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FOREWARD

The purpose of this report is fourfold:

1. To present the results of the benchmark testing of
ENDF/B-IV in a clear and consistent fashion and to
provide documentation of the testing results at
this point in time.

2. To qualify the testing results recognizing that,
in addition to the evolution in the evaluated
data, the computational methods are also evolving.

3. To indicate those areas of basic nuclear data that
require additional evaluatioms.

4, To indicate deficiencies in current benchmark tests.

Benchmark models for data testing have been identified by CSWEG
for five areas of application: thermal reactors, fast reactors,
shielding, dosimetry and fission products. The testing results for
each of these areas are presented in Volume I, Sections II through VI.
Each of these sections was prepared as a stand-alone report, i.e., page
numbers, table and figure numbers sequence independently in each section.
A brief summary of all testing results is given in Section I.

The testing results compiled in this report were computed over a
period roughly defined by calendar year 1975. The results, especially
those for thermal and fast reactors, are thus representative of the
computational capabilities during this time. In Sections II and III,

the computational methods used by the testers are briefly described.



Volume II of ENDF-203 is comprised of two appendices. Appendix A
contains a more complete description of the reactor computational
methods used in the thermal reactor data testing and detailed compari-
sons of broad group cross sections and reaction rates for the TRX-1
benchmark. Appendix B contains a description of the computational
methods used by each tester and the results of fast reactor benchmark
tests., Most of the important information contained in Volume II is
summarized in Volume I. For this reason, and since Volume II is
rather voluminous, Volume II will be available only on a very limited

basis.



SUMMARY



I, SUMMARY

A, Thermal Reactor Benchmark Testing

Use of ENDF/B-IV yields a significant improvement in the prediction of the
measured integral parameters in uranium benchmarks. Criticality is well predicted
for the bare spheres of uranyl (93 wt% 23°U) nitrate solution and this test indi-
cates no major deficiencies in the H,0 and 235U cross sections for thermal systems.
Calculations of the criticality of HyO-moderated lattices of slightly enriched
uranium rods and DyO0-moderated lattices of natural uranium rods yield an under-
by ~1%Z. This underprediction of k

prediction of k appears to be caused at

eff eff

least in part, to an overprediction of the ratio of epithermal-to-thermal 238y
capture (p28) in these lattices. Overall, the use of ENDF/B-IV demonstrates better
agreement than ENDF/B-IIT for these uranium benchmark lattices: the prediction of
keff is almost 1% higher and p2® is reduced nearly 5%. These improvements are due
primarily to revisions of the 235U thermal data and the 238U resonance capture
cross sections. Calculations of the bare spheres of plutonium nitrate solutions
yield values of keff 1-2% above experiment with the overprediction increasing as
the thermal neutron spectrum hardens.

For ENDF/B-V, it is recommended that the 238y capture data be carefully
evaluated and recent high precision differential data be cast into resonance
parameter form. The shapes of the thermal cross sections for the fissile
nuclides, 233U, 235U, 239y and 2L*lPu, and 02509 values should be reevaluated
with particular attention paid to 23%Pu. Evaluations of heavier actinides should

also be included to support studies of actinide production and recycle.



CSEWG thermal benchmark testing should be extended to include more tests
of plutonium cross sections, uranium oxide and mixed oxide lattices, and thorium

oxide lattices.

B. Fast Reactor Benchmark Testing

Computing the fast reactor benchmarks with ENDF/B~-IV data gave results
very similar to those obtained previously with ENDF/B-III. Criticality is
generally predicted within ~1% with keff of the Pu fueled benchmarks under-
predicted relative to the U-fueled assemblies and the criticality of large,
dilute assemblies underpredicted relative to smaller, harder-spectrum bench-
marks. Tests of reaction rate ratios indicate that the fission rate in 23%pu
relative to 23°U fission is generally underpredicted and the capture rate in
238y relative to the fuel fission rate is overpredicted in the large, dilute
assemblies. For the first time, evaluated delayed neutron data were included
in ENDF/B-IV and tests of small sample central reactivity worths were compiled
on a consistent basis. Fissile sample worths are significantly overpredicted,
low energy absorber samples appear to be well predicted, and, all sample worths
are overpredicted more in Pu fueled assemblies than in U-fueled assemblies.,

These testing results indicate that the 23%Pu(n,f) cross section relative
to 235U(n,f), 239 relative to 235y, and the prompt fission neutron spectra
should be carefully reevaluated for ENDF/B-V. The 238U inelastic and capture
cross sections impact importantly on the neutron balance and neutron spectra
in large, fast assemblies, these cross sections are apparently uncertain and
must be reevaluated. Reactivity worths in Pu-fueled assemblies are significantly
impacted by the 238y delayed neutron yield and these data must be examined

carefully for ENDF/B-V.



Data not tested in the fast reactor benchmarks but of interest to fast
reactor design and in need of evaluation includes the cross sections of acti-
nide isotopes and thorium capture and fission cross sections.

Several deficiencies in the current benchmark testing procedure were cited.
Specifications of benchmark models, application of certain corfections (geometry,
transport, heterogeneity factors) applied to calculations, and use of certain
unreliable integral measurements are factors that limit the usefulness of bench-
mark tests for fast reactors and they must be carefully examined before ENDF/B-V
testing.

c. Shielding Benchmark Testing

Total neutron cross sections in the range 1-10 MeV were tested with the
"broomstick" transmission benchmarks and ENDF/B-IV was found to be deficient in
the following areas:

Iron, O,, appears to be about 5% too high below 5 Mev.

T
Oxygen, Op is 4% too high in the range 4-6 MeV.

Nitrogen, 0., is a 5-10% too low in the range 1-4 MeV and V7% too high in

T
the range 4.2-4.6 MeV.

Sodium, o, is 8-10% too low in the regions 1-1.5 MeV and 3.2-3.7 MeV,

T

Everywhere else, o, is too low by ~5%.

T
Broomstick measurements for nickel and chromium not yet incorporated into the
shielding benchmark series indicate discrepancies ranging from 4-207 below 5 MeV
when tested with ENDF/B-IV.

Benchmark tests of capture gamma-ray production indicates relatively good
agreement with ENDF/B-IV for iron, stainless steel, nitrogen and sodium. Gamma-

ray production cross sections for nickel are about 7% too high in the gamma energy

range 1.5-9 MeV.



Benchmark tests of gamma-ray production cross sections averaged over a
fast neutron spectrum indicate that the sodium production cross section in
ENDF/B-IV needs to be reevaluated.

Pulsed sphere-spectrum transmission benchmark measurements indicate
generally poor agreement in the spectrum range 2-12 MeV, especially for
magnesium, titanium, tungsten and lead.

Tests of neutron transmission through thick slabs of sodium indicate that
the total cross sections in the MeV range are a few percent too low.

D. Dosimetry Benchmark Testing

For most of the dosimetry tests, the general order of disagreement between
measured reaction rates and reaction rates computed with ENDF/B-IV data is a few
percent or more and is outside the range of uncertainty reported for the measure-
ments, Of the integral spectrum indices, only 11575 shows some degree of agree~
ment. 238U(n,y) is overpredicted by ~13% in both the I and CFRMF spectra and
197Au(n,y) is underpredicted by ~30% in IZ. 235U(n,f) is computed “4% low in
CFRMF while 239Pu(n,f) is consistently computed a few percent low in all spectra.
The threshold fission reactions, 232Th(n,f), 238y(n,f) and 237Np(n,f) are con-
sistently calculated too low. 10B(n,oc) and 6Li(n,a) disagree by 5% and 107
respectively with measurements in CFRMF. It is noted that the results of these
dosimetry tests are qualitatively consistent with similar tests in the fast reac-
tor benchmarks; i.e., 239Pu(n,f) is calculated lower than 235U(n,f) and 238U(n,y)
is calculated too high.

From the wide range of disagreement between calculations and measurements, it
appears that not only are some of the cross sections in the dosimetry file in

error, but the benchmark spectra are not well enough known. In addition, measured



reaction rates must be carefully evaluated for possible heterogeneity effects and
consistent calculational procedures must be implemented in the testing process.

E. Fission Product Benchmark Testing

Benchmark testing of the ENDF/B-IV fission product data files involved four
areas: decay heat, B and y spectra production, fission product absorption, and
delayed and prompt neutron yields. Most of the comparisons between calculations
with ENDF/B-IV data and integral experiments were for decay heat following both
"burst" and long-time exposure fission. Results of several recent measurements
in this area have been published and comparisons using the ENDF/B-IV data in
summation calculations show good agreement, generally well within the quoted
experimental uncertainties and the calculational uncertainties (in basic data
for yields and energies), Total uncertainties range from ~5% for decay heat

results to 10% or greater for fission product absorption and B and VY spectra,






Thermal Reactors



IT. THERMAL REACTORS

INTRODUCTION AND SUMMARY

The scope of thermal data testing has advanced with each new
version of ENDF/B. Although only a few laboratories participated
in small-scale testing programs for the initial two ENDF/B versions,
five laboratories participated in varying degrees in testing the
thermal data for ENDF/B-III, and seven laboratories participated in
the ENDF/B-IV program, which is the most ambitious to date. The
seven laboratories are: Aerojet Nuclear Company (ANC), Bettis
Atomic Power Laboratory (BAPL), Brookhaven National Laboratory
(BNL), Chalk River Nuclear Laboratories (CRNL), Electric Power
Research Institute (EPRI), General Atomic Company (GA), and
Savannah River Laboratory (SRL).

Seventeen thermal benchmark experiments have been analyzed:

e Five unreflected spheres of uranyl nitrate (93 wt % 235U)
solution were analyzed to test the H,0 and 235y cross sectionms.
For four experiments, the radius of the spheres was 34.6 cm;
for the fifth experiment, the radius was 61.0 cm. The
ENDF/B-IV calculations for the spheres yielded values of Keff
about 0.1% below experiment for the smaller spheres and about
0.3% below experiment for the large sphere.

e Four H,0-moderated lattices of slightly enriched uranium rods
and three D,0-moderated lattices of natural uranium rods were
analyzed to test the 238y thermal and resonance region capture
cross sections in addition to the 2%°U and moderator cross
sections.

The most rigorous calculations for the H,0-moderated lattices
yielded reasonably good predictions of criticality and the
measured activation parameters, viz.,

p?® = ratio of epithermal-to-thermal 238y captures
62% = ratio of epithermal-to-thermal ?3°U fissions
5§28 = ratio of 23%°U fissions to *3°U fissions

The information contained in this article was developed during
the course of work under Contract No. AT(07-2)-1 with the U. S.
Energy Research and Development Administration.



Typically, however, keff is somewhat underpredicted, and p28
is overpredicted. The D,0-moderated lattices are not as well
predicted; on an average, kegg is about 1% low, although p?°
is well-predicted. There are significant differences in the
values reported by the laboratories for both the H,0- and
D,0-moderated lattices.

e Five unreflected spheres of plutonium nitrate solutions were
analyzed to test the 2%°Pu cross sections. The calculated
values for kogge are typically 1-2% above experiment. Differ-
ences between ENDF/B-III and ENDF/B-IV are small,

The specifications for the seventeen CSEWG thermal benchmarks are
given in Reference 1. The calculated results for kogs and the
activation parameters p?®, §2°, and §2° are given in Tables 1-4.
The experimental values for the activation parameters have been
revised in these tables to be consistent with the recent pre-
liminary corrections reported by Sher et al.? These experimental
values may be adjusted further based on additional work by Sher
et al. at Stanford University and by Hardy at BAPL.

Comparisons of intermediate results, viz., the processed
multigroup libraries and calculated fewgroup reaction rates for
individual nuclides of the H,0 lattice benchmark TRX-1, have been
made in order to better isolate the effects that data and cal-
culational methods have on calculated integral parameters.
Appendix A contains descriptions of the calculational methods,
tabulations of the multigroup libraries for the fast and thermal
energy regions, and fewgroup reaction rates and slowing down
sources for benchmark TRX-1. There has not been sufficient time
to permit the laboratories to make corrections to obvious errors.
Hopefully, future iterations will bring into better agreement not
only the intermediate calculational results, but also the pre-
diction of the measured integral parameters.

DISCUSSION
Calculational Methods

Details concerning the calculations are given in Appendix A.
Brief descriptions of the methods are given here to provide the
minimum framework needed to present the calculated results in the
next section.

ANC - The homogeneous spheres and TRX lattices were calculated
using Sy theory and the RABBLE resonance treatment.



The calculations for the homogeneous spheres were P,
epithermally and double P; thermally with Marshak
boundary conditions. The lattice calculations were
fully Monte Carlo for the infinite lattice with sub-
sequent leakage corrections based on B; calculations.

BAPL

BNL - The lattices were calculated using the HAMMER integral
transport theory code, but with the standard Nordheim
treatment replaced by a Monte Carlo resonance treatment.

CRNL - The lattices were calculated using HAMMER with the
Nordheim resonance treatment.

EPRI - Benchmark TRX-1 was calculated using HAMMER with the
Nordheim resonance treatment replaced by RABBLE.

GA - The homogeneous spheres and TRX and MIT lattices were
calculated using Sy theory with resonance region cross
sections obtained from GAND3 and MICROX calculations
with one (spheres) or two (lattices) space regionms.

SRL - The TRX and MIT lattices were calculated using integral
transport theory with the Nordheim resonance treatment.
The zero leakage integral transport results were leakage-
corrected by subsequent B; calculations. The homogeneous
spheres were analyzed using Sy theory.

SRL* - The lattices were calculated using the same methods
described just above except the Nordheim treatment was
replaced by a more accurate method developed by D. R. Finch.

Results

a. Measured Integral Parameters

Unreflected Spheres of Uranyl Nitrate Solution

0,
%

The good prediction of criticality for the uranyl (93 wt
235%J) nitrate solutions in Table 1 implies there are no major
deficiencies in the H,0 and 2%°U cross sections for thermal
systems. ENDF/B-IV predictions of criticality for these spheres
are about 0.2% higher than ENDF/B-III (in closer agreement with
the measurements). The closer agreement can be attributed to
the ENDF/B-IV revisions to the 2°°U cross sections based on the

least-squares analysis reported by J. R. Stehn.?®

-3 -



Uranium Lattices

The ENDF/B-IV predictions of criticality for the H,O-
moderated lattices of slightly enriched uranium rods and the
Dz0-moderated lattices of natural uranium rods vary appreciably
from one laboratory to another. Taken collectively, however,
they indicate keqgf is underpredicted by approximately 1%; the
underprediction is about 0.5% for the more moderated lattices
and increases to about 1.5% as the moderator-to-fuel ratio
decreases.

When the results of all the laboratories are averaged, p2®
is 3-5% too high for the H,0 lattices and less than 2% above the
measurements for the D,0 lattices. Thus, the observed under-
prediction of keff is traceable, at least in part, to an over-
prediction of epithermal 2°8U capture. Background on this problem
is documented in the proceedings of the March 18-20, 1975 Seminar
on 238y Resonance Capture, held at BNL, during which the accuracy
of the p28 measurements, 238U differential cross sections measure-
ments, and calculational methods were reviewed."

From Tables 1 and 2, it becomes obvious that although there
may be residual deficiencies in the 238U resonance region cross
sections, the most pressing need is to establish the "correct"
calculational method. For example, BAPL yields values of keff
that are about 0.7% higher than the average for the H,0-moderated
lattices, whereas ANC and CRNL yield values about 0.5% lower than
the average. The BNL calculations of p2?® for the four H,0-
moderated lattices are in general agreement with measurements
(even though predictions of criticality are about 1% low). The
BAPL and SRL* calculations of p?® are generally within two
standard deviations of the measured p®° values, and kqgf is
predicted reasonably close to unity.

When the results from the various laboratories are averaged,
the calculated 8%° for the TRX lattices are in good agreement with
measurement (Table 3). There are, however, significant differences
in the reported values of the individual laboratories: CRNL is
about 10% higher than experiment, whereas SRL* is about 6% below
experiment. For the MIT lattices, averaging the calculated §2°
of the various laboratories yields severe overpredictions: 6%
for MIT-1 and approximately 20% for MIT-2 and -3. These over-
predictions primarily follow from the CRNL and SRL calculations
that do not properly include the effects of shielding of the 23y
resonances. The BNL, GA, and SRL* calculations that accurately

account for this effect are not far outside the precision of the
measurements. '



In Table 4, §%% is well-predicted for the H,O-moderated
lattices if the results from the various laboratories are
averaged, and is underpredicted significantly for the D,0-
moderated lattices (about 5% for MIT-1, 10% for MIT-2, and 14%
for MIT-3). The ENDF/B-IV calculations for §2° are 4-5% higher
than ENDF/B-III because of the decrease in the 238y inelastic
scattering cross section between 1 and 5 MeV.

Overall, the ENDF/B-IV results for the benchmark lattices
are in better agreement with experiment than ENDF/B-III: gre—
diction of kgee is almost 1% higher than ENDF/B-III, and p°° is
reduced nearly 5%.

Unreflected Spheres of Plutonium Nitrate Solutions

The calculated values of kg¢e for the plutonium nitrate
solutions are 1-2% above experiment. The ANC and GA calculations
are in excellent agreement with each other, whereas the SRL results
tend to be higher. The explanation for the large difference between
the ANC/GA result and the SRL result for PNL-2 is being sought.
ENDF/B-I1 calculations reported by L. E. Hansen and E. D. Clayton
yielded higher values of k.g¢ for PNL-2 than for PNL-1, consistent
with the ENDF/B-IV SRL results.® The overprediction of keff
increases as the thermal neutron spectrum hardens. The ENDF/B-IV
criticality predictions are somewhat higher than for ENDF/B-III
(and ENDF/B-II1) due to revisions to the thermal cross sections
based on the least-squares analysis reported in Reference 3.

b. Comparison of Fewgroup Reaction Rates and Multigroup Libraries

Appendix A contains a detailed comparison of 4-group (and
2-group) capture and fission reaction rates by mn:-lide for bench-
mark TRX-1. The fewgroup slowing down sources for TRX-1 are also
given. The upper energy boundaries of the 4-group structure are
10 MeV, 67.379 keV, 3.355 keV, and 0.625 eV. The first three
groups are collapsed to one group in the 2-group structure. Edits
of the multigroup cross sections for the energy bands of the first
and fourth groups of the 4-group structure are supplied. The fast
multigroup structure (fewgroup 1) consists of the first 20 MUFT
groups (Epax = 10 MeV, 0.25 lethargy intervals); the thermal
multigroup structure (fewgroup 4) consists of the familiar 30-
group THERMOS structure.

Examination of the fewgroup and multigroup edits yielded
several sizeable discrepancies; these have been noted in Appendix
A in many cases by enclosing the discrepant number(s) within a
rectangular box. Some observations are given below:



Fewgroup 1 (MUFT groups 1-20)

1. The SRL elastic scattering cross sections for-H, D, and 27Al
are too low by a few percent. This is probably due to the
flat weighting spectrum used in the SRL cross section
processing. Other laboratories used a more realistic
spectrum weighting which consisted of the fission spectrum
coupled to the 1/E energy dependence in the slowing down
region.

