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FOREWORD

Foreword

The Working Party on International Nuclear Data Evaluation Co-operation
(WPEC) was established under the aegis of the OECD/NEA Nuclear Science
Committee (NSC) to promote the exchange of information on nuclear data
evaluations, validation and related topics. Its aim is also to provide a
framework for co-operative activities between the members of the major
nuclear data evaluation projects. This includes the possible exchange of
scientists in order to encourage co-operation. Requirements for experimental
data resulting from this activity are compiled. The WPEC determines
common criteria for evaluated nuclear data files with a view to assessing
and improving the quality and completeness of evaluated data.

The parties to the project are: ENDF (United States), JEFF/EFF (NEA Data
Bank member countries) and JENDL (Japan). Co-operation with evaluation
projects of non-OECD countries, specifically the Russian BROND and
Chinese CENDL projects, are organised through the Nuclear Data Section of
the International Atomic Energy Agency (IAEA).

The following report was issued by WPEC Subgroup 29, whose mission
was to investigate C/E discrepancies in uranium-core integral parameters
observed with all major evaluated libraries. Members of Subgroup 29
performed sensitivity analyses of integral parameters with respect to
differential data and reviewed the capture cross-section of 235U with the
objective to determine recommended values in the energy region from
100 eV to 1 MeV

The opinions expressed in this report are those of the authors only and
do not necessarily represent the position of any member country or
international organisation.
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INTRODUCTION

1. Introduction

The cross-sections of 235U were examined by WPEC Subgroup 18 focusing
on the thermal and epithermal energy region. As a result, the ORNL group
evaluated resolved resonance parameters of 235U up to 2.25 keV, which are
currently used for all major libraries, such as JENDL-3.3, ENDF/B-VIL.O and
JEFF-3.1. Using the resolved resonance parameters, prediction accuracy of
neutronic characteristics is satisfactory for thermal reactors.

Benchmark analyses with JENDL-3.3 for fast reactor neutronic
characteristics, however, revealed a problem regarding the 235U capture
cross-section which is based on the ORNL resonance parameters. In the
experimental analyses for the fast critical assembly BFS-2, significant
underestimation was observed in calculations for the sodium-void
reactivity worth measured in a uranium-fuelled zone as shown in
Figure 1.1 [1]. The BFS-2 sodium-void reactivity analysis is discussed in
more detail in Appendix D.

Figure 1.1: C/E values of accumulative sodium-void reactivity
worth measured in the BFS-2 critical assembly [1]
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Okajima further pointed out a problem concerning the 235U capture
cross-section with the FCA-IX-series benchmark calculations [2]. Figure 1.2
shows C/E values of criticalities of some FCA cores. Here we concentrate on
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Figure 1.2: C/E values of criticalities of FCA cores [1]
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the FCA-IX-1, -2 and -3 cores which were uranium-fuelled and carbon-diluted
fast systems, and their neutron energy spectra were adjusted from softer to
to harder by changing the amount of loaded carbon. Large C/E dependence
on neutron energy spectrum was observed in this figure when JENDL-3.3
was employed.

The same results were obtained for the above benchmark problems
when the ENDF/B-VIL.O and JEFF-3.1 libraries were used. Such difficulties
have not been observed, however, when the old version of JENDL, JENDL-3.2,
was used. Sensitivity analyses suggested that these problems should be
attributed to the 235U capture cross-section from 100 eV to 2.25 keV.

Further, there is a large difference in the 235U capture cross-section from
30 keV to 1 MeV among the latest nuclear data libraries, and this difference
affects the prediction calculations for some neutronic characteristics for
fast reactors. Thus it is desirable to discuss the 235U capture cross-section in
both the energy ranges with a consistent manner.

The purpose of the subgroup is to address the problem of the 235U
capture cross-section from the viewpoints of differential and integral data
analyses and then determine recommended cross-sections in the energy
region from 100 eV to 1 MeV.
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2. Summary of activities

2.1 FCA-IXbenchmark problem

2.1.1 Background

As described in the introduction, the modern nuclear data files, JENDL-3.3,
JEFF-3.1 and ENDF/B-VILO, result in significant dependence of C/E values of
criticalities on the neutron energy spectrum in a series of FCA-IX cores.
Such dependence, however, is not observed when JENDL-3.2 is employed in
the calculation. Sensitivity analyses show that this difference comes from
the difference in 235U capture cross-section in the resonance energy range
(below 2.25 keV). Figure 2.1 shows sensitivity coefficients of 235U capture
cross-section on the criticalities of the FCA-IX cores. Energy spectrum
shifting of these sensitivity profiles can be seen in the resonance energy
range. This suggests that the criticality data of these cores can be used to
discuss the 235U capture cross-section issue. Thus we prepared a benchmark
problem of the FCA-IX cores, which is easy to calculate with Monte Carlo or
deterministic neutron transport codes.

Figure 2.1: Sensitivity coefficients of 235U
capture cross-section on FCA-IX criticality
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2.1.2 Benchmark problem specification

The geometry of the FCA-IX cores is simplified to a two-dimensional
cylindrical model in the benchmark problem. Each core model of the
benchmark problem is composed of two material regions, i.e. a fuel region
and a blanket region. Cell heterogeneity is neglected in the benchmark
model and its effect is considered for the “benchmark” experimental values
as described later. Tables 2.1 and 2.2 provide geometrical specifications of
the core models and region-wise nuclide number densities, respectively.

Table 2.1: Core specification of FCA-IX benchmark models

Assembly IX-1 IX-2 IX-3

Fuel region Outer.radius (cm) 30.35 23.10 17.89
Height (cm) 60.96 40.64 35.56

Outer radius (cm) 61.58 58.18 57.51

Blanket region Upper axial thickness (cm) 35.56 35.56 35.56
Lower axial thickness (cm) 35.56 35.56 35.56

Table 2.2: Region-wise number densities of FCA-IX benchmark models

Unit: 1024 atoms/cm3

. Fuel region
Nuclide X1 X2 X3 Blanket
235 2.260E-3 4.521E-03 6.781E-03 8.442E-05
238U 1.709E-04 3.418E-04 5.127E-04 4.017E-02
240Py — — — —
241Py — — — —
242Py — — — —
239Py — — — —
241Am — — — —
H 5.867E-05 1.173E-04 1.760E-04 —
C 6.524E-02 6.080E-02 5.667E-02 —
O 2.548E-05 5.097E-05 7.645E-05 —
Na — — — —
Al — — — —
Si — — — -
Cr 1.810E-03 1.810E-03 1.810E-03 1.810E-03
Mn 1.203E-04 1.203E-04 1.203E-04 1.203E-04
Fe 6.472E-03 6.472E-03 6.472E-03 6.472E-03
Ni 7.894E-04 7.894E-04 7.894E-04 7.894E-04

Experimental values of the benchmark problem are obtained from the
experimental data of the as-built cores and the correction factors for the
model simplification. These correction factors are determined as a difference
between the continuous-energy Monte Carlo solution for the as-built model

12 235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011
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and that for the benchmark model. They are evaluated with several different
nuclear data files. The nuclear data-dependent correction factors are shown
in Table 2.3. Their averaged values are used to obtain the benchmark
experimental values, and their standard deviations are considered as
additional uncertainties due to the model simplification.

Table 2.3: Correction factors for model simplification

JENDL-3.3 JEFF-3.1 ENDF/B-VII.O JENDL-3.2
FCA-IX-1 -0.0031 -0.0021 -0.0025 -0.0024
FCA-IX-2 -0.0072 -0.0076 -0.0071 -0.0076
FCA-IX-3 -0.0076 -0.0071 -0.0062 -0.0078

The benchmark problem’s experimental values and their uncertainties
are shown in Table 2.4. C/E values obtained using the continuous-energy
Monte Carlo code MVP-II for the benchmark problem are shown in Table 2.5.

