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SPECTRAL MEASUREMENTS IN CRITICAL ASSEMBLIES:
MCNP SPECIFICATIONS AND CALCULATED RESULTS

by

Stephanie C. Frankle and Judith F. Briesmeister

Abstract

Recently, a suite of 86 criticality benchmarks for the Monte Carlo N-Particle (MCNP) transport
code was developed, and the results of testing the ENDF/B-V and ENDF/B-VI data (through
Release 2) were published. In addition to the standard k. measurements, other experimentél
measurements were performed on a number of these benchmark assemblies. In particular, the
Cross Section Evaluation Working Group (CSEWG) specifications contain experimental data for
neutron leakage and central-flux measurements, central-fission ratio measurements, and
activation ratio measurements. Additionally, there exists another set of fission reaction-rate
measurements performed at the National Institute of Standards and Technology (NIST) utilizing
a “”Cf source. This report will describe the leakage and central-flux measurements and show a
comparison of experimental data to MCNP simulations performed using the ENDF/B-V and B-
VI (Release 2) data libraries. Central-fission and activation reaction-rate measurements will be
described, and the comparison of experimental data to MCNP simulations using available data
libraries for each reaction of interest will be presented. Finally, the NIST fission reaction-rate
measurements will be described. A comparison of MCNP results published previously with the
current MCNP simulations will be presented for the NIST measurements, and a comparison of

the current MCNP simulations to the experimental measurements will be presented.




I. Introduction

Recently, a suite of 86 criticality benchmarks for the Monte Carlo N-Particle (MCNP") transport

code'” was developed, and the results of testing the ENDF'/B-V and ENDF/B-VI data (through
Release 2*) were published.’ This suite of criticality (ko) benchmarks was developed using two
primary sources of information: the Cross Section Evaluation Working Group (CSEWG)
specifications” and the International Criticality Safety Benchmark Evaluation Project (ICSBEP)
spcciﬁcations.5 In addition to the standard ke measurements, other experimental measurements
were performed on a number of these benchmark assemblies. In particular, the CSEWG
specifications contain experimental data for neutron leakage and central-flux measurements,
central-fission ratio measurements, and activation ratio measurements. Additionally, there exists
another set of fission reaction-rate measurements performed at the National Institute of Standards
and Technology (NIST) utilizing a 22¢f source.®” This report will first describe the leakage and
central-flux measurements and will show a comparison of experimental data to MCNP
simulations performed using the ENDF/B-V and B-VI data libraries. In Section III, central-
fission and activation reaction-rate measurements will be described, and the comparison of
experimental data to MCNP simulations using available data libraries for each reaction of
interest will be presented. Finally, the NIST fission reaction-rate measurements will be described
in Section IV. A comparison of MCNP results published previously with the current MCNP
simulations will be presented, and a comparison of the current MCNP simulations to the
experimental measurements will be presented.

Additionally, central-worth and transverse fission and activation measurements have been
performed with critical assemblies that are not included in this report, and these measurements
should be considered for future validation efforts. Central-worth measurements for a variety of
materials are discussed in the CSEWG specifications. Transverse fission and activation
measurements, where measurements are made at different radial positions in the assembly, have
been performed using the Godiva, Jezebel-23, Topsy, Flattop-25, Flattop-Pu, and Thor

. 89,10,11,12,13,14
assemblies.®” 3

" MCNP is a trademark of the Regents of the University of California, Los Alamos National Laboratory.
" Evaluated Nuclear Data File.
* ENDE/B-VI data is through Release 2 throughout this report.




II.  Neutron Leakage and Central-Flux Spectra

The CSEWG specifications include neutron-leakage spectra for the Jezebel, Godiva, and
Jezebel-23 critical assemblies. The Jezebel assembly is a bare sphere of **Pu, the Godiva
assembly is a bare sphere of highly-enriched uranium, and the Jezebel-23 assembly is a bare
sphere of 2*U. A central-flux spectrum is provided for the Bigten assembly. The one-
dimensional representation of the Bigten assembly is a normal (natural) uranium-reflected sphere
of enriched uranium (10.06 wt%). The one-dimensional model for each of these assemblies was
used in these calculations.

The neutron spectra for the Jezebel, Godiva, Jezebel-23, and Bigten assemblies were
calculated with the MCNP geometries (pumetl, umet1ss, 23umt1, and bigten1, respectively)
given in Reference 2. For each assembly, the MCNP calculations performed with ENDF/B-V
and ENDF/B-VI data are compared with the measured data. The ENDF/B-V data are those
referenced by the ZAID (see Appendix G of Reference 1) ending of “.50c¢” or “.55¢,” while the
ENDF/B-VI data are referenced by the ZAID ending of “.60c” and are contained in the ENDF60
library.' The leakage spectra were calculated using an F2 tally over the outer surface of the
assembly, and the central-flux spectrum of Bigten was calculated using an F4 tally in a 1-cm
radius sphere at the center of the assembly.

The CSEWG neutron spectra are given in half-lethargy groups with a reference energy of
10 MeV. The half-lethargy group structure is defined by the following formula:

E
In| =% [=05,1.0,15,....,
( E ]

where E represents the lower energy limit of the groups and E,¢ is the reference energy. In
addition to the CSEWG specifications, we have the original publication of the experimental data
in a finer group structure reported by Stewart'® for the Jezebel and Godiva assemblies. Neutron-
energy spectra are generally measured in critical assemblies using proton-recoil detectors that are
able to measure neutrons with energies greater than ~20 keV. For each spectrum in the figures,
the total flux has been normalized to 1.0 over equivalent energy ranges for comparison purposes.

Error bars are given for all of the MCNP results and for all of the experimental data, except for

the central-flux spectrum of Bigten, for which no experimental error bars were reported.




A. Neutron-Leakage Spectrum for Jezebel

Figures 1 and 2 show a comparison of the MCNP calculations with the CSEWG and Stewart
data, respectively, with little difference between the ENDF/B-V and B-VI calculations. The
MCNP data libraries slightly underpredict the flux in the lowest energy bins and overpredict the

flux near 1 MeV, but show good overall agreement with experiment.
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Figure 1. Comparison of the Jezebel neutron-leakage spectrum using the CSEWG group structure.
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Figure 2. Comparison of the Jezebel neutron-leakage spectrum using the Stewart group structure.

B. Neutron Leakage Spectrum for Godiva

Figures 3 and 4 show a comparison of the MCNP calculations with the CSEWG and Stewart

data, respectively, with better agreement between the ENDF/B-VI data and experiment than with
the ENDF/B-V data. In the lowest energy regions the ENDF/B-VI flux is higher than ENDF/B-
V, and in the intermediate and higher energy regions the ENDF/B-VI spectra is lower than
ENDF/B-V.
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Figure 3. Comparison of the Godiva neutron-leakage spectrum using the CSEWG group structure.
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Figure 4. Comparison of the Godiva neutron-leakage spectrum using the Stewart group structure.




C. Neutron-Leakage Spectrum for Jezebel-23

Figure 5 compares the MCNP calculations with the CSEWG data, showing little difference
between the ENDF/B-V and B-VI calculations, as expected. The ENDF/B-VI evaluation for 2y
is equivalent to the ENDF/B-V evaluation except for the addition of photon-production data. The

addition of photon-production data will not affect the neutron transport, so small differences in

the results for U are because of small differences in the processing of the ENDF evaluation

into an MCNP data library. The ENDF data underpredict the flux in the lowest energy bin (<0.5

MeV), but do an adequate job in the higher energy regions. In an attempt to understand the

underestimate of the flux in the lowest energy bin, we ran the calculation using data from the
ENDL92' and JENDL3.2"8 libraries. The ke results were quite different among the ENDF
(0.9929 + 0.0002), ENDL92 (0.9978 + 0.0002), and JENDL3.2 (1.0129 + 0.0002) libraries, but

the neutroh-leakage spectrum was underpredicted by the same amount in the lowest energy bin

by all libraries.
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Figure 5. Comparison of the Jezebel-23 neutron-leakage spectrum using the CSEWG group structure.




D. Central Flux Spectrum for Bigten

Figure 6 compares the MCNP calculations with the CSEWG data for the central-flux spectrum in
Bigten, showing a substantial improvement in predicting the neutron flux in the lowest energy
groups when using ENDF/B-VI. Both ENDF/B-VI and B-V data underpredict the flux below
~0.02 MeV, and appear to overpredict the flux from 0.04-0.08 MeV. As there are no error bars
given for the CSEWG spectrum, it is difficult to assess the degree of disagreement with
experiment. There is agreement between the MCNP data and experiment for the higher energy
regions (>0.1 MeV). The CSEWG specifications do not give a measured value for the highest
energy group, therefore no definitive comparison is possible. Sensitivity studies were performed

and determined that the increase in the neutron-energy spectrum in the lowest energy bins is

mostly from the improvements in the ENDF/B-VI evaluation for *U. The balance between

elastic and total inelastic cross sections changed significantly in the new ENDF/B-VI evaluation

for °U, but this change had a much smaller effect on the neutron-energy spectrum for Bigten.
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Figure 6. Comparison of the Bigten central-flux spectrum using the CSEWG group structure.




III. Reaction Rate Measurements

Reaction rates are measured in critical assemblies by placing a foil of the isotope of interest in a
critical assembly and irradiating the foil for a specified length of time. Following the irradiation,
the foils are then placed in a gamma-ray counting facility where the gamma-ray spectrum is
measured at a standard source-to-detector distance. The emission rate of gamma-ray(s)
corresponding to the specific reaction of interest is then measured. Most counting facilities use
HPGe or Nal gamma-ray detectors. The reaction rate can be determined by an expression similar

to the following:lg’20

R_( A) a Ae' 3,
“\eBAmpN, | f(1-e " Y1-e™) |\ 8,8,8,8:5, )’

where
A is the measured peak area,
¢ is the detector efficiency for point source at the gamma-ray energy of interest,
B is the absolute gamma-ray intensity or branching ratio,
a is the atomic mass of the isotope of interest,
m is the mass of the foil,
p is the weight abundance of the mass of interest,
N, is equal to 6.023x1023,
A is equal to (In2/T ), where Ty, is the half-life,
T is the counting time (live),
T’ is the counting time (clock),
f is equal to T/T',
t is the irradiation time,
7 is the decay time from end of irradiation to start of counting,
91 is the correction for finite sample,
&, is the parent/daughter activity ratio,

&3 is the correction for coincidence sampling,

04 is the correction for random summing,




ds is the correction for gamma-ray absorption in the sample, and

¢ is the correction for external gamma-ray absorbers.

For many of the irradiations using the Bigten assembly, multiple irradiations of
individual foil sets were performed. Neutron flux monitors provided run-to-run normalization.
The individual foil packets then were sent to multiple laboratories for analysis. The high degree
of consistency between reaction rates obtained by each laboratory (<2%) lends confidence to the
measured values. Additional experiments typically are performed to ensure that the reaction rates
are insensitive to the placement of the foil packets in the assembly cavity and to the presence of
multiple foils in each packet (neutron scattering and absorption effects with the foil packet). For
fissionable nuclides of interest, experiments utilizing a fission chamber in place of the foils also
can be performed.?"** The holder assembly for the foil packets is often designed like a fission
chamber to ensure that neutron scattering and absorption for both the activation foils and fission-
chamber measurements are the same.

