown of a small cluster of fuel pins in 
the TS by neutrons with a spectrum typical of a fast 
reactor on the conditions that 

(1) The core temperature does not exceed 400°C 
(2) The converter temperature does not exceed 

1800T 
(;̂ ) Maximum/minimum power ratio in a fuel pin of 

the 2'^'is <1.01 
(4) The loss of reactivity due to inseiiion of the 

converter assembly is < 1 % . 
The Hef. 1 study has been extended by a reasonable 

relaxation of the above requirements: Tcorc —• 600°C, 
the maximum/minimum power ratio in the TS < 1.10, 
and the m;u\imum available energy for complete melt-

Nuclear calculations were made using the SNARG-
ID*^' code in the S4 approximation, with cross sections 
in the thermal group corrected for core temperatures; 
thermal calculations were based on single-pulse adi-
abatic heating, with (Fission density)^ « (A//); = 
{CpAT)t , where C refers to region. Graphs relating 
enthalpy A// to temperature rise AT for UO2* and for 
the TREAT core are shown in Figs. IV-8-2 and IV-8-3, 
respectively. 

Important parameters in our calculations are 

• A s noted in Tabic IV-8-II, (he Inner Converter regions 
are essentially UOj ; hence Fig. H'-S-l is used for converter 
enthalpy survey calculations. 
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For any converter de.sign, the maximum available 
energy change A//?S' at tbe test section, was determined 
as follow^s. 

The core temperature dependent fission density 
ratios Om , b, and rhnb were obtained for a.ssumed aver
age core temperatures of 2.3, 390, and 600°C from 
SNARG-ID calculations. It is of interest to note that 
o„,b varies nearly linearly with ATc„e (see Table IV-
8-III). 

In the proposed arrangement (Fig. IV-8-1) of the 
TREAT core—not including the test section or con
verter—tbe maximum to average power ratio is 1.27. 
Hence the average core temperatures of 390 and 600°C 
correspond to maximum rises of 445 and 712°C, re
spectively, over an initially assumed uniform tempera
ture of 50°C. Similarly, the maximum inner converter 
temperature ri.se is taken to be 1750°C. 

AHTS 

AHZ""""" 
( 1 ) 

F I G . IV-8-3. Enthalpy Increase versus Temperature In
crease in TREAT Core above Ambient 50°C. .ANL Neg. .Vo. 
113-834. 

AHZ 
AH'^%-" 

AHZ. 

AH?: 

= Omb 

A / / r y " 

(2) 

(3) 

(4) 

Limiting values of converter and core peak tempera
tures were set at 1800°C and 600°C, respectively, with • 
an initial temperature of 50°C. The corresponding AH 
values, AHTcnmrur aiid A / / " " , are obtained from Figs 
IV-8-2 and IV-8-3. These values of AH are listed in 
Table IV-8-1. 

TABLE IV-8-1. LIMITING TEMPER.\TURE AND 

ENTH.\LPY VALUES 

Arr,', 

A H " " 

A7'r™„i., 

AHZZ„,„ 

AH""..rl„ 

AH™". 

Case 1 

350°C 

150 cal/cc 

1750°C 

1346 cal/cc 

8.97 

Case 2 

650°C 

260 cal/cc 

1750°C 

1345 cal/cc 

5.17 

http://ri.se
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Design 

1 

2 

3 

4 

5 

6 

7 

8 

TABLE IV-8-II. 

Isotope 

U-235 
U-238 

U-235 
U-238 

U-235 
U-238 

U-235 
U-238 

U-235 
U-238 

U-235 
U-238 

U-235 
U-238 

U-2351 
U-238/ 

soTOPic CONCENTRATIONS IN 

Inner Converter 

(1) 

4 X 10-' 
0.0224 

4 X 10-' 
0.0120 

4 X 10-' 
3 X 10-' 

2 X 10-' 
3 X 10-' 

1.5 X 10-' 
3 X 10-' 

1.5 X 10-' 
3 X i r ' 

1.5 X 10-' 
3 X 10-' 

Same isotopic 

(2) 

2 X 10-' 
0.0240 

2 X 10-' 
0.0120 

2 X 10-' 
1 X 10-' 

1 X 10-' 
1 X 10-' 

7.5 X 10-' 
1 X 10-' 

7.5 X 10-' 
1 X 10-' 

7.5 X 10-' 
1 X i r ' 

concentration 

THE CONVERTER, XIO" 

Outer Converter 

(1) 

6 X 10-' 
6 X 10-' 

6 X 10-' 
0 X 10-' 

6 X 10-' 
6 X 10-' 

4 X lOr' 
6 X 10-' 

3 X 10-' 
4.5 X 10-' 

2 X 10-' 
4.5 X 10-' 

2 X 10-' 
4.5 X 10-' 

3 as for Design 

(2) 

3 X 10-' 
3 X 10-' 

3 X 10-' 
3 X i r ' 

3 X 10-' 
3 X 10-' 

2 X 10-' 
3 X 10-' 

1.5 X 10-' 
2.25 X 10-' 

1.5 X 10-' 
2.95 X 10-' 

1.5 X 10-' 
2.25 X 10-' 

7 but containing 

(jV*) borated lining, 
X 10-' 

1 

1 

1 

1 

1 

1 

2 

a 17 pin test section. 

For all c 
iVf„„„ „„ ,„ ,„ = 0; Arf.,„ . ,„ ,„ ,„ = 0.0722; Nf°„r ,,„„„„ = 0; Nll,„ , 

(1 -f 1.58) 10-' atoms/cm^, except for Design 11*7. ( = thickness. 
For designs 1-6 incl. (tN)boraud unino = {1 -I- 158) 10-* atoms/era*. 
For designs 7 and 8 (IN)t,.„d IM„ = 2(1 -|- 1.58) 10-'. 

: 3.343 X 10-'. (/»),.,.i = 0.349cm; (lN)Z,ai^ 

For any a.ssumed core temperature rise the enthalpy 
AH,„, is obtained from Fig. IV-8-3; tbe corresponding 
inner converter temperature rise, ATcon„eTicr, and the 
energy available for melting the test sample, AHTS , 
are then evaluated with tbe aid of Eqs. (3) and (1), 
respectively. 

From tbe values of AT„„ and AHTS/AH,„I, obtained 
at two temperatures, we obtain by interpolation tbe 
maximum tdlowable ratio AHr.i/AHnuit ; i.e., the ratio 
for which A7V„r,. or ATr„„„ertrr docs not exceed their 
limiting values of 5.50 and 1750, respectively. 

Tables IV-8-II and I\ '-8-III li.st the isotopic con
centrations used in converter as.sembly calculations 
and the power distribution data for a number of con
verter designs. Designs 0-1 and a 7-pin mixed oxide 
sample cluster and loop identical witb those described 
ill Ref. 1. 

Design 0 is .similar to that of TREAT without a con
verter assembly. Design 1 has a bard neutron spectrum 
with a niaximum-to-minimum power ratio of ~1.001 
in a fuel pin of the test section, and maximum available 
energy at the center line of the te.st section of 1.5 times 
that rec|uired for total melting of a UO2 specimen. 

Relaxation of the initial reiiuirements specified in the 

first paragraph made possible designs 4, 5, 6 and 7, in 
which the mai^mum available energy factor for melting 
the test sample is about 2.5, in contra.st with the ratio 
of 1.5 for Design 2. The factor of about 2.5 corresponds 
to 2.5 X 13,340 ,^ 33,360 W/cc of energy to carry out 
TREAT coastant-power excursions of several seconds 
duration. 

Design Xo. 8 is identical witb Design 7, except that 
the test section contains 17 fuel pins rather than 7, in 
spite of the change in sample size. Both the maximum 
available energy and the variation of power acro.ss the 
cluster are acceptable. 

Relaxation of tbe initial requirements referred to 
above has resulted in only a small amount of softening 
of the neutron spectrum in the test .section, as indicated 
in Table IV-8-IV. 

The effects of the converter iLssembly on the nuclear 
properties of TREAT are summarized below: 

a) Temperature coefficient of reactivity—{ik/°C) X 10* 

Temperature 
Range 

23-390°C 
23-600°C 

390-600°C 

Reference 
Design 0 

2.52 
1.S3 
0.02 

«1 

1.38 
1.12 
O.Sl 

* 7 

1.96 
1.56 
0.87 

* 8 

1.94 
1.55 
0.86 
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TABLE IV-8-III. POWER CHARACTERISTICS OF CONVERTER DESIGNS AND MAXIMUM AV.^ILABLE 

ENERGY FOR MELTING OF F U E L P I N S IN THE T E S T SECTION 

De
sign 

As-
sumed'*' 
Average 

Core 
Temp, r, 

°C 

23 
.390 
600 

23 
390 

390 
600 

390 
600 

390 
600 

390 
600 

390 
600 

23 
390 
600 

23 
390 
600 

1.1643 
1.0710 
1.0685 

1.1827 
1.1116 
1.0947 

1.1413 
1.1256 

1.1793 
1.1637 

1.1116 
1.0941 

1.0920 
1,0756 

1.087 
1.071 

1.1424 
1.0703 
1.0520 

1.1410 
1.0695 
1.0514 

MB 
Room to 
Temp. T 

2.52 
1.83 

1..38 
1.117 

1.95 
1.56 

1.94 
1.55 

0.302 
0.319 
0.323 

0.274 
0.279 

0.228 
0.228 

0.154 
0.155 

0.131 
0.131 

0.125 
0.131 

0.117 
0.121 
0.126 

0.128 
0.132 
0.135 

50 
59. 
61. 

21.1 
30.0 

34.0 
38.5 

42.1 
46.4 

40.9 
45.4 

40.6 
45.3 

40.3 
44.9 

29.8 
38.2 
42.5 

26.9 
34.9 
39.1 

(i,,ii'» 

6.36 
9.58 

10.92 

9.63 
10.60 

6.3 
7.04 

5.32 
5.93 

5.04 
5.88 

3.48 
4.62 
5.35 

3.44 
4.60 
5.30 

(P^\ 
\P„JT 

3.71 
4.50 
4.96 

1.002 
1.001 
1.001 

1.006 
1.005 

1.024 
1.023 

1.070 
1.068 

1.101 
1.106 

1.104 
1.108 

1.108 
1.103 
1.105 

1.150 
1.140 
1.138 

Converter'^ 
Temperature 
Rise above 

50°C, 
°C 

2220 
2370 

1670 
2770 

1430 
2510 

1360 
2500 

1250 
2350 

1250 
2330 

Corrected'" 
Limiting 
Value of 

Converter 
Temperature 
above SOT, 

°C 

Corrected"" 
Rise of Core 
Temperature 
above 50°C, 

°C 
Affivo,, 

355 

345 

422.5 

422.5 

422.5 

422.5 

422.5 

1.52 

1.90 

2.50 

2.50 

2.49 

2.36 

2.16 

' In the present TREAT core designs (max/average) power =1.2*). 
•• eu ^ AHZ'^verUr/AHrs'" '"" 

" b = AH'^S"' ^'"'/AHZrl 
d o™6 = AH7^:,,rt.r/AHT:A. 
" {Pmai/Pmin)Ts — max/min ratio of power in a test pin in TS, 
' Converter temperature rise obtained from Eq. (3) and graph of Fig. 1. 
» Limiting value of converter temperature rise is 1750" for AT"™" < 550°C. 
•> Corrected core temperature rise is that vahie for which A7'r„"„(fr or A7',„., do not exceed time limiting values of ITSO^C and 

550°C, respectively. 
'A^rs'" ' '"°/A//mPr( = ratio of available energy per cc of test section at center line to energy required for complete meltdown of 

one cc of UO2 . 
' Reference core. 

TAliLE IV-S-IV. AvEitAdE KNERGY OP FISSION DENSITY, 

'PiZf.f dVdE, MeV Et ^T.E, i 4>t^f.t dVdE / E f 

Design 

1 
7 

Center Pin 

0.650 
0.527 

Ring 

0.634 
0.474 

Inner (' 

1 

0.316 

inverter 

2 

0.197 

Outer ( 

1 

0.106 

onverler 

2 

0.0267 

Tbe reduction in (bk/iT) with increasing tempera

ture is expected. This may be seen readily from the 

eiiuation derived using I'ermi Age theory' (neglecting 

tbe non-l/v correction in U-235); 

hke, 
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where subscripts 1 and 2 refer to initial and final tem
peratures, respectively. 

It is seen that there is a .small reduction in the temper
ature coefficient of reactivity of the converted TREAT 
design over that of the roferonee core. 

b) Control i-od worth of the central ring of 8 rods 
The presence of converter Design 7 was calculated 

to reduce tbe total rod worth about 4 % Ak for an initial 
worthof 22% A*;. 

c) Neutron lifetime 
The effect of the converter assembly was to reduce 

the prompt neutron lifetime by about 2 X 10"' sec 
below the original vtdue of 9.0 X 10-* sec. 

Our S\ARG-1D calculations refer to a core with in
finite height. Tbe results of fission density ratios apply 
to the actual TREAT reactor of finite height as well, 
since we have a uniform cosine variation of axial fiux. 

These calculations also refer to a converter having 

thermal properties of solid UO2. In Designs 5-8, in 
which the amount of r-238 has been greatly reduced, 
u.se of a converter with a UOj-ZrOo-CaO core should 
yield a cooler com-erter than that indicated in Table 
IV 8-IV, by about 4%. 

REFERENCES 

1. II. P . Iskenderian, Conversion of the Transient Reactor Test 
(TRE.AT) Facility for Testing Fast Fuel Subassemblies, 
Reactor Physics Division Annual Report, July 1, 1966 to 
June 30, 1967, ANL-7310, pp. 295-299. 

2. (;. J. Duffy, H. Greenspan, S. D. Sparek, J. V. Zapatka and 
-M. K. Butler, S.XARG-ID, A One-Dimensional Discrete-
Ordinate, Transport 'Theory Program for the CDC-3600. 
ANL-7221 (1966). 

3. II. P. Iskenderian, Physics .Analysis of the TRE.AT Reactor 
Design, ANL-6025 (1959). 

4. F. S. Kirn, J. F. Boland. H. Lawroski and R. D. Cook, 
Reactor Physics Mmsiirements in TREAT, ANL-6173 
(1960). 

IV-9. Analytical Studies of Experiments on Transient Sod ium Vaporization and 
Expulsion in Fast Reactor Coolant Channels ' 

N. W. HOUGH,* C^ E . DICKERMAN and D. A. D.\.\vETTiL.it 

.̂ n analytical study was conducted for the purpose 
of specifying experimental parameters for a first set 
of experiments in the Transient Reactor Test 
(TREAT) Facility to check D. MacFarlane's inodeF 
of transient sodium vaporization and expulsion from 
a fast reactor coolant channel. The SAS-I code was 
used to perform a parameter study which investigated 
the experimental uncertainties involved in specifying 
the TRE.\T experiments. The results of this parame
ter study were used to specify the experiments and 
predict how well the model could be checked. 

The proposed experiments were planned to study 
the sodium hydrodynaniies only, and therefore fuel 
failure could not occur during the experiment. For 
this reason, a limit of 40% fuel midted was set as the 
threshold of fuel failure for the calculations. The cal
culational model for the parameter study treated a 
single fuel pin and its associated coolant. Although 
the test equipment ( i l a rk - I I Integral Sodium Loop) 
nad the ca]iability of containing a fuel pin array, a 
single |iin was decided upon as being simplest and 
Jid not assume anything beyond MacFarlane's model. 
To define the flow area to be associated with the fuel 
pin, a flow tube was designed which essentially con-

• Student, Michigan Technological University, Houghton, 
^lichigan. 

t .Michigan Technological ("niversity. Houghtmi, Michigan. 

sisted of two concentric [lipes with an evacuated gap 
between them. The pipe dimensions were specified to 
give the correct coolant volume fraction for the fuel 
pin. The fuel (type used in the calculations was ini
tially chosen to be uranium-5 w/o fissium because 
of its good heat transfer properties. Preliminary cal
culations showed that this was not a good choice since 
too much fuel had melted by the time coolant boiling 
began for the transients studied in this W'ork. There
fore uranium carbide gas-bonded fuel pins were 
specified. The fuel pins were 0.325 cm o.d., with type 
304 stainless steel cladding 0.331 cm i.d. and 0.368 
cm o.d. The fuel pins were 45 cm long, with the 
up|)er 5 cm being a zero heat generation region for 
expansion of fission and bond gases. The system 
pressure for all experiments was three atmospheres. 
This pressure corresponds to a saturation tempera
ture of about 1016°C for liquid sodium and was a 
reasonable pressure for current fast power reactor 
designs. The initial temperature for the experiments 
was to be 400°C, since this was close to the inlet 
temperature of EBR-II and therefore represents an 
inlet temperature in the range of interest for fast 
power reactors. The inlet temperature of 400°C was 
also chosen because the sodium loop was rated at 
538°C, and the 400°C inlet temperature gave a con-
\'enient margin. 
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Three case studies were to be used in the initial 
TREAT experiments: a rapid rise to constant power, 
a short burst transient, and a constant power with a 
flow decay transient. 

For each of the three cases the parameters which 
were varied were those thought to involve the greatest 
amount of uncertainty for the experimental condi
tions. The variable parameters were: bond conduct
ance parameter, initial mass flow rate, superheat 
required to initiate boiling, constants for the convec
tive heat transfer coefficient correlations, and the 
liuiiip tlecay constant. For the fuel coefficient of ex
pansion due to melting, no published data are avail
able. The value used was that for uranium dioxide 
and had to represent an approximation to the actual 
value. 

A flat axial power profile was used in the calcula
tions since it w'as easier to achieve this in the experi
mental setup than a shaped profile. A number of cal
culational difficulties were encountered in using a fiat 
power profile. In these calculations instabilities were 
noticed at the beginning of coolant boiling; this 
caused the calculation to fail to converge. The 
manner in which the instability occurred depended on 
the particular set of input parameters, but instability 
always occurred just at the start of boiling or shortly 
thereafter. MacFarlane's original ALGOL code was 
checked for instability and it was found that it too 
became unstable at the point of boiling for flat axial 
power profiles. G. Fischer and N. McNeal (Reactor 
Physics Division, Argonne National Laboratory) also 
encountered this problem in subsequent calculations 
for the Swimming Pool Research Reactor, Cadarache, 
France (CABRII single-pin experiments. In both this 
work and the work of Fischer and McNeal it was 
found that a slight shaping of the power profile re
sulted in a stable calculation. Some calculations were 
run for pressures below the specified three atmospheres 
and it was noticed that some instabilities did occur 
for pressures ^ 2 atm. 

In general, the calculations for the three case 
studies showed that uncertainties in the fuel bond 

conductance parameter affected the condition of the 
fuel fairly strongly, but not the time to boiling or the 
point of voiding in the channel. The coolant expulsion 
velocity was shown to be higher for low bond con
ductance parameters than for high bond conductance 
parameters. The mass flow rate was shown to affect 
quite strongly the time to boiling, point of channel 
voiding, and the condition of the fuel at incipient 
boiling. The effect of mass flow rate on the expulsion 
velocities was inconclusive since calculation instabili
ties obscured these data. As may be ex|)ected, the 
mass flow rate was shown to very strongly influence 
the time to boiling and the point of initial channel 
voiding for the flow coastdown cases. Variations in 
the convective heat transfer coefficient were shown to 
have very little effect on the time to boiling, point 
of initial channel voiding, and the fuel condition at 
the start of boiling. The amount of liquid superheat 
to initiate boiling strongly affected tbe time to boiling 
and the condition of the fuel at the start of coolant 
boiling, but the point of channel voiding showed no 
effect. 

The above results are for calculations using a flat 
axial power profile. They are somewhat inconclusive 
due to the convergence difficulties mentioned above. 
Further work of this nature for slightly shaped power 
profiles is continuing. 

These preliminary calculations have indicated that 
the flow coastdown transients may be the best source 
of data with which to check the model. Although con
sidering the limited instrumentation currently avail
able on the Mark II loop, it would be doubtful whether 
the experimental data would allow one to either accept 
or reject details of MacFarlane's model." 
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IV-10. Modif icat ions of the Trans ient Heat Transfer Code ARGUS 

.1. P. REGIS 

The ARGUS transient heat transfer code^ is a 
highly flexible program for computing transient tem
peratures in a cylindrical geometry. Its features in
clude provision for up to 25 regions, multiple coolant 
channels, and arbitrary time functions for heat input 
and coolant flow. As such, it is particularly well suited 
to analysis of Transient Reactor Test (TREAT) 
Facility experiments and is complementary to the 
more recent four-region code- developed as part of 
the Safety Analysis System code package. 

As needs have arisen for special calculations in 
analysis of TREAT fast reactor safety experiments, 
minor modifications have been made in duplicates of 
the ARGLS code deck. These changes have included 
the specification of inlet coolant temperature as a 
function of time and a (non-reversible) change in 
fuel surface conductance keyed to the fuel "slumping 
temperature". In addition to these modifications, 
made for limited usage and restricted to special code 
decks, two changes have been made in the general 
.\RGUS code and these have been made operational 
for routine use. They consist of additions of a flexible 
plotting package and a change in the heat transfer 
calculations for solid regions. The latter gives a more 
accurate calculation for materials wdth the low ther
mal contluctivity k and large changes in A: as a func
tion of temperature wdiich ;ire characteristic of oxide 
fuels. 

PLOTTING OPTION 

The plotting option has been added to ARGUS in 
order to eliminate the need to plot the results by hand. 
The option will plot temperature as a function of 
time, as a function of radial position, or as a function 
of axial position. 

The graph size is 15 cm (6 in.) high by 20 cm (eight 
in.) long. It is labeled with the title and problem num
ber and a key to describe each curve. .\ curve may 
consist of an unbroken line, symbols marking each 
point connected by straight line segments, or uncon
nected symbols. Up to six curves of the same type and 
from the same problem can be plotted on one graph. 
Thus, for example, tbe user can plot on the same 
graph the fuel centerline temperature and the fuel 
surface temperature as functions of time. Such graphs 
are convenient for comparison purposes. 

The problem to be plotted, tbe type of plot, the 
niiiiiber of curves to be plotted on one graph, which 

curves to plot, and what type of curve (unbroken line, 
symbols, etc.) are determined by input cards. The set 
of input cards describing one graph is a plot data set. 
There are as many plot data sets as there are graphs 
to be plotted. 

MODIFICATIO.N' OF SOLID REGIO.N H E A T 

TRAX.SFER CALCULATIONS 

The basic treatment of solid region heat transfer in 
the new version of ARGUS is that used in an "ex
perimental" hybrid computer code developed earlier.^ 

In the original difference equations, the heat stored 
at a node point / is calculated by tbe relationship 

Heat stored = Heat conducted in — Heat con

ducted out -I- Heat generated. 

The heat conducted into node point i is defined as 
coming from node point i — 1.' The heat conducted 
from node point i goes to node point i -I- 1.* The 
boat generated is that generated at node point i. 
Originally, ARGLTS^ calculated heat transfer from 
node point i to node [loint i -I- 1, using tbe value of A-
for the temperature of node point !. However, when 
the heat stored at node point i -t- 1 was calculated 
according to tbe above relationship, the value of k for 
the temperature at node jioint i 4- 1 is used to calcu
late heat transfer from node point ( to node point ?' -I- 1. 
Thus, for the high thermal gradients and large 
variations in fc as a function of temperature typical of 
oxide fuel calculations, the calculation of heat storage 
in adjacent points may be inconsistent wdien the orig
inal . \ R G r S code' is used. 

In the modified equations, one value of k is used 
for a given pair of node points, regardless of which 
node [loint is under consideration. This value of fc is 
taken to be the linear average of the values of fc at 
the temjieratures at node points i and i -I- 1. Included 
in this modification is an interpolation routine for fc. 
In the original (metal fuel-oriented) version of 
ARGUS, fc has a constant value until a material phase 
change is reached. Then fc acquires a new value wdiich 
is constant until the next material phase change, and 
so on. In the modified version, the value of fc is in
terpolated throughout each temperature range. 

* These are general definitions. With this cnuveritiitn. Ihe 
heat transferred can be either positive or negative, depending 
on the temperature gradient. 

file:///RGUS
file:///RGrS
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IV-11. Sodium Boil ing Transients in Carbide-Fueled Fast Reactors 

D. U. MACFARLANE, N . A. M C N E A L , D . A. MICNELEY and C. K. SANATHANAN 

INTRODUCTION 

The work described here is a continuation of previ
ously reported calculations''^ on the behavior of large 
(1000 MWe) sodium cooled fast breeder reactors dur
ing sodium boiling accidents. The work described is 
part of Argonne National Laboratory's fast reactor 
safety program which has as one of its goals the de
velopment of a better understanding of coolant voiding 
effects iu large fast power breeder reactor.s. The cal
culations reported previously were based on oxide 
fueled fast reactors, while the calculations reported here 
are for carbide fueled systems. Since the physical 
models and mathematical techniques used in the 
analysis have already been described iu detail in Refs. 
1 and 2, these descriptions will not be repeated—except 
for some changes which have been made to improve 
the calculation since the last aniuial report. 

Basically the model and calculations are aimed toward 
analyzing transients which are slow enough so that 
there is time for heat transfer to the coolant before the 
threshold for fuel subassembly damage is reached. Ac
cordingly, in both the power and flow coast-down transi
ents we are concerned with cases in which the time to 
reach coolant boiling after a flow or power perturbation 
from the normal steady state operating conditions is 
in the range of 1-10 sec. Once the threshold for coolant 
boiling is reached, the expulsion of sodium due to 
boiling occurs fairly rapidly. Voiding times are typically 
less than several hundred milliseconds. 

MODIFICATIONS OF CALCULATIONAL SCHEME 

Since performing the calculations for the oxide fueled 
reactors reported in the last animal report, two signih- ^ 
cant modifications to the calculational method have 
been made. The first of these involves adjusthig the 
Doppler coefficient for changes in the local sodium 
density due to void formation. This is done by linearly 

interpolating between Doppler values for zero void and 
a completely voided core. This value of Doppler reac
tivity is region weighted by the square of the power 
distribution function, as before, and the total Doppler 
feedback is obtained by summing the contributions of 
all the axial segments. 

The second improvement involved including the re-
acti\'ity effects due to heating of the single phase cool
ant before boiling starts. This is essentially an extension 
of the calculation of sodium void reactivity worths 
wherein the density change in the coolant prior to boil
ing is translated into an equivalent void fraction. Except 
for these changes the calculational scheme is essentially 
the same as that reported in Ref. 1. 

NUMERICAL RESULTS 

The present series of calculations for carbide fueled 
cores was aimed tt)ward determinmg whether or not 
there are significant differences in the behavior of re
actor cores, from a safety standpoint, which result from 
the heat transfer characteristics of the fuel. Accordingly 
calculations were performed in an attempt to determine 
the differences in dynamic response of carbide fueled 
fast reactor cores with imbonded (gas gap) and sodium 
bonded fuel. The calculations were performed for the 
large (10,000 MW thermal) annular carbide fueled core 
described in Kef. '.^ which has imier and outer radii of 
3015 and 375 cm, respectively, and a core height of UO 
cm (10,700 liters). The core has fuel rods 0.80 cm in 
diameter and a maximum fuel thermal rating of 1 
kw/cm. The parameters for the reactor are summarized 
in Tables IV-ll-I through IV-II-III. The fuel-to-
cladding conductance is expressed in the heat transfer 
model as 

5c for 5c < bc,„ 
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TABLE n ' - l l - I . PAR.VMETERS FOR CARBIDE 

F U E L E D REACTOR No BONDED so t / sec RAMP 

Core length, L, vm 
Blanket thickness, R, cm 
Core diameter (annular) 

Inner radius, cm 
Outer radius, cm 

Fuel rod o.d., cm 
Coolant inlet temperature, ^C 
Coolant outlet temperature, at I = 
Coolant velocity, at f = 0, m/sec 
Maximum fuel thermal rating, kw/ 

0, "C 

cm 
Maximum steady state heat flux, cal/cm*-sec 
Channel exit plenum pressure, P,x 
Number of core radial zones 
Sodium volume fraction 
Fuel volume fraction 
Stainless steel volume fraction 
Control vohmie fraction 

a tm 

no 
40 

303 
375 

0.80 
450 
G29 

9.8 
1 

95 
3.0 
1 
0.494 
0.283 
0.168 
0.055 

TABLE IV-l l - IL M I D L I F E ISOTOPIC COMPOSITION OP 

CORE F U E L FOR 110,000 MWd/Tonne BURN U P 

(Midlife fertile/fissile ratio = S.3) 

U.238 
Pll .239 
Pu-240 
Pu-241 
Pii-242 
F.P. pairs 

0.737 
0.140 
0.064 
0.009 
0.003 
0.057 

TABLIC 1\"-11-III. SODIUM REACTIVITY COEFI- 'KIENT FOR 

110 cm CARBIDE ANNULAR CORE" 

Length of Channel Sepment, 
cm 

Core 

Blanket 

z = 0 (mi(lplane)-ll 
11-22 
22-33 
33-44 
44-55 
55-05 
65-75 
75-85 
85-95 

PN,.(2) 

3.81 X 10-' 
3.09 X 10-' 
1.79 X 10-' 
2.20 X 10-' 

- 1 . 2 4 X 10-' 
- 1 . 0 7 X 10-' 
- 3 . 8 8 X 10-* 
- 1 . 3 6 X 10-' 
- 5 . 0 1 X 10-' 

'» = 2.94 X 10->. 
Prompt generation time, A — 2.94 X 10-^ see. 
.4 (Doppler), no void = -2.7(1 X IO"' 
1̂ (Doppler), voided = -1 .29 X IQ-', 

where .4 (Doppler) = T(dk/dT). 
Reaetivity change upon voiding entire core plus axial 
blanket = -|-$4.10. 

where 

6c = bond conductance 

hh = bond condiicLince parameter 

7(2,1) = variable gap width. 

Ill .addition, an explicit term for the radial component 

(usually .small) is included when computing tho heat 

D.OO 50. DO 100.00 150.00 201]. 00 
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F I G . IV-11-1. Coolant Temperature Profiles at Various 
Times During Power Transient. .ANL Neg. No. 113-736. 
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flux across the gap. The bond gap parameters used for 

the two cases were 

bc„ 

Unbonded (gas gap) 

0.008 watts/cm-°C 
2.0 watts/cm'-°C 

Sodium Bonded 

0.05 
4.0 

The results of a 50^/sec reactivity transient for the 

sodium bonded fuel arc summarized in Figs. IV-U-l 

through n^-11-7. The reactor starts from the steady 

state operating condition with a maximum fuel center-

line temperature of 1219°C and a coolant outlet tem

perature of 629°C. As shown in Fig. IV-11-1, the time 

to coolant boiling is 2.42 sec at which point the maxi-
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F I G . IV-11-3. Vapor Void Fraction Profiles at Various Times 
During Power Transient. ANL Neg. No. 113-732. 
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mum fuel centerline temperature is 2847°C and the 
maximum clad surface temperature is 1107°C. The 
fraction of the fuel molten at the axial center point of 
the pill is 32%. The curves in Figs. IV-11-1 through 
IV-11-7 are i|ualitati\-ely similar to those obtained 
previously for oxide fueled fa.st reactors. The reader is . 
referred to Kefs. 1 and 2 for a description of the prom
inent features of these curves. 

The transient calculation is terminated due to high 
void fraction 74 msec after the start of boiling at which 

time the single phase entrance liquid leg is 109 cm (over 
40% of channel in two phase flow). At this time the 
maximum fuel centerline temperature is 3000°C and 
the maximum clad surface temperature is 127.';°C. The 
fraction of tho fuel melted at the axial center point of 
the pin is 44 %.. 

An identical calculation was run for the unbonded 
fuel (that is, 50^/sec ramp) and all parameters are the 
same as those listed in Tables IV-l l-I through IV-U-
III . In this case the fuel centerline temperature at the 
start of the transient was lt)38°C. Since the curves are 
qualitatively similar to the ones already presented for 
the sodium bonded case they have not been included 
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here. The major differences were that the time to reach 
boiling is .somewhat shorter, that is 2.21 sec, at which 
time the maximum fuel centerline temperature was 
3314°C and the maximum clad surface temperature was 
1132°C. The fraction of fuel molten at the axial center 
point of the pin was 58%. The calculation in this case 
was terminated due to high void in the two phase region 
75 msec after the start of boiling. At this time the 
maximum fuel centerlme temperature was 3515°C and 
the maximum clad surface temperature was 1296°C, 
while the fraction of the fuel molten at the axial center 
point of the pin was 74 %. The power rise before boiling 
is .somewhat less rapid in the case of the sodium bonded 

0.00 0.70 1.40 2.10 2.80 
TIME(SEC) 

Flo. lV-11-7. Power Level Versus Time During Power Tran
sient. .ANL Neg. No. 113-729. 

FLOW COASTDOWN No BONDED 

0.00 50.00 100.1 
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PIG. IV-11-8. Coolant Temperattire Profiles at Various 
Times During Flow Coastdown Transient. -t.VZ, Neg. No. 113-
713. 
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F I G . IV-11-9. Fuel Centerline Temperature at Various 
Times During Flow Coastdown Transient. AA'L Neg. A'o. 113-
735. 

FLOW COASTDOWN No BONDED 

Z ILMl 

F I G . lV-11-10. Vapor Void Fraction Profiles at Various 
Times During Flow Coastdown Transient. .ANL Neg. No. 113-
724. 

fuel. This is due to the fact that the Doppler feedback 
is initially larger in the .sodium bonded case because of 
the lower initial fuel temperature and the l/T depend
ence of the Doppler coefficient. This is shown by the 
fact that the Doppler reactivity feedbacks were —74)i 
and —58^, for the sodium bonded and unbonded fuels, 
respectively, at the time boiling started. Once boiling 
starts, however, the coolant expulsion behavior is 
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similar with the two types of fuel. In general, the re
sults with the unbonded fuel are qualitatively what one 
would expect—that is, fuel and cladding temperatures 
and fraction of fuel molten are higher than in the case' 
of sodium bonded fuel. 

Flow coastdown transients for the two carbide fuel 
types were run startitig with the same steady state 
power condition as in the case of the power transients. 

In a pump coastdown transient the available pressure 
drop across the channel (the pressure difference be
tween inlet and outlet coolant plenums) is assumed to 
decrease exponentially, that is 

Avii) = A;HO)exp ( - M ) . 

A value of Xp = 0.50 sec~' was chosen since this gives 
about 50% of full flow in 2 sec. The results of the cal
culations for the sodium bonded fuel coastdown are 
summarized in Figs. IV-11-8 through IV-11-15. Since 
these curves arc qualitatively similar to those obtained 
for a similar calculation on an oxide fueled reactor re
ported earlier, the reader is referred to Ref. 2 for de
tailed descriptions of some of the features of these 
curves. As shown by Fig. IV-11-8 the time for the 
coolant to reach boiling in the channel is 4.53 sec after 
the start of the transient. At this time the maximum 
fuel centerline temperature is 148I°C, the maximum 
clad surface temperature is 10(i7°C, and none of the fuel 
has melted at the center of the pin. The transient cal
culation is termhiated due to high void fraction about 
177 msec after the start of boiling at which time the 
single phase entrance liquid leg is 110 cm, the maximum 
fuel temperature is 1503°C, and the maximum clad 
surface temperature is 1111°C. The fuel center tem
perature is still well below melting since there has not 
been an apj>reciable power increase as yet. An identical 
calculation was run for the unbonded fuel and, again, 
the results are not included since the curves are quali
tatively similar to those already presented for the 
sodium bonded case. As in the power transients, boiling 

FLOW COASTDOWN No BONDED 

D.00 50.00 1UOo W 150.00 200-00 
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FIG. IV-n-13. Pressure Profiles at Various Times Duriiig 
Flow Coastdown Transient. AXL Neg. A'o. llS-730. 
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occurs sooner with the unbonded fuel than with the 
sodium bonded fuel because of the larger Doppler 
feedback due to the lower initial temperature with the 
sodium bonded fuel. The Doppler reactivity at the time 
boiling .starts is —20^ for the sodium bonded ca.se versus 
-Ki for the unbonded case. With the unbonded fuel, 
the time for the coolant to reach boiling is 4..38 sec 
alter the start of the transient at which time the fuel 
centerline temperature maximum is 1905°C and the 
maximum clad surface temperature is 1069°C. The cal
culation is terminated due to high void fraction in the 
two phase region 164 msec after the start of boiling at 
which time the maximum fuel center temperature is 
1925''C and the maximum clad surface temperature is 
1102°C. No fuel melting has occurred up to this time. 
The comparison between the two fuel types (sodium 
bonded versus unbonded) in the flow coastdown transi
ents is similar to the power transients in that the boil
ing starts .sooner with the unbonded fuel because of the 
weaker Doppler effect as discussed above. As expected, 
higher fuel centerline and cladding temperatures are 
encountered with the unbonded fuel. 

CONCLUSIONS 

I'rom the results of these calculations there does not 
appear to be a strong incentive for one type of fuel-clad 
bonding over the other from reactivity feedback and 
safety considerations alone. The sodium bonded fuel. 
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ou the other hand, has obvious advantages because of 
the lower fuel center temperatures for a given set of 
conditions (assuming suitable means are provided for 
preventing boiluig of the bond). 

One difference between these results for carbide fuels 
and tho.se reported earlier for the oxides is that the net 
reactivity with the carbides is generally less when the 
calculation is termmated due to high void (generally 
-^909;) in the two phase region. Apparently this is due 
to the larger negative Doppler contribution in the car
bide cases because of the lower initial (steady state) 
fuel temperatures as discussed above. This means that 
the power rise produced with the carbide when the 
positive ramp mie to sodium voiding starts is somewhat 
less rapid since the reactor is further below prompt 
critical at this time. 
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IV-12. Theorel ieal-Experimental Collaboration on Fast Reactor 
Sodium Void Safety Problems 

N. A. M C N E A L 

INTRODUCTION 

.\ new computer code for the analysis of fast reactor 
accidents, SASIA,"' contains as one of its features 
the ability to treat accidents involving sodium boiling. 
Because of the importance of establishing the validity 
of the theoretical predictions of the code, cooperation 
with experimental groups such as the Transient Reac
tor Test (TREAT) group at Argonne and the Swim-

TABLE 1V-12-L CABRI EXPEHIMENT.\L D.VT.V 

Fuel 
Channel length 
Diameter uf fuel pin 
Cladding thickness 
Coolant volume frat'tiuti 
Initial coolant mass flow rate 
Coolant inlet temperature 
Exit plenum pressure 
Total power in pin 

UOa 
100 cm 
0.58 cm 
0.045 cm 
0,333 
338.5 g/cm^-sec 
410''C 
1.5 atm 
1200 W 

< s 
2 5 t r fL 

( a ) 

CASE I 

25 50 75 100 

DISTANCE FROM CHANNEL INLET, Cm 

0 25 50 75 

DISTANCE FROM CHANNEL INLET, 

100 

cm 

< S 
E O 

0 25 5 0 75 100 

DISTANCE FROM CHANNEL INLET, cm 

F I G . I V - 1 2 - 1 . Power I'roliles l,,r Tliicc- Test Ca.ses. A.XL 
Neg. No. 113-1211. 

ming Pool Research Reactor (CABRI) group in 
Cadarache, France, has been pursued. 

Since the reactivity worth of the coolant in large 
sodium-coolant fast reactors may be on the order of 
several dollars,' the rate of void growth in a coolant 
boiling accident is very important in determining the 
progress of the accident. Any mathematical model 
which attempts to predict the manner in which the 
void grows in a coolant boiling accident must be 
verified experimentally. Additionally, the experimen
tal setup should generate void growth patterns which 
approximate as closely as possible those which occur 
in actual reactors. 

This article discusses the result of computations 
using data from a proposed CABRI experiment to 
study sodium boiling accidents. A proposed change in 
the experiment will be shown to improve the approxi
mation of the CABRI setup to the true fast reactor 
coast-down accident. 

CABRI EXPERIMENTAL SETUP 

The data in Table IV-12-1 and Fig. IV-12-la was 
supplied by the people at the CABRI test facility 
for use as input to a preliminary version of the 
SASIA reactor safety code. The transient to be run 
is a pump coast down at constant power in which the 
pressure drop across the channel decreased to 159o of 
its initial value in 1.5 seconds. The channel pressure 
drop was then held constant at 15% of its initial value 
through the rest of the transient. 

70.00 aO.OO 90.00 
Z (CM) 

Fia. lV-12-2, Coolanl Vuiil I'lotilf for Case 1. AXL Neg. 
No. 113-1234. 
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The coolant void jirofiles which were calculated by 
SASL\ for the above case are shown in Fig. IV-12-2. 
These profiles do not compare favorably with profiles 
obtained in previous power reactor calculations 
using SASIA."'-> In flow coast-down accidents, the 
coolant flow is so low when boiling starts that the void 
tends to grow symmetrically about the point of boiling 
initiation.-

For comparative purposes, a similar calculation 
was run using the "typical reactor" power shape 
shown in Fig. IV-12-lb. The resulting void profiles 
are shown in Fig. IV-12-3. These profiles exhibit a 
symmetry about the initial boiling point. 

The movement of the down-channel interface be
tween liciuid and two-phase fluid is governed mostly 
by the dynamics of the exit liquid slug ejection. The 
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movement of the up-channel interface is governed by 
the axial temperature gradient in the liquid coolant.' 
Coolant temperature profiles for the first case are 
shown in Fig. IV-12-4. Those for the second case are 
shown in Fig. IV-12-5. Figure IV-12-4 shows a much 
steeper temperature gradient in the liquid up-channel 
of the initial boiling point than does Fig. IV-12-5. The 
steepness of the gradient is a result of the power 
shape (antl the resulting heat flux to the coolant) 
being flat from 40 to 70 cm. This steep gradient tends 
to retard the motion of the void toward the channel 
inlet. In the second case, the decrease in the power 
shape from ,50 to 100 cm results in a flatter coolant 
temperature ])rofilc in the liquid up-channel of the 
initial boiling point. This flatter profile allows the 
void to grow more rapidly toward the channel inlet 
than the profile in the first case. 

The coolant voiding model used in SASIA indi
cates that the power shape in Fig. IV-12-lb would be 
better suited than that in Fig. IV-12-la for generating 
void growths that approximate those that would oc
cur in an actual reactor. 

Unfortunately, a power shape like that in Fig. IV^ 

12-lb may be difficult to achieve. Therefore, a com
promise power shape shown in Fig. IV-12-lc is sug
gested. The results of calculations using this power 
shape arc shown in Figs. IV-12-6 and IV-12-7. The 
void growth patterns in Fig. IV-12-6 show the sym-
nieti-y about the initial boiling point better than those 
in Fig. IV-12-2. These calculations indicate that a 
])0wer shape similar to that in Fig. IV-12-lc is better 
suited than that in Fig. IV-12-la for use in experi
ments designed to test coolant boiling models. 
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IV-13. SASIA Computer Code as a Tool for Fast Power Breeder Reactor 
Safety Analysis 

J. C. C.\RTi.;u, G. J. FISCHER, T . J. HE. \MES, D . R . M.\CF. \RL. \NE, X. A. iMcXE.\L, 

P. M. M.\RGEL, C. K. SAN.\TH.\N..\N, W . T . SH.\ and C. K. YGU.NGD.^HL* 

The analysis of fast breeder reactors for their 
safety characteristics is a major element of fast 
breeder reactor technology. Safety strongly influences 
fast breeder design, particularly through sodium void 
and Doppler effect considerations. The characteriza
tion of the behavior of nuclear fuel during the course 
of minor as well as major accidents is a rapidly de
veloping aspect of safety analysis, with important in
fluence on fuel design and management. 

In some ways SASIA is one of the first safety anal
ysis codes planned to take advantage of modern com
puter design and capability. Like the ARC system 
created at ANL,' of which it is a part (as well as 
being a separate free-standing code), SASIA con
sists of a scries of modules or routines which represent 
domains of accident phenomenology, linked by a con- ' 
trol and decision module. A major advantage of this 
structure is that new or alternate modules can be 

' lieactoi' iMiyiiicfriiiji l)ivisioii, .\r(ioiin(. Nalional I.atior.-i-

created and used without reprogramming other por
tions of the cotle. .\lternate more sophisticated mod
ules or faster running modules for scoping purposes 
can be freely substituted, depending on needs or as 
the growth of experimental evidence suggests change, 
so long as simple rules are observed. This structure 
allows very effective re-dei)loyinent of many modules 
so that the fast running but relatively simple SASIA 
code can be re-employed along with a few more so
phisticated modules to produce a more detailed and 
sophisticated computer code, SASIB. This new code, 
with a minimum of reprogramming effort will provide 
such important advantages as exjilicit muUijile chan
nel calculations. 

SASIA has grown in several important ways since 
its development was first announced in Ref. 2. The 
code can calculate the course of minor accidents 
which may be controlled by a scram response; it can 
compute both coast down and ramp type sodium void 
accidents, with explicit analysis of sodium void de-

file:///lternate
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velopment and with spatially dependent void feed
back and space- and sodium void-dependent Doppler 
effect reactivity feedback calculation. If the course of 
the accident becomes severe, the consequent reactor 
disassembly is computed in SASIA by means of a 
two-dimensional Bethe-Tait type of calculation. All 
of this is executed in a few minutes of IBM 360, 
Model 50/75 time at one operation, and without in
termediate action by the user or machine operator. A 
major gain in the meaningfulness of accident analysis 
is that the input to the severe or "Design Basis Ac
cident" is achieved as a logical product of the "ini
tiating events" which lead to the disassembly acci
dent. The Design Basis Accident need no longer be 
based upon the use of a hypothetically conceived 
$60/second ramp rate of reactivity addition whose 
source is poorly defined and for which the degree of 
conservatism is largely unknown. 

SASL\ also contains a module of value to reactor 
designers and fuel cycle code users. This is an initial 
condition computing module which itself defines the 
initial pumping ]iressure required in order to achieve 
the required fuel center line temperature, sodium out
let temperature, etc., and for input parameters such 
as fuel rod diameter and thermal conductivity, as 
specified by the code user. This module avoids the 
cut and try procedures which are costly and wasteful 
ot staff time. 

The entire code is written in FORTRAN IV. It is 
undergoing active debugging through 1000 MWe re
actor accident calculations and will be jiublicly avail
able through the .4rgonne Code Center early in 1969 
in both an IBM 360 \ei-sion and a CDC 6600 version. 
Because new modules arc under active development, 
improved versions of the code will be made available 
as significant improvements arc achieved. The gener
ous coopei-ation of other institutions (LASL, APDA), 
and other divisions of ANL has contributed to the 
quality of this code development and accelerated the 
rate of achievements to the present status. 

The nature and computational capability of SASIA 
are worth specification, particularly for what the code 
can do and to identify its present limitations. .\n im
portant first point is that the code employs point 
kinetics, including delayed neutron accounting. As 
is well known, the use of point kinetics can lead to 
very serious errors in certain modes of reactivity ad
dition, particularly if the code user is not alert to 
these dangers and skilled at minimizing their effect. 
For many cases however, this approximation is rea-
sonal)le, and more so for many fast reactor accident 
conditions than for thermal reactor transients. Point 
kinetics is used in almost all currently available acci
dent analysis codes, primarily because of computing 

speed advantages but also in default because fast 
running space-dependent kinetics routines have not 
existed until very recently (Ref. 3). A veiy fast two-
dimensional space-dependent code (ARC Module) is 
presently under development at ANL. The current in
tention, however, is to use this in the more sophisti
cated accident code, S.\S1B, and to preserve the com
puting speed of S.\SL\ by accepting the limitations of 
point kinetics. 

.\nother speed-giving feature of SASIA, which 
again somewhat detracts from the value of the safety 
information computed, is that only a single channel is 
explicitly calculated for the thcrmo-hydraulics, so
dium voiding phases of the calculation. In the first 
version of SASIA to be made available non-coherence 
of voiding and space dependent effects are approxi
mated by partitioning reactivity changes for up to 
four reactor segments to follow the voiding pattern 
of the one explicitly calculated channel, after accu
mulation of user-sjiecified further increments of total 
reactor power. SASIB, again, will perform an explicit 
calculation of several channels, giving possibly 
critically important further information at the ex-
]iense of an increase in comi)utation time. Studies with 
SASIB will be a valuable aid in invention of improved 
approximation strategies to be developed for SASIA. 

The initialization routines of SASIA establish auto
matically from the users specifications the pre-acci-
dent thermo-hydraulics characteristics. The routine 
gives interpretive print-outs and stops the calcula
tion if some reactor operating constraint specified by 
the code uscr.^uch as maximum pumping pressure or 
fuel center line temperature, cannot be made com
patible with the remainder of the input specifications, 
which include such other parameters as pin diameter 
and core height. The change in fuel, gas bond, and 
cladding dimensions and sodium density spatial char
acteristics in going from specified initial conditions 
to operating power are computed for the steady state 
pre-accident calculation. 

A relatively sophisticated fuel mechanics routine 
treats the expansion of the fuel and the stress upon 
the cladding during the development of the accident. 
A full range of possible physical states can be treated 
during the course of the accident. These include 
closing of the center line hole, change of phase of the 
fuel, and elastic and plastic deformation in the 
cladding. This routine has been made a part of ANL's 
. \RC system' as a module. 

If molten fuel can move axially inside of the fuel 
pin during a severe accident, then the stresses which 
might lead to cladding rupture can be partially re
lieved. A reduction in reactivity should most often 
accompany this axial fuel motion. A currently rela-
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tively simple module of SASIA, FUELDYN, calcu
lates this motion. I t also very carefully watches the 
state of the cladding, computing its distortion with 
temperatui'e-dependent strain functions, so that the 
time during the accident at which cladding rupture 
occurs is ciilculated as accurately as jjossible under 
limitations of current understanding of the phenom
ena and of the simplifications of the routine. The axial 
height along the pin at which rapture occurs is an
other jiroduct of the calculation which is of great im
portance, since the next phase of the accident is most 
likely to be dominated by fuel-coolant interaction 
and extremely rapid reactivity changes due to sodium 
vapor pressures which might be several hundreds of 
atmospheres. A module to compute the source of the 
dynamics of fuel expulsion from the fuel pin and 
fuel-coolant interaction is a major objective of the 
SASIA code. Very early work which seeks only to 
verify the ability of SASIA to predict clad rupture for 
very simplified TREAT experiments has been re
markably successful, but a full module in this area is 
still unsatisfactorily remote. 

An outstanding feature of SASIA is that sodium 
voiding dynamics, for both coast-down ty])e accidents 
and transient voiding accidents is explicitly calcu
lated as a routine or module within the code. This 
means, particularly, that very accurate feedback 
response to the two-phase voiding pattern can com
municate with the kinetics routine and very accu
rately describe the course of tho accident dynamics 
during the critical accident interval when the reactor 
may be approaching prompt critical. The voiding pat
tern reactivity feedback operates from a table look 
up procedure of the code. The user supplies the space 
dependent voitling reactivity terms used in the table, 
wiiich he has computed using cross sections and codes 
of his own selection. Another advantage is that since 
the important Doppler feedback coefficient depends 
strongly upon the degree of sodium void fraction 
{falling about a factor of two for full voiding) S.4S1A 
requires space- and sodium-^'oid fraction-dependent 
Doppler feedback data. 

Another feedback calculation in S.\S1A is that of 
radial expansion, primarily through expansion of the 
subassembly cans. This is especially important for 
slower accidents, such as coast-down accidents, where 
there is time for heat to diffuse into the subassembly 
can. Because the lower portion of the subassembly 
may expand relatively little, because of the constant 
temperature of the inlet sodium, while the tempera-, 
ture of the upjier portion of the subassembly may in
crease many hundreds of degrees, this response 
produces a core-height dependent feedback. This is 
how it is treated in SASIA. Bowing feedback calcula

tions were explicitly excluded from the current version 
of SASIA because investigations showed that bowing 
behavior is strongly associated with the design of each 
reactor in a complex way. Naive bowing calculations 
can be veiy deceptive. The outer zone, or zones, of 
enrichment of fast power breeders have strong power 
gradients which can be a source of vigorous bowing 
action, however. Therefore, a fully satisfactory safety 
code must be capable of accounting for this action. 

There is a trend in current 1000 MWe fast power 
breeder designs to emphasize reactor design features 
which improve economic and engineering aspects of 
the reactor, often at the expense of some definite in
crease in sodium-void reactivity gain on voiding, and 
also at the expense of some loss in shutdown capabil
ity through Doppler effect response. This leads to an 
enhanced desire to reduce uncertainties in calculations 
of the course of a severe disassembly accident. A 
major fault of previous "Design Basis Accident" cal
culations has been that the quite important parame
ter, the rate of reactivity addition at the start of the 
severe accident, was usually estimated in a very crude 
manner. It was often simply postulated. 

S.\S1A contains as one of its sub-modules a version 
of the two-dimensional Bethe-Tait weak explosion 
code MARS,* produced by APDA and improved in 
some important respects at ANL. A major contribu
tion of SASIA to safety analysis of severe disassem
bly accidents is that the modules of SASIA which 
describe the early stages (the "initiating mechanisms" 
stages described under Task 10-2.1 of Vol. 10 of the 
LMFBR Program Plan) generate, in a soundly based 
manner and within the accuracy of S.\S1A analysis, 
the input terms required for the severe accident, if 
one comes about as a result of the course of the minor 
accident. Thus the severe accident (the "Hypothetical 
Accident" of Task 10-2.2 of the same Vol. 10) cal
culation no longer relies on the poorly justified 
initial conditions previously employed. 

The |)articular improvements made in MARS con
sist of the substitution of a more effective kinetics 
routine, provision of a routine to solve a second order 
linear differential equation (which was not provided 
by APD.\ ami which was essential for use of the 
code), and a treatment of reactivity changes asso
ciated with moving boundaries, as between core zones 
and between core antl blanket.'' A major advantage of 
the two-dimensional explosion code is that a pancake 
reactor can be represented in r-z geometry as a pan
cake for the first time. Previously pancake reactors 
have been re])resented in almost every case in a veiy 
awkward spherical aiiproximation until the MARS 
code was developed. 

The Bethe-Tait approximation, as in M.\RS, is 



FIG. IV-13-I. Spatial Mesh Distortiim of Sodium-voided 1000 MWe Oxide Core Dtirins Severe Disa.'^penihly Acrideiil, as Caleii-
'ated by ANL's VENl 'S Code. AXL Xeg. Xo. US-15AI. 
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very ingenious but also imposes some severe con-
staints regarding which there may be major doubts for 
very large breeder accidents. The procedure assumes 
that events leading up to the disassembly accident are 
such that the analyst can claim that he knows such 
critical factors as power and material worth distribu
tions from preliminary calculations. I t also assumes 
that all displacements are very small, so that power 
shapes and worth distributions essentially do not 
change during the severe transient. Also, the complete 
validity of the point kinetics assumption is assumed. 

In order to remove some of these doubtful assump
tions for the SASIB code, a two-dimensional hydro
dynamics routine has been created by the .Applied 
Mathematics Division of ANL, in cooperation with 
the Safety Analysis Section of the Reactor Physics 
Division. This module has been linked with the neu-
tionics-related portion of MARS/SAS for early ex
ploratory and debugging calculations. Figure IV-13-1 
is an example of the physical distortions which are 
computed to occur in a 1000 MWe oxide pancake 
core in the course of a severe accident. 

Because of the importance of the increased informa

tion available through emiiloyment of this improve
ment over MARS, this package will be made available 
to all users in the spring of 1969.'"* This code is en
tirely in FORTRAN IV language and will be avail
able as IBM 360 and CDC 6600 computer versions. 
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IV-14. Stabil ity in the Large of Reactor Sys tems 

W. T. SHA 

The reactor kinetics models without delayed neu
trons, similar to those of H. Smets,'-^ are employed in 
this study. The models uiclude Doppler, coolant tem
perature, and coolant void feedbacks. The .stability 
criteria in the sense of A. Ijiapounoff via A. Lur'e's 
method^ for these systems are derived. The system 
equations expressed in terms of a critical point may be 
written as follows: 

^ = V ( ^ + «») f"i- «» > 0 -"id f > 0 at t 

dT„ 
dt 

dTM 
dt 

dv 
di 

= a,P - hi(Tr - T„) 

= /(eCZV - T..,) - (S - ,S„) -I- hv 

= h,(Tr - 7'.,,) — hat-

( 1 ) 

Sk* = - a , r , -h a2T.« -I- aiV - yP, 

* I t is explicitly assumed here that the Doppler reactivity 
coelHcient is negative. The moderator and void reactivity co-
ellicients are positive. The generalization of reactivity coefii-
cieiits taking any arbitrary sign is trivial. 

where 
p = n — no 

i f = J 1 — 7io 

T„ = T, - T.n 
!> = t'l - !)io 

n = neutron density 
7'i and I\ = fuel and moderator temperatures, 

respccti\cly 
Vl = coolant void fraction 
S is proportional to the rate of heat re

moval 
C = the neutron lifetime 

6/to and 5/,' = excessive reactivity at initial time 
and at any subsequent time, respec
tively 

h^ = rate of bubble collapse constant 
/(4 = (1 - F)hs 
hf, ^ heat transfer coetticient 
ht = Fh, 

/i7i' = rate of heat added to the liquid phase 
of coolant due to bubble collapse 

hs = coolant bubble formation coetticient 
ha = heat transfer coefficient 
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F = f rac t ion of h e a t going t o the liquid 

p h a s e of coolan t 

ai = h e a t gene ra t i on coefficient in t h e fuel 

rod 

01, 02, and as = m a g n i t u d e s of r eac t i v i t y coefficients 

of Dopp le r , coolan t t e m p e r a t u r e , a n d 

void coefficients, r espec t ive ly 

y = ex t e rna l r eac t i v i t y con t ro l coefficient. 

Any q u a n t i t y wi th subscr ip t 0 deno te s t h e va lue a t t h e 

critical poin t . 

Two cases a re considered here . Case 1 a s s u m e s t h a t 

a — SIS = 0, i.e., c o n s t a n t h e a t r e m o v a l ; Ca.se 2 as 

sumes t h a t S — So ^ hi Tu , i.e., t h e r a t e of h e a t loss 

is approximate ly p ropo r t i ona l t o t h e coolan t t e m p e r a 

ture. Since t h e sy s t em E q . (1) descr ibes t h e d y n a m i c 

behavior of t h e r eac to r core only , t h e inlet a n d o u t l e t 

conditions of t h e coolan t a re r ega rded as ex te rna l va r i 

ables. T h e two cases cons idered a b o v e .serve a s u p p e r 

and lower b o u n d s of a c t u a l r e a c t o r o p e r a t i n g condi

tions. 

Let us m a k e t h e following sequen t i a l t r a n s f o r m a 

tions: 

1) u = T, - Tu. 

2) For Case 1 

XI - X: 
\(h, -\- \i)z, - (h -I- X,,)^,l 

„ n,lht{hj -h X,) 4- h,h] adhjii -\- h,h) 
I M — ;—r; r^^ ^i I -̂̂ i Z2 

Xi(Xi - X O 

, aAhelh, -\- Xj) -\- h,hi\ 

X1X3 

X3(X3 — Xl) 

a,h. 
V (•'1 ~ ^3); 

XI — X.1 

F o r Case 2 

ai(ht -{- \)(h, + X , ) ^ 

(Xl - X2)(Xi - X,) ' 

_ 0|(ft2 + X;)(/i3 -F X ; ) ^ 

(X, - X2)(X2 - X j ) ^ ' 

, aAhjjhs -\- Xl) -h fetM 

( X , - X , ) ( X 2 - X3) ^' 

n, ^ aAhijh) -\- Xl) -1- h.M 

(X, - Xo)(X, - X,) ' 

aihiih, -I- X2) -1- feAl 

(Xl - X2)(X2 - X3) 

0 , ^ ( ^ 3 -h X.) -F hM ^ 

(Xl - X3)(X2 - X3) ' 

J, _ aih,(h2 -\- Xl) _ Oihiihi -\- Xi) 

(X - X 2 ) ( X i - X3) ^ ' (X l - X , ) ( X 2 - X 3 ) ""' 

I ajiiihi -\- X3) 

(Xi - X3)(X2 - X3) ^ " 

fix) = 

hi = 

The system 

dx 
dt 

dz^ 
It 

dzz 
dl 

dz, 

dt 

where, 
for Case : 

)!o(e' - 1) 

hi -^ h,. 

Eqs. (1) become 

= [-ft^l -ft^2 -

= \iZ, -i- fix) 

= X2Z. -1- fix) 

= X,J2 -\-f(x). 

1 

Xl -t- X3 = — (Al -I- h:,), X,X3 = hih, -\- hihj, 

X. = 0, R e X, < 0, R e X3 < 0 

" ' = r ^ ^ i h , + X,) + (ai -a^) 
A l — A3 

aiihihz + Al) + hihi] a^ajii 

1^2 = ( a i — OL2) 

Ai(Ai -~ Xa) Xl — As 

XiXj 

• ih + Xs) - (a , — 0:2) 
Xl — X3 

aAhih, + X,) + MT] 

+ "3 

XslXi — X3) 

aiki 

Xl — X3 

for C a s e 2 

( 2 ) 

Xl , X2 a n d X3 are t h e roo t s of — X' -|- /iX' — /2X -|- / j = 0 

ReXi < 0 ; ReX2 < 0, ReXj < 0 

fl = -ihi-\- h2 -th,); 

/ j = hih2 -{- hihi 4- hji3 — h.he -|- hji, ; 

fz = hihiihf, — hi) 

http://Ca.se
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|ai(/ i2 -H X,)(/i,, -H Xl) 
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where 

(X, - X2)(Xi - Xj) 

-I- (ai - a.,)\ht(h, + X,) -I- hM 

- a:,h,{ /|.i -1- X,) i 

Ol 

(Xl - X2)(X2 - Xj) 

•ih + X2) - (a i -

•lh,(h -t X2) -I- hM 

-t aMh, -\- X2)\ 

otiihi -\- X2) 

a..) 

('i , ('2 , and (':, mn.st be real and ft > 0. 

For Case 1 set f. = 0; for Case 2 discard the last 
term on the right hand side of Eq. (3). 

The stability criteria in the large, based on Eq. (3) 
for the case of 7 = 0, are: 

\ai(h2 -t X3) 

- a..) 

( X l - X3)(X2 - X;,) 

•ih, -t X:,) -I- (a, 

•MA: , -l-X:,) -I- h,h-:\ 

- ajfijf/l.j -I- X j l l . 

For simplicity and without losing any generality, it is 
assumed that all the characteristic roots X, are real 
and negative. Following A. Lur'e's^ formulation, 
Liapounoff's function corresponding to the system 
Eqs. (2) may be written as follows: 

1) e, > 0 
or 

K, - ai > 0. 

For Case 1 

•2) - ^- - * > 0, 
Xl X, 

if 9 > 0 

3, _ ^^ _ * + 4 . > 0, 
Xl X, 

if - X < 9 < (1, 

1) A-, > 0 

For Case 2 

2) A, > 0 

3) - fi A.. 

[If (3) is 1 

- 2/, V 'AIA_ , > 0; 

ot satisfied, then F 
must he (greater than zero in 
order to maintain stability in 
the large], 

T' Z t P ^ + f [\fix)dx + 1 0^ (3) 
=1 j=i Xj + X 

-V = lV7fix) -t iClZi -t C2Z2 + C323)l̂  

2C.Vy - 2C, E 
^=-1 X, - I - XJ 

(4) 

0iii = 1,2, and 3), (5) 

where 

e -

Al 

A - l 

(ft - ft)(A, - hs) 
4hih, 

- X i f t - X2/32 Xjft 

X, 
ft _ ft 
X. X3 

I x l O I x i o I x lO • 

02(MODERATOR TEMPERATURE COEFFICIENT. POSITIVE) 

FIG. I V - 1 4 - 1 . a. As a Function of a, and a, . A.XL Neg. No. 113-1246. 
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F I G . IV-14-2. System Response With 02 = 2.2 X 10"'. A.XL Neg. No. 113-1249. 

15 
TIME, nnin 

2,5 0 05 1,0 

F I G . IV-14-3. System lie.sponse with ai = 2.3 X 10"'. ANL Neg. No. 113-1247. 

A _ Si ft 03 the usefulne.ss of these stability criteria as shown in 
' "' ^' ĵ J ^'^ Eq. (6). Figure ^"-14-1 presents the maximum allow-

j 2 2 , , 2 . . able magnitude of 0:2 in the parametric space as a func-
F = I/3A-3 + A-,(2/ i / , - /2)1 - ifzAiA-i. ^ j ^ ^ ^j ^^ ^^^ ^^ rpĵ g ^.,^^,p^ jjf coefficients of the sys-

The following numerical example will demonstrate tem Eq. (1) used ui the numerical example are 



286 IV. Fast Reactor Safety 

hi = 741/h 

A2 = 591/b 

h = 36,000/h 

h, = 0.36/°Fh 

hi = 415/h 

A« = .326/h 

/i, = l,628,572/°Fh 

a, = 415,051°F/h 

F = 0.9. 