2. The CRNL elastic scattering cross section for D is 25% too
large in MUFT group 1 and 14% too large in group 2. The
CRNL value for u is underestimated.

3. Fast reaction rates for CRNL are consistently higher than
others. Fast fission rates among other laboratories are
reasonably consistent. Fast capture rates for moderators
are in good agreement.

4. The '®0 multigroup cross sections contain several sizeable
discrepancies designated by ruled rectangular boxes in
Section IV of Appendix A. The values for U are especially
discrepant, particularly those for CRNL. The discrepancies
in the capture cross sections for !®0 are apparently due to
differences in spectrum weighting of the cross sections in
the vicinity of the (n,a) threshold.

5. SRL fast capture for 27Al is 8% higher than BAPL. This is
also reflected in the multigroup edits where SRL cross
sections are probably low because of flat weighting in the
vicinity of the (E)p),gn,d), and (n,o0) thresholds. The SRL
and ANC data for u of 27Al are in significant disagreement
with BAPL, BNL and CRNL between groups 1 and 8.

6. The 23°U and *°°y U data for BAPL and BNL differ by up to
60% from the data of SRL, ANC, and CRNL.

7. Differences in the SRL, ANC, and CRNL values for the 238y
fission spectrum of secondary neutrons are probably due to
the assumed spectrum of the incident neutrons. The SRL
X-vector corresponds to fissions occurring in MUFT group 7.

Fewgroups 2 and 3

1. BAPL and BNL captures in the cladding and moderator are
significantly higher than SRL and SRL*: for H, 7% higher
in group 2, 17% higher in group 3; for 27A1, 11% higher in
group 2 and 20% higher in group 3.

-6 -



Rates in group 2 for ANC, BAPL, BNL, and EPRI are higher than
SRL by 5% for 23°U fission, 4% for 2*°U capture and 6-13% for
238y capture. The discrepancies may arise from the use of
different values for the nuclear radius in calculating
penetrabilities for p-wave capture. SRL used the expression

Channel radius = 1.23 y1/3 + 0.8 {(fermi)

which is given in the procedures manual.® The parameter y
denotes the atomic weight of the nuclide relative to that of
a neutron.

Group 2 23%U fissions and captures for CRNL differ greatly
from other laboratories.

Group 3 235y fission rates for BAPL and BNL are 2-1/2% lower
than SRL; EPRI is 5% lower. Group 3 is made up of 23°U
resolved and unresolved regions (82 eV breakpoint). Since the
trend was opposite for the group 2 235y unresolved region,
BAPL, BNL, and EPRI are presumably lower than SRL by even
greater margins in the 2°°U resolved region. The SRL calcula-
tions for resonance self-shielding for a given nuclide do not
include shielding effects accruing from other nuclides.

238y resolved resonance capture differences from SRL:

ANC 1-1/2% lower
BAPL 6% lower
BNL 4% lower
CRNL 1-1/2% higher
EPRI 6% lower
SRL* 4-1/2% lower

Fewgroup 4 (THERMOS groups 1-30)

The THERMOS multigroup cross sections are in generally good
agreement. '

The SRL and BNL capture cross sections for D differ by 10-30%,
agreement worsening as energy increases. The SRL 2200 m/sec
capture cross section is 0.52 mb.

The BAPL and BNL elastic scattering cross sections for 169
below 0.02 eV differ significantly from SRL. There are also
significant differences in u.



CONCLUSIONS AND RECOMMENDATIONS

ENDF/B-IV predictions of the measured integral parameters
are significantly improved over those of ENDF/B-III for the
uranium systems. These improvements are due primarily to the
revisions of the 23°U thermal data (Reference 3), which raised
predictions of kegge for the uranyl nitrate spheres by 0.2%, and
the revisions of the 238U resonance capture cross sections
(Reference 4, p 122), which raised kegs for the lattices by about

% and reduced p2?® nearly 5%. Limited testing of the plutonium
cross sections has yielded values of kggg that are 1 to 2% high
(similar to the ENDF/B-III results).

The ENDF/B-IV predictions of the uranium benchmark experiments
are sufficiently close that effects of uncertainties in the un-
normalized calculational methods and in the integral parameter
measurements (e.g., p28, 625, and 628) are becoming at least as
large as those in the cross sections themselves. To ensure con-

tinued meaningful testing of the differential data for succeeding
ENDF/B versions,

e The Thermal Data Testing Group of CSEWG should determine the
most accurate available calculational method, establish its
expected uncertainties in predicting integral parameters, and
use this calculation in reporting the results and recommen-

dations of ENDF/B data testing. Processed cross section
libraries and intermediate results of the calculations should

be checked by the members of the Thermal Data Testing Group
as a safeguard against errors in processing. Results of more
approximate calculations should also be included in the data
testing report to provide a measure of sensitivity to
calculational methods.

e Work, such as that by the groups at Stanford University and
BAPL, to better define the measurements of the lattice
benchmark experiments should continue.

In planning for Version V, it is recommended that every
effort be made to factor in the results of the 238U self-
indication transmission measurements in progress at ORNL and
RPI. All currently available differential cross section measure-
ments correspond to the infinitely dilute case, not to the
heavily self-shielded cases encountered in the integral bench-
mark experiments. The measurements therefore pertain primarily
to the peaks of the cross sections and not to the wings of the
resonances where a significant number of the 2%°®U reactions
occur. The self-indication transmission measurements would
supply differential information for heavily self-shielded cases.

_ 8 -



The ENDF/B-V 238U evaluation should avoid the negative
scattering cross sections that occur in certain interference
valleys of ENDF/B- IV through the use of bound levels, e.g., the
picket fence model.

To permit full utilization of the G. de Saussure et al.
238 8
U capture data,” it is recommended that this high precision
differential data be cast into resonance parameter form. The
required neutron widths could be taken from the Columbia
transmission measurements® or from new transmission experiments
that could be performed at the ORELA.

The shapes of the thermal cross sections for the fissile
nuclides 233’235U, 23972%1py should be re-evaluated for Version V,
in addition to 02200 values. The least-squares analysis for the
Version IV thermal parameters assumed the same g-factors as the
1969 IAEA review.® The need to reanalyze the cross section shapes
is indicated especially in the ENDF/B integral data tests for
thermal plutonium systems where k is typically overpredicted by
1-2%.

In addition to re-evaluations of the cross sections for the
Big 3 + 2 (23°,23%, 239Pu El s 2%052%1pyy - yersion V should in-
clude re-evaluations for 23%%,238y, 242py  2%1,243pp  and 2%%Cp,
The SRL cross section evaluations for the heavier actinides
extending up to 2°3Cf should also be added to ENDF/B-V to support
studies concerned with actinide production and recycle.!®

The range of CSEWG thermal benchmark experiments should be
extended for ENDF/B-V to include

e More experiments for testing plutonium cross sections

e Uranium oxide and mixed oxide (uranium-plutonium) lattices in
H20

e Thorium oxide lattices in H,0, D,0, and graphite.
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IIT. FAST REACTORS

A, Introduction

The fast reactor benchmarks used to test ENDF/B-IV are described in the
ENDF-202 report and are listed in Table I. There are nine plutonium fueled
assemblies (Jezebel, VERA-11A, ZEBRA~3, SNEAK-7A, -7B, ZPR3-48, -56B, ZPR6~7, and
ZPPR2) and seven uranium fueled assemblies (Godiva, ZPR3-6F, -11, -12, VERA-1B,
ZEBRA-2, and ZPR6-6A). Jezebel and Godiva are small, bare metal spheres;

ZEBRA-3, ZPR3~-6F, -11 are small, reflected, cylindrical metal assemblies;
VERA-1B, 11A, ZPR3-48, 12 and ZEBRA-2 are small carbide assemblies; ZPR6-6A is

a large, dilute oxide assembly; ZPR3~56B, ZPR6-7, ZPPR-2, SNEAK-7A, ~7B are mixed
oxide fueled assemblies ranging in size from the relatively small SNEAK reactors
to the large, dilute ZPR6-7 and ZPPR-2 assemblies. This set of benchmarks covers
a diverse range of compositions and geometries and affords the testing of nuclear
data over a range of neutron spectra important for fast reactor design.

The metal spheres provide integral tests of nuclear data in a fission spectrum
(100 keV to 10 MeV) while the larger, more dilute assemblies provide tests in a
relatively softer spectrum (V1 keV to 10 MeV). The most important nuclear data
tested in these benchmarks include the fission properties and capture cross
sections of plutonium and uranium, the moderating properties of uranium, oxygen,
carbon, sodium and the stainless steel isotopes, and, the capture cross sections of
sodium and stainless steel.

The measurements in these benchmark experiments that are most often used to
test nuclear data are criticality, reaction rate ratios and reactivity coefficients.
The measurements are integral in nature, i.e., the results reflect an integral

weighting of the measured quantity by the neutron spectrum in the assembly. The



typical imprecision (2¢) in these measurements is *0.1-0.3% for criticality (keff)’
+2% for reaction rate ratios, and *5% for reactivity coefficients. These estimates
of imprecision do not include possible systematic errors.

Eight testers participated in ENDF/B-IV fast reactor data testing; five national
laboratories (Argonne National Laboratory (ANL), Brookhaven National Laboratory
(BNL), Hanford Engineering Development Laboratory (HEDL), Los Alamos Scientific
Laboratory (LASL), Oak Ridge National Laboratory (ORNL)) and three industrial
reactor designers (General Atomic Corp. (GAC), General Electric Co. (GE), and
Westinghouse (W)). The benchmark experiments computed by each tester are summarized
in Table I. Appendix B contains a detailed presentation of calculations by each
tester plus certain ancillary information useful for comparing calculations (e.g.,
fission neutron spectra, real and adjoint central spectra, and a discussion of some

details of the calculations). The results presented in the following sections of

this report are a summary of the information in Appendix B.



TABLE I. Benchmarks Calculated by Fast Reactor Testers

Benchmark ANL BNL GAC GE HEDL LASL ORNL
1. JEZEBEL X X X X
2. VERA 11A X X X

3. ZPR3-48 X X X X X

4, ZEBRA-3 X X

5. GODIVA X X X
6. VERA-1B X X

7. ZPR3-6F X X

8. ZPR3-11 X X X X
9. ZPR3-12 X
10. ZEBRA-2 X X
11, ZPPR-2 X X X X
12, ZPR6-7 X X X X X X X
13. ZPR3-56B X X X
14, SEFOR
15. ZPR6-6A X X X X X
16. SNEAK-7A X X
17. SNEAK-7B X X




B. Computational Methods

The calculations required in performing the benchmark studies include
(1) preprocessing of ENDF/B data tapes; (2) calculation of assembly dependent
multigroup cross sections; (3) neutronics and perturbation calculations.
Appendix B includes a detailed discussion of the code systems used by each of
the data testers. In addition several testers have reported on the differences
and similarities of the various processing methods. This section will there-
fore attempt only to outline some of the important points of commonality and
difference among the data testers.

In the neutronics and perturbation calculations standard computational
tools were used. Attempts have been made to report the nature of the calcula-
tion, e.g., discrete ordinates, diffusion theory, but such details as the dis-
crete ordinate quadratures were neither reported nor standardized on the assump-
tion that differences of this nature had little impact on reported results. All
of the data testers calculated the one-dimensional homogeneous benchmarks defined
in ENDF-202. 1In addition HEDL and ANL calculated the two-dimensional diffusion
theory models. ANL also calculated heterogeneous one-dimensional models to pro-
vide a check on the heterogeneity corrections reported for the homogeneous models.

The processing of ENDF/B data tapes and the subsequent multigroup cross
section calculation was performed by each of the data testers using their pro-
‘duction code systems. A large degree of commonality existed among the data
testers in their code and/or library use. For example, a 50 group library of
cross sections and self-shielding factors was generated by LASL using the MINX
code and used for subsequent multigroup calculations by LASL, GE, ORNL and

Westinghouse. ORNL also used the MINX code to generate a 171 group library.



HEDL generated a 42 group library using the ETOX code and this library was used
by BNL in their multigroup calculations. Thus intercomparisons among data
testers using common libraries provide tests of the collapsing codes, and

the transportability of common libraries but do not provide an independent test
of the data libraries or the ENDF/B processing codes.

The codes used by the data testers are listed in Table II. Among the dif-
ferent codes there are many points of similarity and difference. For example all
of the code systems except ANL and GA use the self-shielding factor formulation
to treat resonance cross sections. However, such a characterization of the code
systems is far too simplistic since the calculation of the self-shielding factors
in the resolved resonance regions differ significantly between the codes MINX and
ETOX. Similarly the treatment of elastic removal differs among the self-shielding
factor codes TDOWN, 1DX and SPHINX. The ANL calculations include a 2000-group
spectrum calculation which differs from all the other codes which assume a weight-
ing function in the generation of fine group libraries. Although a detailed dis-
cussion of the treatment of each of the ENDF/B reaction types is beyond the
scope of this section, some discussion of particular formats is required for an
understanding of later sections of this report. The general method for treating
the statistical integrations required for the unresolved resonance calculations
is identical for all the codes in Table II except the VIM Monte Carlo code.

The specifics of these calculations however, differ both in the numerics and
physics of the calculation. The numeric differences are found to account for a
large part of the difference among the various codes in the reactivity calculations.
Similarly it was found that differences in the treatment of the fission spectrum

distribution accounted for reactivity differences. All of the methods except those



TABLE II. Methods Used by Testers

ANL 1. MC2-II/1-D Diffusion or 1-D Transport for all Calculations of Homo-
geneous Models,

2. MC2-II/SDX/2-D Diffusion, Homogeneous and Heterogeneous Calculations
for ZPR6-7, ZPR6-6A, ZPR3~48.

3. VIM Monte Carlo for ZPR6-7.

BNL ETOX/1DX or ANISN (Used HEDL 42 gp Library - Collapsed to 26 gps.)
GA GAM/GAR/GGC5/1-D and 2-D Diffusion, 1-D Transport.
GE MINX/T DOWN-IT (Used LASI 50 gp Library.)

HEDL ETOX/1DX.

LASL MINX/1DX or DTF.

ORNL MINX/SPHINX or XSDRNPM (Used 171 gp Library and 50 gp LASL Library.)
Results of 171 gp Calculations are Reported in Tables.

I=

MINX/SPHINX (Used LASL 50 gp Library.)




reported by ANL allowed only one fission spectrum temperature for the neutronics
calculation. The ANL MC?-2 calculations allowed isotope dependent spectra.
Neither prescription is faithful to the ENDF/B specifications which provide iso-
tope and incident energy dependent fission spectra. The VIM Monte Carlo code
does treat the ENDF/B specifications in detail.

Such differences among the code systems were identifiable and were quanti-
fied. No attempt was made by the data testers to perform a complete methods
sensitivity analysis and it should not be inferred from this discussion or the
results presented below that any one of the methods used by the data testers is
better than or indeed equivalent to any other method. Rather, the purpose in the
discussion below is to present a carefully compiled list of data testing results,
qualified where necessary, so that at this point in time and methods availability,
a positive statement of fact may be made concerning the use of ENDF/B-IV as applied

to fast reactor benchmark calculations.



C. Results of Benchmark Calculations

CRITICALITY

Calculations of ke are summarized in Tables III, IIT.a, and IV. These

ff
tables present the values of keff calculated for the 1~D homogeneous models
specified in ENDF-202 without correction factors applied (Table III), a listing

of the heterogeneity and transport correction factors that are to be applied to

the calculations of the 1-D homogeneous models (Table III.a), and, the values of
keff for the 1-D benchmark models after all corrections have been applied (Table IV).
The presentation of keff calculations in this series of three tables serves two
purposes; it demonstrates clearly and unambiguously the manner in which the final
corrected values of keff in Table IV were derived, and, it assures a consistent,

common basis for comparison of calculated ke values among all testers and all

ff
benchmarks.

The keff values in Table III were obtained primarily from diffusion calcula-
tions except, as noted, for some of the small benchmark assemblies where transport
theory was applied. These keff values were corrected for heterogeneity effects
and adjusted to correspond to higher order transport calculations with the factors
listed in Table III.a. Three sets of transport adjustment factors are given; those
currently specified in ENDF-202, diffusion theory-to-Sg factors computed by HEDL,
and, recently calculated factors for Jezebel and Godiva by LASL. (The HEDL and
LASL transport adjustment factors are presented in Appendix B.) These correction
factors are themselves not completely independent of the nuclear data and methods

used to compute them, and, hence, may be subject to change with time.* The factors

listed in Table III.a represent the best available information.

*Heterogeneity corrections factors for ZPR6~7, ZPR6~6A and ZPR3-48 were recently
computed at ANL with ENDF/B-IV and latest methods. They were found to agree
closely with those listed in Table III.a. Similarly, results recently obtained
at ORNL validate the transport correction factors specified in ENDF-202 for some
assemblies.
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The final corrected values of kef for the 1-D benchmark models are given

f
in Table IV along with a detailed accounting of all correction factors applied.

The calculated keff's range from 0.985 to 1,015 and 75% lie between 0.99 and

1.01. There is no apparent bias according to spectrum hardness but the large dilute
benchmarks (both U and Pu fueled) are underpredicted a few tenths of a percent

compared to the smaller assemblies. The average ke calculated by a data tester

ff
for the uranium fueled benchmarks is very close to unity and is a few tenths of a
percent higher than the average for plutonium fueled benchmarks., The most direct
comparisons between uranium and plutonium fueled benchmarks is afforded by the
two metal sphere assemblies (Godiva and Jezebel) and by the two large, dilute
oxide assemblies, ZPR6-6A and ZPR6-7. (In fact, ZPR6-6A and ZPR6-7 are identical
in composition and unit-cell loading pattern with the exception of uranium metal
fuel plates in ZPR6-6A replaced with plutonium-uranium metal fuel plates in ZPR6-7.)
For the cases where these pairs of assemblies were computed by the same tester (i.e.,
same computati9nal methods used for each assembly), the keff for Jezebel is calcu-
lated over 1% lower than Godiva and ZPR6-7 is calculated, on the average, about
0.4% lower than ZPR6-6A.* Thus, there does appear to be a bias according to fuel
type; the keff for plutonium fueled assemblies is computed lower than for uranium
fueled assemblies. The bias does not appear to be associated with the computa-
tional methods or particular characteristics of the benchmark model.

The trends in the calculated keff values of Table IV were identified in the
foregoing discussion by comparing calculations obtained by a given data tester
for the range of benchmarks computed. However, there is a wide dispersion among

data testers in the calculated keff value for each benchmark, even among testers

using similar calculational methods. For example, for ZPR6-7, the calculated keff

*In the case of ZPR6-6A and ZPR6-7, a bias in the comparison is not as clearly
evident as in the case of the spheres. Four of the six testers compute ZPR6-6A
significantly higher; two testers do not.
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values range 1.4%. Thus, it becomes difficult to unequivocally identify trends

or bias factors of a few tenths of a percent in kef In order to investigate

£
this variance, each data tester was requested to compute ZPR6~7. In Table IV.a*,
the calculated keff value reported by each tester is listed along with a number

of factors that have been identified as accounting for some of the variation in

the calculations., The most important factor is the use of an improved Porter-
Thomas quadrature scheme in the calculation of the unresolved resonance region. **
The improved scheme is incorporated in the MC2-2 calculations performed at ANL.