Table 2.4: Benchmark experimental values with uncertainties

Benchmark k | Uncertainty
FCA-I1X-1 0.9995 0.0007
FCA-IX-2 0.9958 0.0004
FCA-1X-3 0.9919 0.0012

Table 2.5: C/E values obtained with MVP-II for the benchmark problem

JENDL-3.3 JEFF-3.1 ENDF/B-VII.O JENDL-3.2
FCA-IX-1 0.9936 1.0055 1.0051 1.0066
FCA-IX-2 0.9998 1.0109 1.0112 1.0051
FCA-IX-3 1.0049 1.0161 1.0169 1.0064

2.2 Impact of JENDL-3.2 and ENDF/B-VII.0 resonance region

The source of the biases in intermediate-energy benchmark calculations
was investigated. The work consists of intermediate benchmark calculations
using JENDL-3.2 and ENDF/B-VII.0 and sensitivity calculations. The details
are elaborated on in Appendix A.

2.2.1 Comparison of cross-sections

The comparison of capture cross-sections is shown in Figure 2.2. The
histograms indicate group cross-sections of JENDL-3.2 and ENDF/B-VIL.O. The
result of a statistical model calculation is shown by a smooth line. It can be
seen that ENDF/B-VII.O capture cross-section is much larger than JENDL-3.2
and statistical model calculations in the range of about 100 eV to 3 keV.

235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011 13
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Figure 2.2: Comparison of capture cross-sections
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Discrepancies are also found in the elastic scattering cross-sections below
30 keV. The total and fission cross-sections have no such noticeable
discrepancies.

Figure 2.3 shows a comparison of a-values (capture/fission ratios)
calculated using nuclear data libraries and of experimental data. The ENDF/
B-VII.O a-value is in the upper part of the experimental results. However,
JENDL-3.2 agrees well with the experimental results.

Figure 2.3: Comparison of a-values
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2.2.2 Benchmark results using test libraries

Though sensitivity study, it was found that the difference between ENDF/
B-VIL.O and JENDL-3.2 from 500 eV to 2.25 keV has a large impact on both
the FCA-IX and ZEUS calculations while the difference below 500 eV has an
impact only on the ZEUS calculations.

To understand the reason why the two libraries perform differently, it
has been decided to carry out benchmark calculations for test libraries
created by merging JENDL resonance parameters in ENDF and vice versa.
Figure 2.4 shows the results of benchmark calculations for the test libraries.
Replacement of the ENDF/B-VILO resonance parameters by JENDL-3.2 for
235U makes the C/E dependence on spectrum hardness smaller. However,
this also results in unacceptably high C/E values. This can be an indication
that there exists another energy region which also contributes to the
multiplication factor. These cases require further investigation.

Figure 2.4: Benchmark calculations for several test libraries
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Figure 2.5 shows the results of the benchmark calculations for test
libraries whose gamma widths were reduced. A simple decrease in the
capture cross-section, i.e. in T, reduces the C/E dependence on spectrum
hardness. However, it scales the ke up. These results may indicate that
other cross-section or combinations of effects may be causing the biases.

2.2.3 Sensitivity study and adjustment of 2%

integral data

U cross-section using

Detailed neutron balance analyses were performed. The results are shown
in Table 2.6. The leakages for the ZEUS benchmark experiments are on the
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Figure 2.5: Benchmark calculations for 3% and 10% change in gamma width
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Table 2.6: Contribution to kest by its components
Production Absorption
Core Fuel Blanket (n.2n) Fuel Blanket e
ZEUS1 1.000 0.000 0.566 0.201 0.247
ZEUS2 1.000 0.000 0.552 0.188 0.276
ZEUS3 1.000 0.000 0.534 0.169 0.306
ZEUS4 1.000 0.001 0.504 0.142 0.358
FCAl1 0.872 0.128 0.002 0.481 0.478 0.041
FCA2 0.846 0.154 0.003 0.436 0.524 0.040
FCA3 0.832 0.168 0.003 0.413 0.549 0.034

average of 28% whereas in the FCA it is about 4%. The contribution of each
component to ke for the ZEUS and FCA benchmark experiments are
different from each other.

Cross-section adjustment is carried out for 235U of ENDF/B-VII.O using the
integral data of FCA-IX, ZEUS, Godiva and HST001 (HEU-SOL-THERM-001).
In this adjustment calculation, C/E values and their uncertainties are set to
be 1.0 and 0.0001 for Godiva and HST001 since the C/E values for these data
should be unchanged. This indicates that capture cross-section in the
resonance range is overestimated (see Figure 2.6).
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Figure 2.6: Relative change in 235U capture cross-section through adjustment
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2.3 Benchmark analysis by Trumbull and Lubitz

2.3.1 Introduction

WPEC Subgroup 18 focused on the thermal and epithermal energy region
for 235U. Several changes were made to 235U, including a re-evaluation of the
resonances by ORNL. The resulting data have become the basis for the
current major libraries (ENDF/B-VILO, JEFF-3.1 and JENDL-3.3). Analysis by
JAEA of the FCA-IX and BFS-62 benchmarks shows poor agreement when
using the latest nuclear data libraries. The preliminary analysis seems
to point to a problem with the 235U fast capture cross-section and the
capture-to-fission ratio (o).

SG29 formed in May 2007 to investigate this issue. JAEA has created
several new 235U evaluations that substitute ENDF/B-VII.O and JENDL-3.2
resolved and unresolved resonance parameters in various combinations
over various energy ranges. Since better agreement with the FCA-IX and
BFS-62 benchmarks was obtained using JENDL-3.2, the new 235U evaluations
spliced in the older data into different energy ranges of interest, notably
between 500 eV, 2 250 eV and 25 keV. The intent was to identify the set of
parameters and energy ranges that produce results closer to expectations
for fast and thermal reactor spectra.

2.3.2 Methods approach
2.3.2.1 Codes and data

All analysis at KAPL was performed using the MC21 continuous-energy
Monte Carlo code with the NDEX nuclear data system. MC21 cross-section
libraries were created for seven of the eight proposed 235U evaluations.

235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011 17
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Source data for all other materials in the model come from the ENDF/
B-VIL.O data set. A base case library was created using all ENDF/B-VII.O data.
A graphical representation of the sources of nuclear data and resolved/
unresolved resonance regions for all cases is provided in Table 2.7.

A library for Case 5 was not created because the 235U evaluation
includes two unresolved resonance ranges in File 2. The current version of
NDEX creates probability tables for the unresolved resonance range with
the expectation that only a single unresolved range is given in File 2. The
NDEX team is evaluating an appropriate fix.

Table 2.7: Graphical description of the source nuclear
data and energy breakpoints used to define the resolved
and unresolved resonance regions for the cases of interest

500 eV 2250 eV 25.0 keV 30 keV
Case # E : : |
(base) | RR N RR v URR B File 3 ]
1 RR : RR L URR T URR ]
2 | RR

S e

!

4 IR RR URR File 3 |
5 RR _ URR : File 3 |
6 | RR : RR URR i File 3 |
7 ' URR ; File 3 |
8 | RR URR URR URR |
LEGEND: ' ' ' ’

ENDF/B-VII

ENDF/B-VII (-3% I'g )

JENDL/AC-2008 URR

2.3.2.2 Models and analysis

MC21 models were created for the specific models referenced in the previous
JAEA analysis: FCA-IX-1, FCA-IX-2, FCA-IX-3, ZEUS1, ZEUS2, ZEUS3 and
ZEUS4. The ZEUS models are also listed in ICSBEP as HEU-MET-INTER-006,
Cases 1-4. In addition, a set of 128 ICSBEP models were created for MC21
that span a range of neutron energy spectra.

For the larger set of 128 models, the calculated-over-experimental (C/E)
values for the effective multiplication factor were calculated and plotted for
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each of the eight different 235U evaluations. The ensemble average C/E and
standard deviation were calculated for each set of data. If the ensemble
average C/E gets closer to 1.0 and the standard deviation decreases, relative
to the base case, the candidate 235U evaluation is judged an improvement.

However, another test is performed on the solution tank HEU and LEU
critical experiments to ensure that changes to the resonance parameters
and ranges do not introduce problems in the thermal energy range that
have been solved by SG18, e.g. C/E trends with above thermal leakage (ATL)
or above thermal fission (ATF).