It is to be noted that the values of these coefficients 
are obtained from typical large PWR systems. The 
magnitude of the void coefficient has very little effect 
on the stability of the system under investigation (see 
Fig. IV-14-1), the rea.son being that a relatively small 
amount of heat enters into the vapor phase in this 
example (i.e., 1 — F = 0.1). 

The major disadvantage of Liapounoff's Second 
Method is that the conditions for sy.stem stability are 
only sufficient. Thus, the results may be too restrictive 
or impractical. In order to investigate how restrictive 
these stability criteria as shown in Eq. (6) are, we solve 
the system Et). (1) numerically via use of the Continu
ous System Modeling Program' (CSMP). In the CSMP 
calculation, initial perturbations of 5% and 20% in 
power were introduced, and the system-dependent vari
ables calculated as a function of time. Results of 5 % 
and 20% initial perturbation in power are the same 
from the system stability point of view. Figures 

IV-14-2 and IV-14-3 present results of 20% initial 
perturbation in power from CSMP. The stability con
dition of the reactor .system under the consideration 
predicted by CSMP agrees very well with theoretically 
derived stability criteria as shown in Eq. (6). 

From this study, it is concluded that: 
1. It is commonly accepted that if a .sy.stem is to be 

stable in the "large" all feedback components must be 
negative. As a matter of fact, the system can be .stable 
in the "large" even if the positive feedback coefficient 
is somewhat larger than the negative one. 

2. It is very gratifying to see that the solubility cri
teria derived from this study agree so well with the 
"exact" .solution (numerical results from CSMP). 

3. A conservative rule-of-thumb is that the magni
tude of the positive moderator reactivity coefficient 
should not exceed tbe negative Doppler coefficient. 

REFERENCES 

1. H. H. Smets, Stability in the Large of Heterogeneous Reactors, 
Bull. Acad. liag. Belgique Cl. Sci. 47, 382-105 (1961). 

2. H. B, .Smets, Stability in the Large and Boundedness of Some 
Reactor Models, J. Nucl. Energy, 17, 322 (1963). 

3. A. I. Lur'e, Some Non-Linear Problems in the Theory of 
.Automatic Control, (Her Majesty's Stationery Office, 
London, 1957). 

4. System/360 Continuous Systetn Modeling Program. IB.\I Cor
poration, H20-0,307-l. 

IV-15. M a x i m u m Accident of Zoned Fast Reactors 

W. T. SHA and R. B. NICHOLSON* 

INTRODUCTION 

Tbe primary objective of maximum accident analysis 
is to estimate the magnitude of energy release for a 
reactor undergoing a super-prompt critical excursion. 
Although it is a major concern of fast reactor designers 
to prevent such an excursion it is nevertheless desirable 
to study the coasequences of a super-prompt critical 
excursion in the event it should occur. One basic mathe
matical model employed in estimating the energy re
lease during a maximum accident was formulated by 
H. Bethe and .J. Tait.' This model was subsequently 
modified by V. Jankus,- and R. Nicholson.^ One of the 
modifications of Jankus^ worth noting is the treatment 
of the interface between core and blanket with a discon
tinuous derivative of material reactivity worth. The 
present work is a generalization of Jankus' ^^^ work and 

* Idaho Division, ArRonne National Lal)oratory. 

extends his analysis to zoned fast reactors. The detailed 
treatment of the interface between two adjacent regions 
of a zoned core has been incorporated into the MARS/ 
SAS'" computer program which is a modified version of 
MARS."" This program, in turn, has been incorporated 
into the SASIA accident analysis code produced by the 
AXL Reactor Physics Division. The derivation and 
some of the numerical results obtained from MARS/ 
SAS will be presented in the following two sections. 

DERIVATION 

The following derivation is fairly straightforward and 
no originality is claimed. However, from the authors' 
knowledge, no detailed derivation of the treatment of 
interfaces in zoned cores witb a discontinous derivative 
of material reactivity worth has yet appeared in the 
literature. Furthermore, it is felt that the detailed 



ASYMPTOTIC REGION —• 

15. Sha and Nicholson 

TRANSITION REGION 

ASYMPTOTIC REGION 

287 

CORE ZONE 2 

TYPICAL PRESSURE PROFILE 
OF ZONED FAST REACTORS (p) 

INTERFACE OF CORE ZONE I AND 2 

FIG. IV-15-1. Two-Zone Reactor. ANL .\eg. .Vo. 113-1251. 

derivation may serve to clarify the problem involved 
in the analysis. 

Let us consider a two-zone core as .shown in Fig. IV-
15-1, and focus our attention at the interface of core 
zones 1 and 2 with a discontinuous derivative of mate
rial reactivity worth. I'oUowing the Bethe-Tait analy
sis, the second derivati\'e of the neutron mulitplication 
factor with respect to time, due to core material motion, 
can be expressed as 

d% 
dt' 

= — / -VwVp dV, 
Jy p 

where 
uid p 

V 

core material density, material reac
tivity worth per unit volume, and 
pressure, respectively 
reaetor volume. 

During a severe prompt-critical power excursion the 
pressure distribution in a zoned reactor has the follow
ing characteristics. Well away from zone boundaries, 
the ])rcssure is approximately defined by the energy 
deposition, the heat capacity, and the equation of state, 
and is only slightly dependent upon material movement 
and density changes. Discontinuities of fissile material 
enrichment, and therefore of power density, tends to 
produce pressure discontimiities. But we use the 
acoustic approximation in which the pressure must be 
continuous and the continuity is accomplished by local 
movement and density changes. The interface is the 
t'ource of a pre.ssure wave. A compressional wave moves 
into the region of lower pressure and a rarefaction wave 
moves into the region of high pressure. If the time scale 
of the power excursion is short enough, then the wave 
can move only a short distance. 

We can divide the reactor volume into two regions. 
One is a small region which brackets the interface (the 
traiLsition region); the other is the remainder of the 
reactor (the asymptotic region). Our resuhs are accu-
nite only if the power excursittn is sufficiently sharp so 

that the transition region is small and in fact the ap
proximation is effected by taking the limit as the transi
tion region thickness goes to zero. However, in practice 
it is usually the case that the errors are not very great 
even when the transition region becomes quite large. 

Figure 1 shows the nature of the pressure distribution 
near a zone boundary and the division into transition 
and asymptotic regions. For convenience we also dis
tinguish between the left and right side of the boundary 
by subscripts 1 and 2, respectively. The p and p desig
nate the pressure inside the transition region and the 
pressure at the zone boundary respectively. 

Equation (1) can be rewritten in terms of these 
regions and symbols as 

I -Vu)-VpdV - / —Vwi-Vp'idV 
•''•., P% • ' i T l P i 

/.. 

(2) 

Vw2-Vp2 dV, 

where subscripts A and T denote asymptotic and transi
tion, respectively. 

The second integral on the right hand side of Eq. (2) 
can be manipulated by a vector identity and the diver
gence theorem to give 

(3) 

/ —Vwi-Vp'idV = — j — p'v'w dV 
•IVT, PI *'rri Pi 

+ / —p'lVwi-dSi-i- j —p"VwidSi2, 
•isi pi -Is pi 

where 
Si = surface between the traiLsition and 

asymptotic regions on the left side of 
the zone boundary 

S = zone boundary surface 
dSi and dSu = vector surface elements as shown in 

Fig. IV-15-1, directed from the transi
tion region to the asymptotic region 
and from core zone 1 to 2. respectively. 
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A n analogous resul t is ob ta ined for t h e t h i r d t e r m on 

t h e r igh t h a n d side of E q . ( 2 ) . If we merely replace t h e 

subscr ip t 1 by 2 a n d let f/S = i/S,.. = -dSn , t h e n E q . 

(2) m a y be w r i t t e n as 

^= - f Ivw-VpdV-t ( -pywidV 
df J i x P • ' ' r i PI 

-f / — p'2V'w2 dV 
-'VTI P» 

/ — P2VW2 
•Is 2 P2 

dS2-

I -
•Is I Pi 

f „ /Vwi _ VwaX 

•'s \ pi P2 / 

PiVwi-rfSi ( 4 ) 

d S . 

I n E q . ( 4 ) , we h a v e used t h e fact t h a t on Si and S2, pi 

a n d p2 a re ident ica l t o pi a n d p2, respect ively. T o facili

t a t e t he ca lcula t ion (s ince w e do not know t h e funct ion 

p ) we a p p r o x i m a t e -ry b y t a k i n g its l imit as IVi and 

VT2 —r 0. I n th i s l imit t h e first t e r m is i n t eg ra t ed over 

t h e en t i r e vo lume (except ing t h e d iscont inui ty wh ich is 

developed a t t h e b o u n d a r y by t h e l imit ing p rocess ) . 

T h e second a n t t h i r d t e r m s go t o zero as Vn a n d V n go 

t o zero. I n t h e four th a n d fifth t e r m s Si a n d S2 become 

t h e left a n d r igh t sides of S; t h u s , dSi —> - d S a n d 

dS2 —> d S . I t is t h e n possible t o combine t he last t h ree 

in tegra l s of E q . ( 4 ) , giving 
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Ill order t o ca r ry o u t t h e surface in teg ra l , we still re

qu i r e a n e s t i m a t e of p " , t h e zone b o u n d a r y pressure. 

F r o m acoust ic t h e o r y , th i s is g iven as a n acoustic im-

pedence-weigh ted a v e r a g e of t h e a s y m p t o t i c pressures: 

„ _ P1C2P2 -I- P2C1P1 

T h e n 

P " -

p2 = -

Cipi -1-

C lP l (P2 -

ClPl + 

C-lPiif 

C2P2 

- P i ) 

';2P2 

2 - P i ) 

(6) 

(7) 

(8) 
cipi -\- C^Pi 

E q u a t i o n s (7 ) a n d ( 8 ) m a y be used t o simplify E q . (.5) 

<fk 
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•dS. 
ClPl + 0!p2 

T h i s resul t was also ob t a ined by E . Hicks and D. 

Menz ies" b u t p re sen ted w i t h o u t de r iva t ion . If we apply 

a vec to r ident i t j - a n d t h e D ive rgence T h e o r e m to the 

first t e r m on t h e r igh t h a n d .side of E q . ( 9 ) a n d recom-

bine t e r m s and t h e n fur ther set P2 = 0 t o approximate 

a core-b lanket in terface , we o b t a i n J a n k u s ' '"' result: 

d'k f 1 „2 , , . 
— a ; / - p i V t O i d l ' i 
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The derivation presented is quite general and the ex
tension to more than two zones is straight forward. 

NUMERICAL RESULTS 

In most previous energy release calculations/'^ the 
derivative of reactivity worth at an interface is assumed 
to be continuous. Hicks and Menzies^ pointed out that 
the approximation of the continuous derivative of mate
rial reactivity worth at zoned boundaries is not very 
accurate but often is conservative. Usually, it does not 
increase the energy yield by more than 20 7(.. 

In the present work, we have incorporated Etj. (9) 
into the computer program MARS/SAS. As an example, 
upon considering a large zoned pancake core with oxide 
fuel, it is found that there is a large difterence mVw 
between core and blaidvct as well as between core regions 
1 and 2, as shown in Fig. I\'-15-2. Under these condi
tions it also becomes important to have the correct ratio 
of the acoustic speed, Ccore/Cbi„,ikei • Figure IV-15-2 
shows the core dimension, power density, and material 
reactivity worth distributions used in the sample cal
culations. Some of the additional core characteristics 
are presented below: 

Prompt-neutron lifetime = o X 10 sec 

Initial core average power density = 4000 W/cm^ 
Kate of reactivity addition = SlOO/sec 
Core mass (3-2 core) (does not in- = SSOO kg 

elude mass in both radial and axial 
blankets) 

Volume fraction of l'-2;iS/volume 
of Pu-239 in region 1 ;^ 5.0 

Volume fraction of U-2liS/volume 
fraction of Pu-239 in region 2 ^ 3.0. 

Figure IV-15-3 presents the energy release versus 
time as a function of various assumed ratios of acoustic 
speed of the r»actor core and blanket. The same acoustic 
speed was assumed in both core zones 1 and 2 in this 
calculation. 

COXCLUSION 

The effect of a discontinuous derivative at interfaces 
of zoned fast reactors on the total energy release of a 
maximum accident with various ratios of Cc„re./Cbia„ket 
has been investigated. From this study, it is concluded 
that for the current interest of zoned fast reactor de
signs, this effect on the total energy release is no more 
than 15%. Whether the total energy yield is increased 
or decreased depends upon the ratio of core to blanket 
acoustic speed as well as the material reactivity worth 
and power density distribution. 
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IV-16. The Phenomenology of Fast Reactor Accidents 

J. C. CARTER 

The subject of this paper is the continuous be
havior of large fast breeder reactors in the range 
of operation from design full power to the terminal 
point of an accident. The most likely paths between 
these two points are considered and coupled mathe
matical models of the phenomena along these con
tinuous paths are formulated. Experimental research 
intended to disprove or suljstantiate the models is sug
gested along with a discussion of the physical proper
ties associated with the phenomena and the techniques 
for determining these properties. 

The large breeder reactor constitutes a closed loop 
dynamic system with feedbacks in which large 
amounts of energy can be transformed at a very rapid 
rate, and therefore it is very sensitive to disturbances 
to equilibrium. The phenomena of the system are con
sidered to be understood and controllable up to and 
including full power operation. Above full power, 
across the accident threshold, and into the realm of 
irreversible behavior the phenomena are not well 
understood except for the calculations of maximum 
energy release based on assumed initial conditions. 
I t is the intent to seek a mathematical representation 
of these continuous phenomena between full power 
operation and the terminal points of an accident which 
causes the reactor to cross the threshold. 

The threshold of an accident is defined as a plane 
separating reversible ]ihcnomcna from irreversible 
phenomena. Continuity is maintained by space, energy, 
and time dependent variables which are common to 
the phenomena on each side and pass through the 
plane. Continuity in phenomena is essential in safety 
analysis for without it the dynamic loop is not closed 
and the probability of certain events occurring can
not be estimated by analytical methods. Since there 
is very limited fast reactor operating experience in 
the range above full power, it is deemed necessary to 
seek an understanding of the consequences of doing so ' 
from concurrent analytical and experimental research. 

The causes ot accidents and their consequences can 
be postulated and combined in an infinite number of 
ways with the potential for an accident existing 

whenever any combination results in a divergence 
between the rate of heat input and the rate of heat 
removal. The threshold of the accident resulting from 
diverging heat rates is crossed when the fuel casing 
melts or ruptures and the fuel comes into contact with 
the coolant. .4n analytic treatment of the dynamic 
behavior approaching the threshold is possible when 
the ])henomena are associated with diverging heat 
flow rates in initially perfectly-operating fuel ele
ments. Fuel can also come into contact with coolant 
due to mechanical trouble or material defects which 
may be completely independent of thermal phe
nomena. When the threshold is crossed because of 
mechanical trouble and/or material defects it is 
predictable only by statistical and empirical tech
niques. Both the phenomena amenable to analytic 
techniques and the phenomena amenable to statistical 
techniques are considered. 

Since there are also an infinite number of variations 
in fast reactor design it is necessary to select what is 
currently considered to be a typical fuel element in a 
typical core as the physical object upon which to 
postulate the phenomenology. 

The typical fuel element consists of concentric 
cylinders of fuel (UO2) bond, casing, and coolant. The 
overall length of the element's core section is about 
100 cm and the casing outside diameter is about 0.63 
cm. The axial lilankets are about 60 cm long. The 
typical core is a right cylinder composed of hexagonal 
cans of fuel elements called subassemblies. The over
all dimensions of a unit cylindrical core are those 
typical of 1000 MWe reactors. 

While it is undesirable to operate in the area be
tween design full power and the threshold of an acci
dent it does not create irreversible conditions and no 
serious damage to the reactor. . \s the threshold is 
crossed conditions occur which are irreversible and 
an accident is considered to have occurred. I t may 
have only minor economic implications or it may have 
economic plus disaster implications. If there is a 
continuing ti'ansformation of energy into undesirable 
forms (pro]iagation) after the threshold is crossed 
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there are likely to be serious consequences since media 
for propagation becomes operative and this may lead 
to a core meltdown or breaching of the core contain
ment. 

Only accidents which cross the threshold have a 
possibility of propagating to serious accidents and 
these are therefore of concern. Malfunctions which 
are likely to have a low probability of leading to fuel 
element failures are not considered. 

The most likely media for propagating an unde
sirable disturbance to the system are dynamic insta
bility of the coolant, dynamic instability of reactivity 
feedbacks, material transport, pressure waves, heat 
transfer, and chemical reactions. 

The rate and the extent of propagation depends 
upon the design characteristics of the reactor, the 
irradiation history and the inevitable effects in the 
fuel and structure. An infinite number of combinations 
are possible here also. 

Some of the most common sources of disturbances 
which may lead to accidents are considered to be: 

1. .\n increase in power w'ithout a concurrent in
crease in coolant velocity. An example is a reactor 
excursion to which the feedbacks and control system 
cannot respond. 

2. A dynamic unbalance in the various reactivity 
feedbacks. The phase angles and amplitudes fre
quently shift during operation in a most inexplicable 
manner due to such things as dynamic unbalance in 
coolant flow, spectral shifts, and migration of fis
sionable material. 

3. A restriction in the flow of coolant from any of 
a number of causes. This is particularly serious when 
only one or a few elements are involved since it is 
difficult to detect before the fuel element melts. This 
could occur as a result of material transport. Ma
terial which may comprise parts of the reactor sys
tem or which may be extraneous objects inadvert
ently left on the reactor may be carried into the filters 
or may clog flow passages. 

4. Vapor formation to the extent that the heat 
transfer rate from easing to coolant is reduced to the 
point where the fuel element is vapor bound and 
melts down into the bottom of the subassembly. This 
situation could occur as the result of non-uniformity 
in the fuel, fuel swelling, or operating the reactor 
above full power. A serious condition is considered to 
occur if for any reason coolant has been vaporized 
and coolant returns to a hot fuel element. The rapid 
formation of coolant vapor is almost certain to re
sult in strong pressure waves. 

5. Dynamic instability of the coolant for which 
the control system and the auxiliary cooling system 
cannot compensate. This may result from pump 

troubles or from surging which occurs in parallel chan
nel heat exchangers during power changes. 

Of the above causes of accidents, dynamic instabil
ity or surging of the coolant is certain to occur in 
some degree. Whether it is serious or not dejiends 
upon whether the feedbacks are designed to have a 
damping effect. The probability of surging increases 
with the number of parallel channels and the power 
density. 

Since there is veiy little precedent for creating 
models of the continuous phenomena along a given 
path, it is necessary to proceed by alternate analyti
cal and experimental steps to build the models which 
will either substantiate or revise the postulated phe
nomenology. 

I t is necessary to know the continuous phenomeno
logical history of a fuel element so that the pressure 
in the casing and the physical properties of the 
materials can be determined at the crossing. I t is 
necessary to know the continuous historj' of the 
coolant so that the pressure, temperature and relative 
amounts of each phase of the coolant are knowm at 
the instant of crossing. When a fuel elements fails, 
the fuel bond, casing, and coolant come into contact. 
The amounts involved and the rates with which they 
come into contact will determine what, if any, mecha
nism and media exist for propagating the failure. 

The result of this concurrent analytical and experi
mental effort to bridge the gap between design operat
ing conditions and the terminal point of an un
controllable ojjerating condition hopefully will be a 
mathematical* representation of the continuous phe
nomena substantiated by experimental research. The 
models are created in the following sequence: models 
of single fuel elements, models of fuel elements con
nected in parallel, models of subassemblies con
nected in parallel, and a model of the reaetor sys
tem. 

PHENOMENOLOGICAL PATHS 

In an accident tree (now being prepared) it is 
shown that there can be a large number of phenom
enological paths between a disturbance to the closed 
loop dynamic system representing a large ceramic 
fueled fast reactor and the terminal point of the con
tinuous sequence of events set in motion by this dis
turbance. 

There is considered to be a high probability that 
these paths wherever they originate converge toward 
a common path as they leave design operating con
ditions and approach the threshold of an accident and 
that this common path if it crosses the threshold 
diverges into paths leading to an infinite number of 
terminal points. IFig. IV-lG-l) . The continuous 
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phenomena along this most likely common path ap
proaching the threshold is that associated with the 
overheating of fuel, the structural integrity of the 
fuel clement, the dynamics of the coolant and the 
dynamics of the reactivity feedbacks. If the dis
turbance to the system is such that the threshold is 
crossed, fuel and coolant come into contact and the 
phenomena continues into that associated with the 
fuel coolant energy transfer. From this point in the 
path there is the possibility of branching paths lead
ing to an infinite number of terminal points. The 
least serious terminal point is considered to be the 
structural deterioration of a few fuel elements ac-
com|)anied by the release of fission products and de
bris in the coolant. The most undesirable terminal 
point is reached by following a continuous phenom
enological path to the consequences of a core melt
down and reassembly. 

The probability of following either of these ex
treme paths or a path to any of the terminal points 
in between has not been determined. 

The continuous phenomenological path from design 
operating conditions to the branching of the path 
beyond the threshold will be presented in terms of 
coupled mathematical models. Some of the models of 
phenomena from full power to the terminal points 
of an accident are: 

1. Heat transfer within a fuel element. 
2. Internal pressure within a fuel element casing. 
3. Coolant flow in heated parallel channels. 
4. Coolant vaporization. 
5. The thermodynamic reaction of fuel and coolant 

coming into contact. 
6. The energy transformation in melting cores. 
These models can be adapted to fit into the closed 

loop of the present concepts of large power breeder 
reactors. 

Experimental research which is required to sub
stantiate the models and to determine the yet un
known physical properties associated with the phe
nomena is in the planning phase. 
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I V - 1 7 . P h e n o m e n a L e a d i n g t o F u e l C a s i n g R u p t u r e D u r i n g T r a n s i e n t s 

C. K. SANATHANAN and J. C. CARTER 

This is an analysis of the thermo-mechanical phe
nomena associated with temperature transients in UO2 
fast reactor fuel elements in the operating range from 
normal power to the threshold of casing rupture. A 
mathematical model of space and time dependent tem
perature und metal phase transformation occurring with 
a fuel element over this operating range is presented. 
The phenomenological transition from the area of de
sign operation across the accident threshold (usually 
manifest by casing rupture) into a region from which it 
is impossible to return to the area of normal operation 
is dynamic and is bound by the laws of con.servation 
and continuity. It is neces.sary to understand how the 
accident threshold is approached and how it is crossed, 
since that which traiLspires after the crossing depends 
upon the physical conditions existing at the instant of 

,GAS BONO 

COOLANT 

FIG. lV-17-1. Fuel Cell. ANL Neg. No. 112-8544. 

F I G . 
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IV-17-2. Power Level \e rsus Time for 100 cm Core. 
eg. No. 112-9051. 

casing rupture. There certainly will be contact between 
hot fuel and relatively cold sodiuin and a transition from 
thermo-mechanical to thermo-chemical phenomena 
with attendant pressure waves. This is believed to be 
one of the primary sources of accident propagation. The 
analytic work Reported here is intended to complement 
future experiments planned at Argonne. 

A typical fuel cell is shown in Fig. W-Xl-l. It con
sists of a stainless steel casing into which the fuel is 
placed either as small cylindrical pellets (about ' 2 in. 
long) or as vibrationally compacted powder. The fuel 
(at design temperature) is generally about 90% theo
retical density. When the fuel is in the form of pellets 
there is usually a gas or sodium bond between the fuel 
and the casing. A space is provided at the top end of the 
casing for the fis.sion gases. 

The motivation for the present investigation ari.ses 
from the recent analytical studies directed towards the 
sodium boiling accidents.' Some typical accidents are 
de.scribed to give some background for the quantitative 
approach used ui this study. 

AN .ACCIDENT DUE TO A RAPID INCREASE IN RE.ACTIVITV 

A situation of this nature is conceivable when there is 
an accidental withdrawal of one or more control rods 
from the reactor. A detailed calculation model for such 
an accident is reported in Ref. 1. Some results from Ref. 
1 are reproduced there to illustrate the coasequent 

file:///ersus
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phenomena. The reactor fuel rods considered are those 
from Ref. 1. 

From Fig.s. IV-17-2 and IV-17-3 several things are 
apparent. The power of the reactor increases rather 
slowly until boiling of sodium occurs at which time there 
is a rapid increase of reactivity resulting in periods of 
2-100 msec. Figure IV-17-3 shows that the maximum 
fuel centerline temperature increased from 2000 to 
about 4000°C at the time boiling started. The fuel 
centerline temperature exceeded tho melting point of 

2800°(' over the entire length of the core portion and 
tho fuel is in the form of partially molten "slurry". 

AN ACCIDENT DUE TO A LOSS OF COOLANT 

An accident of this type may arise when there is an 
unexpected pump failure or rupture of the line between 
the pump and the reactor. Figures IV-17-4 and IV-17-5 
are presented to shcnv .some typical temperature and 
power changes within fuel rods fcjllowing such an acci
dent. ]'>om Fig. IV-17-4 it is obvious that the tempera
tures aro lower than tho.se for the previously described 
accident. From Fig. IV-17-5 one observes that the reac
tor power rises slowly before boiling starts. However, 
when boiling starts, the reactor power rapidly increa.ses 
as indicated in Fig. IV-17-2. 

With the increase in power, the fuel undergoes ther
mal expansion and phase changes. Any radial expansion 
of the fuel is resisted by the stainless steel casing result
ing in an increase of pressure in the fuel and stress in the 
casing. 

The axial variations of the heat generation rate and 
the elastic properties of the casing (due to the axial 
variation of the clad temperature) introduce an axial 
variation of pres.sure within the fuel. Since the fuel Is in 
a partially molten state, any pressure gradient produces 
axial motion. 

When the rapid transient is initiated, there are some 
inertial effects associated with the axial motion of the 
fuel. Also, friction and "stiction" restrains the axial 
motion. The pre.ssure buildup continues to a point where 
tho ultimate strength of the casing is exceeded, at which 
point the casing ruptures. 

A large amount of uncertainty exists in the equations 

-0.00 1.60 3.20 4.80 6.40 
TIMEISEC) 

FIG. IV-17-5. PowerLevel Versus Time for Flow Coast-Uowo. 
ANL Neg. No. 11S-905S. 
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of state of UO2 in its liquid and vapor states. In particu
lar, available vapor pressure equations'-* are all derived 
from experimental observations at very low pressures. 

The elastic properties of .steel change considerably 
with temperature, especially when the temperature 
approaches the melting point. Al.so, irradiation has an 
influence on the.se properties. Since the pressures and 
.stresses calculated are strongly dependent on the elastic 
properties, the existing uncertainty in these properties 
directly affects the results. 

The swelling and migration within the fuel affect its 
configuration in an indeterminate manner. In gas 
bonded fuel jjins this frequently hitroduces hot spots 
which makes predictions about fuel failure less certain. 

Axial motion of the fuel within the jacket has a strong 
influence upon the transient pressure profile. The pa
rameters used in the equations of motion, namely the 
coefficient of friction and "stiction" therefore play an 
important role. These parameters aro also not known 
to a high degree of exactitude. 

Ill view of the above uncertainties, the facility to 
cover a reasonable spectrum of \'alues for the various 
parameters should be incorporated iu any mathematical 
model. The valiility of the results and conclusions drawn 
from the model, in turn, also holds only in a certain 
range. The degree of sophistication of the mathematical 
model, on the other hand, .should be compatible with the 
sensitivity of the phenomena to the variation of the 
physical properties. 

MATHEMATICAL MODEL 

The philosophy underlying the creation of the mathe
matical model leads to the formulation of a set of equa
tions which describe the "macro.scopic" aspects of the 
accident. Following are the main objectives: To deter
mine as functions of time 

1. The axial pressure profile in the fuel rod and the 
pressure of the vented gas 

2. The axial temperature profile in the fuel and the 
ojising 

ii. The fraction of fuel melted or vaporized 
4. The axial variation of the stresses, deformation, 

and ultimate stress of the ca.sing 
0. The axial movement of the fuel. 

The following assumptions are made: 
1. The fuel behaves like a "fluid" in that it does not 

offer any resistance to change of shape. 
2. The range of values for the parameters in the 

eiiuation of motion, namely, the coefficient ot friction 
und "stiction" are known. 

ii. The inertial effects on the radial expansion of the 
fuel are neglible compared with those for axial move 
ment. 

4. The equations of state for the fuel in its three 

phases and any of the possible combinations of these 
phases are available. 

5. The internal energy of the fuel in its solid and 
liquid phases does not have explicit dependence on pres
sure. This is so because the volumetric change of the 
fuel due to pressure is negligible compared with the 
thermal expansion (of course, for a "small" range of 
pressure). 

6. The ela.stic and thermal properties of the casing 
are known in the temperature range of interest for both 
the irradiated and unirradiated conditions. The casing 
is considered as a thin walled cylinder for the purpose 
of computing the .stresses in it. 

7. The fuel expands and closes the bond gap by the 
time the transient under consideration starts. The 
helium or fi.ssion gas, which initially occupied the bond 
gap, moves into the vent space. 

8. Heat flow by conduction within the fuel is negli
gible during the transient. 

9. The volumetric heat generation rate is available 
as an explicit function of time. 

10. Only pressure along the radius of the fuel at any 
height is considered. 

11. The pressure profile along the axis is initially 
taken as uniform since the fuel is at rest. 

The mathematical model employed is a simultaneous 
representation of the space-and time-dependent thermo-
mechanical iihenomena in the fuel and the easing. It is 
found practical to solve the eipiations of the model 
numerically. For this, time and .space are discretized. 

The fuel is subdivided into several axial .segments. 
The thermal txpansion and the axial movements of 
these segments are determined through each increment 
of time. Consistency is achieved by conserving the mass, 
energy, and momentum of the system throughout all 
energy and phase transformations. 

The computational procedure is as follows: 
1. In the fir.st time step all the heat generated is as

sumed to be used for increasing the internal energy of 
the fuel. This results in an increase in volume of the fuel. 
Since the fuel is at rest initially and any :ixial movement 
has to result from a pressure gradient, the thermal ex
pansion in the first time increment is accommodated by 
a corre.sponding radial expansion. The radial expansion 
of the fuel is restrained by the casing. A force balance 
gives the corresponding pressure rise in the fuel along 
the axis. 

2. After the first time step, a two-pass system is used. 
In the first pa.ss, over a given heat addition, the previous 
values of acceleration and movement are used to find an 
approximate value of the pressure at the end of the time 
step. This pres.sure is then used to complete the acceler
ation over the time step. Acceleration of the interface 
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is based on the Lagrangian motion due to the pressure 
difference between the adjacent centers of mass. 

3. The heights of the various segments (from item 2) 
and their respective radii (from item 1) give the respec
tive volumes Vj available in the axial sections. The heat 
addition in the second time increment gives the thermal 
expansion for the fuel. 

4. If the volume Vj ju.st computed is smaller than the 
volume Vj resulting from thermal expansion, a suitable 
extension of the radius is computed to accommodate the 
thermal expansion. A corresponding increase in the 
stress of the casing and the pressure exerted by the fuel 
is also computed. 

5. The movement of the fuel into the vent space com
presses the fission gas in the vent. An adiabatic com
pression of the gas is considered and the corresponding 
pressure increase of the gas is computed. This restrains 
the fuel motion. 

6. The above process is repeated for several time in
crements. 

7. It is possible that the fuel may vaporize during the 
transient if the volume computed in item 3 is larger than 
the volume resulting from thermal expansion of the 
liquid fuel. The saturated vapor pressure corresponding 
to the temperature of the fuel is obtained from the vapor 
pressure equation due to R. Ackerman et al.' The corre
sponding extension of the casing gives the radius of the 
fuel. A new volume correspondhig to this radius is com
puted. If this volume is still larger than the volume of 
the fuel at the above temperature then there is vaporiza
tion. Assuming this to be the volume, the amount of 
vapor present is determined by .solving a set of thermo
dynamic equations.^''' The temperature and pressure 
which are given by the solution is compared with those 
used in the beginning of item 7. Some iteration may be 
necessary to obtain consistency. 

8. The heat fiow to the casing depends upon the 
difference between the fuel surface temperature and the 
average casing temperature. The temperature of the 
casing at the various axial locations affects the elastic 
properties and the ultimate strength of the casing. 

9. If at any time the stress in the casing exceeds the 
ultimate .stress (corresponding to the temperature) at 
any axial location, the computations are terminated. 

Following are the various equations used in the com
putational procedure described above: 

EQUATION OF MOTION AND CONSEHVATION OF MASS 

The equation ot motion is wTitten in one-dimensional 
space, namely, along the Z-axis of the fuel element': 

ap 
IdF 
p dZ 

,az 
dl (1) 

pressure hi the fuel, f is a coefficient such that F^ gives 

the frictional force per gram, g is the acceleration due to 
gravity, and ( is the independent time variable. The 
equation of motion is discretized in space and time. 

Consider fir.st the discretization in Z (see Fig. 
IV-17-1). The axial motion of the various segments are 
obtained by associating each with a certain ma.ss, 
velocity, pressure, and temperature. In other words, it 
is the motion of the interface of each segment which is 
described by the discretized form of Eq. (1): 

, . d Zj 7r(K, + fi;Hl) / p p \ 

MjF 
dZj 
W 

(2) 

M,g 

where il/, , the mass of the jth axial segment, is given 

by 

Mi ^ •,rR](^Zi)pi. (3) 

Rj is the radius, AZ, is the length, and p,- is the average 
density of the jth segment, i l / , is held constant through 
the transient. This accounts for the conservation of 
mass. 

Dividing Eq. (2) by il/, , 

A, = (P,-P,.l)g + g ; ) | 
,rfZ, 

(-1) 

where 

A J = (t'Zj/di-. 

Equation (4) is further discretized in time to convert 
it completely into a different equation. Considering the 
complexity of the problem, an explicit scheme, namely, 
the central differencing scheme was chosen. The limita
tions imposed on the size of the time increments by 
numerical stability consideration are discussed below. 
Let Hj represent the position of the interface of the Jth 
segment at some time t, Hf at /St earlier, and H, at 
Ml later. 

The time increments need not be uniform. The 
second derivative with respect to time is expressed BS 

d~Hj ^ 

{M + 
1 / JH] - H- _ H) - HU 

f A i i ) / "L Ail A( J" 
(5) 

In the case of uniform time increments Eq. (5) reduces 
to the famiUar form 

de ' 
. H) - -IH] -f H) 

where Z =̂  0 is at the bottom of the element, /-* is the 

(AO' 

and dH j/dt is approximated as 
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dHj ^H] - H] 
dt ^ At 

(6) 

The axial pressure profile and the velocity at a certain 
time are used in Eq. (4) to compute the accelerations 
i , at that time. Using Eq. (5) one solves for the posi
tion H'i at some time M later. 

The rapid transient under consideration here is 
almost always initiated when there is still some solid 
fuel close to the casing. Therefore, in axial locations 
where the fuel has expanded and completely closed the 
bond gap, there would exist some initial resistance to 
axial motion. 

Therefore, in the calculational procedure, the axial 
motion of any increment is delayed until a certain 
pressure gradient is built up. This may be expressed 
quantitatively as follows: 

A, = 0 

I P,_, - /', I < 5P, , 
w hen iPj is a specified quantity. A ,• is computed using 
Eq. (4)if 

I P,_i - Pi\> SPi. 

EQUATIONS OF THERMODYNAMICS 

The computational method for obtaining the pre.ssure 
profile along the axis is developed in the following. 

The heat generation per gram of fuel is expressed as 
an explicit function of time multiplied by a shape func
tion S{z). 

q = q^"S(z). (7) 

The internal energy f' per gram is computed from 

[,' =i; + q-W, (8) 

where Co is the initial internal energy; W is the sum of 
the kinetic energy, the work done in expanding the 
casing, and the work done in compressing the gas in 
the vent. Generally W is negligible. 

The temperature of the liquid UO, and its internal 
energj- are assumed to be related by 

U, = T[a 4- bT\, (9) 

where a = 0.286 and b = 0.037 X 10"'. Equation (9) 
implies a hnearly varying specific heat (at constant 
volume) with temperature.'' 

The specific volume T,i of the liquid UO2 is given by' 

c - f T 
d ' 

V.i (10) 

* All that is nece.ssary here is a .specific relation between Ul 
and T. 

where 

where c = 2000.0 and d = 40,000.0. 
The vapor pressure equation due to Ackerman^ is 

P. = r'e'--*"", (11) 

Ol = -4 .026 

a, = 59.45 

aj = 74.590.0. 

The Clapeyron equation of the latent heat of vapor
ization / is 

dP 
L = T ' ^ i V . . - v.,)/J, (12) 

dP, 
where V,, is the specific volume of the ga.s; -^ is the 

gradient of the vapor pressure relatioiLship of FJq. (11); 
and / is the mechanical equivalent of heat. 

Differentiating Eq. (11) with respect to T, 

dl\ 
dT ' ["'-!] • (13) 

v.a is computed assuming the t̂ O.2 vapor to be an ideal 
8 

gas : 
T 

v., = hi- (14) 

where 6 = 314.0. 
An iterative method is adopted to obtain simul

taneously / ' . , T, and the quality of the UO2 vapor from 
the knowledge of the heat added per gram and the 
volume available per gram. 

EQUATIONS FOB T H E DEFORMATION OF T H E CASING 

The "membrane" theory' is adopted to relate the 
radial extension Ar of the casing with the pressure P 
developed in the fuel: 

E, 
P = [Ar - ra AT] 

r'[l - v/2\' 
(15) 

where r is the inner radius, r is the thickness of the 
casing, E is the modulus of elasticity, a is the coefficient 
of thermal expansion, and y is Poisson's ratio. Both E 
and f change with temperature. 

For stainless steel (To = .500°K) the following values 
i 1 10 are taken : 

Eo = 1.90 X 10' g/cm' 

A"i = - 4 . 2 5 X 10'g 'cm'-°K 

E2 = - 4 . 5 5 X lO 'g / cm ' -CK) ' 

Ea 0.40 g/cm'-CK) ' . 
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The above values for the coefficients reduce E by 
roughly a factor of two in the temperature range from 
800 to 1400°K. (The values for the coefficients are 
applicable at negligible irradiation levels. Irradiation 
generally reduces the value of E.) Similarly, the tem
perature dependence of the ultimate stress is expressed 

10 

as : 

a.uiT) = uo -f oiiT - r„) -t- cr.,(( - Ti)'' 

-f <r3(( - T„)' -\- a,(T - Tl)'; 

for To = 800°, 

(70 = 7.74(1 X 10'' g/cm" 

ai = -9.4(12 X 10' g /cm'-CK) ' 

02 = -5.692 X 10' g/cm'-(°K)' 

o,= 1.363 X 10"'g/cm'-(°K)' ' 

a, = -S.200 X 10"'g/cm'-(°K)*. 
The above values for the coefficients reduce a„iti T) 
by a factor of 20 in tlie temperature range from .SCO to 
1400°K. 

CASING T E M P E R A T U R E CALCULATION 

Fuel surface temperature Tf„ is obtained by integrat-

C ^ = 0 
^' dt ' • 

(1(1) 

The casing temperature, T,.i , is obtained by solving 

dT, 1 
dt rciCciPci 

[h,iT,. - r , , ) - W n , - n u . (17) 

where Cd and pei are the specific heat and deiLsity of 
the casing respectively, h/ is the heat transfer coefficient 
between the fuel and casing, he is the heat transfer 
coefficient betw-een the ca.sing and coolant, and Tc is 
the coolant temperature. T„ is assumed to be known. 
The heat transfer coefficient hf is assumed to increase 
with internal pressure: 

h, = hj„\\ + Hd' ~ /'„)], (18) 

where A/o is the initial heat transfer coefficient value 
when /•* = Pii, and ^ is a jiositive coefficient. In the 
calculations made in this .study, 

hn = l.S W/cm'-°K 

8 = m' 

NUMERICAL STABILITY 

The system of equations is much too complex to de
rive quantitative limits on the time and space incre

ments in order to ascertain numerical stability of the 
.solution. However, some comments are in order. 

The assumption of constant acceleration during any 
time increment introduces inaccuracies in the deter
mination of tbe axial motion of the fuel, especially when 
time increments are large. Any error in the axial move
ment introduces errors in the radial expansion, since the 
radial expansion of the casing is closely related to the 
axial movement (see Eq. (3)). Error in the radial expan
sion of the casing directly affects the pressure developed 
in the fuel which in turn affects the accelerations to be 
computed for the succeeding time increment. The mag
nitude of the error varies directly with the modulus of 
elasticity. 

One way to prevent any "oscillations" in pressure is 
by choosing a value for At such that the pressure changes 
from time step to time step is kept within a certain limit, 
.say 1 atm. About 10 axial segments were found to be 
adequate to describe the axial pressure profile. Time 
increments varied from 0.0001 to 0.00001 see for the 
various transients considered. 

RESULTS AND DISCUSSIONS 

The method of analysis de\'eIoped is applied to some 
specific fuel elements to illu.strate the effects of fuel 
motion iiuantitatix-ely. To accomplish this, the simpler 
case in which there is no relative motion between the 
fuel and the casing is discussed. This then is compared 
with the more realistic ca.se when there is relative mo
tion between the fuel and the ca.sing. In addition, the 
effect of casing thickness upon various quantities such 
as the internal pressure generation, fuel movement 
(with the consequent effects of friction and "stiction"), 
and the time taken to reach the instant of rupture are 
also discussed. 

.\ fuel element 100 cm long and 0.3 em i.d. for the 
casing, is considered. Two different casing thicknesses, 
namely 0.05 cm and 0.25 em are chosen. A vent space 
of 0.5 cc (of length 1.67 cm) is situated on top of the 
fuel. The initial power distribution along the axis is that 
for which the power curve of Fig. I\'-17-2 just begins to 
increa.se rapidly due to sodium boiling. The fuel along its 
entire length is partially molten at this time. The maxi
mum temperature along the axis (slightly above the 
midpoint) is about 4000°K. The initial pressure in the 
can is taken as 2 atm. Vapor pressure eiiuations (Eq. 
(11)) indicated that this pressure is well abcn-e the 
saturated vapor pressure corresponding to 4000°K, and 
(here is no vapor present initially. 

Three exponential power rises with periods of 20, 10 
and 2 msec are considered. The heat generation nate is 
assumed to be uniform radially and has an axial dis
tribution as shown in Fig. I\'-17-6. This axial distribu
tion (Fig. IV-17-0) is assumed not to change during 

http://ca.se
http://increa.se


17. Sanathanan and Carter 299 

transients'. The maximum heat generation rate initially 
i.>i taken as 4000 W/gm. The initial coolant temperature 
profile is obtained from Ref. 1 and it is assumed not to 
change during the transients. In fact, there would be 
some changes in the coolant temperatures. However, 
for the purposes of the present sudy, the effects of these 
changes are unimportant. 

CASE A : R E S T R A I N E D A X I A L M O T I O N 

The axial pressure profiles for the three rates of heat 
generation and for the two casing thicknesses are pre-
.sented in Fig. IV-17-7. These profiles are those deter
mined at the threshold of casing rupture. Consider first 
the three curves pertaining to the 0.05 cm thickness of 
the ca.sing. If the temperature of the casing were uni
form along the Z-axis, the modulus of elasticity and 
ultimate strength of the casing would have been non-
iiiiiform along the Z axis also; and coiLsequently, the 
pre.'jsure profile would have had a shape similar to that 
of the heat generation rate. But since the coolant tem
perature varies along Z the temperature of the casing, 
and consequently its thermal and mechanical properties 
also vary along Z. Since the pressure is a result of both 
the heat generation rate and the mechanical properties 
ol the casing, it is obvious that the pressure profile at
tains a peak below the midpoint of the axis. It is readily 
observed in Fig. IV-17-7 that there exist large gradients 
in the pressure profiles. This is a consequence of re
straining the fuel from moving axially. From Fig. IV-
17-7 it is further apparent that the effect of reduced 
casing thickness (0.025 cm) has only decrea.sed the pres
sures developed, without significantly affecting the 
.shape of the profiles. Also, slower rates of heat input 
seem to lower the internal pressures. This is explained as 
follows. The slower rates of heat input increase the time 
taken to rupture the casing. During the added interval, 
there is a corresponding increase in the temperature of 
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the easing and a consequent decrease in the modulus of 
elasticity. 

The rupture point does not coincide with the location 
of the pressure peak. The location of rupture is at the 
point where the stress in the casing has exceeded the 
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TABLE IV-17-1, T I M E OF RUPTURE (msec) 

Inverse of the 
Exponential 
Period, a, 

sec"* 

50 
100 
500 

20 mill 

Motion 
Allowed 

15 
11.6 
.3.9 

Motion 
Restrained 

3.75 
3.5 
2.4 

10 mill 

Motion 
Allowed 

10.25 
7.6 
3.2 

Motion 
Restrained 

3.5 
3.4 
2.3 

TABLE IV-17-II. ENERGY .^.T THK INSIANT OF CL.VD RUPTURE 

(W-sec) 

Inverse of 
Exponential 

Period, a, 
sec~' 

lis
 

20 mill 

Motion 
Allowed 

89 
86 
48 

Motion 
Restrained 

16.5 
16.70 
17.26 

10 mill 

Motion 
Allowed 

53.0 
45.53 
31.62 

Motion 
Restrained 

15.30 
16.20 
17.26 

ultimate stress. This point is usually somewhere be
tween 60 and 80% of the height from the bottom. 
Figure IV-17-8 represents the developed and ultimate 
stress profiles along the axis at the time of rupture for 
the ca.se of 0.05 cm thick casing, and for the heat genera
tion rate 

q(Z) = 4000 (,SZ)e">»'W/gm. 

CASE B: UNRESTRAINED 

One of the obvious effects of axial motion of the fuel 
is to reduce the internal pre.ssures and their gradients. 
This is illustrated on Fig. IV-17-9. The pressure profiles 
no longer resemble the axial profile of heat generation 
rate. In particular, the movement of fuel toward the 
bottom of the can markedly raised the local pressures, 
thus reducing the steep gradient. 

The increased time required to attain rupture and the 
corresponding increa.se in the total heat input before 
rupture are illustrated by Tables IV-17-1 and IV-17-II. 
The additional heat input results in a higher percent of 
molten fuel before the casing rupture occurs; this in turn 
increases the amount of hot fuel that comes in contact 
w'ith the coolant. 

An inspection of Fig. IV-17-8 indicates that the loca
tion of rupture has moved toward the midpoint of the 
axis as a result of fuel movement. This figure also gives 
the difference made in the .stress profiles along the axis. 

In all of the above examples, the value of the coeffi
cient of friction F of Eq. (4) has been taken to be 500 
cgs units. This corresponds to a deceleration due to 
friction of approximately 10 g if the material were to 
move inside the casing at a constant speed of 1 ft/sec. 
This number for the friction factor, of course, is arbi
trary at this time. Some laboratory tests have to be 
performed in order to ascertain a definite range of values 
for this coefficient. 

The effect of decrea.sing this coefficient is to increase 
the rate of fuel movement and vice-a-versa. The value of 

' I ' I ' I ' M I ' I ' I M M 

F I G . IV-17-10. Effect of Friction Upon Pressure 
ANL Neg. No. 113-1512. 
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F is arbitrarily reduced to 100 cgs units for the case of 
0.025 cm thick casing. The results are shown in Fig. 
IV-17-10. The increased motion has practically flattened 
out to pres.sure profiles for the lower rates of exponential 
increase in heat input, namely for a = 50 and 100 sec"'. 
However, for a = .500 sec"', there are .still large gradi
ents in the internal pre.ssure. This is due to the fact that 
at a = 500 see"', the heat generation rate far exceeds 
the rate of alleviation of internal pressure caused by the 
fuel movements. 

"Stiction" (coulomb friction) affects only the fuel 
movement initially. Because of the rapid pres.sure 
buildup when the fuel is restrained from moving, any 
reasonable "stiction" would be o\'ereome soon after 
the start of the transient. Even though this would affect 
the intermediate pres.sure profiles, it has practically no 
influence on the pres.sure profile existing at the time of 
rupture. In the examples considered above, the pre.ssure 
difference between adjacent segments {5Pj) was varied 
along the axis, starting at 10 atm at the bottom, de
creasing to 2 atm in the middle, and then hicreasing 
10 atm to the top. This pattern of bPj is to take into 
account in a semi-quantitative manner the effect of in
creased fuel melting in the middle portions of the can. 

The actual extent of the fuel movement is influenced 
by four principal parameters, namely, the amount of 
vent space available, the thickness of the casing, the 
rate of heat generation, and the degree of restraint to 
motion. The movement has direct effect in terms of 
reactivity feedback. The value of this feedback depends 
upon the specific design of the reactor. Table IV-17-III 
gives the percent change in length of fuel during the 
transient up to the point when the casing ruptured for 
various transients. 

Detailed radial and axial temperature profiles are 
computed throughout the transient. The amount of 
molten fuel is estimated at each axial .section from the 
knowledge of the location of melting along the radius. 
Suicc computation of temperature is done by assuming 
no conduction effects and since the heat generation is 
uniform along tho radius, the shape of the temperature 
profiles do not change during the transient; they are 
merely .shifted upward in proportion to the heat gen
erated at each axial location. 

CONCLUSION 

The mathematical model developed in this paper has 
resulted hi a iiuantitative description of the phenomena 
which occur withhi the casing of a fuel element during 
overheating up to the instant of casing rupture. The 
space and time dependent nature of the pressure genera
tion and fuel movement has made the mathematic:d 
formulation of the problem more complex. Some sim
plifying assumptions are made to prevent the mathe-

TABLE I\"-17-III. PECENTR CH.\NGE IN LENGTH OF F U E L 
(F = 500 cgs units) 

lis
 

% Change 

T = 0.025 cm 

0.87 
0.67 
0.27 

in Length 

T = 0.05 cm 

1.62 
1.55 
0.63 

matical description of the model from being unduly 
complicated. The range of the various parameters in 
the e(|uations are considered to be realistic at the 
present state of the art. 

From the many calculations performed, it is evident 
that ordinarily the fuel does not vaporize as long as it is 
within the confines of the casing. Vaporization is noted 
only in some situations involving large vent spaces and 
negligible restraints to motion. Consequently, the fuel 
which is going to be ejected into the coolant (if coolant 
is present in the channel at the time of casing rupture) 
is in the form of pressurized liquid and litiuid-solid 
slurry. Since the pressure outside the casing is coiLsidera-
bly lower than that inside, there may be some fla.shing 
when the rupture occurs. The net amount of fuel that 
may be ejected outside the casing cannot be estimated 
at the present time because of the lack of mathematical 
models to describe the phenomena associated with the 
fuel coolant interaction. The nature of the pressure and 
temperature prohles and the amount of molten fuel 
present at the threshold of rupture are of immediate use 
in the formulation of the ensuing fuel-coolant interac
tion. Even more useful are the axial profiles (see Fig. 
IY-17-9) of the developed and ultimate stresses in the 
casing at the time of rupture. These profiles indicate the 
region around the point of rupture to which the ruptur
ing could extend once it starts. 

One of the most important observations of the present 
study is that the neglect of fuel motion may introduce 
sizable errors. Both the magnitude and the gradient of 
the internal pressure ])rofile are drastically affected by 
fuel motion. The time delay involved in reaching rup
ture (see Table IV-17-1) produced by fuel motion also 
results in more molten fuel present at the time of 
rupture. 

The axial motion of the fuel during a transient could 
also re.sult in a negative feedback of reacti\'ity which in 
turn could limit the severity of the reactor transients. 
The actual magnitude of the reactivity coefhcient would 
depend upon the specific reactor involved. A clo.sed loop 
computation involving neutron kinetics and coolant 
dynamics is underway to study the overall effects of 
fuel motion. 



302 IV. Fast Reactor Safety 

Several experiments are being planned to further the 
understanding of the phenomena involved in the failure 
of fuel elements, fuel coolant interaction, and the 
propagation of these accidents to nearby fuel elements 
and subassemblies. It is hoped that the theoretical 
developments along these lines would hifluence the 
planning of the exiieriments, and the experiments in 
turn would substantiate the theoretical predictions. In 
particular, the various (iredictious of the present mathe
matical model such as when and how the casing rupture 
occurs and the pressures and temperatures involved are 
all experimentally verifiable. 
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IV-18. Accelerated Creep in Fuel Cladding 

J. C. CARTER 

The Fuel Failure Propagation Test Program re
quires siiuulation of pre-accident elastic conditions in 
a fuel element cladding. The metal cladding with an 
irradiation history of the time of the propagation test 
will have already progressed along the path to 
failure by virtue of creep which is a time dependent 
elastic phenomenon. 

The elastic condition resulting from normal opera
tion for a long period of time can be reproduced in a 
shorter period (hours instead of months) by the 
method described by S. S. Manson and A. M. Ha-
ferd,' thus permitting a realistic fuel failure propaga
tion test to be performed. 

A time-temperature parameter based on examina
tion of the published stress-rupture data for a 
variety of materials, rather than on physical theory, 
is presented in the form (T - r„) / ( log t — log („), 
where T is tcm])erature in degrees Fahrenheit, t is 
rupture time in hours, and T^ and log f„ are material 
constants determinable from rupture data in the 
time range between 30 and 300 hours. S. S. Manson 
and A. M. Haferd' found that there is an approxi- . 
inately linear relationship between log t and T for a 
constant nominal stress in the rupture-time range 
above 10 hours. A plot of this parameter against 
stress for a given material results in a single curve 

with relatively little scatter for various combinations 
of time, temperature, and stress in the rupture-time 
range above approximately 10 hours. For the ma
terials investigatcil, the use of data in the time range 
below 300 hours resulted in very good extrapola
tion to longer tunes (up to 10,000 h when data were 
available). This linear stress-temperature-time cor
relation enables a relationship to be established be
tween heat generation rate, coolant flow and the life
time of the cladding. 

Accelerated creep tests of this sort, however, do 
involve some other changes from normal or slightly 
abnormal operating conditions. At higher tempera
tures more of the fuel is molten and subject to in
jection into the coolant by the higher pressure fission 
gas. This will probably increase the stress levels in
duced by pin failure above those to be expected under 
failure from slightly abnormal operation. Maximum 
clad and coolant temperatures, the amount of fuel 
melted, fission gas pressures, and clad stress (hoop 
stress only) are plotted against heat rate and flow 
rate in Figs. IV-18-1 and IV-18-2 for a UO. fuel pin 
of the following characteristics: 

Length of fuel section—60.96 cm 
Length of gas chamber—91.44 cm 
O.D. of casing—0.63.5 cm 
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I.D. of cladding—0.557 cm 
O.D. fuel rod—0.52837 cm 
Cross section of fuel—0.219 cm-
UO: density—10 g/cm'' 
Casing material—18.8 S.S. 
The lifetime of the cladding of a fuel pin which 

has sustained 100,000 M\VD/T service is calculated 
and plotted on Figs. IV-18-3 and IV-18-4. Figure IV-
18-3 shows the effect of increasing the heat rate while 
holding the flow rate constant and Fig. IV-18-4 shows 
the effect of decreasing the flow rate while holding 
the heat rate constant. The heating rate was varied 
from 2000 W/cc of UOo to 4500 V^'/cc for a flow rate 
of 400 g/cin'--sec and then the flow rate was varied 
from 500 g/cm--6ec to 100 g/cm^-sec for a heat rate 
of 2000 W/cc of UO2. 

The maximum cladding temperature occurs at the 
end of the fuel section. The fission gas temperature is 

taken to be the same as the sodium temperature sur
rounding the fission gas reservoir section of the fuel 
pin. 

It is concluded that flow blockage experiments with 
flow reduceil to -25-50% of normal can be conducted 
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in reasonable test times (~1 to 10 h) and can be ex

pected to yield realistic estimates of damage. Fuel 

overheating experiments are more difficult to ac

celerate and can be expected to yield conservative 

damage estimates. 
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lV-19. Equat ion of State Studies 

D. M I L L E R 

The properties of reactor materials needed for re
actor safety calculations are generally not known 
over the complete range of temperatures and pres
sures of interest. A variety of theoretical and em
pirical methods are being studied for the estimation 
and extrapolation of these properties of substances in 
the solid, liquid and vapor states. 

In principle, all the jjroperties could be calculated 
from a knowledge of the forces between atoms, and, 
indeed, the gap between theory and application is 
being rapidly closed. Alternatively, an empirical 
equation of state can be fitted to known properties 
and manipulated, subject to the laws of thermo
dynamics and other empirical relations among prop
erties, to yield the desired infonnation. 

AB INITIO CALCULATIONS 

If the potential energy of interaction between 
spherically symmetric atoms is known as a function of 
separation, the methods of statistical mechanics per
mit calculation of the thermodynamic and transport 
properties of gaseous phases by direct, if complex, 
methods.' Of particular interest are the properties of 
metal vapors whose atoms interact along a number of 
potential energy curves due to unsaturated valence 
electron interactions.-

For ordinary substances, empirical forms of the po
tential energy curves, such as the Lennard-Jones, 
Morse, or Rydberg potentials can be fitted to experi
mental pro]ierties by comparison with calculated 
projierties.' .Alternatively, if bound states occur, the 
potential constants can be obtained from spectro
scopic information.-

Reactor materials such as iron, aluminum, zir
conium, uranium or idutonium have two or more un
bound A'alence electrons in their outer shells and their 
complexity of interaction presently inhibits calcula
tion of the properties of their vapors. Of practical, as 
well as theoretical interest are the alkali metals. 

particularly sodium, whose importance as fast re
actor coolants provides additional incentive for study. 
The alkali metal atoms, with their single valence 
electrons interact with bonding or attractive (sin
glet) and an anti-bonding or a repulsive (triplet) 
potential in the ground state.-

The triplet state has been found to exert signifi
cant influence on the thermodynamic and transport 
properties but cannot be determined directly by such 
standard techniques as molecular beam scattering ex
periments or extracted from spectroscopic informa
tion. 

Recent advances in quantum-mechanical tech
niques for the calculation of wave functions for 
simple diatomic systems have led to the ability to 
calculate accurate potential energies as a function of 
interatomic sejiaration.^* These calculations are 
termed ab initio since they assume only Coulomb's 
law and the Schrodinger equation. The triplet po
tential can be calculated with accuracy comparable 
to that of the singlet. 

Economic limitations on computing time prohibit 
the calculation of many points on these cur\'es. 
Enough points have been calculated for systems in
volving lithium* and sodium"' to indicate the accurate 
calculation of equilibrium internuclear separation and 
substantially correct dissociation energies for the 
singlet. Combining rules for interaction between un
like atoms have been shown to be adequate but not 
highly accurate. 

.\lthough additional points at small and large 
separations are needed, it was found that the triplet 
was lower than predicted by an "anti-Morse" po
tential previously used.-' This is in the direction to 
produce closer agreement with limited experimental 
data." Empirical potentials have given high ac
curacy in fitting singlet potential values only near the 
potential minimum coeflicicnts, and transport in
tegrals will be calculated from |iieeewise curve fits to 
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the calculated potential energy points. This repre
sents an important theoretical closure between the 
macroscopic properties of materials and their funda
mental electrical properties. Since there will be no 
empirical constants, used to fit the final results to the 
thermodynamic and transport properties, the cal
culated macroscopic properties can also be considered 
ab initio. 

EMPIRICAL EQUATIONS O F STATE 

The classic van der Waals equation of state shows 
remarkable accuracy in predicting trends in derived 
properties but it is not accurate over the entire liquid 
range. Its value lies in its simple analytic form and 
the fact that it contains only two constants which can 
be related to the properties of pressure P, volume V, 
and temperature T at the thermodynamic critical 
point. Other equations, with a larger number of 
variable constants are more fiexible and achieve 
greater accuracy over a broader range. 

Such an equation is that proposed by J. Himpan' : 

P+\a/[(V - b){TV - c)\] = ^ 7 - / ( 1 ' - d) (1) 

which has four empirical constants a, b, c, and d and 
is a modified form of the classic Berthelot equation. 
These constants can be related to the three condi
tions at the critical point (subscript c ) : 

I> = p^^V = ]\ , and T = T, (2) 

(dP/av), = 0 

(a'p/av-), = 0, 

(3) 

(4) 

and the fourth determined by requiring a fit to an 
experimental point such as the melting or boiling 
point. For extrapolation purposes estimates of the 
critical properties and the highest temperature at 
which accurate volumetric data are available can be 
used. 

Interest in the Himpan equation was generated by 
its use by M. Keilhacker' to fit sonic velocities in 
copper vapor generated from an exploding wire. If 
applicable to other metals, particularly sodium, it 
could he used to calculate thermodynamic properties 
off the saturation curve, and, by appropriate analyti
cal manipulation, the deviations from ideal gas be
havior of enthalpy, entropy and heat capacity. The 
ideal gas behavior is accurately known from spectro
scopic information and therefore permits calculation 
of thermodynamic processes without relying ex
clusively on the law of corresponding states. 

Constants fitted to the estimated critical properties 
of sodium and liquid density at the boiling point give 
a satisfactory description of the liquid properties but 
predict vapor properties, such as compressibility, to 
engineering accuracy (about 12 per cent). Differences 
between states are predicted to somewhat better ac
curacy. Above the critical point agreement is found 
with deviations from ideal behavior predicted from 
the corresponding states. 

Similar attempts to fit constants to vapor density 
information gave unacceptable results. This was 
found to be very sensitive to the technique used to 
fit the constants due to the non-linear character of 
Eq. (1). Consideration is being given to an iterative, 
non-linear, least squares technique which would per
mit use of all available experimental data, including 
such information as liquid compressibility and ther
mal expansion coefficients. Before publishing the de
rived constants a test of the equation against cesium 
data is desirable since the critical constants of this 
alkali metal are known and measurements on prop
erties extend to larger reduced temperatures. Similar 
extension to mercury, for which a small amount of 
density data extends beyond the critical point, should 
provide an additional check. 
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IV-20. Calculat ion of Expansion of Super-crit ical S o d i u m Vapor 
Released in an Experimental-Loop Accident 

D. MILLER 

As part of the experimental investigation of severe 
transients in sodium-cooled systems using the Transient 
Reactor Test Facility (TREAT), a problem arose in the 
prediction of the consequences of an accident in the 
Mark II TREAT loop. Intimate contact between 
molten fuel and cladding materials can raise sodium 
coolant to temperatures above its estimated critical 
temperature. Expansion of this vapor into inert gas in 
the outer can of the loop will raise its temperature and 
pressure and threaten the integrity of the loop and the 
reactor. 

To estimate the consequences of such an expansion 
several phenomena must be considered, the principal 
one being the effect of condensation. In addition, since 
experimental data on the thermophysical properties of 
sodium are limited to temperatures below 2000°K, er
rors are introduced in the extrapolation and estimation 
of these properties. Most of the calculations rely on the 
differences between values and, if calculated in a self-
consistent way, should minimize errors. 

Because the assumed initial temperature of 4000°K 
was well above the estimated critical temperature of 
2733°K for sodium,^ the equation of state was used to 
completely define this initial condition and the calcu
lated values of the deviation from the ideal gas entropy, 
enthalpy, and energy agreed with values from the modi
fied corresponding states tabulations of 0 . Hougcn, K. 
Watson and R. Ragatz.^ 

These tables used the critical compressibility Zc = 
PcVc/RTc as an additional parameter, where P is the 
pressure, T is the absolute temperature, V is the molar 
volume, and the gas constant H and the subscript c 
indicate the critical condition; the table entries were 
independent of Zc for values of (P/Pc) > 2 as was also 
the case of the initial condition. Within the accuracy 
of the modified corresponding states principle, the 
reduced properties of sodium would be expected to be 
similar to those of water since its estimated value of 
Zc = 0.2301 is very close to that of water. However, 
vaporization behavior of metals is expected to be 
different since the sodium is fully ionized in the liquid 
state and is a dielectric in the vapor state—different 
from the behavior of most of the fluids on which the 
tables are based. 

The equation of state chosen was that of J. Himpan^ 
which was found to accurately predict the behavior of 
the liquid and vapor states for many materials as well 
as their derived thermodynamic properties. This 

equation will be discussed in greater detail below (see 
Paper IV-19). 

In addition, several asymptotic solutions were 
calculated as recommended by Y. Zel'dovich and Y. 
Raizer.* These include the efjuilibrium temperature, 
vapor pressure, and volume along the saturation curve 
which should be an upper bound to the final temper
ature and pressure. Lower bounds were isentropic 
expansions which neglected the condensation of vapor 
and the associated heat of condensation. The isentropic 
expansions followed the relation 

PV] PoVl , (1) 

where the subscript 0 indicates the initial conditions, 
and 7 is the isentropic exponent which is generally 
related to the ratio of constant pressure and constant 
volume heat capacities. Substitution of the ideal gas 
relation and neglect of condensation related the tem
perature and volume by 

TV-' = T,Vr'. (2) 

Two values of y were used: the value of 5/3 for mona-
tomic gases and the effective value of 1.35 determined 
for the flf)w of saturated sodium vapor through a nozzle. 
The higher exponent produced lower final pressures and 
temperatures. 