For a given reaction, such as *Sc(n,y), multiple final states may be populated. For the
#3Sc(n,y) reaction, the first metastable state of 5S¢ with a half-life of 18.75 seconds and the
ground state of **Sc with a half-life of 83.79 days are populated. It is assumed that the published
results are given for the total reaction-rate for such situations, unless otherwise explicitly stated

in the publication. For cross-section data that give separate cross sections for each process, such

as population of the metastable and ground states of 8¢, the sum of the cross sections must be

used in the MCNP calculations. Often publications are not explicit about the specific reaction of
interest in their tables of results, so care must be taken to search the text of a publication for this
information. Additionally, the half-lives and branching ratios used by the experimentalists in
computing the reaction rate may change over time. No attempt has been made to correct for

differences between the values used by the experimentalists and the values accepted today.B’24

A. Central-Fission Ratio Measurements

The CSEWG specifications have central-fission ratio measurements for nine assemblies: Jezebel,
Jezebel-Pu, Jezebel-23, Godiva, Flattop-Pu, Flattop-25, Flattop-23, Bigten, and Thor. The
Jezebel, Jezebel-23, Godiva, and Bigten assemblies were described in Section II. Jezebel-Pu is a

sphere of 2Py with a higher concentration of **°Pu (20 wt%) than Jezebel, which has 4.5 wt%




249py . Flattop-Pu, Flattop-25, and Flattop-23 are assemblies with a highly-enriched uranium core
and are reflected by *’Pu, normal uranium, and ***U, respectively. Thor is an assembly with a
2¥py (5.1 wt%) core reflected by 232Th. The one-dimensional (spherical) model for each of these
assemblies was used in these calculations.

In addition to the CSEWG specifications, a smaller set of measurements were available
from the Chemical Science and Technology (CST) Division at Los Alamos National Laboratory
(LANL).® No experimental errors were given for the CST-LANL measurements. Each of the
measurements in the CSEWG and CST-LANL specifications gives the ratio of the fission rate of
a nuclide with respect to the **U fission rate for a foil situated in the center of the assembly.
Nuclides for which experimental data exist include 32T, 233’mU, 237Np, and 2Pu.

The fission reaction rates were calculated in MCNP by using an FM tally multiplier of
the appropriate fission cross section (as specified by the MT value) for an F4 tally in a 1-cm
radius sphere in the center of each assembly. Previous studies have shown that this method gives
equivalent results to using a point-detector tally at the center of the assembly.® The central-
fission ratio was then calculated by dividing the fission reaction rate for the nuclide of interest by
the U fission rate, propagating the MCNP statistical error.”’ For every ratio, the ENDF/B-VI-
based data from the ENDF60 library were used for producing the neutron spectrum in the
assembly and for calculating the **U fission reaction rate. Four sets of data were tested for each
nuclide of interest and are detailed in Table 1. The fission cross sections from each data library
used in the calculations are shown in Appendix A for 232Th, 233’238U, 237Np, and ?°Pu. The
ENDL92 data library'! and the LLLDOS dosimetry library”**’ are based on evaluations
performed at Lawrence Livermore National Laboratory (LLNL). To make the comparison of
calculation to experiment easier, the calculated-to-experimental ratio (C/E) was computed for
each reaction of interest, along with its associated relative error (RE). Relative errors are quoted
at the 1o level.

The nine assemblies have a fairly fast neutron-energy spectrum in the center of each
assembly, as shown in Figures 7-9. The neutron spectrum from each assembly has been
normalized to a total flux of 1.0 for comparison purposes. The central flux spectrum for Jezebel
(pumetl) is shown in all three figures for ease of comparison. Note that while error bars were not
plotted in these figures, it is clear that the error bars on the neutron flux below 0.001 MeV are

large, but this energy region has little impact on the calculations. The Jezebel (pumetl), Jezebel-

11




Pu (pumet2), Jezebel-23 (23umt1), Godiva (umetlss), Flattop-Pu (pumet6), Flattop-25 (umet28),
Flattop-23 (flat23), Bigten (bigten1), and Thor (pumet8a) assemblies are referenced by their

MCNP filenames and are documented in Reference 2.

Table 1. Data Used for the Central-Fission Ratio Calculations in MCNP

Target ENDF/B-VI LLLDOS
Nuclide ENDF/B-V Release 2 ENDL92 (ACTL)
32T 90232.50c 90232.60c 90232.42¢ 90232.30y
3y 92233.50¢c 92233.60c 92233.42¢ 92233.30y
=y 92238.50¢ 92238.60c 92238.42¢ 92238 30y
ZNp 93237.55¢ (a) 93237.60c 93237.42¢ 93237 .30y
Zpy 94239.55¢ 94239.60c¢ 94239.42¢ 94239.30y
(a) LANL evaluation and not ENDF/B-V.
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Figure 7. Central-neutron flux spectra for Jezebel (pumetl), Jezebel-Pu (pumet2), Godiva (umetlss), and
Jezebel-23 (23umtl) assemblies.
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Figure 8. Central-neutron flux spectra for Jezebel (pumetl), Flattop-25 (umet28), Flattop-Pu (pumet6),
and Flattop-23 (flat23) assemblies.
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assemblies.
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1. Central-fission Ratios for )

Unlike the other central-fission measurements, the fission rate for *>Th was compared to the

fission rate for **®U in the Thor assembly. Therefore, ENDF/B-VI data were used for the *U

fission reaction rate for all the results given in Table 2. The ***Th evaluation did not change from

ENDF/B-V to B-VI, hence the results are equivalent for this reaction rate. ENDF underpredicts

the fission rate for 232Th, while the LLNL data come much closer. This is because of the slight

overall increase in the fission cross section between 1-6 MeV in the LLNL data relative to the

ENDF data, as shown in Figure 10. The increase in the fission cross section from 6—10 MeV is

less important. Eighty-eight percent of the reaction rate is from neutrons having an energy of 1-6

MeV, 12% is from neutrons between 610 MeV, less than 0.1% is from neutrons below 1 MeV,

and less than 1% is from neutrons above 10 MeV.

Table 2. Central-Fission Ratios for **Th

Assembly CSEWG ENDF/B-V ENDEF/B-VI ENDL92 LLLDOS
Release 2 (ACTL)
Expt. RE C/E RE C/E RE C/E RE C/E RE
Thor 0.26 0.038 0951  0.039 0.951  0.039 0.988 0.039 0.988 0.039
0.45 T 1 T H 1 1 ¥ 08/1 9/99
Th i 232
0.40 4 MT=18
Total Fission
__ 035F .
/2]
% ZAID = 90232.50C
o 030r 7 From ENDF5U2
S -
s 0251 1 ZAID = 90232.60C
3 From ENDF602
é 0.20 1
5 ZAID = 90232.42C
015 4 From ENDL.922
0.10 | 1 ZAID = 90232.30Y
From LLLDOS2
0.05 :

0.0 2.0 4.0 6.0 80 100 120
Neutron Energy (MeV)

14.0

Figure 10. Comparison of *Th fission cross sections from 1-20 MeV.
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2. Central-fission Ratios for U

There are central-fission ratio measurements for 2**U for four assemblies. As with 232Th, the
evaluation for 2>*U did not change from ENDF/B-V to B-VI, except for the addition of photon
production data that will not affect these calculations. The results for the four assemblies are
given in Table 3. We have good agreement with experiment for the Jengel, Godiva, and Bigten
assemblies from all cross-section libraries. There is slightly poorer agreement with the Flattop-25
assembly. The experimental error for the Flattop-25 measurements is noticeably smaller than for
the other three assemblies for this nuclide. If the experimental error for the Flattop-25

measurement was comparable to the others, the relative error for the C/E ratios would be ~0.019.

Table 3. Central-Fission Ratios for U

ENDF/B-VI LLLDOS

Assembly CSEWG ENDF/B-V Release 2 ENDL92 (ACTL)
Expt. RE CE RE C/E RE C/E RE CE RE
Jezebel 1578  0.017 1.000  0.017 1.000  0.017 1.002  0.017 1.000  0.017
Godiva 159 0.019 1.001  0.019 1.001  0.019 1.006  0.019 1.005  0.019
Bigten 1.58 0.019 0.997  0.022 0997 0.022 1.021  0.022 1.020  0.022
Flattop-25 1.608  0.002 0989  0.004 0.989  0.004 0996  0.004 0995  0.004

3. Central-fission Ratios for U

There are central-fission ratio measurements for 25U for each of the nine assemblies. The results
for these assemblies are given in Table 4. 28y was completely reevaluated for ENDF/B-V], but
we see little difference for this reaction rate between B-V and B-VI data. The ENDF-based data
underpredict the reaction rate for the Jezebel, Jezebel-Pu, Godiva, and Thor assemblies. The
LLNL-based data of ENDL92 and LLLDOS overpredict the reaction rate for the Jezebel-23 and

Flattop-23 assemblies. All four libraries overpredict the reaction rate for the Bigten assembly.
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Table 4. Central-Fission Ratios for 2*U

Assembly CSEWG ENDF/B-V Eggfafi-;ll ENDL92 IZXI(J:‘,I)-S;S
Expt. RE C/E RE C/E RE C/E RE C/E RE
Jezebel 0.2133 0.011 0975 0.012 0975 0.012 1.003  0.012 1.003  0.012
Jezebel-Pu 0.2071 0.010 0970  0.011 0971  0.011 0998  0.011 0998  0.011
Jezebel-23 0.2133 0.012 1.015  0.013 1.016  0.013 1.044  0.013 1.044  0.013
Godiva 0.1643 0.011 0974  0.012 0974  0.012 1.002  0.012 1.001 0012
Bigten 0.03739(a) 0.009 1.107  0.029 1.107  0.029 1.138  0.029 1.138  0.029
Flattop-25 0.1492 0.011 0986  0.012 0987 0.012 1.014  0.012 1.014  0.012
Flattop-Pu 0.1799 0.011 0983  0.012 0984 0.012 1.011  0.012 1.ot1  0.012
Flattop-23 0.1916 0.011 1.008  0.012 1.009  0.012 1.037  0.012 1.037  0.012
Thor 0.1962 0.011 0968  0.012 0969  0.012 0.996 0012 0.996  0.012

(a) CST-LANL gives a value of 0.0372 for this ratio.

4. Central-fission Ratios for B7Np

) ) 237
There are central-fission ratio measurements for

Np for each of the nine assemblies, and the
results are given in Table 5. **'Np was reevaluated for ENDF/B-VI, and the ENDF/B-VI results
are consistently lower than the ENDF/B-V results. As with 2**U, the fission rate is overpredicted
by all libraries for the Bigten assembly and underpredicted for the Thor assembly. In general, the
LLNL-based data consistently underpredict the fission rate and are farther from measurement

than the ENDF-based data.

Table 5. Central-Fission Ratios for *"Np

Assembly CSEWG ENDF/B-V Eggfa/i-zl ENDL92 [zklégg)s

Expt. RE C/E RE C/IE RE CE RE C/E RE
Jezebel 0.9835 0.014 0.984 0.015 0.971 0.015 0.953 0.015 0.954 0.015
Jezebel-Pu 0.9365 0.014 1.014 0.014 1.000 0.014 0.982 0.014 0.983 0.014
Jezebel-23 0.997 0.015 1.006 0.015 0.992 0.015 0.974 0.015 0.976 0.015
Godiva 0.8516 0.014 0.980 0.015 0.966 0.015 0.950 0.015 0.951 0.015
Bigten 0.3223@@) 0.012 1.082 0.021 1.068 0.021 1.057 0.021 1.058 0.021
Flattop-25 0.7804 0.013 1.000 0.013 0.986 0.013 0.970 0.013 0.971 0.013
Flattop-Pu 0.8561 0.014 1.004 0.014 0.990 0.014 0.972 0.014 0.974 0.014
Flattop-23 0.9103 0.014 1.013 0.015 0.999 0.015 0.982 0.015 0.983 0.014
Thor 0.9419 0.011 0.955 0.011 0.942 0.011 0.925 0.011 0927 0.011

(a) CST-LANL gives a value of 0.317 for this ratio.
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5. Central-fission Ratios for P py

Central-fission ratios have been measured for 2*’Pu in the Jezebel, Godiva, Bigten, Flattop-25,

and Flattop-Pu assemblies. The results for these five assemblies are given in Table 6. 9Py was

reevaluated for ENDF/B-VI and gives slightly lower fission rates than ENDF/B-V. As we have

seen with the other nuclides, the reaction rates for Bigten are consistently higher than those for

other assemblies, but are nowhere near as drastically different as those for other isotopes. For

2¥py, the higher reaction rates bring the Bigten results closer to agreement with measured values

than the other assemblies. As with most integral measurements, reaction rates are quite

insensitive to the details of the cross sections used in the calculation and are only sensitive to the

average cross section as a function of incident neutron energy. As shown in Figure 11, although

the ENDF/B-VI-based data of the ENDF60 library have far more detail than the data of the

LLLDOS library through the resonance region, the two sets of results are very similar.