Use of this improved scheme in the ETOX and MINX codes would reduce the eigenvalue
in ZPR6-7 by 0.43%Z, a result verfied by several testers. Its impact on the GAC
methods has been estimated to be 0.14%. The calculation of the eigenvalue was also
found to be sensitive to the fission source spectrum employed. Most calculations
assumed a single temperature parameter to describe the Chi distribution for all
fissile isotopes in an assembly; ANL used isotope and (spectrum dependent) Chi
distributions. In order to compare calculated eigenvalues on a common basis, a
single temperature for the Chi distribution was assumed and the resulting adjust-
ments (up to 0.17%) to the eigenvalues are listed. The remaining factors listed
in Table IV.a include adjustments due to updates in the ENDF/B-IV files, an update
in the 1DX f factor interpolation scheme in the BNL code, and an adjustment in the
ORNL results to account for differences between calculations based on different

MINX generated fine-group libraries. After all adjustments are applied the final

*Table IV.a is an updated version of a similar table compiled by R. Kidman and
included in the LASL portion of Appendix B.

**The use of the improved scheme and its effects on reactor calculations is the
result of work by R. N. Hwang and H. Henryson IT, "Critical Examination of Low-
Order Quadratures for Statistical Integrations," Trans. Am. Nucl. Soc., San
Francisco, 1975.
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eigenvalues are in much better agreement., After adjusting to these methods dif-
ferences, the spread in eigenvalues calculated for ZPR6-7 is only 0.25% if the
high (GAC) value is dropped. The GAC result is about 1% higher than the MC2-2,
ETOX and MINX calculations.

It is concluded that the greatest portion of the variance in eigenvalue calcu-
lations among data testers (excepting GAC) can be accounted for in the case of
ZPR6-7. 1In addition, adjustment for the use of the ANL Porter-Thomas quadrature
scheme reduces the calculated eigenvalue for ZPR6-7 and other large, dilute
assemblies* with a significant fraction of the neutron inventory in the lower energy
ranges. The eigenvalue for these assemblies is underpredicted by 1-1.5%. The
trend or bias in calculated eigenvalues for large, dilute assemblies is thus
accentuated.

Whether this bias is a result of the analytical methods used to compute the
spectrum in these assemblies or a result of errors in the basic nuclear data, the
cause of the bias cannot be determined simply from the data in Table IV. For the
most part, the analytical methods forming the basis for the various computational
schemes employed are not independent. However, the Monte Carlo calculation of
ZPR6~7 with the continuous-energy (i.e., no cross section averaging) code VIM yields
an eigenvalue of 0.9846 * 0.0019%* for the 1-D homogeneous model. To the extent

that this result forms an independent check of the analytical methods, it suggests

*For ZPR6-6A, LASL reports that the new Porter Thomas quadrature scheme reduces
keff by about 0.46% in the ETOX and MINX based codes, and ANL computes a 0.12%
reduction in keoff using SDX (see Appendix B).

#%120,000 histories; eigenvalue includes +).0166 correction for heterogeneity.
The heterogeneity correction has also been verified by the Monte Carlo code
for the ZPR6-7 unit-cell (see D. C. Wade, '"Validation Results for the SDX Cell
Homogenization Code," Trans. Am. Nucl. Soc. Vol. 22, Nov. 1975).
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that the nuclear data are the primary source of the underprediction of the eigenvalues

in the large, dilute assemblies.

REACTION RATE RATIOS

Calculations of reaction rate ratio measurements in the benchmark assemblies
are summarized in Tables V-VII.a. Included in the summary are calculated-to-
experimental (C/E) ratios for 23%Pu(n,f), 238y(n,f) and 2387(n, y) relative to
2354(n,f) and 238U(n,y) relative to 23%pu(n,f).

The fission ratio "9f/2%f (Table V) is generally predicted 2-5% low. (The
results for the two VERA assemblies appear obtrusively high and are the exception.)
For a given benchmark, the ratio is consistently computed by the testers and this
is a result of the relative insensitivity of this ratio to the computed spectrum.

The 28f£/25f ratio, Table VI, is a high energy spectrum index. The calculated
results range from a few percent overprediction to a few percent underprediction.
(The results for the two VERA assemblies again appear exceptionally high.) For a
given benchmark, the ratio is consistently over or under predicted by the testers,
but, the range among testers is 1-57 and is indicative of differences in the
calculated high energy spectrum.

The 238U capture ratios, 28¢/25f in Table VII and 28c¢/"%f in Table VII.a, are
indicative of the low energy portion of the spectrum. The calculated results range
from a few percent underprediction to a few percent overprediction, and, from the
sparse data available, there does appear to be a correlation with the spectrum in
these benchmark assemblies; the ratio is overpredicted for the larger, more dilute
assemblies. For a given benchmark, the C/E ratios generally agree within 1-27

among testers.
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TABLE V. Calculated-to-Experimental (C/E) Ratios for 239Pu(n,f)/235U(n,f)
Benchmark ANL BNL GACb GE HEDL LASL ORNL W
Pu Fueled:©

JEZEBEL 0.934 0.935 0.936

VERA-11A 1.079 1.073 1.085

ZEBRA-3 0.990 0.988 0.990

SNEAK-7A 0.962 0.960

SNEAK-7B 0.989 0.985

ZPR3-48

ZPR3-56B 0.951 0.944 0.944

ZPR6-7 0.962% 0.960 0.965 0.967 0.961 0.968 0.960 0.960

ZPPR-2 0.980 0.966 0.985 0.981 0.982
U Fueled:®©

GODIVA 0.971 0.970

ZPR3-6F 1.020 1.020

VERA~1B 1.062

ZPR3~12 0.996

ZPR3-11 0.984 0.987 0.985

ZEBRA-2 1.001 1.007

ZPR6-6A

Monte Carlo (VIM) result is 0.962.

b27—29 gp GAZE calculations repored here.

“Arranged in order of spectrum hardness (i.e., by measured 0%8/0%5).
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TABLE VI. Calculgggd—to—Exgggimental (C/E) Ratios for
U(n,£f)/<°°U(n,f)
Benchmark ANL BNL GAC GE HEDL LASL FORNL W
Pu Fueled:b

JEZEBEL 0.935 0.944 0.949

VERA-11A 1.107 1.090 1.153

ZEBRA-3 0.960 1.001 1.015
SNEAK-7A 0.931 0.911

SNEAK-7B 0.979 0.967

ZPR3-48 1.003 1.009 1.008 1.040 1.026

ZPR3~-56B 0.965 0.940 0.950

ZPR6-7 0.918% 0.905 0.914 0.945 0.914 0.939 0.920 0.927
ZPPR-2 1.053 1.035 1.081 1.053 1.065

U Fueled:b

GODIVA 1.064 1.068

ZPR3-6F 0.995 1,000

VERA-1B 1.185 1.180

ZPR3-12 1.060

ZPR3-11 1.012 1.064 1.054 1.015

ZEBRA-2 1.013 1.048

ZPR6-6A 0.926 0.923 0.926 0.935 0.918 0.908

3Monte Carlo (VIM) result is 0.915.

Arranged in order of spectrum hardness (i.e., by measured 0%8/0%5).
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TABLE VII. Calculated—to—Eggerimental (C/E) Ratios for

238U(n,v) /235U(n, £)
Benchmark ANL BNL GAC GE HEDL LASL ORNL %)
Pu Fueled:b

JEZEBEL

VERA-11A

ZEBRA-3

SNEAK-7A 0.990 0.979

SNEAK-7B 1.033 1.025

ZPR3-48 0.976 0.983 0.971 0.963

ZPR3-56B

ZPR6-7 1.052% 1.048 1.044 1,044 1.041 1.030 1.042
ZPPR-2

U Fueled:b

GODIVA 1.001

ZPR3-6F 0.919

VERA-1B 0.927

ZPR3-12 0.954

ZPR3-11 0.969 0.949 0.968 O.959A
ZEBRA-2 0.966 0.968

ZPR6-6A 1.030 1.036 1.017 1.021 1.021

8Monte Carlo (VIM) result is 1,063,

bArranged in order of spectrum hardness (i.e., by measured 0%8/0%5).
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TABLE VII.a. Calculated—to—Eggerimental (C/E) Ratios for

238y(n,y) /237Pu(n,f)
Benchmark ANL BNL GAC GE HEDL LASL ORNL W
Pu Fueled:b

JEZEBEL

VERA-11A

ZEBRA-3

SNEAK-7A 1.029 1.026

SNEAK-7B 1.044 1,046

ZPR3-48

ZPR3-56B

ZPR6-7 1.093% 1.086 1,080 1.086 1.075 1.074 1.085
ZPPR~2

U Fueled:b

GODIVA - 1.032

ZPR3-6F 0.901

VERA-1B ' 0.873

ZPR3-12 0.958

ZPR3-11 0.985 0.962 0,983

ZEBRA-2 0.966 0.961

ZPR6-6A

Monte Carlo (VIM) result is 1.105.

bArranged in order of spectrum hardness (i.e., by measured 0%8/0%5).
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The results of these reaction rate tests may be directly correlated with the

criticality testing results. The underprediction of kef for Pu vs. U fueled

f
assemblies is consistent with the underprediction of the 49g/25¢ ratio, and, the
underprediction of keff for the large, dilute assemblies is consistent with the
overprediction of the 28c/25f or 28c/“gf ratios in these assemblies. TFor the
specific case of ZPR6-7, approximately one~third of all neutron captures occur in
238y in the core and a few percent overprediction of the 28¢/"%f ratio translates
directly into a 2-3% underprediction of keff'
Regarding computational methods, it was determined that the improved Porter-
Thomas quadrature scheme for the unresolved resonance region generally raised the
reaction rate C/E ratios a few tenths of a percent (see LASL contribution to
Appendix B). The Monte Carlo code VIM gave results that were in general agree-

ment with the analytical methods for ZPR6-~7 but with the capture rate in 238y

calculated about 17 higher.

SMALL SAMPLE CENTRAL REACTIVITY WORTHS

In order to remove inconsistencies and inaccuracies in the testing of small
sample reactivity worths, a single set of reactivity conversion factors computed
from ENDF/B-IV absolute delayed neutron yields and delayed neutron spectra have
been used to convert measured sample reactivities reported in inhours or dollars
to absolute reactivities (Ak/k). These conversion factors are listed in Table VIII
along with other sets of conversion factors that had been used by some testers,
The difference between the ENDF/B-IV conversion factors and the factors specified
in ENDF-202 reflects primarily the difference between the absolute delayed neutron
yields measured by Keepin and the newer, evaluated ENDF/B-IV yields. For Pu fueled

assemblies, the difference is significant and most of the difference is due to the
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TABLE VIII. Reactivity Conversion Factors

ENDF/202% ENDF/B-IV® other?

Benchmark Be Th/% Be Ih/% Be Th/7%
Pu Fueled:

JEZEBEL 0.0019

VERA-11A 0.00304 993 0.00331 926

ZEBRA-3 860 0.00442 823 0.00440 838

SNEAK-7A  0.00359 0.00361 912

SNEAK-7B  0.00400 0.00411 844

ZPR3~48 981 0.00359 920 0.00359 933

ZPR3-56B 1130° 0.00326 976

ZPR6-7 1007 0.00340 944 0.00337 973

ZPPR-2 1016 0.00336 947  0.00337 963
U Fueled:

GODIVA 0.0066

ZPR3-6F 430 0.00782 407

VERA-1B 416 0.00806 377

ZPR3-12 427 0.00773 428

ZPR3-11 470 0.00731 474 0.00745 463

ZEBRA-2 480 0.00743 449 0.00752 442

ZPR6-6A 449 0.00725 436 0.00732 432

aMostly Keepin delayed data.
bUsed Master's delayed yields.
“Calculations from ANL only; 1-D homogeneous reactor models.

dCalculations from HEDL only; ENDF/B-IV delayed data, except
delayed spectra, were used in a 2-D calculation of the reactor
where the reactor fluxes were computed with ENDF/B-III cross
sections.
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larger 238y and Pu delayed neutron yields in ENDF/B-IV. The small sample central
worth C/E ratios in those assemblies for which ENDF/B-IV conversion ratios were
available are reported in Tables IX-XIII.

The fissile sample (23%Pu and 235U) worth C/E ratios are presented in
Tables IX and X. For a given benchmark the C/E ratios are very consistent and
this is a result of the relative insensitivity of the fissile sample worth to
details of the calculated spectrum. Also, with the exception of ZPPR2, the C/E
ratios for fissile samples in Pu and U fueled assemblies is remarkably consistent.
There is a very definite bias according to fuel type. The C/E ratios are about
1.17 in Pu fueled assemblies and 1.05 to 1.10 in U fueled assemblies.

The C/E ratios for 238U and 10B small sample reactivity worths are given in
Tables XI and XIT. These reactivity worths are sensitive to the calculation of the
low energy real and adjoint spectra. For a given benchmark, the calculated worths
range a few percent with the GAC calculations consistently higher by a few percent.
The C/E ratios for 238y range from 5% underprediction to more than 10% overprediction
and average slightly greater than 1.0. The C/E ratios for 19B are closer to unity
and average less than 1.0. There is no clear difference in the prediction of these
reactivity worths in U fueled assemblies vs. Pu fueled assemblies.

The sodium central worth C/E ratios are given in Table XIII. The scatter in
calculated sodium worths, both among testers for a given benchmark and among all the
benchmarks, is evident. As a test of a specific set of nuclear data the sodium worth
is not especially useful but the prediction of the sodium worth is important in
liquid metal cooled fast reactors. The sodium reactivity worth is particularly

sensitive to the calculation of the shape or slope of the adjoint spectrum and as
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TABLE IX. 23%Pu Central Worth C/E Ratjos in the 1-D
Homogeneous Reactor Models

Benchmark ANL BNL GAC GE HEDLb LASL  ORNL W
Pu Fueled:

ZEBRA-3 1.17 1.16

ZPR3-48 1.17 1.18 1.18 1.16 1.17

ZPR6-7 1.18 1,17 1.18 1,18 1,18 1.17 1.18

ZPPR-2 1.09 .14 1.15 1.11
U Fueled:

ZPR3-11 1.03 1.05

ZEBRA-2 1.07 1.12

ZPR6-6A 1.05 1.07 1.05

aR.eactivity conversion factors calculated by ANL have been applied

to all results reported here.
have been taken as S8k/k (i.e., not 8k/k?).

The calculated reactivity worths

bFor HEDL results, the following conversion was used:

c2-D, 10 gp. calculation for real and adjoint flux at center of

ZPPR2.

(HEDL C/E) x

(Ih/%) ANL
(Th/%)HEDL °
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TABLE X. 235U Central Worth C/E Ratios in the
1-D Homogeneous Reactor Models

Benchmark ANL BNL GAC GE HEDLb LASL  ORNL W

Pu Fueled:
ZEBRA-3 1.17 1.17

ZPR3-48 1.18 1.19 1.17 1.17 1.18

ZPR6-7 1.16 1.16 1.14  1.16 1.16 1.17
ZPPR-2 1.20 1.26°  1.26 1.23
U Fueled:
ZPR3-11  1.08 1.10
ZEBRA-2  1.10 1.14
ZPR6-6A  1.10 1.10 1.09

81bid Table IX.
bIbid Table IX.
“Ibid Table IX.



TABLE XI. 238U Central Worth C/E Ratjos in the
1-D Homogeneous Reactor Models

Benchmark ANL BNL GAC GE HEDLb LASL  ORNL %)
Pu Fueled:
ZEBRA=3 1.09 1,01

ZPR3-48 1,03 1,06 1,10 0.99 1.02

ZPR6=7 0.97 0,99 1,04 0.95 0,99 0.97
ZPPR=-2
U Fueled:
ZPR3-11 1,02 0.99
ZEBRA-2 1.04 1.02
ZPR6=-6A 1.11 1.17 1.13

“Ibid Table IX.
®Ibid Table IX.
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TABLE XII. 10B Central Worth C/E Ratios in the
1-D Homogeneous Reactor Models

Benchmark ANL BNL GAC GE HEDLb LASL ORNL W
Pu Fueled:
ZEBRA-3 1.01 1.01

ZPR3-48 0.95 0.96 1.00 0.91 0.95

ZPR6-7 1.06 1.05 1.11  1.02 1.06
ZPPR~2 1.02€ 0.98
U Fueled:
ZPR3-11  0.95 0.96
ZEBRA-2  0.86 0.79
ZPR6-6A  0.89 0.93 0.91

3Ibid Table IX.
bIbid Table IX.
“Ibid Table IX.
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TABLE XITI. Sodium Central Worth C/E Ragios in the
1-D Homogeneous Reactor Models

b

Benchmark ANL BNL = GAC GE HEDL LASL ORNL W
Pu Fueled:
ZEBRA-3 1.16
ZPR3-48  2.14 2,05 1.76  2.39  2.05
ZPR6-7 1.25 1.13 1.07  1.29 1.11 1.18
ZPPR-2 1.17 1,05 1.11 1.06
U Fueled:
ZPR3-11 1.77
ZEBRA~2 ~0.38
7PR6-6AC -2.15 ~2.49 0.17

8Ibid Table IX.
b

Ibid Table IX.
®Ibid Table IX.

dThe measured sodium worth is very small and close to zero in ZPR6-6A,
hence the large variance in C/E values.
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such it provides only a general integral test of the calculations. Clearly, however,
the sodium worth does indicate that a problem exists with the calculation of the
spectra and/or the data used in the calculations.