For the special cases of the FCA-IX and ZEUS models, more detailed
analysis was performed. In addition to calculating the C/E values for each
model, the capture, fission, a, slowing down densities, and ATL and ATF,
were also calculated and compared for each case.

2.3.3 Results

A detailed discussion of the results and conclusions of this study is provided
in Appendix C. A summary is provided in this section.

In the cases analysed, changing the resolved and unresolved resonances
by substituting JENDL-3.2 for ENDF/B-VILO in the URR, particularly in the
range of 500 eV < E < 2 250 eV, seems to improve the trend of increasing C/E
with increasing neutron spectra for the FCA and ZEUS benchmarks analysed.
This is best demonstrated by Cases 2 and 3, where there is a large reduction
in a. However, these cases also have large increases in ensemble average
C/E and increases in the spread of the C/E values within the population.
In fact, Cases 2 and 3 cause the largest increase in ensemble average C/E
(265 pcm and 283 pcm, respectively).

Relative to the FCA and ZEUS models analysed, Cases 2, 3 and 8 produce
the “flattest” trend line when C/E is plotted against the average energy of
a neutron causing fission. Unfortunately, all the cases containing the
JENDL-3.2 data have unacceptably large trends in the HST/LST population,
with C/E increasing with increasing ATLF. This would seem to suggest that
only Case 8 is a viable candidate.

Case 8 demonstrates a modest increase in ensemble average C/E
(14 pcm) and standard deviation, relative to ENDF/B-VIL.O. This case also
performs well in the LST/HST C/E versus ATLF analysis, and improves the
FCA and ZEUS benchmark results.

Since the focus of this study is on the 235U alpha in the intermediate
spectrum, additional ICSBEP intermediate spectrum HEU models should be
added to the analysis. In addition to HMI-006 (ZEUS), the ICSBEP handbook
lists eight other benchmarks in Volume II, HEU, intermediate-energy metal
systems that would complement this study.
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2.4 Experiment and benchmark calculation for sodium-void reactivity in
uranium-fuelled FBR core at FCA

2.4.1 Introduction

Sodium-void reactivity experiments with uranium fuels were carried out in
the Fast Critical Assembly (FCA) at the Japan Atomic Energy Agency (JAEA)
in 2009, and new integral data were obtained to help to validate the
re-evaluated capture cross-section of 235U. The benchmark specification
of the sodium-void reactivity experiments has been prepared and the
benchmark calculation results are provided in Appendix B. In the benchmark
calculations, detailed benchmark calculations have been performed using a
continuous-energy Monte Carlo code, MVP, with geometry models made as
detailed as possible. The measured data were analysed with the existing
libraries JENDL-3.2, -3.3, -4.0, ENDF/B-VIIL.0 and JEFF-3.1. This section presents
an introduction of new integral data obtained at the FCA, the results of the
benchmark calculations and the comparison between them including
sensitivity analysis results. In this report, the benchmark specification and
the results of the benchmark calculations, which contain the results by
deterministic methods with various correction factors, are also given in
Appendix B.

2.4.2 Experiment

The FCA XXVII-1 cores which are coupled systems comprising a central
core zone and surrounding blanket zones, are used for sodium-void
reactivity measurement in uranium-fuelled FBR core. In Figure 2.7, an R-Z
cross-sectional view of the fixed half assembly of the XXVII core is given.
The core zone is composed of low- and high-enriched uranium metals and
graphite. The test zone is set up at the centre of the core zone with
changing the height of the test zone as listed in Table 2.8. The test zone is
composed of low- and high-enriched uranium metals and sodium cans.
The sodium cans at the test zone are replaced by voided steel cans to
measure the sodium-void reactivity. For Cases 1 and 2, the reactivities are
measured using the control rods that have been calibrated beforehand. For
Case 3, the reactivity was measured by adopting the source multiplication
method. The experimental results are presented in Table 2.9 together with
the measurement uncertainties. The effective delayed neutron fraction Bes
(= 0.00754+0.00027) was evaluated with JENDL-3.3. The error of Bes was
evaluated by its covariance data of vq in JENDL-3.3. One sees that the
relative errors were about a few per cents. They were small enough to
distinguish the differences of the calculated results among the libraries
which were observed in the BFS experiments.
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Figure 2.7: R-Z cross-sectional view of XXVII core

Height of test zone 2z; and equivalent radius of core zone r¢ are given in Table 2.8
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Table 2.8: Core specifications for measurements

Case Height of test zone Equivalent radius Equivalent radius of
(z¢ x 2) [cm] of test zone [cm] core zone (r¢) [cm]

Case 1 5.08 x 2 9.34 31.30

Case 2 10.16 x 2 9.34 31.45

Case 3 15.24 x 2 9.34 31.45

Table 2.9: Experimental results for sodium-void reactivity

Case Sodium-void reactivity [x 10-3dk/kk']
Case 1 -0.40 +0.02*
Case 2 -0.80 +0.03*
Case 3 -1.22 +0.08*

* Experimental errors

2.4.3 Benchmark calculation

The benchmark calculations are performed by deterministic and
Monte Carlo methods.

Calculations by a continuous-energy Monte Carlo code, MVP-II, are
performed with geometry models made as detailed as possible. The

reactivities are obtained from (ks —k, )/ k ks, Where k. and ki, are the
effective multiplication factors of the reference and perturbed cores in
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which the sodium cans and voided steel cans are placed at the test zone,
respectively. The MVP calculations are performed with 2 000 000 000 particles.
The statistical uncertainties of the MVP calculations are within several
per cents of the measured sodium-void reactivities.

The deterministic calculation codes are the following:

Cell calculation SLAROM-UF

Core calculation CITATION-FBR (diffusion)
TRITAC (Sn transport)
Perturbation calculation PERKY (diffusion)
SNPERT-3D (Sn transport)

The core calculation by the diffusion theory can be performed by using
homogeneous XYZ models with homogenised cell atomic number densities
which are obtained by smearing cell heterogeneous plate arrangements.
The calculation results can be compared with the experimental results by
applying correction factors. The correction factors were prepared for
JENDL-3.2, -3.3, -4.0, ENDF/B-VII.0 and JEFF-3.1 and are summarised in
Appendix B.

A summary of Monte Carlo calculations together with deterministic
calculation results is presented in Figure 2.8. The corrected results by the
deterministic calculations agree with the Monte Carlo calculation results
within 3¢ of statistical uncertainties. One understands from this table that
the C/E values of sodium-void reactivities with respect to JENDL-3.3, ENDF/
B-VILO and JEFF-3.1 are less than those with respect to JENDL-3.2 and -4.0.
This tendency of the C/E values is similar to those for the sodium-void
reactivity experiments using uranium fuels at the BFS facility. In BFS cores
with uranium fuels, the sodium-void reactivities were sensitive to the 235U
capture cross-sections at the keV energy region, where a big difference
exists among major nuclear data libraries.

A sensitivity analysis was carried out to investigate the differences
among the libraries. The sensitivity coefficients were calculated based on
the diffusion theory using a generalised perturbation code, SAGEP, and the
JENDL-4.0 library. Here, a homogeneous model was adopted. Figure 2.9
shows sensitivity coefficients of the sodium-void reactivities to 235U capture
cross-section. For all cases, the reactivities are sensitive in the keV energy
region of 235U capture cross-section.

Figure 2.10 shows energy-wise contribution of 235U capture cross-section
to the sodium-void reactivity change from JENDL-4.0 to other libraries for
Case 2. We find that the differences with respect to JEFF-3.1, JENDL-3.3
and ENDF/B-VIL.O are much larger than that with respect to JENDL-3.2.
Figure 2.11 shows nuclide-wise contributions to the sodium-void reactivity
change from JENDL-4.0 to other libraries. We further find that the difference
of 235U capture cross-sections contributes mainly to the sodium-void
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reactivity change. The total differences from JENDL-4.0 to JENDL-3.3,
ENDEF/B-VIIL.O and JEFF-3.1 are up to about 28%, 33% and 24%, respectively.
The tendency is consistent with the results by the benchmark calculations.
It was clarified that the main cause explaining the difference among
libraries was the capture cross-section of 235U.

