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Program: Civilian Power, LMFBR

AEC Task: 5-B, Reactor Physics, Fast Reactor Physics Experiments

Project Manager: H. A, Morewitz

Reporting Period: Fiscal Year 1969

General Order: 7701 Subaccount: 14610 AEC Category: 04-01-61-02.1

Principal Investigators: T, H. Springer, R. J. Tuttle, H. N. Royden
I. PROJECT OBJECTIVES

The objectives of this project are to (a) determine reactivity, temperature,
and Doppler coefficients of various materials in a variety of fast reactor spec-
tra; (b) investigate effects due to different geometric arrangements of such mate-
rials, including the variation of the surface-to-mass ratio; (c) provide experi-
mental results for the purpose of checking theoretical predictions; and (d) de-
velop improved experimental and theoretical methods for treatment of problems

in the field of fast reactor physics.
II. TECHNICAL PROGRESS DURING FISCAL YEAR 1969

Research at the ECEL this year has concentrated on reactor compositions
and spectra typical of current LMFBR designs. This concentration has per-
mitted the detailed investigation of some of the present difficult problems in fast
reactor development, such as the reactivity of pin-clusters of absorbers, the
reactivity of strongly self-shielded absorbers, and the reactivity of individual
plutonium isotopes. Experimental and calculational techniques have been stud-
ied and refined, leading to a better understanding of existing and potential cap-

abilities for resolving these problems.

The first of the three cores (Core 17) studied this year was a plate-type
test region simulating a typical LMFBR. This test region was composed of
fully enriched uranium, natural uranium, carbon, metallic sodium, stainless
23 5/U238

93 kev which is equivalent to 160 kev for a plutonium fueled core. This core

steel, and aluminum, The central U median fission energy (mfe) was

was modified by installing boxes of fuel pins (Figure 1) to form a central sub-

zone of FBR-type fuel elements (Figure 2). This core was identified as 17P
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235

and had a central U /U238

mfe of 69 kev, Core 18 was formed by reloading
the test region of Core 17, but using empty sodium cans to produce a spectrum

typical of a voided LMFBR. This core had a central U235/U238 mie of 125 kev.

A. REACTIVITY MEASUREMENTS

The central reactivity worths of a wide variety of sample materials with
extensive surface-to-mass variations were measured in these cores. The re-
sults of these measurements are summarized in Table 1, Some control rod
materials were investigated in considerable detail because of their particular

interest to LMFBR development,

Present design concepts of control rods include massive tantalum rods and
thick boron carbide as favored alternates. Because of tantalum's strong reso-
nance absorption and the thick sections involved in present conceptual control
rod designs, tantalum control rods are strongly self-shielded. Calculated re-
sults of the reactivity worth of these rods are subject to considerable uncer-
tainty. To provide a sensitive test of calculational methods, the reactivity
worths of tantalum samples covering a wide range of self-shielding were mea-
sured in Core 17, The results of these measurements are shown in Figure 3,
where the specific worth is plotted against the atomic thickness, N{. (N is the
atomic density, £ is the mean chord length of the sample.) The extremes in
self-shielding were obtained with a tube (0,001-in. thick wall) for nearly infinite
dilution and a 1.75-in. diameter cylinder for the thickest sample. The thickest
sample is more self-shielded than some current control rod designs; therefore,
the reactivity of such rods may be based on interpolation within the measured

data, rather than by extrapolation from thin samples.

All but the largest sample were measured using the reactivity oscillator
technique; the largest sample, however, could not be oscillated because of its
size., The reactivity of this sample, relative to a void, was measured by a
modification of the period method. The reactivity of the reactor was determined
for a reproducible configuration, with the sample in place at the center and with
it removed, by means of the dynamic reactivity or inverse-kinetics analysis,
Repetitive closure of the split-table reactor showed that this movement had a
negligible effect on the measured reactivity. The accuracy in these measure-

ments, 20,05 cents, was limited by the temperature coefficient of the reactor
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TABLE 1
SPECIFIC REACTIVITY

Reactivity (1073 ¢/gm)
Material Mass Core No.
gm)
17 17P 18
Scattering Materials
Polyethylene 1.5056 +54.79 + 0.33 - -
6.2740 +61.659 £ 0.077 - -
Li’ 0.2935 -1.19 % 0.95 - -
1.6891 -2.89 £ 0.16 - -
3.8466 -0,715 + 0,125 - -
Cc 5.5404 -0.,0063 + 0.0088 - -
16.2330 -0.031 + 0,022 - -
17.0468 - -0.154 + 0,021 -0.456 + 0,018
Na 0.5524 +1.10 = 0,52 - +0,31 = 0,52
3.2599 -1.36 £ 0.089 - -1.21 £ 0,09
6.8432 -0.094 % 0,069 -0.218 £ 0,053 -0,172 + 0.042
Mg 17.0835 -0.458 + 0,020 - -
Al 26.3802 -0,436 £ 0,018 -0,326 £ 0.015 -0.,478 + 0,011
Lavite 23.3595 -0,303 £ 0,015 - -
Pb 110.5786 -0,0873 + 0.0032 - -
Bi 39.7364 -0,080 £ 0,011 - -
Structure and Control
1i® 0.2887 ~172.84 + 0.87 : -
1.6350 -176.51 £ 0.18 - -
3.1350 -172.33 £ 0,12 - -
B/Bi 0.6398(B) -49.92 = 0,50 - -
0.8245(B) -50.60 £ 0,52 - -
B 3.3671 -53,42 £ 0,14 - -
4,1098 -52.38 £ 0,11 - -
5.1237 -52.85 + 0,09 - -
B,C 9.9186 -48.07 £ 0.06 - -
10
B 6.3650 -43,20 = 0,01 - -
w 188.4561 -1,3061 = 0,0018 - -
Nb 84,9437 -2.0836 + 0.0040 - -

(Continued)
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TABLE 1
SPECIFIC REACTIVITY

(Sheet 2)
Reactivity (1073 ¢/gm)
Material Mass Core No.
(gm)
17 17P 18
Structure and Control
Stainless Steel
(304) 77.8543 -0.3578 £ 0.0033 -0,3045 + 0,0045 -0,3561 + 0,0039
Inconel-600 6.9630 -0,513 + 0,069 - -0.636 = 0,046
Inconel-750 81.5572 - -0.4085 + 0,0043 -0.4653 = 0,0037
Ta 1.5563 -5,87 £ 0,18 -6.25 + 0,20 -
12,8422 -4.,393 + 0,024 - -
53.5927 -3.9554 + 0,0063 - -
163.2689 -3.6102 £ 0.0029 -3.5968 + 0.0021 -3.1090 £ 0,0020
Fuel Materials
PuO2 No. 2 66.1960 +12.999 + 0.010 +12.071 = 0.005 +12.618 + 0,007
No. 4 66.1916 +13.039 + 0,011 +12.084 + 0,006 +12.654 = 0,005
No. 5 66.1871 +13,038 = 0.011 - -
No. 6 61.8518 +09,632 + 0,019 - +9,398 £ 0,014
No. 7 31.370 +10.265 = 0,027 - -
No. 9 62,0718 +08.,161 + 0,020 - +7.924 = 0,014
y23® 4.0081 +10.667 + 0.091 - -
13,7821 +11,165 = 0,026 ~ -
117.6789 +11.,1700 + 0,0031 +10.7368 + 0,0032 -
183.3159 +11,2433 = 0,0020 +10.7796 + 0.0020 +10.6802 = 0,0019
Fertile Materials
U238 59.9856 -0.7919 = 0,0058 - -
117.8490 -0,8103 + 0,0029 - -
184.7387 -0,8049 + 0,0026 -0.8360 £ 0.0019 -0.7000 + 0,0016
UZSSO2 78.8523 -0,7518 = 0.0038 -0,7886 = 0,0042 -0,7747 + 0,0038
Th 114,0429 -1.5439 + 0.,0030 - -

The 1sotopic compositions of these samples (within experimental uncertainties) are:

239 240
No. 2,4,5 0.914 0,079
No. 7 0.843 0,133
No. 9 0.407 0.419

0,007
0,020
0.103

242
0.004
0.004
0.068
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SPECIFIC REACTIVITY (103 cents/gram)
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as the power approached 150 watts during each of several period determinations.
Refinement of this technique will permit reactivity measurements of large sam-

ples with even smaller uncertainty than that in these measurements.

Analysis and interpretation of reactivity measurements with clusters of
pins requires knowledge of the mean chord length. For compact samples, this
can be determined from the ratio of the volume to an appropriate '"'rubber-band"
surface, For open clusters, however, this approach is unsatisfactory. Modi-
fication of a portion of a Monte Carlo program has produced a computer code,
MCL, that can calculate the mean chord length for any sample with cylindrical
symmetry. This code is directly applicable to reactivity calculations of LMFBR

control rods and calculation of the gamma-ray absorption of such rods,

Three sets of calculations are shown for comparison with the measured val-
ues. The calculations were done with first-order perturbation theory using
cross-sections modified by TRIXIE (a resonance cross-section code), by
ESCAPE (a smooth cross-section code), and by a combination of the two in which
ESCAPE is used for cross-sections above the upper energy limit of the reso-
nance data. The TRIXIE calculations show good agreement with the measure-
ments for dilute samples, but for thick samples the calculations deviate pro-
gressively from the measurements as the self-shielding increases. It is
expected that this deviation will be eliminated by using exact perturbation theory,
in which the unperturbed real flux and perturbed adjoint flux are used. This cal-

culation is underway.

The reactivity worth of boron was also measured as a function of self-
shielding in Core 17, These results are shown in Figure 4. The samples were
composed of powdered natural boron or enriched boron-10 encapsulated within
stainless steel or aluminum cans. The dimensions of the boron samples were
determined by neutron radiography. The calculated variation of specific reac-
tivity was obtained by first-order perturbation theory using effective cross sec-
tions based on the escape probability method. The real and adjoint fluxes used
in this calculation were produced by the diffusion theory code CAESAR, Use of
the calculated value of beta-effective, 0,00748, to convert the calculated reac-
tivity to cents yielded values in severe disagreement with the experiment, The
good agreement shown in the figure was achieved only by multiplying the con-

verted calculated values by a normalization factor, A = 0,824,

AI-AEC-12857
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A small adjustment was required by the natural boron samples to account
for moderation of neutrons in the sample by the boron-11. This moderation ‘
makes the samples more negative in reactivity because of the increased absorp-
tion probability for the moderated neutrons and the slightly lower importance of
the moderated neutrons that escape. Each of these effects accounted for about
1% of the observed reactivity, Scattering effects were negligible for the thick-

est sample, which was composed of enriched boron-10,

In order to check further the discrepancy between those measured and cal-
culated absolute reactivity worths which required use of an arbitrary normali-
zation factor, the reactivity of lithium-6 was calculated by using the escape
probability method. The escape probability method is applicable only for sam-
ples with slowly varying cross sections. Both lithium-6 and boron-10 are well
suited to this limitation., For this isotope, the normalization factor, A, was
found to be 0,796, Thus, the calculations overestimate reactivity for these
simple absorbers by a factor of about 1.23, This factor agrees with results ob-
tained at this laboratory over the last eight years and is in agreement with com-

parisons made at several other laboratories.

Possible causes of this discrepancy, such as a systematic error in delayed
neutron yields, are being investigated in a company-sponsored project. If the
recent values for delayed neutron yields reported by Masters, et al, of Los
Alamos are used, the value of beta-effective changes from 0.00748 (using Keep-
ins values for delayed-neutron fractions) to approximately 0.00844, This change

reduces the discrepancy from 1.23 to 1,10,

The specific reactivities of scattering materials do not show any simple
correlation with sample size as is observed with absorbers, This is apparent
from comparisons of the several lithium, sodium, carbon, and polyethylene
samples listed in Table 1, Some peculiar results requiring rejection of the data
also occurred in measurements with boron carbide and boron mixed with bismuth.
The cause of this erratic behavior is unclear at this time. In polyethylene, it is
quite likely a simple size effect resulting from multiple scattering by hydrogen.
While the possibility of an experimental artifact, such as variable amounts of
absorbed water or oxides, cannot be definitely excluded from the other samples,
the erratic results in such dissimilar samples as carbon and sodium argues

against the existence of a common cause of such an artifact. A possible cause .
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TABLE 2

DERIVED SPECIFIC REACTIVITY
OF OXYGEN

. Specific Reactivity

Sample Pairs (10_3 ¢/gm 05,)
Al-—AlZO3 No, 1 -0.308 £ 0,030
Al—Ale3 No, 2 -0.366 = 0,066
Al-AlZO3 No. 3 -0,270 £ 0,023
Pb-PbO -0.52 £ 0,12

Pb—PbO‘2 -0.346 = 0,069
Mg-MgO No. 1 +4.,402 + 0,072
Mg-MgO No. 2 +3.79 £ 0.35

of this behavior may be interference between fine structure in the real and ad-
joint fluxes, introduced in varying amounts by moderation in these light scatter-
ers, Single, double, and triple scatters may produce interference by different

amounts, thus causing an irregular variation in reactivity with sample size.