All data testing results so far presented have been based upon 1-D homo-
geneous models of the benchmark assemblies. These models, with their specified

correction factors, are appropriate for tests of kef and central reaction rate

£
ratios but they are not completely appropriate for central reactivity calcula-
tions. The reactivity worth includes a calculation of a normalization factor
(perturbation denominator) and this factor is geometry dependent. The small
sample central worths are sensitive to heterogeneity effects and corrections for
heterogeneity are not specified. For illustration, central worth C/E ratios
computed for 2-D heterogeneous models are given in Table XIV for ZPR6~6A, ZPR6-7
and ZPR3-48. The fissile sample worth C/E's have increased 1-2% compared with
the 1-D homogeneous models and this is due to the 1~2% increase in the calcu-
lated 2-D reactivity conversion factors (see footnote b in Table XIV). The 238y
and 10B C/E ratios have increased 4-9% and this is due to the enhancement of
the low energy spectrum when heterogeneity effects are included. Thus, if geometry
and heterogeneity corrections were included in the small sample reactivity tests,
the C/E ratios for fissile samples would be slightly higher and the difference
between fissile and non-fissile sample C/E ratios would be less accentuated.
The trends noted in the testing of small sample central worths may be related
to the trends noted above for criticality and reaction rate tests. The overprediction
of sample worths in plutonium fueled assemblies compared to uranium fueled assem-

blies would be‘consistent with a difference in the calculated normalization factors

(perturbation denominators) and/or calculated reactivity conversion factors in the
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TABLE XIV, Central Worth C/E Ratios for
2-D Heterogeneous Models

Benchmarkb 23%y 235y 238y 10g Sodium
ZPR6-6A 1.08 1,12 1.13  0.93  -5.7€
ZPR6-7 1.19 1.17 1.04  1.12 1.43
ZPR3-48 1.17 1.17 1.12  1.03 2.17

4A11 calculations performed at ANL. (R. D. McKnight,
"Benchmark Testing Using Versions 3 and 4," submitted
to Nucl. Sci. Eng.)

b . :
Reactivity conversion factors computed for 2-D
heterogeneous model:

Beff Th/%
ZPR6-6A  0.00708 444
ZPR6-7 0.00334 959
ZPR3-48 0.00352 934

“The measured sodium worth in ZPR6-6A is very small
and close to zero, hence the large negative C/E
value.
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two types of assemblies. The normalization factor is the total neutron production
rate in the assembly and, hence, an underprediction of “2f/25f is consistent with
an overprediction of reactivity worths in plutonium assemblies compared to uranium
assemblies. The reactivity conversion factor is primarily a function of the pro-
duction weighted absolute delayed neutron yields. Since the absolute delayed
neutron yield in the fission of 239Pu is less than half that in 235Q fission, the
impact of recent, higher 238y absolute delayed neutron yields on the reactivity
conversion factor in Pu fueled assemblies is greater.

While they probably do contribute to some of the small sample reactivity worth
discrepancies, simple differences in the calculated normalization and reactivity
conversion factors cannot account for the entire set of observed testing results
in Tables IX~-XIII. Fissile sample worths are overpredicted consistently but 10g
and 238y reactivity worths do not exhibit this same behavior. The calculated
reactivity worth is a complex function of a large set of nuclear data. It is a
bilinear weighting of the sample cross sections where both the real and adjoint
spectra are themselves integrally related to the cross sections of all materials
in the assemblies. Thus, the information pertaining to data testing obtained
from small sample reactivity worths is not as directly interpretable as criticality
and reaction rate tests, but, the calculation of a set of reactivity worths does

provide a sensitive indication of the state of evaluated nuclear data.
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D. Conclusions and Recommendations

The testing of the fast reactor benchmarks summarized in Section C above
demonstrates the current status of ENDF/B with respect to calculations of
basic fast reactor parameters. While some trends have been recognized from the
benchmark tests, these results are limited both in scope and by the nature of
the benchmark models themselves. The tests are integral in nature. 1In a large
fast reactor, the important energy range spans four decades; several heavy and
light materials make up the compositions and many reaction types influence the
neutron inventory. Thus, very specific recommendations concerning nuclear data
evaluations will not be forthcoming, rather, general conclusions will be discussed.

The most important features or trends identified as a result of the foregoing
compilation are the following:

1. For benchmark assemblies similar in configuration and non-fuel composi-

tion, the kef of the Pu fueled assemblies is underpredicted relative to the U fueled

f

assemblies.

2. The kef of large, dilute assemblies is underpredicted relative to

f
smaller, harder-spectrum assemblies,

3. The fission rate in 23%Pu relative to 235U fission is generally under-
predicted.

4, The capture rate in 238y relative to fission is overpredicted in the
large, dilute assemblies.

5. Small sample central reactivity worths for fissile samples are over—

predicted more than for the low-energy absorber samples (238U and 10B), and, are

overpredicted more in Pu fueled assemblies than in U fueled assemblies.
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To the extent that these discrepancies can be attributed to errors or deficiencies
in ENDF/B-1V, several nuclear data may be cited for further review. The standard
or absolute fission cross section of 235y, 23%9pu(n,f) relative to 235y(n,f), the
prompt fission neutron spectrum, and 233, relative to 235y impact on items 1, 3,
and 5 above. The 238U inelastic scattering cross section is apparently uncertain
and it, along with the elastic scattering cross sections of sodium, oxygen and
stainless steel, is important in the calculation of the spectra in large, dilute
assemblies and, hence impacts on items 2, 4, and 5 above. The 238y capture cross
section is a very important part of the neutron balance in a fast reactor; it
influences the calculation of the spectrum and impacts on items 2, 4, and 5 above.
The absolute delayed neutron yield for 238U fission and the delayed neutron spectra
associated with the fission of all isotopes are important for item 5.

There are certain limitations inherent in the benchmark testing procedure as
it now stands. The use of 1-D homogeneous composition models facilitates computa-
tions, but, except for the two small metal sphere benchmarks, these models do intro-
duce a degree of uncertainty in the testing results. The experimental critical mass
or keff for a benchmark is usually specified with an imprecision on keff of *0.001
or #0.002 which includes uncertainties due to excess reactivity, temperature and
boundary smoothing corrections and uncertainties in material compositions. But the
specification of the 1-D homogeneous model introduces the following factors that
affect the calculation of keff:
1. 2D-to-1D Geometry Specifications.

The benchmark assemblies usually possess 2-D symmetry and can be well

described with a 2-D model. The specification to a 1-D equivalent geometry may

be made by applying a computed shape factor, as in the case of some of the older
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benchmarks, or by specifying the boundary of the 1-D model to give the same cal-

culated keff as obtained for the 2-D model. Ideally these 2D-to-1D specifications

are invariant for different cross section sets and methods and may be specified
once and for all. But recent calculations using ENDF/B-IV showed a difference in

keff of 0.0005 between 2-D and 1-D benchmark models that were originally specified

to have the same kef with calculations using ENDF/B-III.* Also, the difference

f

in keff between 2-D and 1-D models varies (up to 0.15%) with the computational
methods used.,**
2, Transport Corrections.

Most benchmark calculations are performed with diffusion theory. Trans-
port (Sn) calculations are considered more exact and calculated correction factors
(diffusion—to—Sn and/or Sn—to-Sw) as listed in Table III.a are applied to the dif-
fusion calculations. From time to time, as methods improve, these factors are
recomputed and are found to vary a few tenths of a percent in keff'
3. Heterogeneity Corrections.

Corrections for heterogeneity effects in plate loaded assemblies are

calculated, and, as methods improve, these factors have varied 0.1% or less in

k However, anisotropic streaming effects which have only recently been

eff"®

computed as methods became available, indicate that corrections of the order of

-0.1% to 0.4% in ke must be applied to some of the homogeneous models.,*

ff

*R. D. McKnight, "Benchmark Testing Using ENDF/B Versions 3 and 4," submitted to
Nucl. Sci. Eng.).

**For example, compare ENDF/B-III calculation of 2D-to-1D correction factors
obtained by HEDL (Appendix B) with calculations by ANL (R. D. McKnight* or
ENDF-202 specifications for ZPR6-7, 6A and ZPR3-48).
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4, Calculation Specifications.
Certain specifications for the calculations may be varied to yield dif-

ferences in the calculated ke for the benchmark models. These specifications

£f
include mesh size, number of broad energy groups, and the representation of the
prompt neutron spectrum. The net effect of all these factors is estimated to be
a few tenths of a percent in keff’

Considering these factors and the reported imprecision in the measured
keff’ the true uncertainty in the 1-D homogeneous benchmark models is estimated
to be #0.5% -~ +1% for keff' Thus, for data testing purposes, a computed keff
within 17 of unity may yield little information. However, since these correction
factors are correlated and the specifications are uniform among the benchmark
models, a relative comparison of data tests for the set of models (as was done
above) does yield useful informatiom.

Regarding reaction rate ratio tests, the major consideration is the correction
from the actual measured ratio to an equivalent homogeneous calculation. (This cor-
rection is most important for capture rate measurements.) Some measurements were
made with fission chambers, some with foil irradiations in the benchmark assemblies.
Documentation is generally sparse on the nature of corrections applied, especially
in the case of older experiments. (Note the large C/E ratios for reaction rates in -
the VERA assemblies.) It is recommended that data tests of reaction rates employ
only the more recent, well-documented benchmarks.

For small sample reactivity worths, the 1-D homogeneous models are not suf-
ficient tests, Heterogeneity effects were shown to affect the low energy absorber

worths a few percent. The reactivity conversion factor is geometry dependent and

conversion factors derived from 1-D models may be in error. The current ENDF-202
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specifications do not include corrections to be applied to reactivity worth cal-
culations for these factors, and, hence, tests of reactivity worths are limited

to identification of only gross trends.
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IV. SHIELDING

A. Introduction

The benchmarks used to test ENDF-IV data, as well as earlier ENDF-III
data, are the following: SDT1-5, the "broomstick" series which test the
neutron total cross section in the range 1 - 10 MeV for iron, oxygen, nitro-
gen, sodium, and stainless steel; SDT6, which tests the gamma-ray-production
cross sections arising from thermal-neutron capture in iron, stainless steel,
nitrogen, and sodium; SDI7, which tests the gamma-ray-production cross sect-
ions averaged over a known fast-neutron spectrum in the range 1 - 15 MeV for
'iron, stainless steel, oxyzen, and sodium; SDT10, which tests the neutron
cross sections between 2 and 14 MeV by measuring time-of-flight spectra
through several mean free paths of a large number of materials; and SDT12,
which tests the neutron cross sections between 1 eV and 15 MeV for sodium by
measuring neutron spectral fluxes and weighted integrals of these fluxes be-‘
hind various thicknesses of sodium up to and including 15 ft. These bench-
marks are described in ENDF 166, 167, 1€8, 169, and 170 for SDT1-5 respect-
ively, in ENDF 176 and 177 for SDI6-7, in UCID 16372 for SDT10, and in ENDF
189 for SDT12. The participants in this data testing include BNL and ORNL
for SDT1-5, LASL and ORNL for SDT6-7, LLL for SDT10, and ORNL for SDT12.

B. Computational Methods

The methods used to calculate the benchmarks are those recommended in
the descriptive reports. SDT1-5 were calculated by BNL using a special code
distributed through RSIC, and by CRNL using an updated version of this code.
SDT6-7 were calculated by LASL using LAPHANO, and by CRNL using LAPHFOR for
ENDF-III and AMPX for ENDF-IV. SDT10 was calculated by LLL using the Monte
Carlo TART code, and SDI12 was calculated by ORNL using both the DOT discrete
ordinates code (Sg,P3) and the MORSE Monte Carlo code. Details of the SDT12
calculations can be found in ORNL 4880.

C. Testing Results

The comparisons of calculated and measured results are shown in the ac-
companying tables and figures. SDTL-5 comparisons are shovn in Figs. SDT1-5.

Significant «nd consistent discrepancies betunen ENDF-IV (circles) and the



measurements (shaded area) are seen to occur for iron in the regions

1.3 - 1.6 MeV, 2.5 - 3 MeV, and & - 5 MeV. ENDF-IV represents a consid-
erable improvement over ENDF-IIT in the region 1 - 2.5 MeV, however. For
oxygen, significant discrepancies between ENDF-IV and the measurement

occur in the regions 4.3 - L.7 MeV and 5.5 - 5.9 MeV. ENDF-IV represents
some improvement over ENDF-IIX, but the improvement is mininal. For nitro-
gen, significant discrepancies between ENDF-IV and the measurement occur in
the regions 0.8 - 1.2 MeV, 1.6 - 1.9 MeV, and 3.2 - 4.6 MeV. For sodium,
the calculated curve lies slightly above the measured curve everyvhere,
with more significant discrepancies in the regions 1 - 1.5 MeV and 3.2 - 3.7
MeV. For stainless steel, ENDF-IV represents a considerable improvement
over ENDF-III, with no significant discrepancy occurring in the region 1 -
5 MeV.

Comparisons between the calculations and measurements for SDT6 are
shown in Tables SDT6-1 through SDT6-4. At unpredictable times it is to be
noted that the three processing codes do not yield the same calculated an-
swers, although the discrepancy is never large. Reasons for this are not
known at the present time. For iron, significant discrepancies between
ENDF-IV and measurement occur in the gamma-ray energy regions 2 - 3.5 MeV
and 4 - 5.5 MeV, but ENDF-IV still represents an improvement over ENDF-ITI.
For stainless steel, ENDF-IV disagrees with the measurement only in the
regions 1.0 - 1.5 MeV and 2 - 3 MeV. For nitrogen, there is no significant
discrepancy. For sodium, there are significant discrepancies in the regions
1.5 - 2MeV and 4 - 5.5 MeV. In none of the four materials, however, is
there a significant discrepancy between the calculated and measured integrals

over gamma-ray energy above 1 MeV.

Comparisons between the calculations and measurements for SDTT are
shown in Tables SDT7-1 through SDTT-4. Again, differenées in the processing
codes occur, but they are slight and not as worrisome as occur for SDT6.

For iron, there is only one significant disagreement between ENDF-IV and
‘measurement, in the gamma-ray energy region 6.5 - T MeV, and the significance
in this interval is even questionable. Again, ENDF-IV considerably improves
the agreement with measurement over ENDF-III. For stainless steel and oxygen,

there is no significant discrepancy between ENDF-IV and measurement. For
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sodium, there is relatively poor agreement between ENDF-IV and measurement,

and even the integral over gamma-ray energy is poorly described.

Comparisons between calculations using ENDF-IV and measurement for
SDT10 are summarized in Table SDT10-1. The elastic peak comparisons indi-
cate adequate agreement in the ~12 - 1k MeV range for all materials invest-

239Pu. In the region 1;9 - ~12 MeV,

igated except for magnesium, lead, and
there is in general poorer agreement, with particularly significant discrep-

ancies in magnesium, titanium, tungsten, and lead.

Comparisons between calculations using ENDF-III Sodium (identical to
ENDF-IV except for an extension from 15 to 20 MeV) and measurements for
SDT12 are summarized in Tables SDT12-1 through SDT12-3 and the figures labelled
SDT12. In Table SDT12-1 the Bonner ball counting rates are compared behind
10, 12.5 and 15 ft of sodium. Uncertainties in the reéponse functions for the
10- and 12-in. balls render comparisons with these balls less significant than
with the remaining balls. The overall comparisons with the remaining balls
indicate that the flux in the region 1 eV - 10 keV is underestimated using
ENDF-TII sodium by about 10% behind 10 and 12.5 ft of sodium, and by about
25% behind 15 ft of sodium. On the other hand, the flux above ~50 keV is
overestimated using ENDF-III by about 30% behind 10, 12.5, and 15 ft of sodium.
From Table SDT12-2, comparisons of the flux above 1 MeV indicate that the use
of ENDF-III sodium overpredicts this flux by about 20% behind 5 ft of sodiunm
and by about 30% behind 10 ft of sodium. From Table SDT12-3, comparisons of
the flux in the region Th keV - 1.35 MeV indicate that this flux is over-
predicted by ~10% behind 5 ft of sodium, by --40% behind 10 £t of sodium,
and by ~60% behind 12.5 £t of sodium. By examining the spectral comparisons
in the figure, additional insigh®t can be obtained as to the energy regions

where ENDF-TII is probably deficient.

D. Conclusions and Recommendations

From comparisons of calculation with measurement for SDT1-5, the follow-
ing specific conclusions about deficiencies in the ENDF-IV tbtal neutron cross
section can be made. TFor iron, lower total cross sections are certainly indi-
cated for the regions 1.3 - 1.6 MeV, 2.5 - 3 MeV, and I - 5 MeV, and perhaps

in additional regions between 1 and 2.5 MeV. For the latter two regions, a



-l

constant reduction in o by about 6% and 4% over the region is indicated.

Yor the former region, where many minima are known to exist, a constant re-
duction by about 5% in O would result in agreement with experiment. For
oxygen, an average reduction of about ¥ in oq in the energy ranges 4.3 -

4.7 and 5.5 - 5.9 MeV is indicated. For nitrogen, average increases in O

of about 5%, 7%, and 10% are indicated in the regions 0.8 - 1.2 MeV, 1.6 -

1.9 MeV, and 3.2 - 3.8 MeV respectively, and a decrease of about 7% is indi-
cated in the region 4.2 - 4.6 MeV. For sodium, average increases of about

8% and 10% are indicated in the regions 1 - 1.5 MeV and 3.2 - 3.7 MeV. Every-
vhere else in the region 1 - 10 MeV, o should be increased by about 5%. It
should be pointed out at this time that additional conclusions can be made
regarding the accuracy of the ENDF-IV nickel and chromium total cross sections
‘based on comparisons with the results of similar "broomstick" experiments not
yet incorporated into the SDT benchmark series.l For nickel, discrepancies in
the range of 4 to 20% in o are apparent in the region 38 keV - L.6 MeV, and
for chromium, discrepancies in the range of 5 - 20% in (TT are apparent in the
region 10 keV - 5 MeV. Evaluators are urged to consult Ref. 1 for a more com-

plete resume of suspected deficiencies in the ENDF-IV values of‘f}T.

The comparisons with SDT6 indicate the ENDF-IV thermal-neutron capture
gamma-ray-production files are in reasonably good shape for iron, stainless
steel, nitrogen, and sodium. More results are soon to be included in the SDT6
series, since these experiments covered a wider range of materials than has so
far been described in SDT6. Comparisons of these results with ENDF-IV show
that aluminum, silicon, potassium, and calcium are in reasonably good shape,
that nickel should be reduced uniformly throughout the gamma-ray energy range
1.5 - 9 MeV by about 7%, and that chlorine, copper and titanium should be re-

evaluated.

The comparisons with SDT7 indicate that sodium production cross sections
for neutrons in the MeV range need to be re-evaluated. For other materials yet
to be included in SDTT, it appears that aluminum, nickel, and titanium are

adequate, but that copper,calcium, potassium, and silicon need to be rec-evaluatec

1. R. E. Maerker and F. J. Muckenthaler, "Neutron Total Cross Section Checks
for Iron, Chromium, Nickel, Stainless Steel, Sodiun and Carbon,"
ORNL-5013 (to be published).
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The calculations with SDT10 show that there are significant discrep-
ancies in lead, tungsten, and magnesium, and by inference in most materials

not actually measured in SDTL1O.