Figure 2.8: Summary of calculated sodium-void reactivities
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Figure 2.9: Sensitivity of sodium-void reactivity to 235U capture cross-section
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Figure 2.10: Energy-wise contribution of 235U capture
cross-section to sodium-void reactivity change for Case 2
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Figure 2.11: Nuclide-wise contribution to

sodium-void reactivity change for Case 2
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CONCLUSION

3. Conclusion

The possible overestimation of 235U capture cross-section in the 0.1 to
2.5 keV range is consistent with the alpha measurement and the integral
experiments of Na-void reactivity of BFS and FCA, and the criticality trends
of FCA and ZEUS. The new FCA experiments were described better with
JENDL-3.2 and JENDL-4.0, which have lower 235U capture cross-sections
around 1 keV than other libraries. The magnitude of the overestimation
could be ~10% or more. However, the problem of overestimating FCA
criticalities remains. It may be needed to consider the other contributions.

It is recommended: i) to measure accurate alpha measurement in the
keV region; ii) to perform new resonance analysis in the 0.1 to 2.5 keV
region,; iii) to investigate the reason for the overestimation of criticalities for
some benchmarks.
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IMPACT OF JENDL-3.2 AND ENDF/B-VII.0 RESONANCE REGION

Appendix A. Impact of JENDL-3.2 and ENDF/B-VII.O
resonance region (resolved and unresolved) in
intermediate-energy benchmark calculations

0. Iwamoto, G. Chiba, T. Nakagawa, L. Leal

Introduction

The 235U ENDEF/B-VILO evaluation performs very well for thermal and fast
reactor benchmark systems. However, for benchmark systems with neutron
spectrum in the intermediate-energy region (few electron volts to few
million electron volts range) there are still some trends not yet understood.
The aim of this note is to investigate the source of the biases in the
calculations. The work will consist of intermediate benchmark calculations
using JENDL-3.2 and ENDF/B-VIL.O and sensitivity calculations.

Comparisons of cross-sections in JENDL-3.2 and ENDF/B-VII.0

Results of calculations of intermediate-energy benchmark experiments
indicate that JENDL-3.2 performs better than ENDF/B-VIL.O. It appears that
the observed biases in the system multiplication factor (k. are related to
the capture cross-sections in the resolved resonance (RRR) and unresolved
resonance (URR) regions. Figures A.1(a) through A.1(d) show, respectively,
comparisons of the cross-sections for JENDL-3.2, ENDF/B-VIL.O and
statistical model calculations.

It can be seen that the ENDF/B-VIL.O capture cross-section is much
larger than JENDL-3.2 and statistical model calculations in the range of
about 100 eV to 3 keV. Discrepancies are also found in the elastic scattering
cross-sections below 30 keV. The total and fission cross-sections have no
such noticeable discrepancies. Figure A.2 displays a comparison of
capture/fission ratio for ENDF/B-VII.O and JENDL-3.2.
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Figure A.1(a): Comparison of capture cross-sections
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Figure A.1(b): Comparison of fission cross-sections

2y fission

235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011

R T L AL LR LR | L LA
| -—-—ENDFB-VILO 1
——JENDL-3.2 1
— statisfical model
=
c 1
S 10
© [
% L
& L
§ L
O |
10° T N TR H|‘...\251.m‘.7w.‘.‘| vt
10! 10? 10° 10" 10° 10°

Neutron energy (eV)



IMPACT OF JENDL-3.2 AND ENDF/B-VII.0 RESONANCE REGION

Figure A.1(c): Comparison of elastic scattering cross-sections
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Figure A.1(d): Comparison of total cross-sections
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Figure A.2: Comparison of a values
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The capture/fission ratio of 235U is sensitive to its derivation method.
It can be calculated with the following two methods:

1 Ei1 o, (E)
o <L dE
Method 1 | (o), E.., —EI)J-Ef o (E)
C.);
Method 2 (@) = o
<Gf>ii

Figure A.2 shows the data calculated with Method 2, and only
experimental data which seem to have been measured with Method 2.
Method 1 gives cross-sections larger than Method 2.

The ENDEF/B-VILO o results are in the upper part of the experimental
results. However, JENDL-3.2 agrees well with the experimental results.

JENDL-3.2 and ENDF/B-VII.0 resonance parameters combinations

Preliminary sensitivity calculations have indicated that a reduction in the
capture cross-section of 235U is needed. However, in addition to the
difference in the resonance representation in the two libraries there may be
other quantities that may also have an effect on the benchmark results.
Therefore, to better understand the reason why the two libraries perform
differently, it has been decided to carry out benchmark calculations by
merging JENDL resonance parameters in ENDF and vice versa. There are
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quite a few possible combinations. Table A.1 displays the resolved and
unresolved energy regions for JENDL and ENDF.

Table A.1: Resonance energy range for JENDL-3.2 and ENDF/B-VII.0

Resonance region JENDL-3.2 ENDF/B-VII.O
RRR 10-5 eV-500 eV 10-5 eV-2.25 keV
URR 500 eV-30 keV 2.25 keV-25 keV

The benchmark systems used to study the different ENDF and JENDL
combinations were four intermediate benchmark experiments taken at the
Los Alamos National Laboratory (LANL) and three benchmark experiments
done at the Japan Atomic Energy Agency (JAEA). The energies of the average
lethargy causing fission for these benchmarks are shown in Table A.2. Also
shown in Table A.2 are the specifications of these benchmarks as given in
the International Handbook of Evaluated Criticality Benchmark Experiments
(ICSBEP).

Table A.2: Energy of the average lethargy causing fission (AVG)

Name Spectrum Handbook ID AVG (keV)

ZEUS1 Intermediate HEU-MET-INTER-006, casel 5.05
ZEUS2 Intermediate HEU-MET-INTER-006, case2 10.33
ZEUS3 Intermediate HEU-MET-INTER-006, case3 24.02
ZEUS4 Intermediate HEU-MET-INTER-006, case4

FCA-1X-1 Intermediate 29.90
FCA-1X-2 Intermediate 116.52
FCA-1X-3 Intermediate 211.30

The following are possible JENDL-ENDF resonance parameter
combinations that are expected to provide a better understanding in the
bias in ke due to the 235U capture cross-sections. The study consisted of
keeping one cross-section library as reference and replacing its resonance
parameter representation. They are done as follows:

Keeping JENDL-3.2 for 235U as the reference library

Case 1: JENDL-3.2 resolved resonance parameters replaced with the ENDF/
B-VII.0 parameters up to 2.25 keV

The calculation was done with everything else taken from JENDL-3.2. This
calculation will be referred to as Case 1.

Note that the JENDL unresolved representation from 500 eV to 2.25 keV
will also be replaced with ENDF resolved resonance parameters. This can
be seen from Table A.3. From 2.25 keV to 30 keV the JENDL unresolved
representation is used.
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Table A.3: Resonance energies for the merged library (Case 1)

500 eV 2.25 keV 25 keV 30keV |
RR(ENDF) | RR(ENDF) | UR(JENDL) | UR (JENDL) |

Thermal values and integral quantities integrated over the microscopic
cross-section for the JENDL and the modified library is shown in Table A.4.
These quantities are total nu (vi), thermal (0.0253 eV) capture cross-section
(o), resonance integral (L), Wescott g-factors (g, where x can be gamma,
fission or absorption), capture-to-fission resonance integral ratio (), and K.
The resonance integrals were calculated in the energy range from 0.5 eV to
25 keV. The cross-sections and resonance integral units are in barns. The
JENDL resonance capture integral is about 5% smaller than that of the
modified library. JENDL-3.2 calculates a smaller capture-to-fission ratio.