Problems of the above type complicate the measurement of the reactivity
worth of oxygen, for example, when the technique whereby the reactivity differ-
ence between some metal and its oxide is employed. A variety of metal-oxide
pairs have been used in an attempt to clarify this difficulty but this has not been
completely successful. The results of these measurements are shown in Table 2.
A value of -0,295 x 10—3 ¢/gm has been taken for the worth of oxygen in Core 17
by excluding the positive values.

Several clusters of pins of U23802 and of Ta with different pin pitches have

been used to determine the reactivity effects of pin spacing. The pin diameter
and spacings were chosen to approximate current fuel element designs., Sam-
ples with 1, 4, and 7 tantalum pins were measured, The effect of filling the

spaces between the tantalum pins with NaF was also measured, These results

have not yet been completely analyzed.
A preliminary evaluation of the reactivity worths of the individual higher
isotopes of Pu has been conducted for Core 16, a U235/U238 fueled assembly

with a test region median fission energy of 66.4 kev. The reactivity worths of

AI-AEC-12857
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241 242

39 to Pu240 to Pu to Pu ,

four samples, each with a different ratio of Puz
were determined and used to derive, by means of four simultaneous equations, .
the specific reactivity worths of each isotope individually. Since the self-

shielding factors for each isotope vary from one sample to the next, the spe-

cific worth values listed below are only approximate, but may serve to provide

some indication of relative magnitudes for the first three isotopes.

Specific Worth
Pu Isotope (10-3 ¢/gm)
Measured* CalculatedT
239 +15.6 +17.8
240 -4.6 -0.1
241 +21.0 +24,8
242 +31.1 +1.1

*Self-shielded
TAt infinite dilution

The measured specific worth of Puz42 is expected to be too large since,
239

, it is always very dilute; however, one would not predict it

239 or PU.241. When the self-shielding factors are

relative to Pu
to be more positive than Pu

applied, this difficulty may be clarified.

Inasmuch as the calculated absolute values for the reactivity worths of the
fissionable isotopes are consistently found to be too high in fast reactor spectra
as is seen here, it is informative to investigate the ratio of the calculated to the

experimental values of reactivity of Pu‘241 and Pu239. The agreement is re-

241 to Pu239

markably good, the ratio of Pu being 1.35 experimentally and 1.39

analytically.

B. DOPPLER-EFFECT MEASUREMENTS

The temperature coefficients of reactivity of a variety of samples have been
measured in the three cores. Some of the results of measurements for Cores 17
and 17P with the standard-sized samples are shown in Table 3. In addition to
the standard measurements, a series of measurements made while using heated

blankets was done to investigate the effect of the reactor temperature on the

AI-AEC-12857
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TABLE 3
DOPPLER-EFFECT MEASUREMENTS

Doppler Effect
Temperature
Sample Core No. Interval
(°C)
17 17P
Ta -0,0365 £ 0,0006 -0,0357 £ 0,0006 25 to 600
y?38 20,0105 + 0,0006 20,0091 + 0,0006 25 to 600
U23502 -0,0032 £ 0,0008 -0,0047 = 0,0008 25 to 810
TABLE 4

EFFECT OF HEATED BLANKET ON
SMALL-SAMPLE TEMPERATURE

COEFFICIENT
Sample Blanket Chb/ccb
Th Th 0.81
Th UZ?)8 1.00
ys38 Th 0.96
U238 U235 0.99
U238 U2.38 0.85

**Ratio of coefficient in heated blanket to
that in cold blanket

observed Doppler effect of a small sample. This problem is of considerable sig-
nificance in the application of small sample measurements to analysis of full size
reactors. The interpretation of these measurements is based on the assumption
that the interaction between a heated sample and a cold reactor is close to that
obtained when both sample and reactor are at approximately the same tempera-
ture. This has been investigated by surrounding the sample location at the cen-
ter of the reactor by a massive blanket that can be electrically heated. The sam-
ples used were Th and U238 in blankets of Th, U235, or U238. The blanket was
either at room temperature or heated to 400°C., Only when the heavy absorber in

the sample and in the blanket were the same, was there any dependence on blan-

ket temperature. These results are shown in Table 4, This effect was a general
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reduction by about 17% in the magnitude of the Doppler reactivity change. This
may be taken as an approximate upper limit since it is produced by a concen-
trated single isotope, whereas material is distributed in a more nearly homoge-
neous arrangement in the actual reactor,.

Measurements were also made with clusters of U23802 with varying pitch

spacings. The construction of one of these samples is shown in Figure 5. The
results of these measurements are shown in Figure 6 and are listed in Table 5.
The preliminary calculations do not show good agreement with experiment as

far as the Doppler effect is concerned. Refinements are being worked out.

C. SPECTRUM MEASUREMENTS

In order to provide direct differential spectra for comparison with calcula-
tions, measurements were made in each of the cores with proton-recoil propor-
tional counters. These measurements are described in detail in the Reactor
Physics Measurements Annual Report. The calculated central flux spectra are
compared with the measurements in Figures 7, 8, and 9. Both coarse-group
spectra calculated by CAESAR, a diffusion theory code, and fine-group spectra
calculated by AILMOE are shown. The AILMOE spectra have been smoothed by
means of a Gaussian resolution function to make the calculations more directly

comparable to the measured spectra.

Because of the small size of the subzone in Core 17P, AILMOE, which does
a fundamental mode calculation, is not directly applicable; therefore, a smooth,
pointwise adjustment of the AILMOE spectrum was made to produce a fine group
spectrum with the same integrated flux in each coarse-energy group interval as

exists in the CAESAR calculation.

Activation foils were irradiated in Core 18, but the data have not yet been

analyzed,

D. ANALYTICAL STUDIES

The resonance self-shielding code TRIX has been improved significantly,
and now provides modified cross sections that predict reactivity effects with
considerable accuracy. In particular, comparisons of U238 cross sections cal-
culated by TRIX with optical-model calculations have led to a more accurate

method for accounting for different angular momenta neutrons,
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TABLE 5

MEASUREMENTS WITH 7 PIN CLUSTERS OF U2

[p(T) = A + BT (k)77

2

Pin Mass l_l__l d
. 238 P Ap p | dT
SFE‘?‘“)ng u 0, (¢) (300-1100°K) | (300-1100°K) B Y
mn. (gm) (x 10-4)
0.345 | 164.48 | -0.13474 -0.01356 -1.258 0.1543(-0.0146 |0.8
+£0.00062 +0,00013 +0,013
0.330 | 164.48 | -0.13487 -0.01275 -1.182 2.1262]-0.00191] 0.6
+0.00061 +0.00015 +£0.015
0.306 | 164.48 | -0.13307 -0.01129 -1.060 0.1278]-0.00169 (0.6
+0.00060 +0,00018 +£0.018
0.395 | 78.85 | -0.05947 -0.00859 -1.806 0.2568(-0.0350 |0.9
+£0.00034 +0.00041 +0.055
#Single rod diameter {(in.)
TABLE 6

CALCULATED AND MEASURED SPECIFIC REACTIVITY

OF TANTALUM™

Reactivity
Core mfe (10-3 ¢/gm) Difference
No. (kev) (%)
Calculation Experiment

14 3.9 -8.05 -7.79 -3.3

15 17.8 -5.21 -5.02 -3.8

16 66.4 -4.18 -3.81 -9.7

17 93, -3.87 -3.61 -7.2

*Sample is 0.438 in, diameter by 4.0 in. long
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Calculations of tantalum reactivity worths for several cores are now in .
good agreement with the measurements., The results of this comparison for a

particular sample size are shown in Table 6.

Detailed analyses of several methods for measuring the effective capture-
to-fission ratio have been conducted and are partially complete. The methods
under consideration are those of Feiner ("Reactor Physics in the Resonance
and Thermal Regions, ' Vol. II, 1966, MIT Press), Redman and Bretscher
{(Nucl. Sci. Eng. 27, 34 (1967), and Carpenter (based on direct measurement
of the normalization integral in the perturbation equation). An additional, rel-
ative, method proposed by Springer can be used to test the consistency of re-
sults by the other methods., Preliminary results have been sent to interested

persons at ANL-Lemont and AB Atomenergi,

Feiner's method involves the measurement of reaction rates and reactivity
worths of the fissile sample and an absorber. The formula for a can be sche-

matically represented as
a= (vA - BX)C

where V is the average number of neutrons per fission; X is an experimental
ratio; and the terms A, B, and C are calculated correction terms that are re-
lated to the ratio of the high energy neutron importance to the low energy neu-
tron importance. This relation causes a correlation in the three calculated
terms; consequently, a change in importance which tends to increase A will
decrease B and increase C, thus implying a higher value for a. The correla-
tion has further ramifications, however, because such a change in importance
can be produced by increasing @ in the calculations used to generate the correc-
tion terms for the measurement. Whether this process, if pursued iteratively,
would converge or diverge has not yet been investigated. It is concluded that
Feiner's method, in its present form, with heavy reliance on calculations, is

not suitable for measurements of @ in fast reactors.

The other two absolute methods use neutron sources as part of the deter-
mination of the importance of neutrons. It appears possible to use a combina-
tion of sources and absorbers to reduce both random and systematic errors in

these methods. Study of these methods is continuing,
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A cross section library has been prepared for use with the transport-theory

. code ANISN., Some preliminary calculations have been performed for compari-

son with the diffusion-theory code CAESAR. As a test case, an infinite reactor

with the same composition as the test region of Core 17 was calculated by using
both codes. All comparable results were essentially identical, A calculation

of Core 17 with ANISN (S8

culated for the same configuration by CAESAR. This discrepancy is probably

) gave an eigenvalue about 4.5% greater than that cal-

caused by the assignment of two different thorium cross-section sets to the
inner and outer parts of the decoupler., The boundary between the two parts is
used, somewhat arbitrarily, to adjust the calculated eigenvalue., This procedure

will also be tried with ANISN,

E. REACTOR DESIGN AND CORE MATERIALS

Preliminary designs for Core 19 have been completed. This core will be a
cylindrical reactor with a complete axial test region surrounded by decoupler,
driver, and reflector regions as in the present spherical reactor, The test
region will have axial reflectors to provide simulation of the central part of an

LMFBR. The core will be loaded with plate materials.

Detailed mechanical designs have been completed for Core 20, which will
have a test region loaded with simulated LMFBR fuel elements. These elements
will have oxide pellets of suitable diameter loaded into stainless steel tubes in
sodium-filled fuel cans, Individual elements will be removable to permit inves-
tigation of control rods and fuel element modifications. A large quantity of sur-
plus U-Al alloy fuel element material used on another program has been modi-
fied for use at the ECEL. Some of this material was punched into discs for use
in the pin-type fuel elements in Core 17P, Additional material is being formed

into plates for use as driver region fuel in the cylindrical cores.

III. EVALUATION OF EFFORT DURING FISCAL YEAR 1969

A variety of materials pertinent to the LMFBR development effort and to
measurements in fast reactor physics was used in reactivity, temperature, and
Doppler coefficient measurements, The core compositions were directly re-

lated to the LMFBR; one representing normal operation, another being the same
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core with the sodium removed, and a third simulating the detailed geometry of

a pin-fueled reactor.

The effect of geometry on reactivity and temperature coefficients was in-
vestigated not only by means of an exceptionally wide range of surface-to-mass

ratios for tantalum, but by using various clusters of small diameter pins,

The wide range of tantalum measurements has provided a stringent test for
reactivity calculations. Comparison of measured boron reactivities with nor-
malized calculations showed the existence of minor reactivity effects due to

scattering.

The changes in the spectrum fine structure in these cores provided infor-
mation for the further development of the proton-recoil spectrum measurements

and their comparison with calculations.

The measurement of the reactivity worth of a large tantalum sample estab-
lished the ability to make highly precise measurements with samples, or reac-

tor configurations, that are not amenable to the reactivity oscillator,

Analyses of methods for measuring the effective capture-to-fission ratio
have shown some difficulties with current methods and indicate modifications to

improve them.

The calculation of reactivity worths for open clusters of pins, for which
simple surface-to-mass relations fail, has been facilitated by development of
an exact method. This method is directly applicable to certain LMFBR control

rod designs.