The most serious discrepancy in the sodium neutron cross secticn set
that may be deduced from SDT12 is that the total cross sections in the MeV
range are a few percent too low, as witnessed by the comparisons shown in
Table SDT12-2. By re-evaluating only these cross sections, the remaining
disagreements summarized in Tables SDT12-1 and SDT12-3 may well be signif-
icantly reduced as well, although other cross sections (particularly in the
vicinity of the 300-keV window) may be in error also. This important con-
clusion is consistent with that deduced from SDTL, the sodium "broomstick"

experiment.
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Table SDT6-1. Secondary Gamma-Ray-Production Cross Sections
for Thermal-Neutron Capture in Iron

Cross Section (mb)

' Ratio:
AR, LAP}ngFJ»IiAP}L‘?OR LAPHAI\%gDF—IXMPX — ENDF-IV(AMPX)
(MeV) Measured Processed Processed Processed Processed  Measured
1.15-1.5 126 152 184 125 128 1.02 |
1.5-2 k55 336 356 369 379 0.83
2-2.5 99 163 164 151 155 1.572
2.5-3 152 181 182 239~ 2ho 1.582
3-3.5 233 302 327 291 290 1.244
3.5-4 88 194 197 . 82 82 0.93
b-4.5 182 271 269 237 237 1.30°
4.5-5 83 60 61 113 112 . 1.35%
5-5.5 25 35 36 32 31 - 1.2 -
5.5-6 250 151 148 ol | 235 0.94
6-6.5 255 236 2h3 227 235 0.92
6.5-7 13 T 8 3 3 0.23
7-7-5 139 125 125 123 123 0.88
7.5-8 1280 1268 1293 1273 1294 1.01
8-9 20 25 23 17 16 0;80
>9 83 102 133 TL 93 1.12
Sum 3483 3608 372k 3594 3653 1.05

a. Outside experimental error.



Table SDT6-2. Secondary Gemma-Ray-Production Cross Sections for
Thermal-Neutron Capture in Stainless Steel

Cross Section (mb)

AE Ratio:
4 | ENDF-IV,2 ENDF-IV{AMPX)

(Mev) Measured AMPX Processed Measured
1.0-1.5  bh2 131 0.30°
1.5-2 355 391 1.10
2-2.5 186 2kg 1.34P
2.5-3 13k 223 1.66P
3-3.5 226 ' oL8 1.10
3.5-h 113 107 0.95
L.L.5 177 190 1.07
k.5-5 98 120 1.22
5-5.5 107 102 0.95
5.5-6 287 261 0.91
6-6.5 209 218 0.95
6.5-7 125 118 0.9%
T-7-5 259 . 256 0.99
7.5-8 1025 1021 1.00
8-8.5 110
8.5-9 372 > B
9-9.5 58

, 132 1.17
9.5-10 29

> 10 0 0

Sum 4358 Lo82 0.98

a. ENDF-III not included since there were no production
files for nickel, chrvomiwm, and manganese in
¥DIr-111,



Table SDr6-3. Secondary Gamma-Ray-Production Cross Sections
for Thermal-Neutron Capture in Nitrogen '

Cross Section (mb)

Ratio:
AE ENDF-ITI% ENDF-IV®
7 IAPHANO  IAPHFOR  LAPHANO  AMPX ENDF-IV(AMPX)
(MeV) Measured Processed Processed Processed Processed Measured
1-1.5 0 0.2 0.2 0.2 0.1
1.5-2 30 25.9 25.9 25.9 _25.5 0.85
2-2.5 0 0.1 0.1 0.1 0.1
2.5-3 6.4 5.9 5.9 5.9 5.8 0.91
3-3.5 0 0.7 0.7 0.7 0.7
3.5-4 22.8 20.3 20.3 20.3 20.0 0.88
L-L.5 0 ) 0 0 0
4.5-5 13.4 12.4 12.4 12.4 12.2 0.91
5-5.5 43.3 38.7 38.7 38.7 38.1 0.88
5.5-6 25.2 21.8 21.8 21.8 21.h 0.85
6-6.5 15.2 1k4.3 k.3 1k4.3 1k.0 0.92
£.5-7 0 0 0 N 0
T-7.5 7.8 7.4 7.4 7.4 7.3 0.9%4
7.5-8 0 0 0 0 0
8-8.5 3.5 3.k 3.k 3.4
3.k 0.93
8.5-9 0.17 0.1 0.1 0.1
9-9.5 1.6 1.1 1.1 1.1
9.5-10 0 0.1 0.1 0.1
) 11.0 }0.87
10-10.5 0 0 0 0
10.5-11 11 10.0 10.0 10.0 !
211 0 0 0 ___L 'o
Sum 180.37 162.4 162k 162.h 159.6 0.88



Table SDT6-k.

Secondary Gamma-Ray-Production Cross Sections for

Thermal-Neutron Capture in Sodium

Cross Section (mb)

iAE& - Ratio:
ENDF-III&IV, ENDF-ITIEIV
(Mev) Measured A1l Codes Measured
1-1.5 79 90 1.18
1.5-2 76 48 0.63
2-2.5 143 132 0.92
2.5-3 254 232 0.91
3-3.5 6 92 1.21
3.5-4 182 199 1.09
b-b.5 34 15 0.14P
b.5-5 14 3 0.21°
5-5.5 12 .6 | 0.56b
5.5-6 31 33 1.06
6-6.5 115 118 1.03
2 6.5 0 0 .
Sum 1016 968 0.95

a. ENDF-III and ENDF-IV are identical and all three

processing codes give the same results.

b. Outside experimental error.



Table SDTT7-1.

Iron Averaged over a Neutron Spectrum from 1 - 14 Mev

Secondary Gamma-Ray-Production Cross Sections for

Cross Section (mb)

Ratio:
ENDF-III ENDF-IV

AE, IAPHANO  IAPHFOR  LAPHANO  AMPX ENDF - IV (AMPX )
(Mev) Measured Processed Processed Processed Processed  Measured
1-1.5 278 252 258 211 210 0.76
1.5-2 132 100 98 110 106 0.80
2.2.5 101 9. 98 99 101 1.00
2.5-3 T gl 86 63 64 0.86
3-3.5 L 31 30 46 L6 1.05
3.5-b 33 2l 25 38 39 1.18
L-4.5 8.7 2.9 2.9 8.0 8.0 0.92
4.5-5 5.6 3.1 3.1 4.9 5.0 0.89
5-5.5 3.8 2.8 2.9 L1 L1 1.08
5.5-6 2.4 2.4 2.k 2.k 2.4 1.00
6-6.5 < 2.1 0.7 0.7 1.9 1.9 ~~ 0.90
6.5-7 < 0.6 0.5 0.5 1.3 1.3 -
7-7.5 <1.5 0.3 0.3 0.8 0.8 .~0.5
>7.5 0 0.8 0.8 1.1 1.k
Suat < €86.7 598.5 608.6 591.5 590.9 0.86

a. Outside experimental error.



Table SDI7-2. Secondary Gamma-Ray-Production Cross Sections for
Stainless Steel Averaged over a Neutron Spectrum
from 1 - 14 MeV

Cross Section (mb)

Ratio:
AEy ENDF-1V, 2 ENDF-IV (AMPX )
(MeV)  Measured AMPX Processed Measured
1-1.5 383 280 0.73
1.5-2 139 122 0.88
2-2.5 gk 93 1.1
2.5-3 23 59 1.11
3-3.5 L3 Lo 0.98
3.5-4 25 32 1.28
L5 8.8 8.4 0.95
k.5-5 5.8 5.0 0.86
5-5.5 5.1 3.7 0.73
5.5-6 3.0 2.2 0.73
6-6.5 <2.6 1.7 -~ 0.65
6.5-7.5 <Lk.g 1.8 ~0.37
2 T.5 0 1.3
Sum <757.2 652.1 0.86

a. ENDF-III not included since there were no pro-
duction files for nickel, chromium, and manganese
in ENDF-III.



Table SDT7-3. Secondary Gamma-Ray-Production Cross Sections for
Oxygen Averaged over a Neutron Spectrum Above 6.5 MeV

Cross Section (mb) Ratio:

Ey ENDF-IV
(MeV) Measured ENDF-III% ENDF-IV2 Measured
6.13 90 8o 87 0.97
6.92+7.12 55 L7 L7 0.85
Sum 1ks5 127 13k 0.92

a. Processed by LAPHANO.



Table SDT7-4. Secondary Gamma-Ray-Production Cross Sections for
Sodium Averaged over a Neutron Spectrum from 1 - 1k MeV

Cross Section (mb)

Ratio:
Az, ENDF-III&IV,? ENDF-TV
(Mev) Measured All Codes Measured
1.1-1.5 59 2.k 0.04P
1.5-2 . 131 99 0.76
2-2.5 e g 37 0.79
2.5-3 50 60 1.20
3-3.5 22 8.3 0.38P
3.5-4 15 12 " 0.80
hol.5 7.3 9.3 1.27
4.5-5 k.6 .13 ~ o0.28°
5-5.5 2.9 1.0 ~ 0.34P
5.5-6 3.7 b1 1.11
6-6.5 4,2 1.5 0.36b
6.5-7.5 2.k 0.3 0.13P

2 TS 0 ‘ 0

Sum 349.1 236.2 0.68P

a. ENDF-III and ENDF-IV are identical and all three
processing codes give the same results.

b. Outside experimental error.



Table SDP10-1. Pulsed Sphere Calculations Using ENDF-IV-P Data

for 30-deg Measurement - Comparison of Integrals Under

Elastic Peak, Total Integral and Integral from

Elastic Peak to 1.9 MeV

(Units are neutrons per source neutron.)

wi 501 5oL
f H(t) dt / N(t)at f n(t)ds
[ 0 161
Cale.-Exp. Calc.-Exp. Calc.-Exp.
Material Exp.  Cale, Exp. Exp. Calc. Exp. Exp.  Cale.  Exp.
B 0® 0.307 0.321 . 4455  0.508  0.562 +11% 0.201  0.2b1 +15%
D50 0.267  0.303 +1.3% 0.298  0.299 +0.3% 0.595  0.602 +1.2%
614 0.795  0.804  41.14 0.962  0.937 -2.6% 0.67  0.133 -20%
TLe 0.798  0.806  40.9% 0.963  0.947 “1.7% 0.165 0.a41  -15%
9Be 0718 0.697 2.9 0.975  0.970 -0.5% - 0.257 0.273 . 46.2%
12¢ 057 0763  +0.8% 0.907  0.885 2.4% 0.150 0.122  -19%
by 0.645  0.592 8.2 0.816  0.783 -4.0p 0.171  0.191 +124
169 023 015  -1.14 0.879  0.891 .4 0.5 0.176 +13%
Mg 0.664  0.770 - +16% 0.800  0.853 +6.6% 0.136  0.083 -39%
2ln 0.590  0.576 RN 0.786  0.747 -5.0% 0.196  0.171 -13%
T 0.520  0.553  46.3% 0.728  0.700 -h.of 0.208  0.147 -29%
Fe 0.609  0.626 +2.6% 0.796  0.T75 -2.6% 0.187 0.149 -20%
v 0.688  0.653 -5.1% 0.812 0.731 ~10% 0.2k 0,078 -31%
Pb 0.545  0.493 -9.5% 0.878 0.702 -20% 0.333 0.299 -31%
235y 0.646  0.703 +8.8% 1.180  1.175 -0.4% 0.53%  0.472 -11.6%
238y 0.643  0.656  +42.0%. 0.901  0.870 kg 0.264  0.214 -19%
239py 0.638  0.729 +1hd, 1.h70  1.LLO -2.0% " 0.832 0.711 -14%

a. The results of the water-pulsed sphere are off by several time channels.

-



Table SDT12-1. Comparison of Calculated and Measured Bonner Ball
Counting Rates on Center Line 24 in. Behind
Various Thicknesses of Sodium?®

Ratio: Calculated/Measured

Bonner

Ball 10 £t Na 12.5 £t Na 15 £t Na
Cd-covered 0.83 0.84 0.72
3-in. 0.90 ov.9l; 0.7k
h_in. 0.85 ) 0.88 0.71
5-in. 0.89 0.91 0.75
6-in. | 0.87 0.89 | 0.72
8-in. ' 0.86 0.85 > 0.70
10-in. ‘ 0.81 0.81 0.63
12-1in. " 0.81 ' 0.72 0.58

Mod. 3-in. 1.37 1.33 1.09

a. The calculations were performed with DOT using a 100-group GAM II
structure based on ENDF-III. There is no difference in the energy
region below 15 MeV between ENDF-IIT and ENDF-IV.



Table SDT12-2. Comparison of Calculated and Measured
NE-213 Spectrometer Responses Behind Sodium®

(Entries are calculated-to-meaéured ratios of

" 12 MeV
f ¢(E)dE.)

1 MeV 1
Iocation Ratio
On center line, 359 in. behind 5 ft of Na 1.24
.96 in. off center line, 359 in. behind 5 ft of Na 1.17
On center line, 24 in. behind 10 ft of Na 1.28

a. The caleculations were performed with DOT using a 100-group
GAM II structure based on ENDF-III. There is no difference
in the energy region below 15 MeV between ENDF-ITI and
ENDF-TV.

Table SDT12-3. Comparison of Calculated and Measured
Benjamin Counter Responses Behind Sodium®

(Entries are calculated-to-measured ratios of

1.35 MeV
f (E)E. )
Th kev .

Iocation Ratio
On center line, 24 in. behind 5 £t of Na 1.13
On center line, 359 in. behind 5 ft of Na ' 1.07
96 in. off center line, 359 in. behind 5 £t of Na 1.0k
On center line, 24 in. behind 10 ft of Na 1.39
On center line, 2k in. behind 12.5 ft of Na 1.61

a. See footnote a of Table SDT12-2 above.
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Fig. spri2-6. Comparison of Measured and Calculated Transmitted Fluxes in
the Region 70 keV - 1.5 MeV Behind 10 ft_of Sodium. Detector is on the center
line 2% in. behind the sodium.
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DOSIMERTY



V. DOSIMETRY

A. Introduction

A dosimetry benchmark experiment consists of reaction rate measurements in
a well defined neutron spectrum. Three benchmark spectra have been specified:
a fission neutron spectrum, and the fast reactor spectra of the II and CFRMF
facilities. The results of reaction rate measurements in these spectra are re-
ported as spectrum averaged cross sections; i.e.,

20 MeV

og(E) ¢(E) dE f ¢(E) dE. D)
10-° ev

_ 20 MeV

10~5 ev

There are 36 reactions (for 26 isotopes) for which dosimetry measurements are

available. The data covers a broad range of reaction types and spectral indices.
The participants in the ENDF/B-~IV dosimetry file data testing are Aerojet

Nuclear Corporation (ANC), Oak Ridge National Laboratory (ORNL), Brookhaven

National Laboratory (BNL), and Hanford Engineering Development Laboratory (HEDL) .



B. Computational Methods

The dosimetry data is tested very simply by computing the spectrum averaged
cross section (e.g., Eq. 1) where the spectra for the three tests are given and
are specified as follows:

1. 235y fission spectrum (Maxwellian),

1
¢(E) = 0.74 E* exp (~E/T)
for
T = 1.29 MeV or 1.32 MeV.

2, LI central neutron spectrum specified as flux per unit lethargy in a

136-group structure.

3. CFRMF fast reactor neutron spectrum specified as flux per unit

lethargy in a 69-group structure.

The calculation of the average reaction rate is obviously sensitive to the
specification of the neutron spectrum. Ideally, the specification of the II and
CFRMF spectra would be derived from accurate measurements. But, since high pre-
cision measurements over the entire range of these spectra are not available, the
specification of these spectra rely upon an evaluation of the spectra where the

evaluation is based upon available spectrum measurements and calculations.!,?

XL SPECTRUM SPECIFICATION

The neutron spectrum in the center of the XI reactor has been measured with
proton-recoil spectrometers, a SHe(n,p)t spectrometer and a °Li(n,a)t spectrometer.
Details of the measurements and descriptions of the cross sections used have been
reported.3>"* A *5% agreement was generally found among the various measured
spectra for the energy range 20 keV to 4 MeV. The spectrum measurements are

compared in Fig. 1. These measurements have been used to obtain an evaluated,
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smooth spectrum by applying a least-squares cubic spline procedure to the cumu-
lative distribution of the experimental data in the energy interval 6 keV to

5.6 MeV. The estimated uncertainties in the evaluated, smoothed spectrum are
taken to be +57% based upon the consistency generally observed between the various
independent measurements and techniques.

The II spectrum has also been calculated with a discrete-ordinates transport
theory code using ENDF/B-III nuclear data.® The departures between the meas-
urements and this calculation never exceed 5% and they are interpretable in
terms of nuclear data inadequacies of the constituant materials of the IY com-
position. These departures have a nonneglible impact on dosimetry data testing,
particularly for such important reactions as 237Np(n,f) and 2%0P(m,f). Above
5.6 MeV and below 6 keV, the II spectrum is defined by the calculation.

The IZ spectrum is a good benchmark test for fission and threshold reactions

but the accuracy for capture reaction tests is somewhat questionable.

CFRMF SPECTRUM SPECIFICATION

The specifications of the CFRMF spectrum for ENDF/B-IV data testing is based
upon proton-recoil measurements in the energy range 3 keV to 2.5 MeV and upon an
extensive set of calculations. Three different methods have been used to compute
the CFRMF spectrum: (a) a one~dimensional Sn transport code, SCAMP,6 over the
energy range 10 MeV to thermal; (b) a Monte Carlo code, RAFFLE;’ and (c) a
multiregion resonance absorption cross-section code, RABBLE.® Both RAFFLE and
RABBLE were used for limited portions of the energy range.

The SCAMP and RAFFLE calculations were made with a 20-region concentric
cylindrical cell model of the central portion of the CFRMF loading. These cal-

culations were made in 69 energy groups with 0.25 lethargy spacing from 10 MeV



down. A 69-group library was prepared for these calculations using the PHROG
code.® A1l cross sections were derived from ENDF/B-III except those of iron
which came from ENDF/B-II.

The transport theory code with its flexibility and relatively short computing
times was used for most of the spectrum calculations. The SCAMP computations
were run as eigenvalue problems with a semi-isotropic reflective boundary condition
at the outer boundary and a constant buckling (B2 = 0.001769) for all regionms.
Calculations of a wide variety were made to refine the geometric representation
of the model and to evaluate the effects of various assumptions made for the
codes being used. Several outer boundary dimensions were tested in the calcu-
lations and the central spectrum was found to be relatively insensitive over the
range of dimensions tested. The final calculations were made with an outer

boundary giving a ke of unity.

ff

The Monte Carlo code was use§ to calculate the CFRMF spectrum over the energy
range from 10 MeV to 15 keV to examine the effects of material resonances (alumi-
num and oxygen) in the thermal driver spectrum on the spectrum at the center of
the fast zone. These RAFFLE computations used pointwise elastic scatter cross
sections for aluminum and oxygen and for the absorption cross section of 108 to
reduce possible spectrum smoothing effects due to group-averaging of the cross
sections,.