Table A.4: Thermal and integral quantities for JENDL-3.2 and modified library

Integral quantity JENDL-3.2 Modified library
Vi 2.4359 2.4359
oy 98.818 98.706
Iy 131.5 138.9
Oy 0.9897 0.9912
of 584.321 585.076
i 268.3 266.1
ot 0.9789 0.9767
Ca 683.14 683.781
la 399.8 405.0
Oa 0.9805 0.9788
o 0.4901 0.5277
Ky 723.50 722.69

The merged library was used in the calculation of the three FCA
benchmarks. The C/E results are shown in Figure A.3, as are the results of
calculations using 235U and everything else from the JENDL-3.2 library. The
figure indicates that the biases in the FCA remain.

Case 2: JENDL-3.2 resolved resonance parameters replaced with the ENDF/
B-VII.0 parameters only up to 500 eV

The calculation was done with everything else taken from JENDL-3.2. This
calculation will be referred to as Case 2.

Only the contribution of the ENDF/B-VILO resolved resonance parameters
up to 500 eV will be taken into account in the benchmark calculations.
The unresolved representation is from JENDL. From 500 eV to 30 keV the
JENDL unresolved representation is used. This can be seen from Table A.5.
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Figure A.3: C/E results for Case 1
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Table A.5: Resonance energies for the merged library (Case 2)

500 eV 2.25 keV 25 keV 30keV |
RR(ENDF) | URQENDL) | UR(JENDL) | UR(JENDL) |

Thermal values and integral quantities integrated over the microscopic
cross-section for the JENDL and the modified library is shown in Table A.6.
The JENDL resonance capture integral is about 4% smaller than that of the
modified library.

Table A.6: Thermal and integral quantities for JENDL-3.2 and modified library

Integral quantity JENDL-3.2 Modified library
Vi 2.4359 2.4359
oy 98.818 98.706
Iy 131.5 137.2
Oy 0.9897 0.9912
of 584.321 585.076

i 268.3 266.1

ot 0.9789 0.9767
Ca 683.14 683.781
la 399.8 403.3
Oa 0.9805 0.9788
o 0.4901 0.5156
Ky 723.50 722.69
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The merged library was used in the calculation of the three FCA
benchmarks. The C/E results are shown in Figure A.4, as are the results of
calculations using only the JENDL-3.2 library and the Case 1 results. The
figure indicates some improvement for the FCA-IX-2 and FCA-IX-3
benchmarks. However, the trend in the biases still remains.

Figure A.4: C/E results for Case 2
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Keeping ENDF/B-VII.0 as the reference library

Case 3: ENDF/B-VII.0 resolved and unresolved parameters are replaced with
JENDL-3.2 parameters

The calculation was done with everything else taken from the ENDF/B-VILO.
This calculation will be referred to as Case 3.

Although the unresolved resonance for JENDL-3.2 goes up to 30 keV it
was used only up to 25 keV. This can be seen from Table A.7.

Table A.7: Resonance energies for the merged library (Case 3)

500 eV 2.25 keV 25 keV 30keV |
RR(JENDL) | UR(ENDL) | UR(JENDL) | ENDFFILE3 |

Thermal values and integral quantities integrated over the microscopic
cross-section for ENDF/B-VILO and the modified library is shown in Table A.8.
The modified resonance capture integral is about 5% smaller than that of
ENDEF/B-VII.O.

The merged library was used in the calculation of the three FCA and
the ZEUS benchmarks. The C/E results are shown in Figure A.5, as is the
result of calculations using only the ENDF/B-VIL.O library.
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Table A.8: Thermal and integral quantities
for ENDF/B-VII.O and modified library

Integral quantity ENDF/B-VII.O Modified library
Vit 2.4367 2.4367
oy 98.706 98.818
I, 139.0 131.5
Oy 0.9912 0.9897
of 585.076 584.321
It 266.2 268.3
O 0.9767 0.9789
Ca 683.781 683.14
la 405.2 399.8
Oa 0.9788 0.9805
o 0.5222 0.4901
K1 723.15 723.95

Figure A.5: C/E results for Case 3
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The results shown in Figure A.5 suggest an improvement on the
biases for the FCA and ZEUS benchmarks when the JENDL-3.2 resonance
representations (resolved and unresolved) are used in ENDF/B-VIIL.0. However,
Figure A.5 also shows an increase in the calculated multiplication factor.
This can be an indication that there exists another energy region which
also contributes to the multiplication factor. These cases require further
investigation.

235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011 39



IMPACT OF JENDL-3.2 AND ENDF/B-VII.0 RESONANCE REGION

Case 4: ENDF/B-VII.0 resolved resonance parameters up to 500 eV are
replaced with JENDL-3.2

The calculation was done with everything else taken from ENDEF/B-VII.O.
This calculation will be referred to as Case 4. Note that the ENDF/B-VIIL.O
resolved resonance parameters from 500 eV to 2.25 keV will be used. This
can be seen from Table A.9.

Table A.9: Resonance energies for the merged library (Case 4)

500 eV
RR (JENDL) |

2.25 keV

25 keV 30keV |
RR (ENDF) | UR (ENDF)

| ENDFFILE3 |

Thermal values and integral quantities integrated over the microscopic
cross-section for ENDF/B-VII.O and the modified library are shown in
Table A.10. The modified resonance capture integral is about 4% smaller
than that of ENDF/B-VILO.

Table A.10: Thermal and integral quantities
for ENDF/B-VII.O and modified library

Integral quantity ENDF/B-VII.O Modified library
Vit 2.4367 2.4367
oy 98.706 98.818
Il 139.0 133.3
Oy 0.9912 0.9897
of 585.076 584.321
It 266.2 268.5
Of 0.9767 0.9789
Ga 683.781 683.14
la 405.2 401.8
Ja 0.9788 0.9805
o 0.5222 0.4965
Ky 723.15 723.95

The merged library was used in the calculation of the three FCA and
the ZEUS benchmarks. The C/E results are shown in Figure A.6, as are the
results of calculations using only the ENDF/B-VII.O library and Case 3.

It appears that including the resonance parameters of JENDL-3.2 in
ENDEF/B-VII.O leads to an improvement in the biases, mainly for ZEUS.
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Figure A.6: C/E results for Case 4
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Case 5: ENDF/B-VII.O0 resolved resonance parameter from 500 eV to 2.25 keV
replaced with the JENDL-3.2 unresolved parameters

The calculation was done with everything else taken from ENDEF/B-VII.O.
This calculation will be referred to as Case 5. Table A.11 displays the
resonance region representation in the modified library.

Table A.11: Resonance energies for the merged library (Case 5)

500 eV 2.25 keV 25 keV 30keV |
RR(ENDF) | UR(ENDL) | UR(ENDF) | ENDFFILE3 |

Thermal values and integral quantities integrated over the microscopic
cross-section for ENDF/B-VII.O and the modified library are shown in
Table A.12. The modified resonance capture integral is about 1.2% smaller
than that of ENDF/B-VILO.

The merged library was used in the calculation of the three FCA and
ZEUS benchmarks. The C/E results are shown in Figure A.7, as are the
results of calculations using only the ENDF/B-VILO library, Cases 3 and 4.

235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011 41



IMPACT OF JENDL-3.2 AND ENDF/B-VII.0 RESONANCE REGION

Table A.12: Thermal and integral quantities
for ENDF/B-VII.O and modified library

Integral quantity ENDF/B-VII.O Modified library
Vit 2.4367 2.4367
oy 98.706 98.706
I, 139.0 137.3
Oy 0.9912 0.9912
of 585.076 585.076
It 266.2 266.2
O 0.9767 0.9767
Ca 683.781 683.781
la 405.2 403.5
Oa 0.9788 0.9788
o 0.5222 0.5158
K1 723.15 723.15

Figure A.7: C/E results for Case 5
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From the above studies, it has been found that a difference between
ENDE/B-VIIL.O and JENDL-3.2 from 500 eV to 2.25 keV has a large impact on
both the FCA-IX and ZEUS calculations, while a difference below 500 eV has
an impact only on the ZEUS calculations.