Table 6. Central-Fission Ratios for >°Pu

CST- ENDF/B-VI LLLDOS
Assembly CSEWG LANL  ENDE/B-V Release 2 ENDL92 (ACTL)
Expt. RE Expt. CE  RE CE  RE CE  RE CE  RE
Jezebel 1.4609  0.009 1417 0980 0010 0975 0010 0968 0010 0973 0010
Godiva 14152 0.010 - 0984 0011 0978 0011 0973 0.011 0978 0011
Bigten 1.1936  0.007 1177 1006 0014 0992 0014 0992 0014 0996 0014
Flattop-25 13847 0.009 1355 0991 0009 0985 0009 0980 0009 0984 0009
Flattop-Pu - - 139 0997  0.003 0.992  0.003 0986  0.003 0.990  0.003

Italics indicate that the relative error for the MCNP reaction ratio is given.
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Figure 11. Comparison of the fission cross section for “Pu.

B. Activation Ratio Measurements

There are a wide variety of activation ratio measurements for six critical assemblies: Jezebel,
Godiva, Bigten, Flattop-Pu, Flattop-25 and Thor. These assemblies are briefly described in the
introductions to Sections II and III.A. The activation ratio measurements were performed for a
number of nuclides using the (n,y), (n,), (n,p), (n,2n), and (n,n’%) reactions. For each ratio, the
reaction rate for the reaction and nuclide of interest was measured in the center of the critical
assembly. The rate was then divided by the fission rate for **°U at the same position in the
assembly to form the activation ratio quoted in the publications. Activation ratios are available
from the CSEWG specifications, from CST-LANL, and from Byers.30 As stated previously, the
CST-LANL data do not have experimental errors included. The activation data from Byers are
given as a reaction rate in barns. The ratio is then computed by using the value of 1.25 barns. for
the 23U fission rate given in the reference for the Jezebel and Godiva assemblies. The Byers data
give experimental errors for the Godiva measurements, but not for the Jezebel measurements.
There is no experimental error given for the U fission rate by Byers. The CSEWG

specifications are based on the measurements of Byers, and it is not clear why many of the
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activation ratios were not included by CSEWG. Additionally, CSEWG used a slightly different
fission rate for “*U than Byers in calculating the activation ratios.

As for the central-fission ratio calculations, the ENDF/B-VI-based data of ENDF60 were
used to calculate the central-neutron flux and the *>U fission rate for each assembly. The
reaction rates were calculated in MCNP by using an FM tally multiplier of the appropriate
reaction cross section for an F4 tally in a 1-cm radius sphere at the center of each assembly. The
reaction rate for the nuclide of interest was then divided by the calculated 25 fission rate,
propagating the MCNP statistical error. Each calculated activation ratio is then divided by the
experimental measurement to make the comparison easier. The relative error (RE) in the
calculated-to-experimental ratio (C/E) is propagated when an experimental error estimate is
available. In the absence of an experimental error estimate, the MCNP relative error for the
activation ratio of interest is given instead, allowing the reader to have an estimate of the validity
of the calculation for that reaction.

Figures 7-9 in Section III.A show the central-neutron flux spectra for the assemblies of
interest. Recall that the Jezebel, Godiva, Bigten, Flattop-Pu, Flattop-25, and Thor assemblies are
referenced by their associated MCNP filenames of pumet1, umetlss, bigten1, pumet6, umet28,
and pumet8a, respectively. Six sets of data were available for testing the activation cross
sections: ENDF/B-V, ENDF/B-V1,® ENDL92,'8 ENDF/B-V dosimetry,"”” LLLDOS,**” and
SUPER.* SUPER is a continuous-energy dosimetry library made available at Los Alamos
National Laboratory in the mid-1980s.

1. (n,7) Activation Ratios

The largest set of activation data is for the (n,y) reaction. Table 7 lists the available experimental
data from the three sources, and Table 8 lists the relevant MCNP data that can be used for each
calculation. Table 9 gives the results of the calculated-to-experiment (C/E) ratio for each nuclide
and assembly and the associated relative error (RE). As we have noted previously, the Thor
measurements were performed with respect to the **®U fission rate. The ENDF/B-VI data from
ENDF60 were used for the **®U fission rate for the Thor calculations. The radiative capture cross
sections from each data library used in the calculations are shown in Appendix B. The activation
ratio results are insensitive to the details of the cross sections through the resonance region for

the calculations, as was seen with the central-fission ratios for ***Pu. It is the average value of the
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reaction cross section as a function of neutron energy that is important for these benchmarks.

Examples of this behavior can be seen for 5Cu and"’ Au for the (n,y) reaction.

There are seven reactions for which a partial reaction rate was measured instead of the

total. The production of the metastable state was measured for the (n,y) reaction on 79Br, 103Rh,

®Ag, B1n, and 'PIn. The production of the ground state plus the first metastable state, but not

the second metastable state, was measured for 92ft in the 191Ir(n,}() reaction. At an incident

neutron energy of 1 MeV, the production of the second metastable state of '*Ir only accounts for

~3.5% of the total (n,Yy) cross section.*? Hence, the total cross section will be used for this

reactton in the MCNP calculations. The total reaction rate for 59Co(n,y) was measured for the

Bigten assembly, but the reaction rate for the metastable state was measured for the Godiva

assembly. The reaction rate for the ground state was measured for the *'Eu(n,) reaction in the

Bigten assembly. We currently do not have the appropriate reaction cross section data necessary

to calculate the reaction rates for " Br(n,y) **"Br and ""*Rh(n,)'**"Rh.

Table 7. Experimental Data for the (n,y) Activation Ratio Measurements

Target Nuclide Assembly CSEWG Byers CST-LANL
8¢ Bigten 0.0132 £ 0.0003 - 0.0127
Sy Jezebel 0.0023 = 0.0003 0.0023 -

) Godiva - 0.0023 £ 0.0002 -
Mn Jezebel 0.0024 = 0.0003 0.0023 -
Godiva 0.0027 + 0.0002 0.0026 + 0.0002 -
Bigten - - 0.00537
BFe Bigten 0.0031 £ 0.0001 - 0.00291
*Co Bigten 0.0095 = 0.0002 - 0.0093
BCu Jezebel 0.0100 = 0.0006 0.0098 -
Godiva 0.0117 +0.0006 0.0115 +0.0005 -
Bigten 0.0164 +0.0010 - 0.0173
Cu Godiva - 0.0070 % 0.0004 -
SAs Godiva - 0.0450 + 0.0032 -
Sipy Godiva - 0.0360 + 0.0032 ~
8Rb Godiva - 0.0495 +0.0024 -
8Rb Godiva - 0.0033 + 0.0006 -
¥y Bigten - - 0.00639
Godiva -~ 0.0069 + 0.0006 -
Nb Jezebel 0.023 + 0.002 0.0221 ~
Godiva 0.030 = 0.003 0.0297 +0.0024 -
Jezebel - 0.0124 —
Ag Godiva - 0.1440 = 0.0144 -
Jezebel - 0.1224 -
1215 Godiva - 0.0848 = 0.0064 -
Jezebel — 0.0744 —
27 Godiva - 0.0832 = 0.0080 -
391 4 Godiva - 0.0073 = 0.0006 -
Jezebel — 0.0066 -
gy Bigten - - 0.578
continued
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Table 7, continued

Target Nuclide Assembly CSEWG Byers CST-LANL
19Tm Jezebel - - 0.0931
Bigten - - 0.219
Flattop-25 - — 0.137
Flattop-Pu _ — 0.118
Ly Bigten - - 0.54
Flattop-25 - - 0.306
Flattop-Pu - - 0.29
18T, Bigten - - 0.216
Godiva - 0.1230 £ 0.0120 -
180w Bigten - - 0.245
By Bigten - - 0.0684
186 Bigten - - 0.05688
15Re Godiva - 0.1856 + 0.0080 -
¥7Re Godiva - 0.1432 £ 0.0120 -
198yy Bigten - - 0.246
Godiva - 0.1064 + 0.0064 -
Jezebel - 0.0848 -
97 Au Jezebel 0.083 = 0.002 0.0810 -
Bigten 0.167 = 0.003 - 0.17
Godiva 0.100 = 0.002 0.0984 + 0.0020 -
Flattop-25 - - 0.0996
57 Flattop-25 - - 0.0341
Flattop-Pu - - 0.031
0571 Godiva - 0.0087 = 0.0012 -
R4 Godiva - 0.0011 = 0.0001 -
B2y Thor* 1.20 £0.06 - -
38y Bigten 0.110 = 0.003 - 0.106
Thor 0.083 = 0.003 - -
*Am Bigten - - 0.521
Flattop-Pu — - 0.2514
* This reaction ratio is given with respect to the “*U(n,y) rate.
YCo(n,y) ¥mCo Godiva 0.038 = 0.003 0.297 + 0.0024 -
"Br(n,y) *™Br Godiva - 0.0706 + 0.0043 -
%R h(ny) 1*"Rh Godiva - 0.0152 = 0.0012 -
1% Ag(n,y) 1OmAg Flattop-25 - - 0.0107
Flattop-Pu - - 0.0099
"Bn(n,y) Hom Bigten - - 0.422
Win(n,y) m Bigten - - 0.146
Godiva - 0.1168 = 0.0080 -
Jezebel - 0.1112 —
BlEym,y) 2Ry Bigten - - 0.699
Blyr(n,y) 192mbveye Jezebel - - 0.1671
Bigten - - 0.341
Flattop-25 - - 0.209
Flattop-Pu - - 0.191
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Table 8. Data Used in the MCNP Calculations for the (n,y) Activation Ratios

Target ENDF/B-VI ENDF/B-V LLLDOS
Nuclide ENDE/B-V Release 2 ENDL92 Dosimetry (ACTL) SUPER
8¢ - 21045.60c - 21045.26y 21045.30y (a) -

Sty 23000.50¢ 23000.60c 23051.42¢ - 23051.30y -

3Mn 25055.50¢c 25055.60c 25055.42¢ - 25055.30y -

**Fe - 26058.60c - 26058.26y 26058.30y -

*Co 27059.50¢ 27059.60c 27059.42¢ - 27059.30y () -

#Cu - 29063.60c¢ - 29063.26y 29063.30y -

%Cu - 29065.60¢ - - 29065.30y -

"As - - 33075.42¢ - 33075.30y -

gy 35081.55¢ - - - 35081.30y -

55Rb 37085.55¢ - - - - -

) 37087.55¢ - - - - -

8y 39089.50¢ 39089.60c 39089.42¢ ~ 39089.30y 39089.71y (b)

“Nb 41093.50¢ 41093.60c - - 41093.30y -

T Ag 47107.50c 47107.60c 47107.42¢c - 47107.30y (a) -

121p - -~ - - 51121.30y () -

177 53127.55¢ 53127.60c¢ 53127.42¢ 53127.26y - -

12 - - - 57139.26y - -

gy 63153.55c (©)  63153.60c ~ ~ 63153.30y -

19Tm - 69169.55¢ (¢) - - ~ 69169.30y 69169.70y
1y - - - - 71176.30y (a) -
181y 73181.50c 73181.60c 73181.42¢ - 73181.30y (a) -
180y - - - - 74180.30y -
184y 74184.55¢ 74184.60c - ~ 74184.30y -
186y 74186.55¢ 74186.60c - - 74186.30y -
185Re 75185.50¢ 75185.60c 75185.42¢ - 75185.30y -
¥7Re 75187.50¢ 75187.60c 75187.42¢ - 75187.30y (a) -
19%yp - - - ~ - 7719371y

7 Au 79197.55¢ ()  79197.60c - - 79197.30y -

2037 - - - ~ 81203.30y -

20511 - - - - 81205.30y -

209 83209.50c 83209.60c 83209.42¢ - 83209.30y (a) -

22Th 90232.50¢ 90232.60c 90232.42¢ - 90232.30y -

2y 92238.50c¢ 92238.60c 92238.42¢ - 92238.30y -

M Am 95241.50¢ 95241.60¢ 95241.42¢ - 95241.30y (a) -
jZCo(n,y) 86(:):(30 - - - - 27059.30y -
10g3r(n,*{) lO?nf - - - - - -
W)Rh(n;y) nomRh - - - - S -
Agmy) A - - - - 47109.30y -

In(n,y) " ""In - - - - 49113.30y -
n(n,y) ™0 - - - 49115.26y 49115.30y (@) -
BlEun.y) 5%Eu - - - - 63151.30y -
r(n,y) P2l - - - - - 77191.70y

(a) This reaction ratio is composed of more than one MT value.