The resonance absorption code was used to calculate the CFRMF spectrum over
the energy range from 52.5 keV to 0.876 eV to properly represent the effects of
resonance absorption on the spectrum at the center of the fast zone. These RABBLE

computations give'group—averaged cross sections for the resonance energy range

using space- and lethargy-dependent slowing down sources. Modifications were made



to allow a greater number of broad groups and regions, and subroutines were in-
corporated to handle the unresolved resonance cross sections. The broad group
structure was the same as described above for Groups 22 through 65, where each
broad group had 250 fine groups of equal lethargy width. Figure 2 compares the
Sg transport code calculated spectrum with the proton-recoil measurement. There
are significant differences between the calculations and measurements, particularly
at energies around 1.0 MeV, 225 keV, and below 90 keV. To test for possible smooth-
ing effects due to the cross-section processing codes, a Monte Carlo calculation was
made of this spectrum with pointwise cross sections for the materials expected to
contribute to smoothing of the spectrum (Al and O elastic scatter, 10g absorption).
Only minor differences were found in the comparison of the transport and Monte
Carlo calculations as depicted in Fig. 3.

Based on the general agreement between the widely varying computational
approaches and the calculations and measurements, it is concluded that the
69-group spectrum from the transport theory computation is as good a representa-
tion of the neutron energy spectrum at the center of the CFRMF as can be obtained
with the available cross-section sets and computational methods. It is this

calculated spectrum that has been used for the dosimetry data testing.
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C. Testing Results

The calculated spectrum averaged cross-section for the three benchmark
spectra using the "pointwise' cross sections as supplied in the ENDF/B dosimetry
library are presented in Table I. All calculations in Table I were performed at
BNL. Column 1 lists all the isotopes and reactions in the dosimetry file.

Column 2 lists the calculated spectrum-averaged cross sections using the ZI
spectrum (Ref. 1). Column 2 is compared to the evaluated integral data as given
by Fabry10 in column 3. Column 4 gives the results calculated with use of the
evaluated CFRMF spectrum (Ref. 2) for comparison with a spectrum~averaged cross
section (column 5) deduced by McElroy11 from reaction rate measurements in the
CFRMF and a tentative value of absolute integral flux of 7.3g X 1010 +

2.3% n/(cm? sec). The CFRMF reaction rates were supplied by Atomics International
(helium mass spectrometric measurements), National Bureau of Standards (fission
chamber measurements), and Argonne National Laboratory (ANL), Aerojet Nuclear
Company (ANC), Atlantic Richfield Hanford Company, and Hanford Engineering
Development Laboratory (HEDL) (radiometric measurements). Columns 6 and 7 con-
tain the fission-spectrumaveraged cross section with two temperatures. Column 6
has T = 1.29, as suggested by McElroy,11 and column 7, T = 1.32, the value in the
ENDF/B general purpose file. Finally, in column 8, the evaluated fission spectrum
measurements as supplied by Fabry12 are listed.

Some of the reactions on the dosimetry file have their resonance regions
represented by resonance parameters and background cross sections. These para-
metric representations were converted to pointwise data for the above calculations
by the code RESEND.13 Because of the voluminous output of RESEND for some

isotopes (e.g. 2387)) and the resulting difficulties encountered in data testing
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calculations, all reactions were converted into 620 group average cross sections
by the code INTEND. !* These group averaged cross sections were used by most of
the testers and the calculations are summarized in Table II. The BNL tests were
also rerun with the 620 group cross section set and compared in Table II to the
calculations done by HEDL, ANC and ORNL.

Table II compares the nrl spectrum averaged cross sections calculated at
BNL, HEDL,!® and ORNL!® using 620 group averaged cross sections as input with
reference measured cross sections as supplied by Fabry,1 the CFRMF spectrum
averaged cross sections calculated by BNL, HEDL,15 and ANCl7 using 620 group
averaged cross section as input with reference cross sections supplied by
McElroy,11 and also compares the 235y fission spectrum averaged cross sections
calculated at BNL, HEDL,15 and ORNL 16 using 620 group averaged cross sections as

2 Differences

input with the reference cross éections as supplied by Fabry.1
have been noted among the data testers due, in part, to the manner in which the
calculations were performed. In some cases, the tester modified the neutron
flux spectrum to the 620 group structure of the cross sections, and in other
cases, the 620 group cross sections were averaged to the group structure of the
neutron spectra. A uniform procedure was not followed, and, hence the variation
among testers. For the two BNL calculations ("pointwise" cross sections in
Table I and 620 group cross sections in Table II), most of the results agree
closely but there are some important, unexplained differencess [e.g., 10B(n,oc),
2354(n, £)].

From the results of Tables I and II, it can be concluded that these tests

indicate acceptable agreement for a few reactions but there does exist a wide

range of disagreement, especially for some of the important reactions. Of the



TABLE II.

Using 620 Group Cross-Sections

Calculated Average Reaction Rates in the Three Dosimetry Benchmarks

LI

Isotope/Reaction BNL (mb) HEDL (mb) ORNL (mb) Ref. 10 (mb)
61i (n, total He) 914.30 923.3 922.9

10 (n, total He) 1497.5 1514 1507

23Na (n,y) 1.391 1.405 1.405

27A1 (n,p) 1.047 0.869 0.8699 1.033 * 0.103
27A1 (n,a) 0.208 0.153 0.1537 0.182 * 0.005
325 (n,p) 16.32 14.53 14,50

55s¢ (n,Y) 18.79 19.01 18.96

461 (n,p) 2.524 2.075 2.073

%771 (n,np) 5 x 1074 0.96 x 1073 2.75 x 1074

*7Ti (n,p) 5.713 5.174 5.174

48Ti (n,np) 5 x 107% 4.9 x 1074 2.93 x 1074

4811 (n,p) 0.0510 0.0379 0.0377

55Mn (n,2n) 0.080 0.0554 0.0493

SkFe (n,p) 19.56 17.20 17.22

56Fe (n,p) 0.296 0.230 0.2299 0.273 *+ 0.008
58Fe (n,Y) 4.874 5.377 5.433

59¢Co (n,2n) 0.056 0.0392 0.0339

59¢co (n,Y) 55.60 46.21 40.61

59¢o (n,a) 0.043 0.0326 0.0326

58Ni (m,2n) 1.89 x 10~% 7.07 x 1074 3.8 x 107%

S8Ni (nm,p) 26.23 23.33 23.34 28.8 £ 0.7
60Ni (n,p) 0.683 0.5376 0.5389

63cu (n,Y) 39.39 38.76 39.16 40.0 * 2.0
63cu (n,a) 0.104 0.0779 0.0782

65Cu (n,2n) 0.103 0.0708 0.0635

1151n (n,n") 53.47 50.79 50.71 58.6 * 1.2
11517 (n,y) 276.74 283.6 278.0 261 £ 9
1271 (n,2n) 0.393 0.2645 0.2537

197Au (n,Y) 336.7 371.2 348.7 442 * 8
2321h (n,f) 19.78 18.50 18.51 21.0 + 1.3
23271h (n,y) 261.67 263.3 259.8

235y (n,f) 1516.1 1518 1518 1589 + 55
238y (n,f) 86.47 81.57 81.59 87.4 + 3.1
238y (n,y) 222.68 220.8 214.1 194 * 8
237Np (n,f) 625.62 607.4 607.2 634 + 22
239y (n,f) 1753.2 1750 1754 1875 *+ 66




TABLE II. (Cont'd)
CFRMF

Isotope/Reaction BNL (mb) HEDL (mb) ANC (mb) Ref. 11 (mb)
611 (n, total He) 986.7 989.4 988.9 900 * 39
108 (n, total He) 1692.7 1695 1695 1940 * 60
23Na (n,Y) 1.843 1.83 1.831
2771 (n,p) 0.917 0.860 0.894 0.931 + 0.033
2771 (n,o) 0.156 0.144 0.171 0.172 * 0.053
325 (m,p) 13.89 13.56 13.67
455c (n,Y) 20.08 20.11 20.11 25.0 % 0.1
4671 (n,p) 2.196 2.09 2.168 2.78 * 0.97
47Ti (n,np) - 0.95 x 1073  1.43 x 1073
“71i (n,p) 4.78 4.67 4.73 4,44 * 0.02
487i (n,np) —% 50 x 107" 7.2 % 107"
48Ti (n,p) 0.034 0.037 0.0425 0.073 + 0.003
55Mn (n,2n) —% 0.0574 0.7638
SYFe (n,p) 16.86 16.36 16.35 18.60 * 0.58
56Fe (m,p) 0.238 0.233 0.2450
58Fe (n,Y) 6.23 6.02 6.13 6.52 + 0.22
59¢o (n,2n) -% 0.0408 0.0546
59¢o (m,Y) 86.49 74.10 85.51 97.6 * 3.6
59Co (n,a) 0.033 0.031 0.0357
58Ni (n,2n) —% 7.17 x 10”% 10.2 x 107"
58Ni (n,p) 22.29 21.77 21.97 25.6 * 0.8
60Ni (n,p) 0.569 0.522 0.5683
63cu (m,Y) 47.08 47.62 47.26 48.4 * 2.6
63Cu (n,a) 0.080 0.0740 0.0846
65cu (n,2n) ~* 0.0729 0.0967
1151 (n,n") 44.09 43.57 43.59 53 + 3
1151h (n,Y) 300.97 300.8 301.0 300 = 11
1271 (n,2n) 0.068 0.264 0.3433
19754 (n,Y) 412.33 416.3 413.2 457 * 14
2327Th (n,f) 16.12 15.84 15.93
232Th (n,Y) 286.73 285.1 285.5
235y (m,£) 1587.8 1587 1588 1659 * 53
238y (n,f) 70.13 69.22 69.48 81.0 + 0.3
238y (n,y) 232.9 230.2 229.4 196 * 11
237Np (n,f) 551.2 547.5 547.9 591 + 21
239%y (n,f) 1771.7 1771 1771 1930 * 60

*Because of the sharp cutoff at 10 MeV

reaction cross sections cannot be calculated.

of CFRMF spectrum,

high energy threshold



TABLE II.

(Cont'd)

235y Fission Spectrum

BNL (mb) HEDL (mb) ORNL (mb) Ref. 12 (mb)
" Isotope/
Reaction  (T=1.29) (T=1.32) (T=1.29) (T=1.32)  (T=1.29)
Li (um,

total He)  487.0 486.1 487.1 486.2 487.7
].OB (n,
total He) 514.4 511.5 515.0 512.2 515.5
23Na (n,¥y) 0.294 0.291 0.295 0.291 0.295
27A1 (n,p) 3.930 4.226 3.93 4.22 3.916 4.0 + 0.4
2771 (n,q) 0.710 0.801 0.710 0.801 0.7058 0.73 + 0.02
325 (n,p) 61.35 63.89 61.35 63.89 61.24 69 + 2
45sc (n,y) 5.98 5.87 5.98 5.88 5.99
467 (n,p) 9.513 10.25 9.51 10.24 9.477 12.3 + 0.3
“7Ti (n,np) - - 4.95x10~3 6.3x1073  4.9x10"3
“7Ti (n,p)  20.65 21.43 20.64 21.42 20.60 20.0 * 2.0
*87i (n,np) - - 2.62x1073  3.3x10-3  2.6x10~7
4871 (m,p) 0.177 0.200 0.177 0.200 0.1758 0.32 + 0.02
55Mn (n,2n)  0.300 0.364 0.300 0.363 0.2971 0.25 * 0.01
SYFe (n,p)  74.09 77.72 74.07 77.69 73.91 82.5 + 2.0
56Fe (n,p) 1.034 1.15 . 1.033 1.145 1.029 1.07 + 0.06
58Fe (n,Y) 1.708 1.695 1.71 1.69 1.713
>3Co (n,2n)  0.213 0.260 0.213 0.259 0.2112
59¢o (n,Y) 6.513 6.429 6.59 6.50 6.590
59¢co (n,a) 0.149 0.168 0.149 0.168 0.1486 0.156 * 0.006
S8Ni (n,2n) 3.8x1073  4.7x103 3.75x10-3 4.7x1073  3.71x10-3
S8Ni (m,p)  97.27 101.6 97.24 101.5 97.05 113 + 3
50Ni (n,p) 2.415 2.660 2.414 2.659 2.404
63cu (n,y) 11.14 11.0 11.18 11.04 11.19 10.1 + 1.3
63cu (n,a) 0.354 0.396 0.354 0.396 0.352 0.50 * 0.05
65cu (n,2n)  0.381 0.460 0.380 0.460 0.377
11510 (n,n') 163.9 165.9 163.8 166.7 163.5 188 + 4
YS1n(n,y) 138.3 136.5 138.5 136.7 138.6
1271 (n,2n) 1.378 1.636 1.377 1.635 1.367 1.09 + 0.05
197Au (n,y) 86.28 84.85 86.58 85.15 86.69 88 + 5
232Th (n,f) 67.28 69.04 67.26 69.02 67.19
232Th (n,y) 105.4 103.8 105.5 103.9 105.7 83.0 *+ 3.5
2357 (n,f) 1242.99 1242.98 1243 1243 1243 1205 (Ref)
238y (n,f) 289.0 2955 288.9 295.4 288.6 328 * 10
238y (n,y)  76.74 75.86 76.87 75.68 76.97
237Np(n,f) 1313.5 1323.1 1313 1323 1312 1370 + 75
239py(n,£) 1780.3 1782.7 1780 1783 1780
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integral spectrum reactions used as broad energy range indices, only 1157h shows
somé degree of agreement. 238U(n,y) is overpredicted by ~13% in both II and

CFRMF and 197Au(n,y) is underpredicted by ~30% in IX. For the important fission
cross sections, 235U(n,f) is computed "4% low in CFRMF while 23%Pu(n,f) is con-
sistently computed a few percent low in all three spectra. For the threshold
fission reactions, 232Th(n,f), 238U(n,f) and 237Np(n,f) are consistently calculated
low with the greatest disagreement (v10-12%) in the fission spectrum. For the low
energy absorbers, the standard cross sections 10B(n,a) and 6Li(n,oc) disagree by

5% and 107% respectively with the measurements in CFRMF. It should be noted that
the results of these dosimetry tests are consistent with similar tests in the fast
reactor benchmarks; i.e., 23%Pu(n,f) is calculated lower than 235U(n,f) and 238U(n,y)
is calculated too high.

The major uncertainty associated with dosimetry tests is the specification of
the neutron spectrum. The spectra in ZX and CFRMF were specified for the tests
above based on calculations using ENDF/B-III. Results of dosimetry tests using
a spectrum specified with calculations using ENDF/B-IV are available for CFRMF and
these are presented in Table III. The first column in Table III lists the C/E
ratios for the calculations presented in Table II, i.e., the CFRMF spectrum com-
puted with the SCAMP code using ENDF/B-III cross sections and an approximate model
for the core geometry. The second column lists the same results computed with a
more exact core geometry model, The third column lists the results obtained
with the full core model and ENDF/B-IV cross sections. Two observations are made:
(1) the modelling of the core geometry makes little difference and (2) the use of
ENDF/B-1IV to compute the CFRMF spectrum yields nearly the same results as ENDF/B-ITI
but with notable improvement in the threshold fissioning isotopes (?37Np(n,f) and

and 238U(n,f)) and in 115In(n,n').
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D. Conclusions and Recommendations

For most of the dosimetry tests, the general order of disagreement between
calculated and measured reaction rates is a few percent or more and is outside
the range of uncertainty reported for the measurements. From the wide range of
disagreement between calculations and measurements, it is clear that not only are
some of the cross sections in the dosimetry file in error, but the benchmark
spectra are not well enough known. There is a need to improve the testing
procedure. The measured reaction rates must be carefully evaluated and documented.
Corrections for various measurement techniques must be investigated (fission
chambers, radiometric techniques) and heterogeneity effects in the measurements
must be specified. The benchmark testing procedures must be evaluated. The
specification of the benchmark spectra, either with improved measurements or
calculations, is necessary. Group collapsing schemes (e.g., to 620 group
structure) must be carefully specified to preserve reaction rates., Finally,
new spectra such as BIG-10(18) should be investigated for future use with the

dosimetry file.



TABLE III.
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Calculated-to-Experimental (C/E) Ratios for D031metry Tests in
CFRMF Using Three Different Spectrum Calculations?

Reactor Cell Model,

ENDF/B-II1

Full Core Model,

ENDF/B-ITIT

Full Core Model,
ENDF/B-1IV

6Li(n,a)3H
B(n o) 7Li

235U(n f)f.p.

239 Pu(n £)f.p.

237Np(n,f) f.p.

238U(n f)f D.
5Sc(n,y) 6Sc
8Fe(n y)
>ICo(n,y)"0

11570 (n Y)lleIn

197Au(n,y)198Au

27Al(n p)27Mg

27Al(n a)zuNa

”6T1(n p)L4L Sc

7 Tl(n,p)

“8 Tl(n,p)

5 Fe(nmp)
N1(n p)58Co

llsln(n n')llsmln

63cu(n y)GQCu

1.10
0.88
0.96
0.92
0.92
0.86
0.80
0.94
0.87
1.00
0.91
0.96
0.98
0.77
1.06
0.58
0.89
0.86
0.82
0.98

o« o o . ) .
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a\11 calculations were performed with the SCAMP code at ANC.
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VI. FISSION PRODUCTS

A. Introduction

The fission product file on ENDF/B-IV contains cross sections and decay data
for 824 nuclides. In addition, fission yield data is given for six fissionable
nuclides. The cross section and decay parameters (half lives, B and y energies,
branching, etc.) constitute a collection of about 300000 data entries and the
fission yields, 13000 entries. The objectives of benchmark testing have been to
infer the accuracy of this extensive set of data and, if possible, to indicate
where readjustment of the data may be made according to differential measurements
or theoretical uncertainty tolerances. This should be done at least for the more
important fission product nuclide contributors (in general, isotopes with large
cumulative yields).

Benchmark testing of ENDF/B-IV FP data falls into the following four areas:

e decay heat following 'burst'" or long-time-exposure fission

. B8 and y spectra production

. fission product absorption

° delayed and prompt neutron yields.

In this report comparisons are made in the above four categories between
ENDF/B-IV calculations and éeveral recent and past integral measurements. Most
of the comparisons presented are in the '"decay heat" area. Nine testers parti-
cipated in the ENDF/B-IV FP benchmark testing. They include J. C. Connor (WNES),
J. K. Dickens (ORNL), T. R. England (LASL), S. B. Gunst (BAPL), G. W. Morrison (ORNL),
R. E. Schenter (HEDL), F. Schmittroth (HEDL), W. H. Walker (CRNL), and

C. R. Weisbin (ORNL).



B. Computational Methods

Decay heat calculations with no flux effects were made using the particular
code being implemented and developed by the participating laboratory. These codes
are CINDER-10 (a modified version of CINDER-71), FISSPROD-Z,2 ORIGEN,3 RIBD—II,4

and ZPOWR.S

All the codes gave essentially identical results for the benchmark
testing presented in this report. Consequently, calculational results are indi-
cated by the input data used (e.g. ENDF/B-IV) and not the codes which produced the
values. The good agreement obtained between these codes even though they use
different mathematical procedures has been previously reported.6 High flux absorp-
tion and decay heat calculations were made with FISSPROD-2. Uncertainty results for
decay heat were calculated using the codes ZPOWR and ZVAR which are based on the
uncertainty analyses of Schmittroth.5 ORIGEN and CINDER-10 were used for spectra

calculations. Resonance integrals and CFRMF effective capture cross sections were

calculated using ETOX-4 (a modified version of ETOX7).