Replacement of the ENDF/B-VIL.O resonance parameters by JENDL-3.2
for 235U makes the C/E dependence on spectrum hardness smaller. However,
this also results in unacceptably high C/E values. This can be an indication
that there exists another energy region which also contributes to the
multiplication factor. These cases need further investigation.
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Effects on the reduction of the 235U gamma width above 200 eV

Comparison of the JENDL-3.2 capture cross-section with the ENDF/B-VIL.O
capture cross-section indicates a smaller value of the capture cross-section
for JENDL mainly above 200 eV. A study has been conducted which consists
of decreasing the gamma ([,) width in the 235U resolved resonance
parameters of the ENDF/B-VIIL.O by 3% and 10% and performing benchmark
calculations. The results of calculations performed with two modified
libraries are shown in Figure A.8. The case labelled “G1” corresponds to a
change of 3% in I, (decrease of 2% in o, and increase of 1% in oj), whereas
the 10% change in T, (decrease of 7% in o, and increase of 3% in oy is
labelled “G2”. The reference case, labelled “Ref” in the figure, corresponds
to calculations using ENDF/B-VIL.O. The calculations were done for the FCA
and ZEUS benchmark experiments. Clearly, a simple decrease in the
capture cross-section, i.e. in T, reduces the C/E dependence on spectrum
hardness. However, it scales the ke up. These results may indicate that
other cross-sections or combinations of effects may be causing the biases.

Figure A.8: Benchmark calculations for 3% and 10% change in gamma width
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Sensitivity study of the benchmarks experiments FCA and ZEUS

Detailed neutron balance analyses of FCA and ZEUS were done to identify
and understand the k. bias for these systems. The calculations were
done with a two-dimensional discrete ordinates code using a 70-group
cross-section library based on ENDF/B-VIL.0. Without loss of generality, the
ke can be written as the neutron production divided by absorption and
leakage which in the diffusion approximation is given as:
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<SVEph >+ <Zpond >

ko = 1
" <3,0>+<DB2%> @

In this equation D is the diffusion coefficient and B is the buckling
which relates to reactor size. The detailed study consisted of calculating
each component of Eq. (1) for each energy group.

Both the ZEUS and the FCA benchmarks utilise highly-enriched
uranium with enrichment of 93%. In the ZEUS cores the fuel region is
surrounded by copper which is used as a reflector. In the FCA benchmark
the core is surrounded by depleted uranium with 0.3% enrichment. The
results of calculation of each component in Eq. (1) are given in Table A.13.
The total fission production has been normalised to one.

Table A.13 indicates that the leakages for the ZEUS benchmark
experiments are on the average of 28% whereas in the FCA it is about 4%.
The contribution of each component to ke for the ZEUS and FCA
benchmark experiments are different from each other.

Table A.13: Contribution to ket by its components

Production Absorption
Core Fuel Blanket (i) Fuel ° Blanket CEELELE
ZEUS1 1.000 0.000 0.566 0.201 0.247
ZEUS2 1.000 0.000 0.552 0.188 0.276
ZEUS3 1.000 0.000 0.534 0.169 0.306
ZEUS4 1.000 0.001 0.504 0.142 0.358
FCA1 0.872 0.128 0.002 0.481 0.478 0.041
FCA2 0.846 0.154 0.003 0.436 0.524 0.040
FCA3 0.832 0.168 0.003 0.413 0.549 0.034

The contribution of each component to ke for the ZEUS and FCA
benchmark experiments are displayed in Figures A.9 to A.15, respectively.
The vertical lines indicate the boundary of the resolved resonance region
(2.25 keV) and unresolved resonance region (25 keV) for ENDF/B-VII.O.

We carry out the same calculations with an ENDF/B-VII.0O-based library
in which 235U and 238U are replaced by JENDL-3.2. From Figures A.16 to A.18,
component-wise contribution to kes for FCA-IX-3, in which a large difference
is observed between JENDL3-2 and ENDF/B-VII.O, is shown. We can see a
significant difference in the leakage contribution, which is caused by a
difference in P1 elastic scattering cross-sections of 238U.
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Figure A.9: Production, absorption and leakage contribution to ket for ZEUS1

keff contribution

Figure A.10

keff contribution

235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

— T
Production
Absorption

Leakage —

Do )

100

1000

10000

100000

Neutron energy [eV]

1e+06

1e+07

: Production, absorption and leakage contribution to kess for ZEUS2

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

T L
Production
Absorption

Leakage -~

Y

1000

10000

100000

Neutron energy [eV]

1e+06

1e+07

45



IMPACT OF JENDL-3.2 AND ENDF/B-VII.0 RESONANCE REGION

Figure A.11: Production, absorption and leakage contribution to ke for ZEUS3

keff contribution

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

——_————r—r—T—T—r—T— T
Production
Absorption —-

Leakage -

RN

[ —

100 1000 10000 100000 1e+06 1e+07
Neutron energy [eV]

Figure A.12: Production, absorption and leakage contribution to ke for ZEUS4

46

keff contributicn

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

0

Produt‘:tion I I ' T
Absorption : !
B Leakage : : r- J | A ]
i | N 1
il
L g 4
N Y .'i ST | AT IR B S T
10 100 1000 10000 100000 1e+06 1e+07

MNeutron energy [eV]

235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011



IMPACT OF JENDL-3.2 AND ENDF/B-VII.0 RESONANCE REGION

Figure A.13: Production, absorption and
leakage contribution to kest for FCA-1X-1
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Figure A.14: Production, absorption and
leakage contribution to kest for FCA-1X-2
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Figure A.15: Production, absorption and
leakage contribution to kest for FCA-1X-3
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Figure A.16: Production contribution to Kest for FCA-1X-3
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Figure A.17: Absorption contribution to ket for FCA-IX-3
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Figure A.18: Leakage contribution to kers for FCA-I1X-3
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Adjustment of 235U cross-section using several integral data

Nuclear data adjustment for 235U of ENDF/B-VILO is carried out using a set
of integral data: a series of FCA-IX (3 data), a series of ZEUS (4 data), Godiva
and HEU-SOL-THERM-001 (HSTO001) in the ICSBEP handbook. Figure A.19
shows sensitivity profiles of 235U capture cross-sections to criticalities of
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these integral data. It is found that these integral data are sensitive to the
235U nuclear data and have different energy spectra with each other. Using
these integral data, the 235U cross-section is optimised with the cross-section
adjustment technique.

Figure A.19: Sensitivity profiles of 235U capture cross-section to criticalities
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C/E values and experimental uncertainties are assumed to be 1.0 and
0.0001 for Godiva and HST001 since we do not want to change the nuclear
data in the high energy range and the thermal energy range through the
adjustment. C/E values of FCA-IX and ZEUS are obtained from calculations
with the continuous-energy Monte Carlo code and the ENDF/B-VILO library.
Uncertainties of experimental values of FCA-IX and ZEUS are assumed as
follows:

e Case 1: The uncertainties are 0.1% dk/kk’ and the correlations among
the data of the same critical assembly (FCA-IX or ZEUS) are 0.8.

e Case 2: The uncertainties are 1.0% dk/kk’ and the correlations among
the data of the same critical assembly are 0.95.

The assumption of Case 1 is realistic while some unknown systematic
uncertainties are assumed in Case 2.

We use the covariance data for the 235U nuclear data evaluated by
Shibata [1]. Please note that correlation between the thermal range and the
resonance range is not given in this covariance data. Since the covariance
data is provided only for 235U, only the 235U nuclear data is adjusted.
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Figure A.20 shows C/E values before and after the adjustment. C/E values
for Godiva and HSTO001 are not shown since these are unchanged through
the adjustment. Changes in nuclear data through the adjustment are also
shown in Figures A.21 to A.25, as are standard deviations.

In both cases, the 235U capture cross-section from 200 eV to 7 keV is
reduced by 5% to 10%. This suggests the overestimation of the 235U capture
cross-section of ENDF/B-VILO in this energy range.