(b) There is not a specific MT that corresponds to this reaction. The cross section information was obtained from the original
evaluation for the ZAID.

(c) These evaluations are from LANL and are not part of ENDEF/B-V.
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Table 9. Comparison of MCNP Calculations to Experiment for the (n,y) Activation Ratios

Target 5 cembly ENDF/B-v ENDF/B-VI  ENpL92  LLLDOS  ENDF/B-V  quppp
Nuclide Release 2 (ACTL) Dosimetry

C'E RE | C'E RE [ C/E RE | C/E RE | C/E RE | CE RE

“Sc ‘Bigten - -~ |L066 0.034 - - 1045 0026 |[1.061 0034 | - -

Ty Jezebel 0.785 0.131 0.835 0.131 [0.838 0.131 |0.754 0.131 - - - -

Jezebel:Byers 0.799  0.006 [0.828 0.009 |0.831 0.009 |0.747 0.005 - - - -

Godiva:Byers 0920 0069 [0.985 0070 ]0.988 0070 |0.881 0.069 - - - -

*Mn Jezebel 1214 0127 |1223 0.126 |1461 0.125 [1490 0.125 - - - -

Jezebel:Byers 1.256  0.020 |1.265 0.014 |1.512 0005 |1.541 0010 , -~ - - -

Godiva 1272 0076 |1.267 0075 |1.581 0075 |1.590 0075 = - - - -
Godiva:Byers 1301 0062 |1296 0062 |[1.617 0061 |1.626 0.061 - - - - I

Bigten:CST (1.028 0.025 |1.098 0.021 |1.628 0.015 |1.647 0.016 - - - -

e Bigten - - 1437 0053 - - 0631 0035 | 0.790 0.059 - -

*Co Bigten 0.990 0034 |0.893 0.029 |0.841 0028 1.001 0.025 - - - -

8Cy Jezebel - - 1016 0061 - - 11005 0060 |0.948 0.062 - -

Jezebel:Byers - - 1041 0011 - - 11029 0.004 0972 0.014 - -

Godiva - - 10981 0052 @ - - 10991 0052 [0.916 0052 - -

Godiva:Byers - - 10996  0.043 - - |1.006 0042 10930 0.043 - -

Bigten - - 1051 0.064 - - 1.028 0.062 [0.997 0.063 - -

Cu Godiva:Byers - - 1014 0058 - - 0997 0.057 - - - -

S As Godiva:Byers - - - ~ |1310 0072 (1298 0.072 - - - -

gy Godiva:Byers 1.875 0.089 - -~ - - |1.062 0.089 - - - -

®Rb Godiva:Byers 0.691 0.049 | - - - - - - - - - -

Rb Godiva:Byers 0.981 0.195 - ~ - - ~ - - - - -

2y Bigten:CST 1579 0.017 |1.035 0.023 |1.478 0.019 |1.038 0.013 - - 0924 0013

Godiva:Byers 1.143 0082 [0.685 0082 [0.864 0082 [0775 0.082 - - 10.656 0.082

Nb Jezebel 1173 0.087 1227 0.087 |1.180 0.087 |1.181 0.087 - - - -

Jezebel:Byers 1222 0.005 11.278 0.005 |1.229 0.006 [1.231 0.005 - - - -

Godiva 109 0.100 1139 0.100 |1.105 0.100 [1.105 0.100 - - - -

Godiva:Byers LI111 0081 |1.152 0.081 |1.117 0.081 |1.117 0.081 - - - -

YAg Godiva:Byers 0.854 0.100 0931 0.100 10924 0.100 |0.849 0.100 - - - -

Jezebel:Byers 0.836  0.005 |0.946 0.008 [0.922 0.005 |0.855 0.004 - - - -

1215p Godiva:Byers - - - ~ - - 1465 0.076 - - - -

Jezebel:Byers - - - - - - 1429 0004 | - - - -

127y Godiva:Byers 1.079 0096 [1.092 0.096 {1207 0.09 - - 11.084 0.096 - -

a Godiva:Byers -~ - - -~ - - - - ]0.876 0.077 - -

Jezebel:Byers - - - - - - - - 0910 0.0i7 - -

ey Bigten:CST 0.975 0.014 |1.000 0.014 - - 11174 0014 - - - -

Tm Jezebel:CST 1420 0.005 - -~ - - {1263 0.005 - - 1254 0.005

Bigten:CST 1311 0.014 - - - - |L052 0013 . - 1342 0014

Flattop-25:CST 1.260  0.004 - - - - 1082 0.004 - - |LI73 0.005

Flattop-Pu:CST 1.342 0.004 - - - - L1660 0.004 - - (1240 0.004

YSLu I Bigten:CST - - - ~ - - 10905 0013 - - - -

Flattop-25:CST - - - - - - 1007 0.004 - - - -

Flattop-Pu:CST - - - - - - 10956 0.003 - - - -

#iTa Bigten:CST 0.903 0.0I3 10904 0.013 |0775 0.014 [0.778 0.014 - - - -

Godiva:Byers 0.995 0.098 0995 0.098 |0.838 0.098 [0.844 0.098 - - - -

180y Bigten:CST - - - - - - (0344 0.013 - - - -

iy Bigten:CST 0.850 0.013 0.850 0.013 - - 0948 0.013 - - - -

oW Bigten:CST 1000 0.013 [1.001 0.013 - - 0.977 0013 - - - -

%Re Godiva:Byers 0.943  0.044 |1.096 0.044 {0931 0.044 [0.867 0.044 - - - -

“Re Godiva:Byers 1.039 0084 |1.023 0.084 |1.297 0084 |1.332 0084 - - - -

continued
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Table 9, continued

{

Target  ssembly ENDF/B-V ENDF/B-VI  gnpL92 ~ LLLDOS  ENDF/B-V  guppg
Nuclide Release 2 (ACTL) Dosimetry
CE RE | CE RE | CE RE CE RE | CE RE 1 C/E RE
Wiy Bigten:CST L- - - - - - - - - - 0936 0014
.Godiva:Byers - - - - - - - - ‘[ - - 1.100  0.061
Jezebel:Byers - - - - - - - - i - - 1.108 0.005
¥7An Jezebel 0.953 0.024 0938 0.024 - — 1006 0025 | - - - -
Jezebel:Byers \0.977  0.004 |0.961 0.004 - — (1.032 0.004 “ - - - -
Bigten 0941 0022 (0948 0.022 - — 0984 002 @ - - - _
Godiva 0.948 0021 |0939 0.021 - — 0992 0021 @ _ - - _
Godiva:Byers 0.963 0022 0954 0.022 _ ~ 11009 0022 - . _
Flattop-25:CST 1.016  0.004 (1.009 0.004 _ - Lo64 0004  _ _ L _
w7y Flattop-25-CST - - - - - - 0344 0004 | - - - -
Flattop-Pu:CST ~ - - - - - 10348 0.004 - - - -
| Godiva:Byers - - - - - - 10.11S  0.138 - - - -
Bj Godiva:Byers 1232 0072 2045 0072 11232 0072 11223 0072 - - - -
»y Bigten 1013 0030 [0976 0.030 1072 0.030 [(1.069 0.030 - - - -
Thor 0.855 0.036 |0.841 0.036 0924 0.036 0923 0.036 - - - -
Am Bigten:CST 1262 0013 |1109 0013 0119 0013 [1198 0.0I3 - - - -
Flattop-Pu:CST 1404 0.003 |1.082 0.004 0117 0.004 1174 0.004 - - - -
BiTh Thor (a) 1.082 0050 |1.083 0.050 :1.146 0.050 |1.173 0.050 - - - -
®Co Godiva - - - - - - 10101 0079 - - - -
Godiva:Byers - - - - - - '0.130 0.081 - - - -
PAg Flattop-25:CST - - - - - - 0454 0004 - - -~ -
Flattop-Pu:CST - - - - - — 0454 0.004 - - -
13 Bigten:CST - - - - - - 0503 0012 - - - -
13 Bigten:CST - - - -~ - - 2707 0012 |1.113 0013 : - -
Jezebel:Byers - - - - - - 12405 0.004 11007 0.004 @ - -
Godiva:Byers - - - - - - 12553 0.069 |1.049 0.069 ‘ - -
Slgy Bigten:CST - - - - - - 10902 0.014 - - - -
Bl (b)  |Jezebel:CST - - - - - - - - 1088 0005 | - -
Bigten.CST - - - - - - - -~ L098 0013 | - -
Flattop-25:CST - - - - - - - - 1122 0004 | - -
Flattop-Pu:CST - -] - - - - - - LI25 0004 | - -
Italics indicate that no experimental error was given. The MCNP relative error for the reaction ratio is given instead.
(a) This reaction ratio is given with respect to the **U(n,y) rate.

(b) The total reaction was used for this calculation,

For the results given in Table 9, when experimental errors have not been available, the
MCNP relative error for the reaction-rate ratio [51V(n, ) to 23U fission] has been quoted in the
table as noted by the italicized type. As can be seen from the CSEWG and Byers’ results from
the Jezebel assembly for 51V(n,\(), neglecting the experimental error can seriously underestimate

the error for the calculated—to-experimental (C/E) comparison.
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51V

SSMn

SSFe

SQCO

63Cu

65
Cu

For each of the data libraries considered for this reaction, the calculated result appears to
overpredict the measured value, but is within two standard deviations of the

measurement.

For each of the data libraries considered for this reaction, the calculated result is within
two standard deviations of the measurement for each assembly. The experimental error
for the Godiva assembly is much less than that of the Jezebel assembly. The more recent

data from ENDF/B-VI and ENDL92 have improved the calculated result for this reaction.

The reaction rate for this nuclide is consistently overpredicted for each assembly and data
library. The ENDF-based data do better at matching the measured value than the LLNL-
based data. There is a noticeable improvement for this reaction rate for the softer energy

spectrum of the Bigten assembly with the ENDF-based data.

The ENDF/B-VI data substantially overpredict the reaction rate, while the LLNL and
ENDF/B-V dosimetry data substantially underpredict the reaction rate.

The ENDF/B-V and LLLDOS data correctly predict the measured reaction rate in the
Bigten assembly, but the ENDF/B-VI and ENDL92 data significantly underpredict the
measurement. The decrease in the radiative-capture cross section above 1 MeV for the

ENDF/B-VI and ENDL92 data relative to ENDF/B-V made the largest contribution to

the calculational differences.

The calculated reaction rate for this nuclide is well within the experimental error for all of
the assemblies for the ENDF/B-VI and ENDL92 data libraries. The ENDF/B-V
dosimetry data underpredict the measurement for the faster assemblies of Godiva and

Jezebel, but match the measured value for the Bigten assembly.

The calculated reaction rate matches the measured value for the Godiva assembly.
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75/\8

81[3r

85I{b

87Rb

897{

93PJb

107Ag

12lsb

127I
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The calculated reaction rate overpredicts the measured values for the LLNL-based data.

The ENDF-based data substantially overpredict the reaction rate, while the LLNL-based

data do an adequate job of matching the measurement.
The calculated reaction rate underpredicts the measured value for the ENDF/B-V data.
The calculated reaction rate matches the measured value for the ENDF/B-V data.