Several modifications of the TRIX code were made to improve the accuracy
of calculated cross sections and Doppler effects at high energies. A better value
of the radius of the centrifugal potential (used in calculating penetrabilities of
neutrons with nonzero angular momenta, {) reduced U238 cross-sections by up
to 20% in the range of energy up to 100 kev, Allowing elastic scattering to per-
mitted states with nonincident values of £ reduced the Pu239 capture cross-
section by up to 2% in the range of energy up to 100 kev. Introduction of an
energy dependent potential scattering cross section for the resonance absorber,
including interference between resonance and potential scattering, changed effec-

. . 238 . . .
tive cross-sections. For U 38 in a typical fast breeder reactor, cross-sections

decreased by as much as 2% in the energy range up to 100 kev due to this new
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potential scattering cross-section. They increased, however, by about 4% at
10 kev and 20% at 100 kev due to the high energy interference term. Self-
shielding of the scattering cross-sections of U238 in a typical FBR reduced the
cross sections by about 1% at 50 kev, 15% at 10 kev, and 50% at 1 kev from in-
finitely dilute values. Allowing for depletion of the group flux by unresolved
resonances increased the cross sections about 2% at 5 kev for the same case.
Accounting for competition with inelastic scattering which has a threshold of
45 kev in U238 reduced the capture cross section by 40% at 100 kev. A careful
comparison of U238 infinitely dilute cross-sections calculated with TRIX was
made to optical model calculations. The agreement is within 5% to 65 kev. At
high energies, TRIX values fall below optical model values, being 13% low at
100 kev. Revision of the coding including use of disc storage has reduced the
IBM 360/50 machine time per run by about two minutes. (Typical case times

are 2 to 6 min. )

In view of the apparent consistent deviation between calculated and mea-
sured reactivity worths, the good agreement in this case may be fortuitous and
possibly misleading. Additional analytical work needs to be done to clarify

this problem.
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Program: Reactor Development
AEC Task: 5-E, Monte Carlo Methods

Project Manager: H. A. Morewitz
Reporting Period: Fiscal Year 1969
General Order: 7701 Subaccount: 14320 AEC Category: 04-01-61-02.1

Principal Scientists: L., B. Levitt, J. Spanier

I. PROJECT OBJECTIVES

The objectives of this project are to perform the necessary research and
development of Monte Carlo methods which will lead to the solution of fast reac-
tor physics and safety problems not solvable by less accurate methods. These
objectives include the development of Monte Carlo criticality and reactor analy-
sis codes, the development of sophisticated Monte Carlo techniques which per-
mit accurate evaluation of local effects in reactor safety studies and in experi-
ments involving test capsules, the refinement of correlation techniques to reduce
variance in parameter studies and Doppler coefficient evaluation, and the inves-
tigation and refinement of optimization of Monte Carlo estimators (in the reactor
analysis codes) for variance reduction purposes (computer computation cost is

proportional to the variance).

The purpose of this project is to develop Monte Carlo analysis codes which
are reliable, easy to use, and cost effective on the appropriate computer

systems.

1I. TECHNICAL PROGRESS DURING FISCAL YEAR 1969

A preliminary version of VIM for fast critical assemblies was completed,
and a detailed checkout of procedures was initiated by using ZPR-3-48 as a test
model, The completed work on VIM includes the geometric description of plate-
drawer type assemblies, particle tracking routines for plate-drawer type assem-
blies, and the random walk description utilizing an arbitrary amount of absorp-

tion weighting for variance reduction purposes.

It also includes a preliminary version of a cross section library of suffi-

cient detail to accurately describe ZPR-3-48, While actual values of cross
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sections used are subject to change, the necessary detail has been achieved

through the use of individual energy grids for angular distributions and smooth
cross sections for each isotope. These data sets are stacked in singly dimen-
sioned arrays in which the beginning and end points for each isotope are sepa-

rately stored for efficient retrieval when needed.

This procedure has also been used for fission and total inelastic cross sec-
tion data, for discrete level inelastic data, (n,2n) data, and evaporation model
cross sections. Thresholds for these reactions will be stored and only nonzero

data will actually be packed in the high speed computer core.

By this elaborate and complex bookkeeping procedure, the ability to dimen-
sion the storage requirements of VIM in an optimum manner is gained. This
permits the available high speed core storage to be utilized with high efficiency.
The maximum amount of cross-section detail is thus made available for a given
calculation without resorting to costly overlay features which would otherwise
be required. The above procedure not only saves computer time and preserves
maximum cross-section detail, but permits the remainder of the Monte Carlo
portion of the code to be inherently simpler in structure, and thus to be easier

to debug and modify when necessary.

A code, VIMB, has been written to read the ENDFB library tapes and pro-
duce data sets using one energy grid per isotope for cross-sections and one
energy grid per isotope for angular distributions, The RESREG code was ob-
tained from BNL for the purpose of generating point cross sections in the re=~
solved energy range according to the standard ENDFB prescriptions. Data was
generated by the VIMB code and was analyzed isotope by isotope with a view
toward reducing the number of energy grid points without materially affecting
the accuracy of reactor computations using them., A code to take the compressed
data sets and place them on a VIM library tape in the final form needed for use

in VIM has been written,

The elastic scattering model used in VIM permits each isotope to have its
own energy grid for describing the angular distributions., The angular distribu-

tions themselves are described by tabulating, at each designated energy,
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Te1(p)dp
P, = <=1
i +1 ’
Te1(p)dp
-1
where By = -1 + 0.1 i represents the cosine of the scattering angle in the C. M.

system. In this way, the scattering angle is selected from the cumulative angu-

lar distribution by finding a random number

B, <r<B , i=l, .....20 ,

and setting

r - P
- +—1"]'
S B-Pia

x 0,1

By adopting this procedure, the complexities and numerical difficulties of sam-

pling from Legendre data are avoided. The distribution at the energy closest

to the particle collision energy will be the one used. It is felt that interpolation

in energy is not warranted by the present accuracy of the data and would reduce

the computational efficiency of the code. This could easily be changed at a later
date when either the data improves or a given calculation is thought to be partic-

ularly sensitive to this data.

The inelastic scattering model incorporates both an evaporation model and
a discrete excitation level approach. The use of these two models has not been
made mutually exclusive so that the total inelastic scattering cross-section at a
given energy will consist of the sum of the individual excitation level cross-
sections and the continuum cross-section., Present plans are to regard this

scattering as isotropic in the C. M. frame.

The model for n-2n collisions used in the present version of the code allows
for emergent neutron energies to be selected from two energy and temperature
independent Maxwellians. Since it would be inefficient to follow both neutrons,

a weight factor of 2 will be assigned to one neutron and the particular Maxwellian
used for energy selection will be selected randomly assigning equal probability

to both possibilities. This model, while not completely rigorous, is generally
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felt to be more than adequate for fast reactor and critical assembly calculations.
A more precise model could easily be incorporated into special purpose versions

of VIM where n,2n reactions may play a more prominent role,.

A logically simple, highly efficient method of generating the spatial source
distribution has been developed. (Poor estimates of this source distribution can
lead to incorrect values of keff’ rendering an otherwise satisfactory Monte Carlo

calculation useless.) The sensitivity of the estimate of k to the spatial source

distribution is likely to be higher in fast assemblies than e;flfermal ones, making
it imperative that the selection procedure adopted for use in VIM be completely
reliable. Small, monoenergetic, bare spheres, however, have been shown to
provide an even more severe test of a source selection procedure, since keff is
governed entirely by leakage which is extremely sensitive to the source distribu-
tion in small systems. In addition, the criticality of monoenergetic bare spheres
has been calculated analytically, and the results may be used as a standard
against which the Monte Carlo procedures may be checked. A simple code was
written to do this, and the anticipated variance difficulties were encountered. A
procedure was ultimately developed which gave excellent results for even the
smallest spheres tried without requiring us to resort to sophisticated sampling
procedures. Treating the set of weighted source particle coordinates available
at the start of a given generation as a distribution function from which individual
particle coordinates may be selected, rather than by using the entire weighted
set sequentially, proved to be the cure for all difficulties. The quality of our

estimates of ke using this procedure compared favorably with more elaborate

procedures fourffi in the literature. (In fact, complicated estimation procedures
were found to be necessary in all previously reported studies with which we are
acquainted.) An important fringe benefit of the procedure we have adopted is the
simplicity with which it can be incorporated into a large code such as VIM. This

has now been done.

Interpretation of the adjoint techniques (developed during fiscal year 1968)
in such a way that the transformation may be viewed as the introduction of an
importance function obtainable analytically should permit the extension of a modi-
fied form of our technique to energy ranges where inelastic scattering may be
important. This is exactly the approach which may be most useful in doing fixed
source adjoint Monte Carlo calculation of reaction rates in small physical regions
of fast reactors.
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Work was completed on a topical report documenting the recently developed
adjoint Monte Carlo techniques, including a full description of the STRIFE code,
test problem results and interpretation, and a detailed exposition of the relation
of this new work to the existing body of knowledge in this area. A more complete
mapping of the effect on the variance of using adjoint Monte Carlo over the full
range of resonance escape probabilities was found necessary to ensure adequate
description of the effect in the topical report; consequently, some additional
calculations were made of the resonance escape probability for a two-region
repetitive slab lattice using the STRIFE code, the results of which are shown in
the figure. The ratio of the variance obtained by using the untransformed (ana-
log) adjoint technique to the variance obtained using the transformed adjoint
technique is plotted against 1 - p. The advantage of the transformed adjoint
technique over the analog adjoint technique is shown to be very large for small
values of 1 - p. An interesting feature revealed by the more complete investi-
gation is that the variance of the untransformed (analog) adjoint method appears
to be always greater than that of the transformed method even for very high
values of 1 - p where direct methods would normally have been thought to be
more appropriate. In other words, the use of the transformed adjoint procedure
always results in a variance reduction when compared with the untransformed

procedure.

DOCUMENTATION — The following reports and papers were issued during

the report period:

""Calculation of Reaction Rates in Small Physical Regions by Means of a
New Non-Multigroup Adjoint Monte Carlo Technique,' AI-AEC-12774
(March 15, 1969),

"A New Non-Multigroup Adjoint Monte Carlo Technique, ' Transactions
of the ANS Topical Meeting on the Effective Use of Computer in the
Nuclear Industry, April, 1969, and

"A New Non-Multigroup Adjoint Monte Carlo Technique,'' Nuclear Sci.
and Eng., August, 1969.
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III. EVALUATION OF EFFORT

The major accomplishment of this fiscal year has been the completion of
the first version of the VIM code. By far the most difficult and time consuming
tasks have been the creation of a Monte Carlo cross-section library and the de-
velopment of the complex bookkeeping procedures for storing this library in a
high speed core. Virtually all of the procedures for doing this had to be devel-
oped at the time; or, in the case of existing procedures, drastic modification

was necessary.

As a result, however, a major biproduct of the effort expended on this phase
of the VIM program will be a suitable Monte Carlo library and data handling pro-
cedures which could be utilized generally for fast reactor Monte Carlo codes.
Multigroup Monte Carlo methods have been avoided, since they severely com-

promise the purpose of the Monte Carlo method.

Insofar as was possible, basic cross-section data (¢ versus E) and rigor-
ous physical models have been adhered to. The inherent inefficiencies of a com-
pletely general geometry Monte Carlo code have been avoided and advantage has
been taken of the essentially similar features of the major critical assemblies

now in operation in developing the VIM geometry package.

Unnecessary particle splitting with its attendant complexities and risks has
been avoided through the use of a simple but effective source generation pro-
cedure, The basic structure of the VIM code appears to be based on a sound

plan, well suited to continual enlargement and modification as methods improve.
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Program: Reactor Physics
AEC Task: 26-A, Reactor Physics, Cross-Section Analysis

Project Manager: H., A, Morewitz
Reporting Period: Fiscal Year 1969
General Order: 7762 Subaccount: 13130 AEC Category: 04-40-01-03.1

Principal Scientists: H. Alter, G. L. Dunford

I. PROJECT OBJECTIVES

The objectives of this project include the evaluation, production, and main-
tenance of an up-to-date set of basic nuclear data; production and evaluation of
multigroup constants; and the improvement of present day methods of neutronic

calculations as related to microscopic and macroscopic nuclear data.

To accomplish these objectives, existing experimental and theoretical in-
formation on nuclear data will be surveyed, analyzed, and compiled. Automated
methods will be utilized for manipulating and evaluating large amounts of avail-
able nuclear data and for the periodic updating of compiled data. Nuclear model
calculations will be developed, extended, and used to help fill gaps in the data.
The optical model analyses have two prime goals: to develop and test improved
nuclear optical models for energy regions of interest to the fast reactor pro-
gram and to develop sufficient confidence in the results of theoretical calcula-
tions so that they may be used confidently to predict neutron cross-section data
where no experimental data are available. An automated system will be devel-
oped and maintained for the ready production of multigroup constants, and spec-
tra generating techniques for production of realistic multigroup constants will
be developed and incorporated into the system. The objectives of this project
are related to Tasks 9-1.2, 9-1.3, 9-3.6 as outlined in the LMFBR Physics
Program Plan, WASH-1109, Volume 9.