C. Testing Results

DECAY HEAT

The decay heat benchmarks used to test ENDF/B-IV are divided into two categories.
They iﬁclude recently reported experimental results which have been published since
1973 and experimental results released previous to 1973. Four sets of measurements
comprise the recent work. They are described as: 1) gamma power for short ex-
posure (2.4s and 100.4s) and short cooling times (3-~14,400s) at ORNL by Dickens
et a1.8, 2) beta power for short exposure (10s and 100s) and extremely short cooling
times (.2-26.s) by Alam and Scobie9 at SURRC, 3) total decay power calorimetry for
intermediate time exposures (100s, 1000s, and 5000s) and cooling times (70-70,000s)
by Lott et al.lo at Fontenay-aux-Roses, and 4) total decay power calorimetry for
samples irradiated in high neutron fluxes (> lolan/cmzs) for long irradiation and

11,12 The pre-1973 experi-

long cooling times (14.-4600.h) at BAPL by Gunst et al.
ments have been evaluated by Perry et al.13 and comparisons will be made of ENDF/B-IV

summation calculations with these evaluations. All the decay heat measurements

considered in this report are for U235 thermal fission.

1) Gamma Power -~ ORNL (1975)8

Gamma-ray energy release from fission product decay following thermal-neutron
fission of U235 was obtained and reduced for cooling times between 3 and 14,400 sec.
The data were obtained as pulse-height spectra for photon energies between 0.05 and
8 MeV using a Nal spectrometer, and were unfolded to give photon-energy spectra of
moderate resolution. Energy release values were obtained by integrating the spectra.

Table I gives these data compared with ENDF/B-IV calculations for 27 combina-
tions of exposure,.cooling and counting times. The ENDF/B-IV values are outside the

one sigma experimental uncertainty limits for very short cooling times (< 7s) and



Table I. Gamma Decay Energy Following Thermal Neutron Fission of U235

Cooling

Exposure Time
(sec) (sec)
2.4 3
2.4 5
2.4 7
2.4 9
2.4 14
2.4 19
2.4 29
2.4 39
2.4 59
2.4 79
2.4 99
2.4 149
2.4 199
2.4 299
100.4 10
100.4 30
100.4 50
100.4 100
100.4 150
100.4 250
100.4 350
100.4 550
100.4 750
100.4 950
100.4 1450
100.4 1950
100.4 2450

Counting

Time

(sec)

LN

20
20
50
50
100

100
200
200
200
500

500
500
11950

Energy Release (MeV/Fission)

Experiment

.219%,
.164+%,
133+,
L2427,
.178%+,

.260¢t.
.190+.
.278+%.
.195%,
.149%,

. 254+,
.163%t,
.206%.
.307+.

L227+%,
161+
.266%,
.169%,
212+,

.138+,
.186%.
.129+,
.101+,
.185+,

.132%,
.100+,
.636%.

(ORNL)

026
013
011
023
011

015
011
016
011
008

014
009
012
020

022

.013

018
010
012

008
010
007
006
010

007
006
041

Calculation
(ENDF/B-1IV)

.187
.143
.118
.229
.173

.257
.189
.272
.194
.148

.258
.170
.219
.337

<241
.168
.277
177
.226

.145
.194
.138
.109
.208

.155
124
.830

+ 4+ ++ 4+ 4+ 4+ + 4+ + A+

+ 4+ +

.032
.021
.015
.013
.005

.003
.001
.006
.001
.001

.004
.007
.013
.030

.014
.005
.011
.008
.014

.007
.008
.009
.008
.023

.023
.024
.194



the longest cooling times (> 300s). For the intermediate times, the two results
essentially overlap. For the last counting time intervals the ENDF/B-IV summation
result is 30% greater than the measured one, outside the three sigma experimental
uncertainty limit. Because of this lacge difference, the basic ENDF/B-IV data was
reexamined and found to have an error in the decay branching of Zr98 to the long
lived (51m) and short lived (2.8s) states of Nb98.* Figure 1 shows the effect of
the Zr98 branching correction for the '"burst" exposure case. Also shown in Figure 1
are symbols representing the ORNL measurement values and uncertainties given in
Table I, the nominal values being equal to a double integral of the "burst" function

[f(ts)]. The plotted cooling time value Ec for each of the ORNL points is the

"logrithmic time average" [t = vVt (t __+t +t )] of the time range of the double
c ¢ exp ¢ count
integral. The ordinate values are obtained by using the same percentage differences
in energy release as given in Table I for each corresponding f(Ec).
In order to properly assess if there remains a discrepancy between experiment and
2alculation, it is useful to have an uncertainty analysis for the calculation. This

ana.vsis 1s also useful in determining which particular piece of input data might

need possible adjustment or reexamination.

Figures 2 and 3 show the results of such an uncertainty analysis as applied to
the ORNL results. Plotted in Figure 2 are the calculated gamma decay power curves
for the two exposures of ORNL experiment. Also given are the ORNL points which

represent the "average' gamma power consistent with the results of Table I. The

*The error occurred due to not taking into account a change in ground versus isomeric
state assignment when combining data from two different sources in constructing the
ENDF/B-IV files. The shape of the gamma "burst" (energy release from a single in-
stantaneous fission) curve was a major clue in finding the branching error. The
ENDF/B-IV curve (see Figure 1) has a large "bump' when plotted as t.f(tc) at a
cooling time of about 3000s. Decay branching to metastable versus ground state has
a significant effect on the shape of this "bump" as explicitly shown in Figure 12
of Reference 5.
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calculated one-sigma uncertainty bands in Figure 2 were obtained from the code ZVAR
which represents the implementation of the formalism of Reference 5. A breakdown of
the various contributors to the overall uncertainty is shown in Figure 3 for the

2.4 sec exposure depicted in Figure 2. Clearly, uncertainties in the decay energies
are a dominant effect, especially for the short cooling times represented in the
ORNL experiment. This dominance is due partly.to the fact the average gamma decay
energies, appropriate here, are more uncertain than the total decay energies, and
partly because the fission-product yields for the thermal fission of U235 are
relatively well known. The individual uncertainties are added quadratically to

give the total. Also, to account for possible errors in branching ratios, the

total uncertainty contains one other component (not shown) that varies from about

4% at short cooling times to less than 17 at long times. The large uncertainties

at the very short times, typical of a short exposure, are 2-3 times greater than

those for a typical reactor exposure.



*z 2an314g

03S“1--3WI1L 9NIT00J

o) 01 01 o) SN} £
[ I O W 1 | S | L 1 la b st t 9 ! I | ST O M ru.hmv
- O,
—II -
-
- —
1|nMW
—3
L - X
=
*JY3ONO BU9IS-T ----- i D
- ("WJO0 86 ¥ZIG/JONT —— —
! (035 #°001) N¥0 O |~
(035 ¥°2) "NY0 O ﬁ m
» 1 ™
L. L
» - 2
O™
“—
w
@
i i
" "
= |
- -
111y 1 1 1EY 1LY o1 1 i TR IR I T O I | ] ) I I I O T I

(1)S22N--183H BWWHY %-9/40N3



*¢ 9an3Tg

035 ‘01
or 01 Qo1 o1 ,0 0o .1 o1 0l (01

TN R T T TN N I A [T A R (I T NN Ipget s ) [T TN (TS | o
TN e e, P
e T T N el ©
.............................. ) et ——
N\ N T — ]

P4 S \\ Na // l.ﬂV
o

-

2

-2 o

oM

=

—3

SINIIWH —— —

Sujgc) 9 QSRR =z

SIIVYENI 1Y¥o34@ ----- _ O

_ 6101 - 5

©
i -5
o
IR N TE B N S T RN U N NN 178 B X 0N NN AU 1110 8 00 TN TN 11 IO O WO I 1 3% T I 1O NN 171 W I I O V1N O mw
o

00+3%°2 =°S04dX3-1 ¢ $-9/40ON3 “(1)SgZ N



10

2) Beta Power - SURRC (1974)9

Previous measurements of the beta-energy release rate following fission were
restricted by experimental limitations to cooling times greater than three seconds.
In this experiment the "rabbit' was driven pneumatically instead of manually from
the irradiation to the beta detector. Because of this, results were obtained for
extremely short cooling times (.2-26s).

Figure 4 shows the SURRC results compared to the ENDF/B-IV summation calculations
for the 10 and 100s irradiations. The Alam-Scobie results were normalized at 10s
cooling time for both irradiations to the previous beta power measurements of
MacMahon et al.14 Also an 8% experimental uncertainty was estimated by the authors
and these are given by the error bars shown in Figure 4. Uncertainty calculations
using the methods described in the previous ORNL section were made and the one
sigma bands are shown. The agreement between experiment and calculation for these
very short cooling times is remarkably good (though not unreasonable as indicated
by the small calculated uncertainty bands) except for times greater than 20s for
the 100s irradiation. The precise determination of the normalization value at 10s
cooling time for the 100s irradiation case is critical to further more detailed

comparisons of experiment to summation calculation.
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3) Total Decay Power-Calorimetry-Fontenay-aux-Roses (1973)lO

Samples of U235 were irradiated for periods of 100,1000 and 5000s , trans—
ferred to a calorimeter and observed for periods up to 70,000s (19.4h). The
results of the measurements are given in the Lott et al. paperlO in a table
with the heading "Residual 8 and y Power in Watts per fission second". Compari-
sons of the measurements with the ENDF/B-IV calculations are given in Table II,
where it is assumed that units should be Watts-second per fission and are con-
verted to MeV/fission by multiplying by 0.6242 x 1013.

Detailed graphical comparisons of the Lott et al, data with calculations using
ENDF/B-IV and indicated corrections to ENDF/B-IV are given in Figures 5-9. 1In
Figure 5 the solid ENDF/B-IV and dashed ENDF/B-V UXZ* curves are shown to give
good agreement with the measured points, where the 5% error bars assigned by the ex-
perimenters are plotted. The previously described uncertainty analysis has been
applied for the Lott et al. exposures and the results are given in Figure 6. Again
experiment and calculation are consistent with the uncertainty limits (the +5%
experimental uncertainties are about the size of symbols plotted as shown in Figure 6).
Typical results for the three irradiation periods compared to the ENDF/B-IV and
ENDF/B-V UXZ calculations with uncertainty bands are given with greater detail

in Figures 7-9.

* ENDF/B-V UXZ designates three changes to the ENDF/B-IV decay data. They are
1) Y96 halflife change to 9.3s (see Reference 30), 2) Tel29M, Sb130M,
Sbl33, Cs138M, Lal4s0 and Lal42 EY change and Pml52M EB change (see Reference 31
Table V), 3) Zr98 branching correction discussed in ORNL section.
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4) Total Decay Power-Calorimetry — BAPL (1974)11’12

Samples of U235, U233, Pu239 and Th232 were irradiated to high burnups in
the Materials Testing Reactor (MTR) and the Advanced Test Reactor (ATR) at Idaho
National Engineering Laboratory. Following the final irradiation cycle, the
samples were discharged from the ATR as expeditiously as possible and transferred
to the canal of the Advanced Reactivity Measurement Facility where calorimetric
measurements were carried out.

Calculations have been made using the FISSPROD-2 code with ENDF/B-IV input data
to compare with these experimental results for U235 sample No. 25. The irradiation
history is given in detail in the Gunst et al reportll and comprised 3 cycles in MIR

at fluxes (n v) ranging up to 1.76 x 10!% n/em?s, and 1 cycle in ATR at fluxes

thermal

mostly near 4.7 x 10l% n/cm?s. There was a cooling period of 2.15 years before the

ATR irradiation.

The FISSPROD-2 simulation follows flux changes in the ATR irradiation closely
but reduces the three cycles in MIR to a single step irradiation. To see if the
results depended at all on the flux and time of the assumed MIR irradiation two quite
different sets were used. In the first the total irradiation time was used with an
average flux, in the second the final flux in the MIR irradiation (which happened to be
the highest) was used with a correspondingly shorter irradiation time. Since the two
assumptions gave results that differed by less than 0.1% it was concluded that the
simplified one-step MTR irradiation was adequate.

For the FISSPROD-2 calculations it was necessary to convert the listed group

fluxes to a Westcott flux (¢W = ) and epithermal index, r. The conversion

n v
total o

is described in the discussion of the Westinghouse fission product absorption results

that follows. The absorption cross sections for U235 for use with ¢w are 666.6 barns
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(MTR) and 673.1 barns (ATR). The values, in combination with the irradiations listed

below, give the observed depletion of U235,

At ¢, Oy r/T/To
- 1055 - 104 n/cm?s -
* { 41,115 1.256 1.0924 0.06106 ¢,,-At = 0.449 x 102! n/cm?
29.455 1.7536 1.5252 " ¢, -AC = 0.449 x 102! n/cm?
677.31 0 0
0.1728 0.0738 0.0683 0.120 ]
0.0655 1.1908 1.1091 "
0.0349 2.5919 2.3996 "
0.0450 3.120 2.8885 "
0.1926 4,469 4,1373 "
3.2724 4.627 4,2823 "
2.4988 0 0
0.1404 0.0423 0.0391 0.119
0.0205 0.8367 0.7742 "
0.0684  1.9927 1.8436 " I¢,At = 0.487 x 102! n/cm?
0.0169 3.2887 3.0423 "
5.6329 4.7089 4.3537 "
0.0072 0 0
0.0330 3.8941 3.5993 0.118
0.0108 4,4637 4,1251 "
0.5796 4.7255 4,3665 "
0.00828 4,4845 4.1436 "
1.28268  4.7466 4.3853 "
0.12096 4.7381 4.3768 " i

* Alternative MTR irradiations

The measured heat from the sample was corrected by the authors for heat carried
away by y-rays (~ 50% of total y-ray heat) and then the small contributions of heavy
elements and capture products in structural materials were subtracted to obtain a
value for the "measured" fission product heat. These were compared to the ANS
standard15 after correcting to the finite irradiation., In Table III the FISSPROD-2
calculations (ENDF/B-IV) are compared to the '"measured'" and ANS standard values listed
in the Gunst et al. report. Figure 10 shows the good agreement between experiment and

calculations for the above results.
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Table III. Total Decay Power Following Thermal Neutron Fission Comparing
Gunst et al, ("Measured'") with ENDF/B-IV (Calc)

Watts from sample

Cooling time (h) Calculated* "Measured" ANS Std.
14.55 61.40 65.1 63.8
14.97 60.53 64 .4 62.9
15.45 59.59 63.0 61.8
15.90 58.73 61.9 60.9
34.49 39.46 41.49 39.99
35.49 38.88 41.15 39.36
81.77 25,28 25.83 25.30
83.34 25.03 24.72 25.04

201.5 15.08 15.73 15.12
202.2 15.04 15.36 15.09
296.3 11.45 11.24 11.51
297.6 11.41 11.20 11.48
1067 3.357 3.23 3.35
1068 3.354 3.35 3.35
2099 1.581 1.57 1.55
2436 1.354 1.16 1.32
2770 1.180 1.15 1.15
3108 1.039 1.10 1.01
4142 0.730 0.69 0.71
4551 0.641 0.64 0.64

*
Using 0.6718 gms of U235 fissioned in the sample
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5) Experiments Reported Before 1973

Perry et al.13 have reviewed previous (before 1973) integral measurements of
decay heat following "burst" and long time exposure fission. These included both
beta and gamma decay energy measurements. Perry et al. propose "after heat
functions' based on these experiments for thermal-neutron fission of U235 for the
cooling time interval of 1-5 x 1053. Figures 11-14 give the comparisons of the
ENDF/B-IV decay heat curves to Perry et al.'s evaluations (10% uncertainty bars are
shown) for the "infinite" exposure case. Also given in Figures 11 and 12 is the
evaluation of Shure16 which is the bases of the ANS 5.1 decay heat standard15 and the
Shure curve plus an uncertainty of 207 required by NRC regulations 10CRFR50.46 for
ECCS analyses. The ENDF/B-IV curves are below the Shure curve for cooling times less
than 200 seconds, which are most important for the analyses of major loss-of-coolant
accidents. The 207 uncertainty of the ANS 5.1 standard appears to be conservative.
Figures 13 and 14 show the result of splitting up the curves of Figure 11 into their
B8 and y energy components. The agreement with Perry et al.'s evaluation is not as
good for the split as for the total.

Curves showing the comparison of the ENDF/B-IV calculations with the pre-1973

"burst" integral measurements are given in Reference 17.
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SPECTRA

Several beta and gamma spectra from FP decay experiments are currently in
progress. Results by Dickens et al.8 at ORNL are available for the gamma spectra,
their beta results to be available at a later date, Figures 15-17 show gamma spectra
plots for 3 of the 27 cooling time intervals described in the gamma power section.
The "Present Data" symbols are the measured data points. The ENDF/B-IV FP files
contains experimental "line data" (B end-point and y energies and intensities)
information for 180 nuclides34 out of a total of 711 decaying nuclides. This set
of data was used in the ORIGEN calculations shown as the solid curves in Figures 15-17.

Contributions from the 531 nuclides not having experimental "line data' decreases
in importance as the cooling times increase. This is indicated in Figure 18, where
the percent contribution to the total gamma heat from the 531 nuclides (Ey, the
average gamma energy per decay, is calculated theoretically) is shown to rapidly
decrease with cooling times.* Using Figure 18, the three cases corresponding to
Figures 15-17, for example, would‘have approximately 50%, 7% and 37% contributions,
respectively, from the 531 "theoretical energy" nuclides, and hence 50%, 93% and
97% contribution from the 180 "experimental energy" nuclides. This is consistent
with the results shown in Figures 15-17,.

In Figure 15 (Tcool=10-30s) the ENDF/B-IV curve substantially underpredicts

the measured data, whereas in Figures 16 and 17 (Tc o

o l=750-l9505) it closely follows

the data up to about 3 MeV.
Gamma spectra above the Be9 and H2 photoneutron threshold (1.67 MeV) have been

calculated with CINDER~10 using the ENDF/B~IV data for various cooling times up to

* Contributions to the gamma spectra calculations were not included from the 531
"theoretical energy" nuclides, however, they are included in the gamma decay heat
calculations presented in the previous section.
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1000 hours.ls’19

Figure 19 shows the spectra from U235 thermal fission at a
cooling time of 1 hour using 66 groups (50 keV bins). After a cooling time of
ten hours, the spectra hardens with time and the total gamma emission rate

) 35 . . s
remains nearly constant up to 200 hours. This behavior is important to source-

less reactor startup.
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ABSORPTION

Absorption experiments which have been used as benchmarks are divided into
results from fast and thermal reactor systems. The fast measurements were made
at the Coupled Fast Reactivity Measurement Facility (CFRMF) by Harker et al.20’21.
These measurements were direct capture on individual fission product nuclides.
Reactivity measurements have also been made at CFRMF22 and the STEK23 facilities
for individual important fission product nuclides and "lumped'" fission products
sets. At STEK, experiments were made in several fast assemblies (STEK-500,1000,
2000,3000,4000) for about 80 individual fission product nuclides and 4 "lumped"
fission product sets. These reactivity results have not been compared to ENDF/B-IV
calculations. However, they represent excellent possible future benchmarks.