The ENDF/B-V and ENDL92 data for ¥Y overpredict the reaction rate for the Bigten
assembly, while the SUPER data underpredict the reaction rate. The ENDF/B-VI and
LLLDOS data give similar results and are much closer to the measured value. For the
Godiva assembly, ENDF/B-V data overpredict the reaction rate, while the other data
libraries substantially underpredict the reaction rate. From the plot in Appendix B, it is
evident that the ENDF/B-V cross section is much greater on average above ~0.02 MeV.
This gives better agreement with the Godiva measurement, but poorer agreement with the
softer energy spectrum of Bigten, where the ENDF/B-VI data give better agreement with

measurement.
The calculated reaction rate overpredicts the measured value for the Godiva and Jezebel
assemblies. For the Godiva assembly, the calculated reaction rate is within two standard

deviations of the measured value for all of the data libraries.

The calculated reaction rate consistently underpredicts the measured value for the Godiva

and Jezebel assemblies, but is within two standard deviations of the measured value.
The LLNL-based dosimetry data overpredict the reaction rate.

The ENDF-based data libraries more closely match the measured value for this reaction

than the ENDL92 data.




139La

153Eu

169Tm

176Lu

181Ta

The ENDF-based data underpredict the reaction rate, though the calculated values are

within two standard deviations of the measurement.

The calculated reaction rate using the ENDF-based data matches the measured value,

while the LLNL-based dosimetry data slightly overpredict the reaction rate.

All of the data libraries overpredict the reaction rate, but the LLNL-based dosimetry data
are a better match with the measured values than the ENDF/B-V or SUPER data.

The calculated reaction rate for Bigten is 10% lower than measured for this nuclide. The

calculated reaction rates for the Flattop assemblies are closer to the measured values.

The calculated reaction rates are consistently lower than the measured values for this
reaction. The calculations are within two standard deviations of the measured value, and

the ENDF-based data more closely match experiment than the LLNL-based data.

The reaction rate is substantially underpredicted for the Bigten assembly, indicating that

the (n,y) cross section in the LLLDOS library is low.

The calculated reaction rates for this nuclide are lower than the measured values. The
LLNL-based dosimetry data of LLLDOS more closely match experiment than the ENDF-
based data.

All of the calculated reaction rates match the measured values for this nuclide.
The ENDF/B- VI reaction rate for this nuclide is substantially greater than the ENDF/B-V
rate. In both cases, the calculated value is within two standard deviations of the measured

value. The ENDL92 data more closely match experiment than the earlier LLLDOS data.

The ENDL92 reaction rate is also within two standard deviations of the measured value.
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187Re

197All

209Bi

241 Am

232Th
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The ENDF-based data match the measured reaction rate, while the LLNL-based data

greatly overestimate the reaction rate for this nuclide.

The SUPER dosimetry data do an adequate job of matching the measured reaction rates,

coming within ~10% for the various assemblies.

The ENDF-based data appear to slightly underestimate the reaction rate for this nuclide
for the majority of the critical assemblies. The LLNL-based dosimetry data more closely

match the measured values for all but the Flattop-25 assembly.

203TL 205T1

The LLLNL-based dosimetry data for these nuclides greatly underpredict the measured

values for the critical assemblies.

The new ENDF/B-VI data have greatly overestimated the (n,y) cross section for this
nuclide. The ENDF/B-V and LLNL-based data all overpredict the measured value by
~22%.

The ENDF-based data for this nuclide are a slightly better match with the measurement,
though all are within two standard deviations of the measured value for the Bigten
assembly. The LLNL-based data are a better match with the measured value for the Thor

assembly.

The ENDF/B-VI data for this nuclide are a great improvement over ENDF/B-V in
calculating the measured reaction rate. The ENDL92 data greatly underpredict the

measured value, and the LLLDOS data overpredict the measurement.

This reaction rate was measured with respect to the 23’8U(n,\() rate. The ENDF-based data

are a slightly better match with the measurement than the LLNL-based data.




Co(n,))*™Co
This reaction cross section was only available from the LLLDOS library. The cross
section appears to be underpredicted by a factor of 10. It is interesting to note that the
measured value given by Byers for this reaction is larger than the total reaction rates
given by Byers for either >>Mn or 3Cu. As the total (n,y) cross section for P Co falls
between the total (n,y) cross section for ° SMn and #*Cu, and the measured total reaction
rates for *>Mn and ®*Cu are reported by Byers to be 0.0026 + 0.0002 and 0.0155
+(.0003, it appears that there is an error in the reported value for *’Co. The simplest
explanation would be a typographical error in the published value, where the reported
measured value of 0.0297 = 0.0024 for **Co(n,y)**™Co should be 0.00297 + 0.00024. As
the CSEWG specification is based on the Byers result, the CSEWG value would become
0.0038 + 0.0003. If this were the case, the calculated-to-experiment ratio and relative
error for the Byers data would be 1.297 and 0.081, respectively. The C/E ratio and
relative error for the CSEWG specification would become 1.093 and 0.079, respectively.

109 A5 (n,p) 10mA g
The LLNL dosimetry data underestimate the reaction rate by a factor of 2. This indicates
that a larger percentage of the total reaction cross section should be to the metastable
state, and less to the ground state of ''’Ag.

0 (n,y)! 40
The LLNL dosimetry data underestimate the reaction rate by a factor of 2. As most of the
total reaction cross section feeds into the metastable state, this implies that the total (n,Y)
cross section is too low.

1S pn(n,y) 6™
The calculated reaction rate using ENDF/B-V dosimetry data matches the measured
value much more closely than the LLNL-based dosimetry data.

51 By (n,y) "2Eu
The calculated reaction rate underpredicts the measured value for the LL.NL-based

dosimetry data by 10%.

29




191 [1(n, ) e mDy
The total (n,y) cross section was used for the calculation of the reaction rate. As noted
previously, the production of the second metastable state in **Ir is ~3.5% of the total at
an incident neutron energy of 1 MeV. Considering this effect, the calculated reaction

rates are in fair agreement, 10%, of the measured values.

2. (n,) Activation Measurements

Three (n,o) measurements have been performed on the Bigten critical assembly. For %Li and '°B,
the total alpha production was measured,”® while only the (n,c) reaction was measured for 2’Al.
Table 10 lists the available experimental data for these measurements. Table 11 lists the MCNP
data libraries available for these calculations, and Table 12 gives the results of the MCNP
calculations. In general, total alpha production can be calculated by using MT = 207 in MCNP.
This is not the case for the ENDF60 data library as NJOY>* did not have the capability to
produce the MT = 203-207 cross sections when the library was created. Instead, the total alpha
production was calculated by summing over all of the individual contributions with their
corresponding multiplicitie,s.%’%’37

In general, all data libraries underpredict the alpha production for these three nuclides by
10-15%. The errors on the calculated-to-experimental ratios are greater for >’ Al as the (n,c)
reaction has a threshold of 3.25 MeV and a much lower cross section, as illustrated in Figure 12.

Hence, the calculated reaction rate has poorer statistics for 2’ Al than for the total alpha-

production rate for °Li and 1B,

Table 10. Experimental Data for the (n,0) Activation Ratio Measurements

Reaction Assembly CSEWG CST-LANL
®Li(n.0) (a) Bigten 0.71 £ 0.01 -
B(n.o (a) Bigten 1.011+0.014 -
7T Al(n.o0) **Na Bigten 0.000078 + 0.000002 0.0000673

(a) These measurements are of total alpha production and not just the contribution from the (n,o) reaction.
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Table 11. Data Used in the MCNP Calculations for the (n,0.) Activation Ratios

. ENDF/B-VI LLLDOS ENDF/B-V
Reaction ENDEF/B-V Release 2 (ACTL) Dosimetry
SLi(n,00) 3006.50¢ 3006.60¢ (a) - 3006.24y
B (n,a) 5010.50c 5010.60c (a) - 5010.24y
T Al(n, o) **Na 13027.50c 13027.60c 1302730y 13027.26y

(a) This reaction is composed of more than one MT value.

Table 12. Comparison of MCNP Calculations to Experiment for the (n,c) Activation Ratios

] ENDF/B-VI LLLDOS ENDF/B-V

Reaction ENDE/B-V Release 2 (ACTL) Dosimetry
C/E RE C/E RE C/E RE C/E RE

SLi(n.o0) 0.903 0.020 0.908 0.020 - - 0.903 0.020

8 (n,a0) 0.873 0.019 0.895 0.066 - - 0.873 0.019

2T Al(n,0) ¥*Na 0.855 0.184 0.855 0.184 0.872 0.181 0.855 0.184
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Figure 12, The ENDF/B-V cross sections for the (n, o) activation ratio.
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3. (n,p) Activation Measurements

All (n,p) measurements were performed on the Bigten critical assembly. Table 13 lists the
available experimental data for these measurements. Table 14 lists the MCNP data libraries
available for these calculations, and Table 15 gives the results of the MCNP calculations. Table
14 also lists the reaction thresholds for the (n,p) reaction for each nuclide. The (n,p) cross
sections for each data library used in the calculations are plotted in Appendix C.

The (n,p) reaction rate is overpredicted by 16-30% for TAL “'Ti and *°Fe for all of the
data libraries tested. The (n,p) reaction rate is overpredicted for the Fe LLLDOS data and to a
lesser extent by the ENDF/B-VI and ENDF/B-V dosimetry data. The ENDF/B-VI data improved
the (n,p) reaction rate for >>Co over the previous ENDF/B-V and LLLDOS data. The ENDF/B-V
dosimetry data do a good job of predicting the 46Ti(n,p) reaction rate, but seriously underestimate

the reaction rate for “*Ti.

Table 13. Experimental Data for the (n,p) Activation Ratio Measurements

Reaction Threshold (MeV) CSEWG CST-LANL
T Al(n,p) Mg 1.896 - 0.000388
*Ti(n,p) *Sc 1.619 0.00130 + 0.00003 0.00125
“Ti(n,p) ¥'Sc 0.000 0.00215 +0.00009 0.00202
BTi(n,p) *Sc 3.279 0.000036 = 0.000001 0.0000338
54Fe(n,p) *Mn 0.000 0.0090 = 0.0003 0.00844
**Fe(n.p) *Mn 2.966 - 0.0000912
*Co(n,p) *Fe 0.796 - 0.000158
S¥Ni(n,p) **Co 0.000 0.0123 = 0.0002 0.0116

Table 14. Data Used in the MCNP Calculations for the (n,p) Activation Ratios

. ENDF/B-VI LLLDOS - ENDF/B-V
Reaction ENDE/B-V Release 2 (ACTL) Dosimetry
2 Al(n,p)* " Mg 13027.50¢ 13027.60¢c 13027.30y 13027.26y
#Ti(n,p) %S¢ - - 2204630y 22046.26y
47Ti(n,p) g - - 22047.30y 22047.26y
®Ti(n,p) *Sc - - 22048.30 22048.26y
y
**Fe(n,p) ¥*Mn - 26054.60¢c 26054.30y 26054.26y
56Fe(n,p) *Mn - 26056.60¢ 26056.30y 26056.26y
*Co(n,p) “Fe 27059.50c 27059.60c 27059.30y -
*Ni(n,p) *Co - 28058.60c 28058.30y 28058.26y
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Table 15. Comparison of MCNP Calculations to Experiment for the (n,p) Activation Ratios

. ENDF/B-VI LLLDOS ENDF/B-V
Reaction ENDF/B-V Release 2 (ACTL) Dosimetry

C/E RE C/E RE C/E RE C/E RE
“Al(n,p) Mg 1.271 0.067 1.271 0.067 1.298 0.066 1271 0.067
*Ti(n.p) “Sc - - - - - - 1.011 0.071
Ti(n,p) ¥'Sc - - - - - - 1.296 0.055
*Ti(n,p) ®*Sc - - - - - - 0.738  0.153
*Fe(n,p) *Mn - - 1.087 0.054 1.144 0.052 1.085  0.053
%Fe(n,p) **Mn - - 1.168 0.117 1.306 0.111 1.169  0.118

*Co(n,p) *’Fe 1.153 0.058 1.063 0.063 1.123 0.058 - -
*Ni(n.p) ¥Co - - 1.066 0.042 1.051 0.043 1.042 0.043

Italics indicate that no experimental error was given. The MCNP relative error for the specific reaction of interest is given instead.