The actual expansion will follow the isentropic path 
until sufficient subcooling below the eciuilibrium 
temperature causes nucleation and subsequent con
densation. The final condition for a rapid expansion 
into the two-phase region will be determined by the 
condition of no change iu the internal energy or a 
Maxwell expansion.' This energy balance will determine 
the mass fraction of vapor .r (or "quality") for a given 
final temperature. The final temperature is subject to 
the constraint that the final volume will be given by the 
sum of the liciuid and vapor volumes. The total pressure 
in the system will be the sum of the partial pressure of 
the sodium vapor and that of the heated argon gas. 

These relations can be expressed by the following 
energy, U, balance equations based on a mole of sodium 
and NAT moles of argon. 

+ (T: T l ) + . V . , r ( r 2 A r - T o A r ) . 

(3) 

Here the subscripts 0, 1 and 2 refer to the initial 
argon condition, initial sodium condition, and final 
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sodium and argon temperatures. The .subscript Ar 
corresponds to argon and the superscript refers to the 
ideal gas state. If liquifactioii occurs. 

u; U2 = x( U' -

-iut 
= iUt -

-l^H, 

- U2)a + (1 

- V2)r 

U2)a -t- (1 -

- PliVa-

-x) 

-X) 

F J ] 

(4) 

The subscripts G and L refer to the saturated vapor 
and liquid and AHv is the heat of vaporization. Finally, 
the volume will be calculated from the temperature T2 
and quality x from the temperature dependent molal 
volumes: 

F , = xF„+ (1 -x)V^ (5) 

The terms on the right side of Eq. (3) are calculated 
from the e(|uation of state or corresponding states and 
the ideal gas heat capacity. The final pressure is calcu
lated from 

PAT,) = PUT2) - 1 - ^ . 
i 0 

(6) 

The second term on the right side of Eq. (6) is due to 
the heating of j the argon gas, initially at one atmos
phere, to the temperature T2. 

Results from the calculation of the expaiLsion of 1G.6 
g of sodium initially at a temperature of 4000''K and a 
volume of 92 cm^ into 30 liters containing argon gas 
initially at 473°K are displayed in Fig. I\'-20-l. The 
final temperature for the two-phase expansion is esti
mated to be 1207°K and the final total prcs.sure is esti
mated to be 4.12 atm. Since this is higher than 
the estimated buckling pressure of the can, a rupture 
disc and relief line must be provided. 
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IV-21. Preliminary Reporl on ihe Equal ion of State of Iron and Steel 

D . MiLLEK 

In addition to the need for the equation of state of 
iron and its alloys, including steel, for application to re
actor safety problems, there is a strong interest in the 
subject for ordnance, geophysical, and astrophysical 
studies. Much information is contained in the literature 
of these subjects in addition to the usual physics and 
engineering publications. Because of their importance 
as prime materials of construction, these substances 
have been studied extensively, and a wealth of com
plexity has been revealed. 

i los t of the information obtained for the pressure-
volume relation for solid iron at high applied stresses 
has been obtained by dynamic studies,^"" although 
static^ ''^ and dynamic results have been brought into 
good agreement in recent years by improved experi
mental technique, calibration, and understanding of 
the phenomena. 

For the purpose of discussion, Fig. IV-21-1 gives an 
exaggerated description of some of the phenomena and 
the nomenclature generally used in their description. 
The dynamic stress-strain curve represents the average 
stress-strain path followed by materials as a wave front 
moves through it. This path is a function of 

1. the strain rate and the wave shape 
2. temperature 
3. composition—alloying agents, porosity 
4. previous history—residual strain, dislocations. 

As the wave front moves through the solid, the strain 
rate reaches a maximum value and then decreases as the 
peak stress is reached.^^ This peak stress, CTH , has been 
found to be very close to the quasistatic value, and it is 
the most useful point to serve as a basis for conversion 

ENGINEERING STRAIN, AV /V 

FIG. IV-21-1. Stress or Pressure Versus Strain. i4iYZ, Neg 
No. 113-951. 

to isentropic and i.sothermal conditions for comparison 
with ultrasonic and hydrostatic experiments. These 
maximum stress-strain data are plotted and form the 
Hugoniot for the material. 

The Hugoniot curve differs from the isentropic hy-
drostat Ps in two important ways. First, the entropy 
increase due to the shock front cau.ses the material to be 
at a higher temperature on the Hugoniot for a given 
strain (or specific v(»Iume) than on the isentrope; and 
second, the Hugoniot represents the state of stress 
compo.sed of the spherical component of the hydrostat 
plus a deviatoric component due to the material yield 
strength Y. 

A simple relation between the quasistatic uniaxial-
stress flow condition and the uniaxial-.strain flow condi
tion is used, although this flow condition may be strain-
ra te , ' ' ' temperature, ' *' composition, ' and strain 
history tlependent.^"*' The spherical component, or pres
sure, on the shock hydrostat PH is related to the Hu
goniot stress CH and yield stress Y by 

PH = <TH - HY. (1) 

The strains e^ along the Hugoniot are related to the 
uniaxial strain e by 

ex = ,"26 - Y/6K = 1 - V/Vc, (2) 

where K is the bulk modulus defined by 

- - ' • © . (3) 

1' is the volume, and I'o is the volume at the initial pres
sure (usually taken as one atmosphere and equivalent 
to zero pressure on the .scale of the phenomena con
sidered here.) 

Since the bulk modulus has been found to be hnear '" 
over a wide range of pressure, 

K(V,T) = Kc(T) + K\T)P(V) (4) 

where A'' = (aK/aP)T , Eq. (3) can be integrated to 
give the .Murnahagn equation of state in the purely 
elastic region: 

- f ^ K P r - . ] - - ^ - ^ ' - - (5) 

'I'his form of the pressure-volume relation fits experi
mental data for both isentropic and isothermal com
pression in the elastic region and can be made to fit the 
elastic-plastic" and purely plastic regions to be intro
duced below in spite of phase changes which take place 
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at higher pressures. The internal energy can be found 
from£ = - i PdV. 

The wave .structure in shock-compressed iron de
pends on the magnitude of the stress. Below the Hu
goniot elastic yield-point stress, a single elastic wave is 
found. In pure annealed iron, a slower pla.stic wave of 
greater stress amplitude is found above the Hugoniot 
elastic limit (HEL) . Above 129 ± 1 kbar and a strain 
tim, of 0.0040 ± 0.000.5 a .second plastic wave appears 
corresponding to a polymorphic phase transition ' " be
tween the body centered cubic (bcc) structure of a-iroii 
and the denser hexagonal clo.se packed (hep) phase of 
(-iron. This trarLsformation is complete at 330 kbar, and 
the elastic and the single .second pla.stic waves are found 
between this pressure and about 660 kbar when the 
second plastic wave outruns the elastic wave and a sin
gle wave structure is observed at higher pressures. The 
regions are .shown in Fig. IV-21-2. 

These transitions are composition "' and tempera
ture'^'"" dependent, but only the behavior of pure iron 
will be described here. 

While the linear shock velocity' I's and particle rela
tion ('„ in the form 

if0 hep = 16.58, K^ 1.10 

t s — (\ 4" SVp (6) 

is often convenient for describing the Hugoniot equation 
of state, the transitions make tliis convenient only in the 
purely plastic region. Murnahagn constants have been 
fitted to both the static and dynamic results in the 
regions of multiple waves. 

Constants to be used arc the ultras()nic isothermal 
values of M. Guinan and D. Beshers*" at 300 =b 1°K for 
bcc iron up to 10 kbar, 

Kl 163.5 kbar 

Po = 7.8.5 g/cc = l / l 'o 

and 

dK' 
dP 

5.20. 

K" = 5.29 ± 0.25, 

Isentropic values are similar; 

Kl = l(i64 ± 17 kbar and 

where S and T refer to isentropic and isothermal values 
of the constants defined in Eq. 4. These values agree 
well with those of C. Rotter and C. Smith" and also 
agree well with the static measurements of H. JIao, 
W. Bassett, and T. Takahashi' ' who found 

Kl bcc = 162S, K' = 5.92 

and 

Po = 7.87 g/cc for / ' < 130 kbar at 2.3°C; 

and 

Po = 8.32 for 300 > P > 130 kbar. 

From dynamic measurements, .J. Erkman*" recommends 

Ai = 369, A'"' = 22.8, 

and 

po = 8.38 for / ' > 131 kbar. 

The yield stress of iron and steel has been studied ex
tensively as a function of composition, temperature, 
strain rate, and strain history. 

.\ yield .stress of 12 kbar is recommended for annealed 
pure iron and the strain rate dependence is 

r . _ . = r.,„„..[{^/4o.4}"V,] (7) 

as fitted to the data of M. Manjoine'' for mild steel. The 
temperature dependence suggested by J. Bell"" for an
nealed fee metals in phustic deformation is 

= 5.47 ^ - 1 ^ ^ ."= kbar, (8) 

where Tm is the absolute melting temperature. The ef
fect of pressure on melting is given by the relation 

r „ ( ° K ) = 1807 + ;i.S/' (kbar). 

The heat of fusion is G4.9 cal/gm. The heat of vaporiza
tion is 1626 cal/g and the boiling temjierature is 3:^40°K. 
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TABLE IV-21-1. SHOCK VELOCITY CONSTANTS FOR 

IRON AND STEEL" 

Author 

Altschuler^ 

Skidmore and 
Morris" 

po , 
g/cc 

7.85 

7.84 

c, 
mni//nsec 

3.80 

3.67 

S 

1.58 

1.645 

Pressure 
Range, 

kbar 

400-5000 

330-5000 

" Other data can be found in the compilation of van Thiel.* 

The heat capacity is characterized by a Debye tempera
ture of 432°K."* 

It should be noted that the yield-stress phenomena 
completely disappear in samples prepressurized to 10 
kbar due to the reduction of dislocations.^^ 

Above the elastic-plastic region, the constants for 
the linear shock velocity-particle velocity, Eq. (6), ean 
be chosen from Table IV-21-1. 

The shock hydrostats can be corrected to the iseu-
tropes and isotheruLS by using the Griineisen equation 

P - PH 
y(V) 

V 
{E - EH). (9) 

The volume dependence of the Gruneisen coefficient 7 
is not well known, although the assumption of 7/K = 
To/V'o has been widely used and agrees reasonably well 
with experiment. Alder has suggested y/\/V = 
To/v^Fo is more nearly correct for iron. The volume 
dependence of 7 is still under active studyj^''"^ but the 
recent results of H. Richter lend support to the der
ivation of M. Rice and yields the relation 

V/Vo 

1 + - • 
7o 

(10) 

Recent data of Guiuan and Beshers which extend to 
10 kbars gives 70 = 1.81 for a-iron which is in better 
agreement with the thermodynamic value of 1.78 than 
the value of 1.633 calculated from the low pressure re
sults of Rotter and Smith.^^ The density po = 7.85 yields 
a value Vo = 0.1274 cc/g for a-iron. Values of 70 for the 
hep phase are not available, and the value 2.29 is sug
gested for e-iron with Fo = 0.1202 g/cc. 

Since the equation of state is also required when the 
material is placed under tension, some of the preceding 
material must be re-examined. Yielding and plastic 
deformation can also take place under tension. When 
material is placed in tension after being compressed 
beyond its proportional limit, the Bauschinger effect 
results in a lower stress for the same strain.^ '̂ ^ 

Because of the two-wave structure in iron, a negative 
shock will always occur above the transition point.^^ 

Several models have been proposed^^ for the equation of 
state in the tensile region and have given reasonable 
descriptions of the fracture phenomena for copper and 
other materials, although the tensile strength is de
pendent on the stress gradient or stress rate. The stress 
rate can be of the order of 1 Mbar/zisee and corresponds 
to strain rates of about 10** sec~^ 
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IV-22. Surface Tens ion and Critical Po in t s of Alkali Metals 

D. MILLER 

The surface tensions of reactor materials are of in
terest for theoretical and practical applications. Alkali 
metals are of special theoretical importance because of 
the relative simplicity of their electronic structure and 
their plasma-like nature. Surface tension also provides 
a measure of the rate of decrease of inter-atomic forces 
in the vicinity of an interface. Practical application in
cludes this property as a parameter in relations govern
ing bubble growth and collapse rates, as in boiling heat 
transfer or cavitation; the size of drops and their ad
hesion to surfaces of solids; the determination of wave 
length in some hydrodynamic stability analy.ses of boil
ing and expulsion; and as a principal determinant in the 
performance of heat pipes under agravitic conditions. 

At temperatures approaching the thermodynamic 
critical point, the surface tension decreases rapidly and 
can be used to estimate the critical temperature Tc, 
at which it vanishes, thus serving as a test of an ex
tended principle of the law of corresponding states.' 

Recent experimental data^ extend to higher tempera
tures than previously available and are in good agree
ment with several other investigators at lower temper
atures. Data* for sodium and potassium of lower purity 
are available to slightly higher temperatures but have 
been rejected because of the lack of agreement with 
other investigators. Curve fitting of the data was at
tempted in two forms. The first was a simple linear ex
trapolation 

hT, (1) 

where a is the surface tension in dynes/cm, T is the 
absolute temperature in degrees K, O-Q is the surface ten
sion if the liquid metal existed at absolute zero, and b is 
the temperature coefficient dcr/dT. 

The second form is called the Goldhammer-Guggen-
heim relation,^'* which can be derived from empirical 
relations between other physical properties and is 

a = ao[l - (T/l\)]^. (2) 

Here the symbols have their previous meanings while p 
is supposedly a universal constant which is taken as 
11/9 for normal liquids. Others" have found p to vary 
around this value, and theory" predicts 1.20 < p < 1.29 
if quantum and other effects can be neglected. 

A. Grosse^ examined the merits of these two equations ' 
and showed that linear extrapolation gave a slightly 
higher value of cro except for sodium. Linear extrapola
tion also underestimates the critical temperature. The 
experimental data' may be slightly in error due to tho 

density equations used in the reduction of their data. 
These equations are somewhat different from those 
recommended after a study of recent experimental data. 
However, these data were used to determine the con
stants in Eqs. (1) and (2) by a least squares technique. 
In applying Eq. (2), two methods were used: 

(a) The critical temperatures of D. Miller, A. Co
hen, and C. Dickerman were assumed from 
which a„ and p were determined; this is termed 
at. 

(b) The exponent 11/9 was assumed and 7tj and Tc 
determined; here the value is termed uo. 

The results are given in Table IV-22-I with the values 
for xenon given for compari.son. 

Values of ao are not strongly dependent on the method 
of fitting the data, but the critical temperatures are 
lower than those estimated from density and heat of 
vaporization —although the discrepancies are not large 
for those calculated from Eq. (2) by assuming p = 
11/9. Slight increases in p to the value of 1.29 as pre
dicted by theory bring the estimated critical tempera
tures into better agreement, although there are indica-
tioiLS that the surface tension data for lithium and 
cesium are both on the low side. 

The corresponding states parameter, ' ' ooVl'^/Tc, 
where Tc is the critical volume in cc/gm-mol,*^' is 
roughly constant as expected but about half the value 
found by Guggenheim and others for normal fluids, 
such as organics and rare gases (cf. xenon). These values 
range from about 4.0 to 4.7 with the exception of the 
value for water which is 2.7. A quantum mechanical 
effect should cause the value for lithium to be lower 
than those for the other alkah metals. The constants 
given in Table IV-22-I can be used in Eq. (2) to calcu
late the surface energy E from the relation 

E ,da_ 
dT' 

(3) 

or to extrapolate to higher temperatures ivhere data are 
unavailable. 

Equation (2) can be substituted into Eq. (3) with the 
result 

E = ".{x - 0 ' | l + ^(p,r„- 1)|. (4) 

If p were a universal constant, E would be a function of 
only a„ and the reduced temperature T„ = T/T,. This 
relation predicts zero surface energy at tlie critical 
point as expected. 
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Material 

Lithium 
Sodium 
Potassium 
Rubidivim 
Cesium 
Xeinm 

TABLE IV-22-I. CONST-KNTS FITTED 

<r, (Eq. 1), 
dynes,/cm 

473.8 ± 2 . 1 
227.6 ±0 .97 
138.8 ± 1 . 3 
105.0 ± 1 . 1 
8ri.80±0.82 
43.0r)±0.51 

b, 
dynes/cm-°K 

0.163 ± 0 . 5 X10-» 
0.0951 ±0 .18X10- ' 
0.0787±0.18X10-' 
0.0657±0.17X10-' 
0.0569±0.87X10-' 
0.1537±0.15X10-' 

T, 
(Eq. 1), 

°K 

2913 
2392 
1764 
1598 
1524 
286.5 

TO ExPBRIMENT.iL SURF.\CE TENSION D . \ IA 

an (Eq. 2), 
Method a 

494±1.4 
234±0.97 

142.8 ± 1 . 1 
108.7 ± 1 . 0 
90.24±0.73 
54.59±0.32 

P 

1.770 
1.248 
1.479 
1.582 
1.586 
1.287 

T. (Ref. 8) 

4310±100 
2733±40 
2287±40 
2164±40 
2040±40 

289.74 

"„ (Kq. 2), 
Method b 

482.2 
233.1 

141.2±1.19 
106.7±1.0 
88.4±0.82 

54.00 

T,, 

3306 
2697 
2005 
1800 
1720 

28:5.60 

era 1 c 

2.62 
2.27 
2.24 
2.02 
2.10 
4.56 
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IV-23. Fast Reactor Fuel Test ing in a Thermal Reactor 

J. C. CARTER 

The Fuel Failure Propagation Program requires 
that assemblies of fast fuel elements (7 or more) be 
placed in an environment similar to that existing in 
the core of a sodium-cooled fast reactor. This can 
only be accomplished by placing the fast fuel ele
ments in the core of a nuclear reactor. 

The reactor must be capable ot producing and 
maintaining the required heat generating conditions 
in the fast fuel. In addition, the reactor complex 
must have adequate test loop handling facilities, fa
cilities for removing the heat generated in the test 
asseinbly, hot cell facilities for disassembling the 
loop, and provision for instrumenting the reactor loop 
and test fuel elements. These essential requirements 
are evaluated and compared. The selection of the 
reactor is based on what is considered to be the best 
tombination of these requirements in currently avail
able facilities. 

The lengths of fuel elements to be tested (90 cm) and 
the length of the integral loop (25 ft) preclude any 
existing fast reactor core and its associated loop 

handling facilities unless extensive modifications are 
made both to the loop and reactor facilities. The 
alternative is that of surrounding the assembly of 
fast fuel rods by a thermal neutron filter and/or a 
converter and placing this assembly in a thermal re
actor of high thermal power, of low cadmium ratio 
and rcfiuiring a minimum amount of structural re-
\-ision. The asseinbly of fast fuel elements is to be 
isolated from the reactor and its systems by virtue of 
the fact that the assembly would be totally enclosed 
in a self-sufficient test loo]). The structural integrity 
of the loop is such that the fuel elements within it 
can disintegrate and cause no damage to the reactor. 

Since many kinds ot reactors might conceivably be 
used for the tests in this program, a survey was made 
by Argonne staff ot all known reactors in the USA. 
The materials testing type ot reactor appears to be 
the type best suited tor the experiments of this pro
gram and a few ot these meet most ot the criteria 
tor the test reactor. They are listed in Table IV-
23-1. Some have sufficient power in the core but do 
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TABLE IV-23-I. RE.ICTOHS SUIT,IBLE 

TESTING F . \ S T F I ' E I . ELEMENTS 

Reactor 

ATR" 
E T R ' 
GETl i ' 
HFIR ' 
MTRI 
ORR« 

Av Power Density 

Fuel, 
kW/kg U»» 

8500 
7600 
6200'' 

10,640 
9000 
4700 

Core, 
kW/ 
liter 

670 
494 
625'' 

2000 
400 
200 

Test Hole 

Active 
Core 

Length, 
ft 

4 
3 
3 

2 
2 

Cross 
Section, 

in. 

6.25 dia. 
6 X 6 
3 X 3 

3 X 3 
3 X 3 

Flux Avail-
al)le in Test 

Hole, 
n/cm^-sec 

X 10» 

Ther
mal 

>10 
4 
2 

6 
3 

Fast 

16 
4 
5 

5 

• Advanced Test Reactor, NRTS 
•• Engineering Test Reactor, NRTS 
'General Electric Test Reactor, Pleasanton, California 
•I Estimate for 60 MW operation 
' High Flux Isotope Reactor (ORNL) 
' Materials Testing Reactor NRTS 
8 Oak Ridge Research Reactor, ORNL 

TABLE 1V-23-1I. CIHH.\CTEHISTICS OF E T R CORE 

Total reactor power 
Thermal neutron flux 
Epithermal neutron flux 
Fuel-Uranium enriched to 93% 
Amount of U-235 in core 
Core diameter 
Core height 
Avg. specific power 
Power density 
Metal-to-water ratio 
Poison contents (natural 

boron) 
Control rod worth 

(a) safety 
(b) shim 

Vertical max-to-av power 
ratio in fuel 

Horizontal max-to-av power 
ratio in fuel 

Initial excess reactivity 

MWt 
n/cm*-sec 
n/cm'-sec 
U-235 
kg 
cm 
cm 
kW/kgU 

X 10" 
X 10" 

kw/l i ter of core 

g 

%k 
%k 

';»k 

175 
1.6 to 5 

6 to 15 

23 
81.28 
91.44 
76.00 

494 
0.67 

150 

6 to 16.6 
1 to 4 

2.4 

1.7 

8 to 11 

not currently have either the availability or facilities 
required tor the program, and would require extensive 
modifications to make them suitable. The research re
actors of the pool type generally have very low power, 
such as the Babcock and Wilcox Nuclear Develop
ment Center Test Reactor (BAWTR) which has one 
ot the highest fluxes available in a pool reactor. The • 
power demonstration reactors are either shut down or 
are currently undergoing structural changes. Tran
sient type reactors, such as the Transient Reactor 

Test Facility (TREAT), the Power Burst Reactor 
(PERI and the Modification to Spert IV (CDC), 
represent another class in which some experiments in 
the program may lie conducted. 

From an evaluation of the reactors in the survey 
of existing reactors which may be available, the 
Engineering Test Reactor (ETR) is considered to be 
the most suitable for the fuel failure propagation pro
gram with assemblies ot fast reactor fuel elements 
from a consideration ot fast flux, loop handling fa
cilities, licensing, and sodium/water safety assess
ment. The characteristics of the ETR reactor are 
given in Table IV-23-II. 

The position in the core is the 6 x 6 in. J-13 hole 
(Fig. IV-23-1) for which the estimated fluxes are 

thermal, 3.5 to 4 X 10" 
fast, 2 to 2.5 X 1 0 " 
epithermal, 4 X 10" 
cadmium ratio, 8. 

The required epithermal flux estimated tor the fuel 
elements to be tested is on the order of 1 X 10". 
For most ot the contemplated experiments a heat 
generation rate of at least 2000 W/cc ot UO2 fast 
reactor is required. 

In this reactor all experiuK'iital facilities are verti
cal and are inside the reactor vessel. The reactor 
control rod drives are mounted below the reactor bot
tom head where the experimental facilities least in
terfere with them. The top ot the reactor is near floor 
level because of the large clear-height needed to re
move experimental apparatus. Such things as the 
depth of the vessel, position ot the core, and size of 
the biological shield are set by allowable radiation 
level and biological considerations. 

The ETR facility is a complete nuclear engineering 
test facility. The reactor is light-water cooled and 
moderated and has a thermal rating of 175 MW. It is 
housed in a gaslight building 112 x 136 feet, ex
tending 58 feet above and 38 feet below grade. The 
reactor vessel consists ot the multidiameter vessel 
]iroper, removable elliptical dome with flat top flange, 
flat bottom head, a discharge chute, inlet water flow 
distributor, experimental hanger supports, experi
mental access nozzles, and outlet line connections. 
The vessel serves the functions of containing the 
reactor core and of providing radiation space and 
facilities to accommodate tho in-pile tubes to be used 
for nuclear radiation experiments. Facilities are also 
Iirovided for control rods, instrumentation, shielding 
ot the vessel walls, directing coolant flow through 
the core, and support ot all internal structure. The 
stainless steel clad carbon steel and stainless steel 
ri'tictor vessel design pressures and temperatures are 
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250 psig and 200°F. Operating pressures and tempera
tures are 200 psig at 110''F inlet and 150 psig at 
133.5°F outlet. 

The vessel internals consist of the inner tank, the 
internal thermal shields, reactor core, core support 
structure and the experiment upper support ring. 
The core support consists of six structural supports 
extending from the reactor bottom head up to and 
including the support plate and reactor grid plate. 
This structure supports the reactor core, beryllium re
flector and aluminum reflector, serves as a guide tor 
the experimental in-pile tubes and control rods, and 
transmits the pressure drop load across the core to 
the reactor bottom head. 

Tho reactor core is a square configuration of 52 
fuel elements, 12 shim control rods, 4 safety con
trol rods, 4 corner filler pieces, and 9 experimental 
facilities and it is approximately 30.4 inches square. 

The beryllium reflector is a 41/2 inch thick layer of 
beryllium extending completely around the core. The 
two originally designed regulating rods were con
tained in holes on opposite sides in the beryllium re
flector. Space also is provided in the beryllium for 
additional capsule-type experiments. The aluminum 
reflector pieces extend from the beiyllium reflector out 
to the inner tank walls. Provision is made tor eight 
experimental facilities in the aluminum reflector. Each 

aluniinum reflector element is built with a hollow in
terior providing tor additional irradiation space ot 
the capsule type. 

The reactor vessel is enclosed and supported by a 
high density concrete biological shield extending from 
the first floo;^ to the basement ceiling. This shield is 
8 feet thick at the core centerline. The 25-toot out
side diameter ot the shield is covered with a yj-inch 
steel plate. 

i la ter ial handling facilities include a 30/5-ton 
bridge crane, a 2-ton bridge crane, the li/2"tou GEEL 
bridge crane, a freight elevator, a passenger elevator, 
two hatchways, and associated equipment. Indi
vidual experiments use various types of handling 
facilities which, due to their specialized nature, are 
not discussed. 

The objectives ot the nuclear calculations are to 
determine the following: 

1. The ability ot the ETR core to produce and 
maintain a heating rate ot at least 2000 W/cc-cm ot 
the LT), fuel 

2. The characteristics of the neutron filter and the 
enrichment distribution within the assembly ot UO2 
fuel rods which most nearly produce the desired 
power distribution within the UOo fuel 

3. The effect of the pressure of the test loop upon 
the ETR core without and with other as yet unde-
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fined experiments occupying the other test portion in 
the core. 

The design of the loop is not firm at this date and 
consequently the nuclear calculations are all pre
liminary. The 2D ARC module and a modified "346" 
sixteen group cross section set are being used. The 
preliminary calculations indicate that the reactor is 
capable ot producing and maintaining a satisfactory 
nuclear environment. The average power is approxi
mately 15 kW/linear tt ot fuel element and a cal
culated power density of approximately 0.50 M W / 
liter in the region surrounding the J-13 test area (Fig. 
IV-23-1). 

The change in reactivity occasioned by removing 
the standard fuel boxes and replacing them by a 19-
fuel-element assembly surrounded by a cadmium fil
ter was less than a negative one percent. 

The power distribution across the horizontal cross 
section ot the 19-fuel-element subassembly can be 
varied by varying the material in the filter, by vary

ing the enrichment as a tunction of fuel assembly 
radius and length, and by spacing the fuel elements 
in the assembly. This parametric study is in progress. 

The effect of the proposed test loop upon the power 
distribution in the core of ETR without other tests in 
the core and operating at a power ot 175 W is insig
nificant. What the effect will be with other as yet 
undefined tests in the core is undeterminable at this 
time. Some calculations based on the assumption that 
typical test specimens will be in the test holes at the 
time the fuel failure propagation loop goes into J-13 
will be made. 

Critical experiments are underway in the Engineer
ing Test Reactor Critical Assembly. The results are 
reported in Ret. 1. 
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IV-24. Propo§al on "Vented" C o n t a i n m e n t for a Liquid 
Metal Fast Breeder Reactor (LMFBR) 

R. O. BRITTAX 

This is a proposal for alleviating accident conse
quences by "venting" the secondary containment at
mosphere through a heat sink filtering media to a 
standby control volume. 

T H E LMFBR CONT,\INMENT PEOBLEM 

It has become customary to provide mitigation and 
control of the consequences of a ''design basis accident" 
(DBA) in design of a nuclear power plant. I t is antici
pated that this custom will persist beyond the design 
of future LMFBR's. The DBA arises as a result of a 
credible but unlikely series of events which cannot be 
clearly delineated until a particular design is conceived. 

In general, however, the DBA will be characterized 
by either a rapid energy release leading to breaching of 
the primary system and burning of fuel and coolant or 
a massive break in the coolant .sy.stem followed by core 
meltdown and burning of fuel and coolant. This ap
plies only if the secondary atmosphere is not inert. If 
the energy release is "explosive", close-iu structuring • 
will attenuate the pressure wave and localize the dam
age. Hence, in either case successful control of the radio
active material will be contingent on the consequences 
of a metal fire. 

In a constant volume housing, such as provided for 
the EBR-II and Fermi plants, such a metal fire can 
lead to overpressures of about 5 atm and temperatures 
of several thousand degrees, theoretically. Control of 
the radioactive material with such a system requires 
that an expensive pressure vessel housing be provided 
which does not leak materially at these pressures and 
temperatures. 

The means provided in BWR and PWR plants to 
reduce the pressure and temperature cannot be em 
ployed with LMFBR's because burning metal and wa 
ter are not compatible. Introduction of inactive gas 
following the accident to reduce the extent of burning 
is not very feasible because another pres.sure rise and/or 
displacement of the oxygenated atmosphere is neces
sary. No such displacement can occur in a constant 
volume system. Smothering with inactive solids is also 
difficult because of the unpredictable locations of the 
burning metal and the thickness of the smothering 
blanket required. 

There are two other instances in which these types ot 
DBA have been encountered for fast reactor systems, 
the ZPR-6 and -9 complex and the Zero Power Plu
tonium Reactor (ZPPR). They differ from the LMFBR 
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in two respects. First, the zero power reactors have no 
structuring such as biological and blast shielding to 
attenuate pressure waves and convert the kinetic energy 
ot the reactor materials. Second, there is not a large 
inventory of fission products. Although the ZPR-6 and 
-9 complex originally was not designed for u.se of plu
tonium fuel, changes to the original containment were 
made which now make this possible. It is basic to this 
proposal to review the history of the problem solutions 
for the two sy.stems noted. Initial work on both of these 
systems dates back to late 1955. 

BACKGBOUXD EXPERIENCE 

ZPR-6 AND -9 URANIUM CRITICALS 

The criteria used in design of the cell housings were 
principally that (1) the hazard to the public be no 
greater than for other uranium fueled criticals at the 
site (i.e., ZPR-1, -2, -4, and -5 in the Building .31() 
ceils) and (2) that operations outside the complex not be 
impiiired by operation of the criticals. The DBA for tbe 
criticals in Building 310 cells assumed breaching of the 
cells and release of all the fi.ssion products and fuel to 
the iitmo.sphere in a rising cloud. This would not yield 
doses of 25 rem beyond the control boundary. The 
DBA for the ZPR-6 and -9 criticals a.ssumed that the 
maximum explosive energy release would not exceed in 
damage that due to a 100 lb. bare charge of TXT, fol
lowed by complete burning of the core materials, plac
ing all the fission products and fuel air-borne in the cell. 
In order not to exceed the original hazards it is neces-
siiry to design a system which holds together sufficiently 
following the blast to ensure that the radioactivity re
leased to the titmosphere would not result in doses 
greater than originally accepted. Since the U-235 in the 
fast criticals considerably exceeded that in the thermal 
and half-fast criticals, the cell structure would have to 
with.stand the projected blast witb only a small result
ant leakage. 

A design concept was proposed for the Building 316 
cells in 1956 by the author which, by increasing some
what (1 ft) the shielding wall and ceiling thickness (3 
ft) required to meet the second criterion and adding re
inforcing steel (?-4 %) to doubly reinforce tbe concrete 
slabs would allow meeting the first criterion. That is, 
sufficient bla.st protection would be afforded to make 
the radiological hazard to the public following the DBA 
no greater than tor previous .systems. After the design 
was complete, analysis and tests showed' •' that the cell 
would sustain no structural damage from detonation of 
a 100 lb bare charge of TNT, and only acceptable dam
age from a 250 lb bare charge blast. At the .same time, 
it was pointed out that the minimal design did not pro
vide complete containment because in tbe event of an 

accompanying metal fire, pre.ssure rises sufficient to 
breach the cell would be experienced, unless the cell 
were vented. A .scheme incorporating venting through a 
filtering medium with inertial protection of the medium 
pro\dded by a massive mertia block was proposed.' This 
would allow venting from the cell to the filter medium 
only after any blast which might occur. Such a sy.stem 
could prevent the release to the atmosphere of all radio-
acti\'e material except the gaseous fi.ssion products. . \ 
sand bed filter, such as had been used successfully in 
operations at Hanford, was proposed. This would give 
a reliable long term .standby safeguard with essentially 
zero maintenance and automatic operation. Since such 
complete containment was not necessary for the instal
lation at that time, this proposal was not incorponited, 
except that a removable section was provided in the cell 
wall below grade if later incorporation seemed desirable. 

ZPPR PLUTONIUM CRITICALS 

At about the same time, plans were being made to 
operate ZPR-3 at the National Reactor Test Site 
(NRTS) with plutonium. Even at NRTS only small 
plutonium releases could be tolerated so G. Brunson of 
the Idaho Division, Argonne Xtitional Laboratory, be
gan a searching in\-estigatioii of experience with the 
behavior of \'olatilized and burnt })lutoniuni preliminary 
to evaluating the hazards of the propo.sed experiment. 
Most of the experience had been in the weapons testing 
field. There he encountered a protection scheme which 
had been tested and shown to comjiletely prevent es
cape and atmospheric dispersal of volatilized finely 
divided plutoilium and PuOj following a sizable det
onation of high explosives. This is now documented in 
the open literature.^ Since this author was investigjiting 
containment problems generally, in connection with a 
review in preparation,^ Mr. Bruirson disclosed his find
ings in tbe hope that applications of the principle might 
be of some value. The author's evaluation was that ap
plication to fast power reactors was not valid since, al
though particulates were effectively contained, all 
gaseous fission products would be dispersed into the 
atmosphere. With the large inventory of such fission 
products present in a power reactor, tbe resulting radi
ological hazard would be intolerable. 

However, shortly thereafter, when it became evident 
that a very large fast plutonium critical would be needed 
and would be built at NRTS, the author proposed that 
an adaptation ot the "Ciravel tlertie" principle would 
provide an ideal solution to the containment problem 
for the ZPPR. The criteria for ZPPR differed from those 
of the critical facilities at the Laboratory's Illinois site. 
The operationtil shielduig criteria remained essentially 
the same, but the radiological hazard criteria had to be 
drastically altered because of the use of plutonium 
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rather than uranium fuel. The acceptable amount of 
plutonium fuel which may escape to the atmos
phere became several orders of magnitude smaller 
than that of uranium fuel. The original DBA 
for ZPPR remained about the same. The cell de
sign with the suspended gravel lens lid provided con
tainment following an explosion of up to 500 lb of TXT 
bare charge ecjuivalent and, with the addition of two 
sand layers, also acted as an adecjuate filter medium in 
case of metal fire alone. The DBA was altered later to 
exclude the possibility of an explosion. In addition, 
after completion of design the acceptable quantity of 
escaping plutonium was reduced three orders of mag
nitude by the AEC. This very small quantity (~1 g 
total) was below the limits of detection afforded in the 
full-scale "Gravel Gertie" test, so a "top-hat'* plenum 
with high efficiency filter banks was added above the 
suspended gravel. This provided au additional attenua
tion by a factor of about a thousand on the passage of 
particulates. However, no radioactive gases were re
tained.^ Although this "top hat" is considered superflu
ous, from the radiological hazard standpoint, it makes 
easier the assurance tests of the sand-gravel filter. 

ZPR-6 AND -9 PLUTONIUM CRITICALS 

Recently it became evident that the Illinois site 
critical facilities would have to incorporate plutonium 
fuel if they were to be useful in the projected civilian 
fast breeder program. This \\ ould recjuire that means be 
provided to contain essentially ail the plutonium follow
ing an accident. The modihcation of an existing leaky 
( '̂-'10 %/day) facility to retain all but ^̂ --l g of the plu
tonium required a different approach than design of a 
new system. The solution adapted^ was to essentially 
(1) shroud the existing thick-walled concrete cells in a 
Icakproof thin .shell of steel and duct the air in the in
termediate space through high efficiency filters to the 
atmosphere; and (2) duct the cell air through sand-bed 
filters and then through high efficiency filters to the 
atmosphere. Following an accident involving metal 
fires, contaminated air is forced through the sand filter 
and through leaks in the concrete cell wall. Both actions 
result in sufficient heat removal to protect the high 
efficiency filters against excessive temperatures. Item 
(2) of the design solution is an adaptation of the concept 
for a vented system proposed in Ref. 3, with a special 
valve replacing the inertia block to protect the filter 
system from blast. It should be noticed that the DBA 
finally used here does not include a blast. Furthermore* 
it should be pointed out that the noble gases and some 
volatile halogen fission products are allowed to escape 
to the atmosphere. 

T H E PROPOSAL FOR L M B F R CONTAINMENT 

Each time these vented containment schemes have 
been proposed for a critical facility, it has been sug
gested by some that the schemes might be suitable for 
fast power reactors. However, each time it was pointed 
out that whereas it is acceptable to release all the gase
ous (e.g., krypton and xenon) and much of the volatile 
(e.g., bromine and iodine) fission products from the in
ventory and excursion fissions of a zero power reactor, 
such releases from a power reactor would be unaccepta
ble. 

The fission product gas release criterion then consti
tutes the first significant difference between critical 
facilities and power reactor facilities. The .second prin
ciple difference encountered is that a power reactor 
has a large heating rate persisting after shutdown as a 
result of fission product decay, whereas a critical facility 
does not. The third significant difference is the presence 
of the metal coolant in the liquid state at high tempera
ture and modest pressure in the power reactor and the 
stored heat in the solids of the core and blanket. The 
fourth significant difference is the persistent specific 
energy release in the power system as compared with 
the momentary release encountered in an excursion of 
the "zero" power reactor. 

The author has devised a way to overcome the ob
jection, based on the first difference noted above, to the 
utilization of his critical facility vented contaminant 
concepts for LMFBR containment. The proposal has 
been investigated with respect to the other coasequen-
tial differences li.sted. It has been found that these dif
ferences influence the sizing and composition of compo-
nent.s only, and do not obviate the basic principle. 

Conceptually, the proposed system consists of: 1) a 
leak-tight normal containment building surrounding 
the primary system, including primary heat exchonger, 
fuel handling etiuipment, temporary fuel storage facility, 
and fuel transfer terminus; 2) a set of ducts connecting 
the building to a plenum containing a sand-gravel filter 
bed; '^) a second set of ducts connecting the filter bed to 
an auxiliary variable volume closed to the atmosphere 
by a flexible membrane. This concept is shown sche
matically in Fig. IV-24-1. 

If a pressure rise occurs in the normal containment 
building, the air passes through the filtering medium, 
giving u]) heat and depositing particulates and con-
deiLsed volatiles. The "clean" gas continues into the 
auxiliary volume where the membrane adjusts position 
to accommodate the "vented" gas. Thus the remainii^ 
noble gasses and volatile halogen fission-products are 
prevented from reaching the atmosphere except by 
leakage and by diffusion through the membrane. 
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STATIC ANALYSIS 

A crude sizing study is jiossible by coiLsidering only 
initial and final states of the gas. Initially the gas sys
tem volume is composed of the containment vessel Vc 
and the void space in the heat sink-filter volume VB . 
The gas temperature is initially uniform at To and the 
pressure is uniform at I'o. Then the total initial weight 
olairis uio = I'o{Vc •+• V„)/RT. During metal combus
tion, some fraction (/j) of the air is burned, so that the 
final weight of air in the system 

»/ = (1 -fl.)Po{Vc-^- Vn)/RTo. 

This final weight of air is distributed in three volume 
segments, Vc , VB , and I'.,, where I ' j is the volume of 
the auxiliary containment beyond the heat sink-filter. 
Some heat is removed from the air by the heat sink-filter. 
Hence, the final temperature of the gas is different in 
each volume segment; Tcf in the containment vessel, 
TAJ in the auxiliary vessel, and a non-uniform TB^ in 
the heat sink-filter varying from To, at one end to TA, 
at the other. The final pressure P/ is uniform every
where. Thus the weights of air in each of the segments 
are w,, = P,Vc/RTc,, WB, = PJVB/RTB, , w^, = 

PA'A/RTB . Here TB, is an "average" value. The sum 
of these three weights of air can be equated to w, given 
above, assuming no leakage. Then with some manipula
tion the desired volume ratio is found to be 

VJVc = 1(PO/P/)ITA,/TO)(1 -ft)(l -f- VB/VC) 

-(T„/Tc/) - {VB/Vc)iTA,/T„)]. 

The temperature rise in Vc from initial to final state de
pends on the amount of burning and on the heat ca
pacity of the air and combustion products if the as
sumption is made for this crude analysis that no heat 
is lost to the Surroundings. 

Tcf can be related to the burning fraction/6 b\' intro
ducing 7 as the ratio of temperature ri.se that would oc
cur if all the oxygen is burned to the initial temperature, 
all multiplied by the initial air-to-oxygen density ratio. 
Then 

Tc,/To = /i7 + 1. 

TA, must be related to the heat removal ability of the 
heat sink-filter. The temperature state in such a system 
can be described by (TB — Tc)/iTc, — To) as a func
tion of a position through the filter; i.e., (Te — To)/ 
(Tc, — To) = <!>'"' where î  is the value of the function 
at the downstream end {x = L), namely 

Hence 

<*. = (7-.,, - To)/iTc, - To). 

TA,/TO = 0/tT H- 1. 

The average value of TB, is obtained by integrating 
the function given above over the filter length L, 
(from x/L = 0 to x/L = 1). The result is 

http://ri.se
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T„,/To = f,n(<t> - l),/(ln(/.-|- 1). 

Using the above forms for the temperature ratios, and 
in addition, assigning Po/Pj = « and VB/VC = (3, the 
volume ratio of Eq. (1) can be rewritten as 

VJV, [a(l - A)(l +S) 
(/<.7+ 1) 

/ i7 (0 - 1 ) 1 u« + ij 

(2) 

(A*T + 1)-

(3 will be « 1 for all cases of interest; hence with negligi
ble error Eq. (2) may be written 

VJV. [a(l - A) - l/tfa ->r l ) ] ( / ^7 + 1). (3) 

The refpiired sizing of the auxiliary volume can now 
be roughly determined for various choices of initial-to-
final pressure ratio (a), for various fractions of air burned 
(ft), and for various heat sink efficiencies (< )̂. I t appears 
on the basis of sodium burning tests to date that a value 
of 7 = 15 is about the maximum which can be ex
pected, and that / jwdlbe <0.L5. VA/VC is not a strong 
function of </>. If it is assumed that <(> ;^ 0.1 can be .at
tained with a practical heat sink-filter, the required 
volume ratio can be fisted as a function of acceptable 
overpressure: 

Acceptable Overpressure, 
P,/Pn (= 1/a) 

2.6 
2 
1.5 
1.2 

Required, 
VA/VO 

0.040 
0.143 
0.317 
0.491 

DY'NAMIC BEHAVIOR ANALYSIS 

The crude static analysis above may be used for 
rough sizing, but since the situation to which design is 
ultimately aimed is a dynamic one, it is necessary to 
explore the .system behavior during the accident. To do 
this, the dynamic behavior of each component must be 
ascertained along witb tbe interaction of each with the 
other. Pervading these interactions are thermodynamics, 
composition, and motion of the contaminated gas in the 
system. 

The materials ejected from the primary sy.stem ignite 
and bum at a varying rate, depending on degree of dis
persion, oxygen content of the air, and self blankethig, 
primarily. Ot the heat released on burning, a portion 
remains with the oxide formed, a portion heats the air 
mass which is being depleted of oxygen. Some of the 
combustion products become airborne as smoke which 
along with the gas, transfers heat to other materials in 
the containment cell (walls, reactor shielding, other 
components, etc.) by convection, conduction, and radi
ation. As the gas heats up, the pressure increases so 
that some of the gas-bearing oxide particles arc forced 

through the heat sink-filter to the auxiliary contain
ment who.se available volume increases to accommodate 
at atmo.spheric pressure until the rigid volume is filled. 
As tbe gas passes through the beat sink-filter, the oxide 
particles are retained, giving up heat to the filter me
dium as does the gas. After the auxiliary volume has 
been filled with the cooled gas, the pressure in the com
ponent will continue to increa.se until it is equal to that 
in the containment volume, at which time flow-through 
stops. After equalization at peak pressure, the gas in the 
containment vessel continues to give up heat to the sur
roundings. As it does, the |)ressure begins to decrease 
and reverse flow occurs. This will continue until tem
perature eiiuilibrium among the components is reached, 
at which time flow again ceases and the final state con
dition of the fir.st cycle is established. Further fluc
tuations are possible, since the after-glow heat source 
continues to exist, although burning has .s-topped. Mag
nitudes of the .secondary temperature and pressure fluc
tuations will be determined by the after-glow heat 
source .strength, the heat capacity of the combined sys
tem, and the heat traiLsfer rate to the external environs. 
It should be further noted that the final quantity of gas 
will be decreased by the amount ot oxygen coiLsumed, .so 
that at some time before ambient temperatures are at
tained, the internal pressure will decrease below atmos
pheric unless make-up gas is admitted. The dynamic be
havior outlined above has been examined to the extent 
necessary to delineate the calculational analysis and 
experiments necessary to characterize the final sy.stem 
sufficiently for de.sign purposes. 

The analysis is presumed to begin witlr heat being 
added to the air in the containment volume Vc at a 
rate which varies arbitrarily with time. This byp.sases 
temporarily the necessity of considering the mode of 
burning and heat trairsfer to the air and combustion 
products. In addition, it is as.sumed that all ot the air in 
IV heats or cools simultaneously. Thus all the air m 
Vc is characterized by a single temperature and pres
sure at any given time. In addition to the heat added, 
there is heat removed from the au- in Vc through heat 
absorption by the materials in Vr exposed to the gas. 
This cooling rate is a function of time, but is determined 
by the gas temperature and by the temperature and 
thermal diffusivity of the materials (e.g., the contain
ment wall). 

The temperature of the air in Vc is determined from 
the heat content which in turn is determined by inte
gration of the heating and cooling rates. The correspond
ing pressure is found from the perfect gas relationship 
among pressure, temperature, volume, and mass. How
ever, the ma.ss of gas is indeterminate because some 
passes out of Vc through the heat sink-filter as the pres
sure in Tc rises above tbe pressure in the auxilliary con-

http://who.se
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tamment volume VA . The mass flow rate is generally 
an experimentally determined function of the pressure 
difference acro.ss the filter. The variation of the gas 
mass in Vc can thus be determined by time integration 
of this mass flow rate. The pres.sure in VA needed to de
termme the pres.sure drop across the filter is determined 
by the atmospheric pressure, the rigid volume of VA , 
and by the incoming mass and temperature of the gas 
(which in turn is a function of the heat removal proper
ties ot the heat sink-filter). 

A set ot interrelated integro-differential equations 
describing tbe above relation.ships can be written, but 
cannot be solved in clo.sed form. However, they are 
amenable to numerical treatment u.sing an iterative 
procedure for each time-step taken. The c(iuations 
governing the dynamic behavior are: 

Qc = QCH ~ Qcc i'̂  the net heating rate of the air 
in Vc 

QCB = fi{l,fb) is the heating rate due to burning 
Qcc = fiil,Tc) is the cooling rate by absorption 

he = hcn + i'o ' Qc/Wc) dl is the enthalpy of a unit 
mass of gas in Vc 

Tc = hc/c, is the temperature (absolute) ot gas in 
Vc 

c„ = fii Tc) is sjiecific beat at constant volume of 
gas in Vc 

Wc = Wc„ — So (dwc/dl) dt is total weight of gas 
in Vc 

iwc/dt = fiiPc , PA) + BQc is rate of gas mass flow 
through filter plus rate of oxygen consump
tion (B = mass ot oxygen/unit enthalpy) 

Pc = Pc, + iR/Vc)U'o{Qc/c,)dt -
TcJ'o idwc/dt) dt] 

is pressure (absolute) of gas in Vc 
Wj = JJ (dwc/dt) dt is weight of air in auxiliary 

containment 
TA = fi(Tc ,PC ,PA) is temperature of air in 

auxiliary containment 
VA = (RTA/P.,)JO (dwc/dt) dl is variable volume 

of gas in auxiliary containment, constant 
after VA equals rigid volume F.,„ 

PA = Po until VA equals T'.,„l . . ., 
DT / t ' « I- IS pressure in auxil-

= WARTA/V AB after \ A ( • . • . 
' , ," lary containment, 

equals \ AB J 
In these equations 

I t is necessary to choo.se forms for the various func-
tiolis, fi,fi, fi-, and / s . Having done so, the P-V-T re-
latioiLships for the containment gas can be obtained for 
any prescribed choice of A and time step by successive 
solution of the above equations, using values of the 
thermal characteristics and variables existing at the 
last time step where necessary, to arrive at first approxi
mations. It is then neces.sary to proceed through suc
cessive solutions again and again, using each time the 
newly calculated approximations until satisfactory con
vergence is obtained for each variable. This can of 
course be done by hand calculation since the time steps 
usually do not have to be small. However, this is very 
tedious. Hence, with the aid of H. (Ireenspan of the 
Applied ^lathematics Division, the calculations have 
been programmed, using FORTRAN I\ ' . The cards 
have been arranged so that various forms of the func
tions f2 ,fs ,fi , and fi can be substituted in the future. 
In the present form of the code PA , TA , and I'., are 
not calculated, and the restriction of a rigid aaxiliary 
volume is not imposed, so that PA and TA are assumed 
to retain their initial values. 

The initial selection of the functions/„ were as follows: 

/ i = .4i -F A,t -I- . 4 / ; 

this is the heat relea.se rate due to burning with -li , 
A-y, and A3 as input data. 

/ j = (Bl -f- B,Tc -I- B,Tl)(dTc/dt) = Qcc ; 

this form assumes only that a very thin layer of the 
concrete walls is heated uniformly to the gas tempera
ture and thaf the specific heat of the wall is a quadratic 
function of the temperature. 

f, = (C. + CTc + C^Tl) = Cv-, 

this is a reasonable form for the value of the specific 
heat of air at constant volume, and the constants f'l , 
C\ , and (\ are available from handbooks. 

( s time after burning starts 
/» = function, rj = 1, 2, • • • 5 
fi = fraction of air burned 
R = gas constant; 
c denotes containment cell 
A denotes auxiliary cell 
0 denotes initial value. 

U= (i», -I- A \ / P , - - PA 

-\- D^iPc - P.,) -{- IMPc - P.,f-, 

this is the rate of air flow through a sand bed filter. The 
constants can be obtained from flow tests. Values used 
in pre.sent calculations were obtained from tests on a 
sand bed filter proposed for the cells of Building 31().'" 

.fs = Tco ', 

this is an assumed constant, wiiich irapfies heat re
moval rates for the heat .sink fificr equal to Qc . 

Several sample problems were run to check the -sensi
tivity to variations in assumptions on these functioas. 
The results indicated that: 

1) The inclusion ot Qcc = A' -strongly affects the re-

http://choo.se
http://relea.se
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sultant temperature and pressure in Vc . The heat re
moval mechanism by absorption must be included, but 
it must always be conservative. This is not always true 
for the/2 chosen. To ensure conservatism, it is necessary 
to utilize a more exact model for the heat absorption, 
including radiative transfer. The absorption is prin
cipally affected and governed by the thermal diffusivity 
of the absorber. A mathematical solution of the heat 
transfer problem for an arbitrarily varying source 
temperature is not available. A relative simple numerical 
solution based on the semi-graphical solution method of 
E. Schmidt^ has been formulated. A quasi-conductivity 
of the gas was developed to include radiative transfer 
effects. Various starting schemes were examined to yield 
that one which would result in the least deviation from 
true values. Such a calculation could replace that 
originally chosen. However, this more sophisticated 
scheme has not as yet been programmed and coded. 

2) It is important to leave c,, = fs variable because of 
the wide range of Tc encountered. Use of a selected mean 
c,. will generally result in a calculated temperature rise 
which is too small initially and too large in the later 

3) The detailed flow characteristics of the heat sink-
filter strongly affect the peak pressure developed. A 
large amount of experimental data has been obtained 
on pressure drops experienced in flow through packed 
beds.^ The pressure drop is assumed to be a function of 
superficial velocity, a friction factor, length of bed, 
particle size and shape, void fraction, and the mechani
cal properties of the fluid. The friction factor is cor
related with a modified Keynolds number. The velocity 
may be obtained for a given set of properties and pres
sure drop by iterative calculation on the velocity-de
pendent friction factor. The correlation of experimental 
data on friction factor versus Reynolds number has been 
examined and it was found that the spread is sufficient 
to yield an uncertainty in friction factor of '^ ± 5 0 % . 
Furthermore, there is a spread in shape factor for non-
sphericity from 0.6 to 1.0. The combination of these 
uncertainties makes estimation of the velocity uncertain 
to + 6 0 % and —30%. Thus in practice it would be im
perative to obtain the correct relatiotLship between pres
sure drop and mass flow rate experimentally to ensure 
proper performance. If experimental data are not avail
able, the function f^ may be assumed to have a linear 
relationship between pressure drop and velocity for 
Reynolds numbers < 5 , using the area of the particle 
surface per unit of bed a-s the characteristic area in 
Â 'RC = VQ/PS, where ô is the superficial fluid velocity 
and V is the fluid kinematic viscosity. 

4) It is unconservative to assume that the exit tem-
jx'rature of the gas from the heat siid^-filter has been re
duced to initial temperature, and that the rigid volume 

of the auxiliary containment is infinite. Many studies 
have been made of the heat absorption efficiency of the 
packed bed. However, both the experimental and the
oretical analysis have assumed constant gas inlet tem
peratures. The heat transferred is a strong function of 
this temperature and of the thermal diffusivity of the 
packing particles. Realistic analyses with variable inlet 
temperature remain to be done. A variation of the same 
method used to determine heat soaked up by the wall 
could readily be applied to .spherical particles and in
corporated into the numerical calculation scheme. In 
the period before this is accomplished the following 
considerations can be used to relate exit temperature to 
inlet temperature, initial bed temperature velocity, and 
time using the mechanical characteristics of the bed 
and thermal characteristics of the gas and bed. 

A correlation for the ratio of outlet to inlet gas tem
perature excesses of a hot gas moving through an ini
tially cold pebble bed in a tube has been obtained ex
perimentally by O. Saunders and H. Ford. Specifically 
if Tc — To = 00 and TA ~ TO = QL , the experimenters 
have plotted 6 L / 0 O against the dimensionless number 
VoCgt/(\D, = * , with HB/DS a-s the parameter. Their 
correlation holds for DB/D^ > 10, at least. Here Cg and 
Cs are the volume specific heats of the gas and particles 
respectively, DB and Dt, are the diameters of the bed 
and particles respectively, and HB is the bed height. 
This correlation has been used but ^ versus HB/D, 
with 6 L / 6 O as the parameter has been plotted. It is 
found that the relation is linear in the ranges 2[1 — 
exp (HB/D,)] < * < 1.2(//a/Z>,) and 0.10 < 0^/60 
< O.SO so that ^ = X + ^{HB/D,) within. Also X and 
f are linear with QL/QQ • Hence within the limits of 
the above ranges, it was found that 

^ = [7(e;,/eo) - 4.4 

+ 0.4[1.15 + {SL/eMHB/D,)] 

ez./eo = [* + 4.4 - 0.-i(y(HB/Hs]]/[7 + O.MHB/HS)]. 

It is recommended that this relation be used in develop
ing /s until a more realistic solution is available. Fur
thermore, it is important to the design studies to know 
how long the hot gas can be passed through the bed be
fore the exit temperature rises significantly. This in
formation would have to be correlated with the amount 
and rate of burning to determine adequacy of the bed 
as a heat sink. 

CONCLUDING REMARKS 

Enough of a study has been made to assure that a 
reasonably practical design of heat sink-filter and auxil-
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iary containment building can be obtained which will 
result in a significant reduction in design pressure for a 
whole contauiment .system. Further detailed study of the 
two heat sinks which were a.ssumed, coupled with refine
ments in the current numerical dynamic analysis, is 
necessary before a specific de.sign can be realized and its 
performance proved. Experimental .studies of behavior 
of sand-gravel beds with variable inlet gas tempera
tures are recommended. 

It should be realized that the alternative to .such a 
"vented" system would be to operate with an inert 
atmosphere. This inerting would eliminate the burning 
heat source, but not the after-glow heat source. It is 
possible that a combination scheme in which oxygen is 
limited and "venting" is resorted to may prove to yield 
the most practical and economical .system. At any rate, 
the work program recommended herein needs to be 
done before the relative effect of these two measures in 
obtaining an optimal system can be studied. 
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IV-25. Contr ibut ion to Formula t ion of Fuel Failure Propagation Program 

R. O. BRITTAN 

IXTRODUCTIO.V 

During the course of preliminary planning for a 
program to be addressed to the fuel failure propaga
tion problem a series ot related studies was made and 
the results are reported here. 

There appears first an assessment of the problem 
and an outline ot a projected attack on it, utilizing in-
pile experiments. This is followed by a survey ot 
existing loop technology and by the set ot criteria 
selected and annotated to study suitability ot various 
test beds. The results of these surveys and suitability 
studies, made prior to February 1, 1968, are presented 
(except for privileged information) along with rec
ommendations on directions to be followed in de
veloping the program. 

Much of the intormation and techniques should be 
ot interest to those defining experiments needed tor 
the Liquid Metal Fast Breeder Reactors (LMFBR) 
safety program and studying facility needs to handle 
the experiments. 

THE PROBLEM AND PROGRAM AIMS 

It would be economically unsatisfactory to build a 
large fast breeder reactor in which fuel pin failures 
due to expected abnormalities would cause failure in 

adjacent subassemblies. I t physical damage is con
strained to one subassembly, the core can be re
paired with Jjttle loss ot time and at reasonable cost. 
I t adjacent subassemblies are damaged progressively, 
and the core generally is damaged beyond reuse (or 
beyond recovery) as a result of a minor pin failure, 
the economic burden would be unbearable. 

Single or few pin failures will occur, and even 
damaged single subassemblies are highly likely dur
ing a long core life, especially since it is usually 
economically sound to operate a given core as long 
as possible, even following occurrence ot several 
failures. 

I t must therefore be a principal aim to design a 
core in which pin failures in a subassembly due to 
expected abnormalities, or at the end of the pin life 
span, do not propagate to the extent that adjacent 
subassemblies are affected. In addition, it would be 
highly desirable to render a design in which failure of 
a single pin would not cause failure of adjacent 
pins so that operation can continue, even at somewhat 
reduced power. 

To accomplish these aims, it is necessary to study 
"normal" operational failure propagation within a 
subassembly and throughout adjacent subassemblies, 
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both experimentally and analytically. The fruits ot 
such a study must act as a guide to the fuel element 
and core designers, enabling them to, accoijiplish their 
aims. This study must lean on and mesh with the 
transient fuel failure and fuels technology programs 
extant. "Steady state" failure thresholds may also be 
established to provide data tor operational judge
ments regarding continued operation after minor fail
ures. Tests will also be needed to substantiate pre
dictive methods ot analysis. Consequently, this 
failure propagation program becomes an inherent part 
ot any sound fuel technology program which has as 
its principal aim the development of fuel which can 
be integrated into a core design for an economically 
successful and adequately safe reactor plant. 

I t may be that during the course ot such a pro
gram, results could make it possible to suggest an 
integrated core system in which propagation will not 
occur as the consequence of any expected abnor
malities. It would seem prudent tlien to set up the 
failure propagation study program so as to have such 
au integrated system as a specific aim. 

EXPERI.MENTAL PROGRAM OUTLINE 

Because of difficulties involved in preparing ana
lytical models ot propagative failure, the basic as
sumption must be made in preparing the program 
plan that the useful intormation, from the fuel de
velopment standpoint, will come from experiments. 
Furthermore, because ot difficulties in simulating nor
mal operating conditions (principally thermal) in the 
laboratory, the program plan must center about ex
perimental studies in-pile. Out-ot-pile tests are con
sidered principally in a supporting role, preparatory 
to and interpretive ot the in-pile experiments. Sim
ilarly, analyses play a supporting role, and in addi
tion relate experiment to actual operational behavior. 

In planning the program it is significant that de
termination of modes ot single pin failure is not con
sidered within the scope of work. I t is assumed that 
these modes will be determined under the Fuel De
velopment Program and the Fuel Jlcltdown Program, 
or other related studies. 

For each failure mode deemed significant and 
chosen tor study, it will be necessary to determine 
propagation (or lack of it) in a primary cluster (7-
pin). If failure propagation is noted and cannot be 
corrected by design, continued failure propagation 
must be studied in successively larger clusters (13-, 
19-, 31-, and 37-pin) throughout a subassembly. ' 
Should propagation be found to continue throughout 
a complete subassembly and not be corrective, it will 
be necessary to determine it failure propagates 
radially to adjacent subassemblies. In addition, in

direct failure propagation to adjacent subassemblies 
as a result of axial coolant ejection and accompany
ing hydrodynamic effects or material transport to 
adjacent subassembly coolant inlets must be studied. 
Significant portions of this latter investigation should 
lend themselves to out-ot-pile experiments. 

Preparatory to the failure propagation experiments, 
single pin in-pile tests must be planned. After select
ing the particular failure mode to be used in a series, 
it will be necessary to devise means of inducing such 
a failure at the desired time during the in-pile tests. 
Such means will be developed out-of-pile, but an in-
pile check on the method must be made on a single 
pin before such failure can be assured in a cluster 
test. 

Furthermore, non-failure control tests must ac
company each propagation test series. Such control 
tests would simulate all the conditions ot the propaga
tion test except actual pin failure. It is necessary to 
perform these control tests to check the inter-rela
tionship between the test reactor and the test con
ditions, to check thermal and mechanical perform
ance, and to check instrument response in relation 
to test conditions. 

On the basis ot the above requirements and as
sumptions. Fig. IV-25-1 outlines a basic test program 
(in-pile) which would be necessary and sufficient tor 
each failure mode to be investigated. 

It should be noted in connection with such a pro
gram that it in a given test the failure does not 
propagate, it is unnecessary to carry out the succeed
ing tests. Thus the minimum number ot in-pile tests 
per failure mode would be six, and the maximum 
would be twenty-one. As a modification, the seven-
pin tests might possibly be omitted. One might go 
directly to the thirteen-pin configuration which pro
vides line-of-sight isolation tor, and thus more uni
form masking ot, the central (tailing) pin. 

The general sequence ot operations envisaged tor 
one test in such a program (after the single pin fail
ure inducement test has been conducted) is listed as 
follows: 

(1) Assemble loop test section 
(2) Conduct pre-loading check-out of test section 
(3) Prepare pins and delineate their original phys

ical condition 
(4) Load the test section 
(51 Check instrumentation performance 
(6) Transport package loop or test section to re

actor 
(7) Load test section into reactor 
181 Run test and ascertain data aquisition 
(9) Remove test section from reactor to cooling-

down storage 
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DESIGN A 

ADDLMODE ADDLMODE SELECTED FAILURE MODE ADD'L MODE 

NO PIN 
FAILURE 
INDUCED 

SINGLE PIN 
FAILURE 
INDUCED 

SINGLE PIN FAILURE 
INDUCTION TEST 

17-PIN I 

7-PIN 

Trr 
| | 3 P I N | 

19-PIN 

31-PIN 

| 3 7 - P I N | 
INTERSUBASSEMBLY 

OUT-OF-PILE FAILURE 
INDUCEMENT DEVELOPMENT 

FLOW COASTDOWN NORMAL OPERATION OVERPOWER 

F I G . IV-25-1. Basic Test Program (In-Pilc). ANL Neg. No. IIS-1507. 

(10) Transport test section to disassembly caves 
111) Conduct disassembly post mortem examina

tion 
(121 Bear the remains to final post mortem ex

amination cave 
(13) Perform detailed post mortem examination 
(14) Ship remains to storage or burial 
(15) Analyze and write up findings. 

LOOP TECHNOLOGY AND TEST BEDS 

The general nature ot the program has been set 
forth above. I t is necessary to consider next where the 
tests can be run, what loop technology is available, 
and how it can be adapted to the tests. These con
siderations must proceed together to some extent. For 
example, if two test reactors are found to be avail
able, and one requires the development of a new 
test loop l)ut the other can accommodate an existing 
loop (or modest rearrangement of one), the latter 
would be a superior choice from the standpoint ot 
time and money. 