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1969

A. COMPUTER GRAPHICS, SCORE, A MAN-COMPUTER INTERACTIVE
NEUTRON CROSS-SECTION DATA EVALUATION SYSTEM

Significant progress in the development and utilization of the interactive

computer graphics progress, SCORE, was made in several areas. Recoding
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efforts associated with the present version of SCORE were completed. These ‘
included an overlay structure for SCORE which allows execution with a memory
size of less than 180,000 bytes. The system was divided into five major inde-
pendent segments to facilitate creation of the overlay structure. These seg-
ments are SCISRS data retrieval, SCISRS data manipulation, ENDF/B data re-
trieval and overlay, curve fitting, and resonance parameter analysis. In the
process of recoding to create the overlay structure, many former coding in-
efficiencies were detected and eliminated. The presentation of information for
many options was also improved. Care was taken to improve the ease with
which the evaluator may use SCORE, With this objective in mind, routines were
written to prevent termination of the execution of SCORE caused by input of

unacceptable or incomplete data.

The graphics subroutines were modified to handle variable address IBM
2250 buffers such as the IBM 2250 Model 1II. In the process of this conversion,
the program was modified to use 8K of buffer storage. If 8K is not available,
4K is used as an alternative. The extension to 8K buffer allows more data points
to be displayed at one time; however, it has been noticed that some picture flut-
ter is introduced when a large number of data points are plotted due to the in-

crease in display generation time.

A cooperative effort, with Idaho Nuclear and Phillips Petroleum, whose
goal is to produce an evaluator-usable, realistic, resonance-region, evaluation
model, was begun. The new multilevel resonance module for SCORE was ana-
lyzed, programmed, and made operational. Extensive testing of this module
was performed to detect and correct possible theory or programming errors.
This program module was interfaced with SCORE and applied to the analysis and
evaluation of MTR chopper data.

Verification was received that the cross-section evaluation group at Alder-
maston (AWRE) have successfully executed SCORE II on an IBM 360 Model 40
which contains 128K bytes (32K words) of fast core memory. Because of this
small memory size, however, they were forced to increase the number of pro-
gram overlays and reduce their data storage capability., The Aldermaston grou’p
plans to make program modifications in order to produce hard copy via the
Stromberg Carlson 4060, Upon checkout, these additions will be made available

to other SCORE II users. .
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Documentation for SCORE II, AI-AEC-12757, was released for distribution,
and the SCORE II computer code was deposited with the Argonne Code Center

for general release,

Further improvements in SCORE II were made and will constitute SCORE III,
All the graphics subroutines, which originally had been written in machine lan-
guage, were converted into Fortran. The conversion, completed at Atomics
International, was checked out in cooperation with IBM personnel at the Palo
Alto IBM Scientific Center. Users of SCORE III will be able to easily modify

current graphic subroutines as well as generate new ones.,

Considerable effort was expended to upgrade the operating efficiency and
the interactive capability of SCORE. The latest version of SCORE will operate
within 110,000 bytes of fast memory with no sacrifice of the program's data dis-
play capacity. This reduction in required fast memory allows execution on com-
puting systems whose normal mode of operation allocates 110,000 bytes of core

to graphics and on machines with as little as 128,000 bytes of fast memory.

Many of the graphic display subroutines were modified to permit incre-
mental update of graphic displays. These modifications permit more economi-
cal execution from a remote terminal such as is available at the MTR., Im-
provements were made in the interactive efficiency of many of the SCORE

options.

To further utilization of the SCORE interactive computer system, a series
of discussions were held with personnel at BNL, KAPL, and the University of
Illinois at Urbana. At BNL, problems of interfacing the SCORE system com-
puter graphics with the NNDC data information and retrieval system, SCISRS II,
were discussed with D. Cullen; at KAPIL, the principal topic dealt with how to
best utilize the SCORE system on their computer hardware, which apparently is
not fully compatible with SCORE software. At the University of Illinois, dis-
cussions were held with . Adler on how to best utilize SCORE for the evalua-
tion of fissile nuclide resonance data using the Adler-Adler multilevel resonance

formalism.
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B. ENDF/B DATA TESTING

1. Microscopic Cross-Sections

The Monte Carlo code TYCHE IIl was converted for, and was made opera-
tional on, the AI IBM 360/50 computer. This code, TYCHE IV, which was used
as an aid in the Phase II data testing of the ENDF /B data files, calculates the
first three infinite medium moments of the neutron slowing down density distri-
bution. During the conversion process, several areas of the program were im-
proved and the cross section library subroutine modified to read new library
formats. A program, TYCHELIB, for generating a library for TYCHE IV, was
completed and checked out. By use of this program, a library for hydrogen and
oxygen (based on data used for the original age in water analysis) was generated
and the neutron age in water calculated. The agreement between the presently
calculated age and higher moments with earlier results computed on the IBM

7094 was satisfactory and is presented in Table 1,

TABLE 1

A COMPARISON OF TYCHE III AND IV CALCULATIONS FOR THE
NEUTRON AGE AND HIGHER MOMENTS IN WATER

b 2 ¢4 4 b,..8 6 E) (N)
Code T (em™) M4(10 cm ) M6(10 cm ) (Mev)
TYCHE III 26.07 + 0,09 9.55 + 0,11 1.71 £ 0,05 1.985 15.7
TYCHE IV 26.09 + 0,13 9,67 + 0,13 1.72 £ 0,05 1.979 15,7
EXPERIMENT 26,46 £ 0,32 9.34 = 0,50 1.37 £ 0,20 - -

The TYCHE III results were based on a calculation using 80,000 neutron
histories carried out in 1965, The TYCHE IV results were based on the current
calculations for 40,000 neutron histories. (E) represents the calculated mean
fission energy and (N), the mean number of collisions to indium resonance.

The Cranberg fission spectrum defined by

0.965

1/2

f(E) = 0.453 exp( )sin h (2.29 E)

was used for all calculations.,
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Another completed modification dealt with the method of treating differen-
tial elastic scattering data which is used to determine the degree of anisotropy
in high energy neutron elastic collisions. Instead of generating and storing co-
efficients of a power series relating the cosine of the scattering angle, 1, to
the cumulative probability distribution, {, the distribution, [, is stored at 21
equally spaced intervals in ,u.(A,u = 0.1) for each energy. Finally, a method
allowing 'naive'' random number correlation was added to assure that each neu-
tron history will start with the same random number, given identical initial
random numbers., This allows one to determine more accurately the differences

between the results for two cases with fewer histories.

A translator program, TYCHEB, was written to prepare ENDF/B cross sec-
tion data for analysis and evaluation with TYCHE IV. The resulting punched
card output consists of the energy and the total, elastic, and inelastic cross-
sections for each isotope desired., The energy mesh for a given set of isotopes
is obtained by merging the individual ENDF/B total cross-section energy grids
for the isotopes in that set. The energy interval is from 1.0 ev to 10.0 Mev,
and as many as three ENDF/B tapes may be used. The program was checked
out and is operational on the S 360/50,

TYCHE IV cross-section libraries were prepared for hydrogen, deuterium,
carbon, oxygen, aluminum, iron, and zirconium. Monte Carlo calculations of
the neutron age to indium resonance were carried out in light water, heavy water,
carbon, and in metal-water mixtures of aluminum, iron, and zirconium. All
calculated results are based on sample sizes of 40,000 neutron histories and are
believed to be adequately converged. Results of these calculations are presented

in Table 2.

The ENDF/B cross sections for hydrogen, deuterium, carbon, and oxygen
were compared with similar cross-section sets which were initially used to
evaluate the neutron age measurements some years ago. The cross-sections
compared quite well for hydrogen, reasonably well for oxygen, and poorly for
deuterium and carbon, There was satisfactory agreement between the calcu-
lated and measured neutron age in light water; thus, one may conclude that the
ENDF/B hydrogen and oxygen cross section evaluations are satisfactory., On
the basis of the age calculation in heavy water and graphite, one concludes that

the ENDF/B deuterium and carbon cross-sections are less than satisfactory,
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TABLE 2

EVALUATION OF ENDF/B NUCLIDE CROSS-SECTIONS BY
COMPARISON OF CALCULATED AND MEASURED

NEUTRON AGE TO INDIUM RESONANCE

(40,000 neutron histories)

Atom Densit viem )
Moderator/Mixture (10t202rr;toen/slrz3)
mire Calculation Experiment

HZO H: 6.688 26.09 £ 0,13 26.46 + 0,32

O: 3.344 - -
DZO (99.75%) D: 6.60037 117.6 + 0.2 111 £ 1

H: 0.01672 - 109 = 3

O: 3.30855 - -
Carbon C: 8.0233 295.6 £ 0.5 307.8 = 2.0
Al/HZO {1.000) Al: 3,0259 56.7 £ 0.2 59.6 £ 0.9

H: 3.3370 - -

O: 1.6685 - -
Fe/HZO (1.737) Fe: 5.3811 45,6 £ 0.1 46,4 = 0,5

H: 2.4372 - -

O: 1.2186 - -
Zr/HZO (1.200) Zr: 2.3592 46.2 = 0,2 49.7 £ 0.9

H: 3.0282 - -

O: 1.5141 - -

It was recommended that the ENDF/B deuterium and carbon scattering and

total cross-sections be reevaluated.

It is more difficult to assess the validity of the ENDF/B metal nuclide
cross-sections. For the homogeneous moderators, HZO’ DZO and C, the ex-
periments were relatively clean in the sense that there were no neutron stream-
ing effects., In the metal water age measurements, the experimental systems
were of heterogeneous arrangement and Palmedo* has demonstrated that aniso-

tropic slowing down can be of significance in such systems. Homogeneous

#*P, F. Palmedo, "Anisotropic Neutron Slowing Down in Aluminum - Water
Mixtures, " Parts I & II, NSE, 32 (302) June 1968

AI-AEC-12857
38



calculations for heterogeneous experimental systems generally tend to under-
estimate the measured age values. This is confirmed by the results given in
Table 2, We conclude that the aluminum and zirconium cross sections are sat-

isfactory, the iron data probably less so.

2. Data Evaluation By Correlation with Critical Assemblies

In the area of evaluation of the ENDF/B Phase II 'benchmark' calculations,
the discrepancy between MC2 results, for the ZPR-3-48 benchmark, of BNL
and Al on the one hand vs those of ANIL, and LASL on the other, was partially
resolved. The subroutine SIGVAC in the BNL and AI versions of 1\/IC2 computes
the smooth contribution to the resonance cross-section incorrectly when the
smooth cross-section is negative, A correct version of this subroutine was ob-
tained from R. LaBauve at LASL and the MC2 calculation for ZPR-3-48 was

repeated.

The incorporation of the correct version of the subroutine SIGVAC in 1\/IC2
produced minor changes in the computed multigroup constants. The most sig-
nificant change was a 15 to 20% decrease in the production term vZ It between
300 and 1200 electron volts, an energy region which is of lesser importance in
the analysis of the fast benchmark criticals. For example, the cross-section

changes produced a change in k of 0,0031; i.e., from the original calculated

value of 0.9862 to the present 0.9831.