4. (n,2n) Activation Measurements

Measurements of the (n,2n) reaction rate have been performed on the Jezebel, Flattop-25,
Flattop-Pu, Bigten and Thor assemblies. With the exception of the Thor assembly, these
measurements were all performed by CST-LANL. No error estimates have been given for the
measurements from CST-LANL. As seen previously in the central-fission ratio measurements,
the reaction rates for the Thor assembly are given with respect to nuclides and reactions other
than 2*3U fission. For these cases, the denominator in the reaction rate ratio is calculated using
ENDEF/B-VI-based data from the ENDF60 library. The experimental measurements are detailed
in Table 16, along with the reaction threshold for the (n,2n) reaction for each nuclide. Table 17
lists the available MCNP data, and Table 18 gives the calculated-to-experimental ratios and
relative errors for each reaction. The (n,2n) cross sections for each data library used in the
calculations are shown in Appendix D.

The reaction rate measured for 107Ag is 107Ag(n,2n)106mAg. The reaction rate measured
for '”!Ir is composed of the sum of the reaction rate to the ground state and the first metastable
state (m1) plus 5.6% to the second metastable state (m2). Comparisons to the latest theoretical
evaluation work indicate that the cross section given in the SUPER library is equivalent to
gs+m1l+5.6%m?2. All other reaction rates are for the total (n,2n) reaction. Since the contribution
of the second metastable state of '°Ir is only 5.72% of the total at an incident neutron energy of
10 MeV, using the total (n,2n) cross section will not greatly affect the results for the LLLDOS

data.*?
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Table 16. Experimental Data for the (n,2n) Activation Ratio Measurements

Reaction Threshold (MeV) Assembly CSEWG CST-LANL
PCo(n,2n)*Co 10.632 Bigten - 0.00003 14
Y (n,2n)*Y 11.607 Bigten - 0.0000467
1% Tm(n,2n)'*Tm 8.081 Jezebel - 0.00303
Bigten - 0.000545
Flattop-25 - 0.00142
Flattop-Pu - 0.00236
¥ Au(n.2n)* Au 8.112 Bigten - 0.000352
Flattop-25 - 0.00162
205T1(n,2n)*®T1 7.888 Flattop-25 - 0.00157
Flattop-Pu - 0.00232
30,200 6.180 Bigten - 0.00174
B2Th(n,20)”' Th / “¥U(n.20)""U 6.466 Thor 1.04 £0.03 -
2¥U(n, 200 1 *PUE) 6.180 Thor 0.053 0.003 -
7 Ag(n.2n) %mAg 9.627 Flattop-25 - 0.000144
Flattop-Pu 0.000213
911r(n,2n) 0Es+mI+5.6%m)y, 8.115 Jezebel - 0.00303
Bigten - 0.000477
Flattop-25 - 0.00171
Flattop-Pu - 0.00268

Table 17. Data Used in the MCNP Calculations for the (n,2n) Activation Ratios

Target ENDF/B-VI LLLDOS
Nuclide ENDF/B-V Release 2 ENDL92 (ACTL) SUPER
®Co 27059.50¢ 27059.60c 27059.42¢ 27059.30y (a) -
¥y - 39089.60c - 39089.42¢ 39089.30y 39089.71y (a)
1Tm 69169.35¢ (b) - - - -
¥7 Au 79197.55¢ (b) 79197.60c¢ - 79197.30y (a) ~
0% - - - 81203.30y -
By 90232.50¢ 90232.60c 90232.42¢ 90232.30y -
35y 92238.50¢ 92238.60¢ 92238.42¢ 92238.30y -
Ag - - — 47107.30y -
Bl - - - 77191.30y 77191.70y

(a) This reaction is composed of more than one MT value.
(b) These evaluations are from LANL and are not part of ENDF/B-V.
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Table 18. Comparison of MCNP Calculations-to-Experiment for the (n,2n) Activation Ratios

i Target Assembly ENDE/B-V ENDF/B-VI ENDL92 LLLDOS SUPER
| Nudlide Release 2 (ACTL)
[ C/E RE C/E RE C/E RE C/E RE C/E RE
| ®Tm Jezebel 1.177  0.041 - — — - 1.127 0.043 1.160 0.042
2 Flattop-25 1.600  0.056 — — — - 1.548 0.058 1.586 0.057
\ Flattop-Pu | 1.207  0.039 -~ — — — 1.163 0.040 1.198 0.039
i TAu Flastop-25 | 1.195  0.062 | 1.112  0.062 - - 1.362 0.059 - -
25T Flattop-25 - - - - — - 1.879 0.054 — -
Flattop-Pu - -~ o Z - - — | 1605 0037 _ _
B8y Bigten 0.839 0176  0.781 0.179 | 0.906 0.181 0.908 0.181 - -
2Th / 2*U(n,2n) Thor 1.054 0.040 | 1.054 0.040 | 1.120 0.040 1.120 0.040 _ -
28U /72U D Thor 1.125 0060 | 1.056 0060 | 1.207 0,060 1.209 0.060 - -
A Flattop-25 — -~ — - - - 0.837 0.106 - —
Flattop-Pu - — — — - — 0.619 0.077 — —
By Jezebel - - — - - - 0.868 0.046 1.041 0.042
Flattop-25 — - - _ _ — 1.004 0.062 1.187 0.057
i Flattop-Py | - - - - - - 0.791 0.043 0.943 0.039
_Italics indicate that no experimental error was given. The MCNP relative error for the specific reaction of interest is given instead.

The results in Table 18 show that it is extremely difficult to calculate a reaction rate for
the (n,2n) reaction in a critical assembly. The MCNP results for YCo, ¥Y, 'Tm, ®'Ir and "*"Au
for the Bigten assembly have not been included in Table 18 because of the very poor statistics.
The neutron flux spectrum decreases greatly as a function of neutron energy, as shown in Figures
7-9 of Section IIL.A, and very few high-energy neutrons are produced. Therefore, using
variance-reduction techniques such as weight windows are not effective for these types of
problems. In some cases, the results may only be used to gauge general trends and cannot be
relied upon to validate these reaction cross sections. The (n,2n) reaction rate is overestimated for
'Tm, " Au, and **T1. The measurements performed on the Bigten assembly appear to
consistently underestimate the reaction-rate for 231, but the statistics are poor. The reaction rate
calculations for the Thor assembly seem to be in better agreement with experiment, and are
easier to calculate because the heaviest nuclides have the lowest (n,2n) reaction threshold. For
both 2*>Th and ***U, the ENDF/B-VI-based data appear to better match experiment for the Thor
assembly. The reaction rates are underestimated by the LLLDOS data for the 17Ag. The (n,2n)
reaction rates for ''Ir are close to the measured values for both the LLLDOS and SUPER

libraries.
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5. (n,n'y) Activation Measurements

Measurements for the (n,n"y) reaction rate have been performed on the Jezebel, Flattop-25,
Flattop-Pu and Bigten assemblies for two nuclides, '**In and '*Ir. For both nuclides, the reaction
rate given is for the population of the metastable state and not the total (n,n*) cross section.
Hence, there are few data libraries that have these cross sections. Tables 19 and 20 detail the
experimental measurements and available MCNP data libraries. Table 21 gives the results of the
MCNP calculations. From the results in Table 21, it can be seen that we do an adequate job of
matching experiment for the ">In measurement, but overpredict by a substantial amount the

reaction rate for '**Ir.

Table 19. Experimental Data for the (n,n"y) Activation Ratio Measurements

Reaction Assembly CSEWG CST-LANL
5[ (n,ny) Y50 Bigten 0.0271 = 0.0006 0.0246
Y (n,n'y) P Jezebel - 0.2144
Bigten - 0.0609
Flattop-25 - 0.155
Flattop-Pu - 0.182

Table 20. Data Used in the MCNP Calculations for the (n,n'y) Activation Ratios

Reaction ENDE/B-V Dosimetry SUPER
Bhn¢n,n'y) " *"n 49115.26y -
S3Ir(n,n'y) " - 7719371y

Table 21. Comparison of MCNP Calculations to Experiment for the (n,n’y) Activation Ratios

Reaction Assembly ENDF/B-V Dosimetry SUPER
C/E RE C/E RE
nay) i Bigten 1.008 0.033 - -
Ir(n,n"y) P Jezebel - - 2.640 0.004
Bigten - - 2.839 0.018
Flattop-25 - - 2.808 0.004
Flattop-Pu - - 2.720 0.003

Ralics indicate that no experimental error was given. The MCNP relative error for the specific reaction of interest is given instead.
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Because of experimental uncertainties in the detector efficiency and decay scheme data
for the '**Ir(n'y)"**™Ir, it has been suggested that an adjustment factor of 2.319 be applied to the
experimental measurement. If this adjustment is made, the experimental value becomes 0.422
and the calculated-to-experimental ratios become 1.138, 1.224, 1.211, and 1.173 for the Jezebel,
Bigten, Flattop-25, and Flattop-Pu assemblies, respectively. More effort will be needed to fully
understand the corrections that must be applied to the measured value and therefore the quality

of the 193Ir(n’q()l%“lr reaction cross section in the SUPER library.

IV. NIST Measurements

A very careful set of experimental measurements were performed at the National Institute of
Standards and Technology (NIST). A thin-encapsulated 32Cf neutron source was suspended by a
thin-walled stainless steel tube at the center of a spherical shell of stainless steel. A pair of
double-fission chambers were positioned symmetrically on opposite sides of the container. Each
chamber contained two foils positioned at the center of the chamber, generally within 0.03 cm of
each other. Figure 13 shows an illustration of the experimental geometry. Measurements were
performed with the stainless steel tube and spherical container, either dry or filled with very pure
water. Measurements were performed with and without cadmium covering the fission chambers.
Three sets of measurements utilizing different sized containers were performed for foils of
235238y, 2"Np, and **Pu. The stainless steel containers for the three sets of measurements had
radii of 3.81, 5.08, and 6.35 cm (1.5, 2.0, and 2.5" radii), with corresponding average foil
positions of 7.62, 7.62 and 9.525 cm. Therefore, for each foil location and foil type, four
measurements were made: no water or cadmium (Bare), no water with cadmium (Cd), water and
no cadmium (H,0), and water with cadmium (H,O + Cd).

The MCNP geometry is quite detailed. Previous studies showed that the contributions
from neutrons scattered by the laboratory floor and other structures were negligible and so were
not included in these calculations.®” Various variance-reduction methods were employed for the
different experimental geometries. To compare with the published experimental fission rates, the
contributions from the near foil positions were summed and the contributions from the far foil
positions were summed. These two sums were then averaged and multiplied by 47, where r is

the average radius of the foil positions in cm. F2 tallies for the flux through a surface at each foil
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location were multiplied by the appropriate fission cross section as a function of neutron energy,
using the FM tally option in MCNP.

For the current calculations, the ENDF60 neutron-data library was used for most of the
material specifications for the transport calculations. Exceptions to this rule were the use of the
ENDL92 data for Platinum, and the ENDF/B-V data of ENDF5U for Cadmium. Table 22 lists
the specific data libraries used in the fission-rate calculations for each isotope of interest. Figure
14 shows the neutron-flux spectrum at the foil locations for the bare sphere (Bare), bare sphere
with cadmium-covered fission chambers (Cd), water-moderated sphere (H,O), and water-
moderated sphere with cadmium-covered chambers (H,O + Cd) for the 2" radius sphere
experiments. In Figure 14, the curves for the bare and cadmium-covered fission chambers

overlap. The total absorption cross section for cadmium is shown in Figure 15.