Case 1 gives good agreement between C- and E-values. As shown in
Figure A.21, however, the 235U capture cross-section above 10keV is
increased about 15% through the adjustment. This cross-section change is
larger than two times the standard deviation and is unrealistic. In addition,
other nuclear data, such as the inelastic scattering cross-section and fission
spectrum, are also significantly changed through the adjustment.

In the Case 2 result, core dependence of C/E values almost disappears,
while C/E values are not close to unity. The nuclear data change through
the adjustment is considered reasonable as shown in the figures.

The above calculations have allowed determining that something
causes systematic overestimation of the C/E values of FCA-IX. The absolute
C/E values should be discarded and only the core dependence of C/E
values should be concentrated on in the discussions on the 235U capture
cross-section issue.

Figure A.20: C/E values before and after adjustment
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Figure A.21: Change in 235U capture cross-sections
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Figure A.22: Change in 235U fission cross-section
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Figure A.23: Change in 235U inelastic scattering cross-section
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Figure A.24: Change in 235U fission spectrum
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Relative cross section change

Figure A.25: Change in 235U fission yield
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Conclusions

In order to investigate some trends observed in benchmark calculations for
intermediate neutron systems, several sensitivity studies have been carried
out. The present study can be concluded as follows:

54

It can be seen that ENDF/B-VILO capture cross-section is much
larger than JENDL-3.2 and statistical model calculations in the range
of about 100 eV to 3 keV. Discrepancies are also found in the elastic
scattering cross-sections below 30 keV. The total and fission
cross-sections have no such noticeable discrepancies.

The ENDF/B-VILO a results are in the upper part of the experimental
results. JENDL-3.2, however, agrees well with experimental results.

The difference between ENDF/B-VII.0 and JENDL-3.2 from 500 eV to
2.25 keV has a large impact on both the FCA-IX and ZEUS calculations
while the difference below 500 eV has an impact only on the ZEUS
calculations.

Replacement of the ENDF/B-VIL.O resonance parameters by JENDL-3.2
for 235U makes the C/E dependence on spectrum hardness smaller.
However, this also results in unacceptably high C/E values. This can
be an indication that there exists another energy region which also
contributes to the multiplication factor. These cases need further
investigation.
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e A simple decrease in the capture cross-section, i.e. in I';, reduces the
C/E dependence on spectrum hardness. However, it scales the kg up.
These results may indicate that other cross-section or combinations
of effects may be causing the biases.

o Detailed neutron balance analyses indicate that the leakages for the
ZEUS benchmark experiments are on the average of 28% whereas in
the FCA benchmark it is about 4%. The contribution of each
component to kgs for the ZEUS and FCA benchmark experiments are
different from each other.

e Through cross-section adjustment with the integral data and the
covariance information for 235U cross-sections, it is indicated that
capture cross-section in the resonance range is overestimated.

Reference — Appendix A

[1]  Shibata, K., “Uncertainty Analyses of Neutron Cross Sections for 235U
in the Resonance Region”, J. Nucl. Sci. Technol., Vol. 42, p. 130 (2005).

235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011 55






EXPERIMENT AND BENCHMARK CALCULATION FOR SODIUM-VOID REACTIVITY

Appendix B. Experiment and benchmark calculation for
sodium-void reactivity in uranium-fuelled FBR core at FCA

T. Kugo, M. Fukushima, Y. Kitamura

Introduction

The OECD/NEA/NSC/WPEC Subgroup 29 has re-evaluated the capture
cross-section of 235U by focusing on the energy region from 100 eV to 1 MeV
from the viewpoints of differential and integral data analyses since 2007.
Sodium-void reactivity experiments with uranium fuels were carried out in
the Fast Critical Assembly (FCA) at the Japan Atomic Energy Agency (JAEA)
in 2009 and new integral data were obtained to help to validate the
re-evaluated capture cross-section of 235U [1]. This report presents an
introduction of new integral data obtained at the FCA, the results of the
benchmark calculations and the comparison between them.

Experiment

The FCA XXVII-1 cores, which are coupled systems comprising a central
core zone and surrounding blanket zones, are used for sodium-void
reactivity measurement in a uranium-fuelled FBR core. The core zone is
composed of low- and high-enriched uranium metals and graphite. The
average enrichment of the core zone is approximately 30%. The height of
the core zone is approximately 61 cm. In the radial direction, the core zone
is surrounded by two radial blanket zones; an inner blanket zone contains a
significant amount of depleted uranium dioxide and sodium, and an outer
blanket zone contains only a depleted uranium block. The test zone is set
up at the centre of the core zone, varying the height of the test zone by the
following lengths: 10.16 cm (Case 1), 20.32 cm (Case 2) and 30.48 cm (Case 3).
X-Z cross-sectional views of the XXVII-1 cores are given for Cases 1, 2 and 3
in Figure B.1. X-Y cross-sectional views for Case 1 are given in Figure B.2.
Those for Cases 2 and 3 are given in Figure B.3. The core zone for Cases 2
and 3 is increased by one fuel drawer to attain criticality. The test zone is
composed of low- and high-enriched uranium metals and sodium cans.
The sodium cans at the test zone are replaced by voided steel cans to
measure the sodium-void reactivity. For Cases 1 and 2, the reactivities are
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measured using the control rods that have been calibrated beforehand. For
Case 3, the reactivity was measured by adopting the source multiplication
method. The experimental results are presented in Table B.1 together with
the measurement uncertainties. The effective delayed neutron fraction Bes
(= 0.0075440.00027) is evaluated with JENDL-3.3.

Benchmark calculation

The benchmark calculations are performed employing deterministic and
Monte Carlo methods.

Deterministic calculation

The deterministic calculation codes are the following:

Cell calculation SLAROM-UF|[2]

Core calculation CITATION-FBR [3] (diffusion)
TRITAC [4] (Sn transport)
Perturbation calculation | PERKY [5] (diffusion)
SNPERT-3D [6] (Sn transport)

The core calculation by the diffusion theory can be performed using
the XYZ models shown in Figures B.1, B.2 and B.3. The homogenised
atomic number densities presented in Tables B.2 and B.3 are used for the
calculations with JENDL-3.2 and for the calculations with JENDL-3.3,
JENDL-4.0, ENDF/B-VIL.O and JEFF-3.1, respectively. Calculation results can
be compared with the experimental results by applying correction factors.

The correction factors are prepared for JENDL-3.2, JENDL-3.3, JENDL-4.0,
ENDEF/B-VII.O and JEFF-3.1. The correction factors are evaluated by the exact
perturbation theory, since the sodium-void reactivity consists of various
components. The components are generally classified into two terms, the
non-leakage term and the leakage term. The correction factors are
prepared for the two terms. The calculation methods to evaluate the
correction factors and definitions of them are summarised in Table B.4.

In Method 1, the base calculation method, the effective macroscopic
cross-sections for each region are prepared to take into account the
resonance self-shielding effect in infinite homogeneous media. Region
names in Table B.2 correspond to those in Figures B.1, B.2 and B.3. The cell
calculation and the core calculation in the base method are performed
using 70 energy groups (lethargy width: 0.25 in the energy range from
0.3eV to 10 MeV) and are used for all calculation methods except for
Method 2. The core calculation is performed using the XYZ models, also
used for all calculation methods. The mesh intervals in the core calculation
are 2.76 cm in the X and Y directions, and 2.54 cm in the Z direction. These
values are used for all calculation methods.
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In Method 2, used for the evaluation of the “Hetero + Ultrafine/Homo”
correction factor, the cell calculation is performed with one-dimensional
slab heterogeneous geometry. The resonance self-shielding is evaluated
by the collision probability method with an ultrafine energy group
structure (lethargy width: 0.00003125 for 5247.52 eV-9118.82 eV, 0.0000625
for 9118.82 eV-4307.43 eV, 0.000125 for 4307.43 eV-961.117 eV, 0.00025 for
961.117 €V-130.073 eV and 0.0005 for 130.073 eV-0.118611 eV). The correction
factor is evaluated by a ratio of the result of Method 2 to that of Method 1.