In the ENDIF/B Phase II data testing, a dual benchmark testing effort was
completed. One route was the DAMMET-ETOE-MC2 diffusion theory procedure
(in use by ANL and LASL); the other involved the generation of data tapes in the
AIENDF format from the ENDF/B tapes, then processing with the Al codes
GRISM and AILMOE to produce multigroup sets for the diffusion code CAESAR.
Results from CAESAR give k = 0,976 which is in reasonable agreement with re-
sults from ANL, k = 0,973 and LASL, k = 0,970. Both of the latter results were
obtained by using DAMMET—ETOE—MC2 as the processing mechanism. Tables 3
and 4 present results obtained for ZPR-3-48 and ZPR-3-11 in the dual bench-

mark testing effort,
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TABLE 3

COMPARISON OF GRISM AND MC2 RESULTS FOR
k AND CENTRAL REACTION RATIOS IN
ZPR-3-48 AND ZPR-3-11 USING
ENDF/B DATA

ZPR-3-48 ] ZPR-3-11

Quantity
GRISM I Mc2 | GRISM l Mc?

k 0.9758 0.9792 0.9792 0.9726
Fyu/Fys 0.199 - 0.293 0.291
Fo /Foe 0.0697 - 0.0801 0.0784
Fog/Fye 0.0322 0.0338 0.0349 0.0343
Fugl/Fys 0.928 0.940 - -
Fyo/Fos 0.234 0.244 - -
Coe/Fyg - 0.269 0.194 0.192
C,g/Fye 0.145 0.137 0.117 0.117
Cuq/Fys 0.194 0.186 - -
A, /F 1.295 - - -
tog =25

TABLE 4

COMPARISON OF GRISM AND MC2 RESULTS FOR
CENTRAL REACTIVITY COEFFICIENTS IN
ZPR-3-48 AND ZPR-3-11 USING
ENDF/B DATA

|

ZPR-3-48 7PR-3-11

Isotope
GRISM I Mc?2 | GRISM Mce

234y (2.89) . (11.76) (11.89)
235y 1.255 1.214 1.162 1.153
236y (-12.11) - (-4.04) (=4.09)
238y 1.33 1.19 1.25 1.30
23%9py 1.236 1.219 . N
2405, 1.03 1.16 - -
24lp, (196.3) (189.4) - N
Mo 2.26 212 . .
Fe 1.42 1.37 1.24 1.15
cr 2.27 1.34 1.21 0.43
N1 1.23 0.97 1.37 0.94
Mn 3.12 1.89 1.56 1.34
Na 2.1 1.6 - -
105 1.061 - - -
Al 1.28 1.33 - .
c 4.6 3.0 - -

The experimental values and the values which are enclosed in

parentheses are in units of Th/mole.

ratio of calculated to experimental values.
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3. GRISM and MC2 Results Obtained by Using ENDF/B Data

Although the comparison of the results obtained with the libraries prepared
by GRISM and MC2 in Tables 3 and 4 shows generally good agreement, there are
a few differences which are larger than expected. Since the same basic cross-
section data are used in both calculations, better agreement between the values
of k could be hoped for; furthermore, the central fission ratios from the cal-
culation which uses the GRISM library for ZPR-3-48 are generally lower than
the corresponding results from the calculation using the MC2 library, while the

238U and 239Pu capture ratios are about 5% higher. The central reactivity co-

efficients for the 238U and 2A}COPu isotopes in ZPR-3-48 also show differences
of about 10% in opposite directions. The spectra obtained with the MC2 librar-
ies are a little harder than the spectra with the GRISM libraries, as is shown
in Table 5.

TABLE 5

MEDIAN FLUX ENERGY (kev) FOR ZPR-3-48 AND -11
WITH ENDF/B CROSS SECTIONS

ZPR-3-48 ZPR-3-11
Location
GRISM McC?2 GRISM Mc2
Core center 198.1 211.3 305.,8 310.,0
Core average 183.3 194.6 291.4 295.8
Blanket 139.7 139.9 170.1 174.7

One likely source of the preceding differences appears to be the group
cross sections computed in the resonance energy region. The MC2 calculation
takes resonance overlap into account, and forms the multigroup cross sections
by collapsing the fine-group cross sections. On the other hand, the GRISM cal-
culation assumes isolated resonances and forms the multigroup cross section
by weighting the effective resonance integrals of each resolved resonance and
of a number of energy points for the unresolved resonances, with the AILMOE

ultrafine-group spectrum., The multigroup absorption cross sections for 238U

239Pu, and the multigroup transport cross sections for 238U and Fe in

ZPR-3-48 are compared in Table 6.

and
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MULTIGROUP CROSS SECTIONS FOR 2

TABLE 6

38

U, Pu,
AND Fe IN ZPR-3-48
- O'a(28) O‘a(49) o-tr(28) crtr(Fe)
Group MIN > 2 2 2
(kev) GRISM | MC™ |GRISM | MC™ | GRISM | MC™ | GRISM | MC

1 6,065. 0.329 ]0.266 2.07 2.09] 3.67 3.63 1.84 1.81
2 3,679. 0.583 |0.584 1.90 1.90| 4.23 4.20 2.22 2.19
3 2,231. 0.488 |[0.587 2.01 2.01 4.64 4.63 2.33 2.31
4 1,353, 0.487 ]0.493 1.93 1.93 5.02 5.02 2.35 2.33
5 821, 0.173 }0.172 1.80 1.80f 4.93 4.93 1.98 1.95
6 498. 0.141 |0.141 1.71 1.71 5.80 5.77 2.34 2.31
7 302.0 0.135 [0.135 1.64 1.64 7.13 7.09 3.01 2.97
8 183.2 0.151 {0.151 1.66 1.66] 8.58 8.55 2.90 2.53
9 111.1 0.181 [0.181 1.72 1.73 9.97 9.98 4.66 3.31
10 67.4 0.236 }0.235 1.73 1.73111.34 (11.32 4.86 3.61
11 40.9 0.334 10.332 1.78 1.77] 11.50 [12.33 4.30 4.05
12 24.8 0.458 [0.438 2.14 2.11( 10.81 |13.18 8.82 4.97
13 15.03 0.546 10.557 2.57 2,55 11,02 [14.32 1.76 1.27
14 9.12 0.670 ]0.673 3.06 3,04} 11.22 |{14.85 5.21 4.80
15 5.53 0.782 [0.782 3.68 3.61] 11.35 [14.85] 12.00 |10.48
16 3.35 0.953 10.860 4.30 4,261 12.23 9.61 5.43 5.09
17 2,03 1.330 |1.104 5.71 5.70| 21.38 |14.04 6.06 5.61
18 1.234| 1.256 }0.927 6.96 7.02] 19.59 |13.72 7.40 6.92
19 0.749| 1.436 {1,105 8.75 8.83( 22.41 5.00 9.12 8.59
20 0.454| 1.262 [0.984 | 12.80 (12.75} 17.48 [10.51} 10.07 9.49
21 0.275} 1.127 |0.986| 13.07 {12.62| 16.81 [10.66| 10,73 |10.14
22 0.167| 1.718 [1.213} 23,08 |21.52] 45.62 7.36| 11.17 [10.59
23 0.101] 2.431 }1.5441 29.96 |24.82| 48.31 {10.67} 11.29 {10.71
24 0.061} 1.944 |1.817| 32.96 |23.74]| 46.58 1.94} 11.31 |10.75
25 0.037{ 0.782 |0.429| 64.78 [63.58| 67.39 [11.30( 11.28 |10.73
26 0.0231 5.405 |3.683| 13,20 |13,87{134,63 9.12| 11.28 |10.75
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ENDF/B resolved resonance data extends to 3904 ev for 238U and to 298 ev

for 437

Pu. Table 6 shows that the agreement of the absorption cross sections

is good, except in the resolved resonance region, where I\/IC2 and GRISM results
differ. Qualitatively, these differences are due to the different methods of
treating the resolved resonances by the two codes.

The multigroup transport cross sections for 238U and Fe are also compared
in Table 6. In 238U, the agreement is good above 67 kev, but significant differ-
ences appear below this energy. The I\/IC2 results are generally larger at higher
energies than the GRISM results; but, below 3.3 kev, the reverse is true. Some
of the differences at low energy are quite large and are due to the fact the
GRISM weighting spectrum does not contain the flux dips caused by the reso-

nances in the fuel isotopes.

The agreement in Fe is good above 302 kev; while, below this energy, the
I\/IC'2 results are lower than the GRISM results. In comparison, the GRISM and

MC2 transport cross-sections for carbon generally agree, to better than 1%.

Since less than 4% of the central flux in ZPR-3-48 is below 3.3 kev, the

GRISM and MC2 cross-section differences for 238U cannot introduce a very

large difference in the value of C28/F

238U in this assembly.

25 and the central reactivity worth of

and for ZPR-3-11 core and blanket, were received from ANL, BNL, and LASIL

for processing and evaluation. The processing of all data was completed.

All installations used the fine group mode in MC**2 to generate the multi-
group constants. In addition, Los Alamos generated the data in the ultra fine
(UF) mode. Results obtained thus far illustrate variations in multigroup con-
stants and fluxes. These variations, along with, in some cases, significant
differences in the values of the multigroup constants, are difficult to understand.
Since calculation of these 'constants' proceeded from both the same data base
and with the same processing codes, the reasons for these variations are not
fully understood and may prove detrimental to present and future CSEWG
Phase II data testing. Logically, one would expect the variation in the multi-

group values to be minimal. This is not the case.

For ZPR-3-48, the core multigroup constants are compared in Tables 7

through 14, The core flux and adjoint are compared in Tables 15 and 16.

AI-AEC-12857
43




TABLE 7

MCx%x2 26 GROUP MACROSCOPIC TRANSPORT CRUSS SECTIONS (ZPR-3-48 CZQORE}
CSEWG PHASE 2 ENDF/3 DATA TESTING

44
LS821-DHAV-IV

ENERGY Al ANL BNL LASL LASL (UF)

{EV)

6.0653E 06 8.7060£-02 8.8912E-02 §.7046E-02 8.6746E~-02 8.8607E-02
3.6788E 06 1.0430£-01 1.0618E-01 1.0428€6-01 1.03955-01 1.0584E-01
2.2313E 06 1.2222E-01 1.22565-01 1.2221E-01 1.21816-01 1.2215E-01
1.3534E 06 1.2743E-01 1.2824€-01 1.2740E-01 L.2695E-01 1.2778E-01L
8.2085E 05 1.3837:-01 1.3921&6-01 1.3835:-01 1.37R62-01 1.3870E-01
4.9787€E 05 1.6940E-01 1.7115E-01 1.6938E-01 1.6874£-01 1.7049E-01
3.0197€ 05 1.9636E-01 1.9855E-01 1.9634E£-01 1.95372-01 1.9756E-01
1.8316E 05 2.1689E-01 2.2161E-01 2.1686£-01 2.15528-01 2.20321e-01
1.1109E 05 2.4582E-01 2.5789E-01 2.4573E-01 2.4487c-01 2.5683£-01
6.7380E 04 2.6377E~-01 2.7896E~-01 2.6384E-01 2.6264E-01 2.7746E~01
4.0868E 04 2.8539E-01 2.9809E-01 2.8542£-01 2.8523E-01 2.9785E-01
2.4788E 04 3.0712£-01 3.4697E-0C1 3.0776E-01 64701 J.4564E-01
1. 5034E 04 3.0355£-01 3.1383t-01 3.0360€E-01 3.0319t-01 3.1342€-01
9.1188E 03 3.5748E-01 3.6607E-01 3.5743E-01 2.5720z-01 3.6582E-01
5.5308E 03 4.3344E-01 4.5198E-01 4.3428E-01 4.3303E-01 4.5058E-0CL
3.3546E 03 44275701 4.7T375E-01 4.5699E-01 4,27126~-C1 44.4399E~01
2.0347€E 03 5.8259E-01 5.8186E~-01 5.9414E-01 5.8205E-01 5.6876E-01
1.2341E 03 2.8859E6-01 3.2501E-01 3.1685E-01 2.8817t-01 2.9619C-CL
7.4852E 02 341016E-01 3.5648E-01 3.5025£-01 3.0664E-01 3.1737E-C1
4.5400E 02 3.6314E-01 3.7321c~-01 3.6937E-01 3.62776=-01 3.7L51E-01
2.7536E 02 3.8498E-01 4.0038E-01 3.9630E-01 3.8482E-01 3.9184E-01
1.6702E 02 3.5050t-01 3.6539E£-01 J.6472C0E-01 3.5050E£-01 3.5351E-01
1.0130E 02 3.9636E-01 3.959CE-01 3.9631E-01 3.9583E-01 3.9300E-01
6.1442E 01 3.3079C0-01 3.2834E-01 3.3701:-01 3.36686-01 3.2774E-01
3.7266E 01 4.6059E-01 4.4285E-01 4.6193E-01 4.,6199z-01 4.42248~01
2.2603E 01 3.6795€E-01 3.6191E-01 3.6911E-01 3.6929E-01 3.6167E-01



TABLE 8

MC%%x2 26 GROUP MACRCSCCPIC FISSIGCN CROSS SECTICNS  (ZPR-3-48 CORE)
CSEWG PHASE 2 ENDF/B DATA TESTING

Sy
LG821-DHV-IV

ENERGY Al ANL BNL LASL LASL (UF)

(EV)