Double fission chamber of aluminum
and hydrogen-free plastic construction

Stainless steel
single-wall

Tube fills with Back-to-back fissionabie deposits
I water welded case ] on platinum backings
| : B anode
Californium bead ] Tanode
I [
Water at 23°C
SP. GR. = 0.9975
I Scale ,
Spherical 50 mm

stainless steel shell

Figure 13. NIST experimental geometry for the 5.08 cm (2'"") sphere.

Table 22. Data Used for the Fission Rate Calculations in MCNP

Target ENDF/B-V ENDE/B-VI ENDLY2 LLLDOS

Nuclide Release 2 (ACTL)
By 92235.50¢ 92235.60¢ 92235.42¢ 92235.30y
By 92238.50¢ 92238.60¢ 92238.42¢ 92238.30y
“Np 93237.55¢ (a) 93237.60c 93237.42¢ 93237.30y
2Py 94239.55¢ 94239.60c 94239.42c 94239.30y

(a) LANI. evaluation and not ENDE/B-V.
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Figure 14. Neutron flux spectra for the 5.08 cm (2"") sphere experiments at the foil locations.
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Figure 15. Total absorption cross section for Cadmium from ENDF/B-V.
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A. Comparison to Previous ENDF/B-V Results

First, the results from the experiments and original calculations are compared with the current
results for the ENDF/B-V fission rates and are given in Table 23. The original calculations were
performed using ENDF/B-V data for the neutron transport, with ENDLS85 for Platinum. As
described in the previous section, the current calculations are based mostly on ENDF/B-VI data

for neutron transport. The results in Table 23 for both the original and current calculations use

ENDF/B-V data for calculating the fission rates at the foil positions for 33238, 237Np, and “°Pu.

The same source specifications were used for both MCNP calculations. From these results no
clear pattern emerges. The average C/E ratio for the original calculations was 0.977, with an
average deviation of 0.032. The average C/E ratio for the current calculations was also 0.977,
with an average deviation of 0.033. Similar behavior was observed for each nuclide of interest;
there were no appreciable differences between the original and current calculations.

Experimental data were not available from NIST for the bare and cadmium-covered 2.5" spheres.




Table 23. Comparison of Original (ENDF/B-V) and Current (ENDF/B-VI) Transport Calculations with
Experiment for the ENDF/B-V Fission Rates )
Target Experiment Radius NIST Experiment  Original MCNP Current MCNP
Nuclide
' (mm) (in)  (barns) RE | CE RE | CE RE
»y Bare 38.1 1.5 1.278 0.016 1.009 0.019 1.006 0.017
Bare 50.8 20 1.279 0.016 1.009 0.019 1.006 0.017
Bare 63.5 2.5 - - - - - -
Cd 38.1 1.5 1.288 0.018 1.004 0.021 1.004 0.019
Cd 50.8 2.0 1.291 0.018 1.002 0.020 1.003 0.019
Cd 63.5 2.5 - - — - — -
H,O 38.1 1.5 19.6 0.017 1.010 0.023 1.046 0.019
H,O 50.8 2.0 45.7 0.017 1.044 0.020 1.020 0.023
H,O 63.5 2.5 72.2 0.017 1.022 0.023 1.042 0.028
H0 + Cd 38.1 1.5 4.18 0.017 1.024 0.023 1.037 0.050
H, 0+ Cd 50.8 2.0 5.51 0.017 1.049 0.029 1.022 0.034
H,0+ Cd 63.5 2.5 5.86 0.017 1.109 0.026 1.048 0.035
28y Bare 38.1 15 0.332 0.017 0.946 0.021 0.945 0.018
Bare 50.8 20 0.334 0.017 0.940 0.020 0.940 0.018
Bare 63.5 2.3 - - - - | - -
Cd 38.1 L3 0.333 0.018 0.940 0.022 0.936 0.019
Cd 50.8 2.0 0.334 0.018 0.937 0.021 : 0.934 0.019
cd 63.5 25 - - - - -
H;0 38.1 1.5 0.228 0.018 0.961 0.025 1 0.945 0.018
H,O 50.8 2.0 0.199 0.018 0.935 0.020 0.944 0.019
H.O 63.5 2.5 0.172 0.018 0.942 0.021 0.950 0.020
H,O+Cd 38.1 1.5 0.228 0.019 0.934 0.020 3.919 0.027
H,0+Cd 50.8 2.0 0.199 0.019 | 0930 0.027 0.928 0.029
H.0+Cd 63.5 2.5 0.171 0.019 0.953 0.024 0.941 . 0.030
237Np Bare 38.1 1.5 1.419 0.018 0.968 0.021 0.969 0.019
Bare 50.8 2.0 1.420 0.018 0.968 0.020 0.969 0.019
Bare 63.5 2.5 - - - -~ - -
Cd ‘ 38.1 1.5 1.427 0.019 0.961 0.022 0.962 0.020
Cd 50.8 2.0 1.427 0.019 0.963 0.021 0.962 0.020
Cd 63.5 2.5 — - - - - -
H,O . 381 1.5 . 0987 0.018 0.977 0.019 0.967 0.018
H,O | 508 20 0873 0.018 1.953 0.020 0.954 0.019 |
HO 63.5 2.5 0.761 0.018 0.930 0.021 0.938 0.020
H;0+Cd 38.1 1.5 1.011 0.019 0.936 0.020 0.927 0.026
H,0 +Cd 50.8 2.0 0.877 0.019 0.932 0.024 0.936 0.025
H,O+Cd 63.5 2.5 0.748 0.019 0.952 0.022 0.945 0,026
Py Bare 38.1 1.5 1.916 0.015 0.970 0.018 0.969 0.016
| Bare 50.8 2.0 1.924 0.015 0.967 0.017 0.965 0.016
Bare 63.5 2.5 - - - ~ - -
Cd 38.1 1.5 1.934 0.018 0.964 0.021 0.964 0.019
Cd 50.8 2.0 1.931 0.018 0.966 0.020 0.966 0.019
Cd 63.5 2.5 - - - -~ - -
H;O 38.1 1.5 36.7 0.015 1.011 0.027 = 1019 0.019
HO 50.8 2.0 82.3 0.015 1.038 0.020 1.007 0.022
H,O 63.5 25 125.5 0.015 1.010 0.021 1.029 0.027
H,0+Cd 38.1 1.5 5.34 0.019 0.983 0.036  1.040 0.071
H,0+Cd 50.8 2.0 7.04 0.019 0.959 0.034 i 0.984 0.040
H,O + Cd 63.5 2.5 7.74 0.019 0.969 0.031 | 0977 0.042
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B. Current MCNP Calculations

Simulations of the NIST experiments were performed using ENDF/B-V, ENDF/B-VI
(ENDF60), ENDL92, and LLLDOS data to calculate the fission reaction rate for 235,23 8U, BN P,
and *°Pu. For these MCNP calculations, the ENDF/B-VI data of the ENDF60 neutron-data
library (with ENDF/B-V for Cd and ENDL92 for Pt) were used for the neutron transport. The

source specification was changed from a 45-group spectrum to a continuous Watt fission
spectrum for 32¢f, described in Appendix H of the MCNP manual, having a = 1.025 MeV and
b =2.926 MeV™". Tables 24-27 list the results for **°***U, *'Np, and **Pu respectively.

Table 24. Comparison of MCNP Calculations to NIST Experimental Measurements for U

Experiment Radius ENDE/B-V ENDF/B-VI ENDL92 LLLDOS
Release 2 (ACTL)

(mm) (in.) C/E RE C/E RE CE RE C/E RE

Bare 38.1 1.5 0.997 0.016 0.981 0.016 0.985 0.016 0.995 0.016
Bare 50.8 2.0 0.996 0.016 0.981 0.0t6 0.985 0.016 0.994 0.016
Bare 63.5 2.5 - - - - - - —~ -

Cd 38.1 L5 0.994 0.018 0.978 0.018 0.982 0.018 0.991 0.018
Cd 50.8 2.0 0.992 0.018 0.977 0.018 0.981 0.018 0.990 0.018
Cd 63.5 2.5 - - - - - - - -

H,O 38.1 1.5 0.950 0.017 0.952 0.017 0.964 0.017 0.956 0.017
H.O 50.8 2.0 0.944 0.018 0.947 0.018 0.960 0.018 0.957 0.018
H,O 63.5 2.5 0.978 0.020 0.982 0.020 0.995 0.020 0.992 0.020
H,O+ Cd 38.1 1.5 0.947 0.025 0,931 0.025 0.951 0.024 0.948 0.024
H,0+Cd 50.8 2.0 0.980 0.02t 0.974 0.021 0.988 0.021 0.988 0.021
H,0+Cd 63.5 2.5 0.996 0.022 0.985 0.022 1.002 0.021 1.002 0.022

Overall, the data libraries did well in matching experiment for 2*°U. The MCNP results

for ENDF/B-VI consistently underpredict the experiment compared to the ENDF/B-V data for

the Bare and Cd experiments. The same behavior is observed for the ENDL92 data relative to the

LLLDOS data. The ENDF/B-V and B-VI data gave similar results for the water-moderated

systems and underpredict the experiment relative to the LLNL-based data. The worst results

relative to experiment are for the smaller, water-filled spheres and 1.5" water + Cd sphere

experiment.



Table 25. Comparison of MCNP Calculations to NIST Experimental Measurements for >**U

Experiment Radius ENDE/B-V ENDF/B-VI ENDL92 LLLDOS
Release 2 (ACTL)
(mm) (in.) C/E RE C/E RE C/E RE C/E RE
Bare 38.1 1.5 1.024 0.017 1.024 0.017 1.053 0.017 1.053 0.017
Bare 50.8 2.0 1.017 0.017 1.018 0.017 1.047 0.017 1.047 0.017
Bare 63.5 25 - - - - - - - -
Cd 38.1 1.5 1.015 0.018 1.016 0.018 1.045 0.018 1.045 0.018
Cd 50.8 2.0 1.012 0.018 1.013 0.018 1.042 0.018 1.041 0.018
Cd 63.5 2.5 - — - - - - - -
HO 38.1 1.5 1.047 0.018 1.048 0.018 1.078 0.018 1.078 0.018
H;0 50.8 2.0 1.054 0.018 1.054 0.018 1.083 0.018 1.083 0.018
H,O 63.5 2.5 1.064 0.018 1.065 0.018 1.095 0.018 1.094 0.018
H,0+Cd 38.1 1.5 1.052 0.021 1.053 0.021 1.683 0.021 1.082 0.021
H,0+Cd 50.8 2.0 1.017 0.021 1.018 0.021 1.046 0.021 1.046 0.021
H,O+Cd 63.5 2.5 1.035 0.022 1.036 0.022 1.065 0.022 1.065 0.022

The MCNP calculations consistently overpredict the fission rates for 2**U for all four data
libraries. The new ENDF/B-VI evaluation for ***U did not change the MCNP calculations
relative to ENDE/B-V results. The LLNL-based data of ENDL92 and LLLDOS gave equivalent
results. The ENDF-based data more closely matched experiment for all experimental

configurations. The worst results are for the water-filled spheres.