Fortunately, flowing sodium loops have been de
veloped and used to test seven-pin clusters under 
severe failure conditions (in-pile) for some time at 
AXL. Such loops, developed and used under the 
Fuel Meltdown Program iu the Transient Reactor 

Test Facility (TREAT), are the so-called Mark-I 
loops (counter-flow package). 

The experience with Mark I, and the need tor 
testing ceramic fuel pins, has lead to the develop
ment and fabrication of a Mark I I design. The 
modifications provide: 1) higher pressure capability 
(5000 psi); 2) much greater flow rates (about three 
times); 3) measurement ot exit sodium flow rates. 
These were accomplished by incorporating the test 
section in one leg ot a continuous loop (counter-flow 
eliminated), adapting a new pump concept, and in
creasing the wall thickness of the test section, prin
cipally. The loop is now an ASME Class A Nuclear 
Vessel rated for a steady state jiressure ot 340 atm at 
a temperature ot 538°C. To accommodate the Mark 
II loop it was necessary to double the cross section of 
the test package from 4 x 4 in. to 4 x 8 in. (The 
TREAT modulus tor holes is that of a fuel element 
cross section, 4 x 4 in.). The first Mark II loop has 
been fabricated and is being readied for initial tests. 
Nine more are being fabricated. Both Mark I and 
Mark I I loops were designed and developed by L. 
Robinson (ANL). Preparation of loops for tests, plus 
loading, unloading, and post mortems have been car
ried out by a group of persons in the Reactor 
Physics Division. ANL, under K. Schmidt (ANL). 
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Planning ot the tests, along with pre-test and post 
mortem analyses, has been carried out under C. 
Dickerman (ANL). The counseling ot these princi
pals should be invaluable to the Fuel Failure Propa
gation Program planners and executors. 

The tests carried out in TREAT under the Fuel 
Meltdown Program are much more severe than those 
contemplated for the Fuel Failure Propagation Pro
gram, and to some degree are used to determine 
failure modes and propagation under violent accident 
conditions. Thus, on the basis ot such tests, the fail
ure propagation tests could be carried out (at least 
in TREAT) with confidence that the reactor facility 
will not be affected adversely if the proven loop com
ponents are adapted. 

The test section of Mark II can be increased in 
size to accommodate up to at least 19 pins, and the 
pump can be removed from a side-by-side position 
to a |iosition above the test section. This can be done 
easily to modify to a 6 x 6 in. j^ackagc cross section 
and, witb considerably more difficulty, perhaps even 
to a 3 X 3 in. package cross section. Tests for which 
the Mark II was designed did not require heat re
moval. Hence, the further modification ot including 
a heat exchanger in the loop (out of core) is probably 
necessary. Since this modification will involve a new 
component, extensive testing and re-examination of 
safety considerations will be required. 

In addition to the package loops, a "Large TREAT 
Loop" has been developed and installed at the 
TREAT facility. This loop was designed to study 
violent failure in a whole metal pin subassembly ot 
the size found in EBR-II. The loop is of the counter-
flow type with only the test section in the reactor. 
The rest of the loop is permanently installed outside 
the reactor. Generally, the large amount ot energy 
released on failure of ceramic pins at high rates can 
be expected to produce pressure pulses greater than 
the present loop can withstand. It may be possible 
to beef-up the test section and arrange a means ot 
attenuating the pulse before it is seen by the rest of 
the loop. If so, failure propagation in 37-pin sub
assemblies, and radial propagation across such sub
assemblies, can be studied. 

This large loop has a package cross section ot 8 x 
8 in. It is doubtful that re-arrangement and modi
fication will permit squeezing down to a 6 x 6 in. 
cross section, principally because ot projection of 
pressure sensors and the need for external heaters. 
However, experience gained during design and de
velopment of this large loop can be employed in 
designing a similar facility for reasons other than 
TREAT and which may be used in later stages of 
the Fuel Failure Propagation Program. 

The General Electric Company, Valecitos Nuclear 
Laboratory, GE(VNL), is designing and developing 
a counterflow sodium loop (package) which is similar 
to TREAT Mark I, but which has a 3 x 3 in. package 
cross section. It will accommodate a 7-pin cluster, and 
is being developed under the PA-10 program. The first 
loop is scheduled tor completion near the end ot Fiscal 
Year 1969. It does not have the pressure capability of 
Mark II , nor can exit sodium flow rates be measured. 
However, it is designed with a pump and a heat ex
changer out of core. These will provide a cooling rate 
equal to the heating rates expected during normal 
operation ot the large power breeder reactor. GE 
(VNLl is also developing a "mini-loop" which will 
accommodate single pin failure tests adjacent to the 
core of a reactor like the General Electric Test Re
actor (GETR). In conjunction with this development, 
tests simulating failure ot such a loop in water are 
being conducted to provide intormation tor the safety 
studies. This mini-loop is expected to be completed 
early in Fiscal Year 1969. 

The French are developing sodium loops for the 
CABRI reactor which should permit conduction of 
single pin failure tests early in 1970, and possibly 7-pin 
cluster tests by late 1970. 

With this brief background on loop technology, 
existing reactor tacility(s) may be examined tor 
suitability as test beds. Unfortunately, it appears now 
that no fast reactor (with the possible exception of 
SEFOR) will be available for tests under this program 
in the foreseeable future. SEFOR will be considered 
in the near future, but efforts in this study have been 
concentrated on existing thermal reactor systems. 

The principal drawback of the thermal system is 
that the energy spectrum ot the available neutrons 
is overbalanced in the thermal region. Since the 
thermal neutrons are absorbed principally in the outer 
layers of the outer pins ot a cluster, fissions from these 
are distributed through the pins and cluster in a very 
non-uniform fashion. These slow neutrons then must 
be masked from the test section, so that only fissions 
by the neutrons from the higher end of the energy 
spectrum can occur. Thus, to yield adequate fission 
rates in the test pieces, the reactor must operate at 
substantially higher power levels than it thermal 
neutron fissions could be allowed. Also, additional 
means nuist be provided for removing heat from the 
mask. Variation of enrichment in and among test pins 
is not a very practical substitute for this masking pro
cedure, although such variation may be required in 
conjunction with masking. 

The other factor which makes the use of thermal 
systems for these contemjdated tests difficult (with 
the exception ot TREAT and in comparison with so-
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dium-cooled fast systems) is that the sodium loop 
must be operated in a water environment. Loop failure 
would lead to intense sodium-water reactions so that a 
separate risk to the reactor integrity would exist. 
Hence, the entire question of the safety ot operation 
must be re-evaluated, and the risk must be made ac
ceptable to the reactor operator and to the AEC. 

Having these difficulties in mind, a set ot criteria 
was established by which it may be judged whether 
or not a selected thermal reactor is suitable as a test 
bed for fuel pin failure propagation experiments, as 
follows: 

To judge whether a thermal reactor system is 
suitable tor use in carrying out tests under the Fuel 
Failure Propagation Program, it must be examined 
against and meet the following criteria, at least: 

(1) The relation between reactor power and test 
pin specific powers must be such that steady 
normal specific power ean be produced in all 
of the test samples with little variation, and 
with an operational margin sufficient to yield 
substantial overpowers. 

12) The reactor system must be mechanically able 
to accommodate the loop required for the test. 

(3) The risk to the well-being of the reactor and 
the safety of the public must be acceptable to 
the reactor operator and to the AEC. 

It should be observed that with respect to Criterion 
(11: 

To determine this relation it is necessary to assume 
that the neutron flux in the thermal energy region is 
masked, and that only fissions by epithermal neutrons 
can be counted in determining the fission rate in the 
sample. This requires knowledge ot the fast spectrum 
shape and magnitude flux versus energy and of the 
relation of fast flux fission density to the reactor 
power level. The masking effect ot the material of 
the test section on flux in the lower end of the 
spectrum can be neglected if the fast portion of the 
spectrum is reasonably hard, or if the calculational 
results are not borderline. However, fission rate dis
tributions in the test section can be obtained readily 
in a 2-D calculation using a 16-group set ot cross sec
tions as was done by J. Madell for the Large TREAT 
Loop test section.' 

Part ot the criterion requires that a sufficiency 
test be applied to available excess reactivity. This 
can only be done by considering the reactor, the 
"thermal mask", and test section as a whole, then 
performing the calculations noted above. A portion 
of the test section, ot course, must be considered a 
part ot the "thermal mask". This requires that one 
calculation be done without added thermal masking 

to estimate the additional masking that must be pro
vided, if any. 

The specific power in the fuel of large fast power 
breeder reactors of the future is estimated to be be
tween one-half and one kW per cc of test assembly 
volume. Hence, the reactor must be able to provide a 
fast flux in the test assembly capable of producing 
about 3 X IO'-'* fissions per cc of test volume on the 
average, or perhaps twice that as an upper limit. In 
judging the efficacy of varying enrichment it should 
be noted that uranium enrichment in the U-235 iso
tope is available between the limits 0.5 and 95%, 
whereas plutonium enrichments in the fissionable 
isotopes 239 and 241 are currently 65, 76, 88, and 
96% only. Resort to enrichment variation of pluto
nium to meet the requirements ot this criterion is 
highly undesirable. 

With respect to Criterion (2): 
It must be assumed for the present that package 

loops having characteristics like the TRE.-^T Mark 
II loop and counterflow loops like the large TREAT 
loop are necessary and sutficient for all failure propa
gation studies. Modification by re-arrangement of the 
components, increase in diameter of the test section, 
and addition of an external heat exchanger are al
lowed in considering compatibility ot the loop with 
the reactor being examined. 

With respect to Criterion (3): 
Three significant items introduced by testing under 

the Fuel Failure Propagation Program should be con
sidered in re-evaluating the risks to the reactor sys
tem: the presence of sodium in a water-cooled reactor 
core, the presence of several kilograms of plutonium 
in the test samples, and the possibility of producing 
large pressure pulses in the sodium during pin failure. 
The reactor ojierator anil the AEC will have to agree 
to accept those additional risks that may be deter
mined to exist because of these three features before 
the reactor can be considered for use in the program. 

Using these criteria, preliminary examinations were 
made with operator representatives of BAWTR, 
GETR, MTR, ETR, and TREAT. Following is an 
outline of the results of these preliminary examina
tions. 

BAWTR {Babcock arul Wilcox Nuclear Develiipment 
Center Test Reactor) 

This reactor, operating at 0 MW, fails to meet part 
of Criterion (1). Specifically, it wimld be capable of 
providing only a small fraction of the required power 
density (even with full sample enrichment) for reason
ably uniform specific power density distributions 
through and among pins. This conclusion is based on a 
BAWTR analysis for a .single '4 in. pin in the center of 
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TABLE IV-25-1. FISSION R , ITE FR.ICTION PER 

ENERGY GHOUI', PERCENT 

IReaclor Power: 6.6 MW) 

Power, 
kW/ft 
at core 

center (no 
masking) 

11 
14 
18.5 

U-235 
Enrich
ment, 

% 

0.72 
20 
93 

Group Number and Energy Range 

(1) 
10 MeV-
1.05 MeV 

2.8 
2.7 
3.3 

(2) 
1.05 MeV-

61 eV 

2.2 
2.9 
5.1 

(3) 
61 eV-
0.4 eV 

4.1 
10.6 
23.0 

(4) 
0.4 eV-
0.0 eV 

90.9 
83.8 
68,6 

TABLE IV-25-II. CENTR.M. SPECIFIC POWER, kW ft 

U-235 Enrichment, 

% 

0.72 
20 
93 

Groups Masked C 

(4) 

1.00 
2.27 
5.81 

(3) and (4) 

0.55 
0.78 
1.55 

ut 

(2), (3), and (4) 

0.31 
0,38 
0,61 

the core, which yielded the data listed in Table IV-25-1. 
It can be seen that if Groups (4) and (3) are masked 
out, the specific powers are considerably reduced. From 
the data above, the specific power for various degrees 
of masking are seen to be approximately a.s indicated 
in Table IV-25-II. To realize a reasonably uniform dis
tribution through a 7-pin cluster, Group (4) and part 
of Group (3) would have to be masked out. The cen
tral pin would be masked automatically by the outer 
ring in any event (for Grimps (3) and (4)) . Thus, with 
special masking efforts and varying enrichments, it may 
be possible to balance the central fission rates in the 
cluster so as to yield specific powers of 2 to 3 kW/ft, 
about 15% of normal operating specific power. It is 
estimated that the normal operating specific power is 
between 15 and 20 kW/ft, in the following manner; 

For a 37-pin subassembly, thi^ average specific power 
of a pin in kW/ft, 

p„ = 4.U(2\/7 (d -h s) -h -lis + h) + rtfp„ , 

where 

d = pin o.d., in., 
s = pin .spacing, in., 
h = subassembly can Avail thickness, in., 

Pll = average specific power of the reactor, MW/liter. 

For a 14 in. pin with s = 0.043 in. and h = 0.083 in., 
PP = 19.4 p„ kW/ft. PB is usually 0.0 to 0.75 MW/liter, 
and the max/a ve specific power is about 1.35. HenccT, 
15 < PP < 20 kW/ft. 

It would take a major redesign of the reactor, includ
ing pressurization, to raise the reactor power rating to 
20 MW, at considerable cost, perhaps several million 

dollars. The attendant increase by a factor of about 3 in 
.specific power would still be too little for the testing 
program in mind. 

With respect to Criterion (2), it may be possible to 
accommodate a modified Mark II loop in a 6 x 6 in. 
hole in HAWTR, since there is a 4 in. hole in the lower 
grid plate and a 3 ft clearance below that. Coasiderable 
re-arrangement of the reactor control units would be 
necessary (and difficult). Tbe test .section itself in such 
a re-arrangement would jjrobably be off-center by sev
eral inches. Such modification would result in essentially 
a new core, and considerable experimental and analytical 
physics and hazards anal>'.ses would have to be done. 

Primarily, it is the restriction on specific power which 
makes BAWTR unsuitable for purposes of the Fuel 
Failure Propagation Program tests. 

GETR (General Electric Test Reactor) 

The GETR at VNL can produce much higher spe
cific jiowers (8 to 10 times) in test samples than can 
BAWTR, with the required masking of the low energy 
neutron flux. Preliminary estimates made tor a (4 in. 
]iin having fuel diameter = 0.22 in. and of composi
tion 25% Pu02-75% UOo indicate that the specific 
peak power generation rate obtainable with a fiux 
filter varies from 12 kW/ft at 20% U-235 enrichment 
to about 20 kW/ft at 90% U-235 enrichment. Esti
mated average power ratios among pins in a seven pin 
cluster in a selected off-core center position run from 
0.9 to 1.15 times average peak power for the optimum 
cluster orientation, and from 0.86 to 1.20 times aver
age ]ieak power tor the most unfavorable orientation. 
These could be balanced by varying the enrichment 
among pins. Intormation is not available on variation 
within a pin, but it should not be more than about 
3% with the fiux filter. 

A package loop having a test section holding a 7-pin 
cluster can be accommodated, but as in BAWTR the 
modular hole cross section is 3 x 3 in. A 9 x 9 in. 
central core section could be redesigned to provide a 
4 X 8 in. hole with some effort. However, further 
study is needed to determine if the controls can be 
altered without increasing risks or sacrificing specific 
power. Such a redesign would result in the test section 
being off-center if the present i l a r k I I loop is re
tained except for the dump-storage tank. The lower 
grid plate would have to be altered to accommodate 
the present Mark II design without change. The Mark 
II loop could be modified to sit in a 6 x 6 in. hole. 
Consideraljlc redesign would be necessaPi- to yield a 
loop of Mark II characteristics which would fit into a 
3 x 6 in. hole. 

(TE (VNL) is developing (under another program) a 
loop of the Mark I type (counter-flow) to fit into a 
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3 X 3 in. hole. Further investigation should show that 
many of our tests on 7-pin clusters could be conducted 
in this so-called "Loopsule". Facilities exist at GE 
(VNL) such that test assembly and disassembly prep
arations and post mortems can be conducted either at 
VNL or at ANL. The Loopsule will not be able to 
measure coolant exit flow, and will be limited as to 
tlie number ot information leads that can be installed. 
It should be possible to conduct tests with 50-100% 
overpower, either by altering reactor power or by re
moving special shielding during the test run. 

The GE(VNL) schedule for completion ot develop
ment and fabrication of the present Loopsule concept 
is about Spring ot 1969. At this time a Loopsule could 
be made available tor out-of-pile tests. Preparation of 
supplemental safety analyses and obtaining an opera
tional change in the licensing precludes the possibil
ity ot actually performing tests with this loop in 
GETR until late Spring of 1970. To expand the facil
ity for running tests using an adajited Mark II type 
loop for tests beyond 7-pin clusters and up to 19 
pins would require a separate development by 
GE(VNL). Such a modified loop could be available 
some 18 months after develojiment starts (still in time 
to operate by late Spring of 1970, say). 

TREAT {Transient Reactor Test Facility) 

TRE.\T was designed as a test bed for transient 
heating ot fast reactor fuel pins to failure in flowing 
sodium. It has been utilized for this purpose success
fully for several years. 

In the Fuel Failure Propagation Program (In-Pile), 
it is required that the samples be operating initially 
at normal full power densities, temperature, and flow 
rates, and that the flow rate or power density then be 
perturbed. Such ]iower-flow regimes and histories have 
not been available generally in TREAT, principally 
because ot the u]iper limit imposed on total reactor 
energy release during a test, and secondarily because 
the package loops in use are not provided with tbe 
ability to remove heat at the rate at which it would 
be generated in normal operation. 

However, modification ot the TREAT operating 
limitations and controls are underway. The modifica
tion will permit a total reactor energy release during 
one test of 2000 MWsec. An automatic control system 
is planned which will allow attainment of full power 
densities in the samples for several tens ot seconds, 
followed by a power increase or a reduction in loop 
coolant flow rate. Funds have been budgeted for this 
automatic control system in Fiscal Year 1968, and 
fabrication plus installation will procede so that this 
modification can be operational by the end of the 
1969 calendar year. 

I t has already been demonstrated in the fuel melt
down jirogram tests that with combinations ot flux 
filters and variation in enrichments, TREAT can pro
vide adequate fission rates at uniform or predeter
mined distribution (both radially and axially) tor 
conduction ot fuel failure tests. 

I t should be noted that since the coolant in a pack
age loop cannot get rid ot the heat it picks up during 
the test, both it and the test pieces will gradually heat 
up after normal operating specific power is attained. 
The temperature will rise at a rate approximately 
equal to the jiower generation rate in the test samples 
divided by the sum of the heat capacities of the cool
ant and the test pieces. Before simulation can be 
assumed, the attendant temperature changes after 
reaching normal power and until the end of the test 
must be reasonably small. Such a limitation may 
lead to requiring a modification ot Mark II to in
clude an external heat exchanger. This limitation may 
also be removed by bringing the loop sodium lines out 
to a large supply tank and dump tank arrangement, 
or by coupling with the existing external system which 
has been installed to handle the large TREAT loop. 

Since the large TRE.4T loop is completed and op
erational, ostensibly failure propagation tests could 
be run in it on clusters up to a tull-subassembly. By 
slight enlargement of the test section, inter-subassem-
bly (simulated) tests could be run. A conceptual ar
rangement has been worked out for the full and par
tial subassemblies shown in Fig. IV-25-2 which can 
be placed in a test section enlarged from a flow sepa
rator diamett^' of 2.876 to 3.344 in. i.d., and a pressure 
tube diameter of 3.826 to 4.084 in. i.d. These changes 
would make the return flow area the same as the pin 
flow area. The pressure tube wall can be increased to 
give the same pressure pulse resistance as Mark I I , if 
necessary. However, forthcoming tests under the Fuel 
Meltdown Program may prove that our tests can be 
run with the existing pressure limitations on the 
Large TREAT Loop. 

MTR-ETR {Matet-ial Testing Reactor-
Engineering Test Reactor) 

Calculations have already been performed by 
Idaho-Nuclear Corporation (I-N) for a sodium loop 
with a seven-pin cluster in MTR. Essentially, MTR 
has the same physical limitations as GETR, except 
that it is somewhat less accessible. However, the 
criteria appear to be met for some portion ot the fail
ure propagation tests. Furthermore, much of the 
safety analysis work on such tests in MTR has been 
done. A modified Mark I I loop could be adapted to 
MTR, and testing could Ijegin in Fiscal Year 1969, 
perhaps in conjunction with TREAT tests. Since only 
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DASHED LINES INDIC4TE 
ORIGINAL TUBE WALLS 

F I G . IV-25-2. Modified Large TREAT Loop Concept. .t.VL Neg. No. 11S-1S06. 

a 3 X 6 in. test sjiace could be made available, modifi
cations probably would have to include moving the 
pump out of the core region and adding a heat ex
changer. I t appears possible to move the external 
portions of the Large TREAT Loop from TREAT to 
MTR it desired. With a special arrangement, it should 
be possible to run tests by the summer of 1969 in MTR. 

ETR can easily accommodate all the contemplated 
tests under ANL's program. Early uniformity esti
mates by I-N indicate 3% variation in fission den
sities across pins, and 10% variation across a subas
sembly, with reasonable masking and enrichment. It 
would appear that it ATR is operational, testing of 
all types in ETR by late 1969 could be arranged if 
needed. A version of tbe Large TREAT Loop modified 
as in Fig. IV-25-2 could be adapted tor use in FTR. 

Other Reactors 

The Experimental Organic Cooled Reactor 
(EOCR), Sodium Reactor Experiment (SRE) and 
Southwest Experimental Fast Oxide Reactoi; 
(SEFOR) were not examined in this study as possible 
test beds. Preliminary examinations i)y others indicate 
that EOCR is adequate up to 19 pins, and that SRE 
is inadequate for one pin with natural UO2-20% 

PuOo. Probably because ot the soft spectrum ot 
SRE, full U-235 enrichment would also yield sub
standard fission densities. SEFOR would probably be 
more suitable than any other system, since the spec
trum is very hard, possibly more so than that of the 
LMFBR. This would lead one to expect that all tests 
could be run at below maximum reactor power ca
pabilities, or at reduced enrichments. It seems possible 
that SEFOR could be made available for ANL's test 
program by 1970, since the results from the program 
are of interest to all those engaged in the LMFBR 
business. If this should prove to be true, plans could 
be laid to use SEFOR for tests on clusters larger than 
19 pins. 

ADVISORY 

Until the question of using SEFOR is resolved, it 
was recommended that the near-term tests be planned 
tor TREAT, MTR and ETR. To do this a team effort 
with I-N was recommended with initial stages carried 
out in the latter part ot Fiscal Year 1968. This would 
allow ANL know-how on loops to be mated with I-N 
experience on test reactors and reactor tests. With 
sutficient escalation of effort in early Fiscal Year 
1969, it should be possible to modify a TREAT Mark 



S6. Brittan 331 

II loop and run initial tests late in Fiscal Year 1969. 
This presupposes that work on inducing failure in 
single pins goes forward without a hitch. At least the 
loop operation could be cheeked out with the no-fail
ure tests required. 

Work should begin at once to determine what test 
modes can be utilized in TREAT and what modifi
cations would be necessary. Calculations should begin 
to show whether the sodium temperature increases in 
the existing Mark I I package loop during the test will 
allow a valid test, or whether heat removal must be 
arranged for. Plans should be studied for coupling 
the JIark II to a separate external portion ot the 
Large Loop. Both flow-coastdown and power increase 
type tests should be checked out tor adequacy of 
simulation. It should be assumed that the new in
tegrated power limits and automatic control system 
will be available. 

In addition, work should start to check the ade
quacy of the existing Large TREAT Loop tor tests 
up to one subassembly. Modifications to "bcef-up" 

the looj) for handling larger pressure surges should be 
determined. Also modifications of the test section 
which would be required to handle the proposed spe
cial multi-subassembly test shown in Fig. IV-25-2 
should be determined. Adequacy ot the inlet sodium 
rcscn'oir for extended time tests should also be 
checked. 

It was recommended that work on TREAT tests 
begin at once, proceeding in ])arallel with, but sepa
rately from, the I-N-ANL team effort with respect to 
MTR-ETR utilization. 

It is recommended that close liaison and consulta
tion be arranged with Reactor Physics (ANL) per
sonnel cited earlier, both by the investigators for 
TREAT tests and by the ETR-MTR team. It is es
sential to do this to get ANL know-how gained in the 
Fuel Meltdown Program on loops and TREAT tests 
into the projected Fuel Failure Propagation Program. 

R E F E R E N C E 

1. J. Madell, Argonne National Laboratory (private communi

cation). 

lV-26. Temperature Sensor Distr ibut ion Required for Gas Mass Determinat ion ii 
Leakage Tests 

R. O. BRITTAN 

This constitutes a study of errors made ui determining 
true mean temperature differences in a large enclosed 
volume of gas by the u.se of distributed .sensors when the 
gas temperature varies in space and time. A precision 
criterion is developed which indicates the number of 
sensors to be used to attain a desired minimum error. 
The study was made as an adjunct to a critical review 
by the author of some leakage test reports. This review 
has been published in Ref. 1. 

INTUODLXTION 

In the process of conducting leakage rate tests on large 
reactor containment structures it is necessary to deter
mine a "true mean temperature" of the leaking gas at 
various times so that the weight of gas remaining in the 
vessel can be determined. Tbe precision with which the 
true temperature value is approached must be such that 
the .sum of the differences is smaller than the change in 
weight of gas divided by tbe initial weight of gas. If the 
latter is of the order of 10"' and the absolute tempera
ture about 500°R, the sum of the temperature differ
ences must be < ~ 5 X 10"'°R to contribute less than 
10% error in determining the leakage rate. To realize 

this precisionitbe number and distribution of tempera
ture sensors must be properly predetermined. 

To assist the experimenter in such a determination, 
the author has studied the nature and magnitude of the 
errors associated with finding such "true" mean tem
peratures in systems where the temperature varies with 
space and time. The real " t rue" mean temperatures are 
determined analytically for widely varying temperature 
distributions in a cylindrical volume, and these are 
compared with indicated "true" mean temperatures 
obtained by various numbers of distributed sensors. 

Consider an enclosed volume V of "perfect" gas. The 
state variables of the gas are related by 

PV = wRT, 

where 
P = absolute pressure of the gas 
T = absolute temperature of the gas 
w = weight of the gas 
R = constant 
V = total volume. 

The quantity to be determined in leakage rate tests is 
w, as a function of time (. In general, P varies with time 
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but is the same throughout the volume at a given time 
if the gas is still so that the dynamic pressure is zero; 
or still enough that the dynamic pressure is negligible. 
T varies in both space and time throughout the gas. For 
purposes of this study V can be considered invariant so 
that V/R is a constant, w, which represents the density, 
varies in space and time inversely as T and directly as P 
and the leakage. To develop the concept of a " true" 
mean temperature TM(1) the gas volume is divided into 
n segments AF„ so that V = J^ A I',. . Each such volume 

segment has a weight of givs AK), at temperature Tn and 
pressure P. For this volume segment. 

Then 

Aw, = PAVJRT, . 

Pit)' 
wit) = Z Aw'-W = HrT. l^VJTM]; 

but there is some mean value of the temperature T^it) 
such that w(t) is also equal to P{t)V/RTMil), from 
which 

TM) = v7E[Ar«/T„(/)]. (1) 

This is the "true" mean temperature which must be 
estabhshed to enable w{t) to be computed. If each Tn is 
uniform throughout AF„ and is exactly measured by a 
sensor, TM{i) can be computed exactly. In practice, 
however, n is usually a small number, so that AF„ is 
large, and Tn is not the same everywhere in AV„ . In 
such a situation the value of TM which is computed will 
not be the required "true" value. Thus 

but rather 

( I ' M ) . 

( r « ) . - 7'„. 

' 0, 

A T , 

At the two points in time, ti and t^, two values of 
A7'„(A2'i„i and A T M . ) exist and 

AT„. - Ar,,„ = S,„ . 

Then the leakage rate determination will be in error by 
the fraction bTM/Tif. Thus sufficient sensors must be 
distributed throughout the volume in such a way as to 
ensure that 67'M/7'M < L, the leakage rate fraction. If 
this is not accomplished, the error will be larger than 
the quantity L which is to be measured, and the test 
will be unsuccessful. 

The condition hTM/T^ < E then becomes the centraJ 
problem in planning and conducting a leakage rate test 
(after it is determined that the actual measurements of 
temperatures and pressures will be made with adequate 
precision, of course). 

ANALYSLS 

To begin the study, the expression for Tail) is put 
into integral form by letting n^> x: 

T, {t) ^ V \ dV/T{V,t). 

Choosing an axisymmetric cylinder of cro.ss sectional 
area A and height Z with tbe s-coordinate at the axis 
(2 = 0 at the base). 

dV = Adz 

V = AZ. 
(2) 

Next it is assumed that tbe temperature is uniform 
radially and bas an axial distribution at time /i given by 

Tilz) = Toll -\- az% (3) 

At time ti it is assumed that the distribution has changed 
so that 

T^iz) = Toll -t bVz]. 

Suhstituting Eq. (2) into Kq. ( l a ) . 

(4) 

T,,{t) = Z f dz/T(z,t). (5) 

Now Eqs. (3) and (4) may be substituted successively 
into Eq. (5) and the integration can be performed to 
yield TM^, and TM^.^ . The integration is possible since 
az' and \ / « are both « 1 , and l /( 1 -|- «) = 1 — e -|-
(' - e' -I- • • • for t < 1. (Actually, when Eq. (3) is 
used in Eq. (5), the value of the integral is known to be 
of a form containing tan"^ {az), but it is more conven
ient to use the series form.) 

The two expressions to be evaluated (in integral form) 
are then 

r.„_, = AZ I \ Adz/T(z) 

ToZ / / [1 - ia^') + iaz')- - iaz')' • • •] dz 

(6) 

= To. 

and 

T M , , = '''"Z/ I [1 - iWz) 

+ ibV'zY - ibVz)' 4- ibV'z)' • • -] dz. 

Performing the integrations and substituting the limits: 

T.-,,, = 7'o/[l - y3iaZ') -)- i 5 (aZ ' ) ' 

- ^AiaZ'r + hiaZy^^^] 

and (7) 

r „ . , = 7'„/2[i-2 - }-i(bVZ) -h UiWz)' 

- liibVzy + hiWz)'• • •]. 
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These are the true mean temperatures, eciuivalent to 
those which would be obtained if an infinite number of 
sensors were distributed along the volume axis. 

It is necessary next to arrive at expressions for the 
mean temperatures which would be obtained using a 
finite number of sen.sors. This is done by applying Eci. 
(1) tc] the ca.se at hand. From Eqs. (1) and (2) 

^^..(O = v/E [ A U . / r . ( 0 ] 

= AZ/AZlAz„/Tn{t)] (8) 

= l / Z lAz„/Z)/TJt)]. 

Assuming that the cylindrical volume is uniformly seg
mented n times so that n = Z/Az, Az is constant for 
each n, and a temperature sensor measuring Tn{l) is 
located at the centroid of each segment. 

TABLE IV-26-I. MINIMUM n REqniHED 

T„..it) = n / [ ( l / n ) + il/T,) 

+ H/T,) •+• -I- ( l /7 '„)] , . 
(9) 

By substituting the two distributional forms for T„lt) 
given by Eqs. (3) and (4) into Eq. (9), the forms of 
r.,/, at times ti and t-< are found to be 

T>,..iA) nTo / r, . ' , , ., + 1 
1 -I- Qa/in' 

1 
1 -I- 25a/4n' 

•Jr 
1 -\- (2n 

1 1 
- 1)V4«'J 

r.„.( 1) = nTo / E [1/(1-1- ja/in' )|, 
/ I - l 

for each n,,/ = 1, 2, 3 • • • (2n - 1) ' 

and 

''.v,.(2) nTo/ r ' +- ' 1 -H ib/V2n) 1 -t- V3ib/V2n) 

1 

1 -H v ' 5 ( b / V 2 r t ) 

-)- ... + 1 -I- ( V 2 n - 1)(6/V2i •n)J 

r.„.(2) = nTo/ E 11/(1 + kb/x/2n)], 

for each n, I; = \, 2, 3 • • • •\/2n — \. 

It is assumed here that To is the absolute temperature 
at J = 0 and that the absolute temperature at z = Z 
is n -I- aTo or To -I- bTo. 

Eqs. (7) and (10) can now be evaluated for various 

«7.i,„, 

°R 

0.(X)5 
0.01 
0.02 
0.05 
0.1 
0.2 
0.5 
1.0 

aT„, 
°R 

2.5 

13 
9 
6 
3 
2 
1 
1 
1 

5 

20 
13 
9 
5 
3 
2 
1 
1 

10 

20 
20 
13 
7 
5 
3 
1 
1 

n. It has been done for n = I, 2, 3, 5, 7, 10 using Eq. 
(1) with a = b = 0.005, 0.01, and 0.02. a.s.suming 
Toil) = Toi2). In addition Eqs. (7) (i.e., )i -> =» ), for 
the same values of a and b, have been evaluated. Using 
tbe results, the following temperature differences were 
obtained for each 6 and a: 

T«... - T«„, = T„^ 

T«., - T.w,, = A7'.„,. 

A7'.„_ - AT.,,. = iT„ . 

Here bTM is the error in determining the mean tem-
jieraturc difference due to using n sampling positions. 

It is found that 

log {bT„) = log (oTo) -I- h)g X - 7 log n. 

(11) 

*57'.u = XaTo/n". 

To within a few percent accuracy, \ = }i and-y = J j . 
From the relationship given in Eq. (11), if 5TM„ 

represents the allowable error in temperature measure
ment due to sampling, the minimum required value of 
the integer n ean be determined as 

n„,„ > IXaTo/ST^f. 

Values of Wmin are tabulated in Table IV-26-I for various 
aTo and STn, . 

CONCLUSIONS 

Evidently, use of a wire resistance thermometer with 
the wire stretched from top to bottom on the axis would 
be the equivalent of n —> » and would yield zero 
.sampling error, no matter how gros.sly the shape of the 
temperature distribution changes during the test. Such 
a measuring device has a conductance given by G = 

1/23 (l/*?")! representing conductance of a number of 
0 

segments in series where each segment has a conduct-

http://ca.se
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ance Gn • The conductance is thus analogous to the mean 
temperature. The number of wire segments of course 
approaches oo. The precision of measurement with such 
a thermometer can easily be about 0.001°R. 

This study has been made using the assumption that 
the temperature distribution is axisymmetric. This is 
not generally true. If the temperature distribution shape 
varies with azimuth a series of vertical sets of sensors 
would be needed. This evidently could best be accom
plished by locating a wire resistance thermometer at at 
least four off-axis locations. If four locations are used, 
they should be at 0.6 of the radius from the axis, sep

arated in azimuth by 90° of arc. Alternately, a set of 
wires could be strung in horizontal circles having % the 
radius of the volume segment at as many vertical loca
tions as would be dictated by the minimum n require
ment given above. It would appear from these observa
tions that a still air test is most desirable and the use of 
circulating fans should be avoided. 
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IV-27. Coherence Effects in Super-Prompt Critical Excursions 

C. N. KELBER 

The effects of the time distribution of reactivity addi
tions in super-prompt critical excursions are frequently 
ignored in initial estimates of excursions in fast reactors. 
Instead, the total reactivity addition is usually assumed 
to be inserted at one time, or as a single ramp. As shown 
by D. Gopinath and C. Dickerman,' such estimates 
overlook a realistic spread in time of reactivity excur
sions expected in real systems. There are two questions 
to be resolved: 

1. What is the estimated reduction in total energy 
release from a super-prompt critical excursion 
when the reactivity excess beyond prompt critical 
is introduced over a jJcriod of time instead of at a 
single instant? 

2. How sensitive is the energy release estimate to 
variations in the times at which the reactivity 
increments are made? 

To answer these questions we have used a highly 
idealized model which has the crucial features of excur
sion calculations. We use the Nordheim-Fuchs model 
and assume that reactivity over prompt critical is added 
in A'̂  steps of amount po each, the value of po being ar
bitrary. The mean time between steps is also arbitrary, 
and the actual time between steps is assumed to be nor
mally distributed about this mean with a variance which 
is also arbitrary. Some care mu.st be taken with this 
model since with a large ratio of variance to mean it is 
easy to encounter a negative time between steps. 

Under these assumptions, the Xordheim-Fuchs equa-* 
tions during the nth time step, in dimensionless form, 
are 

rfPn 
dr 

dW„ 
dr 

(2) 

0. w„ = ir„{0) = ir„_,(r„_i), (3) 

K = PniO) = Pn-l{Tn-l); (4) 
also, 

r i ( 0 ) = 0 

Pi(0) = p « l . 

The subscript ?i denotes the solution during the nth 
step; T„_i is the duration of the (n — l )s t time step. 

The dimensionless variables are: 
W = E/ipo/ct) 
P = Kaf/pS) 

(p/po) = [n — (oB/po)] (during the «th time step) 
T = tpo/t, 

where 
E = energy content of the reactor, MW-sec 
0 = reactor power, MW 
a = reactor power coetficient, $/MW-sec 
f = reactor lifetime, sec/S 

po = reactivity increment beyond jirompt critical, S 
( = real time, sec. 

These eiiuations have the well-known solutions: 

W„ = n -I- -\/2Ci.„ -I- n ' 

F„ = 5(2C,„, - h n ) 

= (n - W„)P„ (1) sech' |V2C, . „ -I- n' (^ -|- Cj, j | , 
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where 

Ci,„ = y2iw„(0) - «) ' -f ; \ (0) - j^^n' 

„ 1 . / i y „ ( 0 ) - n \ 

^^•"-V2C,.„+ «'*""'' VV2Ci.„ + W • 

As an example consider the ease N = 2, and examine 

0, and Tl » 2C'2.i. 

Recall that i r , (0) = 0 and Pi{0) = p « 1. The .solu
tion constants are Ci.i = /) and C'2,1 « —2/p'. 

Then, for the case n = 5 « 1, 

three cases: ri « 1, ,j -H d.i 

Wi(ri) = W.AO) ••2h 

and 

Piirx) = p[l -I- ( 2 V v ' l -H 2p)l. 

Using these initial conditions, we find 

C,,2 Kip - ib+ i2pS/Vl -f 2p) 

whence the final energy, (2Ci,2 -|- 4)''° -|- 2 = 4 — 

25 -(- ^. If all reactivity were introduced at once the 

final energy would, of course, be 4 Hence the 

division into two steps decreases the final energy re
lease by an amount corresponding to the small amount 
ef reactivity compensatiiui, 26, that occurred in tbe fir.st 
step. 

If 

then 

and 

( r /2 ) -I- C 2 . i « 0 , 

W,{T) = 1T2(0) = 1 

A ( r ) = (1 - | -2p) /2 . 

Thus, (\,2 = 2p — 3-2 '"id the final energy release is 
2 + y/s + 4p, to be compared with 2 -f \ / 4 + 2p. 

Hence, tbe final energy release is smaller in this case 
by the factor (1 + '\/^^)/2 than the energy release 
obtained in a single step. 

Finally, in the case T/2 » | C2.1 [, the final energy 
release is just 2 + -s/p corresponding to the complete 
reactivity compensation obtained during the first step. 

TABLE 1V-27-I. EFFECT OF RANDOM VARIATIONS IN LENGTH 
OF T I M E STEP ON FINAL ENERGY RELEASE 

(Note: a = standard deviation) 

rh. 

0.0234 
0.0234 
0.234 
0.234 
2.34 
2.34 

eir)/T 

0 
1.0 
0.1 
1.0 
0.1 
1.0 

H7H'. 

1.0 
1.0 
0.9999 
0.9999 
0.29 
0.57» 

<r(lt)/l|-

0 
0 
0 
0 

0.13 ± 0.4 
0.41 ± 0.04 

"Many of the samples had a negative lime selected and 
should have been disoarded; this would increase the uncer
tainty ill the variance. 

The energy is reduced by a factor of } 2, corresponding 
to the fact that the reactivity after the first step is 
below prompt critical by just the amount added at the 
second step so that the system does not imdergo any 
further excursion. 

Therefore at this point we would conclude that a 
lack of coherence in reactivity calculations will reduce 
the total energy release, but the ratio of estimated 
energy releases will in general be clo.se to one and 
certainly greater than \/N. 

To investigate the effects of randomness the K(|s. (1) 
through (4) were programmed fur the IBM :̂ (i0/")0-7.'> 
with T„ chosen from a normal distribution with pre-
assigned mean and variance. The results are given in 
Table IV-27-I for the case .V = 5. The conclusion is 
that the variance in the time between additions is 
significant only when T > 1. 

When T*> \, the dispersion of T about its mean ap
pears to be about the same as the dispersion of W about 
its mean. For the case of N very large, some care must 
be used in relating this study to particular cases. Al
though the E(is. (1) through (4) are in dimensionless 
form, the amount of reactivity increment po should be 
large compared with the delayed neutron fraction, 0, 
for the equations to be useful; and, of course, the under
lying assumption is that the system starts at prompt 
critical. 
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IV-28. Design Basis Accident Calculat ion for ZPR-6 and -9 P l u t o n i u m Safety 
Analysis Report 

G. K. RUSCH 

A situation wherein a gross reactivity overload has 
been inadvertantly loaded into ZPR-6 or -9, and subse-

TABLE IV-28-I. VOLUME FRACTIONS FOE 3500 LITEK 
PLUTONIUM C.VRBIDE CORE 

Material 

Pvi-239 
Pu-240 
Pu-241 
U-235 
U-238 
Mo 
C 
Na 
Stainless Steel 
Void 

Volume Fraction, % 

Core 

2,05 
0.29 
0.05 
0.02 

16.40 
0.24 

10,05 
45.0 
20.0 
5.0 

Blanket 

_ 
— 
— 
— 

83.0 

— 
— 
— 
7.0 

10.0 

quently the movable table drives toward the sta
tionary table until contact is made, is postulated along 
with a failure of all scram mechanisms, and the result
ing excursion is analyzed. The movable half of the re
actor is assumed to drive at its intermediate speed 
as described in Ref. 1 and is adding reactivity at a rate 
of 7.9 X IO"* Ak/k sec" ' . The reactor involved is a 
plate type mockup of a 3.500 liter plutonium-carbide 
core containing carbon, U-238, canned sodium, and a 
canned 28 w/o plutonium, 69.5 w/o U-238, 2.5 w/o 
molylidenum alloy. Table IV-28-I contains the reactor 
core and blanket material volume fractions and 
Fig. IV-28-1 the loading pattern assumed for heat 
transfer calculations within each drawer. 

The calculational model employed couples a point 
reactor kinetics code to a one dimensional heat trans
fer subroutine to obtain material temperatures, reac
tivity feedback, and A-„ as functions of time. For 

M / 
/ 
/ 

/ 
/ 
/ 

Na 

s 

u 
FUEL 

ALLOY Na 

tî  
V 

u -/ 
/ 
/ 

^/ A BC D E F G 

REGIONS 

A= MATRIX TUBE 

B= DRAWER TUBE 
C= CLADDING Na CAN 
D= Na 
E= CLADDING Na CAN 
F= DEPLETED URANIUM 
G= CLADDING FUEL ALLOY 
H= Pu-U-Mo ALLOY 
1 = CLADDING FUEL ALLOY 

J= CLADDING No CAN 
K= NO 

L= CLADDING NO CAN 

M= DEPLETED URANIUM 
N= DRAWER TUBE 
0= MATRIX TUBE* 

H IJ K 

cm 

0,1524 

0.0762 
0.0381 
1 2700 
00381 
0317 5 
0 0361 
0.6350 
0.038 1 

0.0381 

1.2700 
00381 
0.31 75 
0.0762 
0,1524 

L M N 0 

INCHES 

0.060 
0.030 
0.015 

0.500 
0015 

0, 125 
0,015 
0.250 
0.015 

0.015 

0 500 
0.015 
a 125 
0 .030 
0 060 

14 REGIONS, 4 MATERIALS. 6 PROPERTY RANGES 
••*POSITION 0 REPRESENTS THE BEGINNING OF 
NEXT CELL 

F I G . IV-28-1. LoudiiiK I'allcrii .Vssunicd for Heat Transfer Calculaliiins. .\NL Neg. No. lli-lSlfi. 
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F I G . I V - 2 8 - 2 . Design Basis Accident Analysis for 3500 Liter Core. ^AV. Neg. No. llS-1539. 

computational purposes the reactor was divided into 
five discrete zones and appropriate neutron flux, ad
joint weightings and material worths were assigned to 
each zone. Heat was assumed to be generated only in 
the fuel; the remaining materials were heated by ther
mal conduction. Heat was assumed to be conducted 
only in the direction transverse to the vertical/axial 
planes formed by the material plates. (Details of the 
model, calculational procedures, and results are given 
in Ref. 1, and of the code in Ref. 2.) 

The reactivity excursion was finally terminated by 
molten fuel flowing out of the core. Figure IV-28-2 
shows the neutron density, integrated neutron density 
and reactivity as a function of time. A total of 2.7 x 
10-" fissions occurred. Burning of vaporized sodium 
timing the excursion and by afterheat in the core re
sulted in a jieak reactor cell pressure of 20 psig—less 
than the 35 psig rating of the cell structure and thus 
the accident was contained. Pressure buildup during 
the excursion was relieved through a filter system con
sisting of sand and aggregate in series with HEPA 

filters. Approxnnately 6.2 mg of plutonium was calcu
lated to be discharged through a 150 ft high stack to 
the air although a total of about 60 kg of plutonium 
was burned in the reactor cell. Detailed listings of re
leased fission products and possible resultant radia
tion doses are given in Ref. 1. 

In conclusion, a severe accident (2.7 X 10-" fissions) 
was found to be contained by the ZPR-6 and -9 
containment system. Radiation levels and doses 
external to the containment cell were found to be 
tolerable even for this severe accident. 
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Section V 

Experimental Techniques and Facilities 

Measured integral reactor physics parameters are necessary for either direct 
introduction into reaetor design calculations or for comparison with values ob
tained analytically using basic microscopic cross section data. In the latter case 
the objective is to verify either the cross section data or the calculational tech
niques. Reactor integral parameters are obtained using special measurement 
techniques in exponential or critical facilities. The papers presented in this 
section deal largely with the development of such special techniques, facilities, 
and radiation detection devices. Included also are papers which describe specially 
developed equipment useful in obtaining microscopic nuclear data. 





V-1. Basic Measurement s Under ly ing Nuclear Reactor Data 

A. D E VOLPI and K. G. PORGES 

Although a large number of cross sections and nu
clear data are used in conjunction with other material 
characteristics to calculate the fuel requirements, 
safety characteristics, and conversion or breeding gain 
of reactors, constants associated directly with the 
neutron-induced fission stage play a major role in 
the design and extrapolation of reaetor concepts. From 
a recent evaluation of the status of fundamental fission 
(lata,̂  we find that the absolute accuracy of many of 
the fission parameters can be traced to certain under
lying basic measurements. 

By virtue of their relationship to what are essen
tially relative (rather than absolute) measurements 
of some of the more difficult components of the experi
ment, the absorption cross section (aa) and the num
ber of neutrons emitted per neutron absorbed (?;) 
have the highest reliability. The reference energy is 
usually thermal, with most high energy data meas
ured relative to thermal values; and the reference ma
terial is usually U-235 in view of its availability early 
in the atomic energy program. Thus, much of the 
hasic fission data is connected with aa and r) of U-235 
at 2200 m/sec. 

A second, partially redundant set of data, is de-
rî 'eil from the product vaf. Both of these quantities 
turn out to be more difficult to measure with high ac
curacy because of intrinsic requirements for absolute 
measurements and because of angular correlation 
difficulties. For a/, frequently the B-10 absorption 
cross section is used as reference; for v there is need to 
know (when measurements are made with the raan-
Sancse bath) the ratio of the hydrogen/manganese 
cross sections. 

There are a number of other cross sections connected 
pnmarily with the absorption or activation cross sec
tions of hydrogen, boron, manganese, and gold. Con

sequently the values of these cross sections assume an 
importance which, in the past, has been obscured. In 
order to obtain accuracies in the order of 14% for 
some of the fission parameters, it becomes necessaiy 
to achieve accuracies of at least 14% for these under
lying cross sections. 

As an integral part of our efforts to carry the meas
urements of V to their logical level (approximately 
!/2%)j the derivation of all of these key cross sec
tions has become both essential and consequential. In 
principle, the exjieriments are simple. By varying 
the concentration of manganese in an aqueous solu
tion, the count rate (which is induced by a fixed neu
tron source) changes in a manner directly connected 
with the hydrogen/manganese cross-section ratio. In 
practice, a high degree of long-term stability is re-
(luired before these nimiliers can be obtained with 
precision. 

By poisoning the manganese bath with boric acid, 
two cross-section ratios can be independently deter
mined : boron/manganese and hydrogen/manganese. 
Our value for the boron/manganese 2200 m/sec cross-
section ratio can be used to generate a precise value for 
the manganese cross section based on the boron ref
erence. 

Additional experiments are scheduled to improve the 
precision of the boron/manganese ratio, while other 
experiments are planned to evaluate the hydrogen 
cross section independently. Since these techniques 
are relatively free from systematic error, their ac
curacy promises to be compatible with current require
ments for cross-section standards. 
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V-2. Absolute Fission Rate Measurements wi th Sol id-State Track Recorders 

]{. (Joi.i), R. J. AHMANI and .1. II. ROHERTS* 

The method of fission track counting has been 
placed on a precise absolute basis.' Sources of system
atic error have been investigated and reduced or 
eliminated so that precise fission rate measurements 
can be conducted. Solid State Track Recorders 
(SSTR) of pre-etchcd mica and polycarbonate resin 
(Wakrofol) were used. Experimental results depend 
critically on the quality of the fission sources em
ployed. Consequently, different methods of fission 
source preparation have been examined. The efficiency 
and sensitivity of this method have been determined 

* Northwestern triiiversil\', Iwaii.'^loii. 

for both mica and Makrofol. An irradiation assembly 
providing uniform neutron flux exposures is used for 
lelative measurements. Absolute calibrations have 
been carried out using Cm-244 spontaneous fission 
sources. A limiting accuracy of close to 1% for ab
solute uranium fission rate measurements has been 
achieved. 
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V-3. Fission Rate Measurements in Low Power Fast Critical Assemblies wi th Solid-
State Track Recorders 

J. H. RoBERT.s*, S. T. HUANG t, R. J. ARMANI and R. GOLD 

Solid-state track recorders (SSTR) have been used 
in the measurement of fission rates in ZPR-6 Assembly 
5, which is a split-table, low power, fast critical as
sembly, the details of which may be found in Ref. 1. 
An extensive discussion of the SSTR method is given 
in Ref. 2. The experimental procedure for in-core 
critical assembly measurements is described in 
Ref. 3. Comparisons of SSTR data with radiochem
ical^ and fission counter^ measurements and with 
diffusion theory calculation" are presented below. 

For the critical assembly experiments, thin 
UjOg sources (approximately 93% enriched in U-235) 
and foils ot uranium approximately 0.125 mm (de
pleted to approximately 0.2% U-235) were used. The 
SSTR fission source in-core configurations are illus
trated in Fig. V-3-1. Selected pieces of mica were ex
posed to the fission sources. After exposure the mica 
was etched for approximately 90 min at room tempera
ture in an HF concentration of 49%. 

Axial and radial traverses were carried out in the 
movable half of the split-table assembly matrix core 
(Fig. V-3-2). Fine structure measurements in the fis-. 
sion rates were made in drawer 24-23. Additional 

• Northwestern University, Kvanston, Illinois. 
t Htndent, Northwestern University, Kvanston, Illinois. 

measurements were made so that a complete fission 
rate profile could be obtained. 

RESULTS 

Results of axial and radial fission rate traverses 
with U-235 are displayed in Figs. V-3-3 and V-3-4 
respectively. The extrapolation length in the axial 
traverse was found to be 89 cm. A cosine distribution 
based on this length is given in Fig. V-3-3 and is in 

U j O j o n QQ5 depleted 

.005 stoinless 
steel 

Pre-etched ,005 stainless 
mica steel 

ALL DIMENIONS IN INCHES 

Fro. V-3-1. Geometrical CoiiHguration of the SSTR and 
Fission Sources for the In-Core Critical Assembly Experi
ments. ANL Neg. No. llg-96Si. 



Flci. V-3-2. ZPli-0: Split-Table, Fast Critical Assembly Matrix Core. ANL Neg. No. 111-S618. 
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\ 1 \ \ 
N# EXTRAP0L4TE0 LENGTH . 89 cm 

\ 

\ BLANKET 
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AXIAL DISTANCE FROM CENTER, cm 

FIG. V-3-3. Comparisdn of Axial Fission Rjite Measure
ments in ZPR-6, Assembly 5, with a Cosine Distribution Solu
tion (smooth curve). Experimental Data Obtained with SSTR 
of Pre-Etched Mica and Sources of U-235. ANL Neg. Nu. 
113-1471. 
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FIG. V - 3 - 4 . Comparison of Radial Fission Rate Measure
ments in ZPR-6, Assembly 5, with the Bessel Distribution 
Solution Jo (smooth curve). Experimental Data Obtained with 
SSTR of Pre-Etched Mica and Sources of U-236, R = 94 cm. 
ANL Neg. No. 113-H7e. 

good agreement with the data. The radial traverse 
follows the diffusion theory solution J„l{2.i05)/R] 
quite adequately. Here JQ is the Bessel function of 
order zero and R is the extrapolation length. Both 
cosine and Bessel distributions are the well-known 
diffusion theory solutions for a finite cylindrical re
actor that satisfy the extrapolated zero-flux boundary 
condition.' 

As an example of fine-structure measurements. Fig. 

V-3-5 displays the U-238 fission rate distribution 
across drawer 24-23. The fission rate is seen to peak 
near the U-235 fuel layers. Similar fine-structure re
sults have been obtained with the radiochemical 
method.' Much more detail in fine structure could be 
obtained because of the high space resolution available 
with SSTR. 

A comparison of fission counter and SSTR data is 
given in Fig. V-3-6 for U-238 axial traverses. These 
two methods are in good agreement for U-235 fission 
rate measurements, but for U-238 measurements Fig. 
V-3-6 shows that the fission counter method exhibits a 
measurable deviation from the SSTR method. The 
source of this discrepancy is readily explained. The 
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F I G . V - 3 - 5 . SSTR .Measurements of Fine Structure in the 
U-238 Fission Rate Distribution Across Drawer 24-23. ANL Neg 
No. 113-1476. 
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F I G . V-3-6. A Comparison of the SSTR and Fission Counter 
Methods for an Axial Traverse of ZPR-6, Assembly 5 with 
U-238. ANL Neg. No. US-SBSS. 
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SSTR were placed between sodium and depleted 
uranium plates for these measurements. I t follows 
from the fine structure data that the SSTR data are 
lower than the average fission rate observed by the fis
sion counter. Sodium had to be removed to provide the 
necessary space to insert the fission counter. AVith 
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FIG. V-3-7 . A Comparison of the SSTR and Radiochemical 
Methods for a Radial Traverse of ZPR-G, Assembly 5 with 
U-235. ANL Neg. No. 111-9636. 

sodium present more energy degradation of the fast 
spectrum occurs; this also implies that the SSTR 
method should yield lower values of U-238 fission 
rates in agreement with experiment. 

General agreement between SSTR and radio
chemical methods is supported by a comparison of 
typical U-235 radial traverses given in Fig. V-3-7. 
However, the SSTR method does possess advantages 
over the radiochemical method. Since fission rates 
are measured directly, one need not be concerned 
with the problem of radioisotope fission yield varying 
with neutron energy, which is inherent in all radio
chemical determinations. 

Finally, Fig. V-3-8 displays a three-dimensional 
profile of the U-238 fission rate throughout the as
sembly. These data demonstrate the power of the 
SSTR method in obtaining fission rate measurements 
over large regions of a critical assembly from one or 
at rnost a few exposures. 
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V-4. A Shared Peripheral Computer S y s t e m 

J. F. WHALEN and C. E. COHN 

A systems design study was made to determine if 

the on-line computer replacement requirements for the 

fast critical experiments sections and the Applied 

Nuclear Physcis section, Argonne site, could not be 

combined, or at least correlated, since they will be 

located in close proximity in the near future. This 

study resulted in a proposed computer system which 

would permit a maximum amount of independent 
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usage by the individual sections and which at the 
same time would effect large savings by allowing the 
sharing of expensive peripheral equipment and pro
viding semi-standardized interface entries. Another 
valuable aspect of compatability was accomplished 
by including in the design discussions representatives 
from the Zero Power Plutonium Reactor (ZPPR) 
group, Idaho, who at that tiiue were also developing 
an on-line computer proposal. Providing similar com
puter environments at both sites would aid in the 

interchange of experimental setups, as well as soft
ware. 

A request for proposal was submitted to 12 possible 
vendors together with detailed specifications. The re
sulting material was evaluated, a vendor was se
lected, and a contract negotiated. The complete 
system will be on-site by March 1, 1969 with partial 
deliveries up to that date. \ work diagram showing 
the final configuration and item location is shown in 
Fig. V-4-1. 

V-5. Reliabil i ty Improvements for the DDP-24 Computer 

C. E. COHN 

INTRODUCTION 

A DDP-24 computer is used for control and on-line 
data collection and analysis for the critical facilities in 
the Reactor Physics Laboratory.' From tiiue to time 
since its installation modifications have been made on 
the computer for the purpose of improving the relia
bility of its operation. Earlier modifications are de
scribed in Ref. 2 and more recent modifications are 
discussed in the following paragraphs. 

MEMORY CURRENT ADJUSTMENTS 

In a magnetic-core memory there are three im
portant operating currents which flow through the 
wires threading the cores. These arc the write current, 
which changes the state of a core when a "one" is to 
he stored in it; the read current, which resets a core 
from the "one" state and generates an output signal; 
and the inhibit current, which counteracts the write 
current and prevents a state change in a core where a 
"zero" is to be stored. I t has been pointed out^ that 
these three currents should be approxiinately equal in 
order to provide the greatest margin against the spread 
in characteristics of the various cores throughout the 
memory as well as against system drift. 

The DDP-24 core memory has screwdriver ad
justments for the read and write currents, but none 
for the inhibit current. AVhen adjusted for best opera
tion, the read and write currents were 240 to 2.50 mA, 
while the inhibit current measured 160 mA. Therefore, 
the inhibit current was clearly suboptimal. 

This deficiency was particularly evident in one 
of the two 4096-word memory modules, where the 
spread in core characteristics was especially large. 
In particular, there was one core whose threshold for 
state change was some 40 mA lower than all the rest. 

Possibly because of component aging, it became im
possible to find an adjustment for this module a t 
which all cores would function properly. Therefore, 
to restore proper operation it was imperative to in
crease the inhibit current. 

There are twenty-four inhibit circuits, one for 
each bit, in each module. When a given bit is to be 
stored as a zero, the associated driver transistor con
ducts and draws a current through the inhibit wire as 
determined by a resistor network. (The resistor net
works are contained on two inhibit component boards 
which are located inside the core-stack enclosure.) 
The current was increased by adding a resistor to each 
network. This brought the current through the inhibit 
wires to 255 mA. 

This modification made it possible to obtain com
pletely satisfactory adjustments in both modules. The 
write currents were now adjusted to around 260 mA, 
with margins of around ±20 mA in the difficult module 
and ±30 m.\ in the other one. The memory operations 
have since been highly satisfactory. Unfortunately, 
the increased inhibit current caused the failure of six 
driver transistors—three immediately after the 
modifications were completed and three subsequently, 
.'̂ incc these failures are very readily localized and 
corrected, they are considered a small price to pay for 
the improved memory operation obtained. I t is be
lieved that they represent a sorting-out of particularly 
weak transistors, and so will become less likely in tbe 
future. The cooling improvement described in the next 
section has greatly reduced the likelihood of these 
failures. 

ilAixFR.^ME COOLING IMPROVEMENTS 

From time to time throughout its life, the DDP-24 
has been plagued with intermittent, evanescent main-
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frame failures which were impossible to localize. Con
sideration of the causes for these failures pointed to 
inadequate cooling of the circuit boards fi'om which 
the mainframe is constructed. 

Adequate provisions for such cooling were not 
made in the design of the computer. The manufacturer 
did install a blower at the bottom of each of the three 
rack bays which contain the boards. However, he 
made no provisions to channel the air into the restricted 
spaces between the boards where the flow is really 
needed. As a consequence, most of the air bypassed 
the board enclosures and was ineffective for cooling. 

In addition, it had become the practice to keep 
frequently-used program tapes on top of the com
puter. I t ai)peared that an increase in the failure rate 
was correlated with an increase in such storage. This 
was confirmed by complete freedom from failures for 
two weeks after all tapes were removed from atop the 
ventilation openings. Since no more than one-third of 
the ventilation area had ever been covered, the exist
ing cooling was evidently marginal. 

An improved cooling arrangement was installed. 
The existing rack blowers were removed. In each bay, 
a standard 7 x 17 x 3-in. chassis base was mounted, 
inverted, snugly under the bottom row of boards. Un
der each chassis were mounted three 100-cfm axial-flow 
fans. The chassis serves as a plenum chamber to 
channel the air between the boards and provide even 
distribution. The design of the board enclosures then 
provides for air circulation upwards past all the 
boards in the bay. 

Each memory module is equipped with fans which 
force air into the core-stack compartment and out
wards between some additional boards. These fans 
were equipped with dust filters which seriously re
stricted the flow, even when clean. Therefore, the filters 
were removed. (Dust is not a major jiroblem in this 
low-voltage, low-impedance circuitry.) The boards 
here include those containing the aforementioned 
inhibit-driver transistors. It is expected that the im
proved air flow will significantly lower the failure 
probability of these transistors. 

The memory modules possess another stack of 
boards which is cooled by a 270-cfm axial-flow fan 
mounted under theiu. Here, again, no provision was 
made for channeling the air between the boards, so 
that most of the air again bypasses them. Although 
this area has not been troublesome in the past, a sheet 
metal shroud was installed over the fan to direct the 
air properly. 

These cooling improvements have all but eliminated 
the mainframe failures and have comjiletely eliminated 
intermittents. They have yielded imiiro\-ement in re
liabihty. 

TYPEWRITER INTERFACE IMPROVEMENTS 

The input-output typewriter has been one of the 
least reliable parts of the computer system. Although 
most of this unreliability must be charged directly 
to the typewriter, it appeared that some may be 
charged to the typewriter interface circuits in the com
puter, since the design of these departed in some re
spects from the typewriter manufacturer's recom
mendations. The areas of departure were: 

(1) The contacts in the typewriter that deter
mine timing are provided in break-betore-make 
SPDT form, to allow for buffering against contact 
bounce using fliji-flops. Advantage was not taken of 
this provision. 

(2) As a consetiuence of the above, it was necessary 
to provide a 7-msec time delay in the timing circuits 
to allow the contacts to settle. This is contrary to a 
recommendation of the manufacturer that there 
should be no delay between the completion of one 
printing operation and the energizing of the selection 
magnets for the next operation. The recommendation 
was intended to insure maximum operating speed 
antl minimum clutch wear. 

(3) The voltages ajjplied to the contacts and the 
current passed through them were below recommended 
minima. These recommendations were intended to 
insure against erratic contact operation under "dry-
circuit" conditions. Some simple modifications were 
made on the interface circuits to correct these diffi
culties. 

To eliminate the contact bounce problem, each 
SPDT contact set was buffered by a flip-flop. When a 
contact set is in its normal state, tbe dc set input of 
the flip-flop is grounded and the dc reset input is 
ungrounded. This places the flip-flop in the set state. 
When the contact changes state, the set input is un
grounded and the reset input is then grounded. The 
flili-flop immediately switches to the reset state. Once 
the flip-flop is latched in this state, further openings 
and closings of the normally open contact have no 
effect. Therefore, contact bounce has no effect un
less the contacts bounce so badly as to reclose the nor
mally closed contact. The contacts arc specifically 
designed not to do this, and will not do it unless they 
are grossly misailj listed. (.)n return to the normal state, 
the action is analogous. 

In the original circuit, the feedback contacts were 
returned to - 1 8 V through a 2.26-K resistor, and were 
elamiied to - 6 V through a diode. The contacts thus 
carried a current of 8 mA. Other ty])ewriter contacts 
were connected in the same way, while still others 
were returned to - 6 V though 5.1-K resistors, and 
would thus draw slightly over 1 mA. These operating 
conditions did not conform to recommendations that 
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the contacts should switch at least 40 mA and 10 V. 
The tyiiewriter manufacturer feels that these currents 
and voltages are necessary to insure the breakdown of 
surface films and the establishment of reliable con
tact. If such currents were drawn from the normal 
computer power sup|)lies, regulation problems could 
result, so a separate 12-V de power supply was pro
vided. All typewriter contacts were returned to the 
negative side of this supply through 240-fJ resistors, 
and thus draw ,50 mA each. 

OTHER MODIFIC.\TIONS 

Various console control functions were handled by 
magnetic-core pulsers attached to pushbutton switches. 
These pulsers have been ([uite unreliable, and several 
have failed. In accord with the principle of not re-

lilacing an unreliable part with more of the same, the 
jnilscrs were replaced with simple resistor-capacitor-
diode circuits. 