24,25 have completed absorption measurements

For thermal systems Gunst et al.
for samples of U233, natural uranium, U238 and natural thorium. Irradiations were
made in high-flux facilities in different thermal neutron spectra and for different
durations including exposure to more than 90% depletion in fissile material and
more than 30,000 MWd/tonne in fertile material. Okazaki and Sokolowski26 measured
effective 2200 m/s cross sections on samples of U233, U235 and Pu239 irradiated
at the Chalk River Laboratories. Finally, resonance integral measurements provide

an integral test of individual fission product thermal and epithermal capture cross

section energy dependences.

1) Fast Capture in CFRMF-ANC (1972, 1972)20’21

Direct capture measurement results for 30 important fission product isotopes
are given in Table IV and compared with the ENDF/B-IV calculations. Most of the
nuclides (23) have calculated versus measured differences greater than 10% which

is the average quoted experimental uncertainty.
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Table IV. Effective Cross Sections of FP Absorbers in CFRMF

Absorption Cross Sections (barns)

Nuclide Measurement® Calculation®* Cal-Meas
Rb87 .0153%+,0010 .0110 -.0043
Nb93 .189 +.019 121 -.068
Mo98 .062 .067 +.005
Tc99 .383 +.063 .273 -.110
Rul02 .101 +.007 .118 +.017
Rul04 .095 £.005 .098 +.003
Rh103 .423 415 ~-.008
Agl07 468 +.060 414 -.054
Agl09 .563 +.081 .292 -.271
Sh121 .315 .302 ~.013
Sbl23 .167 .163 ~-.004
1127 .308 .345 +.037
Xel32 .0401+,004 .0489 +.0088
Xel34 .0152+,0016 .0240 +.0088
Cs133 .333 .294 -.039
Lal39 .0207 .0243 +.0036
Cel40 .001 . 0147 +.0137
Cel4?2 .020 .0248 +.0048
Prl4l .0855 .101 +.016
Nd148 114 161 +.047
Nd150 .113 .143 +.030
Pml47 .844 .545 -.299
Sm152 .330 .293 -.037
Sm154 131 154 +.023
Eul5l 2.590 +,150 2.240 -.350
Eul53 1.510 *.120 1.390 -.120
Gd158 .200 .182 -.018
Gd160 .104 .138 +.034
Tb159 .999 .847 -.152
Hol65 .657 +.100 .932 +.275
Aul97 +450 411 -.039

* Assumes value for Aul97 equals .45 barns. Most of the results were
reported by Harker et al. at the Kiamesha Lake Conference.20 The Eul5l
and Eul53 results were reported at the March Washington Meeting.21

**The calculated absorption cross sections were obtained by weighting the
microscopic ENDF/B-IV capture cross sections with a 620 group SAND-II CFRMF
spectrum. No corrections were made for self-shielding effects, which are
assumed to be small.
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2) FP Poisoning in Neutron-Irradiated U233 - BAPL (1974)24’25

Reactivity worths were measured for samples of U233 as functions of time
following irradiation in high-level neutron fluxes. The irradiations were carried
out in the Materials Testing Reactor (MIR) and the Advanced Test Reactor (ATR) at
the Idaho National Engineering Laboratory. The fluxes for each irradiation interval
were measured by bare and cadmium-covered cobalt monitor wires and normalized by mass
spectrometer measurements of total and isotopic wuranium. The reactivity worths of
the U233 samples were calculated based upor the time-dependent concentrations of all
significant uranium isotopes and fission products in each sample, and compared with
the measured reactivity worths.25 The measurements were made in different locations

of the Advanced Reactivity Measurement Facility (ARMF-I).

2.1) Pml49 Resonance Integral

The measured and calculated transient reactivity worths indicate ﬁhat the
epl 0.105eV*resonance integral of Pml49 (precursor of Sml49) is at least 20,000 barns.24
Since the ENDF/B-IV cross section for Pml49 is only 1400 barns at 0.0253eV, the
20,000-barn resonance integral result implies substantial resonance structure. In
ENDF/B-IV, the epithermal cross section is represented by a smooth 1/v curve which
provides a resonance integral of 801 barns above 0.5 eV. The ENDF/B-IV value was
obtained using the recommendation of Ribon, et al.27

Conversion of the 0.105 eV resonance integral to an 0.5 eV cut requires knowledge
of the energy dependence of the cross section between these two energies. The ENDF/B-IV
data provide a resonance integral contribution that is less than 1000 barns for the energy

region between these two cut points. If this is subtracted from the measured result, the

Pml49 resonance integral above 0.5 eV is at least 19,000 barns.

* The 0.105 eV cutoff was selected because it facilitates calculations for samples
irradiated in spectra with different epithermal-to-thermal flux ratios,
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2.2) Xel35 Transient

The Xel35 transient reactivity measurements indicate that the product of the
Xel35 thermal neutron cross section and the cumulative yield through I135 (for

U233 fission) as given in ENDF/B-IV should be increased by about 7.5 percent.25

2.3) "Lumped" Fission Product Absorption Cross Sections

Calculations with the FISSPROD-2 code were made. for one sample, No., 44, to test
the ENDF/B-IV data. All irradiations considered were in MTR. It was first estab-
lished that a single step irradiation gives an accurate estimate of fission product
absorption by comparison over the first irradiation cycle with a computer run
using the detailed flux changes listed in the Gunst et al. report.24 The single
step flux was equal to the average over the last few days of the cycle and the
single step time interval was chosen to give the true integrated flux. The two
results agreed to a smail fraction of one percent. To obtain out-of-reactor time
it was assumed that a full MIR cycle was 3 weeks.

MTIR irradiation data is recorded as 2 nv flux groups, ¢, and ¢,, with energies
above and below 0.105 eV, while FISSPROD-2 uses the Westcott convention with a total

flux ¢W = and an epithermal index. The necessary conversion is done by

n
totalvzzo 0

equating reaction rates, i.e.

~

O3d, T 0,8y = 00, = 0pnpp (8 + ES)G ; Op00 L+ 1 T/TO(ZI‘/TT)) @

w
where ¢ is Westcott's effective cross section, r is the epithermal index, I is the

reduced resonance integral,

given

T, = 293.4°K and T = 343.2°K (for MIR). Using the definition of G, and o,

on p. 68 of the report24

¢w = ¢3 (0.81941 + 0.08991 02/¢3) (2)
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T T/To = 0.08153 (¢2/¢3) (0.81941 + 0,08991 c!>2/c1>3)—l 3)
Results are listed as an effective cross section, Ioff? defined as
oeff(0.8194l ¢3) = 03¢3 + 02¢2 (4)

and a resonance integral, RI, with lower limit 0.105 eV. Thus

Ourr = 5§ (1L + 0.10973 ¢2/¢3) (5)

and

RI(.105) = I + 0.98 ¢ (6)

2200
The approximate representation of G in Equation (1) is used in FISSPROD-2. For
cross sections such as that of Xel35 that cannot be so treated a value of ¢ is calcu-
lated for the particular spectrum and in the program %9000 = 8, I = 0. Values of
G and the parameters on which they are based are given in Table V. Note that for
Xel35 the capture cross section is used, not the total cross section.
Values of 95500 2F€ taken from ENDF/B-IV while g and s values are from Westcott
(AECL-1101) and, for Xel35, Sumner (AEEW-R116).

Table V. Effective Cross Section Parameters

& (kb)

Nuclide 0,000 (kb) g (343.2°K) s ¢,/¢5 = 0.6 ¢,/¢4 = 0.536
cd113 19.877 2.42 -2.18 45.870 46,109
Xel35 2636 1.1925 -1.0 3007.7 3022.2
Sm149 41.19 2.187 -2.152 85.518 86.004

Sml51 15.01 0.693 ~0.345 10.135 10.164
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The MIR spectrum changed slowly over the total irradiation period with a more
rapid change following the 17th cycle. The first value of G in Table V (¢2/q53 = 0.6)
was used for cycles 1-17 while the second (¢2/¢3 = 0.536) was used for the remainder.
It is probable that deviations from the assumed neutron temperature of 343.2°K will
produce larger variations than this over the course of the irradiationm.

Results of the calculation are compared with measured values in Table VI. The
"measured'" effective cross sections listed here were not measured, but are recon-
stituted for the MIR spectrom from o, and 0, components extracted from measurements
of effective cross sections in different parts of the test reactor ARMF-1, The
measured values of 0,,,q9 and RI(.105) in Table VI are derived from g, and o4 and
were taken from the report.

Provided the neutron spectrum in MTR is similar to the spectra where the ARMF-1
measurements were made, the comparison of calculated and "measured" effective cross
sections should be a more valid test of ENDF/B-IV data than the comparison of ¢

2200
and RI(.105).
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Table VI. U233 "Lumped" Fission Product Absorption Cross Sections
in ARMF-1 from Irradiations in MTR and ATR

Calculated* (C) and MeasuredJr (M) Cross Sections (barns/fission)

Cycle Cooling ¢2 O2200 rs X Unsq9 RI(0.105 eV) geffective
No.  mrs. s MooC c Mm ¢ M C

2 190  0.6077 146.0 126.5 9.05 194.7 265.4 159.3 144.6

3 262 0.6290 20.6 100.0 9.68 185.2 247.5 126.5 117.3

. 37y sopg  193.3 178.7 9.37 248.3 321.1 210.3 200.3

252 . 80.4 87.5 9.74 317.1 237.4 102.1 103.5

7 235  0.6144 66.0  66.6 9.70 237.7 216.0 82.3 8l.4

A 11 g 88.9  90.4 9.64 264.9 237.9 107.1 106.9

428 . 61.6 63.4 9.87 241.6 215.1  78.3  78.3

10 215  0.5945 56.8 57.4 9.60 234.2 205.7 72.9 71.4

b 44| se00 63.9 65.5 9.25 240.3 209.5  80.2 79.5

389 : 49.7 53.9 9.40 237.3 200.5  65.9 67.3

14 227  0.5938 45.7 49.9 9.15 226.6 193.0  61.1 62.8

17 39§ s 50.3  53.0 8. 80 228.3 191.2  65.7 65.8

433 : 40.0  45.2 8.38 226.4 184.8  55.3 57.5

40 46.5 49.4 8.21 213.1 181.9  60.5 60.8

21 3g5 03120 38.8 42.9 8.26 216.3 176.4  53.0 54.0

22 322 0.560 34.9  41.0 8.12 235.6 172.5  50.3 52.1

23 275 0.582 36.3  40.1 7.97 195.0 169.6  49.0 51.2

- 3 s 41.8  45.4 7.83 - 212.2 172.7  55.6 56.4

495 . 35.1  38.9 7.86 209.5 166.9  48.7 49.5

25 35 41.5 43.3 7.69 196.5 168.7  54.2 54.1

444 0.550 34.6  37.7 7.72 190.6 163.6  47.0 48.1

3079 33.0 37.5 7.70 204.5 163.2  46.3 48.1

*FISSPROD-2 using ENDF/B-IV

tGunst et al.
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3) Effective 2200 m/s Cross Sections - CRNL (1970)26

Samples of U233, U235 and Pu239 were selected (from a group irradiated at Chalk
River) for pile oscillator measurements in the thermal column of the heavy water
moderated reactor RO at Studsvik, Sweden. At the measurement position the neutron
spectrum is essentially Maxwellian with T = 28°C. The irradiations for these
samples had been completed 8 years before the measurements.

The reactor history was not published but have since been obtained from the
reactor records. In the computer simulation the main part of the irradiation was
treated as a single irradiation of 357 days followed by a 1 day shutdown and then
a further 14 days irradiation at a lower flux (down 2%).

Effective cross sections for Sml49 and Sml51 in the RO spectrum were 69.225 kb
and 13.56 kb respectively. Table VII gives the "lumped" (gross fission product)
2200 m/s cross sections for two separate irradiations. The FISSPROD-2 calculated

values using ENDF/B-IV data are generally higher by about 10% compared to the measured

results.

4) Resonance Integrals

Tabulations of measured and evaluated resonance integrals have been made in the
past by several authors. Table VIII compares the ENDF/B-IV values with those of
28 29 . 27 .
Mughabghab and Garber (BNL-325)", Clayton”” and Ribon and Krebs for 33 major FP
absorbers in thermal reactors. Most of the ENDF/B-IV resonance integrals are essen-

tially equal to the BNL-325 evaluations.
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Table VIII. Resonance Integrals of Major FP Absorbers in Thermal Reactors

Resonance Integrals (barns)

Ribon and

Nuclide ENDF/B-IV* BNL-325(73) Clayton(72) Krebs(74)
Xel35 7645, 7634, 7262. 7000.
Sm149 3200. 3183. 3705. 3300.
Pml47 2283, 2300.+350. 2178. 2200,
Xel3l 879. 870. 790. 850.
Cs133 381. 415.+15, 460. 400.
Nd143 205. 140. 65. 100.
Sml151 3357. 3300.+700. 2200. 3000.
Rh103 1050. 1100. +50. 1014. 1050.
Tc99 354. 340.+20. 198. 300.
Nd145 226. 240.%35. 271. 280.
Sm152 3008. 3000.+200. 3240. 3000.
Pm148M 3608. 3600. 31990. 30000.
Mo95 113. 105.+7. 106. 105.
Eul53 1590. 1635.+200. 1279. 1500.
Kr83 192. 230. 217. 230.
Rh105 15850. 15800.+1500. 16990. 15000.
Sm150 320. 310.+15. 257. 260.
Pml48 40010. 40000. 44000. 40000.
Csl35 61.6 62. 62. 60.
RulOl 95,2 85. 80. 80.
Eul55 1856. - 1200. 2000.
Lal39 13.0 12.2+.6 15.6 14.
Prl4l 19.4 14.1+.,2 17.5 18.
Eul54 2700. - 1240. 1507,
Prl43 190. 190.+25, 190. 170.
Xel33 356. - 53, 300.
cd113 405. - 366. 400.
Nd146 3.3 3.2+.5 2.4 3.
Csl34 213. . - 90. 200.
Mo97 16.1 13.+3, 15. 15. "
Sml47 748. 714.+50. 566. 600.
Zr93 28.2 33.+15. 26. 10.
Pm149 801. - 930. 800.

*
ECUT=.5 ev, T=0°k
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DELAYED AND PROMPT NEUTRON YIELDS

Delayed and prompt neutron yield measurements are an integral test of the
direct fission yields and the delayed neutron branching probabilities (Pn). The
ENDF/B-IV files contain, with the fissionable nuclides, evaluations of the delayed
and prompt neutron yields. Table IX gives the calculated ENDF/B-IV results versus
the evaluated yields, the latter expected to be the more accurate. The delayed
neutron calculations were made summing the contributions from the 57 nuclide
precursors on the ENDF/B-IV FP files, where most of the Pn values were taken from
Tomlinson.32 Also given in Téble IX are calculations from a preliminary ENDF/B-V
yield set which was reviewed at the CSEWG FP and Decay Data Subcommittee Yield Group
meeting held at Los Alamos September 23, 1975. This set, denoted ENDF/B-5A, has
factored in the recent fast yield measurements of Maeck et al.33 The prompt yields
in Table IX show good agreement between the "ealculated" and "evaluated" results,
especially for the thermal ;p‘ The delayed neutron differences are large,
especially for U238(F), reflecting the sensitivity of vq to the specific precursor

direct yield estimates.
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Table IX. Delayed and Prompt Neutron Comparisons®

Gd/loo Fissions ;p
Calculation Calculation

FISSION ENDF/B-IV ENDF/B-IV
NUCLIDE  ENDF/B-IV  [ENDF/B-5A  Evaluation ENDF/B-IV  ENDF/B-5A  Evaluation
233y (1) 1.604 1.547 1.67 £ 0.07 2.41 2.38 2.40
235y(p) 1.483 1.735 1.67 £ 0.07 2.38 2.42 2.53-2.65
233y (uE) 1.095 1.034 0.90 + 0.1 3.63 4.17 4.38-4.51
2384(p) 2.934 3.013 4.60 + 0.25 2.70 3.06 2.43-2.58
2384 (u) 1.963 1.972 2.60 + 0.2 4.02 bbb 4.43-4.58
23%y (1) 0.520 0.610  0.645 + 0.04 2.92 2.92 2.87
2394 () 0.508 0.589 0.645 * 0.04 2.77 2.82 3.01-3.15
241p (1) 1.047 1.232 1.57 + 0.15 3.00 2.99 2.92
233y(1) 0.821 0.777 0.740 + 0.04 2.47 2.45 2.49
2320 (7) 3.933 4.833 5.27 + 0.4 2.39 2.45 1.99-2.11

%
Calculated values use ENDF/B yields and branching fractions.

Uncertainties on v, are taken from a review by S. A. Cox (ANL/NDM-5, April 1974).
The evaluated v_ values apply at 0.0253 eV for thermal (T) fission; 1.0 and 2.0 MeV
for fast (F) fission, and 14 and 15 MeV for high energy (HE) fission.
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D. Conclusions and Recommendations

Benchmark testing of the ENDF/B-IV fission product data files for the
four areas of decay heat, spectra, absorption and neutron yields given in this
report has been quite extensive and except for absorption is the first compre-
hensive reporting of integral testing on the ENDF/B FP file.* The results of
this testing are quite encouraging, especially as to giving confidence in cal-
culating decay heat using the summation method when applied to the LOCA analyses
for thermal reactors. However, due to the large mass of data to be tested and
the numerous applications for which fission product data is needed, there continues
to be several integral experiments in progress or completed and not thoroughly
reviewed in this report that should be good candidates for benchmark testing.
These include: reactivity measurement at the CFRMF and STEK facilities, calori-
metric experiments at LASL and Berkeley laboratories, beta and gamma spectra
measurements at IRT, LASL and ORNL,

The testing results indicated areas of data improvement for several particular
FP nuclides. These include, Kr83, Rb87, Zr98, Tc99, Xel34, Xel35, Cal33, Cel4O,
Prl4l, Nd143, Nd148, Pml47 and Pmlé49. In addition, all four areas of benchmark
testing showed some cases of need for general data improvement in the overall
"lump" FP effects. Both thermal absorption measurements, for example, give signif-
icantly lower values for 05000 than the ENDF/B-IV calculations. The fast fission
yields give poor agreement with delayed neutron measurements.

For ENDF/B-V data updates it is recommended that the specific information from
the subsections of this report be incorporated. To this should be added results from

recent microscopic cross section, decay data, fission yield and B-strength function

*
ENDF/B-IV is the first issuance of ENDF/B to have a 'complete' set of FP decay
information.
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measurements. Finally, the papers from the IAEA Panl on Fission Product

Nuclear Data36 should be carefully reviewed.
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