Table 26. Comparison of MCNP Calculations to NIST Experimental Measurements for >’Np

Experiment Radius ENDF/B-V ENDF/B-VI1 ENDL92 LLLDOS
Release 2 (ACTL)
(mm) (in.) C/E RE C/E RE C/E RE C/E RE

Bare 38.1 1.5 1.000 0.018 0.986 0.018 0.967 0.018 0.968 0.018
Bare 50.8 2.0 0.999 0.018 0.986 0.018 0.967 0.018 0.967 0.018
Bare 63.5 2.5 - - - - - - - -
Cd 38.1 1.5 0.992 0.019 0.979 0.019 0.960 0.019 0.961 0.019
Cd 50.8 2.0 0.993 0.019 0.979 0.019 0.961 0.019 0.962 0.019
Cd 635 25 - - - - - - - -
H,O 38.1 1.5 1.029 0.018 1.015 0.018 1.012 0.018 1.013 0.018
H,0 50.8 2.0 1.020 0.018 1.007 0.018 1.012 0.018 1.013 0.018
H.O 63.5 2.5 1.020 0.018 1.006 0.018 1.017 0.019 1.018 0.019
H.O0+ Cd 38.1 1.5 1.007 0.021 0.994 0.021 0.990 0.021 0.991 0.021
H,O+Cd 50.8 2.0 0.996 0.020 0.982 0.020 0.990 0.020 0.991 0.020
H.0+Cd 63.5 25 1.014 0.020 1.001 0.020 1.012 0.020 1.013 0.020

The ENDF/B-VI results for **’Np consistently underpredicted the experiment for the bare
sphere and Cd measurements, and were consistently lower than the ENDF/B-V results. The

ENDF/B-VI results for the water-moderated spheres more closely match experiment relative to
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the ENDF/B-V results. The ENDL92 and LLLDOS results were equivalent and farther from

experiment for the Bare and Cd measurements relative to ENDF.

Table 27. Comparison of MCNP Calculations to NIST Experimental Measurements for >’Pu

Experiment Radius ENDF/B-Y ENDF/B-V1 ENDL92 LLLDOS
Release 2 (ACTL)
(mm) (in.) C/E RE C/E RE CIE RE C/E RE

Bare 38.1 1.5 0.967 0.015 0.965 0.015 0.955 0.015 0.960 0.015
Bare 50.8 2.0 0.963 0.015 0.961 0.015 0.951 0.015 0.956 0.015
Bare 63.5 25 - - - - - - - -
Cd 38.1 1.5 0.961 0.018 0.959 0.018 0.949 0.018 0.954 0.018
Cd 50.8 20 0.963 0.018 0.961 0.018 0.951 0.018 0.957 0.018
Cd 63.5 2.5 - - - - - - - -
H,O 38.1 1.5 0.919 0.016 0.925 0.016 0.941 0.016 0.936 0.016
H,O 50.8 2.0 1.926 0.017 0.932 0.017 0.952 0.017 0.956 0.017
H.O 63.5 2.5 0.953 0.019 0.959 0.019 0.981 0.019 0.984 0.019
H.0 +Cd 38.1 1.5 0.918 0.033 0.919 0.033 0.923 0.032 0.974 0.027
H,0+Cd 50.8 2.0 0.983 0.026 0.975 0.026 0.980 0.025 0.992 0.022
H, 0+ Cd 63.5 25 0.919 0.026 0911 0.026 0.932 0.025 0.979 0.022

The results for “’Pu were remarkably similar for the four data libraries. The MCNP
calculations consistently underpredict the measurements, particularly for the water-moderated

spheres.

VI. Summary

In addition to standard k. measurements, a number of benchmarks also have had other
experimental measurements performed on the assemblies. In particular, experimental data for
neutron leakage and central-flux measurements, central-fission ratio measurements, and
activation ratio measurements are available. Additionally, there exists another library of fission
reaction-rate measurements performed at the National Institute of Standards and Technology
(NIST), utilizing a #2Cf source. This report first described the leakage and central-flux
measurements and showed a comparison of experimental data to MCNP simulations performed
using the ENDF/B-V and B-VI data libraries. There was good agreement between the MCNP
simulations and experimental data for the neutron leakage spectrum in the Jezebel and Godiva
assemblies. There was poor agreement in the lowest energy bins for the neutron-leakage
spectrum of Jezebel-23 and the central-flux spectrum of Bigten. The improvements in the By
evaluation for ENDF/B-VI brought the calculated central-flux spectrum for Bigten closer to the

experimental measurement, below 25 keV.
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In Section III central-fission and activation reaction rate measurements were described,
and the comparison of experimental data to MCNP simulations using available data libraries for
each reaction of interest was presented. Central-fission ratio measurements were available for
232Th, 232’mU, 23 7Np and *°Pu in a number of fast critical assemblies. Central-fission ratios are
available for >**Th only in the Thor assembly. The ENDF- and LLNL-based data tended to
underpredict the fission rate by 5% and 1.2%, respectively, for **Th. |

The ENDF- and LLNL-based data for ***U matched the experimental data within 1%,
with the exception of the LLNL-based data in the Bigten assembly, which overpredicted the
fission rate by 2%. On average the 23 ENDF- and LLNL-based data matched the experimental
measurements to within 3%, with the exception of the Bigten measurements. The fission rate for
38U is overpredicted by 11% for the ENDF-based data and by 14% for the LLNL-based data for
Bigten. Similar results were obtained for 237Np, where the calculated fission rate was within 3%
for most assemblies. The LLNL-based data underpredicted the fission rate by 5% for the Jezebel
assembly and by 7% for the Thor assembly. The ENDF-based data underpredicted the fission
rate for the Thor assembly by 5-6% as well. All of the data libraries overpredicted the fission
rate for 2*'N p in the Bigten assembly by 6-8%. The ENDF- and LLNL-based data for 3opy
matched the experimental data to within 3%. As observed for 280 and 237Np, the fission rates
were higher for the Bigten assembly, but this brought the calculated-to-experimental ratio closer
to 1.0 for *°Pu.

There were 5 categories of activation measurements; (n,Y), (n,o), (n,p), (n,2n), and
(n,n"y). Often data are not available for calculating some of the measured reaction rates. For the
(n,y) reaction rates, most of the isotopes had differences of greater than 10% when compared to
the measured values, indicating that the fast capture cross sections are not well known. The (n,0)
reaction rates were underpredicted by the ENDF- and LLLNL-based data libraries by 10~15%. In
general, the (n,p) reaction rates were overpredicted by the various libraries by 4-30% with the
exception of the ENDF/B-V dosimetry data for “°Ti, which matched the measured value to
within 1%, and the ENDF/B-V dosimetry data for “*Ti, which underpredicted the reaction rate by
26%.

The (n,2n) reaction rates could not be calculated with sufficient statistics for most of the
Bigten measurements because of the high reaction thresholds for the lighter isotopes. The

reaction rate for ~*U(n,2n) in Bigten appears to be underpredicted, though the statistics are
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marginal. In the Thor assembly, the ***U(n,2n) rate is overpredicted, with the ENDF/B-VI data

giving the best agreement, within 5%, with the measurement. The (n,2n) reaction rates for 169Tm,

197 Au, and 2*TI appear to be significantly overpredicted in a number of critical assemblies. The
reaction rate for 232Th(n,2n) is within 5% for the ENDF-based data and 12% for the LLNL-based
data for the Thor assembly. The 1O7Ag(n,2n)106mAg rate is significantly underpredicted in both
Flattop assemblies. The (n,2n) reaction rates for '*'Ir are close to the measured values for both
the LLLLDOS and SUPER libraries.

The ' In(n,n’y)115 "In reaction rate was accurately predicted by the ENDF/B-V dosimetry
data in the Bigten assembly. The 193Ir(n,n’}()l%mlr rate was substantially overpredicted, having an
average calculated-to-experimental ratio of 2.75 for a number of assemblies. Because of
uncertainties in the measurement for this reaction, an adjustment factor of 2.319 has been
suggested for the measured value. Applying this adjustment would give an average calculated-to-
experimental ratio of 1.186. More effort will be needed to fully understand the corrections that
must be applied to the measured value and therefore the quality of the 193Ir(n,n’q()w*qmlr reaction
cross section data.

Finally, the NIST fission reaction-rate measurements were described in Section [V. A
comparison of MCNP results published previously with the current MCNP simulations showed
no appreciable differences between using the ENDF/B-V or ENDF/B-VI data for the neutron
transport. For **°U, the water-moderated spheres underpredicted the fission rate more than the
bare sphere experiments. For ***U, the water-moderated spheres overpredicted the fission rate
more than the bare sphere experiments. The ENDF-based results were closer to the measured
values by 3% than the LLNL-based results for **U. The results for the bare sphere experiments
for 237Np indicate that the ENDF/B-V data was closest to the measurement, followed by the
ENDF/B-VI data. The LLNL-based data for 237Np underestimated the fission rate for the bare
sphere experiments by the greatest amount, ~3%. All of the data libraries adequately matched the
measured values for the water-moderated spheres for 237Np. The bare sphere experiments were
underestimated by all the data libraries for ¥py (4-5%), and the water-moderated sphere
experiments were underestimated by a greater amount on average for ENDF-based and ENDL92

data. The LLNL dosimetry data only underestimated the fission rate an average of 3%.
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Appendix A

Plots of Fission Cross Sections

A-1







Lol iyl Ll L i 1211 deradmetedeled L L el L ity l [ BN EENTT el 1] L I
E E 07/30/99
] L Th — 232
o L MT =18
™ ] E TOTAL FISSION
=3 E ZAID = 90232.50C
] F From ENDF5U2
23 E ZAID = 90232.60C
‘g 3 F From ENDF602
3% o
< 23 E ZAID = 90232.42C
3 3 - From ENDL922
S [ e
v 27 E ZAID = 90232.30Y
@] E FProm LLLDOS2
e ] -
Sy ] i
TE'E 3
?2_5 3
IQ L T l T LARRLY S i LML) T T T L LARAN] T ANNLELELLARS ] v T
20" 10 10°° 10° 107" 1 1
Neutron Energy (MeV)
bl il L i edd ] L Lot L i iisl " Lovbsdadededdsl L Lol 1) 1 el LI L i
07/30/99
U - 233
] | MT =18
TOTAL FISSION
ZAID = 92233.50C
From RMCCS2
ZAID = 92233.60C
7o | Prom ENDF602
[~
£~ I
S | o
A ZAID = 92233.42C
g - Prom ENDL922
37 [
D
v - ZAID = 92233.30Y
2 Prom LLLDOSZ
o -
&
hs) e e e iiramanaa s e e
2%10~° 107 10 10 10 1 1

Neutron Energy (MeV)

A-3




dnenlnbadndebil el [ R T [ B AT dmpiboriosboeirdatdah b Ll d Ll FE

| 07/30/99
’___/-ﬁ E U - 238
// L MT =18
[ TOTAL FISSION

",

ZAID = 92238.50C
From RMCCS2

ZAID = 92238.60C
From ENDF602

bbbl
T=T"TTTTTY

10°

ZAID = 92238.42C
From ENDL322

T

10°*

Ll

ZAID = 92238.30Y
From LLLDOSZ2

1

Cross Section (barns)

’-5

I EER|

|

10°

L il
=TT

N
I3
'©
2

| 1
t
" I
| .
s }l

)
210"  10™ 10°° 10°* 107" 1 1d
Neutron Energy (MeV)

dededenddt]
=TT

FEWETT|

L 07/30/99
L Np - 237
MT = 18
E TOTAL FISSION

ZAID = 93237.55C
[ Prom RMCCSAZ

[ ZAID = 93237.60C
[ Prom ENDFE02

| 741D = 93237.42C
From ENDLS22

1-3

el L

F ZAID = 93237.30Y
[ from LLLDOS2

L

Cross Section (barns)

-3

10
ket
L e e e

10

el el
T

R e e L R IR A e s ) e e e
107 10 10° 10°* 10" 10 1d
Neutron Energy (MeV)

@9*10™"




g0yl I g 4 L gl n 3] n 2] L gl L L
1 [ 07/30/99
i | Pu — 239
| | MT =18
TOTAL FISSION
1 o
] [ ZAID = 94239.55C
1 [ From RMCCS2
- | ZAID = 94239.60C
‘g FProm ENDF602
E Q: E e e
< F ZAID = 94239.42C
g ] [ from ENDL922
2 ] I
Q
n | = | ZAID = 94289.30Y
§ o/ FProm LLLDOS2
Sl -
TS: =
o 1
2707 10 10° 10° 107 10 10

Neutron Energy (MeV)

A-5







Appendix B

Plots of the (n,y) Cross Sections
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Appendix C

Plots of the (n,p) Cross Sections
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Appendix D

Plots of the (n,2n) Cross Sections
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Appendix E

Plots of Other Cross Sections
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