Modifications to the ])aper-tape punch circuits have 
been reported previously.-
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V-6. Dig i ta l -Computer Processing of Sampling-Osci l loscope Data 

C. E. COHN 

INTRODUCTIO.N 

A digital coinputer can process information from 
a sanijiling oscilloscope to average out noise and 
fluctuations on the observed waveform and estimate 
the true shape of that waveform. 

The sampling oscilloscope is a useful instrument for 
observing signals that are too fast for other meth
ods. However, it is best suited to a repetitive signal 
whose form is unvarying. Where the signal is subject 
to noise and fluctuations, as are pulses from nuclear 
detectors, the sampling-oscilloscope display becomes 
blurred, and the "true" shape of the pulse cannot read
ily be seen. The technique described here extracts 
that information. 

This type of averaging has been done previously 
with a wired-program analyzer.' A stored-program 
fomputer provides more flexibility and allows more 
sophisticated information handling. 

HARDWARE 

The sampling-oseillosco]ie interface must digitize 
the time and voltage information produced by the 
oscilloscope at each sampling, and transmit the data 
to the computer, as controlled by the clock pulses 
generated by the oscilloscope. In addition, the inter
face must reject data produced during retrace of the 
oscilloscojie staircase sweep. 

The oscilloscope used here is a Tektronix 564, with a 
3S3 sampling-probe unit and a 3T77 sampling-sweep 

unit. The dual analog-digital converters were built by 
the Electronics Division, and are as described in 
Ref. 2 except for having a 5-iIHz clock frequency. 
The computer is the DDP-24. 

A block diagram of the setuji is shown in Fig. V-6-1. 
The analog X and Y information needed is available 
at the front j^nel of the oscilloscope with a calibra
tion factor of one volt per scale division on the oscillo
scope screen. These voltages are passed through signal 
conditioning amplifiers which invert the polarity 
and.shift the zero to make the signals suitable for the 
analog-to-digital converters (.\DC)'s. The outputs of 
the amplifiers go directly to the inputs of the linear 
gates. 

The sampling-sweep unit generates a clock pulse 
to indicate that a sampling has occurred. This pulse 
is passed into a linear amplifier, single channel ana
lyzer, and coincidence circuit on the ADC chassis. The 
latter strobes the linear gates, making the ADC's 
digitize the information from the sampling. The time 
{X) information is digitized to 512 channels, while 
the amplitude IT) information is digitized to 1024 
channels. 

The address-advance pulses from the ADC's go to 
the computer's 24-stage binaiy input scaler. The Y 
information is accumulated in the higher-order 12 
bits, while the -Y information is accumulated in the 
lower-order 12 bits. On completion of conversion, the 
termination of the width-modulated pulses from the 
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ADC's signals the computer to read the data. Con
version of subsequent samplings is inhibited until tbe 
input data transfer is complete and the scaler has 
been reset. 

Figure 'V-6-2 shows one of the two identical signal-
conditioning amplifiers. The oscilloscope signal output's 
have an effective lOK series output resistance. The 
operational amplifier and its lOK feedback resistor, 
in conjunction with this output resistance, form a 
unity-gain inverter which transforms the positive 

oscilloscope output to the negative polarity required 
by the ADC. The lOK helipot allows the output 
voltage range of the amplifier to be set as required 
by the ADC (i.e. Oto - 1 0 V). 

Conversion of data produced during staircase-sweep 
retrace is inhibited by tbe circuit shown in Fig. V-6-3. 
During retrace, the sampling-sweep unit blanks the 
cathode ray tube (CRT) beam so that samples taken 
then will not be displayed. A portion of the blanking 
voltage is made available as a "sweep gate". This 
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F I G . \'-li-5. Sampling-Oscilloscope l)ispl;i\' of l)al;i from Fig. V-0-4. 

is applied to a two-transistor circuit to produce a —5 Y 
inhibit signal, which closes two AND gates in the . \DC 
chassis to prevent strobe pulses from opening the linear 
gates. 

(The system described in Kef. 1 dispensed with 
the Y-ADC, and instead incremented the A'-channel-
count by one after each sampling, corresponding to 
the stepping of the staii'case sweep in the oscilloscope. 
However, this required special ]novisions in the oscillo
scope input circuitry to inhibit subsequent samplings 
during the processing of one sampling. The system 
described here does not need such provisions, as such 
subsequent samplings are merely ignored.) 

PROGRAMMINIi AND UsAGE 

The averaging program is written in FORTR.\N-IV 
with machine language instructions interspersed. When 

the inogram is started, the experimenter must type 
in tlie oscilloscojie vertical gain and sweep speed set
tings. 

On command, the computer then begins taking 
datti. For each sampling, the computer reads the ADC 
results, and checks each for overflow, rejecting sam
plings where overflow is manifested. For each value of 
the channel count from the A'-ADC, the computer 
kee|)s a record of the total number of samjilings with 
that channel count, the sum of the readings from 
the F-ADC for those samplings and the sum of the 
stjuares of those readings. 

The progress of the data-taking can be monitored 
at will on the comimter's CRT display.^ The display 
shows the mean and standard deviation of the pulse 
shape, just as described below for the graphical out
put. The experimenter may generate such a display 
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from time to time, and may use the information 
thereon as a basis for deciding when enough data have 
been accumulated. 

After the experimenter terminates data taking, he 
must look at the CRT display and decide at what time 
the pulse began to rise from the baseline or zero level. 
He types in the time in terms of the horizontal divi
sions on the C R T graticule. The computer averages 
the amplitudes for all samplings preceding this time, 
and uses that average value as the baseline level. 
That level is subtracted from the average amplitude at 
all time points, and the difterence is numerically 
integrated. The computer then plots the results. 

RESVLTS 

The output from the program is in the form of a 
graph. A typical one is shown in Fig. V-6-4. The pulse-
shape information is in the form of three lines. The 
middle line gives the mean amplitude at each sam
pling time, while the two outer lines are displaced from 
the mean by an amount equal to the standard devia
tion of a single sampling. Thus, these lines indicate 
the dispersion of the data. 

The time scale is referenced to the time of the 
earliest sampling recorded, while the voltage scale is 
referenced to the previously-described baseline. A ver
tical line crosses the pulse-shape traces at the time 

that was selected as the end of the baseline. Both 
time and voltage scaling are adjusted by the computer 
so that the pulse-shape trace will fill the graph area as 
much as possible and still have round-number scale 
markings. The time integral of the pulse shape is writ
ten in the upper right-hand corner in volt-nano
seconds. (For this to be correct, the pulse must return 
and settle to its baseline during the time span shown 
on the graph.) 

Figure V-6-4 is taken from selected anode pulses 
from a photomultiplier viewing a plastic scintillator 
bombarded by alpha particles. Data were taken for 
about 15 min, with the ADC's operating at about 20% 
deadtime. For comparison, Fig. Y-6-5 shows these same 
pulses as photographed from the screen of the sam
pling oscilloscope in a 15-sec exposure. The improve
ment in the definition of the pulse shape is evident. 
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V-7. T i m e - O p t i m a l Direct Digital Control of Zer(j Power Nuclear Reactors 

T. ,1. MARCINHK* 

INTRODUCTION 

As the result of a study de.scribed previously,' tbe de
velopment of a time-optimal direct digital control pro
gram was undertaken. After investigation of the per
formance of a digital control algorithm developed by C. 
Cohn,' •' it was evident th.at a more flexible direct digi
tal control program would be desirable. Although the 
original control program is stable in its nonlinear form, 
it is too .specialized for application to all zero or low 
power nuclear reactors. For example, the arbitrary 
specification of the switch point as being 55 % of full de
mand power and increasing of tbe demand period by a 
factor of fen in order to either limit or eliminate power 
level overshoots is not applicable to all zero or low- power 
reactors. The switch point is a function of the rate of 

* .Student, University of Notre Dame, Notre Dame, Indiana. 

reactivity removal as well as the minimum allowed 
period. 

SWITCH EQU.\TION DEVELOPMENT 

In order to determine tbe form of a time-optimal 
digital control sequence, use \vas made of a discrete form 
of the Maximum Principle developed by B. .lordan and 
E. Polak* and extended by K. Wonta,* to include con
strained state space. Several models were studied ui-
cluding: 

(1) Prompt neutron reactor 
(2) Prompt neutron reactor with reactivity rate 

limited control 
(3) Prompt neutron reactor with reactivity rate 

limited control and constraint on total reactivity 
(4) One-delayed group reactor witb step reactivity 

input. 



354 V. Experimental Techniques and Facilities 

The main problem considered was to ensure that when 
the demand power level was reached that the reactivity 
insertion rate was sufficient to maintain the power level. 
If the reactor power is rising on a period T, then in order 
to maintain the power level, the reactivity insertion rate 
is given as 

i>U) = - E 
rXi -1- 1 ' ( > (/ (1) 

where X; is the decay constant of the zth group and ^i 
is the delay fraction. As can be seen from Eq. (1), the 
ma.\imum reactivity rate occurs when / = // , the time 
at which the demand power level is reached. For a one-
delay-group reactor the reactivity insertion rate, as a 
function of time, is given as 

pit) 
X0 

r\ -\- 1 
I > t/. (2) 

In the derivation of the switch equation, the one-delay-
group equation was used since it was .simpler and was 
not significantly dilTerent from the .six-group equation 
for periods greater than 20 sec. 

Suppose that the maximum reactivity insertion rate 
for a reactor is pmaz , corresponding to a period r/ 
calculated using Eqs. (1) or (2), but that the reactor 
is rising on a period TO where TO < T/—a situation quite 
common in very low power reactors. The reactivities 
necessary to hold periods T/ and TO are p/ and po, 
respectively. Thus, in order for the insertion rate to 
hold the demand power level, the reactivity insertion 
must begin at time (o. If the control rod worth is linear 

and the precursors are in equilibrium at the demand 
power level with respect to the period T/ then the dilifer-
ence between the time that the reactivity insertion is 
begun and the demand power level is reached while the 
neutron den.sity is increasing on period T/ is given by 

'/ Pmoi \ X T / - ( - 1 XTO -)- 1 / 
(3) 

Using this time difference a switch equation based on 
power level or neutron density may be derived using 
the linearized, one-delay-group equations.^ 

The switch equation is 
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In order to minimize possible objections to the use 
of the linearized, one-delay-group equations when the 
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ratio no/uf is less than about 0.95, the switch point 
calculation is broken up into A'' intervals in the period. 
I.e. To, Tl , - • • , T,", • • • , TAT-I , Tit. Denoting an incre
mental switch point to change from period T,_I to T, as 

n,-! 
= / . ( r , , T , - i ) = / , ^ (5) 

then a better approximation for the total switch point is 

°̂ = II/.=/. (6) 
n ,=1 

Another question is whether the equations should be 
normalized around no or «/ , since these represent the 
extremes in tbe application of the equation. It was 
found that normalization around U; causes a negative 
value of no/n, for periods shorter than about 20 .sec. 
Since this problem did not occur for a normalization 
about Bo, this was used in the program to calculate the 
switch point. A comparison between the iteration 
scheme de.scribed and one- and .six-delay-group calcula
tions for a ramp input of reactivity of p = -0.0000122 
{Sk/k)/sec is shown in Fig. V-7-1. It may be noted 
that as the number of intervals is increased the curve 
approaches the one-delay-group from above, thus 
giving a .somewhat less conservative switch point than 
the one-delaj--group nonlinear kinetics equations. The 
points shown for the one- and six-group switch point 
were calculated using a standard kinetics code de
veloped by .1. Kaganove." 

The ideal control sequence for a power level increase 

> 
t -

o 
z 
o 
(c 1.2 

=> 
^ 0.8 

LA
T 

•̂  0,4 

/ 

/o-' 

' 

1 1 

A'' 

^ 

1 ' 1 

/'°'' 

^ 1 

1 • 1 

/'^'^ 
/_____ SWITCH POINT 

y 1 , 1 

' 

— 
-

-
300 

TIME,sec 

FIG. V - 7 - 3 . Reactivity and Relative Neutron Density Versus Time for Reactor with Linear Control Rod. ANL Neg. No. 113-74. 



356 V. Experimental Techniques and Facilities 

is shown in Fig. V-7-2. Section 1 of the upper curve 
indicates the reactivitj^ insertion to reach the total 
reactivity necessary to maintain the minimum allowed 
period as shown in Section 2. Section S depicts the hnear 
removal of reactivity until the demand power level is 
reached. In Section 4 the reactivity removal is ex
ponential in order to maintain the demand power level 
while the ])recur.sor densities reach equilibrium. The 
lower curve depicts the corresponding neutrfin density 
variation. 

CONTHOL P K O G R A M 

The control program used in tbe reactor simulation 
studies is divided into two main sections, namely sub
routine SWITCH and subroutine RULF^ which couples 

the computer to the reacttjr to perform the actual con
trol. 

Subroutine KULE controls the period by varying the 
inverse period as a function of tbe power level according 
to the equation 

1 1 . , , 
- = - m in {1 

Vn; — n 
L n, -i-

•fe-')]/ 
(7) 

1 - / 

The error is calculated using 

e = n — Uf , (8) 

which corresponds to a zero-order hold when used in 

50.00 1DD.QQ 15Q.DQ 2OQ.0Q 250.00 

TIME (SEC.) 
3D0.QD 350.00 400.00 450.00 

F I G . V - 7 - 4 . Reactivity and Relative Neutron Density for a Reactor with a Nonlinear Control Rod BndNo'ise. ANL Neg. No. 118-i 
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conjunction with the computer. For a noise-free reactor 
simulation, the period is checked within subroutine 
RIT.F using simply 

T = r / l n (ny/raj_i). (9) 

where T is the sampling interval, ny is the present 
neutron density, and n,^i is the neutron density at the 
previous sampling time. For a noisy reactor an .average 
period is used. Listings of subroutines RULE and 
SWITCH, as well as the reactor simulation codes may 
be found in Appendix D of Kef. .3. 

SlMUL.\TION OF V.\HIOU.S K E A C T O K M O D E L S 

Incorporating the SWITCH and RULE .subroutines 
with a digital reactor simulation model based on an al
gorithm derived by .1. Kaganove' for the solution of the 

FIG. V-7-5. ATSR Run 1. T = 0.1 sec, T, = 40.0 sec, p „ „ = 
000OI7(M (Sk/k)/aec, and Switch Point = 1.00283. ANL Neg. 
-Vo. ijs-rs. 

F I G . V - 7 - 6 . ATSR Run 5. Power Level Decrease from 0.75 X 
KT' toO. l X Vr-i. ANL Neg. No. 113-90. 

space-independent reactor kinetics equations, the control 
program was tested. Reactor models simulated included 
zero power with linear and nonlinear control rods in the 
noise-free ease, and a noisy reactor with a nonlinear con
trol rod. 

Figure ^'-7-3 depicts the variation of reactivity for a 
three-decade change in power level for a reactor model 
with a nonlinear control rod. The minimum allowed 
period is 30.03 sec. Tbe variation of reactivity and power 
level closely resemble the ideal shown in Fig. V-7-2. 

The results of the simulation of a noi.sy reactor with 
a nonlinear control rod are shown in Fig. V-7-4. In this 
case the period is averaged over the past 2.0 sec in order 
to maintain the demand period while making the control 
rod movement less sensitive to the iioi.se in the neutron 
level. Again, it can be seen that using the control pro-

http://iioi.se
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gram the variation of reactivity and power level closely 
resembles the ideal shown in Fig. V-7-2. For a minimum 
allowed period of 20.0 see, tbe overshoot was only 2 %. 
This was the worst case studied. 

APPLICATION TO THE ARGONNE THERMAL 

SOURCE REACTOR (ATSR) 

The control program was modified somewhat so that 
it could be u.sed to control power level changes on the 
ATSR. Listings of the computer programs may be 
found in Appendix E of Ref. 2. 

Figure V-7-5 shows a power level change from 0.1 to 
0.75 on the 10~' amp current range with a minimum al
lowed period of 40 sec and a sampling time of 0.1 .sec. 
This particular selection of power level change avoids 
the low signal-to-noise ratio at the low end of the scale 
of the meter, and allows enough room at the top of the 
scale to observe overshoots should they occur. The con
trol program maintained the minimum allowed period 
and leveled the power with only a slight overshoot. 
These tests were repeated for \-arious rod speeds and 
minimum allowed periods and in each the digital control 
program maintained the minimum allowed period and 
held the demand power level with little overshoot. 

As a test to determine how well the program would 
perform for a power level decrease, a run was made for 
a power change from 0.75 to 0.10 on the 10~^ amp cur
rent range. The result of this run is shown in Fig. V-7-6. 
The control rod speed setting was 100% and as a re.sult 
the rod was almo.st fully inserted by the time the de
mand power level was reached. Since the reactor was far 
subcritical at this point, due to the in.sensitivity of the 
period to rod motion, an undershoot of about 26% was 
experienced. This could be eliminated by either reducing 
the rod speed during a power decrease, or by incorpo
rating a test in the control jirogram which would not 

permit rod movement if a corresponding period change 
does not occur during a power level decrease. 

As evidenced from the various tests performed on the 
ATSR, it can be concluded that the control program 
performs well. It maintains tbe minimum allowed period 
and le\'els the reactor at the demand power with very 
little overshoot. The power rises found in both the simu
lations and applications on ATSK are all similar to the 
ideal case shown in Fig. V-7-2. 
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V-8. Use of a Small Computer for Proton-Recoil Proporlional Count ing 

T. J. YULE and E. ]•". BENNETT 

The use of computers for data acquisition and pre
liminary processing has become increasingly popular 
in nuclear research.' An on-line computer increases 
significantly the flexibility of the experimenter for 
data handling operations. This paper describes the usff 
of a small computer for fast neutron spectroscopy by 
proton-recoil proportional counting. 

The technique currently used at Argonne for 
in-core measurements of neutron spectra with propor

tional counters requires electronic pulse-shape dis
crimination to eliminate the background of fast elec
trons." The fast electrons are produced by gamma-ray 
interactions in the counter walls. There is a significant 
difference in the specific ionization, i.e. ion pairs per 
unit track length, created by a recoil proton or a fast 
electron of the same total ionization. By measuring 
the rise time of a pulse, one obtains a quantity 
which is proportional to the radial extension of the 

file:///-arious
file://-/rgonne


8. Yule and Bennett 359 

track. The ratio of the radial extension to the ioniza
tion is large for a recoil-proton event and on the aver
age considerably smaller for a gamma-induced electron 
event. 

A block diagram of the electronics used for pro
portional counting is shown in Fig. V-8-1. Each pulse 
from the counter is analyzed by two separate systems. 
The fast system produces a pulse which is propor
tional to the rise time of the incident pulse. The 
slow system produces a pulse which is proportional 
to the ionization deposited in the counter by the event. 
Each slow pulse passes through a pulse selector which 
determines whether the pulse is distorted by other 
pulses occurring at approximately the same time. The 
pulse selector provides a gating pulse to the analog-
to-digital con\'erter, which allows only undistorted 
events to be analyzed. 

Analog-to-digital conversion is performed at a 40 
MHz digitizing rate. Both the fast and slow pulses 
are converted to 512 channels. Dead time per event is 
approximately 3 -f 0.025.V /»sec, where .V is the chan
nel number of the larger analyzed input. 

Once the encoding process is complete, a STOKE 
signal is sent to the computer interface, indicating 
that data is ready for transfer to the computer. The 
STORE signal and the two 9-bit codes remain until 
accepted by the computer. No new signal can be 
analyzed while the STORE command is present. 

Data is transferred into the computer in a series 
of operations. First, the computer transmits a code 
to the interface to test whether a STORE signal has 
been sent by the ADC's (.4nalog-to-Digital Con
verters). If a STOKE signal is not present, a false code 
is returned to the computer. The computer then con
tinues in a loop, sensing the condition of the ADC's. 
The time for one cycle in the loop is 7.8 ,usec. If a 
STORE signal is present, a true code is returned to 
the computer. A code containing the ADC to be read 
is sent, and data is returned to the computer and 
placed in one of the operational registers. The time 
required for the transfer of data from each ADC to a 
register is 3.8 .̂csec. The total time for the transfer of 
two words to two registers from the beginning of the 
sense operation is 11.2 /xsec. After the second data 
word is read into the computer, a CLEAR signal is 
sent to the ADC's to remove the STORE command 
and to reset the address scalers and all logic circuits 
60 that another input can be accepted for analysis. 

After the words have been placed in the registers, 
some ])reliminary data reduction is performed and 
the data stored before returning to the sensing cycle 
for further data transfer. The ratio of the fast-to-slow 
pulse height is formed, i.e. the radial specific ionization 
of the event. This ratio is scaled to 32 channels and 
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F I G . V - 8 - 1 . Block Diagram of the Electronics for Proton-
Recoil Measurements. ANL Neg. No. 113-863. 
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F I G . V - 8 - 2 . I^istribution of Specific Radial Ionization 
Showing Both Neutron and Gamma-Induced Events. ANL Neg. 
No. 113-848. 

tbe ionization data is scaled to 100 channels. Checks 
are made that the ratio and ionization are within 
preset bounds. The data are then stored in a 100 x 32 
channel array. The time required for the preliminary 
data reduction and storage is approximately 110 psec. 

The stored array may be output from the com
puter in a number of ways. For a given ionization, one 
may display counts versus specific radial ionization 
on an oscilloscope. Figure V-8-2 contains a represen
tation of such an output. The region at low values 
of the specific radial ionization corresponds to gamma-
ray events, while the one at high values corresponds 
to recoil-proton events. The whole array may be 
punched on paper tape or printed on a teletype. 

Some data reduction and analysis can also be per
formed with the computer. As is evident from Fig. 
V-8-2, the distribution of gamma-ray events is quite 
broad and thus some form of background subtraction 
is necessary. The shape of the spectrum of specific 
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ionization from gamma events is not very sensitive to 
the gamma-energy spectmm. Using the gamma field 
in the reactor or another source of gamma radia
tion, background corrections can be made. A short 
program is used to yield the integrated recoil-proton 
number, corrected for background for each value 
of ionization. 

Because wall-and-end effects are significant for the 
energies encountered in fast reactor measurement, 
further corrections must be made to the raw proton 
spectra (see Paper V-13) before the neutron spectra 
can be determined. A short form of the correction pro
gram PSNS can be run on the computer. The program 
corrects for wall-and-end effects and uses the cor
rected distribution to determine the neutron spectra. 

Although this paper considered only the use of a 
small computer for proton-recoil proportional count
ing, the ap|)lication is rather typical of the uses of 
small computers in nuclear research and points out 
the flexibility that an on-line computer affords the 
experimenter. 

REFERENCES 

1. B . I . Spinrad, Coordinator, Use of Computers in Analysis of 
F^jcperimental Data and the Control of Nuclear Facilities, 
Proc. of a .Symposium at Argoime National Laboratory, 
Argoime, Illinois, May 4-6, 1966, AEC Symposium 
.Series 10, CONF-660527 (USAEC Division of Technical 
Information Extension, Oak Itidge, Tennessee, 1967). 

2, E . F. Bennett, Fast .Xeutron Spectroscopy by Proton-Recoil 
Provortional Counting, Nucl. Sci. Eng. 27, 16 (1967). 

V-9. Evaluation of Photomult ipl iers for O p t i m u m Noise and T i m i n g Characteristics 

W. CoRWiN, K . P O R G E S a n d R . G O L D 

A method of evaluating photomultiplier tubes was 
developed and used to determine the gain, noise, and 
timing characteristics of a set of RCA 8575 photo
multipliers. The photomultipliers are to be used in 
conjunction with Nal crystals to detect gamma radia
tion of relatively low energy in coincidence with elec
trons detected by other means.' In this experiment, 
it is particularly important to keep the accidental 
coincidence background rate low; this calls for coinci
dence gates of shortest possible length. The time jitter 
in the gamma channel imposes a lower limit on this 
length through the statistics of photoelectron release 
in response to Nal scintillation, as well as through 
time jitter in the photomultiplier. The effect of photo-
electron statistics on timing is expressed by the well-
known formula of R. Post and L. Schiff-- ^ which gives 
the relative variance attached to the time of release 
of the fcth out of R photoelectrons, where R is pro
portional to the gamma energy. The variance is 
roughly proportional to k and inversely proportional 
to R. For low energy gamma radiation, it is thus 
expedient to trigger on one of the first few photoelec
trons; in practice, the pulses released by individual 
photoelectrons at the anode pile up such that the 
relative height of the trigger level determines, on the 
average, the order number k. Triggering on the very, 
first photoelectron is, however, inadmissible since 
this would include all thermally emitted single elec
trons, the so-called "dark current". 

The characteristics of a photomultiplier most suited 

for this experiment thus must include not only low 
dark current and accurate timing, but also a relatively 
sharply peaked single photoelectron pulse height dis
tribution, allowing a trigger level which fires on the 
second or third photoelectron of a group, but not on 
singles. To select the best from an available sample 
of fifteen photomultipliers of type RCA 8575, single 
electron (SE) spectra, dark current spectra, total dark 
current, gain and timing characteristics were meas
ured for each tube. The dependence of dark current 
and timing on anode to first dynode voltage was deter
mined and the distribution of after-pulses investigated. 
Experimental SE spectra were compared with theo
retically predicted curves given by J. Prescott.'' A num
ber of similar investigations, involving other types of 
photomultipliers, have been reported.^-' The informa
tion available from these reports was, however, insuffi
cient for the purpose described above and thereby 
furnished the motivation for the measurements re
ported here. 

LIGHT SOURCE DEVKLOPMENT 

The dark current pulse height distribution can be 
measured in principle with a very fast amplifier and 
multichannel analyzer of commensurate bandwidth. 
As such analyzers are not presently available, it be
comes necessary to select pulses in some way to avoid 
pileup; alternatively, one may hope to reduce thermal 
emission through cooling. Difficulties encountered in a 
preliminary attempt to cool tubes reliably to con-
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stant temperature led to the development of a logic 
pulse selection system described below. The spectrum 
obtained with this system consists of a SE com
ponent, a strong component at small pulse heights 
due to dynode emission, and a weak component of 
relatively large mean height due to positive ions 
formed in the residual gas, and accelerated toward 
the photocathode, where their impact may release 
several photoelectrons at once. Other mechanisms for 
generating large pulses, such as intermittent discharges 
inside the tube structure, have been identified. For 
present purposes, we wish to determine the mean 
SE pulse height, which allows an unequivocal cali
bration of the trigger level used in the experiment 
described above. The presence of a strong dynode com
ponent makes this determination difficult from ob
served dark current spectra, particularly at relatively 
low tube voltages where the SE distribution is broad. 
Spectrum component subtraction can be effected in 
principle by making measurements with and without 
SE component enhancement through additional weak 
light incident on the ])hotocathode. In practice, such 
additional light tends to activate the photocathode; 
as a result, several hours of rest are required to restore 
normal dark current emission. A more practical means 
of spectrum separation may be based on an associated 
channel and short light pulses. The latter are avail
able, for instance, from an alpha source embedded in a 
small plastic or liquid scintillator, which is then at
tached to the photocathode of another tube. Signals 
from the associated channel are used to open a 
linear gate which locks out all pulses except those 
generated by alpha-induced scintillations. The geom
etry of this arrangement must be adjusted to make 
the number of photons per scintillation reaching the 
photocathode of the tube under test much smaller than 
unity. From the Poisson statistics of this process, one 
can calculate the ratio of events in which two photo
electrons are released to those in which a single 
photoelectron is released. This ratio must be kept 
within a certain acceptable limit by adjusting input 
light intensity. 

Alpha-induced scintillation, while producing better 
results than irradiation by a DC light source and 
subsequent subtraction, still produces undesirable 
background due to slowly decaying components of 
available plastic or liquid scintillators, as well as 
gamma transitions with half-lives in the nanosecond 
region found in many readily fabricated alpha sources. 
These difficulties led to the development and con
straction of a number of coaxial spark light flashers, 
from which a fast-rising pulse was available at a 50 n 
output in coincidence with a spark of one nanosecond 
"lean duration. 
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F I G . V-9-1. Light Pulser. ANL Neg. No. 113-1508. 
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F I G . V-9-2. Photomultiplier Tube Voltage Dividing Net
work. ANL Neg. No. 113-1470. 

To fabricate such a light source a mercury-wetted 
relay was carefully disassembled and rearranged as 
shown in Fig. V-9-1 to provide a direct optical path 
between the relay contacts and the photocathode. 
With an additional coil and biasing permanent mag
net, the relay could be operated at rates up to 2.50 
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Hz, hence up to 500 pulses/sec were available by 
making use of both contacts. Driving current was pro
vided by an audio oscillator delivering a sine wave 
at about 25 V RMS; the spark light intensity could 
be varied continuously over a wide range by adjusting 
the DC voltage across the relay contacts, which was 
delivered through a 10 K bleeder. Several units were 
constructed with slight modifications and found to 
have very similar performance characteristics. At 120 
to 150 V contact voltage required for the SE spec
trum measurement, the light intensity was somewhat 
unstable, varying as much as a factor of 2 in extreme 
cases, and thus required intermittent calibration. This 
type of light source, while satisfactory for the de
scribed measurements, is therefore not suitable for 
tasks such as spectrum stabilization. 

SINGLE ELECTRON SPECTRUM 

MEASUREMENT ELECTRONICS 

The voltage divider used in these tests is shown in 
Fig. V-9-2. Aside from providing an independently 

variable potential between photocathode and first 
dynode, this divider is dimensioned according to the 
manufacturer's recommendations; resistance values 
were, however, increased to reduce joule heating. 
Attempts to secure a faster output pulse rise by 
making use of the internal strip-line construction of 
the output section, as suggested by tbe manufacturer, 
were unsuccessful since this led to strong oscilla
tions. For some of tbe tubes tested, such oscillations 
could be suppressed only by increasing the blocking 
series resistors to values up to 300 n. Typical pulse 
shapes, observed by means of a method described be
low, are shown in Fig. V-9-3. 

The electronics used for SE spectrum acquisition 
are shown as a block diagram in Fig. V-9-4. Anode 
pulses are fed directly to an amplifier of 200 Me band
width, into which a fast output sjilitter had been in
corporated.'" The light pulser trigger signal is delayed, 
shaped in a fast trigger and presented to one input of 
a fast coincidence. The other input to this coincidence 
stage is taken from one output of the signal splitter, 
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F I G . V - 9 - 3 . Computer Averaged Pulse Shape. ANL Neg. No. 113-1514. 
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FIG. V-9-4 . Block Diagram of Experimental Arrangement for Single I^leclr 
llS-USl Rev. 1. 

1 and Noise Spectrum Measurements. ANL Neg. No 

mentioned above, through an "antiwalk" discrimina
tor" (formed by two fast discriminators, a coincidence 
and appropriate delay and cli]5ping). The purpose of 
this arrangement was to obtain a sharply timed signal 
upon the arrival of every anode pulse derived from a 
light flash. The coincidence output is converted into a 
gate of exactly 30 nsec length and applied to the 
control input of a linear gate. The signal input of this 
linear gate is taken from another output of the anode 
signal splitter, through appropriate delay and pos
sibly attenuation (for higher tube voltages, it is neces
saiy to attenuate in order to keep signals within the 
linear range of the electronics; for this reason, the 
available two-stage gain of the amplifier was split 
as shown in Fig. V-9-4). Delay was adjusted to open 
the gate approximately 5 usee ahead of the arrival of 
a pulse, and close it about 2 usee after return to base
line. 

The system locks out dark current entirely and ad
mits all SE pulses generated by light flashes, with the 

following exceptions: (a) accidental overlap of dark 
current and light-generated pulses, (b) failure to 
process small light-generated pulses. With regard to 
accidental overlap, a gate width of 30 nsec and dark 
current rate of lO'^/sec still results in an accidental/ 
true ratio of only 3 X 10~^; moreover, these pulses are 
largely concentrated near the bottom of the spectrum 
(where dark current pulses are abundant). Concern
ing iiuproper processing, very small pulses do not 
allow the antiwalk scheme to function properly and 
are also processed non-lincarly by the gate circuit. 
These two factors tend to impose a lower limit on the 
s])ectra acquired by this method, much as noise limita
tion of ordinary pulse height analysis. 

Pulses ])assed by the linear gate were stretched in a 
simple circuit built into the gate module.'^ Stretched 
pulses were further processed in one of two multi
channel analyzers of conventional design used in this 
work; spectra were accumulated and periodically read 
out into paper tape. 
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PROCE.SSING OF SINGLE ELECTRON SPECTR.\ 

To evaluate SE spectra, a program SMOG (Spectral 
Moment Generation) was developed for the DDP-24 
computer. This program fits a quadratic extrapolation 
below a certain cutoff pulse height and an exponen
tially declining extrapolation above the top channel, 
and then calculates the moments of the resultant dis
tribution. The horizontal scale, v, of resulting plots 
could thus be calibrated relative to the mean SE pulse 
height; spectra could also be compared with theoretical 
predictions in terms of the gain per stage and a quality 
parameter."* To measure the tube gain at given ap
plied voltage, artificial pulses, carefully shaped to 
resemble the anode pulses, were injected at the system 
input. From the area of such pulses, one then calcu
lates the et|uivalent charge delivered at the anode and 
the tube gain. 

To obtain a clean picture of the anode j>ulse shape, 
random anode pulses were processed by a simple 
stratagem which produces an average shape from in
put pulses of varying height. This scheme, first de
veloped as a wired system'^ was implemented as a 
comi>uter program" in conjunction with a sampling 
scope. A typical averaged pulse shape is shown in 
Fig. V-9-3; calculated variances are indicated by 
lines at both sides of the average. A typical experi
mental spectrum is illustrated in Figs. V-9-5 and 
V-9-6 which give the raw SE data and the processed 
spectrum, respectively. 

DARK CURRENT MEASUREMENTS 

The dark current siiectra and total dark current 
were measured for all tubes by means of sampling sys
tem also shown in Fig. V-9-4. The dark current spec
trum reveals, among other factors, the possible pres
ence of unusually large pulses, described above, which 
become important at higher trigger levels in any count
ing experiment where background must be kept low. 
As shown in Fig. V-9-4, anode pulses are sampled by 
scaling, which tends both to provide random selection 
and allow the slow components of the electronics (slow 
amplifiers and analyzer) time to recover. Anode pulses 
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are accordingly split into a delay line and a fast scale 
of 100; the last scaling stage is made to open a 
linear gate at the other end of the delay line. The 
scaler output is shaped for that purpose through a 
simple circuit, shown in Fig. V-9-7 and applied to a 
gate-forming stage. Scaler timing characteristics al
lowed a 30 nsec gate but required a 96 nsec delay, 
introducing unavoidably some 12% attenuation into 
the signal line which had to be allowed for in spectrum 
comparisons. 

Linear gate output pulses were processed as de
scribed above by stretching, amplification, shaping 

FIG. V - 9 - 8 . Integral Noise as a Function of Pulse Height 
ill Terms of the Mean Single Electron Pulse Height. ANL Neg. 
No. IIS-ISIS. 

in conventional circuitry, and final accumulation in a 
multichannel analyzer, with paper tape output. Total 
dark current above a certain threshold (measured in 
mean SE pulse heights, i.e., v] was determined con
currently by accumulating the analyzer overflow in a 
scaler to obtain exactly 1% of the above threshold 
dark current rate. In addition to spectrum plots, the 
computer program also provided discriminator bias 
curves, which could then be compareil with experi
mental curves to facilitate trigger level setting in the 
course of setting up an experiment. Such an integral 
spectrum is shown in Fig. V-9-8. 

TIMING MEASURE.MENTS 

The possible presence of afterpulses was investi
gated by means of a time-to-pulse height converter 
(TPHC), especially with a view of correlating this 
phenomenon to the large pulse height component of 
the dark current spectrum on one hand, and to the 
input stage of the multiplier on the other hand. Elec
tronic arrangements are shown in Fig. V-9-9, in block 
diagram form. The block diagram of the instrumenta
tion used to observe the pulse height spectra of after-
pulses is shown in Fig. V-9-10. The large delays 
required were furnished by using ANL D-63 fast dis
criminator circuits," especially designed to jirovide 
adjustable and highly stable paralysis over wide 
range. When the output pulses of this circuit are 
sharply differentiated and inverted, the next unit is 
driven by the trailing edge of the pulse, thus convert
ing paralysis into delay. 

A randompulse is used to start the TPHC. with just 
enough delay to prevent the same pulse from also 
terminating the cycle, which is therefore stopped by 
the very next pulse. Given a Poisson time distribution, 
the TPHC spectrum is then expected to decrease ex
ponentially with a time constant equal to the mean 
pulse interval. Observations bear out this prediction; 
in addition, they show a fairly narrow peak centered 
on a mean delay which varies inversely with photo-
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FIG. V - 9 - 1 1 . Time of Afterpnlse Versus Cathode to First 
Dynode Potential. ANL Neg. No. 113-1474. 

cathode to first dynode (input stage) voltage as shown 
in Fig. V-9-11. Note that only the first of a possible 
group of after-pulses can be observed with this ar
rangement, since the first after-pulse preempts shut
down of the TPHC. The mean after-pulse height came 
to about six mean SE pulses, i.e., v = 6. 

These observations strongly suggest that positive 
ions, accelerated toward the photocathode, are the 
cause of such after-pulses, in agreement with other 
work." In addition to the after-pulse component, the 
ordinary dark current (SE and dynode noise) also 
tends to increase sharply with input stage voltage, 
which may be ascribed to field-enhanced emission 
from the photocathode (purely thermal emission 
would be exjiected to be independent of input stage * 
voltage). It follows that the input stage voltage 
should be kept as low as admissible by the require
ments of low timing jitter (which increases as the 
electron velocity across the input stage decreases). 

The effect of input stage voltage on time dispersion 

was observed by using the spark light source in con
junction with the TPHC system described above; 
spark source trigger pulses were fed to tbe start, and 
anode pulses to the stop, input of the TPHC. At a sys
tem resolution of better than 0.25 nsec, observed 
distribution widths showed somewhat surprisingly 
little change, from about 2 nsec (FWHM) for the 
lowest practical input stage voltages to 1.9 nsec for 
700 V. A typical distribution is shown in Fig. V-9-12. 

RESULTS 

The quality of performance of a photomultiplier in 
connection with an experiment of the type described 
above depends on relative noise above a threshold 
(trigger level) of two to three mean SE pulse heights, 
at a dynode and input stage voltage distribution 
commensurate with good timing. The timing jitter 
and noise measurements with varying input stage 
voltage described above suggest that for present pur
poses, the most advantageous trade-off between timing 
and noise obtains for stage voltages somewhat lower 
than those given by the manufacturer; thus, an input 
stage voltage of 300 V was chosen with a divider volt
age of 2 kV as standard for intercomparing the set of 
photomultipliers. 

This intercomparison is presented in Table V-9-1, 
which gives both the actual gain and the noise rate 
above three mean SE pulse heights {v = 3) for each 
tube. While the gain varies over a relatively small 
range, indicating a rather high degree of uniformity 
of dynode surfaces and structure, the noise count 
may be seen to extend over an extreme range of 400 

< 1000 — 
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FIG. \ ' - ! I -12 . Time Distribution of 
Pulses. ANL Neg. No. 113-1478. 
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TA^BLE V-9-1. GAIN AND N O I S E CHARACTERISTICS 

Tube Number 

8451 
8416 
4370 
07(i8 
3629 

8419 
0258 
0321 
0324 
3524 

7057 
9508 
0573 
6495 
4322 

Gain 

9.5 
7.8 
1.4 
1.0 
9.9 

11.8 
8.6 

1.32 
2.1 

1.96 

9.5 
1,48 
1,23 
0.9 
7.0 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 

10' 
10' 
10' 
10« 
10' 

10' 
10' 
10' 
10" 
I0« 

10' 
10» 
10« 
10' 
10' 

Noise in Counts per 
Minutei" 

6 
4 

1.5 
1.6 
2.5 

5.3 
4.2 
5,3 
7.5 
9.5 

2.5 
3.5 
3.1 
1.8 
1.1 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 

10' 
10' 
10» 
10" 

w 

w 
10' 
10" 
10' 
10' 

10' 
10' 
10< 
10' 
10' 

" Gain with the cathode at -300 and the anode at -1-2000 V. 
1' Noise above three electrons, v = 3. 

for this set of tubes. From the dark current and SE 

spectra, it appears that only a minor part of this varia

tion is ascribable to the SE distribution width. Other 

possible causes include residual gas, structural defects, 

internal contamination of surfaces which may lead 

to intermittent discharges, and variations in photo

cathode composition. From the point ot view of the 

user, it is evident from Table V-9-1 that a testing pro

gram is mandatory where tube noise is a crucial factor 

in the design of an experiment. 
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V-10. I n s t r u m e n t a t i o n for Processing Nuclear Detector Data 

A. D E VOLPI, S . RUDNICK,* R . D.ALY,* J. ENGLISH* and R. PECINA* 

The development of highly stable and reliable in

strumentation for nuclear data has been spurred in the 

past mainly by the requirements of nuclear spectros

copy. More recently, the needs of a program to measure 

fission and other reactor-related cross sections to high 

accuracy and precision have generated instruments 

which also have features of high stability and relia-

tility plus provisions which minimize possible syste

matic errors due to known causes. 

Three such specialized instruments whose develop-

* Electronics Division, Argonne National Laboratory. 

ment has been supported by the Reactor Physics Di

vision will be discussed. They are: (1) a charge-

sensitive, low-input-impedance preamplifier with 

tailored output provisions; (2) a highly stable versatile 

discriminator having rehable deadtime features; and 

(3) an automatic ilata handling system with Teletype 

output. 

PREAMPLIFIEK 

Frequently in radiation environments it is either 

necessary or desirable to separate the radiation detec-
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. ALL RESISTORS ARE l/B WATT METAL FILM, AND 
ALL CAPACITOR VALUES ARE IN MICROFARADS 
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2. POWER SUPPLY FILTERS FOR 
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FIG. V-10-1. Preamplifier. The Input Stage Terminates a Coaxial 
Provide Pulses for Energy and Timing Applications. ANL Neg. No 

tion stage from the electronic processing components. 
When processing a signal from a detector separated 
from its preamplifier, cable reflections must be elimi
nated in order to determine precise timing of the 
detector signal. Also, the input stage of the pream
plifier must be designed to minimize the noise com
ponent caused by the large value of input cable 
capacity. 

In the preamplifier shown in Fig. V-10-1, the low-
noise input stage is a common-base bipolar transistor 
biased to terminate the input cable without a series 
emitter resistor and to minimize 60 Hz on the out
put. The input stage drives both a low-noise field 
effect transistor (FET)-input charge sensitive am
plifier and a low-noise FET-input fast amplifier. The 
output from the charge sensitive amplifier is a 50-
psec decay time constant pulse coiupatible witb pole-
zero cancellation main amplifiers, and the output from 
the fast amplifier is a narrow pulse with a rise-time' 
less than 2 nsec suitable for timing applications. 

DLSCRIMINATOK 

The advent of integrated circuits has presented an 
opportunity to redesign level discriminators, thereby 

Cable in ita Characteristic Impedance and Two Output Stage 
113-1208. 

achieving low sensitivity to temperature drift and 
other disturbances. Such a discriminator has been 
built with operational features similar to the Adjust
able Paralysis Discriminator previously described.^ 
The input circuits of the new discriminator are shown 
in Fig. V-10-2. The dc restorer provides good baseline 
stability and allows operation at very high input rates 
without the usual threshold shift and threshold res
olution degradation. The integrated differential com
parator is used as a high gain biased amplifier to 
determine if the input signal exceeds the threshold 
level. The comparator takes advantage of the com
ponent matching properties associated with mono
lithic construction techniques. The resultant discrim
ination threshold stability is substantially better than 
that previously attained witb discrete components. 
The 10-turn Helipot jn'ovides threshold adjustment 
from 0 to 4 '\'. 

As indicated in Fig. V-10-3, the remaining proces
sing is digital. The timing loop precisely establishes 
the width and paralysis time of the output pulse. 
Accurate timing characteristics are very important in 
absolute coincidence counting work. The delayed out
put is useful when a pair of these discriminators are 
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FIG. V-10-4. Data Handling System. Six Versatile Sealer/Timer I'liits are Provided. .4.V/. Neg. No. 143-^779. 

used as a single-channel analyzer or an antiwalk dis
criminator. The outputs are also available both with 
and without a requirement of a concurrent gate pulse. 
In the coincidence mode, the gated output appears 
only when another pulse is presented at the gate input 
simultaneously; in the inhibit mode, the gated pulse 
always appears unless there is a concurrent pulse at 
the gate input. 

A new feature added is the availability of outputs 
with a width equal to the full paralysis time. This 
permits utilization of the discriiuinator in a simple 
automatic deadtime correcting scheme. 

DATA HANDLING SYSTEM 

.\ versatile data handling system consisting of a 
pulse generator, a preset scaler, six scalers, readout 
equipment, and control circuitiy to link the scalers to 
the readout equipment has been constructed. Except 
for in]iuts which are buffered to prevent damage from 
overloading pulses, all system functions are performed 
by integrated circuits. The readout device is a 33ASR 
Teletype unit. The rest of the system (pictured in 
Fig. V-10-4) is packaged in an 8?4 in. high chassis 
and can be mounted in a standard 19-in. relay rack. 

The pulse-generator signal is derived from a stable 
100 kHz crystal-controlled oscillator. The rate may 
be selected in decade steps from 1 to 10'' pulses/sec. 
The pulse generator fretiucncy and also the frequent^ 
divided by 1000 arc routed internally to the input 
selector of each scaler and are also available at 
outi>ut connectors. 

A preset scaler is provided which stops each scaler 

when the number of input pulses equals the number 
]>reselected by a decade thumbwheel switch. 

Each scaler includes six 10-MHz decade integrated 
circuits with inputs selected either from an external 
input or one of two internal inputs from the pulse 
generator mentioned above. The scalers can be con
trolled individually by "start", "stop", or "reset" 
commands; or these commands may come from a mas
ter control unit. Individual units may also be gated off 
by a pulse of dc level present at an "inhibit" input. 
This feature is applicable to automatic deadtime cor
rections. In addition, carry output pulses from the 10̂  
decade and the 10" decade are provided. These pulses 
lend themselves to three applications. First, if the ID* 
count capacity of one scaler is insufficient, the overflow 
count can be transferred to another of the six scalers. 
Second, the carry pulse can be used to stop counting: 
with the scaler operating from the pulse-generator 
injiut the overflow pulse establishes a present counting 
time ecpial to the pulse-generator period X 10^ or X 
10°. The third application is to use the carry pulse as 
the in])ut to the preset scaler. Now, any digital mul
tiple (0 through 91 of 10^ or 10" can halt the counting. 

Visual readout is provided by six "Nixie" tubes, 
.\ rotary switch permits the selection of any one ot 
the scalers for observation at any time. .A.lso. readout 
control circuitry linking the sealers to a Model 33.\SI1 
Teletype unit is provided. This unit provides bott 
]«'inted page and punched tape records at a reasonablf 
cost. In order to greatly extend the useful life of th( 
Teletype unit, the motor is automatically activatec 
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before each readout and turned off after each read

out. 
Three modes of Teletype readout are available; 

manual, one-cycle, and continuous recycle. In the 
manual mode printout can only be initiated by the 
operator. In the one-cycle mode data is read out to the 
Teletype unit after a preset count (or time) is reached 
and no further data are required. The continuous re
cycle mode initiates readout when a preset count (or 
time) is reached. After the scalers are read out, they 
are reset, and precisely 10 sec after start of readout 
they are enabled in order to being the next data 
cycle. 

Sometimes it is necessary to record the actual clock 
time at the start of each readout. By allowing the 
first scaler to count pulse generator pulses continu
ously without reset or interruption, the total elapsed 
time is accumulated. The clock time is accurately re
corded by sampling tbe continuous timer immediately 
after each readout command and storing the data in a 
24-hit buffer register ready to be read out by the 
relatively slow serial Teletype unit. When the system 

is operated with both a continuous timer and a preset 
timer, then four scalers are available for detector data. 
This is usually sufficient for most applications in
cluding coincidence work where normally three data 
channels are required. 

The cost of this data handling system has been 
significantly reduced by incorporating integrated 
circuit decade chips available from another experi
mental system- into its design and also by sharing the 
readout between the six scalers. A high degree of re
liability is anticipated in the use of these scaler sys
tems. 
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V-11. Single and Coincidence Counts of Multiply Emitt ing Sources 

K. PoKGES and A. D E VOLPI 

This note concerns the treatment of counting data for 
the case of sources which emit severtil particles or 
photons per disintegration. More specifically, we con
sider the emission of several particles of the .same kind 
per event, the number emitted beuig determined by a 
prohability distribution rather than being fixed. An 
example of such a reaction is neutron cajiture accom
panied by a shower of emitted gamma photons. Another 
example is fis.sion, which results in a distribution of 
emitted neutrons whose moments have been widely in
vestigated.' The first moment or mean in particular has 
long been one of the most important of the data re
quired for reactor de.sign and a number of different 
means have been employed to determine this parameter 
with increasing absolute precision.-

We make here the simplifying assumption that detec
tion efliciency does not depend on the multiplicity of 
emission.* Let tbe comprehensive registration prob.abil-

• For the case of fission neutron counting, this assumption 
may be somewhat questionable: the intrinsic detection effi
ciency of fast neutron detectors tends to increase with neutron 
energy and thus must be expected to be somewhat higher w hen 
'ewer iipulrons share the available energy. 

ity (including solid angle, intrinsic detection efficiency 
and fraction of delivered pulses accepted by the elec
tronics) be labelled p. A specific event, in which exactly 
n particles are emitted, is detected with overall prob
ability P„ , or not detected with probability P„, : 

P, -f Pn., = 1. (1) 

Xon-detection requires that all of the n particles fail 
to register: 

/ \ . = ( l - p ) " . (2) 

If now W„ = probability of emission of exactly n par
ticles, we may write the mean event detection efficiency 
e as 

2:ir„[i - (1 - pV] 
n=0 

= Eif'„i:pf;)(-i)'" 
(3) 

It is convenient to expand the polynomial and reverse 
the order of summation, yielding a series in increasing 
powers of p: 
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a^p + «3p' (3') 

The coefficients Ok are given in Table V-ll-I . Clearly, 
the use of a detector whose overall detection probability 
exceeds 10'^ or so retiuires the use of at least the first 
two terms of Kq. (3') when high precision is required; 
this practically implies knowledge of the moments ap
pearing in the second coefficient. 

The above simple treatment can be readily extended 
to coincidences between .several eciuivalent channels; for 
instance, two count channels with registration proba
bilities pl and p2 . The underlying assumption of thi.s 
treatment is that angular correlations among emitted 
particles or photons are weak enough to be negligible. 
This is certainly not the case for fission neutrons (which 
tend to directional correlation with emitted fi.ssion 
fragments) but may be admissible for gamma cascades 
emitted in nuclear tran.sformation.s which leave a re
sidual nucleus with a closely .spaced level structure in a 
highly excited state. 

Let Pni = detection probabilitj'^ exclusively in channel 
1 for an event in which exactly n particles are emitted, 

TABLE V-U-I. EVENT DETECTION EFFICIENCY 

COEFFICIENTS ot 

t 

1 
2 
3 
4 
6 

Ok 

mi 

(mj — m i ) / 2 ! 

(m, - 3m, -t- 2m,)/3! 
(m. - 6m, -1- l lms - 6mi)/4! 
(ms - lOiiii -(- 35ms - 50m, -)- 24m,)/6! 

m* = kth moment = ^ n*lr„ 

ni ^ 

\ \ \ 

/X, ni2 X / 

P 
nu 

/ / / / "'2 / / / 

FIG. V - 1 1 - 1 . ilorcl I liagram for Detection in Two Channels. 
Shaded Areas are Proliortional to Channel Count Rates. ANL 
Neg. No. 113-1291. 

while / \ i = corresponding detection probability with
out regard to detection in the other channel, and Pnu = 
coincident detection probability: 

/ ' . I P.I -¥ P„u ii) 
If /'„„ = probability of non-detection (either channel), 
then 

/ ' „ ! -I- / \ 2 -1- P,.n + P.... = 1 

P.n = P.i -h P.2- (1 - P..). 

(5) 

(6) 

These relations may be illustrated by means of a Borel 
diagram, such as depicted in Fig. V-11-1, where a square 
of unit area has been divided into regions of areas pro
portional to channel detection probabihties for exactly 
n emitted particles. 

Averaging again over all emis.sion multiplicities, we 
may put the coincidence detection pr()bability 

= Z w^T, [iPi + p^)' 

- (pi' + pi)] : (-1) ©• 
which yields the series 

Ci2 = 2pip,a, — -.ipipilpi -h p2)o3 

(6piP2 -h 4 ( p ; -b p2)]pip-ia. 

(7) 

(7') 

in terms of the same coefficients hsted in Table V-ll-I. 
It is often possible to employ two detectors subtend

ing the same solid angle at the source, having closely 
similar channel electronics; the channel efficiencies ei 
and £2, rates Ri and /?2 , and particle registration proba
bilities Pl and p> may thus be made equal. The coinci
dence event detection efficiency under these conditions 
beconaes 

fi> = 2/)'oo — Gp as + Hp 04 (7") 

and the coincidence ratio R^/Ru = Se^/cn . from which 
one might hope to infer the source strength S, becomes 

R'/Ru = iSal/2a2)[l -I- p{3a3/a, - 2a,/ai) 

-f p (02/01 — 403/ai -I- 903/02 — 704/02) • • • 
(S) 

Kvidently, the source strength can be precisely deter
mined only for detectors with relatively low particle 
registration probabilities p; moreover, at lea.st the first 
and second moment of the distribution must be known. 
Conversely, approximate values of these moments can 
1)0 evaluated from measurements made with a known 
source. The evaluation of desired parameters may be 
made more precise by noting that 

R '•,Rv. = Saip{l - i o j / i V o i - ) . (9) 
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(10) 

Dropiiing the small term in p' and inserting the value of 
pfound from Eq. (9) into Eq. (8) , one finds 

s = ( ? ^ ) | : - ( ? ^ - 2 ? ) ( f i - i i j . , ) ( , 
\a\J Ra \0i02 ay \ 2 / 

as a better approximation, which however reiiuires 
knowledge of the first three moments of tbe distribution. 
It is evidently also possible, in principle, to obtain dis
tribution parameters from the measured count rates 
and known source strength; for instance, a series of 
counts at different .solid angles should allow a poly
nomial fit of the above equations. 

We note that cascades of many photons or particles 
naturally tend to the Pois.son dLstribution. For the latter 
case, 

W„ = e^""(mi)7tt!. (11) 

The channel efficiencies are given by 

Ci = 1 - e~"""' (12a) 

62 = 1 - e~"""- (12b) 

ci2 = Cl -I- 62 - 11 - e-""""*'"] (12c) 

as expected from E(|. (6). Thus, etpial channel proba
bilities vield a coincidence rate 

Rn = S(l - e ^ " " ) - . (13) 

The coefiieicnts at for the Poisson distribution Eq. (11) 
become, simply, 

at = {niif/kl (14) 

When these are iascrted into Eq. (8), one finds that the 
coincidence ratio R'/Rn just equals the .source strength 
.S. This may also be verified from Eqs. (12) and (13). 
Moreover, this holds true (as one mast expect from the 
randomness of the process) for unequal channel regis
tration probabilities pi and p.^. 

The simple considerations developed here can be 
practically applied in precision measurements of dis
tribution parameters. More siiecifically, they suggest 
that source strength measurements aiming at very high 
precision mu.st be made with rather small registration 
probabilities p if coefficients at are not known; or else 
they must carefully account for the terms in higher 
orders of p. 
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V-12. Compton Recoil Continuum Measurements for In-Core 
Gamma-Ray Spectroscopy 

R. GOLD 

INTUODUCTION 

The in-core radiation environment of a reactor is not 
exclusively composed of neutrons, since an important 
component of the radiation field owes its existence to 
gamma rays. Reactors are, however, neutron multipli
cation .systems. Conseciuently, the neutron po|)ulation 
mu.st play the dominant role. For this rea.son, it is un
derstandable that in-core reactor physics experiments 
have concentrated almo.st exclusively upon reaction rate 
measurements with neutrons. Preci.se definition of in-
core reactor radiation fields cannot, however, be realized 
without inclusion of the gamma-ray component. Aside 
from this more general moti\ation, tbe intensity and 
energy spectrum of in-corc gamma rays is of practical 
interest in such aretis as ganinia-ray beating, .shielding, 
and radiation damage. 

The development of high-resolution (lithium-drifted) 

solid-state detectors for gamma-ray measurements is a 
significant experimental advance which has been widely 
applied in nuclear .spectro.scopy. Work with these de
tectors has focused on precise definition of nuclear 
energy levels by accurate gamma-ray energy mea.sure
ments (of the photo-peak response). In such uivestiga-
tions, oidy a limited number of tran.sitions can be suc-
ces.sfully analyzed because of the dominance of the 
Compton response in these detectors. Hence, these de
tectors cannot be used in tbe .same manner (i.e. as 
photo-peak detectors) for measurement of continuous 
gamma-ray spectra. 

While tbe dominance of the Compton recoil continum 
iu these detectors is regarded as an unwanted and trou
blesome complication in nuclear (energy-level) spec
troscopic studies, it is precisely this response which can 
be exploited for continuous gamma-ray spectroscopy. 

file:///0i02
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Indeed, the Compton distribution and the continuous 
gamma-ray spectrum are directly related by a well-de
fined integral etjuation. Conseciuently, the continuous 
gamma-ray spectrum can be determined from an un
folding problem,' in terms of the measured electron-re
coil spectrum. The definition and treatment of this 
specific unfolding problem has already been reported^ 
and is given hi .secjuel. 

Some obvious advantages of this method can be cited 
at the outset. The response kernel (or response matrix) 
can be directly calculated from first principles. This as
sumption rests upon the dominance of the Compton 
response, by roughly one-to-two orders of magnitude, in 
the broad energy region from about 100 keV up to a few 
]\Ie^^ In comparison, all other photon interaction modes 
can be regarded as higher-order perturbations and as 
such will be neglected in the jjresent treatment. Conse
quently, a geometry independent fijrmulation can be in
troduced, which is valid as long as effects of finite de
tector size are small (i.e. up to a few MeV). It follows 
that the required response function for these detection 
systems need not be determnied experimentally. Only 
through higher-order effects can the specific type, geom
etry, or design of the solid-state detector have an influ
ence. It is, therefore, interesting to contra.st the present 
formulation and treatment with the work of M. Silk and 
S. Wright^* who have independently recognized the 
merit of Compton continuum measurements. 

There are additional advantages which automatically 
accrue from the use of .solid-state detectors, namely 
sensitivity, resolution, and compactness, all of which 
should allow adetiuate in-core measurements with little 
perturbation of the environment. Finally, the well-es
tablished Compton scattering kernel should permit ab
solute measurement of continuous photon-energy spec
tra. In this regard, the relative error of this method can 
only be estimated, at present, to lie in the range of 
10-20% and is dominated by the neglect of higher-order 
effects already mentioned. 

FORMULATION OF THE L\TEGR.\L EQUATION 

Let (̂ (co ,iip) b e t h e {.steady-state) angular photon 
flux at energy coin the direction £ip. Here 4> possesses the 
customary units of an angular flux, namely photons 
per unit area per unit time per unit energy per steradian. 
(Note that the absence of any space-dependent argu
ment in <l> implies that the angular flux 0(r,€o ,iip) does 
not vary rapidly over the region of the detector.) Let 
dKiSle) be the number of electron recoils per unit time* 
arising in the solid angle dSl^ at Q^. Introducing the 
Compton-scattering cross section per steradian (per 
free electron), r/(T,A/U , one has 

dNiQ.) = A ' ^ r f " e / / ^ ( ^ * u , f i p - " . : 
(1) 

•tp{fo,iip) dilp dec. 

where N, is the total number of electrons in the detector. 
As is well-known, the Compton cross section dajda, 
ean be expressed as a function of only the original photon 
energy eo and the cosine of the scattering angle. ' Here 
Q,S2, is simply the cosine of the angle between the 
original photon direction and the electron recoil direc
tion. 

The observable reaction rate obtained from a solid-
state detector is, however, the number of electrons per 
unit time arriving in a final state energy interval dE, 
at E. Con.sequently, it is necessary to traiLsform from 
the variable i l p Q , to the final state electron recoil 
energy E. In this event, Eq. (1) becomes 

dNiE) = N.dE j j'^(E,t^)4,ito,a,) dil^dt^, (2) 

where 

dE^'^''°^=da/'"^"''''^aE (3) 

is the Compton-scattering cross section for an initial 
state photon energy to and a final state electron recoil 
energy between E and E + dE. This representation of 
the Compton cross section can be obtained directly 
from the Klein-Nishina formula in the form 

^ ( ^ - ' ( 
irrl UE\-

e, - E)' [UJ 

+ 2('1^' + ^^1^1[{E-1) 
\ fo / 4 

(4) 

11 

where ro = c'/mc' is the classical electron radius, with 
e the electron charge, m the electron rest mass, and c 
the velocity of light in vacuum. In addition, the initial 
photon energy to and the final .state electron energy E 
are expressed in mc" units. 

Introducing the scalar photon flux 

* ( e o ) j <t>ieo,a. ) rfa. 

and the measured electron-recoil spectrum 

dNiE) 
WiE) = dE 

(5) 

(6) 

Eq. (2) becomes 

WiE)=N.f^iE,e„)f{e,)deo. (7) 

Equation (7) is the desired iiilegral equation relating 
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TABLE V-12-I. COMPTON RESPONSE M.\TRIX 

{n = 71, A = 0.02 MeV, N, = 1.4X 10") 

Row 
No. 

50 
51 
52 
53 
64 
55 
5(i 
57 
58 
69 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 

69 

3.21083 -

3.28584 -

3.37021 -

3.46526 -

3.67262 -

3.69420 -

3.83235 -

3.98990 -

4.17031 -

4.37791 -

4.61806 -

4.89760 -

6.22623 -

5.61226 -

6.07357 -

6.62909 -

7.30598 -

8.14211 -

9.19163 -

1,06336 -

0.00000 -\-

0.00000 -1-

O.OOOOO -1-

0.00000 -1-

003 
003 
003 
003 
003 
003 
003 
003 
0O3 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
002 
000 
000 
000 
000 

0.00000 -1- 000 

0.00000 -1- OOO 

70 

3.09020 -

3.10321 -

3.23832 -

3.32266 -

3.41754 -

3,62455 -

3,04558 -

3.78292 -

3.93936 -

4.11828 -

4.32393 -

4.60167 -

4.83780 -

5.16134 -

6.64.304 -

5.99752 -

0,54420 -

7,20960 -

8,03058 -

9,05978 -

l,ai744 -
0,00000 -1-

0,00000 -)-

0,00000 -f 

0.00000 -1-

0.00000 -1-

003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
002 
000 
000 
000 
000 
000 

71 

2.98999 -

3,05010 -

3.11727 -

3.19243 -

3.27670 -

3.37137 -

3.47800 -

3.69846 -

3.73497 -

3.89028 -

4.06772 -

4.27143 -

4,60658 -

4.77969 -

5.09910 -

5.47561 -

5.92343 -

0.46154 -

7.11578 -

7.92212 -

8.93180 -

1.02199 -

0.00000 + 

003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
0O2 
000 

0,00000 -1- 000 

0,00000 -1-

0.00000 -1-

OOO 
000 

Column No. 

72 

2.89121 - 003 

2.945.33 - 003 

3,00563 - 003 

3.07291 - 003 

3.14808 - 003 

3.23224 - 0O3 

3.32067 - 003 

3.43290 - 003 

3.66275 - 003 

3.68842 - IM3 

3.84200 - 003 

4.01850 - 003 

4.22035 - 003 

4.46304 - 003 

4.72302 - 003 

5.03844 - 003 

5.40988 - 003 

5.84122 - 003 

6,38100 - 003 

7.02444 - 003 

7.81661 - 003 

8.80744 - 003 

1.00700 - 002 

O.IKXKlO + 000 

0,00000 + 000 

0.00000 -1- 000 

73 

2.79900 -

2.8(789 -

2,90223 -

2.96269 -

3.03004 -

3.10519 -

3.18922 -

3.28338 -

3.38917 -

3.50839 -

3.64321 -

3.79625 -

3,97073 -

4.17062 -

4.40088 -

4.60778 -

4.97931 -

5.34680 -

5.78082 -

6.30250 -

6.93547 -

7.71392 -

8.08653 -

9.02460 -

0.00000 -1-

0.00000 -t-

om 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
000 
OOO 

74 

2.71263 -

2.75696 -

2.80610 -

2.86063 -

2,92120 -

2.98859 -

3.06369 -

3.14755 -

3.24141 -

3.34674 -

3.465.32 -

3.59927 -

3.75117 -

3.92417 -

4.12217 -

4.35005 -

4.61393 -

4.92164 -

5.2ai29 -

5.71217 -

6.22597 -

6.84877 -

7,61394 -

8.66894 -

9,7&314 -

0,00000 -1-

003 
003 
003 
003 
003 
003 
003 
0O3 
003 
003 
003 
003 
003 
003 
003 
003 
OOi 
003 
003 
003 
003 
003 
003 
003 
003 
000 

75 

2.63150 -

2.67180 -

2.71639 -

2.76575 -

2.82043 -

2.88109 -

2.94848 -

3.02360 -

3.10716 -

3,20070 -

3..30656 -

3.42348 -

3.55655 -

3.70730 -

3.87883 -

4.07497 -

4..30049 -

4.56140 -

4,86537 -

5.22230 -

6.64619 -

6.15134 -

6.76426 -

7.61656 -

8.45452 -

9.64577 -

003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
003 
0O3 
003 
003 
003 
Off! 