6.0653E 06 1.0763E-02 1.0748E£-02 1.0756E-C2 1.0757€-02 1.0748E-02
3.6788E 06 7.5597E-03 7.5531E-03 7.5535E-03 7.5533E-03 7.5531£-03
2.2313E 06 7.6539E-03 T.6476E£-03 7.6483E-03 T.6481E-03 T+.6476E-03
1. 3534E C6 6.4791E-03 6.4810E-03 6.4735E-03 6.47350-03 6.48312E-03
8.2085E 05 3.2749C-03 3.2721E-03 3.2700E-03 3.26990-03 3.2722E-03
4.3787€ 05 2.7961E-03 2.7937€-03 2.7942E-03 2.7942E-03 2.7937€-03
3.0197E 05 2.53256~03 2.5315E-03 2.5318E-03 2.5320£-03 2.5315E-C3
1.831¢E 05 2.4899E-03 2.4897E-03 2.4897E-03 2.48975-03 2.489T7TE-03
1.1109E 05 2.5499E-03 2.5504E£-03 2.5498E-03 2.5498E-03 2.5504Z-03
6.7380E 04 2.5531E-03 2.5519E-03 2.5523E-03 2.5528E~03 2.55195-03
4.0868E 04 2.4969E-03 2.4973E£-03 2.4965E-03 2.4G65E-03 2.4973E-03
2.4788E 04 2.7393E-03 2.7484E-03 2.7389E-03 2.7387E~-03 2.7431E-03
1.5034E 04 3.1025E-03 3.1034E-03 3.1023E-03 3.1023E-03 3.1034E-03
9.1188E 03 3.5394£-03 3.5394E-03 3.5399E-03 3.5401c-03 3.5394E£-03
5.5308E 03 4.0823E-03 4.0907E-03 4.0850E~03 4.0801E-03 4.0913€E-03
3.3546E 03 4.6868E-~03 4.6961E~03 4.6935E-03 4.6960E-03 4.6977E-03
2.03478 03 6.0655E~03 6.078B7E~03 6.0579¢6-072 $.0617e-03 6.081CE-03
1.2341E 03 T.3710E-03 7.3581E-03 7.3532E-03 7.3630E-03 7.3613E-03
7.4852E 02 9.2049E-03 9.2069E-03 1.0351E-02 9.2083:-03 9.2072E-03
4.5400E 02 1.3178E-02 1.3323E-02 1.6028E-02 1.3199E~02 1.3319E-02
2.7536E 02 1.3443E-02 1.3298E~02 1.6827E-02 1.3559E~02 1.3294E-02
1.6702E 02 2.5059£-02 2.6289E-02 2+5266E-02 2.5341E-02 246286E~02
1.0130E 02 2.6237E-02 2.6608E-02 2.6517E-02 2.06618E-02 2.6601€E-02
6.1442E O1 3.4692E-02 3.8465E-02 3.8702E-02 3.8817E-02 3.8454E£~-02
3.726¢E 01 T.1431E-02 Be2122E-02 T.2291E-02 7.26816-02 8.2124E~-02
2.2603E 01 1.3124E-02 1.4202E-02 1.3299£-02 1.3363E-02 1.4197E-02



TABLE 9

MCx%2 26 GROUP MACROSCCPIC CAPTURE CROSS SECT IONS
CSEWG PHASE 2 ENUF/B DATA TESTING

{ZPR-3-48 CORE)

9%
LG821-DIV-IV

ENERGY Al ANL BNL LASL LASL (UF)
(EV)

6.0653E 06 2.0075E-03 1.9939E-03 2.0074E-0C3 1.9765£-03 1.9627F~-03
3.6788BE 06 5.3877E-04 5.3790L ~04 5.3351E-04 5.3587E-04 5.3508E-04
2.2313E 06 3.86220-04 3.8608E-04 3.8615E-0¢4 3.0546E~04 348542504
1.3534E 06 6.2943E-04 6.2029E-04 6.21475-04 6.2840E-04 65.2729:-04
8.2085&£ 05 1.2291&-03 1.2281£-03 1.2290F-03 1.2276L-03 1.2267E~-03
4.9787 05 1.2842E-C3 1.2838€E-03 1.2839E-03 1.28756-03 1.2825E-03
3.0197 05 1.3303€-03 1.3307E-03 1.33002-03 1e32555-03 1.32958-03
1.831¢E 05 1.5340€E-03 1.5346E-03 1.5337€E-03 le5374£-073 1.5334E-02
1. 1109t 05 1.8182E-03 1.8209E-03 1.8179E-03 1.3162£-03 1.8194E-03
6.738CE 04 2.2472E-03 2+2502E~03 2.24567L-03 2.2451E-03 2.24986E-03
4. 08B68E 04 3.1151E~-03 3.1230€E-03 3.11508-03 3.1129E-03 3.1208C-03
2.4788E 04 4.4672E-03 4.5276E-03 442903E-03 4.406066E-03 4.5229E-03
1.5034E 04 5.7229E-03 5.7360E-03 5.7303E-03 5.7219E-03 5.7351F-07
9.1188c 03 7.098%t-03 7.1182E-03 7.0994E-03 T.119¢E-03 T.1172L-03
5.5308E 03 9.0923E-03 9.14580-03 9.12218-03 3.1316E-C3 9. 1445E-03
3.3546E 03 9.9381E-03 9.9804E-03 9.9520E-03 7.92402c~0C3 9.9854E-C3
2.0347E 03 1.3299E-02 1.3411F-02 1.3267E-02 1.3284E£-02 1.3411E-02
l.2341F 03 1.2706E-02 1.2791E-02 1.2785E-02 1.232065-02 1.2790CF=02
T.48528 02 1l.7166E-02 1.7504E-02 1.7332E-02 1.7387c-02 1.75008-02
4.54008 C2 1.7318£-02 1.76066E-02 1.9011E-02 1.7619E-02 L. 76560-02
2.1536E 02 1.8651E-02 1.8364E-02 1.8870E-02 1.9036E-02 1.8854E£-02
l.67020 02 2.2053E-02 2.36708-02 242493002 2.2656E-02 2.30585-02
1.0130& 02 3.23956~02 3.29838C0-02 3.29858~02 3.3208E-02 3.2968c-02
6.14428 01 2.3044E-02 2.4363E-02 2.5336E-02 2.5501F-02 2e4344E-02
3.7266E 01 4.4643E-02 4a6148E-02 4.5080E-02 4.5359E-02 4.611886-02
2.2003E Ol 4.1179E-02 5.1977E-02 4,2268E-02 4.2639E~02 5.1654F-02



TABLE 10

MC%%2 26 GRCUP MACRCSCOPIC INELASTIC CROSS SECTIONS (ZPR-3-48 CDORE)
CSEWG PHASE 2 ENDF/3 DATA TESTING

74
LG8ZT1-DAV-IV

ENERGY Al ANL BNL LASL LASL (UF)
{EV)

6.0653E 06 44.3246E-02 443283E-02 4.3241E-02 4.3062E-02 4.3103E-02
3.6788E 06 4.6962E-02 4.6951E-02 4.6956E-02 4.6787E-02 4.67T81E-02
2.2313E 06 4.,00020-02 4.0002E-02 3.99906E-02 3.9895t=-02 3.69002-02
1.3534E 06 3.6115E-02 3.611L7€E-02 3.6108E-02 3.60606E-02 3.6074E~02
8.2085E 05 2.5513E-02 2.5549E-02 2.5506€-02 2.54925-02 2.55385-02
4.9787E 05 1.6624E-02 1.6612E-02 1.6619E-02 l.6619E-02 1.6G12E=0Q2
3.0197c 05 1.2086E-02 1.2068E-02 1.2092E-02 1.20220-02 1+2J368E-02
L. 8316 05 9.4589t-03 F.4475E-03 5.4551E-03 9.45615-03 9.44876-03
1.1109E 05 7.0637E-03 7.0321E-03 7.0615E-03 7.0616E~03 7.0328E-03
6. 7380E 04 3.5997E-03 3.5787E£-0C3 3.5984E-03 345974503 3.57895-03
4.0868E 04 1.0373E-03 1.0222€-03 1.0363E-03 1.0368L-03 1.0229E-03
2.4T788E 04 3.7515E-04 3.7410E-04 3.7510E-04 3.75176-04 3.7423E-04
1.5034E 04 3.3597€~-04 3.3574E-04 343593604 3.3598t-04 3.35820-04
S. 1188t 03 2.1974C-04 2.2000F =04 2.1977E-04 2.1975:-04 2.2001E-04
5.5308E 03 1.4386E-05 1.3G25E-05 1+4365E-05 le4384E-05 1.3916E-05



8%
LS8Z1-DHAV-IV

TABLE 11

MC%x%2 26 GROUP MACROSCCPIC Njs2N CRCSS SECTIONS [(ZPR-3-48 CORE)
CSEWG PHASE 2 ENDF/B DATA TESTING

ENERGY Al ANL BNL LASL

{EV)
6.0653E 06 5.1959E~03 5.1594E-03 5.1654€-03 5.1959E-03
3.6788E 06 1.5066E-06 1.4869E-06 1.5048E-06 1.5086E-06

LASL {(UF)

5.1598E-03
1.4903E-006



6%
LG9821-DAV-IV

GROUP
1 10

Al

4.6952E-04
3.6585E~03
8.0727E-03
9.9535E-03
§.1983E-03

6.4081E-03
4,6126E£-03
3.3268E-03
2.2207E-03
1.2693€£-03

6.2698E-04
2.7834E-04
l.1460E~04
4.3986E-05
1.5781E—-05

5.73876~06
2.0056E-006
4.62T6E-07

C SEWG

TABLE 12

ANL

4.6582E-04
3.6496E-03
8.2708E-03
1.0657£-02
9.2943E-03

7.4280£-03
5.2841E-03
3.6849E~03
2.3889E£-03
1.3422E-03

6.5688E-04
2.5014E-04
1.1914E-04
4.5702E-05
1.6145E-05

5.7685E-06
2.0202€-06
4.6554E-07

MC*%x2 26 GROUP MACROUSCOPIC INELASTIC TRANSHER ELEMENTS
PHASE 2 ENLDF/B DATA TESTING

BNL

4.6738E-04
3.0789E-03
8.2683E~-073
1.0633E-02
9.2957E-03

T.4433E-03
5,2979E-02
3.6888E-03
2.3868E£-03
1.3392E-03

6.5489E-04
2.8913E-04
1.1869E-04
4,5518E-05
1.6077£-05

5.T3TTE-06
2.0052E-06
4.6270E-07

(ZPR-3~48 CIRE)

LASL

4.5350E~04
3.036C0E-03
8.2210E-03
1.0600£-02
3.2750E-03

7.4340E-03
5.2940E-03
3.6870E-03
2.3860E~03
1.3350E-03

6+5480E-04
2.8910E-04
1.1870£-04
4.5520E-05
1.6080£~05

5.7370E-06
2.0050t-06
4.6270E-07

LASL (UF}

4.5190E-04
3.6060£-03
8.2230E-03
1.0620{-02
9.2730E-03

T+4180E-03
5.2800E-03
3.6840E-03
2.3390E-03
1.3420E-03

645700E-04
2.5020E-04
1.1920E~-04
44572060
1.0150E-05

5.7710E-006
2.0210E-06
4.6630E-07



0g
LGQZT1-DAV-IV

INTO
GROUP

Wb N

Al

1.8110£-02
3.5975E-02
5.9396E~02
6. 8928E-02
8. T517E-02

1.2252E-01
1.5197E-01
1.7279E~-01
2.0168E-01
2.2004E-01

2.4188E-01
2.5805E-01
2.5890E-01
3.0876&-01
3.7635E-01

3.5935E~-01
4.3883E£-01
242955F-01
2.4783E-01
3.0032E-01

3.1603E-01
2.6736E-01
3.0414E-01
2.4165E-01
3.16776-01

2.7339E~-01

TABLE 13

MC*%2 MACROSCOPIC ELASTIL TRANSFER ELENMENTS
CSEWG PHASE 2 ENDRH/B DATA TESTING

ANL

1l.7843E-02
3.5529£-02
5.6923E-02
6.7230E-02
8,4975C-02

1.2061E-01L
1.5041E6~01
1.735GE-C1
2.0949E-01
2«31 71E-01

2.5023E-01
2.9557&-01
2.6278E-01
3.1271E-01
3.8865£-01

3.9775E-01
4.4768E-01
2.6222€-01
2.8975E~01
3.00634E-G1

3.2821E-01
2.7869E-01
3.0273tE-01
2.3563E-01
2.8339E-01

2.5037€6-01

BNL

1.7772E-02
3.5968E-02
5.6404£-02
6.89090-02
8.7491E-02

2.4192E-01
2.5885E-01
2.58256-01
3.0872E-01
3.7717:-01

3.2401E-01
2.81208-01
3.0538E-01
2.4412E-C1
3.170CE-0C1

2.7339E-01

{ZPR-3~48 CORE)

LASL

1.8040E-02
3.5850&-02
5.9160£-02
6.8560E-02
8.7100E-02

1.2200E-01
1.511CE-01
1.7160E-01
2.00906-01
2.1990E-01

2.4180E-01
2.5T60E-01
2.5860E-01
3.0350E-01
3.7610E-01

3.55690€-01
4.3%340E-01
2.2910E-01
2.47206-01
2.9C80E-01

3.1550E-01
2.56670E-01
3.0270E-01
2.4360E-01
3.1650E-01

2.7330E-01

LASL (UF)