003 
003 
003 
003 
003 
003 
003 
003 
003 

the measured Compton continuum, W{E), with the 
scalar photon flux, <I»(eo). The response kernel of this 
unfolding problem is simply the Compton cross section 
per free electron given in I']q. (4) scaled by Ne, the total 
number of electrons in the detector. 

UESPONSE MATRIX CONSTRUCTION 

In the numerical treatment of this type of integral 
equation,' it is customary to introduce the matrix ap
proximation 

low by 

Wo). fh(-3"]- (10) 

w c*. (8) 

where W and <I» are vector representations of the con
tinuous electron and photon spectra, respectively. Tbe 
respon.se matrix (' is defined in terms of the response 
kernel in the usual manner as 

Thus, for this given recoil energy E, the response kernel 
doe/dE must vanish for all eo < (eit)m,n . This condition 
can be used to obtain an upper triangular representa
tion for the C matrix. The advantages which accrue in 
iterative unfolding from triangular type response ma
trices are well established. 

To this end, let A be the energ>' mesh spacing (in 
MeV units) used for the measurement of the C'ompton 
recoil distributifui W. Hence, the mid-bin electron 
energy, Ei , corresponding to the component, W. , is 
given by 

Co- A..), dE 

Ei = 
iEi,ta) dto. (9) 

AJ 
mc-

1,2- (11) 

Using constraints impo.sed by the Compton-scatter
ing process, one can obtain a particularly advantageous 
representation of tbe response matrix C. More specifi
cally, given a recoil electron of energy E, the permissi
ble range of initial photon energies is bounded from be-

Consequently the upper and lower energy values bound
ing the ith bin are just 

.•t 

2 mc^ 

and 

E'. = E, (12a) 

http://respon.se
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FTi = E, 
A 

2ma' 
(12b) 

respectively. This experimentally dictated mesh in E-
space can be used in Eq. (10) to generate a correspond
ing decomposition of «o-space. One finds 

..,. = f[..(..|)"], 

and 

(.).=f[i.(i+ir]. 

(13a) 

(13b) 

(13c) 

For this specific decomposition of i?-space and to-space, 
the C matrix possesses the triangular form 

C.y = N, 

and 

/•"•>;' 
•'(.•)' 

r„ 

dE 
(£.,e„)rfeo, i<j (14a) 

1 > J. (14b) 

A computer code, COMPSCAT, has been developed 
to generate Compton response matrices as defined in 
Eqs. (11) through (14). As an example of tbe response 
matrices produced by COMPSCAT, Table V-12-I pre-

O |o3 — 

- 1 

-̂  ^ 
c N 

— _ 
-
-

— --

1 

1 

- % • " 

1 

' 1 1 1 ' 1 ' 1 

~__^ 
$ A N D * ' " " ^ ^ - - ^ ^ 

W ^ ' ^ ^ 

Nj= l .4 « 1 0 ^ ' 
A= 0.02 MeV/CHANNEL 

. 1 , 1 , 1 , 1 

- -

1 ' Z 

— : 

""-^ 

— -
-

. -

\ — \ -\ -

1 1 
5 15 25 35 45 55 65 75 

CHANNEL NUMBER 

F I G . V - 1 2 - 1 . Comparison of the Assumed Test Vector * in 
Eq. (15) withBoth the W Vector Obtained from Eq. (8) and the 
Iterative Solution 'f'KANL Neg. No. 113-840. 

6 8 10 
ITERATION NUMBER 

F I G . V - 1 2 - 2 . Norm of the Residual Vector A'(R<''i) as a 
Function of Iteration Number n, for the W Vector Given in 
Fig. V-12-1 and the C-matrix of Table \'-12-I. The Two Cases 
Depicted Correspond to Two Uifferent Initial Vectors, X'"' si 1 
and X'"* = W, used for initiating the iteration process. ANL 
Neg. No. 113-841. 

sents the lower portion of a (71 X 71) C matrix. This 
response matrix covers the energy region 0.1-1..5 MeV in 
i'-space. The values -V. = 1.40 X lO" and A = 0.02 
MeV used to generate this matrix correspond to a sih-
con .solid-state detector of 200 mm' area by 5 mm de
pletion depth with a 20 keV electron re.solution (298°C). 

ITEK.\TIVE UNFOLDING CONVERGENCE PROPERTIES 

The applicability of iterative unfolding for this class 
of response matrices has already been established.^ To 
illustrate convergence properties for this specific sys
tem, viz. Eqs. (8), {14a), and (14b), different test as-
sumiitions can be introduced to simulate the input 
photon vector, <I>, i.e. the continuous gamma-ray spec
trum. This test vector is then placed hi Eq. (8) to ob 
tain a corresponding output electron vector W. Usinf 
W and the response matrbi, iterative unfolding is em 
ployed to examine convergence of the set of iterative ap 
proximations | *<"') to tbe assumed test vector *. Th( 
computer program ITERATE, ' a general code for the 
iterative treatment of the unfolding problem, is used fo 
these computations. 

Figure V-12-1 exhibits a test vector of the fiu'm 
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S{eo)ie- 1, 2 • (15) 

where the con.stants S and a are approximately chosen 
for scaling purposes. The W vector generated from this 
test vector * , with the C matrix described in Table V-
12-1 is also depicted in Fig. V-12-1. For this test case, 
iterative convergence rates were quite rapid as can be 
inferred from the behavior of the norm of the residual 
vector, R'"' = W — W'"', which is displayed in Fig. 
V-12-2 for two choices of the initial vector X'"'. Adequate 
convergence was obtained with as few as eight iterations, 
as can be seen in F'ig. V-12-1 wherein *'*' can be seen 
to coincide with the original test vector * . In general, 
appropriate solutions have been obtained for a variety 
of C matrices and test vectors in less than ten iterations. 
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V-13. Analysis and Reduct ion of Proton-Recoi l Data 

R. GOLD, E . I'. BENNETT and I. K. OLSON 

The interpretation of neutron spectroscopy measure
ments using the proton-recoil method can be con
veniently divided into two parts. First, one attempts 
to recreate, using experimental pulse-height data, the 
energy distribution of recoiling protons in an infinite 
hydrogenous medium. Second, one converts the ideal
ized proton-energy distribution into a distribution of 
incident neutron energy by differentiation, with use 
of the well-known energy-dependence of the neutron-
proton scattering cross section. 

Unfolding methods may be used to correct observed 
(distorted) distributions to infinite (undistorted) 
values and the treatment can be extended to include a 
consistent estimate of errors. 

.\ discussion of this data reduction procedure has 
hecn published,'"^ including various relevant com
puter codes. 

One particular figure serves to illustrate the main 
point developed in the aforementioned reports, namely 
that finite size effects are ordinarily significant at all 
energies of a spectral measurement and are not con
fined alone to the common wall-and-end type of re
sponse behavior. In order to illustrate the extent of 
finite size effects upon a representative fast neutron 
spectrum, Fig. V-13-1 presents a comparison of neu
tron spectra obtained from both raw and unfolded 
(for finite-size effects) proton-recoil spectra. The data 
in Fig. V-13-1 have been smoothed to eliminate sta-

5 2 

tr 
^ 0 

I 
ENERGY (keVl 

F I G . V-13-1. .\n Example of Spectral Distortion Due to 
Finite Size Effects in Proton-Recoil Proportional Counters. 
ANL .Xeg. No. 112-8539 Rev. 1. 

tistical fluctuations so that the general nature of the 
correction can be more readily observed. The uncor
rected neutron spectrum departs significantly from 
the true spectrum in that deviation is well in excess of 
experimental statistics over almost the entire region 
of the spectnrm. 
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V-14. Autonia l ic Dead-Time Correction in Precis ion Count ing Experiments 

K. G. PORGES and S. J. RUDNICK* 

The precision required of even routine counting tusks, 
in reactor physics measurements as well as man}' other 
applications, is steadily increasing. This demand is 
being met, on one hand, through improved radiation 
detectors and electronics; on the other hand, the pub
lished literature reflects a growing interest in the subject 
of count corrections for instrumental effects, or elimina
tion of such effects by means of logic circuitr}'. Specifi
cally, any nuclear detector channel delivers some un
wanted pulses, either due to competing radiation or due 
to electronic noise, which can be eliminated only by 
imposing pulse-height discrimination. The digital por
tion of a conventional counting system is shown for 
reference in Fig. V-14-1. The discriminator stage is 
necessarily insensitive to input pulses for a time of at 
least the order of the pulse length, and thus loses some 
pulses. This dead-time loss evidently increases with 
input rate and can be corrected by means of a simple 
formula, provided the discriminator dead time or pa
ralysis is preciselj' known and constant.' On the other 
hand, dead-time loss can be automatically corrected by 
the "live-timer" method,^"^ for which the paralysis can 
be allowed to vary and need Tiot be known. A very 
simple live-timer system can be readily implemented 
with available components as indicated in Fig. V-14-2. 
The only unusual requirement is that the discriminator 
must provide an output whose duration is equal to its 
own dead time. A discriminator which has that feature 
and also a very stable threshold was recently developed 
at ANL.*^ 

In comparison with applied formula corrections the 
convenience of live-timer correction is evident; imme
diate availability of results and elimination of possible 
mistakes and errors are further advantages. As regards 
the precision of either approach, the inherent inde
pendence of paralysis stability should favor the live-
timer method, provided no additional statistical error 
is introduced in the sampling process through which 
the live time is developed. 

As considered in detail in Kef. 1, the statistics of 
live-timer correction can be developed by means of 
probability generating functions; the variance attached 

* Electronics Division, Argonne Nat,ional Laboratory. 

to each of a number of cyclically concatenated "games" 
can thus be compounded to yield the variance attached 
to the resultant count.' More particularly, the effect of 
the ([uantization of time in oscillator periods may be 
shown to be reducible to zero, if the ratio of paralysis 
and oscillator period is made an integer. A slight shift 
in the paralysis still results in a negligible effect. On the 
other hand, if the paralyses vary irregularly, as for 
example in multichannel analysis, the quantizing effects 
can be reduced to negligible proportions by selection of 
a sufficiently high oscillator frequency. The concate
nated variance (T^{C) in a count C, with paralysis 6, 
count rate c, and oscillator frequency / can be showTX 
to be 

a^C) = C|i + [{cem - jB)/fd{\ - ceyw (i) 

for the case where /i9 ;^ 1. Similar expressions apply 
for other values of/i9. The correction term is evidently 
very small even for fd values differing somewhat from 
unity. The mean count C, accumulated in the live-time 
interval, can be compared with the count Co accumu
lated during the nominal (preset) time; this >ields 

C = Co/(l - cd). (2) 

Equation (2) is identical with the usual correction 
formula, whence C is equal to the input N accumulated 
over the preset time. 

Neither calculated nor automatic corrections elim
inate certain second-order effects which occur when 
the mean interval between pulses becomes comparable 
to the pulse length. For instance, a pulse may exist at 
the discriminator inpxit at the moment the paralysis 
(due to a preceding count) is turned off. Such a pulse 
may then be counted, rendering the effective dead time 
somewhat smaller than the imposed paralysis. This 
effect can be prevented with simple logic circuitry pro
vided in the equipment described in Kef. 0. Other 
effects, such as pulse pileup, cannot be readily elim
inated or allowed for in applied corrections since they 
are strongly dependent on the input pulse-height dis
tribution. Such effects therefore impose an upper limit 
on the input pulse duration to mean interval ratio for 
which high precision can be obtained. For medium pre-
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cision application.^, e.g., reactor flux mdiiitoring through 
a counting channel, the appearance of additional pile-up 
pulses can be made use of fo compensate for dead-time 
losses, thus extending the approximately linear range 
"f the channel.^ 

In a number of counting chores, the decay of sources 
during the count is not negligible (e.g., in foil counting 
for reactor fiiLX measurements). It is thus of interest to 
consider whether live-timer correction can be applied 
to such a case. . \ number of other more complex and 
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less precise automatic correction schemes have been 
specifically devised to obtain first-order corrections 
within the preset time. In principle, this allows their 
application to decaying source counting.^"^' It may be 
thought at first that live-timer correction is necessarily 
inapplicable here, since the time expansion generated 
early in the count (when the input rate is high) is added 
at the end (when the input rate is low). However, an 
investigation of the equations describing the situation 
leads to the conclusion that live-timer correction can 
do an acceptable job, provided the inhibit gates T 
applied across the time channel are chosen somewhat 
longer than the paralysis gates d in the count channel. 
With a certain amount of computation, one finds that, 
if the gate ratio is set to 

T/d = (1 + P''•)/2, 

C/N = 1 + j[(l - G/'V"»)/X/o](.VX9)Vl2 

+ {Fe^'y\tonN\er/2\, 

where 

F = I -\- (X/u)-/12 - (\/o)V720 + • - • 

to = preset time 

X = decav constant. 

(4) 

(5) 

Equations (4) and (5) are obtained by choosing rapidly 
converging expansions to represent considerably more 
complex functions. For small values of the decay pa
rameter \to, Eq. (4) becomes 

C/N = 1 - i'2(no«)^ X;„[(l - ncfi) - mxto) 

-I- (I 12 2nge){\i„y -\-
(6; 

then 

where 

III! = input rate at the start of the count. 
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The nominal counting time la can generally be kept 
short for high input rates n„, since it is unprofitable 
to count beyond about 10' counts (0.1% statistics). 
A combination of large values of both nild and X(o would 
thus be fairly unusual. In a practical application of such 
an automatic correction system to decaying sources, 
the gate ratio must be either readily adjustable or possi
bly preset for a specific decay and counting time; the 
count must be allowed to run for the entire preset time 
and cannot be interrupted at will; the absolute values of 
the gates can be allowed to vary somewhat, as for the 
weakly decaying sources considered above, but the gate 
ratio must be maintained constant. 

Live4imer correction also lends it.self very well to 
the automatic dead-time correction of coincidence 
counts. Correction formulae commonly used iov this 
task are inherently capable of removing only first-order 
(lead-time loss; automatic correction, in contrast, can 
make the correction absolute. A test with increasing 
imposed channel paralyses in a simple two-fold coinci
dence system showed constant readings on all three 
channels while calculated corrections, applied to counts 
over fixed time, began at nd values of 10% to disagree 
tvith counts obtained at negligible .short paralysis. The 
logic arrangement used for that test is shown in Fig. 
V.14-.S. 

To sum up, live-timer automatic count corrections 
can be readily implemented and turns out to be some
what more versatile than may have been thought. In 
comparison with dead-time compensating computer 
programs, which can simultaneously perform a number 
of other operations, e.g., background subtraction and 
pileup correction, it is .still arguable that automatic 
correction is more precise—particularly' for coincidence 
counting. These advantages are believed to make such 
a scheme worthwhile in routine counting. 

REFERENCES 

1. K. G. Porges and S. J. Rudnick, Live-Timer Method of 
Automatic Dead-Time Correction for Precision Counting, 
Rev. Sci. Instr. (to be published). 

2. T. Emmer, Multichannel Pulse Height Analyzers, H. W. 
Koch and R. W. Johnston, eds.. National Academy of 
Sciences, National Research Council, Publ. 467, 182-l&t 
(1957). 

3. D. F . Covell, M. M. Sandomire and M. S. Eichen. Auto
matic Compensation of Dead Time in Pulse Analysis 
Equipment, An3.\. Chem. 32, 108l)-1090 (19fi0). 

4. V. Radeka, The Determination of Random Event-Rale Based 
on Counter Live-Time Measurement, Conf. on Nucl. 
Electronics 2, 361-367 (1961), Belgrade. 

5. T. Friese, Automatische Totzeitkorrektur bei Strahlungs-
me/(9C)o(ra,Nukleonik4, No. 2,67-71 (1961). 

6. S. J. Rudnick. J. J. English and R. H. Howard, Highly 
Slable High-Rate Discriminator for General Use inNuclear 
Counting Applications, Rev. Sci. Instr. (to be published). 

7. O. R. Frisch, Notes on Statistics, CRL-57 (1959); also 
AECL-748 (1959). 

8. G. Bonnet, V. Delcroix and V. Q. Mai, Etude de Certaines 
Particularites de Fonclionnement des Detecteurs a Gaz 
Fonctionnant en Collection Electronique. Application au 
Controle des Reacteurs, Nucl. Instr . Methods 45, 87-92 
(1966). 

9. J . J . Point and A. Blave. Mithodes Originates de Correction 
Continue des Pertes de Comptage dues Aux Temps de 
Paralysie des Detecteurs et de Leur Electronique Associee, 
Conf. Nucl. Electronics!, 345-360 (1961), Belgrade. 

10. F. Ran and G. H. Wolf, Eine Melhode zur automatischen 
Kompensierung von Totzeitverlusten, Nucl. Instr . 
Methods 27, 321-322 (1963). 

11. A. F . Arbel, A. Suhaini and B. Sabbah, The Use of Deran-
ilomizers for the Prevention of Spectrum Distortion, Nucl. 
Instr. ^lethods 41, 286-292 (1966). 

12. II. Seufert, A Device for Automatic Digital Dead-Time 
Correction of Counting Losses of Single and Coincidence 
Counting Rates, Nucl. Instr. .Methods 44,335-340 (1966). 

13. J. Seda, A Methoti for Automatic Compensation of 
Dead-Time Losses, Nucl. Instr. Methods 69, 179-180 

(1968). 

V-15. Note on the S^B Criterion of Quality for Count ing Equipment 

K. G. PORGES 

In coimting experiments which allow background 
subtraction, sets of signal plus background (S 4- B) 
counts are obtained, and the pure background {B) 
count rate is established separately.' The design and 
adjustment of the counting equipment (detectors, 
shielding, and electronics) can often be arranged so 
as to produce different signal and background 

strengths. The choice of these parameters is gen
erally believed to be optimum when the {Sr/B) 
ratio is highest. I t is pointed out here that this cri
terion applies only to those experiments in which 
a very weak source is counted against a strong and 
unavoidable background. For experiments in which 
signal rates, possibly well above background, are to 
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be measured with the highest possible precision in the 
shortest possible time, it is appropriate to maximize 
the signal strength, as is demonstrated by simple 
statistical considerations. Such an example, in which 
signal and background result in different pulse-height 
distributions, is that of flssion counts and gamma 
background in a fission chamber channel. The opti

mum position of an integral pulse-height discriminat 
then clearly depends on the maximum signal. 
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V-16. Noise Studies on a Digital Reactor Control Sys tem 

C. E. COHN 

The polarity-correlation algorithm previously de
veloped for fast-reactor noise analysis' has been 
used to study the dynamic characteristics of a com
puterized reactor control system.^ For these tests, the 
control system was applied to one of the control 
rods on the Argonne Thermal Source Reactor. The 
algorithm was set up to calculate the autocorrelation 
function of the motion of the control rod. During 
any one control interval, the control system com
mands the rod to withdraw (increasing reactivity), 
insert, or remain stationary. Thus, the sequence of 
rod motion commands forms a ternary (three-
valued) time series, whose members have values of 
-t-1, —1, or 0, respectively. 

For these tests, the reactor was in equilibrium at 
a steady power of 2.5W. The fluctuations observed 

were excited by inherent neutronic noise and dete 
tion noise. Each test was run for about 20 min with 
fixed deadband equal to the estimated standard d 
viation of one fiux reading. 

To obtain the necessary data, the computer pn 
gram doing the control was made to punch a cha 
acter onto paper tape, indicating the rod-motit 
command given during each sampling interval. Fo 
lowing the run, the data on the tape were processe 
When read back into the coinputer, each character c 
the tape was translated to the appropriate data vah 
in memory. 

To make the algorithm handle the ternary serie 
it was necessary only to provide for the compih 
tion ot a no-operation instruction to correspond 
a zero datum. For autocorrelation, of course, on 

0. 40 0. BQ 

Flo. V-16-1. Autocorrelation Function of Rod Control Signal with 0.1-sec Simipling Interval and Actual Control Algorithm. Ai^ 
Neg. No. 113-168. 
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one string of instructions is compiled and that acts 
upon its own originating time series. The resulting 
code read 1000 data points from the tape and 
calculated the autocorrelation function for every 
value of lag from zero through 200 sampling inter
vals. Then the code read another thousand points 
from the tape and calculated the autocorrelation 
function for these, repeating the process until the 

end of the run. (If the last segment read did not 
contain a full thousand points, that segment was dis
carded.) The autocorrelation functions from each 
calculation were averaged to give the final results. 
These were plotted by the computer up to a selected 
maximum lag. 

The correlogram for the normal control setup with 
0.1-sec sampling interval is shown in Fig. V-16-1. 

FIG. V-16-2 . Autocorrelation Function of Rod Control Signal with 0.1-sec Sampling Interval and Zero-Order Hold. ANL Neg No 
US-1S9. 

FIG. V-16-3. .\utocorrelalion Function of Rod Control Signal with 0.5-sec Sampling Interval and -Actual Control Algorithm. ANL 
'\>». A'o. 113-160. 
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This system has been analyzed by T. Marciniak,^ 
who compared the control algorithm actually used 
with a simple zero-order hold. Marciniak predicted 
that the zero-order hold should be more stable than 
the actual algorithm in all cases, except for a thermal 
reactor with sampling interval of 0.1 sec or less. 
The result for the zero-order hold is shown in Fig. 
V-16-2. As predicted, it is more underdamped. 

This latter correlogram is close to the familiar 
exponential-cosine shape, but the damping is not 
monotonic. To explain that, one may conjecture that 
the correlogram is the sum of two exponential-cosine 
components with characteristic frequencies very 
close together. The resultant would then contain beats 
between the two frequencies. 

Tests were also run with a sampling interval of 
0.5 sec. Figure V-16-3 shows the correlogram for the 
acutal control algorithm, while Fig. V-16-4 shows 
that for a zero-order hold. As predicted by Marci

niak, the response of the zero-order hold is mo 
strongly damped at this sampling interval. Also, tl 
"beats" are much more noticeable for these case 
Neither of these responses is satisfactory for an actu. 
control system. Therefore, the upper limit of usab 
sampling interval for this system is somewhere bctwee 
0.1 and 0.5 sec. Note that the degree of damping, i 
well as the "beats", are easier to see on the correk 
gram than they would be in a power-spectrum plot. 
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V-17. Problems and Precautions in Spectral-Index M e a s u r e m e n t s 

G. S. STANFORD 

Reference 1 reports the current state of the art of 
activation methods for spectral-index measurements 
as examined from an experimentalist's viewpoint. 
This type of measurement is appealing, because 
activation data are easy to obtain, and activation 

probes can be small enough that gross perturb 
tions are not introduced into the system beii 
measured. There exists a number of nuclides wi 
resonances at various energies < 1 keV and wi 
other properties making them suitable for activatii 
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experiments. Techniques that have been used in
clude measurement of activation ratios, utilization 
of self-shielding in the foil-sandwich method, and 
the use of absorbing foil covers, notably cadmium. 
The data can be employed in two different ways: a) 
comparison of the observed activation data with the 
results of calculations; b) application of various 
mathematical techniques in an attempt to derive a 
spectral shape directly. In either case, accurate re
sults depend upon detailed consideration of a num
ber of perturbing infiuences. For thick foils, which 
often must be used for intensity reasons, correction 
must be made for resonance and thermal self-shield
ing, for outer fiux depression, for edge effects, and 
possibly for changes of the neutron spectrum within 
the foil. In cadmium-ratio measurements, one must 

consider in some detail absorption and scattering 
of neutrons by the cadmium. Other activation ratios 
must be determined in carefully calibrated counting 
systems, or in conjunction with reference measure
ments in known spectra. While all these effects, and 
others, have been discussed in detail in the litera
ture, it can be said that techniques have not yet 
been well enough standardized that the full potential 
of activation techniques is available for routine ex
perimental exploitation. 
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V-18. T i m e Invariance of the Elementary Charge 

R. GOLD 

In recent papers G. Gamow' has reconsidered P. 
DiracV intriguing question: Are fundamental constants 
really constant? In particular, Gamow has considered 
the implications of a variable elementary electronic 
charge, e. In respon.se, a number of arguments have 
been given which support the time invariance of the 
elementary charge.^"'̂  In particular, experimental evi
dence bearing on this conjecture has been obtained from 
a comparison of two independent measurements of the 
spontaneous fis.sion decay constant, X -̂, of U-238."^* 

In one of these measurements, carried out by R. 
Fleischer and P. Price,' XF was inferred from a compari
son of "fossil" fission track age and age determinations 
based on the decay of K-40 and Rb-87. Requiring that 
the ages obtained by these methods agree for a large 
number of minerals, in the range 10'-2 X 10' y, the 
value 

Xf = (6.9 ± 0.2) X l O ^ V (1) 

was deduced. 
The secimd measurement, carried out by .1. Roberts,* 

R. Gold and R. Armani,t employed solid-state track 
recorders (SSTR) of pre-etched mica for direct ob
servation of the spontaneous fission decay of U-23S. 
'Sep Papers V-2 and 1-17.) .\ precise value, 

X, = (7.03 ± 0.11) X lO^'V"', (2) 

«as obtained. 

'Northwestern University, Evanston, Illinois, 
t Argonne National Laboratory. 

A comparison of these two results implies that the 
three dating methods: 

(i) K"-A'» (electron capture) 
(ii) Rb'"-Sr" (beta decay) 

(iii) Û ^̂  (.spontaneous fission) 
are concordant. Consider, therefore, the form of the 
dating equation 

P , ( 0 _ X. I 

P(0 
-[exp (X() - 1], (3) 

where p{t) and p,{t) are the obser\-ed concentrations of 
the parent and daughter nuclei, respectively. Here X is 
the total decay constant of the parent nucleus, Xi is 
the partial decay constant for the formation of the fth 
daughter nucleus, and / is the age of the specimen (e.g. 
tektite, mica, etc.). For example, it is well known that 
K-40 al.so undergoes beta decay and that alpha decay 
is the principal decay mode of l'-238. 

I'sing independently determined experimental values 
for the decay constants in Eq. (3), these three methods 
are in concordance (within experimental error) for ages 
from approximately 0.01 to 2 eons ago. (One eon is 
10' y.) Thus, experimental evidence clearly supports 
the form of Eq. (3), which in turn implies that the de
cay constants utilized have been time-independent for 
at least 2 eons. The existence of a time-dependent 
elementary charge would therefore contradict the ex
perimental evidence .supporting the constancy of these 
completely different decay c(m.stants. 

The experimental error associated with these two in-

http://respon.se
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dependent niciisuremeiits of X/ [cf. Eqs. (1) and (2)] 
places a bound on the variability of the elementary 
charge, extending back to roughly 2 eons ago. Applica
tion of the liquid droji model b.\' V. Viola and B. Wilkins' 
provides the following relations for heavy element 
(even-even nuclei) spontanefius fission: 

(4) In 7',. = ti.8.S4 Er 21.50 

and 

Ee = 22..'>7[1 - {Z'-/A){aJ-2a.)] -H (5) 

Here 7V is the spontaneous fission half-life (in years) 
and Er is the fission barrier height (in MeV). In addi
tion, o, and a, are the surface energy and Coulcmib 
energy coefficients of the seinieinpirical mass formula, 
respectively. Consequently, O; depends linearly on e'. 
Additional terms that should be included in Eq. (5) 
have been omitted here, since these terms are inde
pendent of e. For e' increasing with time, spontaneous 
fission decay rates would increase with time in contrast 
to the exact opposite efi'ect in alpha decay.' It is also 
important to note that the spontaneous fission decay 
constant is independent of g, the Fermi weak interac
tion constant. It therefore follows that a bound on the 
variation nf e can be obtained without introducing any 
assumptions concerning g.^-^ 

Equ.itions (4) and (5) yield 

%^ = -3.344(ZV4)[S(e^)/e=], 

which for l'-23S is approximately 

(6) 

(7) 

Assuming that the experimental error for each o 
these measurements is random and uncorrelated, thi 
difi'erence obtained from Eqs. (1) and (2) is j 5X, | = 
(0.13 ± 0.23) X 10~"y~'- This numerical result i: 
clearly consistent with a time-independent elementari 
charge and provides an upper limit, 

I «X,/X, I < 5.1 X 10-^ 

Con.sequently, 

I «(e2)/c= I < 4.25 X 10-' (Sa 

or correspondingly 

I ie/e I < 2.13 X 10"' (Sb! 
is an approximate upper bound on the variation of tht 
elementary charge within the last two eons. 
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Section VI 

Reactor Computation Methods and Theory 

To a large degree, the quality of reactor design and performance depends upon 
the quality of the conceptual models and their portrayal in accurate mathematical 
representation, and u]ton the quality and efficiency of computational methods. A 
priori, the continuous development and refinement of theory and computational 
methods leads to the design of more dependable, safer, and better performing 
reactors. I t is with this intent that the studies described in this section were under
taken. 





VI-1. The Argonne Reactor Computat ion (ARC) System 

B. .1. TOPPEL and L. .IUST* 

The Laboratoiy has initiated and is vigorously 
pursuing the development of a unified and integrated 
code system for reactor computations (the ARC sys
tem I to fully utilize the growing capability afforded 
by the new generations of computers. The growth of 
computing has made computer utilization a much 
more complex operation. Also, the importance of 
gtandarization of computational algorithms and of 
minimization of programming duplication in the re
actor community is obvious. 

The ARC system is being developed to perform 
the many interrelated studies needed for fast re
actor design. In the development of the ARC system, 
the areas of physics, safety, and fuel cycle have been 
initially emphasized, with core design and other 
engineering modules to follow. The development of 
this code system is an essential step in the full 
utilization of the growing sophistication of modern 
computers. 

Some of the desirable features of an integrated 
computational system are listed below: 

1. Simplicity and fiexibility in regard to implement
ing algorithm linkages 

2. Simplicity in regard to user input required to 
invoke a particular collection of algorithms 

3. Flexibility and efficiency in regard to auto
mated storage and recall of interface data required 
lor algorithm linkages 

4. Elimination of human manipulation of inter
face data when linking complementary algorithms 

5. Standardization of user data input formats 
6. Standardization of module generated interface 

data with regard to structtire and organization 
7. Facilitation of numerical experimentation and 

development, and extension into new algorithmic 
areas 

8. Elimination of unnecessary algorithm duplica
tion 

9. Provision of an environment which encourages 
.ilgorithm exchanges with other computer groups 

10. Ease of replacement of part of a total compu
tational package with improved algorithms. 

Reference 1 presents extensive details regarding the 
furrent system configuration. This report is in
tended to provide other laboratories, interested in 

' Applied Mathematics Division, Argonne National Labora-
tnrv. 

making use of ARC program modules, with informa
tion concerning the module interfaces and the purpose 
and scope of the various ARC modules. This docu
ment sets forward specifications and standards for 
the guidance of other laboratories in regard to organi
zation of their local codes so as to facilitate their 
incorporation into the current ARC system. 

The first use of the ARC system began early in 
calendar year 1968. The first paths being implemented 
provide a one-dimensional diffusion theory and S„ 
transport theory capability for slab, sphere, and 
cylinder geometries, for real, adjoint, or source cal
culations, and include criticality searches on compo
sition, dimensions, or buckling. 

The MC- cross-section code- which is currently 
operational on the CDC-3600 was also made avail
able in the ARC system early in calendar year 1968 
in a modularized form which provides the same cal
culational capability as the CDC-3600 version. 

The 2D-diffusion theory capability was made avail
able for user testing to gain operational experience 
late in FY 1968. 

A general burnup and fuel management module 
has been completed and a ID-diffusion theory capa
bility is und(jrgoing initial user testing. The modular
ity and interface standardization of the ARC system 
will permit flux calculations to be provided in either 
one or two dimensions by either diffusion or trans
port theory algorithms as the various modules be
come available. Testing of the 2D-burnup capability 
was also initated during the last half of FY 1968. 

Operation of the ARC system is made possible 
through the use of the IBM System/360 Operating 
System and the ARC system-modules.^ Some of the 
ARC system-modules occupy core for the entire 
ARC run and others are called in as required. 

The ARC system-modules provide the following 
functions; 

(1) Dynamic loading of programs 
(2) Location of data sets 
(3) Dynamic data storage allocation 
(4) Production of BCD data sets from card input 
15) Maintenance of tables required during an ARC 

run. 
The executable programs in the ARC system are 

stored in a partitioned data set whose members may 
be: 
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FIG. V I - 1 - 1 . Ccjre Storage Allocalicni Dnrine an ARC Run. Mu 
Neg. No. 112-9376 Rev. 1. 

11) Computational modules 
12) ARC system-modules 
(3) Path drivers or executive modules 
(4) Overlay structures containing ( l l . (21. and 

(3). 
.\ revision of the ARC system-modules has been 

completed which increases the flexibility of module 
linkages and simplifies develo|iment and extension ot 
standard paths. Under the earlier system, each path 
was a load module in the IBM sense and required 
construction by the Linkage Editor before use. This 
had the disadvantage of engendering module dupli
cation in various standard ])aths and jiresented the 
problem of avoidance of control section duplication 
within the standard path load modules. 

Under the revised system, the individual compu
tational modules and standard path control jirograiTis 
are linkage edited to produce load modules. The con
struction of the standard paths is accomplished by 
linkages at run time using the new ARC system-
modules. 

;lules .Marked with an Asterisk are .\1!G .•^>slcni-Modules. .4.Vi 

Figure VI-1-1 is a dynamic picture of the core with 
time increasing from left to right. The ARC system-
modules are marked with an asterisk. .\ descriptior 
of events in each time interval follows: 

Time 
Interval Events 

PATHl is to be executed so it is in core. ARC sys
tem-module SYSTEM is part of this initial load 
module. 

PATHl called SYSTEM causiiiR INITIAL, SNIFT 
and BCDDS to be loaded. 

INITIAL, SNIFF and BCDDS are executed for th( 
first lime causing tables lo be initialized and flap? 
to be sel so that a subsequent call to any of thest 
modules will not re initialize Ihe tables. The firsi 
call to BCDDS loads SCAN lo process ah of thi 
input data into one da t a se t . This da t a se t will bi 
processes piecemeal by STUFF. 

PATHl needs BCD data so a call lo BCDDS resulli 
in Ihe loadiiiK of STUFF to process the input dati 
for the firsI call from P . \TH1. 

CALL LINK CMODULEA') causes loading aiu 
execution of MODULEA. 
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TABLE VI- l - I . Aue SYS 

Wodule 

IAD 

• K 

STEM 

•FF 

KDS 

BpF 

HTIAL 

Language 

ASSEMBLY 

ASSEMBLY 

FORTRAN IV 

FORTRAN IV 

FORTRAN IV 

FORTRAN IV 

FORTRAN IV 

FORTRAN IV 

rKM-MoDULE DESCRIPTIONS 

Function 

Locates a module in a library 
and loads it into core gen
erally for the duration of the 
run. 

Causes execution of modules al
ready loaded into core and 
loading and execution of 
those that are not in core. 

The first executable statement 
in a path driver must be 
CALL SYSTEM. This causes 
the system to be initialized. 
This module also contains 
LINK and LOAD. SYSTEM 
must be part of every non-
system-module in the library. 

Given a d a t a s e t name, SNIFF 
returns the data set refer
ence number and also main
tains tables of dataset usage. 

With modules SCAN and 
STUFF, BCDDS creates 
BCD data sets from card in
put. 

This module is only called once 
lo create a data set contain
ing all nf the card input. 

Provides BCD da tase t s as they 
need to be created. 

Works with SYSTEM to ini
tialize the system. 

CALL LINK CMODULEB') causes loading and 
execution of MODULEB. 

PATHl executed CALL LINK ( 'PATH2'). PATH2 
is loaded and given control. PATH2 tries to ini
tialize the system but cannot, so PATHl is still 
in control of lables. 

8 PATH2 needs BCD data so a call to BCDDS causes 
STUFF to be loaded and executed. 

9 PATH2 executes CALL LINK ('MODULEC'). 
10 PATH2 executes CALL LINK CMODULEA'). 
11 Control has passed back to PATHl which has exe

cuted CALL LINK ( 'MODULED'). 

Table VI-l-I lists the system-modules with a brief 
description of the functions performed. With the ex
ception of LOAD and I.IXK. all .•system-modules are 
written in FORTRAN IV. 

The current ARC system configuration cannot as 
yet be thought of as being a truly automated compu
tation system in the fullest sense. This is due to the 
rigidity of the module interfaces coupled with the 
inadequacy of the FORTR.\X language with regard to 
fiexible data managemennt ca])ahility. The approach 
being taken at the Laboratory should be thought of 
as representing a start toward achieving some of the 
objectives set forth earlier. 

The key to fully achieving the objectives of au 
integrated computation system will be the develop
ment of a sophisticated data management capability 
together with a user oriented system management 
language. The specification of such a user-oriented 
operating system, to avoid user involvement in the 
highly specialized IBM job control language, has 
been completed and is described in an Applied 
Mathematics Division internal memorandum. 
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VI-2. Accuracy of Factorizing Methods in Spatial Kinetics 

K. O. OTT,* D . A. MENELEY and E. S. WIENER 

INTRODUCTION 

The need for careful analysis of the dynamics of large 
fifit power reactors imposes severe demands on mathe
matical models of the various physical processes with 
regard to accuracy. This need exists because the com
plexity and cost of dynamics experiments in .such 
s.vstems limits these experiments in scope and number. 

'Purdue University, Lafayette, Indiana. 

Limited scope experiments must be designed to obtain 
a basic understanding of the processes on a microscopic 
scale, to provide physical parameters for mathematical 
models, and to verify these models in special cases so 
that they may be applied with confidence within their 
range of validity. It is obvious that the diversity of 
fa.st reactor designs and pos.sible modes of abnormal 
behavior restricts the range of usefulness of data from 
integral dynamics experiments on prototypical reactors, 
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in lieu of comprehensive mathematical modelling of the 
system behavior. 

This comprehensive calculational model must include 
many parts. The work described here is concerned with 
the development of an adeciuate descriptitui of neutronic 
behavior. Basic requirements of the model are assumed 
to be: at least two space dimensions, detailed descrip
tion of the energy spectrum, and ability' to treat non
linear problems with no fundamental approximation. 
Further, it has been assumed that multigroup diffusion 
theory is an adequate basis for the model (a non
essential limitation), and that a direct space-time 
differencing method applied to an eiiuation set with the 
above-defined capabilities would result in an excessively 
expensive calculation tool. 

The Quasistatic Model '•' is identified as one member 
of a sequence of methods clas.sified as "factorizing" 
methods. All of these, to a greater or lesser degree, make 
use of the fact that the overall neutron population may 
grow or decay much more rapidly than the relative 
space-energy distribution of that population. This is 
because this rate of change in space-energy is deter
mined primarily by the rate of movement of compo
nents of the system. These rates are strictly limited in a 
real reactor by inertia and momentum considerations. 
The overall neutron population growth rate above 
prompt critical is limited only b.\- the value of excess 
multiplication relative to the neutron generation time. 
Thus, particularly in fast reactors, the space-energy 
distribution varies slowly relative to the total neutron 
population under these conditions. In the reactivity 
range below prompt critical the total neutron popula
tion, including its space-energy shape, is ".slowly 
var\'ing" within the context of this discussion. 

From the point of view of a numerical solution, fac
torization of the fiux into a slowly time-varying func
tion in space-energy and a purely time dependent 
function which may vary rapidly provides the abilfy to 
determine only a few of the expen.sive space-energy so
lutions, while the time dependent function may be de
termined on a fine time mesh when required in order to 
ensure accuracy. 

The following section contains ;i brief comparative 
description of each member of a seiiuence of factorizing 
methods, some of which are in common use for dynamics 
analy.sis. The section entitled Sample Problems presents 
some illustrative cases for quantitative comparison of 
the methods. 

FACTORIZING METHODS 

The general problem is to solve the time depeiulent 
multigroup diffusion etjuation 

[ - M -f f J*( r ,B,0 -f S,[*(r,£',f')] 

V dt 
*(r,£,<) 

(1) 

The operator [ —M -1- Fp], with M representing 
removal and scattering and Fr representing prompt 
fission, is applied to $ at time t. However, the delayed 
neutron source .S',/l<l>(r,A',(')) has the form of a convolu
tion integral over the flux history. All operators depend 
implicitly on time—linearly from induced changes and 
non-linearly from feedback. 

Following the derivation given in Ref. 5, factorize 
the total flux $(r,£',() into an "amplitude" function 
<l>(t) and a "shape" function \l'{T,E,t): 

*(r ,A ' ,0 = <t>{t)4,{r,E,t), <t>{0) = 1.0. (2) 

The factorization in Eq. (2) requires another separa
tion condition for ^ > 0 in order to become a unique 
definition of < (̂0 and \p{T,E,t). This splitting is to be 
made in such a way that <i>{t) contains the main time 
dependence of the total flux, so that the time depend
ence of }p{T,I'J,t) has to account only for the relatively 
slow space-energy variations. There are many condi
tions which can be used, all t)f which involve constrain
ing some space-energy integral of }p{T,E,t) to a coiLstant 
value for all t > 0. The only basic requirement is that 
}p{i,E,t) remain positive and bounded at all points in 
space {i,E) for all times.^ According to A. Henry^: 

/ / 
^*{T,E,QmT,E,t) 

dr dE = constant (3) 

fulfills the requirements ftu- the constraint condition 
and has the added advantage that it simplifies the 
expression for the amplitude function. In Eq. (3) 
ili*(i,E,0) is the adjoint function for the initial steady 
state of the system. It is obvious that any weighting 
function could be used without influencing the result 
for 9{T,E,t), which is tmique. 

Splitting the total fiux into two functions (/> and ^ 
naturally implies a subseiiuent splitting of the basic 
Eq. (1) into two equations, one for the amplitude *(/) 
and one fiir the shape tti{i,E,t). These equations are 
coupled. For numerical calculations it is desirable that 
the coupling be strong in one direction only. For the 
split chosen the space-energy shape of the \l/ function 
depends only weakly on the value of <l,(t), as is illus
trated below. 

Henry* .showed that, using Eq. (3), the <()(i) equation 
reduces to the form of the point kinetics equation (with 
common notation): 

d4>it) _ [pit) - 3(01 
( 0 -H E Xtrtt^U), (4; dt N{t) 

with the vital difference that the integral quantitiei 
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p, 0, etc., must be averaged with the time-dependent 
shape ^(r,£,(). Therefore 

P^llfrir,E,0) 
• [ -A / -I- fp -I- FMit,E,t) didE 

Fd = delayed fi.ssion operator 

h = f}j <l'*iT,E,0)F,,t<Pii,E,t) dT dE 

1 ff 1 (5) 
A = ;. // >l,*(i,E,0) i iA(r,£,() dt dE 

t •IJ V 

Xt = delayed neutron precursor decay 
constant 

F = fj 'P*{i,E,0)[F^ -\- FM{t,E,t) dt dE 

"( ' ) = / ' Tfi^ <l>it')e'''"-''' dt'. J^. A(( ) 

The shape equation is readily derived from Eq. (1) 
by insertion of Eq. (2). Division by < (̂0 gives 

= ;t 
*(0 

<l/{t,E,t) d<t> 
(6) 

0(0 
-1- - 'pit,E,t) 

di at* 
111 addition the constraint condition (3) must be ful
filled. 

Equations (0) and (4) are coupled in three ways: 
a. The delayed source term depends on (^(/') and also 

is divided by <t>{t). 
b. The right hand side of Eq. (6) contains the term 

I'l* 
<t>(il • 

c. The feedback results in a time-dependence in all 
cross sections; the cro.ss sections are functions of the 
full flux at (' < (. 

I'p to this point the factorizing approach does not 
introduce any approximation. It has led, however, to a 
more complicated formulation than the original. The 
advantage is gained when one makes ase of an assump
tion which is mostly fulfilled, namely: The time de
pendence of the shape functiim is of lesser importance 
than the time dependence of the amplitude function. 
This will be utilized in all factorizing methods in a 
characteristic way: One calculates many values of the 
miiplilude along the time axis but only a few shape 
functions. 

The specific approximations inherent in each method 
UK described below. In addition to these fundamental 

approximations, in any numerical solution one must 
introduce discretization and luiearizatiim errors. Since 
these errors are dependent on the skill and ingenuitj' of 
the analy.st who formulates the numerical solution they 
cannot be discussed independent of a specific formula
tion. 

POINT REACTOR MODEL 

This commonly used factorization method is based 
on the primary assumption that the shape function 
iLsed in computing the integral quantities of F^q. (5) is 
time independent, and equal to the steady state solu
tion of Kq. (6) at / = 0. This assumption removes all 
coupling between Ec|s. (4) and (6), such that reactivity 
changes may be precomputed and inserted into Eq. (4). 
Feedback partial reactivities may be expressed as 
functions of (t>{l) with precalculated coefficients. In 
principle, any given partial reactivity may be expressed 
as a function of several system parameters to account 
for the interdependence of the partial reactivities. This 
techniciue becomes laborious in practice. 

The greatest weakness of this model lies in the p{t) 
fimction in Eq. (5). This fact may be illustrated by 
considering the sectmd order error terms which arise 
from use of this perturbation expression. If AA repre
sents the total change in the diffusion operator .since 
time / = 0 and A^ represents the change in shape 
function, the error term relative to the computed 
perturbation reactivity may be written as 

, / / <lr*AAA<lr dt dE 

Jl ^'H.-lh 
(7) 

dtdE 

AA may be localized in the it,E) space, and it is 
common in weakly coupled systems for this asymmetry 
in A.4 to result in a A^ which is of the same order as ^o . 
Therefore the neglected term can be of the same order 
as the calculated p{t). It is obvious that the error in 
p{t) must be much smaller than this in the range p ^ 0 
if the computed <>(0 is to bear any relation to the true 
value. Note that the A.4 operator includes space-
differential terms. If these terms are significant, one 
must also be concerned with the magnitude of the 

' * ' 
The allow able error in p(l) decrea.ses with the neutron 

generation time .\{t) in this range due to the greater 
importance of super-prompt critical transients to the 
subsequent behavior of the system. 

The point model is very rarely used in the form 
described here. Instead, it is common to precompute 
partial reactivity changes for the known system 



394 VI. Reactor Computation Methods and Theory 

changes (such as control rod removal), using the 
asymptotically correct x// functions for those changes. 
This procedure in reality makes use of one form of the 
so-called adiabatic model. 

.\1)IAHAT1C MOnELs""'^ 

The simplest type of adiabatic model was introduced 
in the preceding paragraph. Three fundamental ap
proximations are retiuired. First, it does not disthiguish 
the shape of the delayed neutron source from the shape 
of the prompt source, thus neglecting the time retarda
tion in adjustment of the shape of the precursor dis
tribution: 

<p{t) 

Secondly, it neglects both time derivative terms in F.q. 
(6). Instead, an eigenvalue is applied to get a stationary 
cxpressi{)n for the shape function 

H-^] \PiT,E,t) = 0. (9) 

Thirdly, the explicit coupling between the shape equa
tion, Efj. (9) and the amplitude Eq. (4) via feedback 
functions is neglected, making the two equations 
completely independent. 

In this model, the static Etj. (9) is solved repeatedly 
to calculate the "time dependent" flux shape corre
sponding to a given set of compositions. These shape 
functions are then used prior to the calculation of the 
amplitude to compute the integral quantities from Eq. 
(5). Then, in a completely decoupled second step, the.se 
([uantities are used as input to a point kinetics code 
which gives the flux amplitude <t>{t). 

This model has been shown" to describe the major 
part of the spatial effects in reactor kinetics. It is, 
however, restricted to problems in which the states that 
the system will assume during an excursion are known 
in advance. 

The second type of adiabatic model also employs Eq. 
(9) for obtaining the shape function. The difference is 
that the equation is solved se(|uentialiy in parallel with 
Eq. (4). Thus the feedback reactivity coupling (which 
appears in operators M and F) may be accounted for. 
Also, due to the seciuential nature of the \p .solutions, 
this method is not restricted in application as is the 
first type of adiabatic model. 

QUASISTATIC APPROXIMATION'-* • 

This method contains only one fundamental approxi
mation, namely, the time derivative of \f/(T,E,t) in Eq. 
(ti) is neglected. E(|uations (4) and (6) are solved 
sequentially, as in the second type of adiabatic model. 

The delayed neutron precursor distribution Sa[^{r,E,i 
is found directly from the flux history, and the currei 
0 and d<f)/dt values from Eq. (4) are inserted into E 
(G). 

The most important improvement over the adiabat 
method lies in the treatment of the delayed neutrr 
precursor distribution. Sf)me examples of the impo 
tance of this inclusion to very weakly coupled systen 
are given below. 

IMPROVED QUASISTATIC ( l ) IKECT FACTORIZATION) 

METHOD^ 

This method solves the full Eq. (6). It only replaci 
the derivative of ^ b>' a backward difference <)f fin 
order: 

a ^ Wt,E,t) - Mt,E,t - API 
ot At 

where t — At is the time of the last shape calculatioi 
With this we obtain an equation which is formal! 
identical to that of the quasistatic approach. Since th 
shape function is slowly varying, this first order diffei 
ence form can be applied over a much larger At inter\-; 
than would be possible for <i>{i,E,t). 

In this approximation one actually computes }{/ fror 
the equation 

[-'+̂ -Kî î<)]̂ ^̂ '̂ ''̂  
SA't>it')<l'iT,E,t')] Mt,E,l - At)\ 

«(0 vM I 

ill 

On inspection of Eii. (11) it can be seen that, fo 
cases of practical interest, the space and energy shap 
of i// is relatively insensitive to errors in ii> and it 

derivative. This is due primarily to the fact that the 

multiplier on the time derivative terms makes ther 
very small in realistic cases. In addition, the first terr 
on the right hand side of Eij. (11) consists of a convolu 
tion integral over all (' < (, and so is relatively insensi 
tive to errors in (t>(l')xl,{t,E,t'), which accumulate oni; 
over the interval A(. Errors in the denominator of thi 
term tend to .scale the magnitude of ilr{t,E,t) but do no 
greatly affect its space-eiierg\- distribution. The scalin 
error can be removed by application of the constrain 
condition, Kq. (3). 

The effectiveness of this form of the .shape-functio 
time-derivative in extreme cases is illvistrated in th 
next .section. A summary of the approximations applie 
in this .sequence of models is given in Table \T.2-I. 

SAMPLE PROBLEMS 

For purposes of illustration one simple slab reactc 
was selected. The material constants for the initii 

http://the.se
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critical system are taken from Ref. 8; they are repro
duced in Table VI-2-II. Two variants of this reactor, 
are presented and labelled "Thermal Core" and "Fast 
Core 2". The second case is identical to the thermal 
core with the exception of the inverse velocities, which 
are 9.97480 X 10"' and 4.26076 X 10-« (cm/sec)*' for 
groups 1 and 2, respectively. 

With the exception of the different transverse buck-
lings in the three regions, the reactor is homogeneous. 
Region 1 extends from 0 to 60 cm, region 2 from 60 to 
180 cm, and region 3 from 180 to 240 cm. 

Transients are induced by a linear increase in v in 
Region 1 according to .-(() = (1 -|- 1..W832 ().'(0). The 
ramp is terminated at 0.011 .sec. One effective group 
is used for precursors and delaj'ed neutrons, with 0 = 
0.0064 and X = 0.08 sec"'. These values are held con
stant ui order to simjilify the compari.son of thermal 
and fast core results. 

The transients were computed using models: point, 
adiabatic, quasistatic (the QXl program),' improved 
quasistatic (the modified QXl code, F X l ) , ' and direct 
numerical (WIGLE)."' 

The largest error arising from the adiabatic approxi
mation is due to the assumptitm that the delayed 
neutron .source density at any time is proportional to 
the total flux at that time. This neglect of the time 
delay of the adaption of the precursor spatial distribu-

TABLE VI-2-I. SEQCENCE OF APPROXIM.\TION IN ¥.\C-
TORlziNG METHODS SHOWING EFFECTS TREATED 

BY THE VARIOUS MODELS 

TABLE VI-2-II. Two GROUP CONSTANTS FOR THERMAL CORE 

Term 

it 

l l d i f . 

SM] 
Implicit cou

pling via 
feedback 

1 lee (HI pled 
shape dis-
Itirtion 

Initial shape 

Model 

Direct 
Nu

merical 

yes 

yes 

yes 
yes 

yes 

yes 

Im
proved 
Quasi-
static 

approx. 

yes 

yes 
yes 

yes 

yes 

Quasi-
static 

no 

j-es 

yes 
yes 

yes 

yes 

Adi-
batic 

no 

no 

no 
yes 

yes 

yes 

Adi
abatic 
with 

Precal
culated 

Shape 
Func
tions 

no 

no 

no 
no 

yes 

yes 

Point 
Ki

netics 

no 

no 

no 
no 

no 

yes 

Dl , cm 
Di , cm 
S.l , cm"' 
S.2 , cm-' 
Sii , cm"' 
cS/i , cm"' 
1̂ 2/2 , cm"' 
B«, cm-' 

Region 1 
Region 2 
Region 3 

1/vi , (cm/sec)-' 
l/i'2 , (cm/sec)-' 
XI 

X2 

1.69531 
0.409718 
0.0137513 
0.21)131)1 
0.0164444 
0.0194962 
0.497857 

0.01090505 
0.01199452 
0.01088500 
0. 

4.5455 X 10-' 
1.0 
0. 

tion to a distorted fliLx shape introduces an error in the 
computed shape and therefore an error in the growth or 
decay rate of the total fliLx. This error is removed in the 
quasistatic model by correct treatment of the delayed 
neutron source distribution; the remaining error is due 
to neglect of the delay in adaption of the fliLX shape due 
to the finite prompt neutron generation time. I'igure 
VI-2-1 shows the true fliLx shape and precursor spatial 
distribution at the end of the ramp and the asymptotic 
fliLx shape, for the thermal core. The asymptotic shape 
is identical to that which is used in calculation of the 
adiabatic reactivity at the end of the ramp, with the 
exception of the small difference between the shapes of 
the X-mode (adiabatic) and the w-mode (correct). 

In Fig. VI-2-2 the reactivity versus time values are 
plotted for fi^r models in the thermal core and in fast 
core 2. Note that the QXl reactivity is higher than the 
true value (as derived from WIGLE calculations); 
however the error is much smaller than that arising from 
the adiabatic ajiproximation. The dashed curve repre
senting the reactivity function in the fast core is seen 
to rise essentially to the asymptotic value by the end of 
the ramp. This is due primarily to the more rapid 
increase of the flax amplitude relative to the delayed 
neutron source density in this range, which results in a 
smaller influence of delayed neutrons on the flux shape 
and hence on the system reactivity. 

The errors in the total flux in the fast group at two 
points in the reactor for the adiabatic and quasistatic 
approximations are shown in Fig. VI-2-3 for both 
cases. The figure presents the ratio of the total flux in 
group 1 of the two group scheme as computed using 
each model, relative to the WIGLE flux at two points, 
X = 45 cm and x = 19.5 cm. These are approximately 
the points of maximum and minimum relative error. 
The group 2 relative errors are essentially the same. By 
comparison of the adiabatic and quasistatic results it 
can be seen that incorrect treatment of the delayed 
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neutron distribution is the larger source of error in the case virtually all of the error is accumulated in the are 
adiabatic model. Note that the a.symptotic relative of the prompt critical transition, which is reached £ 
error in the quasistatic model drops from S.5 % to 4.5 Vc 0.01 seconds. The reason is that the effect of the delaye 
in going from the thermal to the fast core. In the latter neutron source on the flux .shape decreases rapidly i 
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FIG. VI-2-3. Total Flux Relative to WIGLE Values at 
Positions I = 45 cm and x = 195 cm in 240 cm Slab Reactors. 
.4AZ, Neg. No. 113-664. 

this range, resulting in a large shape function time 
derivative term and hence an appreciable error due to 
its neglect in the quasistatic model. The improved 
quasistatic model, as described in Ref. 9, introduces no 
error relative to WIGLE, so that the corresponding 
total flux ratios are 1.0 for both cases at all times. The 
errors of the point kinetics model are not shown since 
they are unbounded in time. 

SUMMARY 

Four degrees of sophistication of factorizing methods 
have been listed and discussed: point, adiabatic, 
quasistatic, and improved quasistatic. For treatment 
of non-linear problems, each of these methods has an 
.iccuracy advantage over the next lower order approxi
mation. They have in common the principle that only a 
few .shape functions are computed, as reiiuired by the 
particular problem being .solved. As a result of this 
feature very little additional effort either in program
ming or problem run time is required to improve ac

curacy and general applicability within the sequence. 
The logical conclusion is that one should choo.se the 
best approximation, namely the improved (|uasistatic 
method, in designing a neutronies calculation model for 
treatment of non-linear space-time problems. In general, 
this method is particularly well suited for non-linear 
problems, since it involves an iterative solution in suc-
ces.sive time intervals. The multigroup program FXl 
embodying the improved quasistatic model, has been 
developed from the QXl program for the (lurpose of 
fast reactor dynamics aiuilysis. 
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VI-3. Further Developments of the Quasistatic Neutron Kinet ics Model 

D. A. MENELEY, K . O . OTT* and E. S. WIENEU 

INTRODUCTION 

Development and testing of the QXl program^-^ has 
led to several changes in the model and calculation 
methods from those originally reported. The most 
important of these are inclusion of the time derivative 
of the flux shape function,* and an improved iteration 
procedure for evaluation of the shape function. In 
addition, the necessary modifications have been made 
to allow calculation of cases with extemal sources, 
according to the formulation reported in Ref. 3. 

SHAPE FUNCTION DERIVATIVE 

The basic (juasistatic model neglects the time partial 
derivative of the shape function which appears in the 
factorized ecjuations (see Eq. (9), Kef. 3). Thi.^ neglect 
is justified by the fact that the shape function varies 
slowly in realistic cases, .since its variation is determined 
largely by the rate of change of system parameters. 
These parameters are certainly slowly varying (at least 
in fast reactors) on the scale of a few neutron generation 
times, which is the time scale on which the shape func
tion responds to changed system conditions. This basic 
model probably gives adequate precision for the great 
majority c»f fast reactor dynamics prt)blems. 

It has been found* that the range of applicability of 
the model can be extended even to extreme cases in 
reactors with long generation times. This is accom
plished by replacing the time derivative by a backward 
Jinear difi'erence form 

dt I \^P{t) - ./'(/ - AO] J. (1) 

where / is the time at which ^ is being evaluated and At 
is the time interval since the last calculation of the .shape 
function, ^(< — A^- Since the time At may be large 
compared with the generation time, this is not a very 
accurate form; however, since the term is small in real
istic ca.ses, great precision is not retjuired. In any event, 
since the interval At can be reduced as desired by 
reduction of convergence limits the model can be made 
to yield essentially exact results for any type of excur
sion. 

As an cxamph- of the behavior of the improved 
(|uasistatic model in an extreme case, the super-prompt 
critical excursion in the 240 cm thermal core of Ref. 5 
was run with both the basic and improved models. The 

material constants and insertion values were taken 
directly from Ref. 5. Figure VI-3-1 shows the reactivity 
versus time plots for this case, both with no delayed 
neutrons {0 = 0.) and with 0 = 0.00f)4. Note that in 
the /3 = 0 case the reactivity diff"erences between the 
two quasistatic models are due entirely to neglect of 
the shape function derivative. Within the limits imposed 
by the figure scale, the reactivity plots from the im
proved (juasistatic model are the same as the exact 
values. The small dift'erences between the ca.ses with and 
without delayed neutrons occur early in the excursion; 
after a short time the amplitude function increases 
rapidl>', thus reducing the influence of the delayed 
neutrons to essentially zero. 

The reactivity plots from the improved quasistatic 
model contain some small discrepancies relative to 
WIGIJ']," due to the fact that the shape function time 
intervals were relatively large in the first one or two 
milliseconds. The approximation to the shape deriva
tive term thus introduces a noticeable truncation error 
in this extreme case. The resultant amplitude error has 
a maximum value of about 3'"'; relative to WIGLE, as 
shown in Fig. V^I-3-2. 

SHAPE FUNCTION ITERATION PROCEDURE 

A new metht)d for calculation of the shape function 
has been found, which greatly reduces the total number 
of inner iterations required to obtain a .solution when the 
system reactivity is above prompt critical. This is 
particularly useful in the multigroup (20-30 groups) 
problems which are typical of fast reactor excursion 
analysis. 

The shape eciuation in the improved quasistatic 
model ma_\- be w ritten (see Paper Vl-2) 

[--̂ '-'G -̂iO]̂ ^̂ '̂ ' ,0 

SA't>il')<l'it,E,t')] f(r,g,< - M)\ 
(2) 

* Purdue University, Lafayette, Indiana. 

This is seen to be an inhunto^eneons, ortlinary differ

ential eqtiatiini. Xote that the - -y- and SMI') 
it> dt 

>l/{t,E,t')\/<t){l) terms are the result of the approximate 
.solution of the amplitude and precursor equaticuis over 
the ranse A(, under the a.ssumption of constant shape 
function in this interval; therefore they contain errors 
accumulated over At. If the assumption were fully 
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justified, that is, if the true shape function were con
.stant over At, the.se two terms would accumulate no 
error, and the .solution of Eq. (2) would exactly satisfy 
the constraint condition (see Paper VI-2), 

/ / 
i*{t,E,Qi)<Ht,E,t) 

dtdE = P ( constant). Ci) 

111 real situations, however, the solution of Eq. (2) 
will not satisfy Eq. (3). In the reactivity range above 
priimpt critical, the first term on the right hand side of 
Kq. (2) goes almost to zero. In typical quasistatic 
model calculations, vAl is very large, so that the second 
term is also small compared with terms arising from 
the diagonal elements on the left hand side of Eq. (2). 
Thus Eq. (2) tends toward a homogeneous e(|uation 
and the .square bracketed matrix on the left becomes 
almost singular. Now by definition of super-prompt 
criticality, the largest eigenvalue of the matrix — M -f 

ff is greater than zero, and it is the term 

3-
l/ld^ 
f \<t> dt 

hich holds the largest eigenvalue of the .square 

bracketed matrix to a value slightly less than zero. It 
1 d<t> 

fiillinvs that a small error in - — may have a large effect 
0 at 

on this eigenvalue and hence a large effect on the 
moffnitude of the resultant ^ solution. This leads to the 
asual problems of slow convergence and poor ac
celeration associated with this type of etiuation. 

The technitiue which has been developed to avoid 
this problem involves a modification of E(|. (1) and 
addition of an iteration between the ^ solution at / and 

1 \ \ \ 
'-° 1 QUASISTATIC WITHOUT SHAPE 
= 0.0064J FUNCTION TIME DERIVATIVE 

- ^ = 0 . 0 0 6 4 1 Q U A S I S T A T I C WITH SHAPE 
IFUNCTION TIME DERIVATIVE 

TIME, msec 

FIG. V I - 3 - 1 . Keactivity Versus Time Given by the Quasi-
static Model for the Super-Prompt Critical Excursion iu the 
2^ cm Thermal Core as Described in Ref. 5. ANL Neg. No. 
I1S-79S. 

10= 

10= 

H<d' 

a \C^ 

TU
 

a 10= 

IO' 

E 1 1 

I 

r 

r / 
/ / =- 77 

1 1 1 1 1 1 

'Z"̂ '̂ ^̂ ---
«"" - . 

\ " 

1 
-J 

- WIGLE 

QUASISTATIC WITH SHAPE 
FUNCTION TIME DERIVATIVE 
QUASISTATIC WITHOUT SHAPE 
FUNCTION TIME DERIVATIVE 

F I G . V I - 3 - 2 . Amplitude Functions Corresponding to the 
Keactivity Insertions of Fig. VI-3-1. ^jVLA^ej.Aro.//S-75ff. 

the amplitude solution over the range At. Kq. (2) be
comes 

[--KiJ)]'''« 
= -^F,il,{t,E,t) (4) 

7 
SA<t>il')'l'it,Ejl')] i{t,E,t - At) 

<t>il) vAt 

where 

The 7 factor is recomputed after each mesh sweep 
during the inner iterations; thus the solution procedure 
resembles a standard power iteration techiii(]ue, with 
the exception of inclusion of the small inhomogeneous 
term. The ^ ' solution will .sati.sfy E<|. (3) within the 
factor 7 ^ 1.0. 