1.7770E-02
3.5400E-02
5.68605-02
6.5870E-02
Ba4b30E-02

1.2000&E-0C1
1.4960E-01
1.7240E-01
2.0860F-01
2.32060E-01

2.5010E-01
2.9440E~-01
2.062500-01
3.1250E-01
3.8740E~-01

3.68106-01
4.3470E-01
2.330CE=-01
2.507CE-01L
3.0470C-01

2.198CE~-01L
2.06390E-01
2.9890c-01
2.35108~01
2.8290E-01

2.5020E-01
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L8821-D3V-IV

0uUT OF
GROUP
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Al

7.7365E£-03
1.3265€-02
1.4786E-02
1.5276E-02
2.0834C-02

2.6175E=~02
2.8429E~02
3.0618E~02
3.2707C0-02
3.4733E-02

3.6864E~02
441496E~02
3.5491E~-02
3.7867C~02
4.3902E~-02

5.3596E-02
1.2439E-01
3.8962E~02
3.5964E-02
3.2316F-02

3.6855E£-02
3.6021E~-02
3.3589E-02
3.1405E-02
2+7749E-02

TABLE 14

MC*%2 MACROSCOPIC ELASTIC TRANSFER ELENMENTS
CSEWG PHASE 2 ENDF/3 DATA TESTING

ANL

9.8844£-03
1.5604E-02
1. 7605E-02
1.7795E-02
2.4184E-02

2.9857E-02
3.2217€-02
3.4545E£-02
3.6997E-02
3.8870E-02

4.1214€6-02
443759kE-02
4.1876E-02
4.2482E-02
5.0075E-02

6.1313E-02
1.1470E-01
4.2647C0-02
4.,0016E-02
3.5884E-02

4.0012E-02
3.9742E£~02
3.3575E-02
2.9889E-02
3.1188&8-02

BNL

7.7350E-03
1.3258E-02
1.47718-02
1.5289E-02
2.0850E-02

2.6181E~-02
2.8451E-02
3.0617E~-02
3.2705E-02
3.4730E-02

3.L859E-02
4.1506E-02
3.54828-02
3.7855£-02
4.3885E-~02

543662E-02
1.2438E-01
3.3046E-02
3.5440E~-02
342274E-07

3.6592E-02
3.5934E-02
3.3425€-C2
2.88475-02
2.7572E-02

{ZPR-3-48 CORE)

LASL

7.7160£-03
1.3220€E-02
1.4710E-02
1.5220E-02
2.07T70E-02

2.6090E-02
2.828CE-02
3.0430E-02
3.256GE-02
3.4360E-02

3.6780E-0Q2
4,1300E-02
3.5390E-02
2.7790E-02
4.37C0E-02

5.3540E-02
1.2430E-01
3.836CE-02

3.6690E-02
3.581CE-02
3.3300E-02
2.872002-02
2.7460E-02

Last (UF)

G.8590E-03
1.5560E6~-02
1.7540E-02
1.7720E-02
2.4070:-02

2.9670E-02
2.20600-02
3.4350E-02
3.6840E~-02
3.8500e-02

4.1100E-02
4.35060E-02
4e17805-02
442410602
4.9960E-02

6+411806-02
1.1460E-02
4.,2450£-02
3.9920E-02
3.5310E-02

3.9920E-02
3.9640E-02
3.3500E~02
2.9820E-02
3.11206-02



25
LG8Z1-DdV-IV

ENERGY
{EV)

6.0653E
3.6788E
2.231 3k
1.3534¢
8.2085E

4.9787E
3.Q0197%
1.8316LC
l.1106E
6.738Ct

4.0868E
2.4788E
1.5034E
9.1188E
5.5308¢t

3.354¢6¢
2.0247¢
le2341L
7.4852E
4.540C¢t

2.753¢tL
1.6702E
1.0130E
6.1442E
3.7266¢

72.2603E

0¢
06
06
06
05

05
05
05
05
04

04
04
04

E

03

03
03
03
02
02

02
02
02
O 1
01

01

Al

4.2031E-01
1.7050E 00
3.72928 00
5.3945E 00
7.2177€ 00

9.8972E 00
L.1664E 01
1.1263& 0Ol
9.9756E 0V
8.6135E 0O

7.2129E QO
5.4608t 00
4.9481E 0O
3.5152E (GO
2.2869E €O

1.4436E 00
5.3538E-01
1.0815€ 00
6.5092E-01
3.6086E£-01

1.6448E-01
7.1084E-02
2.7207€E-02
9.9975E-03
2.1596E-03

6.209GE-C4

TABLE 15

COMPARISON CF MCx*%2 26 GRCUP FLUXES
CSEWG PHASE 2 ENDF/B DATA

ANL

4.0691E-01
1.6545€E 00
3.6027€ 00
5.2854E 00
6.9657€ 00

9.4324E QO
L.107LE 01
1.0757¢ 01
9.5832E 00
8.4382E 00

7.1355E Q0
5.7599E 00
448244E 00
3.6895F 00
2.4232E 00

1.5738E 00
7.1387E-01
L2554 CO
7.7635E-01
4.5004E-01

2.1767E-01
9.4773E-02
3.9558E£~02
1.3954E£-02
2.5870E-03

7.0973E-04

BNL

4.1737E-01
1.6946E CO
3.71198 0¢C
5.367T1E 00
T.2474Cc 0OC

9.8582¢% 0C
1.1725t 01
l.1298€ 01
9.9811c 00
8.5934L 00

T.1743E 00
5.4348E8 U0
4.9C94E 00
3.4779E 00
2.2567€ 00

1.4220E 00
5.2790C-01
1.0651E 00
6.36106~01
3.2449E-01

1.4094E-01
6.0048E-C2
2.27250-02
T7.9740E-03
1.5687c-03

4.4223E~04

{ZPR-3-48 CORE)
TESTING

LASL

44.1916E-01
1.7010% 00
3.7248¢ 00
5.4044C 00
7.274CE 00

1.0002t 0Ol
Lel796: C1
1.1374E 01
1.0033t 01
8.6814E 00

7.1961€ 00
5.44795 00
4.5109C 00
3.47¢9z 00
2.25700 00

1.4205E CO
5.2653C~C1
1.0603E CO
6.3447E~01
3.4894E-01

1.5744E~-01
6.71256~02
2.52780-02
3.8258E-03
1.7231t~C3

4.8260E~-04

LASL (UF)

4.0813E-01
L.6588E 020
3.6103E 00
5.29468 0O
6.%757C 00

3.447CC €O
L. 1103t 0Ot
1.0790E 01
3.598CF €O
5.48200 00

7.12848 00
5.76228 ©€Q
4481400 00
3.6793L 00
2.42295 00

1.5665E 00
7.0951E~-01
1.2453E 00
7.6500E-0C1
4.4202E8-01

2.1404E-C1
9.2997£~-02
3.8762E-02
1.36590-02
2. 5248CF=-03

6.9269E~04



TABLE 16

COMPARISON OF MC**2 26 GRCUP ADJCINT FLUXES (ZPR-3-48 (CORE)
CSEWG PHASE 2 ENDF/B DATA TESTING

€S
LS8ZT-D3V-IV

ENERGY Al ANL BNL LASL LASL (UF)
{EV)

6.0653E 06 1.2277€ 00 1.2691E QO 1.2717E 00 1.2743E 00 1.2704E 0O
3.6788E 06 1.0555€E 00 1.0999E 00 1.0962t 00 1.1007e 00 1.1003C 00
2.2313E 06 1.0703E 0O 1.0836E 00 1.0868E 0O 1.0880& 00 1.0840& 00
1.3534E 06 1.0252E 0O 1.0050E 00 1.0066c 00 1.0071E 00 1.0050t QO
8.2085E 05 9.2611E-01 9.0986E-01 9.0737E-01 3.0380¢0-01 $.0975C-C1
4.9787E 05 9.1997€E-01 9.0588E-01 9.0344E-01 F.0295E-01 9.0562E-01L
3.0197t 05 9.1054E~01 9.0054E£-01 8.9732E-01 8.95186-C1 9.0003E-01L
1.8316t 05 9.0080E-01 8.9534E-01 8.9116E-01 8.8719E-0C1 8.9465c-C1
1.1109E 05 8.8921E~-01 8.8774E-01 8.8314E-01 8.7727E~-01 8.8695E-01
6.738CE 04 8.7016E-01 B.7182E-C1 8.6753E-01 8.5939E-01 B8.7072E-Cl1
4.0868E 04 8.532¢E-01 8.5764E-01 8.5413E-01 8.4340E=-C1 8.5621E6-01
2.4788E 04 8.5023E~01 8.5731E-01 8.55C06E-01 8.4096E-~01 8.5531E-01
1.5034E 04 8.5950€E-01 B.6586£-~01 8.6434E~01 8.5055E~-01 8.63336-01
9.1188E 03 8.8339F-01 8.8989E-01 8.9457E-01 BeT4T2E-01 8.9650c~CL
5« 5308 03 9.1316E-01 9.2082C-01 9.3121E-01 9.043GE-01 9.1623E-01
3.3546E 03 9.574CE-C1 9.6340E-01 9.8429E~01 9.48C8L~C1 Q.5742E-01
2.0347c 03 1.0001C 00 1.0018E 00 103518 00 G.872172-0C1 9.9594L-01
l.2341E 03 1.0266E 00 1.0325E 00 1.0678E 00 L.01l44z 00 1.02588 QC
T.4852E 02 1.0836E 00 1.0872E 00 1.1493E 00 1.0711C 00 1.08258 00
4.5400E 02 1.2194E 00 1.2162E 00 1.2856E 00 1.20728 00 1.2156E 00
2.7536E 02 1.2816E CO 1.2774L 00 1.3461E 00 1.2713E 00 1.2762E 0OC
1.6702E 02 1.4218E 00 le4174E 00 l 4l68E 00 1.41408 00 L4164 QO
1.0130E Q2 1.3744E 00 1.32831L% 0C 735 90 1.3718t 00 1.3832E Q0
614428 01 l.6141E 00 1.6523E Q0 1.62925 00 1.6290% 00 1.6530£ 0O
3.7266E 01 1.5334E 00 1.5735E 00 b352E 00 1.5366E 00 1.5744L 00
2.2603€ 01 6.6346E-01 5.9125E-01 6.5504E-01 6.5428E-01 5.9136E-01



4. Optical Model Analysis and Development

Two new nuclear reaction theory codes were completed. The first code is
a deformed nucleus scattering code which couples together the ground state and
the first two excited levels (0+, 2+, 4+). The deformed potential has been ex-
panded and terms up to second order in the deformation have been retained
(previously only first order terms were retained). A new feature is the ability
to calculate Legendre moments of the scattering angular distributions directly

from the scattering matrix.

The second code is a compound nucleus reaction theory code. This program
uses a statistical theory to separate the compound nucleus or ''absorption' cross
section into its component parts. Fluctuation corrections can be applied to the
partial cross sections and to the Legendre coefficients of elastic and inelastic
neutron angular distributions. A continuum model for inelastic neutron emis-
sion and the n,2n reaction have been included., Both a discrete level and a con-
tinuum neutron fission model are available, Penetrabilities for various neutron
energies can be calculated internally using a spherical optical model or may be
supplied by card input. The models, contained in these codes, are to be used

for an analysis of uranium-238 cross sections above several kilovolts.

5. Cross Section Data Evaluation

The cross section evaluation for natural copper and its two principle iso-
topes was completed. Various ENDF/B checking codes were used to check and
correct the data files for copper. Following a final check, which included the
automated plotting of the pertinent ENDF /B data files, the data was sent to the
National Neutron Data Center at BNL for distribution. A topical report, Al-
AEC-12741 was released.

C. DOCUMENTATION
The following reports were issued during FY 1969.

"Storage of Microscopic Cross Section Data in the AIENDF,'" NAA-SR-
11980, Vol II (July 1968)

"Atomics International Reactor Computational System, ' AI-AEC-MEMO-
12735 (August 1968)
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"Evaluated Neutron Cross Sections for Copper-63, Copper-65, and
Natural Copper, " AI-AEC-12741 (December 1968)

"B''/360 GRISM Input Description,'" AI-AEC-12271 (January 1969)

"SCORE II, An Interactive Neutron Evaluation System, ' AI-AEC-12757
(March 1969)

"TYCHE IV and Auxiliary Programs for the S/360," AI-AEC-TDR-12828
(May 1969)

"Program EMDTAI, Cross Section Format Conversion from ENDF/B
to AIENDF, " AI-AEC-TDR-12827 (May 1969)

"Neutron Scattering from Nonspherical Nuclei," Phys. Rev. 177, 1395
(January 1969)

The following paper was presented during FY 1969:

"Comparison of Analysis of Fast Critical Assemblies Using Several
Cross Section Data Sets and Different Cross Section Processing
Codes, '"" International Conference on the Physics of Fast Reactor

Operation and Design, London, England (June 1969)
1II. EVALUATION OF EFFORT DURING FY 1969

To overcome deficiencies in, and enhance the utilization of current evalua-
tion methods, a comprehensive automated system is being developed to encom-
pass all the operations from the generation of new data to the evaluation of final
cross section libraries. Such an extensive undertaking has been made possible
by major technological advances in the new generation of computers. In partic-
ular, these advances are represented by new devices which permit on-line com-
munication between man and a high speed digital computer. With such devices
it is possible for a decision to be made during the execution of a problem which
will influence the final result, The SCORE program is representative of such a

man - computer interactive system.

The recoding and optimizing of the SCORE program to allow execution in a
core memory of approximately 180,000 bytes eliminated a major objection of

too large a core storage, thus allowing for wider program utility. In the process
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of recoding to create the present overlay structure many former coding ineffi- ‘
ciencies were eliminated and the presentation of information for many options

improved.

The rewriting of all SCORE related graphics subroutines, originally written
in machine language, into Fortran has effectively eliminated the dependence of
the program on machine language routines except for the basic graphics support
package. An overall result is that, for the data evaluator, the case with which

he can utilize SCORE has been enhanced,

The interactive graphics computer code SCORE II was released for general
distribution. It is anticipated that the general availability of this program will
produce an increase in the number of computer graphics related applications.
The SCORE program was made operational at the AWRE, Aldermaston. An ex-
change with AWRE has been established, by which they will contribute computer
code subroutines for the production of hard copy and automatic spline fitting for
the succeeding version of SCORE. The utilization of SCORE has been furthered
through the establishment of cooperative programs with Idaho Nuclear and the
University of Illinois in areas of resonance data evaluation and with the National
Neutron Data Center at Brookhaven in the area of cross section data retrieval,

testing, and display.

To aid in the testing of ENDF/B microscopic nuclear data, an extremely
fast running Monte Carlo code, which computes the neutron age and higher mo-
ments, by means of recursive relations was reactivated, modified, and im-
proved. This code, TYCHE IV, was used to economically evaluate cross section
data from the ENDF/B data files. Based on results from TYCHE IV calculation,
recommendations for the reevaluation of the total and elastic scattering cross

section data for carbon and deuterium were forwarded to the MNDC at Brookhaven.

Results obtained thus far in the Phase II 'benchmark' criticals data testing
illustrate variations in multigroup constants and fluxes. The reasons for these
variations are not fully understood and may prove detrimental to present and

future CSEWG Phase II data testing.
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Program: General Reactor Technology
AEC Task: 26-C, Reactor Physics Measurements

Project Manager: H, A. Morewitz
Reporting Period: Fiscal Year 1969
General Order: 7762 Subaccount: 13210 AEC Category: 04-40-01-02,1

Principal Investigator: R. K. Paschall

I. PROJECT OBJECTIVES

The purpose of the fast reactor physics program is to supply data pertinent
to the safe and economic, design and operation of fast power reactors. Safety
and economics often compete in good reactor design, and very conservative
estimates are usually made in the area of safety because of the paucity of pre-
cise physics data., This program is designed to study these specific areas,
and to confirm the nuclear parameters and calculational methods used on con-

ceptual evaluation and preliminary design.

The large volume of coolant (50%) and structural material (15%) in current
fast reactor design make increasingly important the accurate knowledge of
light element scattering cross-sections which affect the magnitude of both the
Doppler and sodium-void effects. Also of concern is the resonance shielding

for various mixtures of the light elements,

A series of integral experiments are being performed by use of coolant
material (sodium) and the predominant structural material (iron). The mea-
surements seek to determine the differential neutron spectrum in large volumes
of sodium, in a large quantity of pure iron, and in appropriate mixtures of these
materials, for both isotopic and reactor neutron sources. The resulting neu-
tron spectra will be compared to those predicted on the basis of Monte Carlo
calculations, in order to check the scattering cross sections presently used,
The use of a reactor as a neutron source will allow, in addition, reactivity
measurements of the sodium void and direct studies of spectral changes occur-
ring during this voiding. The objectives of this project correspond to those of

Task 9-2.11 of the LMFBR Program Plan, Section 9 (WASH-1109),
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Figure 1. Neutron Spectrum in Center of ECEL Reactor Core 17
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Figure 2, Neutron Spectrum in Center of ECEL Reactor Core 17P
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II. TECHNICAL PROGRESS DURING FISCAL YEAR 1969

A. NEUTRON SPECTRA IN THE ECEL REACTOR

Neutron spectrum measurements, using proton-recoil detectors, were
made in the ECEL reactor Cores 17 and 17P, A topical report AI-AEC-12855,
is being issued describing the details of the measurements and comparing them
with calculated spectra. Figure 1 shows the measured and calculated spectrum
in the center of Core 17, Core 17P was made from Core 17 by replacing a
central subzone of the test region with pin-type fuel elements. The spectrum
in the center of 17P is shown in Figure 2. The measured spectra in both cores
are compared in Figure 3. A specific difference was noted at 440 kev where

the extra oxygen in the pin-type fuel (U2380

2) of 17P caused a strong flux de-
pression. Also, the extra aluminum in the fuel pins (35 wt % fully enriched
uranium in aluminum alloy) caused higher peaks and deeper valleys in the flux
below 100 kev, Generally, good agreement was obtained between the measured

and calculated results.

Figure 4 shows the Core 17 spectrum measured with detectors located out-

side the reactor and looking at a beam of neutrons from the core center, It is
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Figure 3, Neutron SpectrumEieR@dktbr of ECEL Reactor7762-4607A
Cores 17 and 17P
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normalized and compared with the spectrum measured by detectors in the test
region. Only a limited energy range was observed with the detectors outside,
since those measurements were of an investigatory and preliminary nature;

nevertheless, both sets of data agree quite well.

Some results (at selected energies) of spectra measurements made at 2-in.
intervals along a radius in Core 17P are shown in Figure 5. The data at 14 in.
from the center of the test region were taken with the detector slightly in the

driver region.

The neutron spectrum was also measured in Core 18 which is similar to
Core 17, except all the stainless steel cans filled with sodium in Core 17 are
replaced by empty cans. The results of data analysis are shown in Figure 6.
A cadmium-covered foil package (Al, Co, Cu, In, and S) was placed at the
center of the test region; another was placed 5 in. off center and exposed for
4 hr at 150 watts. It is hoped that some approximate integral fluxes can be

measured in this manner, Data reduction remains to be completed.

B. NEUTRON SPECTRA IN SODIUM AND STEEL

The first series of neutron spectra measurements in a large volume of
sodium were completed for the Reactor Physics Measurements program. Data
were taken from a few ev to 300 kev with proton-recoil detectors., The experi-
mental arrangement is shown in Figure 7. There was no shielding around the
sodium to prevent neutrons from entering the sides of the sodium after scatter-
ing off the walls of the test room. The measured spectra are shown in Fig-
ure 8 together with calculated results. The influence of wall return background

was very large in the ninth sodium slab,

Following those measurements, neutron spectra were measured in several
arrangements of sodium and stainless steel for the FFTE shielding program
{Task 24b). The experiments are described in detail in Report AI-AEC-MEMO-
12838. 1In all the arrangements, shielding was placed around the sodium and
steel to reduce the wall return background. In the first arrangement, steel
was positioned to follow nine slabs of sodium. Data were taken in the ninth
sodium slab and first iron slab. The results are shown in Figure 8. The wall

return background was still so large that the arrangement was modified to five
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Figure 7. Experimental Arrangement
for Shielding Measurements
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sodium slabs followed by steel. TFigure 9 shows the spectra measured in this
arrangement together with calculated results which agreed very well, A paper,
"Neutron Spectra Measurements in Sodium and Stainless Steel, " by R.K. Paschall
was presented at the November 1968 American Nuclear Society Meeting in Wash-
ington, D.C. This paper described the first series of sodium measurements

and the arrangements of sodium followed by steel.

The next arrangement of sodium and steel is shown in Figure 10. The
measured and calculated results are shown in Figure 11. The placement of
extra shielding to remove wall return background is shown in Figure 12, In
order to check the effectiveness of this extra shielding, the sodium slab cen-
tered at 89.7 cm from the fission plate was replaced with LiH slabs (removing
nearly all the neutrons coming directly from the fission plate and the spectrum
was remeasured at 142.4 cm from the source. The wall return background was

thus determined to be only about 1% of the direct flux,

The final arrangement was a repeat of the ten sodium slabs only. Shield-
ing against wall return background was used, and data was taken from a few

kev up to 2.3 Mev. The results are shown in Figure 13. In this case, a
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Figure 10, Radial Shield Configuration of Sodium and Steel

considerable fraction of wall return background (compared to the small direct
flux) still penetrated the shield to influence the data in the ninth sodium slab;
however, by measuring the amount of wall return, an approximate correction

could be applied to the data when determining sodium attenuation curves.

An additional measurement was that of the spectrum at the center of the
fission plate with the thermal column on one side and nothing on the other side;
thus, the actual spectrum of neutrons striking the sodium and steel volumes
was determined, Figure 14 shows that the measured spectrum agrees with the

calculated spectrum but differs considerably from a pure fission spectrum.

In order to verify the feasibility of making shielding measurements with
some shielding material next to the STIR reactor (i.e. by replacing the graph-
ite in the thermal column with shielding material), the neutron spectrum was
measured close to the reactor, A 7-in. thick window of Bi and Pb separates
the reactor from the graphite thermal column. A 4-in. square graphite log
was removed from the center of the thermal column and the proton-recoil
spectrometer was inserted to where the detector center was 5 in, from the
Bi, Pb window. The spectrum at that point is shown in Figure 15, An ANISN
calculation is also shown, approximately normalized to the measured results

below 500 kev. The measured and calculated results agree very well over the
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entire energy range of the measurements.
made for 13 ft of sodium around the STIR reactor and for 13 ft of sodium around
a fast reactor. The STIR reactor calculation was made for both a 7-in. gap be-

tween the reactor and sodium (as actually caused by the Bi-Pb window) and for

Additional ANISN calculations were

a 37-in. gap to put the sodium volume at the same distance from the reactor

center as in the fast reactor cal

culation. Those results are now being evaluated.

III. EVALUATION OF EFFORT DURING FY 1969

Considerable data were taken with the proton-recoil neutron spectrometer

system. This included both measurements in the fast test region of the ECEL

reactor and shielding measurements in large volumes of sodium and steel for

the FFTF shielding program. During this period, the use of proton-recoil

detectors with high pressure fillings of methane and hydrogen extended the

measurable energy range up to approximately 2.3 Mev.

The computer code to

analyze the data (written by P, W. Benjamin, et al, AWRE Report No. 09/68)

was modified to include nitrogen in the filling gas since about 5% nitrogen is

added to many of the detectors for use in energy calibration. Several minor
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errors in the code were corrected. (These omissions and errors were the
cause of several puzzling anomalies which had consistently appeared in previ-
ous spectral results.) Another modification extends the upper range for data
analysis on each detector so that the maximum energy may now be as high as

4.0 Mev.

The low energy range of the detectors still needs improvement. Even
though data were taken down to a few kev (using two-parameter gamma dis-
crimination), the effort to reduce the data was long and tedious. Also, syste-
matic errors were quite large. Part of the problem was in the existing elec-
tronic circuitry and part was due to not having an on-line computer (or at least
a hard-wired divide circuit) to aid in analysis of the two-parameter data. The

circuitry problems have been (or will be shortly) solved and corrected.

Generally good agreement was obtained between measurements and calcu-
lations in the ECEL reactor cores. There are some energy groups where it
appears that the calculations need improving, either in the geometrical approxi-
mations or cross-section data (raw data or group averaging methods). Mea-

surements using a reentrant tube to the core center appear very promising.

The measured and calculated attenuation curves in sodium and sodium-
steel mixtures agreed quite well. Some anomalies arose when lead was placed
between the eighth and ninth sodium slabs and repeat data were taken in the
center of the ninth slab, Other experiments show little effect due to lead shield-
ing; therefore, these questionable effects need further investigation in shielding
measurements. Additional data are needed beyond the nine feet of sodium of
previous measurements to improve confidence in extrapolating through thicker
shields. Also, more shielding is required around the sodium to reduce room
return background more effectively at the greater distances. In conjunction
with these measurements, transport theory calculations in two dimensions

should bé made to improve geometrical approximations to the actual experiments,

The spectrum measurements made near the center of the fission plate indi-
cate that a true fission spectrum is not impinging upon the shielding materials;
however, the calculation made with graphite next to the fission plate agreed
with the experiment. This suggests that more accurate shielding calculations

can be made by starting with correct source geometry.

Most of the work accomplished this year is summarized and detailed in Re-
ports AI-AEC-12855 (ECEL experiments), AI-AEC-MEMO-12838, and Trans-
actions of the ANS, November 1968 (FFTF shield experiments),
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Neutron Spectrum in STIR Facility Thermal Column