.\fter the ^ ' solution is obtained the 7 factor is ex
amined. If it is significantly different from 1.0, the 
amplitude solution is recalculated over the At range, 
with coefficients determined using a linear interpola
tion of il/{t,E,t — At) and il/'{t,E,t) for the shape func
tion within the range. Etiuation (4) is then solved again 
with the updated values from the amplitude solution, 
and the iteration proceeds. Since the linear interpola
tion is con.si.stent with the a.s.sumption (Eq. (1)) on the 
shape function time derivative, this iteration procedure 
will converge to 7 = 1.0 and \l/'(t,E,t) = ^{i,E,t) pro
vided the \l/'it,E,t) solution is chi.ser to \li{i,E,t) than is 
'l'it,E,t - A(), which is the first estimate of \('(t,E,t) in 
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this iteration. This has so far been empirically justified 
even in extreme test cases. The value of | 7 — 1.0 [ de
creases typically by a factor of 10 or more on each 
iteration, so that it is extremely rare that more than 
two iterations are required. In a sample 26 group 
calculation of a modular fast reactor with generation 
time of -1 X 10~' seconds, the total number of inner 
iterations required to find ^ is reduced by a factor of 
three or more. 
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VI-4. Variational FIiix Synthes is With Di scont inuous Trial Func t ions 

V. Luco and G. K. LEAF* 

INTRODUCTION 

The continuously increasing demand for more accurate descriptions of the neutron flux distribution in complex 
reactor systems has been the driving force behind the development of approximate flux synthesis techniques to 
calculate those neutron flux distributions. I'sing these techniques a reasonably accurate picture of the neutron flux 
distribution is obtained at a substantially lower cost than a comparable "exact" calculation using straight finite 
difference approximations to the equations of the problem. 

The idea of flux synthesis in reactor physics consists of the assumption that the multi-dimensional neutron fluxes 
in the reactor, let us say <f>(Xi,X2, • • • , Xu), can be represented with reasonable accuracy by a hnear combination 
of a finite (and usually small) number of known functions ^,(Xi , • • • , Xs) of lower dimensionality ( 5 < M): 

<i>{Xy,X2 ,x») ^ x; \^, (Xi , ,Xs)Ci{Xs. , X«). 

The functions of i^i(Xi , • • • , Xs) are known as the trial functions for the problem. The miknown coefficients r,(A's+i, 
• • • , XM) of the linear combination are usually called the mixing functions. 

The variables of the problem can be quite diverse: for example, the spatial coordinates x,y,z, or r,d,z, the time t, 
the neutron energy E, the angle Q, of the neutron motion. The breakdown into variables entering as arguments of 
the trial functions or of the mixing functions can also be made in a variety of ways, selected according to the char
acteristics of the problem at hand. For example in a three-dimensional time-dependent monoenergetic pntblem the 
synthesis a^ssumption could be 

jtf 

<Kx,y,z,t) X Y. '!'iix,y,z)Gt{t) 

{x,y,z.t) « Y.'l/.{x,y)(\(z,t). 

In the fir.st ca-se the mixing functions are time functions; in the .second case the problem of determining the mixing 
functions is two-dimensional. Another example: The two-dimensional flux (t>{r,z) can be synthesized as follows: 

• Applied Miithcnialics Divisimi. Argonne National Laboratory. 
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<t>ir,z)^'£Mr)C,(z) 
t - 1 

or 

fir,^}!^Y.^|,,(z)Ci{r), (1) 
,=1 

and the choice between these two options will depend on which one of the expressions is more convenient in the 
particular reactor configuration being considered. 

The object of a flux .synthesis calculational method is to specify some way of obtaining the mixing functions. As 
the synthesis expansions are es.seiitially approximations, the determination of the coefficient functions is done not 
with the idea of actually obtaining the exact solution, but aiming at an optimum choice as judged with some arbi
trarily chosen criterion. The goodness of approximation to the real fluxes of these synthesis solutions depends largely 
on how good a choice of trial functions î , has been made. There are a number of flu-x synthesis methods, depending 
both on the type of trial functions used and on the techniques prescribed to determine the mixing functions. 

The most successful and commonly used synthesis techniques are the variational .synthesis methods. In the varia
tional method, once the trial functions have been .selected, the determination of the mixing functions is done in 
such a way as to produce second order errors in .some reactor parameter of interest, usually fr,// . The earliest devel
opments of these techniques were done using continuous sets of trial functions. This means that the same set of 
trial functions \l',{Xi , • • • , Xa) are used throughout the whole range of the variables A'l , • • • , X„ . In some cases 
though it is clear that some of the trial functions ^,(Xi , • • • , Xs) used are important only over certain ranges of 
the variables and could be ignored at other locations in the reactor. 

A synthesis method that alkiws one to do precisely this, that is, to expand the flux in different .sets of trial func
tions at different locations in the reactor, is known as a discontinuous trial function synthesis. Variational synthesis 
techniques have been developed that synthesize fluxes using discontinuous trial functions and achieve accuracy in 
the approximation of fluxes and eigenvalues comparable to those obtained by the continuous methods and at a 
lower computational cost. '" The functional used in these variational technitjues is a special functional propo.sed by 
D. Selengut (Knolls Atomic Power Laboratory), which avoids the mathematical difficulties encountered when the 
usual functional is used together with discontinuous trial functions. It uses both the neutron fluxes and neutron 
currents in the reactor volume as independent-variable functions—that is, as functions that admit arbitrary varia
tions. 

Recently A. Huslik^ has proposed another functional that can be used as *he basis for a discontinuous trial function 
synthesis method. In it the continuity conditions for flux and adjoint are treated as subsidiary conditions and in
corporated into the functional by means of Lagrange multipliers. The independent-variable functions in his functional 
are the neutron fluxes in the reactor volume and the normal neutron current at those in.side reactor surfaces where a 
flux discontinuity is allowed. Consequently, the dimen.sionality of the synthesis problem posed is lower than the 
equivalent Selengut approach for the .same problem. 

If suitable prescriptions for the selection of trial functions are developed for Bushk's approach and the accuracy 
achieved with it in the calculation of fluxes and eigenvalues is comptirable to that of the presently available di.scon-
tinunus methods, its lower dimensionality will perhaps result in a more economic calculation. 

In the following sections of this report, a discontinuous flux synthesis technique is presented, based on a functional 
of the type proposed by Buslik. The problem that will be used to illustrate the method proposed is the approximate 
solution of the static multigroup neutron diffusion equations in two-dimensional (r,z) cylindrical coordinates. The 
synthesis breakdown for the flux will be made as in Eq. (1) . The method proposed can of course be easily adapted 
to other geometries and number of coordinates as well as to other synthesis expansions. 

THE VARIATIONAL P R I N C I P L E 

The etiuations for the mtdtigroup problem to be considered are 
,1-1 a 

V|0,V<^,) - 2 , A + S 2„.,A/ + Xx„ 51 (>'2/)„.<^,. = 0, g = 1, •• • ,G,i\ie number of energy groups, (2) 

and the adjoint set 

V - { D M ' ) - - ' .** + ,E^ s..-«* + x{.'S/). i ; X.0* = 0 9 = 1, • • • , e , (3) 



402 17. Heactor Computation Methods and Theory 

F I G . V I - 4 - 1 . Schematic Representation of the Heactor. ANL Neg. No. 113-666 T-1. 

with conditions 

•D, 

D, 

3*. 
dn 

" dn 

, G at the outside reactor boundary 5o (4) 

with the usual meanings for the constants, d/dn indicates derivative with respect to the positive (meaning out-going) 
normal vector at the outside reactor surfaces. 

The reactor geometry is represented in Fig. VI-4-1. The regions shown, limited by the radii Ri, Ri . •• • R, , • • • , 
are synthesis regions where different sets of trial functions will be assumed. There may be (|uite a few of these regions 
for a practical calculation. The trial functions used will be functions of the z cottrdinate, one set in each region, for 
both flux and adjoint. The cylindrical surfaces of radii IU are the surfaces at which the trial function discontimiities 
occur. 6 symmetry is assumed throughout. 

The variational functional to be used is 

Jlu''.ir,z),u'':ir,z),a'',iz),l3'iiz)] ^ i : ( 2 , r f Z Uil'• D„V„':, -)- , 4 ' h , . ! , ! " - E r„ . . t4 ' 

- xx„ E (-r/),,').:'']} t-d,-dz) - E (•2^R, f £ ia;,i»r" (R,,Z) - ,4(ft*,2)l 

-I- \ii^'*"'iR,,z) - «;*(fl<-,2)l6'l dz) + E ( E (TT f ' lufir,h)u'',ii-,h) -\- u';,'ir,0)u',ii-,0)] rdt 
I U=l V = l [ • ' « ( t _ l ) 

(5) 

-I-2irR ( \u„ iR,z) + '^— • ~ \ \dz) 
•'o L •' dr I r ^ dr I r-OJ / 

where 
Vk is the volume between Rt-, < r < Rt , 0 < z < h. 
u''g'{r,z), «'(r,2) are independent-variable functions defined in region A'. 

These will be identified later with <t>''g'(r,z) and i^J(r,2) when at their stationarv values. 
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a5(2), ^S(z) T e functions of 2 only, defined at the cylindrical surfaces with radius Rt. 
There are K synthesis regions: 

Ro = 0 

RK = R, the outside reactor radius. 

The fc-dependence of the parameters in the functional has not been emphasized since the Ic boundaries may not be 
boundaries between difi'erent material compositions. 

Which among the family of functions u,(r,z), u'{r,z), a,{z) and /3j(2) will make the functional J stationary? 
To find out the conditions to be satisfied by the Ug{r,z) and /3'(2), the first term in the volume integrals in Eq. (5) 
is transformed in the following way, using Green's theorem: 

)rdrdz 

£...("-!) I -\ 1 
(6) 

TT-ITI VuT-DgVulrdi-dz = -T,T.2ir [ u'g'V•iDgWul 

-^ E E b-Rt' ul'{Rt,z)D. ^ ^ - ur"'iRt,z)Dg^-^\ dz 

+ 'tt{'^^ r \n''i':h)D,^-f\ - ul'ir,0)D,^\ l r r f r l + 2 ^ K E / T " r ( R / ) 0 . ^ | 1 rf^. 
w Fl I •'B(i-i) L 3^ I ' - ' 32 I.-11J J B-1 •'o L or | , - « J 

Introducing this result into Eq. (.5): 

J ^T-ITT. [ ( " £ * [ - V-iD,Vui) + ZrgU. - E ^.'A' - Xx. E (-E/),, '"/ t-di-dz] 

+ E E a^S-^ f" (aSl«r"( f i* ,^) - u.iRt,z)] - u'r"*{Rt,z) ^ ( 2 ) -1- D, ^ ^ I 1 

+ «r(ij..) [/>. ̂  j ̂ __,^ + î(̂ )]} <̂̂  + s S '̂̂  C_„ {-•('••") [ " -¥ + ̂ " '̂  I . J 

Varying u5*(r,2) anda ' fz) arbitrarily in Eq. (7) , the following necessarjiconditions for statiimarincss are obtained. 

Writing 0^ and j ' for the stationary values of ul and (3, : 

- V-iDM.) + 2.,0', - E 2»'>f/ - ^X, E (^2/) , . / , . = 0, i = 1, • • • , A' (8) 

(7) 

^'r^iRt^fi) = •^MR>:f)\ (9) 
-.i* 1 ;ij.<'+') I f , i: = 1, • • • , A' — 1 

•'" dr |,_«t 3r | , -«,) 

«'(r,ft) n 30 ' ! 1 (11) 
" ^ ' »z\..„\ 

fc = 1 , • • • , A 

•̂ SCr.O) _ , n ^'''•l (12) 
~^ ^ ' dz 1,-0 J 

«f>f(fi,z) _ _ n 3*^1 (13) 
2 " 3r I,-« 

3^1 ^ Q_ (14) 
3r Ir-o 

with J = 1, . . . , G in all of these equations. The functions 0^ and f, thus determined provide the solution to the 
variational problem posed and at the same time clearly are the functions that give the solution to the neutron dif
fusion problem formulated in Etis. (2) and (4). 
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It shoukl be noted that even though the functional ./ admits discontinuous functions u, , with finite jumps at the 
surfaces with radius Rt , the stationary "point" occurs for functions which are continuoas across those boundaries. 
The Lagrange-multiplier functions (3,'(2) turn out to be [see Eq. (10)J the values of the normal neutron currents at 
the boundaries between synthesis regions. Conditions (11), (12), and (13) are the usual conditions of zero incoming 
current at the reactor boundaries. Condition (14) is a natural condition to re<iuire when the flux is symmetric in t. 

To find out the necessary conditions for u'l'(r,z) and a„(z) the sums in energy in the first summation of Eq. (.5) 
are rearranged in order to take nj as a common factor of the g sums; the following transformation, the symmetric 
of Eq. (6), is then introduced, giving 

K O c K O j- K-l O t ch r ^ t* I 

E E / Vi4*fl.Vi4,Y/,rf2 = - E E ti^-(DgVu''„')rdrdz -H E E 2,rft, / u'.(Rt,z)D,-^\ 
*-i «-i •'n- t_i „_i Jf., t-i B-1 ( •'o L 3r I r-»i 

- ur'\Rt,z)D,^-^^\ ']dz] + f:±\-2rrr \ul{rJh)D,^-^\ - »;,(.-,0)£.B ^ j ] r * 

2,rft /"" \u';{R,z)D. ^ * ' 1 dz. 

The new form of the functional J is 

^ = E E 27r /" {i4 r-V-(Z),V«r) + XA' - E 2„.«:-* - X(.2/). E x.-uA-drdz] 
t - 1 B-1 Jrt [ L o'-o-tl B ' - 1 J J 

-h E E2:rR, (' lM''*"'{Rt,z) - t4*(«t,2)]^" 
J:—1 , 1 - 1 • ' 0 fc-l u - 1 h \ 

(15) 

- u';+"{Rt,z) \4{z) -I- D, - " ^ ' " - I 1 -1- nl{Rt,z) \4(z) + i». ^ 1 1} & 
L Sr | , -«J L Sr | , - B J J 

+ EE2J U{r,k)\'^^ + D.'-^\ 1 

+ E 2.fl /'" UiR^) [""'•(«'̂ ^ + D, ^.""^ I ] + -̂̂ '| - ^ 1 ]dr. 

Varying arbitrarily Ug{r,z) and j3j(2) in Eq. (15) the following necessary conditions for stationariness follow: 

-v-(z;„v^;*) + ::,„<̂ i* - E ŝ -̂̂ ;? - x(^2/)„ 2 : x."^/* = o, /.• = i, •••,K (i6) 

<(.i'*"*(«i.,2) = «;*(ft».,2)i (17) 

a , ( t + l ) * ] a ,A-« I L /• = 1 . . . A' — 1 

J » t z ; - L / , ^— - ^ 1 - ' ^ ] I \1°) dr 

1>':irjh) 
--D."-^ . (19) 2 " dz 

' \ ,k = 1, •••,K 
t^'(rfl) = +£, ^ f20) 

2 ' dr \r-n ^^^' 

3<4,!*1 
- 5 - = 0 . (22) 
3r Ir-o ^ 

with 3 = 1, • • • , G in all these equations. 
These sets of equations and conditions satisfy both the variational condition reiiuired and the adjoint diffusion 

Eqs. (3) and (4). 
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THE SYNTHESI.S ASSUMPTION AND T H E SYNTHESIS EQUATIONS 

The following synthesis assumptions are now introduced: 

u,ir,z) = E H':„(Z)TU'-) 

t * / \ u„ (r,z) r H'';„iz)T':„{r), 
,G. 

(23) 

(24) 

/3j'(2) = E B ; J 2 ) C 

"i 
a,iz) = E AU^)al 

fc = 1 , • 
'9 = 1,-

• • , K 

-,G. 

Here //J„(2) and H'','JZ), usually referred to as the trial functions, are known functions. The functicms 7'J„(r) and 
t,'„{r) are unknown functions to be determined. The numbers N] of trial functions at each group and region do not 
hiive intrinsic limitations except the obvious one Aj > 1. The functions |3'(2) and a,'{z) are also exi)anded: 

(25) 

(26) 

Here the mixing coefficients oJ, and 6j„ are pure numbers. The numbers il/J of trial fuiictions for the normal currents 
;it the interfaces have upper and lower hounds as Avill be shown later. 

The selection of trial functions //J„(2), / / '*(2) and Bj„(2), A''„{Z) has to be guided by whatever knowdedge or 
intuition that the user of the method has about the .system to be calculated. The variational method, or any other 
.'similar method, can only combine these preselected flux shapes in some optimum way, but it will never achieve a 
good approximation to the actual fluxes of the sy.stem with a poor .selection of trial functions. 

From the variational point of view the assumptions (23)-(26) mean that the freedom of choice of independent-
variable functions for the functional (5) is now restricted to functions of the form given in those expansions. The 
problem is now restricted to finding functions with the forms of (23), (24), (25) and (26) that will make stationary 
the value of the functional (5). 

A variational problem like the one posed in connection with the functional in (5) is defined both by the functional 
used and by the set of admi.ssible functions used with it. We are thus now treating a different variational problem 
from the initial one because the set of admissible functions is severely re.*ricted by the .synthesis a.ssumption. 

The functional j ' obtained by substituting the synthesis as.sumptions |Eqs. (23)-(26)] into Eq. (5) is called the 
"reduced" functional. Its independent variable functions are now the T„,{r), T,'„{r), a,„ , b„„ . The corresponding 
necessary conditions for a stationary value, its Euler equations, are also of a lower dimensionafity. 

The functional ./ is 

j'Vrlir), rZir), bl, aU - E < E / 2 W r f ^ [Dl] ̂  -|- f f |[Li) + [zl] + [C^l] f j 
fl=i \ t=i ^K|t_|, [ ar ar 

E nnzt-^T',' + \ E fri(x.(v2/),-)if.'' 
o ' = l ( / ' - I 

-f E < E [2^Rt dUiAimitt) - [.4r"ifr"(flt)i 
0 = 1 \ f t= l 

(27) 

-h \T'','{Rt)[Bl] - fl 

+ wRT^'iR)[W^\Tf(R) 

'{Rt)lBl''*"K\] 

dJT 
dr 

[lff!§! 
) ar I r-o, 

where the following nomenclature has been adopted: f' and 6J are column vectors with components rB„(r) and fej„ . 
T" and a, are row vectors with components Tll,{r) and aj„ . Left multiplication on a matrix implies a row vector, 
right multiplication a column vector. 

[Dl] is an N", by .V'„ square matrix with elements defined by 

/„ 0,{r,z)H''.Uz)HU^) dz = D7t"ir); (28) 
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[LJ] is an A'J by A'J square matrbc with elements defined by 

- { ' mUz) ~ \DAr,z) ^ ^ ] dz = L-Jir); 

[Sj] is an N!\ by N\ square matrix with elements defined by 

\ I:,,{r,z)Hl:,{z)HUiz) dz = S,T(>-); 
* ' ( J 

[Cj] is an Ny by Ny square matrix with elements defined by 

H'-ih)\f^^-D.(r,h)^-^\ ] + HlUO)\^^+D,{r,0)'^~^\ 1 = C.T(r); 
L 2 dz U-).J L 2 dz I2H1J 

[Sj.,] is an N", by A Ĵ. matrix with elements defined by 

£ 2,.,(,-,2)//J:(2)//S„(2) dz = 2r"..t('-); 

[(Xi;(v2/)^')*'] is an A'̂ „ by A „̂' matrix with elements defined by 

/ (x.v2/,;'Kr,2)//S:(^)//; '-„(2)rf2 = (x .v :S^ . ' ) r " ( r ) ; 
•'a 

[IT'J is an A'J by A'' square matrix with elements defined by 

I'H'';„iz)H'.„iz) dz = IC*". 

[AJ] is an il/J by iVj rectangular matrix 
and 

[4o*^^ '̂j is an Ml by A'̂ ^ ^ " rectangular matrix with elements defined by 

f'.i':„iz)HUz)dz = A:T 

Jo 

and 
rh 

j Al„iz)Hl''*"iz) dz = .4"("+1), respectively; 

[BJ] is an Aj by iljfj rectangular matrix 
and 

[ B " * " ) is an A'J'*" by iV/J rectangular matrix with elements defined by 

[ Ill'M)Bl,.iz) dz = B.T 

/" //it."'''*(2)B^,(2) ^2 = Br^+i), respectively. 
- '0 

and 

(38) 

In order to obtain the Euler equations in fy„{r) and /i„„ for this functional it is convenient to transform Eq. (27) by 
integratuig the double gradient term by parts: 

E E P •2.,-dr'^[Dl\^ = t ( t r - 2 . f r i ^ ^ J j f j j r f r 
0-11-1 J«,i_,, dr dr H^i \t-i JR^,-,, dr [ dr j 

J<-1 f ,10* \ W 7 ' " + " I 1 jTiJc I , ^'^^' 
+ Z2rrRt\n'iI{t)[D':,]'^\ - f i ' - ^ » * ( « , ) l A r " ! % — } + 2,rRn'iR)lD^]'!^\ ) 

*=i I dr | , - » , rfr |,.«..J dr {•-«/ 

Introducing Eq. (39) into Etp (27): 

http://-2.fr
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+ X __5̂  lfx.(-2/),.)'|f;}] -h E (2.ft.ai|[.4;i7t(fl,) - Ur^MT^iRt)] 

+ 2.A.fr(fl.) {[/):! f̂  I _̂  + [ B K } - 2 . f t f r - ( f l , ) k - . ] : ^ ! +[Bi-..j6A\ 
" ' ' 1 dr \,_„, J / 

+ 2 . f i f r ( R ) W f i ^ + [z)^i'? |̂ U^^TI .[,r'i!^"! 1 
I 2 rfr I , . ,J rfr |r.o "' rfr LMJJ ' 

,\nd now an arbitrary variation iiUhc independent variable-functions T^lt r) and oJ„ yields immediately the following 
conditions for stationariness for T„{r) and fc,„ , now named ,jr''„{r) and j ' „ . In the volumes Vt : 

E E rK'lt^il;, + X E ' • l (x . ("2 / ) ,0n t^ ' ' „ 0, m = 1, 2, • • • , Af,, fc = 1 2 

at the cylindrical surfaces with radii Rk : 

iii) 

, A; 

E 4 r . > S „ ( f l O = °E - ' l " " + i * ; " " ( f t ) , m = 1,2, ••• ,.1/S (42) 
» - l n - 1 i 1 I » 

E £>r( f f , ) ^ + E S r j t , = 0 , m = 1, 2, • • • , Nl (43) 
n = l a r Ir=Hk 1=1 

^ iK"t^,>iRt) ' ' - ^ I + i : iJ,T*+i,/.. = 0, „, = 1, 2, •. • , A ^ " ; (44) 
n-i dr 

at the outer surface of the reactor 

E KT(i?) ^ " 1 + ^ IOV,f,.(fi)) = 0, m = 1, • • • , K; (45) 
n - 1 1 flfr I , _ « 2 I 

E | l T r i " ' ^ | ) = 0, », = 1,2, . . . , A ; , (46) 

at r = 0: 

rfr I r-oj 

and J = 1,2, • • • , G in Eqs. (41) through (46). 
To obtain the Euler equations in T''„'„(I-) and aj„ , the following transformation which is symmetric to Eq. (39) is 

m-tde: 

E E f 2Wr̂ -p:[Z>:]f = E ( 2 . f -''[-"^[Dl^fUr 
iri (=i JR,t_,| dr dr ,Pi \ • 'B,!-! , dr [ dr J 

+ E 2 T f l J ^ | [DSlf̂ (ft) 
fcl ( dr ]r-Bi 

rffr" 
dr 

[£>J"+"]fr"(R*) 

-\--2^R^\ [D^WfiR)), 
dr I r-/i ' 

and introduced into Eq. (27). After this substitution, an arbitrary variation in Tl{r) and !)J„ resuhs in the following 
conditions for stationariness for T,t,(r) and oJ„ , now called i'','„{r) andiJ* respectively. In the volumes Vt : 
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- Z , E rS»'**J'„ 4- X E r[(x,.(.•2/),)^"ll^"„ = 0, n = 1, 2, • • •, K k = 1, 2, 

m - l (e -fl-l-l B ' - I J 

at the cylindrical surfaces with radii Rt : 

A-J A'S' + i ) 

T, B7t"<l'aURt) = E Br»+.,^^i""(/?*), « = 1, 2 , - - , M j , 

(47) 

(48) 

i*.! —T— + Z J ^B*Jom = 0, n = 1, 2, • • • , A „ ^ ' 
„-i d r I ,-Rt m-i 

"'•'•*" .,u-+i)., -'4 

E ora+i) % ^ I + E Ara+.,i': = o, « = i, 2, • • •, A ^ " ; (50) 
m-1 dr I r - « t m - 1 

at the outer surface of the reactor: 

E ioTKiR) ^ 1 + ̂  IIT^V.^:(fi)| = 0, n = 1, 2, • • •, Af ; (^1) 
dr j , -» 

at r = 0: 

jyi 

j ^ | ^ „ , r f ^ | \ o_ „ = 1 , 2 , . . . , A ; , (52) 
m=i l̂  ar I r=0j 

andg = 1,2, • • • , G i n E q s . (47) through (52). 
The systems of Eqs. (41) through (46) and (47) through (52) form well-determined systems of equations with an 

equal number of unknowns and conditions. From the physical point of view though, it is necessary to impose bounds 
on the numbers M* of trial functions By,, and ̂ y„ . From the structure of the conditions, Eqs. (42) through (46), 
it is clearly necessary that 

1 < Mt <K + Nt^' (53) 

if one is to avoid zero values for the fluxes and adjoints at the interface. 
Finally, the approximate values of fluxes and adjoints are <jbtained by substituting the solutions ^B„(r), yj/gmir), 

Jon SLiid jym of this system of differential equations into Eqs. (28) and (24). 

DISCRETE APPROXIMATIONS AND METHOD O F SOLUTION 

Rewriting the synthesis equations (41) through (46) in matrix form, using definitiims (28) through (38), we obtain: 

- i ^ r[Oj] f-' + l^iM';, = E 12;-'„1̂ :. + X t [(x,(-2/),.)'¥;. (54) 
r ar ar y =i u'=i 

with interface and bf)undary conditions 

lA^MiRt.) = lA'r"m'-'"iRt) (55) 

lDliRt)]^\ +18'.]/. = 0 (56) 

[ Z > r " ( K . ) l ' ^ ' i + [ B r " l j ; = 0 . (57) 
ai Ir~Rk 

[i'"(K)l^l +llWMiR)=0, (58) 
ar I r^R z. ^ ' 

with/.- = 1,2, ••• ,A'and(/ = 1,2, •••, G'. î ,; and J,; are column vectors with components Ĵ",, and jj„ respectively and 



4. Liico and Leaf 409 

[2«„] ^ [iSl + [sSl + [Cj]. (59) 

With this notation it is seen that the .system has the form of the usual one dimensional muhigroup equation where 
matrices now replace the usual scalar coeflicients. This observation forms the basis for the derivation of a finite dif
ference approximation to the given system. Since most of the derivation is involved with the Laplacian term, it will 
.suffice to consider the case of one group. Thus the group index is dropped. 

Let the reactor domain be the interval 10,R], and impose a mesh 0 = p„ < p, < . . . < p, = R on this interval in 
such a manner that 

(i) any synthesis interface coincides with some mesh point p, , 
(ii) any region interface coincides with some me.sh point p, . Then in any interval [p,_i ,p,J we can assume that we 

have a differential system of the form 

with interface conditions 

/l,_i\A(p7-i) = J,-iiA(pt-i) 

. 4 , , K P 7 ) = ^.iKpT) 

D,_,iA'(p7-i) -f B,-u\_i = 0 

5,_i,A'(pti) -h B,-ij,-i = 0 

i ) , / ( p 7 ) + B,j, = 0 

5 , / ( p t ) + Bij, = 0, 

where the vector and matrix notation has been dropped, for simplicity. The relation between Ai and Ai, Bi and 

Bi, Di and 5 , is the same as that which exists between [/iJ] and l ^ ^ ' l . I^'l i"id [^^ '1 . and (D'(ifj)] and lD'J'*"{Rt)] 

where now i indicates mesh point p, . p7 and p, indicate evaluation at point pi using functions defined to the left or 

right of the point respectively. ^ ' indicates derivative with respect to r. The dimension of i^(r) is .V, , where A, = Mt 

when the interval [p,_i ,p.] hes in the fcth synthesis region. Since each interval lies entirely within a region of con.stant 

composition, the coefficient matrices are con.staiit over each interval. If p, is a regular interface point in the .sense 

that it does not separate two synthesis regions, then the dimension of ^( /•) does not change when passing from (p,_i ,pi] 

to IP, ,P,+I]. In this case the interface conditions are defined by the matrix relationships 

Ai = Ai = I-, Ni X*A. 

B. = B, = / ; .V, X .V,. 

On the other hand if if, separates the fcth synthesis region from the (fc -f l )s t , then the interface matrices are defined 

by 

A, = Nt Ai 

Ai 

Bi 

Bi 

= At ; 

= At+i -, 

= Bt-, 

= Bt+i -, 

M, 

Mi 

N, 

A,+, 

X Ni, 

X A,+, , 

X Mi 

X il/, . 

Mi = Mt 

Ni+i = A.H 

In order to derive a finite difference approximation, consider the following class of functions defined on the interval 
[''. , i',+ij, where r, is the mid-point of the interval [p,_i ,p,]: 

, , ^ ^ iiir.) + (r - r,)f, r, < r < p, 
*^ ' Vl'-.-n) - C-.-n - r)i, p. < r < n+i 

which satisfy the conditions 

Ai<l,(p-) = A.Hpt) 

Z). /(p7) -f- B,j, = 0 

fi,tf'(pt) -I- B,ji = 0. 
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Here ,C J, and ji are assumed to be given vectors having dimensions A , , A.+i , and Mi respectively. 
Applying the interface conditions to this class of functions, it is seen that f, J, and ji must satisfy the following 

system of etiuations: 

J-.iS.A.r -I- ^2S,+iA,i = A,4'{i-i+i) - A,<lr{ri) 

!),-( -I- Bij, = 0 

5,f -t- B.J. = 0. 

Here 6, denotes the length of the interval [p,_i ,p,]. 
Up to this point no assumptions have been made concerning the nature or structure of the matrices A,, Ai, Di, 

t>i , Bi and B, ; thus the question of existence of a solution to the above system is still open. In fact, the matter is 
not trivial even in the case of a regular interface. In this case the system reduces to the following system bj ' eliminat-
.ng the vector j7 : 

i.-2«,i+ '-iS,+,i = 'Pir.H) - 'I'ir.) 

-n,i + D,i = 0. 

This leads to the eciuitfion 

I'^a.-fl,- + '25,+,D,]? = /;,[(«)•.•+,) - f ( r , ) ] . 

The question now arises whether the matrix 

A, = 1 21.5. + ' ->S,+iDi 

is invertible. If it is, then 

D.t = />,£ = D,A7'D,[4,{r,+,) - ^,{r,)]. 

At this point it is not clear that D, is non-singular unless certain assumptions are made on the weighting functions. 
For example, suppose D , j = 0; then 

(D, j )« = / D.(t) ( E .r„F;il))F"'it) dt = 0 for /« = 1, 2, • • • , Ni. 

Thus there exi.sts a function 

at) = E x.FHt) 
,<-i 

in the span of the set lF,"|^ii which is orthogonal to the subspace generated by | f ,*"'|. m = 1, • • •, A', . In the same 
way, the ([uestion of the existence of A7' for the regular interface case leads to a similar conclusion with the measure 

rfp(() = [^iii£>i{t) + l2Si+,Di{t)]dt. 

Returning to the general .system for t t, and j . , we find that if D, and D. are non-singular, then 

r = DT'B.j,, 

« = / )7 'B, i , , 

and 

(i25,-'l,»7'B, + '2S,+J.Cl7'B.)j, = A,iA(.-,+,) - .4,i^(r,). 

If the M, X A^ dimensional matrix 

S!, = i2«,-4,D7'B, -H ^26.+,AiC>~'Bi 

has an inverse, then 
C f = 7i,Si7'|i.V'(r,+i) - -4,.A('-,)1 

£).i = i(.S17'|i,iA(r,+,) - .4,,Kr,)l. 
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With the assumption of invertibility, ^ ( r ) has now been determined as a class of piecewise linear vector-valued func
tions which satisfy the given interface conditions. 

Returning to the differential Eq. (60) and integrating it with respect to ;• over the interval [p,^i .p.] leads to the 
following equation: 

[p,/J.^'(p7) - Pi-J).4''ii>U)] + (i;«)i (" 4'it-)i-dr = f" f.ir)rdr, 
* ' o . _ . • ' n . _ , ! < ! < / . (61) 

The solution to this system within the class of functions just constructed is required. Using the expressions for Z)i^'(p,-) 
and Di^p ipi-i) just derived, the following .system is obtained: 

- |ftBiSi7'U,iA()-,+i) - -^.^(r,)] - pi-^Bi-iaiUAi-^Hr.) - .4,-,iA(r.-,)]) + ( r , ) . f' ,H,-)ra 

= f" f.ir)rdr. 
(62) 

Integrating the functions in this class would result in a quadrature formtila linking ^(r,_i) , ^ ( r i ) , and ^(r ,+i) . 
However, the truncation error is of a higher order than that which results from the derivative terms. In addition 
such a f(uadrature formula leads to non-symmetric matrices even in the case of regular interface conditions. For these 
reasons, the following (piadrature formuhis will be used: 

r yl,{r)rdr W ^-^Ipl - pU)Hri) = U,^(ri) 
•'» i - l 

/"" f.{r)rdr « F, / , (r , ) . 

With these approximations, the following matrices can be defined: 

G. = p,B,S)7'i, ; iV, X iV.-n 

/ / , = p,_iB,-il27iiil,-i ; . V i X A , _ , (63) 

Ei = p,B,a7'i4i 4-p,_iB._,Si7-ii4,-i + U , ^ „ , 

for t = 1, 2, • • •, / with Hi = 0, G, = 0 and 

E, = p,D,lD, + Js 'l ' / . '-iS/r ' ' 2 " ' ' + Pi-fB/-i'.!7-^i-4,_i 4- r , r „ / 

where 

and 

w, = [im. 
A, = Bi = Bi = 1; thus / / . . G. . However, in general H.+i 5̂  (?, ; .\t a regular interface iV, = Ni+i and Ai 

therefore the matrices are not symmetric. 
With the above matrices the differential system has been approximated by the following algebraic system: 

£ , -Cn 0 - • 0 

• 0 

0 -H, 

-H, 

- G / _ i 

A'l 

<l'=f, (64) 
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where <!' = Ui , i . , • • • ,4',] and \Pi = i^()-(). 
In the multigroup case there are G matrices of the above form which Avill be denoted by / ' „ . Letting 

2"" = diag!r .2; ' ; '"( ; . i , 

r " = diagir.ff'iU 

for ff' > 1, ff < (7 and defining xj/, = [,(.,, , ^„., , . . . . <!,„,], the discrete approximation to the original differential equa
tion system takes the form 

P.'l'. = 5 ^ ' 'VB- + X ^ ^"'V»-, 1 < ff < G. (65) 

Since il/7 > 0 and the matrices 2''° and F''" are non-negative, this .system is solved for the dominant eigenvalue and 
eigenvector by the power iteration technique. Thus, given any guess ^ '° ' > 0 and X'°' for the dominant eigenvector 
.and eigenvalue, the .successive approximations are generated by the foUowing .scheme: 

^Bfi'""' = E 2"'vi'*" + x"" E f'Vi"' 
11^1 0 ' = 1 

X'" ' = X ' " - " ^*' ') 
(«"•',«"") ' 

(66) 

(67) 

where 

(*,iA) = 11T.T. •i>ti.4'ii, • 

The generation of ^p"^'* thus involves the solution of the system 

P.'l'. =f. fi>r ff = 1,2, ••• ,f?. (68) 

Since each matrix P, is block tridiagonal, each system can be solved directly by factoring the matrix P, using a var
iant of Choleski's method. For simplicity the group index is dropped. Then / ' = IA', where L and U have the forms 

-H, 

U = 

I -Vl 0 
0 / -V, 

0 

• • . 0 

• • • 0 

-H, Ui_ 

• • 0 

• • 0 

(69) 

- I V . 
/ 

This factorization leads to the following rectirsive relations for the matrices d and F j . 
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Ul = El, C-iUi = Gl 

H.Vi^i -\- Vi = Ei, UiVi = Gi, 2 <i<I, (G, = 0) . (70) 

With this factorization, the single system Mij/ = / is equivalent to the pair of equations 

Loi = f 

Ltl> = Ci). 

Hence 

•"i = C'T% 

"Ji = IT'lfi + ^ ." , - iJ , 2 < i < I 

* - (71) 
*/ = w, 
* , = liij 4- (7'G/*,-n , / - 1 > i > 1. 

The method requires the creation and storage of the matrices {UT'lUi. However, these matrices can replace the 
matrices Et which are not needed in the actual solution. 
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VI-5. A New Formula t ion of Mult igroup Microscopic Cross Sections' 

A. TRAVELLI 

« 
INTRODUCTION 

The multigroup cross-section sets used in fast reactor analyses are usually calculated on the basis of a fundamental 
mode spectrum, as is done, for instance, in the E L M 0 E ' " and in the MC'" ' codes. Within a given definition of 
the Boltzmann equation, the neutron spectrum is calculated fttr a bare reactor with a very large number of groups 
(from 000 to 2,000 groups, in current calculations), and then used to collapse the macroscopic multigroup cross sec
tions for the material under study. 

The fluxes and the cross sections used in the ultrafine calculation are also multigroup fliLxes and cross sections, 
but the discrete points are so close to each other that the ultrafine calculation maj' be considered to be continuous 
ill energy for the purpose of this work. For instance, in the diffusion approximation the ultrafine flux and current 
may be considered to follow from 

T g ^ ^ + 2,(£)] <#.(£•) = I [2.o(£" ^E)+l x(i').'2/(£')] *(£') dE' (1) 

•^^^^ = 3 ^ * ^ ^ ^ ' (2) 

where <t>iE) and JiE) are the neutron flux and current, Si(i ' ) and 2i , (£) are the total and transport macro.scopic 
cross-sections, -BO(^" ~* E) is the zeroth Legendre component of the macro.scopic scattering cross section, xiE) is 
the fis.sicm spectrum and vXf(E) is the product of the average number of neutrons emitted per fission times the macro
.scopic fi.ssion cross-section. The effective multiplication con.staiit fc is usually .set equal to unity and the buckling B'' 
is found as the eigenvalue of Eq. (1). 
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The multigroup macroscopic cross sections are then collapsed to produce a cro.ss-section set with N groups so that 
a set of 2A equations can be written in the form 

Jr ^ ^ ^ ' , il = 1.2, • • • ,A ' ) (4) 

with the same values for fc and for B as in Eqs. (1) and (2), and with 

</>, = j <t>iE) dE (5) 

.1, = I J{E)dE. (6) 

By integrating Eqs. (1) and (2) over the energy width of the /- th group, a convenient definition of the multigroup 
cro.ss secticms that appear in Eqs. (.S) and (4) is found to be' 

X, = I xiE)dE (7) 
•^ I 

(8) 

/ * ( ^ ^ dE 
r2„(iB) 

%, = J f i:,iE)4,iE) dE (9) 

v^fj = ^ I vZj{E)<i>{E)dE (10) 

2.0,,, = r f 'IE' f ^.oiE -^ £ ' ) « ( £ ) dE. (11) 

Equations (7-11) are u.sed by most cro.ss-section reduction codes, including E L M 0 E and MC-, for the definition of 
the macroscopic multigroup cross-sections. 

In principle, the procedure outlined here is needed for every composition whose macroscopic multigroup cross-sec
tions are desired. The practical application may turn out to be very expensive, however, because a typical MC^ 
problem takes approximately one hour of computer time when it is run on the CDC-3600. In order to avoid some of 
the calculations, many of the group-collapsing codes calculate microscopic multigroup cross sections for the individual 
isotopes, in addition to the macroscopic multigroup cro.ss sections for the compo.sition at hand. The microscopic cross 
sections may be used in a rmmber of ways: for instance, they can be used in calculations of reaction rates or of 
material worths. One of the most interesting applications, however, is based on the assumption that the micro
scopic multigroup cross sections, when multiplied by the corresponding isotopic concentrations and added, provide 
fairly accurate macroscopic multigroup cross sections not only for the composition for which the calculation was 
run, but also for compositions which are not too different from it. This means that if a reactor contains M iso
topes, and if we indicate by A^̂  the concentration of the »(-th isotope in the standard composition for which the 
calculation of the ultrafine spectrum was run, and by N"' the concentration of the same isotope in some other 
composition, we would like the relation 

S,[A"',Ar™, • • • , A " l ? K E ^ * r A " (12) 

to hold apijroximately in the [A'", A" ' , • • • , A" ] region which is close to the [A5" , Ai ' ' , • • • , .Vo"] point where the 
calculation of the ultrafine spectrum was run. By expanding Eq. (12) in a first-order Taylor series of the i.sotopic 
concentrations around the standard composition, it is found that the following equations should be satisfied by the 
micro.scopic multigrouj) cross-sections: 
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E i7No = %[Ni",Ni;», •••,Ao'') 

d^ 

dN-
INi", N'o" ,N^ 

m = 1,2, ,M. 

(13) 

(14) 

The current definitions of the microscopic multigroup cross-.sections, and the way in which they are calculated, 
are usually in very poor agreement with the reiiuirements stated by Eqs. (13) and (14). The most notable example 
is provided by the microscopic multigroup transport cross section, for which most current codes use one of the three 
fiillijwing definitions: 

J, <r„(t) 

si,, = Y f <'7riE),t>iE) dE 
<t>i •'i 

'•'•^il[%w)\'''"'^''^''""' 

(definition A) 

(definition B) 

(definition C ) . 

(15) 

(16) 

(17) 

Definition A is the most widely used definition. It was used, for instance, in the preparation of the Yiftah-Okrent-
Moldauer cross-section set,^ and it is a standard option of the GALAXY code." Its justification lies on the similarity 
that it bears to the definiticm of the macro.scopic multigroup tran.sport cross section, as given by Eq. (8). Definition 
B has been used less frequently, but it is mentioned in Ref. 7 and is also an option of the GALAXY code; it is sup
ported by its similarity with the definition of the macroscopic multigroup total cross section, as given by Eq. (9). 
Neither definition sati.sfies Eq. (14); the two definitions do not even satisfy Eq. (13), that is, they do not add up to 
the macroscopic multigroup transport cross-section even tor the standard composition. The latter weakness of the 
first two definitions of dTrj was stressed by P. Zweifel and G. Ball,^ who were able to prove that use of definition A 
leads always to an underestimate of 2,^^, while use of definition B leads always to an overestimate of it. Definition C 
was introduced only recently by J. Ferziger and P. ZweifeP and by B. Toppel et al.^ This definition is a vast im
provement over definitions A and B, because it has the advantage of satisfying Kq. (13); however, no claim can be 
made directly about the way in which the defintion satisfies E(]. (14). 

The definitions that are universally accepted for the other multigroup microscopic cross-sections within the frame-
wt)rk of real-flux weighting are 

al, = Y f <rAE)<t>lE) fiE (18) 

i^7 = - I v(rJ{E)(t>iE) dE 

^To,., = Y ( <^^' [ <̂ ô (^ -^ E')<t>{E) dE. 

(19) 

(20) 

These definitions are .seen immediately to satisfy Etp (13). However, as in the case of Eq. (17), no claim can be 
made about the wa\- in which they satisfy Eq. (14). 

It is the purpose of this work to introduce new definitions of the microscopic multigroup cross sections which are 
superior to definitions (17-20), in that they satisfy identically both equations (13) and (14) within the framework 
of acceptable physical assumptions. 

DISCUSSION 

It is not possible to claim a priori the existence of a definition of the microscopic tran.sport cross sections that 
.satisfies identically both Eqs. (13) and (14). Equation (14) may be written for any of the M isotopes, and the two 
equations combined provide therefore a homogeneous system of {M -|- 1) equations in the .1/ unknowns (aZ, ; in = 
1, 2, • • • , .1/). Thus, the system is overdetermined and, in general, the existence of a .solution satisfying all the condi
tions cannot be assumed. However, it is pos.sible to start by imposing that the definitions satisfy the .1/ equations 
represented by Eq. (14). For the various cross sections, we get 
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dA"' 

j^efiE) 

h 2„(E) ''^ 

= l/"|_?i:L,7(B)_K- -^tEAA^'AF>\\^^.^(E),IE (21 
i„hW(E)""^-'' '-'" -" ' ' ' " U(Â ) -̂V" J/2„(£) 

_/^2,(/l')«(/i')rf7i' 

""/r = 

•"^"'^UiE) SN-jr 
) dE 

d 

dN" 

f <t>iE)dE 

[ dE' ( 2,o(£ -> E')4,iE) dE 
Jl Jj 

l<t'iE)dE 
ll„E'l{a':oiE^E')-[^--..oiE^E')] 

(22) 

(23) 

(24) 

X^Sj^l) 
UiE) dN-- jj ^' 

r 1 d<i,{F)~\ 
An approximate expression for the term , which appears in Eqs. (21-24), may be found by assuming 

\_tf}{h) dA"' J 
that 

d\,t>iE)xUE)] 
<t>{E)-ZUE) dN" 

= CT, for E in group / , (25) 

where C"' is an arbitrary constant which may be different for any isotope in and group / , and where K is an arbitrary 
integer which defines the type of approximation to be introduced. We shall consider three possible choices for K 
which corre.spond to as.sumptions having a clear physical meaning; ( — 1), (0), and (1). The various choices of K 
correspond to the three following assumptions: 

(A-

(A' 

-1) : 

0 ) : 

(A- = 1): 

i ^± = r-
<t> dN'" ' 

1 S[it>S,,] 

[«S„] dA"' 
/ • I " ' 

(26) 

(27) 

(28) 

which are physically equivalent to assuming that the relative change of the current, the fliLx, or the transport collision 
density, respectively, is constant over each group following an infinitesimal addition of the iii-th isotope to the stand
ard composition. Only the third of these apiiroximations has a sound physical foundation, which follows from the 
fact that the transport collision density is a relatively smooth function of energy, and that its relative change can 
also be expected to be smooth. Therefore, the accuracy of the approximation expressed by E(|. (25) can be expected 
to improve as A' changes from ( - 1 ) to (0), and from (0) to (1). 

The expression for the logarithmic derivative of the flux can be obtained directly from Eq. (25): 

1 dcfriB) 
^ ) dN-' 

CT 
2,r(E) • (29) 

and can be substituted into E(|s. (21-24). When the substitution is performed, all terms containing the C" constant 
cancel each other, and the result is given by the following equations: 

- 4 / {̂ '̂ ̂ '' [iml - " [im\} --'''''''"' (30) 
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''•'kl f"'̂ '̂  + '̂12" - '̂̂ '̂')l g l y } *(^) '^^ (31) 

i;;,, = ^ /^ | . ^ 7 ( B ) -H A-1,5/, - vUE)\ 0 1 ^ 1 .<.(B) rf£ (32) 

" . 0 . 1 - (33) 

These equations satisfy the M conditions expressed by Eq. (14) with an accuracy that depends only on the validity 
of Eq. (25) for the chosen value of K. I'urthermore, for any value of K, they satisfy identically also Eq. (13), as can 
be verified by direct substitution. Therefore, the problem of overdetermination has disai)peared. 

For the three choices of K that are being considered, the definitions reduce to the following expressions: 

(A- = - 1 ) : 

-' = i I f ' <̂ ' - '̂ " - -'"^^ SS} *<*'>'" ^''^ 
Va',\ = k l {'"'7(E) - lvi„ - fS,iE)] 0 1 ^ 1 ,t,{E) dE (.30) 

-'=i/&)J-( '̂)*(^"'̂ '' ^''^ 
il = ^ I o";iE)4,iE) dE (39) 

^ 7 , = Y ( •'<'7iE)<t>iE) dE * (40) 
<pl Jl 

* , V , = ^ / <IE' [ o:oiE^E'),t,{E)dE-, iii) 

( A = 0 ) : 

(A-

-•" = 11 {' [im] - [im\} -<^^*(̂ '̂  "̂  <'̂ '̂ «"'*'"" °^ ^̂ '̂  
. . . ^̂  ^ {.,(,.) + [v„_,,(, ,)lg|)} ,(.;).A- (43) 

0J *'f 

I oliE) 
' 2„(£:) 

.<r7(A') -H 1^ / , - -UE)] ^ ^ * ( £ ) dE (44) 

-^' = i / "'' I f •--•' + & - ̂ -"̂ -̂̂ '̂ l OT} *̂̂ ^̂  "'• (45) 

Equations (42-15) correspond to the choice of A that has the best physical meaning, and they provide the new 
definitions proposed in this work. It is interesting to note, however, that Et). (34) is the definition currently used in 
MC2 for the microscopic transport cross .section, while Eqs. (39-41) are the definitions that MC^ uses for the other 
microscopic cross-sections. Thus, the iIC= definition of the microscopic transport cross section implicitly a.ssumes that 
the logarithmic derivative of the current is constant over every group, while the other M C definitions imply the 
same assumption about the flux. Both assumption may be valid if the width of the group is very small, but as the 
group increa.ses in width the first as.sumptioii grows progressively- worse than the second, and both of them become 
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TABLE VI-5-I. CORE COMPOSITION OF ZPli-3 
ASSEMBLY N O . 48 

Isotope 

Pu-239 
Pu-240 
Pu-241 
U-235 
U-238 
C 
Na 
Fe 
Cr 
Ni 
Mo 
Al 

Concentration, 
X 10^ atoms/cm' 

0.1645 
0.0106 
0.0011 
0.0016 
0.7427 
2.0767 
0.6231 
0.9985 
0.2681 
0.1330 
0.0206 
0.0100 

TABLE VI-5-II. COMP.VRISON OF VARIOUS D E F I N I T I O N S 
OF THE Sr)I)IUM T R . \ N S P O R T C R Q S S SECTION IN 

ASSEMBLY N O . 48 

Group 
Num

ber 

2> 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
It; 
17 
18 
19 
20 
21 

Lower 
Energy, 

eV 

2.222 X 10' 
1.342 X 10« 
8,244 X 10' 
4.977 X 10» 
3.003 X 10> 
1.844 X 10> 
1.094 X 10' 
6.721 X 10' 
4.056 X 10' 
2.491 X 10' 
1.503 X 10' 
9.077 X 10' 
4.293 X 10' 
2,691 X 10" 
2.031 X 10" 
1.225 X W 
9,608 X 10' 
5.799 X 10' 
2.743 X 10" 
1.016 X 10' 

Mean square devia
tion ove riethargy, b 

Na-void effect,!'%«*: 

'I:- ^ 

A 

1.687 
1.634 
2.715 
4.043 
3.202 
3.481 
3,204 
3.415 
4.409 
3.891 
4.110 
4.998 
8.332 

31.716 
8.211 
3.813 
3.035 
3.010 
3.017 
3.019 

0.017 

- 3 . 9 7 

B 

1.721 
1.667 
2.786 
4.448 
3,300 
3.857 
3.205 
3.437 
5.254 
3.895 
4.112 
5.052 
9.002 

64 211 
9.718 
3.921 
3.036 
3.016 
3.017 
3.019 

0.235 

- 4 . 2 1 

C 

1.720 
1.662 
2.770 
4,408 
3.289 
3.763 
3.206 
3.440 
4.982 
3.885 
4.102 
5.050 
9.040 

43.084 
9.413 
3,920 
3.036 
3.016 
3.017 
3.019 

0.091 

- 4 . 1 5 

D 

1.728 
1.658 
2.751 
4.340 
3.272 
3,657 
3.278 
3.537 
4.654 
4.290 
4.182 
5.050 
9.242 

30.357 
8.940 
3.917 
3.036 
3.017 
3.017 
3.019 

0.012 

- 4 . 1 1 

Mr, 
dN"' 

1.723 
1.657 
2.756 
4..340 
3.264 
3.664 
3.300 
3.583 
4.606 
4.481 
4.191 
5.053 
9.234 

31.288 
8.691 
3.917 
3.037 
3.022 
3.023 
3.021 

_ 

-4 .09« 

" The upper energy of Group 2 is 3,684 MeV. 
'• Diffusion-theory perturbation calculations for a bare 

sphere. 
^ From a calculation using 605 groups. 

worse than the assumption concerning the transport collision density. Thus, in general, definitions (42-45) should 
be more satisfactory than definitions (17-20), and the difference should be particulariy relevant for the micro.scopic 
transport cross section. 

NUMERICAL KESULTS 

The validity of the new definitions was checked by means of a modification of the E L M 0 E code which could 
collapse the microscopic transport cross sections according to the various definitions. The code could also calculate 
the exact derivatives of the macroscopic transport cro.ss sections, with which the results of the various definitions 
are to be compared. 

The cross sections used in the test were takeii from the 22-group .\rgoniie Set 224 and from the E O i I 0 E Legendre 
library. The ultrafine spectrum was calculated by the code over an ultrafine group structure including fi05 groups 
and then used to collapse the cross sections over the group structure of Set 224. Since the first and the last group of 
the ultrafine calculation were undivided, the corresponding cross sections are identical to the cross sections obtained 
after collapsing. Therefore, imly the twenty intermediate groups of Set 224 need to be considered in the comparison 
and their cross sections were obtained by collapsing 603 ultrafine groups. 

The calculations were run for the composition of ZPR:3 Assembly Xo. 48, which is shown in Table ^T-5-I This 
composition is typical of a large carbide fast breeder reactor, and the results and conclusions obtained from it are in 
excellent agreement with those derived for other fast breeder reactors. 

The ultrafine current, flux and transport collision density are shown in logarithmic scale in Eig. \T-5-l . .\n arbi
trary constant was subtracted and added, respectively, to the first and to the third curve for graphical reasons 

file:///rgoniie
file:///T-5-l
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The flux is normalized to yield a unit source. Vertical lines show the boundaries of the twenty groups over which 
the cross sections are to be collapsed. The figure shows cleariy that the histograms that indicate the ultrafine calcu
lations grow progres.sively .smoother from the current to the flux and from the flux to the transport collision den.sity. 
.\ similar trend can be expected for the derivatives of the histograms. 

The derivatives of the curves shown in I'ig. VI-5-1 with respect to the sodium concentration are shown in Fig. 
VI-5-2. Again, an arbitrary constant has been added and subtracted for graphical reasons to the curves corre.sponding, 
respectively, to the transport collision density and to the current. As expected, the curve that corresponds to the flux 
is smoother than the curve that corresponds to the current, but not as smooth as the curve that corresponds to the 
transport collision density. The figure shows clearly how the approximations corresponding to difl'erent choices of K 
compare with each other. When K = —1, the lowest curve is assumed to be constant over every fine group. When 
A' = 0 and A' = 1, the same assumption is made, respectively, for the intermediate and for the highest curve. Thus, 
the results of the A' = 1 assumption should be a|)proximatcly ten times more accurate than the results of the A = — 1 
assumption for the groups that span the resonance region, from group Xo. 2 to group Xo. IG; the difi'erence should 
be particularly large for group 15, where the large sodium resonance at 2.85 keV appears; the results should be roughly 
equivalent in the other groups. The accuracy of the A = 0 approximation should be intermediate between the results 
of the other two approximations. 

A summary of the final results obtained for the microscopic transport cross section of sodium is .shown in Table 
VI-5-II. Columns A, B, C, and D correspond, respectively, to definitions A, B, C, and D of the microscopic trans
port cross-section, which correspond to Eqs. (15), (16), (17), and (42). The columns should be compared with the 
last column on the right, where the exact derivatives of the macroscopic transport cross sections with respect to the 
sodium concentratiiui are listed for every group. The column showing the best agreement with the derivatives corre
sponds to the definition that best satisfies the requirement expressed by Eq. (14). However, it must be remembered 
that only definitions C and D satisfy Eq. (13); therefore, there are reasons to reject definitions A and B even though 
they were to compare favorably in Table VI-5-II. 

From the results shown in the table, definition D appears to be consistently more accurate than any of the other 
definitions, the only exception occurring in the first group. The accuracy cif definition D is approximately ten times 
greater than the accuracy of definition C over the first sixteen groups, while the two definitions are practically equiva
lent over the other groups. The difference in accuracy is especially large over the fifteenth group. These results are 
in excellent agreement with previous considerations. 

.\n overall measure of the accuracy of the various apjjroximations is given by their mean square deviation over 
lethargy from the value of the derivatives. The deviation is defined by 

and the values of ;i for the various definitions are shown in Table VI-5-II. On this basis, definition D appears to be 
approximately eight times more accurate than definitiini C, twenty times more accurate than definition B, and four 
times more accurate than definititin A. 

The definitions of the microscopic multigroup cross-sections have been discussed so far only on the basis of their 
use to calculate macro.scopic multigroup cross-sections. Turning attention to the other po.ssible uses that have been 
mentioned for them, it appears evident that the new definitions cannot be used for accurate calculations of reaction 
rates, for which tbe standard definitions are more appropriate. However, they can be u.seful to calculate material 
worths, as can be inferred from the following arguments. 

Consider the composition of the standard reactor, and another composition that differs from it by an infinitesimal 
additional concent rat iim of sodium. Let the first reactor be critical, and let the second reactor have the same buckling 
as the first. The microscopic cross sections calculated with the new definitions can be used to calculate exactly the 
macroscopic cross sections of the first reactor, and, on the basis of the previous considerations, they can be used to cal
culate the macroscopic cross-sections of the second reactor better than any of the old definitions. It may be noted, 
at this ])oiiit, that the numerical evidence originating from Fig. VI-5-2 cannot be directly extended to support this 
point. The partial derivatives shown in Fig. VI-5-2 are takeii by keeping I; = constant, while they .should now be 
taken by keeping B' = constant. However, actual calcillations have shown that the curves obtained by the two 
different types of partial differentiation are practically indistinguishable from each other. Thus, also the difference 
between the effective multiplication constants of the reactors should be better calculated by using the new defini
tions, k'or an infinitesimal addition of material, the difference between the effective multiplication con.stants is given 
exactly by first-order perturbation theory, and it follows from this that the total material worths for uniform addi-
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tion can be calculated mf»re accurately in jK'rturbation theory by using the new definitiims given iu this paper rather 
than the .standard definitions. 

A test of the convenience ()f the new definitions for material-worth computations was rvm by calculating the re
activity effect of total sodium removal from a bare spherical core having the same composition as ZPR-3 Assembly 
No. 48. Diffusion perturbation theory was used with the cross-sections of the Argonne Set 224 and with the micro
scopic transport cross-sect ions of sodium replaced by the values obtained by the various definitions. The standard 
definitions ft)r collapsing the .scattering cross-sections were used in all cases, but their effect can be neglected because 
the leakage component of the perturbation effect is strongly predominant. An ultrafine perturbation calculation for 
the same case was run by using (105 groups, and the results are compared in the last I'ow of Table \T-r)-II. Definition 
D appears to be superior to the other definitions in this test, and this confirms the validity of the considerations 
given above, and the convenience of using the new definitions also for material worth calculations. 

CONCLUSION 

A new set of definitions for the microscojne multigroup cross-sections was derived. Hoth the derivation inul actual 
test calculations indicate that the new set of definitions is more convenient than the traditional sets when used to 
calculate macro.scopic multigroup cross sections for compositions different from the standard compo.sition, or to 
calculate distributed material worths. Thus, the new set of definitions, when included in current cross-.secti<m reduc
tion codes, will make it possible to obtain more significant data at practically no additional computational expendi
ture. 
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y i - 6 , Ultrafine Adjoint Neutron Fluxes in Fast Breeder Reactors 

A. TKAVELLI and J. D. 1^>[<.AUI)* 

INTRODUCTION 

A computer program {AD,r0IXT) has been written for the CDC-liGOO to calculate the multigroup quantities ad
joint to the real multigroup fiuxes produced by the MC- code.^ The basic ditTerence between this type of calcula
tion and most other adjt)int calculations performed t() date is that it is done over an ultrafine group structure includ
ing up to 2,100 groups rather than over a coarse group structure using a collapsed cniss section set. 

It is known from previous studies-^ that the u.se of au ultrafine group structure in real computations of fast breeder 
reactors reveals oscillations of the real flux which cannot be found in coarse group calculations, and which are in 
good agreement with experimental results.* Similarly, the use ()f ultrafine cro.ss sections in adjoint calculations shows 
oscillations that could not be detected by coarse-group methods and which may affect the results of material worth 
computations. 

* Student, Massachusetts Institute of Technology, Cambridge, Massachusetts. 
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6. Travelli and Eckard 423 

METHOD 

Schematically, and in the same notation used in Ref. 1, the equations used to determine the adjoint flux in the 
ordinary Pi approximation are: 

st'" = (v>i"<2,)i« + vi"r;i' + E ^':lL,<i>r" + z t {\^"^'..t ''^^^ 
(2) 

i* = § ^ + (Sc)? + 2."/" + <s,)i« + s;/" + (2„>?-̂ +i + z:l;. 
(3) 

+ (S.ptf + <2,.>i". 

In the consistent Pi and Bi approximations, Eq. (1) is replaced by the following expressions: 

e+»/o I " V -s-l."/" 7+»/o 
•Ji + X .1. Z-i^'it^i-li r.\ 

•̂ ^ = rt 

Jt r— 2^ 2 . , i , / , - ——— . (5) 
IkSuiit " ' ' 07*2 i„n 

f 
Minor modificatioiis of these equations are used to take into account the eventual presence of hydrogen and o 

thermal neutrons. 

RESULTS 

Both real and adjoint calculations for the neutron flux and the neutron current of ZPR-3 As.sembly No. 48<*' were 
run on the CDC-3600 by using the ADJ0INT program coupled to the ilC code. Figures VI-6-1 and VI-6-2 show, 
respectively, the real and adjoint fluxes obtained in the con.sistent Bi approximation with 2,100 groups. The eigen
values obtained in the two calculations agreed exactly with each other. 

The oscillations of the adjoint flux at energies higher than 1 MeV are almost entirely due to the coarseness of the 
fine fission cross sections, and have little physical meaning; however, they indicate that some improvement in the 
calculations could be obtained by a more detailed handling of these cross sections. The wide oscillations of the ad
joint flux at energies lower than 1 keV, on the other hand, have a clear physical meaning becau.se they correspond to 
capture and fission resonances. 
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VI-7. A Modification of the Bell Approximation for Slab Geometr ies 

A. TRAVELLI 

INTRODUCTION 

The M C code' makes use of the Bell approximation^ 
to calculate Dancoff factors with a modification intro
duced by H. Hummel.' The modification, however, ap
plies only to cylindrical geometries. Since many MC-
calculations concern slab geometries, it is desirable to 
extend the modification so that it includes this particu
lar case with reasonable accuracy, and to evaluate the 
difference between calculations for the two types of 
geometry. 

DISCUSSION 

If wu define, according to the .MC- notation, 
C = Dancofi' coefficient 
-y = 1 — C = Surface correction factor 

7B = (1 + 2e]/2i)"' = Bell approximation of 7 
2fi = Inverse average chord of the coolant region, 

then the surface correction factor is calculated by MC-
according to the relation 

7 = 7 B + T B (1 - 7fl), (1) 

\vhere the term 7^(1 — JB) corresponds to the Hummel 
modificatitjn of the Bell approximation. 

The value of the surface correction factor that cor
responds to the Dancoff-Ginsburg formulation for slab 
geometry is given by 

7 = 2i;.,10.57B/(l - 7«)), (2) 

where the function Es{x) is defined by 

E,ix) = j e~"l-'dt. 

Equation (2) can be derived from Ref. 4 b.\' using the 
definitions that have been introduced above. 

Several expansions are known for the A'3 function,^ 
and they could be used to introduce Eq. (2) into the 
MC^ slab calculations. The expansions are somewhat 
complicated, however, and it is desirable to replace 
them with .some approximation combining accuracy 
with speed of calculation. 

A convenient solution is to rejilace Eq. (1) with 

7 7 B -I- 7 B ( 1 - ylb. (3) 

where the constant h is 1.0 in cylindrical geometries and 
1.7 in slab geometries. E(|uation (3) reduces obviously 
to Eq. (1) in cylindrical geometry; in .slab geometry it 
agrees with Eq. (2) within 1 % over the 7» range that 
spans from 0.0 to 0.,S7.'). This range corresponds to a 

2i,/2..i range from 0.0 to 7.0 and covers most practical 
applications. Even for larger values of 7^ , the discrep
ancy between the two e(|uations is never larger than 
2%. A graphical comparison of Eq. (2) with the values 
obtained from Eq. (3) with 6 = 0, 1, and 1.7 is shown in 
Fig. VI-7-1 over the whole 7 B range. The fairly large 
deviations of the Bell approximation from the Dancoff-
Ginsburg calculations for slab geometry and for large 
values of 7n is in good agreement with the comments of 
C. Kelber and P. Kier on the subject.'' 

RESULTS 

A test was run for a slab lattice corresponding to the 
fourth experiment described in lief. G. The cell is com
prised of a metallic plutonium slab (1.13792 cm thick, 
with 3.9'S212 X 10̂ ^ atoms/cnT^) and of a graphite slab 
(.5.0800,S cm thick, with S.S2846 X 10'^ atoms/cm=) at 
300°K. This is a fairly extreme case, because the scat
tering cross section of carbon is close to 5 b over 
most of the energy range; thus, 2i /2, i ;^ 4.5,7fl ~ 0..S2. 
The E X D F / B data file was used for the cross-.sections 
and the calculations were run with the ultrafine group 
structure in the consistent B-1 approximation. The 
constant a in MC^ was chosen to be unitv. 

1 1 

-

-

y/^ 

/ \ 1 

I I I I 
' EXACT 

b= ^^^^/Z 
L O W / ' y 

°°~A/ / 

l l i l , 

1 

-

-

-

1 

0.5 1.0 

F I G . V I - 7 - 1 . Comparison of Various Approximations of 
the Surface Correction Factor with the Exact Solution for 
Plane Geometry. ANL Neg. No. 113-860. 
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TABLE VI-7-1. Pu-239 CROSS SECTIONS AND 

F L U X E S WITH 6 = 1.0 
TABLE VI-7-III. RELATIVE PERCENT CHANGES 

FROM b = 1.0 TO 6 = 1.7 

Group 

1 
2 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1.3 
14 
15 

le 
17 
18 
19 
20 
21 
22 
23 
24 
2S 
26 

Lower Energy, 
eV 

0.6066 

0.3678 

0.2231 

0.1353 

0.8208 

0.4978 

0.3019 

0,1831 

0.1110 

0.6737 

0.4086 

0.2478 

0.1503 

0.9118 

0.5530 

0.3354 

0,2034 

0.1234 

0.7485 

0.4540 

0.2753 

0,1670 

0.1013 

0.6144 

0.3726 

0.2260 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

10' 
10' 
10' 
10' 
10« 
10« 
10' 
10' 
10« 
10' 
10' 
10> 
10' 
10' 
10' 
10' 
10' 
10' 
10" 
10' 
10' 
10' 
10' 
10' 
10' 
10' 

<rt, 

b 

0.1000 

0.1000 

0,1000 

0.4879 

0.4484 

0.8878 

0.1348 

0.1800 

0.2090 

0,2220 

0,2971 

0,5098 

0,7349 

0,9564 

0.1154 

0.1350 

0,1609 

0.1861 

0,1982 

0.2796 

0.1485 

0.2889 

0,4006 

0.2209 

0.8769 

0.2922 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

io-» 
10-' 
io-» 
10-' 
10-' 
10-' 

10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 

"r, 
b 

2.167 

1.900 

2.013 

1.924 

1.767 

1.624 

1.501 

1.481 

1.516 

1,627 

1,493 

1,638 

1.838 

2.060 

2.301 

2.514 

2,886 

3.345 

3,833 

6.447 

4.612 

9.870 

9.057 

15.23 

21.63 

32.25 

* 

0.2544 

1.109 

2.417 

3.476 

3.382 

3.043 

2.602 

2.133 

1.713 

1.364 

1,084 

0.8480 

0.6481 

0.4848 

0,3558 

0,2567 

0,1783 

0,1199 

0,07739 

0,04851 

0,02843 

0,01347 

0,006475 

0,002664 

0,0006164 

0,0004034 

«• 

0.9097 

0.9012 

0.9627 

0.9719 

1.012 

1.067 

1.114 

1.158 

1.193 

1.217 

1.236 

1.203 

1.296 

1.332 

1.373 

1.423 

1.480 

1.552 

1.637 

1.733 

1.857 

1.964 

1.924 

2.103 

1.7.30 

1.167 

TABLE VI-7-TI. Pu-239 CROSS SECTIONS AND 

FLUXES wri'H h = 1.7 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
16 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Lower Energy, 
eV 

0.6066 

0.3678 

0.2231 

0.1358 

0.8208 

0.4978 

0.3019 

0.1831 

0.1110 

0.6737 

0.4086 

0.2478 

0.1503 

0.9118 

0.5530 

0.3364 

0.2034 

0,1234 

0.7485 

0.4640 

0.2753 

0.1670 

0.1013 

0.6144 

0.3726 

0.2260 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

10' 
10' 
10' 
10' 
10' 
10' 
10' 
10« 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10" 
10» 
10' 
10' 
10" 

Or , 

b 

0.1000 X 

0.1000 X 

0.1000 X 

0,4879 X 

0.4484 X 

0.8876 X 

0.1348 

0.1800 

0,20i)0 

0,2219 

0.2968 

0,6095 

0.7345 

0.9562 

0.1166 X 

0,1354 X 

0,1616 X 

0,1864 X 

0.2003 X 

0,2822 X 

0.1618 X 

0.2922 X 

0.4051 X 

0.2228 X 

0,8865 X 

0.2962 X 

IO-" 

10-' 

10-• 

10-' 

10-' 

10-' 

10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 

b 

2.167 

1.900 

2.013 

1,924 

1.757 

1.624 

1.501 

1 481 

1,516 

1.626 

1.492 

1.637 

1.838 

2.061 

2.303 

2.519 

2.897 

3.362 

3 868 

5.476 

4.648 

9,936 

9,129 

15.32 

21.92 

32.68 

* 

0.2544 

1.109 

2.417 

3.476 

3.382 

3.043 

2.602 

2.1.33 

1.713 

1.364 

1.084 

0.8481 

0.6482 

0,4849 

0.3668 

0.2556 

0.1781 

0.1196 

0.07703 

0,04815 

0,02812 

0.01326 

0.006.346 

0.002503 

0.0006960 

0.0003889 

*• 

0.9097 

0.9012 

0.9627 

0.9719 

1.012 

1.0(i7 

1.114 

1.158 

1.193 

1.218 

1.236 

1.264 

1.296 

1..332 

1.373 

1,420 

1,480 

1.551 

1.636 

1.732 

1.856 

1 954 

1.925 

2.105 

1.734 

1.168 

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 
25 
26 

Lower Energy 
eV 

0.6065 X 

0.3678 X 

0.2231 X 

0.1353 X 

0.8208 X 

0.4978 X 

0.3019 X 

0 1831 X 
0.1110 X 
0.6737 X 
0.4086 X 
0.2478 X 
0.1503 X 
0.9118 X 
0.5630 X 
0..3364 X 
0.2034 X 
0.1234 X 
0.7486 X 
0.4640 X 
0.2763 X 
0.1670 X 
0.1013 X 
0.6144 X 
0.3726 X 
0.2260 X 

10' 
10' 
10' 
10' 
10' 
10' 
10' 
10" 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10< 
10' 
10» 
10" 
IO" 
10» 
IO" 
10« 
10= 

100 X 

(-) 
v." In, 
0.00 
0.00 
0.00 
0.00 
0.00 
O.OO 
0.00 
0,00 
0.00 

-0.04 
-0.07 
-0,06 
-0,06 
-0.01 
0.07 
0.23 
0.46 
0.72 
1.06 
0.93 
2.17 
1.14 
1.14 
0.85 
1.10 
1.37 

100 X 

0,00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

-0.02 
-0.04 
-0.03 
-0.01 
0.03 
0.10 
0.22 
0.36 
0.60 
0.63 
0.55 
0.78 
0.57 
0.79 
0.58 
1.32 
1,02 

100 X 

0.00 
0.00 
0.00 
O.OO 
0.00 
0.00 
0.00 
O.OO 
0.00 
0.00 
0.00 
0.01 
0.01 
0.01 
0.00 

-0.03 
-0.11 
-0.25 
-0.46 
-0.73 
-1.07 
-1.51 
-1.98 
-2.38 
-3.23 
-3.60 

100 X 

(̂ ) 
0.00 

0.00 

0.00 

O.OO 

0.00 

0.00 

O.OO 

0.00 

0.00 

0.00 

0.00 

0.01 

0.01 

0.01 

0.01 

-0.19 

0.00 

-0.02 

-0.04 

-0.05 

-0.05 

0.00 

0.01 

0.11 

0.22 

0.10 

The main results for a 26-group set with constant 0.5 
lethargy width and with b = 1.0 and h = 1.7 are given, 
respfctively, in Tables \T-7-I and VI-7-II. Table 
VI-7-III shows the percent changes found in Table 
VI-7-II with respect to Table VI-7-1. 

Both the capture and the fission effective cross-.sec
tions of Pu-239 are found to be slightly larger at low 
energies with b = 1.7. The maximum increase in (r„„p is 
2.17"^ around 0.3 kcV, and the increase is already 1% 
at 1.0 keV. By contrast, the increa.se of u/ is larger than 
1 '7c only at energies lower than 50 eV. The combined 
effect of the changes in the two types of cross .sections is 
such that, in the case considered, no change was found 
in the critical buckling (0.01S407C cm"'). The increase 
of o-„p causes a slight hardening of the real flux: the 
population of the last group decrea.ses by 3.6%. The 
combined and balancing changes of a^r,, and oi cause 
.some very minor oscillations in the adjoint flux. 

CONCLUSION 

Xo major cross section changes are expected to result 
when the Dancoff coefhcient is calculated in slab geom
etry rather than in cylindrical geometry. The results of 
the test, however, appear to warrant the inclusion of the 
modification in the MC- calculations. The effect is 

file:///T-7-I
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bound to be felt only in calculations very sensitive to 
the .shape of the flux in the low-energy range, such as 
Doppler and .sochum-void calcul.ations. 
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V I - 8 . M u l t i g r o u p T r a n s p o r t A n a l y s i s o f N e u t r o n W a v e P r o p a g a t i o n i n 
F a s t M u l t i p l y i n g M e d i a ' 

A. TR.\VELLI 

INTHODUCTION 

The study of neutron wave propagation in fast 
multiplying media in multigroup transport theory pre
sents two main difficulties which are not encountered in 
the stud\' of neutron wave propagation in moderators,-
and which make it necessary to change the analytical 
and computational procedures. 

The first difficulty is caused by the presence of de
layed multiplication which, even though it may be 
found also in thermal systems, requires methods of cal
culation which have not been previously developed. 

The second difficulty is caused by the great irregu
larity with which the cross sections depend on energy 
over the energy range of interest in fast systems; this 
behavior of the cross sections makes it necessary to use 
a very large number of groups which cannot be handled 
by present computers if cfides are used that require the 
calculation of complex determinants including the 
scattering matrices. 

DISCUSSION 

THE DELAYED MULTIPLICATION PKOBLEXI 

The Boltzmann equation in plane geometry may be 
written to include the effect of delayed multiplication 
as follows: 

%C\,{t,x) = S^ [ ^X,{E')i'„U-:',t,x)dE' 
at •'0 

L Ac t' dt J 

= ±^-^i;ip) f-L'.(E'-^E) 

•^AE',l,x) dE' + ^--^ Xr.iE) (1) 

• \ vZ,iE')^oiE',lrC)tlE' 
Jo 

(2) 

\J'Jt,x)-, m = 1 , 2 , . . , .1/ , 

where 

-I- ;', E Kx^il'i)C„it,x) 
2 » i - i 

p = angle cosine 
X = spatial coordinate 
( = time 

E = energy 
V = neutron speed 

^{p,E,t,x) = neutron flux 
Pilii) = (lh Legendre polynomial 

^t{E,t,x) = (th Legendre component of the neutntn 
flux 

s'l A'' —> E) = (th Legendre component of the scatter
ing kernel 

2 i (£ ) = total cross-section 
v-Zf{E) = average number of neutrons emitted 

per fission times the fission cross-section 
Xp{E) = fi.ssion spectrum of prompt neutrons 

.1/ := number of families of delayed neutrons 
CM,x) = precursor concentration of the mth 

family of delayed neutrons 
Xm{E) = fission .spectrum of the mth family of 

delayed neutrons 
X„ = decay constant of the "ith family of 

delayed neutrons 
/3„ s fraction of fission neutrons in the "ith 

family of delayed neutrons 
j3 = fraction of fission neutrons in all 

families of delayed nevitrons. 

We assume for the neutron flux a solution cif the type: 

*{p,E,t,x) = llc[,t>(p.E)e''"-'']. c-i) 
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which leads immediately to similar expressions for the 
various Legendre components of the neutron flux: 

-ppl^ -\- iojv 

ME,l,x) = He [0,(E)e'"'""] (4) 

The variables 10 and p, which appear in Eqs. (3) and (4), 
correspond respectively to the angular frequency of the 
neutron wave under study and to its complex inverse 
relaxation length. 

Substitution of Eq. (4) into Eq. (2) yields 

with 

CJt,x) = f„ (x)e ' " ' - KC„it,x) , 

FJx) = /3„e""' f vXftE')ME')dE', 

(5) 

(6) 

f o r m = 1,2, • • •,M. 

The general solution of the homogeneous etiuation 
associated with Eq. (,')) is 

Ct{t,x) = C'„„(x)exp(-\„(), 

and a particular solution is 

Fix) ,„, 
Ciit,x) = 

iiot -{• \m 

If the initial transients are not of special interest and 
the attention is focused only on the behavior of the 
neutron wave at steady state, only very large values of 
time need be considered. As the variable t tends to 
infinity, the contribution of C'U t,x) to the general solu
tion tends to zero, so that only the contribution of the 
particular .solution must be taken into account. Thus, 
the expression of the concentration of the mth precursor 
that corresponds to the neutron wave represented by 
Eq. (3) is found to be 

C„it,x) 
io: -{- Xm 

"'-'• r v:i:,iE')<t>oiE')dE'. (7) 
•la 

Equations (3) and (7) may now be substituted into 
Ei). (1) to give 

^-pp -1- ^ -H 2 , ( £ ) ] « ( £ » 

= f : ? l + i PM r v;(7i" ^ E)ME') dE' 
,.„ 2 Je ^ (^^ 

+ ^ [ ( 1 - P)xAE) + t j ^ % - x„iE)\ 

•f ,Z,iE')UE') dE'. 
•lo 

Within the framework of multigroup theory Eq. (8) 
ma\' be rewritten in the following matrix form: 

;,l<l>(n) 

-\il-^)K. + t 
ioi -\- \m 

where underlining is used to indicate matrices, and the 
bold-face symbols indicate vectors. 

With the introduction of two new definitions, in 
which the symbol d^.n indicates the Kronecker's delta 
function. 

2 " = 2 , + ioiii 

?:, = ^., + \il - ff)K. + t ^"^" 

(10) 

(11) I lil} -\- hm j 

l'](]uati<)ii (9) can be written in a simpler form: 

( -Mp/-h2r)<, (M) = E ^ ^ ^ S ^ K i . , . (12) 

Equation (10) is of particular interest because it is 
exactly the same equation that is found in the analysis 
of the propagation of neutron waves in mc^tderators/ 
with the only difference that the matrix 2«/ is now re
placed by the matrix Z,t • Thus, the same method used 
in Ref. 2 can be applied to find the solutiim of Eq. (12). 
The result is given by the following equations: 

( E ?^? - t iQ„(p - ' 2 r )2 r„H„ - /|<iv, = 0, (13) 

where Q,,{x) indicates the liCgendre functions of the 
second kind and of nth order, and the matrices H^„ 
are defined by 

H_i = 0; //„ = / ; 

2n - 1 ,„* 
H„ = 

pn 

H„. 

i)lH„_ 

n > 1. 

(14) 

The complex eigenvalue (p = a 4- if) and the com
plex eigenfunction (<j>o = ^m -1- i<l>o/) of Eq. (13) pro
vide, respectively, the complex inverse relaxation length 
and the spectral properties of the scalar fliLX of the neu
tron wave propagating with angular frequency o>. The 
spectra of the higher Legendre components of the neu
tron flux are obtained from 

<[>n — lijiifd. (15) 

T H E ENERGY PROBLEM 

As pointed out in the introduction, a rather large 
uumber of energy groups is needed to take accurately 
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into account the sharp variation of the cross sections 
with energy in the energy range which is of interest in 
most fast systems. Calculations performed by the 
E L M 0 E " ' and MC= <" codes may use from (iOO to 
2,100 groups to calculate accurately the .stationary spec
trum in fa.st reactors. The same number of groups should 
be u.sed in the analysis of neutron waves if a comparable 
accuracy is desired. The size of the matrix which appears 
in Eq. (13) is given by the number of the groups, and 
if the eigenvalue p is sought b.\' imposing that the de
terminant of the matrix vanish,^ two rather difficult 
problems arise; mo.st computers do not have a prompt 
storage large enough to .accommodate the entire matrix, 
and the time needed to calculate the determinant by the 
same method u.sed in Ref. 2 is excessively long. Since the 
time needed to compute a determinant is approximately 
proportional to the third power of the matrix size, the 
calculation of a determinant for a jiroblem of this type 
on the CDC-36(X), which takes approximately 10 sec
onds with 30 groups, ma>' be estimated to retjuire 20 
and 1000 hours of computing time when run, respec
tively, with (iOO and with 2100 groups. The difficulty 
may be resolved by taking advantage of the absence of 
upscattering in fast systems in a way which is similar 
to the methods used in the EL.\I0E and .MC- codes. 

The matrix that premultiplies <]>o in Eq. (13) may be 
decomposed into the difference between a lower-tri
angular matrix (because of the absence of upscattering) 
and the product of a column vector (j;) times a row 
vector (vS/). If the complex scalar flux is normalized so 
that the real part of the scalar jiroduct (vj;/<l>o) is 
unity and the imaginary part vanishes, Kq. (13) as
sumes the form of an inhomogeneous e(|uation in which 
the matrix is lower-triangular and depends on the value 
assumed for the eigenvalue p. The eigenfunction of the 
problem can then be obtained directly by starting from 
first group and by solving the problem progressively for 
all successive groups. The eigenvector ^a obtained in 
this way satisfies the imposed normalizing condition 
only if the proper value is assumed for the eigenvalue 
p. Thus, it is possible to proceed according to a Newton-
Raphson iteration scheme that leads simultaneously to 
the determination of the eigenvector p and of the cor
responding eigenvector ^o. 

This process requires storage only of the non-zero 
elements of the lower-triangular matrix, and reduces 
the computing time so that only l.i .seconds per itera
tion are needed on the CDC-3()00 with (iOO energy 
groups. Thus, the computing time for this type of prob
lem is reduced by a factor of approximately ,"),000 from 
the time needed by the method described in Ref. 2; 
furthermore, the computing time required by this 
method is approximately proportional to the square of 
the number of groups, rather than to their cube. 

RESULTS 

Some calculations were run to test the method in a 
particular ca.se. The material chosen for the study of the 
di.sper.sion law was the core of ZPR-6 Assembly Xo. 
."),"'' who.se composition is shown in Table VI-8-L 
Table VI-S-II lists the main parameters used for the 
six families of delayed neutrons considered in the test. 
The parameters were taken from Ref. 6, from which also 
the energy-dependent emission spectra of the delayed 
families were adapted. The elastic .scattering cro.ss sec
tions of the light elements were prepared from the 
ELM0E library over a fiOo group structure; the other 
cross sections were prepared over a coarser group struc
ture (22 groups) from the Argonne Set 224.'" 

The value of fc^ in Assembly Xo. .5 is very clo.se to 1.2. 
This value was changed in various calculations by modi
fying the value of V, the average number of neutrons 
emitted jier fission. The change made it possible to 
investigate numerically the dependence of the disper
sion law of neutron waves on the reactivity of the ma
terial. 

Figure \T-S-1 shows the dispersion laws obtained 
from the calculations for various values of the reac
tivity. Simie basic properties of the curves may be in
ferred directly from the form of Eq. (13), which was 
used to derive them. For iustance, if the eigenvalues a 
and $ are expanded in a Maclaurin .series of the angular 
fretjuency w, it can be shown that for k^ < 1 all even 
terms of the a-expansion vanish with all odd terms of the 
^-expansion. For /i'„ > 1 the situation is reversed. Thus, 
for zero freiiuency, all curves shown in Fig. \T-S-1 
intersect the a axis at right angles when k^ < 1, and 

TABLE VI-8 I. CORE COMPOSITION OF ZPR-(i 
ASSEMBLY N O . 5 

(atoms cmr' X 10") 

U-235 
U-238 
Na 
C 
Fe 
Ni 
t ' l -

0.153 
1.060 
0.920 
1.290 
0.904 
0.113 
0.239 

TMILIO VI-8-1I. DELAYED NEUTRON 1 ) \ T \ 

ni 

• 1 
2 
3 
4 
5 

(> 

1..., 
sec-' 

0.0130 
0.0314 
0.131)0 
0.3400 
1.3200 
3.5000 

(i... X 10' 

0.240 
0.137 
1.210 
2.600 
0.820 
0.170 
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KiG. VI-8-1. The Dispersion Law in ZPl!-(i, Assemhly Nu. 5 
fill- Vaiiiiiis Values uf A-,. .4.V;, Neg. No. 113-1198 T-1. 

the $ axis when A„ > 1. When k„„ = 1, it can be shown 
that they intersect the origin tit 4.5 deg. As the frequency 
increases, the curves move away from the axes, but very 
high fre(|ueiicies are needed to achieve any significant 
change in the constants. The curves eventually merge 
in the continuum' at extremely high frequency; this 
merging is not .shown in Fig. \T-8-l, where the curves 
are shown only within the area a < (2()mi« , where no 
contimuim exi.sts. 

The presence of delayed neutrons affects the disper
sion law at very low frequcnc\' (w < .SO rad/sec), when 
they cause a deviation which is particularly appreciable 
for A', = 1. The effect of the delayed neutrons for this 
case is shown in Fig. \T-S-1 by comparing the actual 
dispersion law, indicated by a solid curve, with the 
dotted curves that are obtained when all decay con
stants of the delayed neutron precursors are divided by 
a constant f which may a.ssume the values zero or in
finity. These two choices of the constant f correspond, 
respectively, to the c.a.se when all delayed neutrons are 
considered to behave as prompt neutrons and to the 
case when their presence is entirely neglected. The solid 
curve may be con.sidered to correspond to a third value 
of (, chosen to be unity. 

The effect of delayed neutrons on the dispersion law 
in the ca.se k^ = 1 and at low fretiuency is shown in 
greater detail in F'ig. VI-S-2. The solid curve that cor
responds to /• = 1, and which takes correctly into ac
count the presence of delayed neutrons, tends to the 
X = y line at very low fretiuency, as expected. The same 
behavior is found for the /• = 0 curve, which corresponds 
to considering the delayed neutrims as if they were 
prompt; the similarity is due to the fact that the ap
proximation introduced does not affect the value of k^ . 
It may be noted, however, that even though the two 
curves tend to become tangent to the same straight line, 
the distance between points corresponding to the same 
frequency on the two curves is alw.ays finite; in the 
limit, as the frequency tends to zero, it may be shown 

that this distance is related to the reactor period. The 
third curve, which corresponds to C = x and, therefore, 
to the case when the existence of delayed neutrons is 
neglected, intersects the a-axis at a finite point a = a , 
rather than the origin, because the neglect of delayed 
neutrons reduces t „ to a value smaller than unity. 
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Fi(i. V1-8-2. The Dispersiun Law in ZPl!-(i. .\ssenilily Nu. 
5 fur k „ - I. ANL Neg. No. llS-1301 T-1. 
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F I G . \ T - 8 - 3 . The Real and Imaginary Compuueiits of the 
Scalar Flux in ZPR-6, As.semhly Nu. 5 with A-. = 1 and u = 8 
Mrad.'sec. The Flux is Normalized to Give a Unit Fission 
Source. ANL Neg. No. 11S-1S99 T-1 Rev. 1. 

file:///T-8-l
file:///T-S-1
http://ca.se
file:///ssenilily
file:///T-8-3


430 VI. Reactor Computation Methods and Theory 

ENERGY, ev 
F I G . V I - 8 - 4 . The Amplitude and Phase Spectra in ZPH-(i, 

Assembly Nu. 5 with A-„ = 1 and tj = 8 Mrad/sec. The Ampli
tude Spectrum is Normalized Arbitrarily. The Phase Spectrum 
is Normalized to the Fission Source. .\.\L Neg. No. 113-1303. 

As the fretiuency increases, the C = 1 curve describes 
a wide loop that leads it away from the ^ = 0 curve; the 
value of ,̂ after reaching a maximum, decreases very 
sharply, while the value of a slowly approaches the 
value a . When the angular frequency w is close to SO 
rad/sec, the ( = 1 curve comes very close to the 
i = X curve; it then turns around .sharply and the two 
ciu'ves are found to be practically undistinguish.able 
from each other beyond that frequency. It appears from 
this that delayed neutron properties affect strongly the 
behavior of the dispersion law for a A\, = 1 medium at 
low fretiuencies. Xeutron wave technitiues m.ay find an 
interesting experimental application in programs whose 
purpo.se is to determine those properties. 

The method u.sed for the calculation of the eigenvalue 
p of Eq. (13) yields simultaneously also the eigenvector 
«l»o, as previously described. In general, for finite fre
quency, the eigenvector is complex and has two com
ponents, one of which is real (<|>o») while the other is 
complex (<]>o/). The two components are shown in F'ig. 
VI-S-3 for the case k^ = 1 and a; = 8 Mrad/sec. Since 
the complex eigenvector is normalized to a unit real 

fission source, the imaginary component <!>o/ must have 
negative as well as positive values. F'rom F'ig. VI-8-3 
it appears evident, however, that negative values may 
be found also for the real component <|>i)« . 

The physical meaning of the real and imaginary com
ponents of the flux (|)o may be derived from the original 
an.satz given in lui. (4) which, in matrix form and for 
tlie zeroth Legendre component, yields 

•i>a{E,t,x) = Re [/l«„(£)e'"" " ] , (16) 

where A is an arbitrary constant that is defined by the 
boundary conditions. If the following notation for the 
real and imaginary parts of A a.nd<t>o{E) and for their 
moduli and arguments is introduced: 

(17) 

(18) 

(19) 

A = A„-\- iA, 

ME) = <t>0KiE) -I- <l>„,iE) 

Al = VAI + A", 

i _ * . . „ - i ^ ' (20) 

UE) = V«„%(£) -f .t>l,iE) (21) 

eiE) = tan .1 MiE) (22) 
tl^oitiE)' 

1-A[. (16) may be rewritten in any of the tw ô following 
equivalent forms: 

i>a{Ej,x) = Aie~"{(l>a„{E) cos {oil - (x -\- A^) 

- | -0o/ (£)s in(u( - (x - A^)] 

ii,lE,t,x) = Aie^°'<l'a(E) cos (io< — Jx 

-I- «o(£)-l-.4,]. 

(23) 

(24) 

Fkiuation (23) shows that the initial ansatz for the 
scalar flux, as introduced by Eq. (4), implies that the 
flux may bo written as the superposition of two waves, 
one of which has a spectrum equal to <tim(E), while the 
spectrum of the other is tpoAE). The two waves propa
gate with the same amplitude and phase constants, but 
have a phase shift of T / 2 with respect to each other. 
Therefore, at any given point in .space the total .scalar 
flux caused by the wave, which is made up of the super
position of the two component waves, ha.s a spectrum 
which is not constant with time and oscillates sinu.soi-
dally between ifaitlE) and ctniiE). 

lOquatioii (24) .shows the same phenomenon from a 
different point of view. Here the two component waves 
have been combined in a single wave having a neutron 
spectrum ^( E) in which, however, the phase depends on 
energy through the function OitiE). Thus, the neutrons 
of all energy groups propagate as waves which all have 
the .same attenuation and phase constants; however, 
waves corresponding to different energy groups are in 

http://purpo.se
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FIG. VI-8-5. The Amplitude Speclnim in ZPR-li, A.ssembly 
No. 5 with k,^ = 1 at Various Frequencies. The Angular Fre-
(plency la is Expreesed in Mrad/sec. The Spectra are Normalized 
Arbitrarily with an e Ratio Between the Normalization Con
stants uf Adjacent Curves. .ANL Neg. No. 113-1297. 

general not in phase with each other, and their differ
ence in phase is given by the difi'erence bet\veen the 
values that the function 6o{E) a.ssumes at the various 
energies. We shall name ^»{E) and 6o{E), respectively, 
the amplitude spectrum and the pha.se spectrum of the 
neutron wave. 

Physically, the function —6<,{E)/oi corresponds to 
the time needed by the neutrons to reach the energy E 
starting from the various fission and leakage .sources. 
The amplitude and phase spectra of the .same neutron 
wave considered in F'ig. \T-8-3 are shown in Fig. VI-8-4. 
The amplitude spectrum of the neutron wave is always 
positive by definition (see luj. (21)), and the phase 
.spectrum behaves very regularly and with an energy 
dependence close to the reciprocal of the neutron speed, 
which is in tigreement with the physical interpretation 
mentioned for it. The function $a{E) shows plateaus 
over the elastic scattering resonances that cause fluc
tuations in '//{E), because such resonances cause in
stantaneous energy losses for the neutrons, which may 
reduce greatly the time delay between the neutron pop

ulations of the initial and final groups between which the 
scattering occurs. 

The amplitude spectrum and the phase spectrum of a 
neutron wave may be expanded in a power series of the 
angular fretiuency oj after normalization. It can be 
shown that all the odd terms of the ^o(^) expansion 
vani.sh, and thaf the .same happens to all the even terms 
of the 6i)iE) expansion. Thus, to a first approximation, 
the amplitude spectrum and the iihase spectrum have a 
dependence on the angvilar fretiuency which is, respec
tively, quadratic and linear. This is confirmed by the 
curves .shown in Figs. VI-8-.") and VI-8-G, which show the 
behavior at various frequencies of the .same spectra 
considered in Fig. VI-8-4. The UE) curve for oi = 0 
is in gtiod agreement with experimental results.^ 

CONCLUSION 

A method was developed for the analysis of neutron 
waves in fast multiplying media, taking into account 
delayed multiplication and the ultrafine energy de
pendence of the cross sections. The method was tested 
successfully' in a particular case. 

Extremely high frequencies were found to be needed 

-27r 
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Fiu. VI-8-(». The Phase Spectrum in ZPli-(i, Assembly No. 5 
with fc, = 1 at Various Frequencies. The Angular Frequency w 
is expressed in Mrad/sec. The Spectra are Normalized to the 
Fission Source. ANL Neg. No. IIS-ISOO. 
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to achieve large values of both the attenuation con.stant 
and the phase constant of the waves. However, it was 
found that the dispersion law of a medium with unit 
infinite multiplication constant could provide useful 
information on delayed neutron properties at relatively 
low frequency. 

The neutron wave was found to have difi'erent phases 
at different energies; this phenomenon has some im
portant experimental implications. Since the neutron 
populations in every energy group propagate as waves 
all having the same attenuation and phase constants, 
the correct values for the constants will be determined if 
counters having identical energy rcspon.ses are used to 
detect the wave at different locations. However, waves 
at various energies may be opposite in phase and their 
effects may tend to cancel each other if the counters are 
sensitive to all of them. Thus, the choice of the energy 
response of the counters may affect considerably the in
tensity of the signal and the accuracy of the results; 
the effect may be different at different frequencies. 

Two counters having different energy responses and 
situated at the same location would yield signals whose 
difference in phase depends simply on UE), 6a(E), and 
counter responses. This type of experiment could pro
vide useful information about the slowing-down time of 
neutrons. 

Counters having different energy responses and situ
ated at different locations along the path of the neutron 
wave may be used to determine the (hspersion law of the 
medium. However, care must be taken to correct their 

pha.ses for the effect of the different energy responses, 
.so that the phase difference of the counters which is 
caused by the phase spectrum (energy phase .shift) can 
be separated from the spatial phase shift that deter
mines the pha.se con.stant. 
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VI-9. Extension of Monte Carlo Methods of Reactor Analysis 

L. B. MILLER 

The theoretical foundations for an efficient Monte 
Carlo solution of reactor physics prtiblems in the reso
nance region are discussed in Ref. 1. The computer 
program, AMCl, based on these theoretical foundations, 
differs from mo.st earlier iSIonte Carlo programs in three 
fundamental a.spects. F'irst, the temperature derivatives 
of the reactiim rates are computed directly. This has 
been discussed previously in Ref. 2. Second, neutron 
cross sections are computed after each collision for the 
energy of the emerging neutron. Previous Moute Carlo 
programs interpolated on a pre-computed table of cross 
sections as a function of energy. Becau.se of the large 
number of energy points required to describe cross sec
tions in the resonance region, it was necessary to use 
auxiliary .storage for the cro.ss .section table. Execution 

was slowed by the need to tran.sfer cross section data 
from auxiliary storage to fast memory during the cal
culation. By computing the cross sections at each neu
tron energy, the AMC code not tmly avoids errors which 
may re.sult from tabulation of resonance cross sections 
at an insufficient number of energy points, but also 
achieves faster execution by storing all data in fast 
memory. The third significantly different aspect of A i l C 
is the utilization of the fractional interaction model for 
space transport. This eliminates the need for complex 
geometrical calculations to determine the optical path 
length of neutron trajectories in each region. The valid
ity of this technique is proved with mathematical rigor 
in Ref. 1. 

The original version of the AMC code was written to 
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compute resonance reaction rates and derivatives in a 
finite or an infinit e array of hexagonal or rectangular cells 
containing an\' number of co-axial cylindrical annuli in 
each cell. Later versions of AMC also treat concentric 
spherical .shell geometries and infinite slab geometries. 

In all versions of AMC, the neutron histories were 
traced u.sing cross sections computed at every neutron 
energy from resonance parameters. Re.solved re.sonance 
parameters are used where available. A re.sonance struc
ture based on average parameters and generated from 
the appropriate statistical distributions is used where 
resolved resonances are not available. Later versions 
consider both p-wave and s-wave resonances in the un
resolved as well as in the re.solved resonance region. 

All versions of AMC computed and printed the re
action rates and the temperature derivatives of the re
action rates in each isotope in each spacial region for 
each energy group specified in the input. Later versions 
also provide, in the .same detail, the effective group cross 
sections and derivatives and the flux and its derivative. 
The absorption estimator used in .VMC is 

r_^^Xix.) 
UMxi)' 

where 
/ = absorption probability in isotope z in a given 

volume of phase space 
A' = number of colhsion points in the given volume 

of phase space 
Sa s macroscopic absorption cross section of isotope 

z at space and energy phase point x» 

2( = macro.scopic total cross section at pha.se point 
X. . 

The corresponding integrated flux estimator is 

= 2:. 1 

! Mx<) 
Effective macroscopic cross sections for each isotope 

and for each composition are obtained in each subdivi
sion of phase space by dividing the reaction rate in each 
region of phase space by the corresponding integrated 
flux. The cross sections are an order of magnitude more 
accurate than either the reaction rate or the fliLx, due to 
the obvious statistical correlation between the latter 
two quantities. 

Despite the continuing increase in computer speeds, 
the i lon te Carlo method remains appropriate pri
marily for problems that cannot be satisfactorily or 
conveniently solved by other methods. The . \MC code is 
written with sufficient flexibility to .solve many of the 
problems in this category. But it is perhaps more im
portant that the code is divided into modules (subrou
tines) in such a way that modifications can be made 
expeditiously to solve special problents as they arise in 
the future. 
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VI-10. Comparison of React ion Rates in Uni form and Non-Uni form Lattices 

L. B. MILLER 

The execution of various zero power experiments 
involving clusters or lattices of fuel rods will be 
greatly simplified if the desired uniform enrichment 
can be satisfactorily represented by mixing fuel ele
ments of two different enrichments. Before this pro
cedure is adopted, it is necessary to investigate the 
possibility that it might distort the experimental re
sults. Therefore, the AMC code^ was used to deter
mine the total reaction rates and temperature de
rivatives of reaction rates for each isotope in two 
lattices containing the same amount of each isotope, 
but with the isotopes distributed differently. 

I„ nne array the isotopes were distributed uni-
foriiil} ; that is, all cells in the lattice were identical, 

representing a hexagonal lattice of 73 uniformly en
riched (U-238/PU-239 = 7) stainless steel clad fuel 
pins immersed in sodium and surrounded by a perfect 
reflector. In the other array the same total number of 
uranium and plutonium atoms were distributed to 
represent a non-uniform lattice ot 73 fuel rods—36 
rods having a U/Pu ratio of 5 and 37 rods having a 
U/Pu ratio of 9, arranged as shown in Fig. VI-10-1. 

Total reaction rates in the energy region 100 cV 
to 4 keV resulting from a 1/E source above 4 keV 
and proportional to the slowing down power in each 
spatial region were determined with a statistical error 
of 0.3%. Simultaneously, the temperature derivatives 
of the reaction rates were determined with a statisti-
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results are shown in Tables "VI-cal error of 5%. The 
10-1 and VI-IO-II. 

The difference between the results for the uniform 
and the non-uniform lattices differ by less than the 
statistical error in the calculation. Therefore, it can 

Fig. VI-10-1. Arrangement uf Fuel Pins in Non-Unifon 
Lattice. ANL Neg. No. 113-llSl. 

TABLE VI-IO-I. FISSION .\ND C.VPTDHE R . \TES IN UNiroRM 
AND NON-UNIFORM LATTICES 

Pu-239 fission 
Pu-239 capture 
U-238 capture 
Cladding capture 
Coolanl capture 

Non-Uniform Lattice 

0.4214 ± 0.0010 
0.3107 ± 0.0010 
0.2502 ± 0.0010 
0,00617 ± 0,00002 
0,()0r22 ± 0.00001 

Uniform Lattice 

0.4218 ± 0.0010 
0.3114 ± 0.0010 
0.2495 ± 0.0010 
0,00613 ± 0.00002 
0.00121 ± 0,00001 

TABLE VI-IO-II, DEKIVATIVES o r FISSION 
CATI'URE RATES 

Pu-239 fission 
Pu-239 capture 
U-238 capture 
Cladding capture 
Coolant capture 

Xon-Uniform Lattice, 
X io-< 

-0 .362 ± 0.020 
-0 .172 ± 0.010 

0.644 ± 0.020 
-0.0144 ± 0.0003 
-0.002S ± 0.0001 

Uniform Lattice, 
X io-< 

-0.397 ± 0.020 
-0.160 ± 0.010 

0.665 ± 0.020 
-0.0139 ± 0.0003 
-0,0026 ± 0.0001 

be concluded that the effect of using fuel pins of two 
different enrichments in a non-uniform lattice to 
represent a uniform lattice of intermediate enrich
ment is insignificant. 
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V I - 1 1 . A n E q u i v a l e n c e - T h e o r y C a p t u r e C r o s s S e c t i o n C o d e for P l a t e - T y p e C e l l s 

K. D. DANCE 

A code, SIGP, has been written to calculate the 
potential scattering cross section <rp as well as the 
resonance range capture or fission cross sections for 
typical ZPR lattice cells. The code provides a con
venient means of obtaining both the resonance range 
in-plate cross sections for use in cell calculations, and 
the cell-averaged cross sections for use in homoge-
nized-ccll calculations. Further, calculations have 
shown that cross sections generated by the SIGP code 
are in good agreement with the results of the more 
detailed, and much more time consuming, MC- code. 

The basic capture and fission cross sections in the 
resonance region for each absorber plate arc shielded 
through the usual txp formulation after finding the 
Dancoff shielded a, of each individual absorber plate 
using the two sided B, formulation of D. Meneghetti.' 
(£3 is the standard exponential integral of order 

three.) The group capture and fission parameters as a 
function of cr,, were calculated by R. Lewis^ using 
conventional isolated-resonance theory with approxi
mate corrections applied to account for same-sequence 
and inter-sequence resonance overlap. The calcula
tions were performed using E N D F / B resonance pa
rameters. In order to determine the cell-averaged 
cross sections, a simple relation for the flux shape in 
the diluent was developed using the usual narrow 
resonance, flat-source assumptions. With these as
sumptions, the flux shape between two black absorber 

"plates separated by distance d is given as 

<(.(.r) =Uf^ Eiix - . r ' ) r f .T ' 

+ / Eiix') dx 
•'0 

(1) 
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where Eilx) is the standard exponential integral of 
order one and all distances are measured in units of 
mean free paths. The code calculates the cell-averaged 
cross section by using Eq. (1) for the flux shape in 
the diluent region at resonant energies and hy assum
ing a flat flux in the diluent region at nonresonant 
energies. 

Calculations for ZPR-6 Assemblies 5 and 6 showed 
excellent agreement between the final resonance range 
cell-averaged cross section obtained using the SIGP 
code and ccll-avcraged cross sections obtained from 
an MC^ run in conjunction with a linear flux cross 

section weighting using SNARG fluxes. Further, a 
RABZPR calculation of the cell-averaged, broad-
group cross section for one broad energy group in 
the resonance range showed good agreement with the 
broad-group cell-averaged cross section determined 
from the SIGP code. 

REFERENCES 

1. D. Meneghetti, Calculational Studies of Sodium-Void Reac
tivity -Variations Due lo Thin Slab Heterogeneities in Fasl 
Critical Assemblies, ANL-7:i20, pp. 377-386. 

2. R. Lewis, Argonne National Laboratory, (private communi
cation). 

VI-12. Use of Group-Space-Dependent Ducklings to S imulate a Transformation of the 
Coordinate Sys tem in Neutron Diffusion Calculations 

A. J. ULRICH 

iN'rRODCCTION 

The r, 0, z coordinate system is the one naturally 
chosen for solution of neutronic problems for the right 
circular cylindrical reactor. But if a slab-like zone of dif
fering material properties splits the cylinder along a 
plane containing the axis, as in the split-core concept for 
the Fa.st Flux Test Facility (FFTF), ' it is usually more 
convenient to use a two-dimensional x, y computation. 
The material properties can then be a function of the 
distance x from the plane. It would be highly desirable, 
however, to use one dimension in the direction per
pendicular to the split and to reserve a dimension to 
adequately treat variations in the j-direction, as in the 
FFTF concept. In order to proceed, then, within the 
framework of a two-dimensional calculation it is neces
sary to simplify the cyUndrical part. 

DESCRIPTION OF METHOD 

Consider a finite cylindrical reactor of uniform com
position with a reflector. For simplicity use only one 
group of neutrons. The radial portion of the diffu.sion 
equation in any region is 

1 ^ ' -I- — ^ - B ' -I- '̂ "" ^ ^ = 0 
<t>' dr^ r<t>' dr ' D " 

il) 

The slab diffusion equation with .r as the coordinate is 

1 if<t> Bl - B; 
1 = 0. (2) 

,t,,l.r- ^" • D 

It is apparent that the two etpiatioiis are of the same 

form if 

Bl = ^f. 
rifi' dr 

(3) 

When the two equations are of the same form and have 
the same boundary conditions, they also have the same 
solution. Thus the flux 4>' of the cylindrical solution may 
be used ti> compute au effective transformation buckling 
Bl for each region of a multiregion slab problem, Fig. 
VI-12-1, causing the solution of the slab problem to ap
proach the cylindrical solution with increasing number 
of elementary slab regions. In effect, the solution of 
Eq. (2) is the same as the solution of Eq. (1) except that 
the coiK'erged value of the second term is used starting 
\\ith the fir.st iteration. 

F I G . V I - 1 2 - 1 . CyUnder Conceived AS An As.senibly of Slabs 
ANL Neg. No. 11S-1S07. 
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TABLE VI-12-1. H.\Tio OF EFFECTIVE TRANSFORMATION 
BUCKLING TO |{.\DIAL BUCKLING OF A CYLINDER 

•y/R, 

0.025 
0.075 
0.125 
0.175 
0.225 
0.275 
0.325 
0.375 
0.425 
0,475 

B'JBl 

0.5002 
0.5020 
0.5057 
0.5114 
0.5192 
0.5295 
0.5425 
0.5588 
0.5791 
0,li044 

,./«,, 

0.525 
0.575 
0.026 
0.075 
0.725 
0.775 
0.825 
0.875 
0.926 
0.075 

b'JB'', 

0.1)301 
0.6703 
0.7282 
0.7971 
0.8922 
1.0.306 
1.2489 
1.0433 
2.5()48 
7,1731 

In another sense the set of By may be view'ed as in
troducing a fictitious group-dependent leakage absorber 
or source in each elementary slab region which simulates 
the dilution or concentration of the neutron population 
in the circumferential direction as it diffuses outward or 
inward radially. 

BARE CYLlNUEK IN O N E GHOUP 

For the case of a bare finite cylinder of critical radius 
Re the flux is •)>' = <i>„Jo(:2.iQ'rr/R,), and the radial 
buckling is Bl = (2.40.5/if.).' The value of B] for each 
elementary slab is then given analytically as a function 
of /', which is now identified with x of the .slab simulation 
bv 

Bi B; . / , ( 2.40.5 a-//?,)/(2.405 x/R,)J^(2.im x/R,). 

Values of ratio BI/BI are listed in Table VM2 I for 
the case of twenty elementary slab divisions between 
J = 0 and X = Re. The k,if of a simulated critical finite 
cylinder utilizing twenty elementary slabs has been 
calculated to be 0.99983. 

It may be useful to employ the set of B; for the slab 
simulation of the bare finite cylinder problem to obtain 
approximate solutions for problems which are variations 
of the basic cylinder. The types of variations which are 
particulariy .suited to this method are those in which 
material properties vary with x, but which vary in such 
a way thaf the leakage in the ly-direction, as represented 
by the unchanged .set of B] , is actually not much 
changed by the variation from that of the basic cylinder. 
This includes large variations in material properties if 
they are confined to a small range of x near the axis of 
the cyhnder, such as a .split. 

BARE S P H E R E 

In an analogous manner a spherical problem may be 
simulated in cylindrical geometry by an assembly of 
cylindrical annuli. The one group equation for a spheri
cal reactor is 

lif^ 

•t'dp' P<t>dp D 
2„ = 0. (4) 

It is apptirent that this equation is of the same form as 
E<1. (1), which is for cylindrical geometry, if the cyhn-
drical axial buckhngB' is B ' = (-l/pi*.)A*./(;p, where p 
is the radius of the sphere. I'or the bare sphere the ratio 
of B; to the buckling Bl of a .sphere is given as a function 
of the radius r of the cylinder by 

Bl 

Bl 

where R, is the radius of the sphere. 
This simulation allows an approximate solution when 

variations in material properties vary with r, the dis
tance from a particular diameter of the sphere. 

Similariy, if variations in material properties of a 
spherical assembly depend on the distance z from a 
given plane which passes through the center, the sphere 
may be simulated by an assembly of elementary disks. 
The basic radial buckling Bl of the elementary disks 
is given by Bl = i — 2/p<t))d^/dp, .since this transforms 
Eq. (4) into the slab form, 

\_dy 
(j) dz-

' ^ - B l 
k - 1 . 

- 2 . 0. 

For a bare sphere we then have 

2(f)""@-^'°^fe) B; 

Bl 

iMi^) 
This method can also be adapted to other ca.ses where 

the basic solution is obtained in one coordinate .-system 
and the variations in material properties are imposed in 
another coordinate system in which an approximate 
solution is obtained. 

REFLECTED CYLINDER 

Equations (1), (2) and (3) apply to the reflect(»r of a 
reflected cylinder as well as to the core. The transforma
tion buckling in the reflector, Bl^{x), of a reflected 
cylinder, considering only one group of neutrons, is 

BUix) = B:,(.r,) (5) 

where B;,(ji) is the transformation buckling for this 
core evaluated at the core-reflector interface at .ri , Di 
and D, are the core and reflector diffusion constants, 
respectively, A'o and A'l are Bessel functions, and R, is 
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the extrapolated bare core radius. The quantities Xi , 
a and R^ are related by the transcendental criticality 
eciuation. Equation (5) shows that the transformation 
buckling has a discontinuous jump in value at the core-
reflector interface. This jump, present in multigroup 
jiroblems as well, results in continuity in the value of 
DBl,(.r) at the boundary. 

DISTRIBUTION OB' NEUTRO.V I'LUX ALONG A CHORD OF A 

HARE CYLINDER 

In the previous discussion a method is described by 
which a cylindrical reactor in coordinates r and z may 
be viewed as a slab reactor in coordinates x, y, and z, 
mtiking use of a buckling By{.r) which forces (^(.r) to be 
of the .same form as the known cylindrical solution 0(r). 
In this description .r is identified with r. It is possible to 
define another transformation buckling Bl,{x) such that 
4>ix) is of the same form as cjiiu), where <t>{u) gives the 
distribution of neutron flux along a chord rather than 
along a radius. 

If the distance from the center of the cylindrical 
geometry to the chord is ya, 

\ / r </c-

In analogy with the previous dcrivatiiin it may be 
shown that 

R̂  = -l['A'^ + ''' •" V' ! ^ 1 
0 Ir'- dr'- r' dr J ' 

where 

I-' = yi + ""• 

This reduces to the previously obtained expression when 
the chord coincides with the diameter, i.e., when j/o = 0. 

For the case of a bare cylinder of critical radius ;„ , 
the radial distribution is 0 = <#),i./„(2.40.") r/r^), and the 
radial buckling is Bl = (2.40.")/)-.).' The value of B; 
is then given analytically as a function of u by 

Bl = Bl y<t 

"• + yl -\-
/u - ,Vo\ 

V«" + ul) 
^ /2.405 V » ' -1- 'tji\ 

' /2 .405 Vt.'^-I-j/gN j ^ / 2 . 4 0 5 \ / « ' - f - y ; y 

where the range of u is 0 < K < V r ? — yl • 
In Tables VI-12-II and VI-12-III the values of Bl/Bl 

are listed for i/oAc = Vs and t/o/r, = '^i, respectively, as 
a function of ujy/rl — yl • 

When these region-dependent bucklings are used in 

T.\BLE VI-12-II. I{.\Tii( (IK EKfEcTivE TR.\NSFORM,\TIO.\ 
BUCKLINO TO K.\D1.\L BuCKLING OF .i CVLIXDER 

rOH ya/r, = }i 

«N'l - y\ 

0.025 
0.075 
0.125 
0.175 
0.225 
0.275 
0.325 
0.376 
0.425 
0.475 

B\IB\ 

0.4552 
0.45li8 
0.4000 
0.41)50 
0.4718 
0.4808 
0.4922 
0.6005 
0.5243 
0.5404 

"/VrJ - y\ 

0,525 
0.575 
0.825 
0.675 
0.726 
0.776 
0.825 
0.876 
0.925 
0,975 

BVBl 

0.5741 
0.0093 
0.0647 
0.7150 
0.7082 
0.9192 
1.1104 
1.4654 
2,2017 
(i,293l> 

TABLE V1-12-III. RATIO OF EFFECTIVE TRANSFORMATION 

BUCKLING TO KADIAL BUCKLING OF A CYLINDER 

FOR t/o/re=2/3 

I'/V'- - -,1 

0.025 
0.075 
0.126 
0.175 
0.226 
0.276 
0.326 
0.375 
0.425 
0.475 

BlIBl 

0.2159 
0.2103 
0.2171 
0.218:i 
0.2200 
0.2222 
0.2249 
0.2284 
0.2327 
0.2380 

«/V'J - >.' 

0.525" 
0.575 
0.025 
0.675 
0.726 
0.776 
0.826 
0.875 
0,925 
0.975 

B\IB:'. 

0.2446 
0.2530 
0.2637 
0.2779 
0.2973 
0.,3254 
0.3690 
0.4490 
0,6338 
1.5557 

the appropriate slab problems, t,// is 0.9998 and 0.9999 
for the cases t/o/Vc = i s and y„ly/c = ''•i, respectively. 

APPLICATION TO IIULTIGHOUP CYLINDRICAL CALCULA

TIONS 

The multigroup formulation of this method requires 
that E<i. (3) be true for each group. 

In a six-group test comparison using the MACH-1 dif
fusion code,^ the /,-,// of the reflected cylindrical core 
and its slab simulation agreed within 10~'. The six-
group fluxes agreed within less than one per cent except 
very near the outer boundary. This agreement is as good 
as can be expected using 20 elementary slab regions. 
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VI-13. Efficient Programming in FORTRAN" 

C. E. COHN 

A number of techniques can be used to decrease the 
running-time and memory-space requirements for 
FORTRAN iirograms. The usage of these depends 
upon the characteristics of a particular compiler and 
system. Normally, they save both running time and 
memory space. The discussion applies in general to 
any problem-oriented language. 

.Arithmetic expressions and replacement statements 
can be optimized by eliminating the repeated calcula
tion of redundant subexpressions. If a loop contains 
an expression whose variables do not change value 
during the course of the looji, time (but not space) 
may be saved by evaluating the expression once, out
side the loop, and holding the result until needed. 
Arithmetic operations on whole numbers are best done 
in integer mode, with the results converted to real 
where needed. Where mixed-mode arithmetic is al
lowed, it is best to write constants in the dominant 
mode of the expression to avoid needless conversions. 
Arithmetic operations on constants should be per
formed by the programmer before writing an expres
sion. Constants should be written to as many signifi
cant figures as the computer handles in its arithmetic, 
so that full advantage is taken of the computer's 
precision. 

In many compilers, the use of the "**" notation 
calls upon a special subroutine in the library. If 
only small whole-number powers are to be calculated, 
the time and space required for this subroutine can 
be saved by avoiding that notation. 

Ordinarily, there is no penalty for attaching a 
number to a statement even when not needed for 
reference by another statement, except for two special 
circumstances. Some small-machine compilers have 
limited memory space for assignment tables. Elimina
tion of unneeded statement numbers reduces the 
burden on the available space. Also, some compilers 
perform limited optimization on sequences of arith
metic replacement statements. This optimization is 
done only if none of the statements has a number, 
indicating that the sequence is never entered in the 
middle. 

Where the quantity calculated in the expression 
imbedded in an IF statement, or any part of it, is 
also used earlier or later in the program, the unneces
sary repeated calculations of that tiuantity should be 
avoided as described for redundant subexpressions. 
The FORTRAN-IV logical IF statement is not 
handled efficiently by some compilers. In such cases it 

is efficient to replace logical IF statements with one 
or more three-branch IF statements as required. 

Retrieval or storage of subscripted variables al
ways requires more work than the retrieval or storage 
of unsubscripted variables, because the address of the 
datum must be calculated from the subscript combi
nation. Where the same subscripted variable is ref
erenced in two or more statements, these references 
may be handled as redundant subexpressions, pro
vided the values of the subscripts do not change 
through the sequence. Where the value of a sub
scripted variable is formed in one statement and used 
in a subsequent statement, the extra reference may 
be eliminated similarly. For subscripted-variable ref
erences with constant subscripts, most compilers will 
jierform the address arithmetic during compilation. 
Otherwise, an unsubscripted variable name may be 
made equivalent to the element in question and used 
in all references. Sometimes a two- or three-dimen
sional array may be handled more efficiently by mak
ing it equivalent to a one-dimensional array. 

The input or output of an entire array may be 
specified either by a DO-implying loop over the array 
or hy mention of the name of the array with no 
qualification. Often, the latter saves central-processor 
time. Sometimes there is a space penalty for specify
ing additional input-output modes, since each mode 
requires its own subroutine from the library. 

Use of subprogram organization incurs a time and 
space penalty because of the linkage instructions. The 
space penalty is more than made up. however, if the 
subprogram is called from more than one place in the 
main program. If, instead, a subprogram is called 
from only one place in the main program, it is most 
efficient to eliminate its separate identity as a sub-
inogram and incorporate it directly into the main 
program. There are two ways of linking variables be
tween a main program and a subprogram—through 
argument lists and through COMMON statements— 
and each has its proper role. There is a time and 
space penalty associated with the use of argument 
lists. With COMMON linkage, on the other hand, 
there is no penalty. 

_ Where a variable in the subprogram always cor
responds to the same variable in the main program 
at every call of the subprogram, then the linkage 
shotild he through COMMON. Where a variable in 
the subprogram may correspond to different variables 
in the main program at dift'erent calls of the stibpro-
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gram, then the linkage should be through the argu
ment list. Normally, COMMON storage is assigned 
to the memory area occupied hy the loader. A pro
gram that taxes memory can thus obtain some relief 
by use of COMMON storage. 

There is a penalty associated with each additional 
reference to an argument within a subprogram. If an 
unsubscripted variable is referenced more than once 
in a subprogram, it could be worthwhile to use a local 
variable made equal to the argument or vice versa at 
the beginning or end of the subprogram, depending 

upon whether the argument is an input or output 
variable. Some compilers handle arithmetic statement 
functions like open subroutines or macroinstructions. 
This saves a little time at the cost of much space. If 
such a program is space-limited, the arithmetic state
ment functions should be replaced with function sub
programs. 
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VI-14. Error Analysis of Linked DifTerence Equat ions 

X. F. iloREHou.sE* and J. C. CARTER 

The creation of large computational .systems for the 
purpose of .simulating the performance of nuclear reac
tors involves the automatic linking of computational 
modules of the various categories of physical phenomena 
occurring .simultaneously in a reactor. 

Since the equations in these modules are difference 
equations and since the linkage of modules creates a 
dynamic system, it is considered that the error analysis 
of any programmed path through the linked modules 
may be facilitated by a merger of the technologies of 
system analysis and numerical analy.sis. .\ system of 
linked groups of difference eiiuations represent a dy
namic .system which may be analyzed with the same 
techniiiues as are used on other dynamic systems. The 
transfer function or describing function of the differ
ence equations is determined and compared with tho.se 
of the dift'erential equations which the difference equa-
titMis simulate. .\ further develoiimeiit of the I'ourier 
series method of system analysis may be applied to 
linked difference equ.atioiis ffir which the conventional 
methods of error analysis are inadequate. The Fourier 
method also gives insight into the relationship between 
the wave lengths of the harmonics and the mesh spac
ing. 

As far as is known, error analy.sis of linked codes, 
particularly those involving partial differential etiua
tions, has not been attempted for any but very simple 
cases. It is recognized that such an analy.sis for the 
large computational sy.stems as.sociated with safety 
analy.sis, although difficult, has considerable significance 
in determining whether instability is due to numerical 
instability or reactor feedbacks. 

* Applied Mathematics Division, Argonne National Labo

ratory. 

An error analysis of individual and linked sets of 
difference etiuations involve two principal sources of 
error, the truncation and round-off errors. 

In order to .solve a s>'stem of differential equations 
on a digital computer the differential equations must be 
replaced by difference etiuations. The difference be
tween the analytic solution of difierence equations and 
the analytic solution of the tlifferential equations is 
called the truncation error. The difference between the 
aiial>'tic solution of the system of difference etiuations 
and the actual computer calculation solution is called 
the "rdund-off" error since it is due to the arithmetic 
involved in computing the solution. 

Historically three different approaches have been 
u.sed to estimate truncation errors. The first and most 
generally used is to compare the first few terms of the 
Taylor series of expansions of the solutions of the 
differential equations and the difference equations. 
.\lmost all of the literature of numerical analy.sis u.ses 
this approach. The second approach considers the 
.system of difference etiuations as matrix equations in a 
finite dimensional vector space. Truncation error esti
mates are then obtained by comparing the eigenvalues 
of the matrices with the eigenvalues of the infinitesimal 
operators in the differential equations. 

In the third method, which is attributed to .1. Von 
Neumann, the Fourier .series or integral expansion of 
the solution of the differential etiuations is compared 
with the Fourier series or integral expan.sion of the 
.solution of the difference equations. The comparison 
of the first few terms of the Taylor series expaasions 
does not provide much information about the trunca
tion error which, of course, depends frequently on the 
higher terms of the Taylor series expansion and always 
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on the overall behavior of the solution rather than the 
behavior in just the neighborhood of a finite set of 
points. 

The second approach offers a considerable improve
ment in that it puts finite difference methods in operator 
form thereby permitting many of the global properties 
of the solution to be determined. In particular the 
numerical stability of many systems of difference equa
tions whose steady state solution was to approximate 
the steady state solution of a system of differential 
equations has been investigated by these methods. 

Although the third method has seldom been used it 
is felt that it offers considerable promise. It puts the 
solution of difference equations in the same form as the 
solution of the differential equations. From an operator 
standpoint, finite difference operators may be directly 
compared with infinitesimal operators. In particular, 
most of the theory which has been developed concern
ing the stability of systems of differential equations 
can be applied to systems of difference equations. In 
other words, the truncation error is expressed in the 
language of present day systems analysis, thus per
mitting the direct application of highly developed 
techniques hi this branch of science. In particular, it 
provides the only way in which the overall truncation 
error can be estimated when several codes are combined 
to simulate a system, since the techniques of systems 
analy.sis may be used to give the overall truncation 
error from the individual truncation errors. The follow
ing example serves to illustrate the general approach. 

Consider the time-dependent heat transfer equation 

du _ d'u 
at " "'dx'' 

(1) 

If one considers the case of a temperature distributiim 
which is initially distributed sinusoidally about a mean 
temperature Tm , one has 

u = T - T„, (2) 

u{0,x) = e"". (3) 

One difference scheme for solving Eq. (1) would be 
to replace the derivatives by divided differences 

uit -\- M,x) — uit,x) 

(4) 
M 

uit,x. -\- Ax) - 2uix,t) -\- u{t,x - Ax) 
-" A5^ 

The analytic solution of Eq. (1) is obtained by letting 

u = e . (oj 

Substituting Eq. (.')) into Eq. (1) gives 

ts = -aJ. (C) 

Therefore, u{t,x) approaches zero exponentially with 
time, which means that T approaches T„ . 

If one now considers Eq. (4) to be a continuous differ
ence equation,' substituting Eq. (5) into Eii. (4) gives 

/ ^ ' = 1 - ? ^ ' ( 1 - c o s ^ A x ) (7) 
Ax^ 

l l n T l 
At L 

2aAt 
Ax' 

(1 — cos ojAs) (8) 

In order for the solution to go exponentially to zero 
one must have 

2irA< 

Ax' 
(1 — cos o)Ax) < 1 

2aAt 
< 1. 

(9) 

(10) 

Equation (10) is just the Courant-Levy criterion' 
which states that if Eq. (10) is fulfilled, then as At 
and Ax tend to zero, the solution of the difference equa
tion (4) approaches the solution of the differential 
equation (1) as a limit. The Courant-Levy condition 
gives no information about the truncation error for 
finite Ax and At but Eq. (8) does. In particular if one 
notes that ojAx = 2ir/n where n is the number of x 
mesh points per cycle of e""̂ , then Eq. (8) becomes 

27r 
— In 1 — 2 —- I 1 — cos — I . 
A, L A.i-'V njj 

(11) 

If Eq. (10) is fulfilled and if — < ^ or H > 4 then /3 

is a negative real number. On the other hand, if ft < 4, 
(3 is a complex number with a negative real part. This 
shows that spurious spatial oscillations are introduced, 
although in the limit the correct solution is approached. 

In many cases, the rate at which the temperature 
approaches equilibrium is important. For such problems 
A( and Ax must be chosen to give a sufficiently accurate 
3, .since merely satisfying the Courant condition is not 
stifficient. 

If Eq. (4) is just one of a large system of eciuations, 
the Courant condition no longer holds. In order to find 
suitable stability criteria for such .systems each sub
system must be analyzed in terms of its response. The 
overall system can then be analyzed by combining the 
responses of the subsystems. 

. Consider the wave equation 

d.r"' (1'2) 

Upon substituting differences for the derivative 
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tq. (12), 

yit -F Ai,.r) - 2yit,x) •+• yit - At,j) 

iAl)'-

, yil,x -1- Ax) - 2yit,x) -\- yit,x - Ao,-) 
{AxY 

Let 

y{t,x) = e"" 

Vit,x) = e"*" 

iMluation (14) then becomes 

(13) 

(14) 

B ' 1 
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then ff is imaginary and 
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If Eq. (16) is not satisfied then ff is po.sitive and real 
for some 10 and the solution fails. Eq. (16) is the Courant 
condition. 

How much truncation error can be tolerated while 
still yielding a satisfactory solution varies considerably 
and depends on the system and whether transience is 
involved. When only final steady-state solutions are to 
be computed the phase shift is relatively unimportant. 
An illustration is given by the simple equation: 

dt 
-\-\x = A. (17) 
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The corresponding difference equation \> 

yit -1- At) - y{t) 

Al 
+ Xi/(() = .4. (18) 

Both Eqs. (17) and (18) have the same steady state value 
y = A/\. The only effect of the added phase shifts in 
Eq. (IS) would be to prevent any steady-state from 
bemg reached if \At > 2. In problems involving reactor 
traiLsicnts, phase shift is important and can cause 
large errors. This is illustrated in Figs. \T-14-la, 
^T-14-lb and VM4-lc by a fourth-order Runge-Kutta 
integration of the simple equation 

tf> 
df-

-\- o:X = 0 . (19) 

Note that even a small phase .shift causes a relatively 
large increment. When problems of this type are done 
on a digital computer, the mesh size necessary to 
guarantee absolute phase shifts of the same order of 
magnitude as tho.se determined from the analytic solu

tion almo.st always reiiuires an excessive number of 
mesh points to allow the computation to be performed. 
Consequently, digital methods which rely on the can
celling of two large jjhase .shifts must be used. There is 
as yet no known general technique for doing this and a 
great deal of skill and some luck is needed for even small 
systems. It is believed that the merger of technologies 
of system and numerical analy.sis will result in the much 
needed means of analyzing the dynamic characteri.stics 
of large computation .systems. 

The intent is to develop a concise and relatively 
simple method of aiial>'ziiig the errors a.ssociated with 
linking many diverse digital codes into a large closed 
loop computational system. 
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