In Methods 3 and 4, used for the evaluation of the “Transport”
correction factor, the cell calculation is performed with one-dimensional
slab heterogeneous geometry. The correction factor is evaluated by a ratio
of the result of the Sy transport calculation to that of the diffusion
calculation. The Sy transport calculation is performed with the Sg quadrature
set and with the transport cross-section defined by the extended transport
approximation. The diffusion coefficient is defined by one-third of the
inverse of the transport cross-section used in the transport calculation.

The “Aniso/Iso” correction factor, which is caused by the discrepancy
of the neutron leakage parallel or perpendicular to the plate-type fuel
arrangement in the cells, is negligibly small.

The correction factors for the non-leakage term and the leakage
term are applied independently for the non-leakage term and the leakage
term of the base calculation. The final sodium-void reactivity is evaluated
by summing up the corrected non-leakage term and the corrected leakage
term. The obtained correction factors are summarised in Table B.6. The
JENDL-3.3, ENDF/B-VII.O and JEFF-3.1 correction factors have different
tendencies than those of JENDL-3.2 and JENDL-4.0. The difference could
be due to the discrepancies of the capture cross-sections of 235U among
those libraries. It is recommended to use the correction factors of the
corresponding library.

Monte Carlo calculation

Calculations by a continuous-energy Monte Carlo code [7], MVP-II, are
performed with geometry models made as detailed as possible. The
reactivities are obtained from (kis — k. )/ kK, , Where k. and ki, are the

effective multiplication factors of the reference and perturbed cores in
which the sodium cans and voided steel cans are placed at the test zone,
respectively. The MVP calculations are performed with 2 000 000 000
particles. The statistical uncertainties of the MVP calculations are within
several per cents of the measured sodium-void reactivities.

The calculated sodium-void reactivities using the MVP calculations
together with the statistical uncertainties are shown in Table B.7. In this
table, the ratios of calculation to experimental (C/E) values together with
the uncertainties of the calculations are also summarised. A summary of
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Monte Carlo calculations together with deterministic calculation results is
presented in Figure B.4. The corrected results by the deterministic
calculations agree with the Monte Carlo calculation results within 3c of
statistical uncertainties.

[1]

[2]

[3]

[4]

[5]

[6]

[7]
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Table B.1: Experimental results for sodium-void reactivity

Unit: ¢ Unit: 10-3 dk/kk'
Case 1 -5.3 +0.2 -0.40 +0.02
Case 2 -10.6 +0.2 -0.80 +0.03
Case 3 -16.2 +0.8 -1.22 +0.08
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Table B.4: Calculation methods and definition of correction factors

Cell model Efnergy groups Energy groups Theory
or cell calc. for core calc.
Method 1 Homogeneous 70 70 Diffusion
Method 2 Heterogeneous Ultrafine 175 Diffusion
Method 3 Heterogeneous 70 70 Diffusion
Method 4 Heterogeneous 70 70 Transport
Correction factors
“Hetero + Ultrafine/Homo” = method-2/method-1
“Transport” = method-4/method-3
Table B.5: Correction factors for sodium-void reactivity
Hetero+Ultrafine group/homo Transport
Non-leakage Leakage Non-leakage Leakage
JENDL-3.2 1.0331 1.0435 0.9415 0.7466
JENDL-3.3 1.0587 1.0466 0.9047 0.7483
Case 1 |JENDL-4.0 1.0508 1.0536 0.9450 0.7501
ENDF/B-7.0 1.0195 1.0569 0.9085 0.7454
JEFF-3.1 1.0196 1.0517 0.9281 0.7506
JENDL-3.2 1.0291 1.0419 0.9387 0.7837
JENDL-3.3 1.0520 1.0447 0.9042 0.7857
Case 2 | JENDL-4.0 1.0451 1.0523 0.9429 0.7863
ENDF/B-7.0 1.0216 1.0541 0.9090 0.7822
JEFF-3.1 1.0144 1.0487 0.9287 0.7872
JENDL-3.2 1.0262 1.0297 0.9371 0.7866
JENDL-3.3 1.0470 1.0311 0.9034 0.7880
Case 3 | JENDL-4.0 1.0415 1.0371 0.9416 0.7892
ENDF/B-7.0 1.0204 1.0370 0.9088 0.7854
JEFF-3.1 1.0102 1.0337 0.9285 0.7892
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Table B.7: Summary of Monte Carlo calculations

Case Library M[S igl—g%(a/tlli'r]ls CIE
JENDL-3.2 -0.479 +0.020* 1.20 +0.09**
JENDL-3.3 -0.310 +0.020* 0.78 +0.07**
Case 1 JENDL-4.0 -0.480 +0.020* 1.20 +0.09**
ENDF/B-VII.O -0.248 +0.020* 0.62 +0.06**
JEFF-3.1 -0.318 +0.020* 0.79 +0.07**
JENDL-3.2 -0.827 +0.020* 1.03 +0.05**
JENDL-3.3 -0.574 +0.020* 0.72 +0.04**
Case 2 JENDL-4.0 -0.908 +0.020* 1.13 +0.05**
ENDF/B-VII.O -0.528 +0.020* 0.66 +0.04**
JEFF-3.1 -0.617 +0.020* 0.77 +0.04**
JENDL-3.2 -1.336 +0.020* 1.09 +0.07**
JENDL-3.3 -1.032 +0.020* 0.85 +0.06**
Case 3 JENDL-4.0 -1.374 +0.020* 1.13 +0.07**
ENDF/B-VII.O -0.907 +0.020* 0.74 +0.05**
JEFF-3.1 -0.997 +0.020* 0.82 +0.05**

*  Statistical uncertainties of Monte Carlo calculations.

*% Statistical uncertainties of MC calculations and the experimental errors.
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Figure B.1(a): X-Z cross-sectional views of the FCA XVVII-1 cores — Case 1
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Figure B.1(b): X-Z cross-sectional views of the FCA XVVII-1 cores — Case 2
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Figure B.1(c): X-Z cross-sectional views of the FCA XVVII-1 cores — Case 3
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Figure B.2(a): X-Y cross-sectional views of the
FCA XVVII-1 core for Case 1 - Plane 1
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Figure B.2(b): X-Y cross-sectional views of the
FCA XVVII-1 core for Case 1 — Plane 2
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Figure B.2(c): X-Y cross-sectional views of the
FCA XVVII-1 core for Case 1 — Plane 3
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Figure B.2(d): X-Y cross-sectional views of the
FCA XVVII-1 core for Case 1 — Plane 4

[] 5.52cmx552cm
[ ]

O MTX

235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011 73



EXPERIMENT AND BENCHMARK CALCULATION FOR SODIUM-VOID REACTIVITY

Figure B.2(e): X-Y cross-sectional views of the
FCA XVVII-1 core for Case 1 — Plane 5
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Figure B.2(f): X-Y cross-sectional views of the
FCA XVVII-1 core for Case 1 — Plane 6
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76

Figure B.3(a): X-Y cross-sectional views of the
FCA XVVII-1 core for Cases-2 and -3 — Plane-1
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Figure B.3(b): X-Y cross-sectional views of the
FCA XVVII-1 core for Cases 2 and 3 — Plane 2
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Figure B.3(c): X-Y cross-sectional views of the
FCA XVVII-1 core for Cases 2 and 3 — Plane 3
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Figure B.3(d): X-Y cross-sectional views of the
FCA XVVII-1 core for Cases 2 and 3 — Plane 4
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Figure B.3(e): X-Y cross-sectional views of the
FCA XVVII-1 core for Cases 2 and 3 — Plane 5
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Figure B.3(f): X-Y cross-sectional views of the
FCA XVVII-1 core for Cases 2 and 3 — Plane 6
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Figure B.3(g): X-Y cross-sectional views of the
FCA XVVII-1 core for Cases 2 and 3 — Plane 7
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Figure B.4: Summary of calculation results
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Appendix C: Initial benchmark analysis of %*°U capture
cross-section in the energy region from 100 eV to 1 MeV

T.H. Trumbull, C.R. Lubitz

Introduction

WPEC Subgroup 18 focused on the thermal and epithermal energy region
for 235U. Several changes were made to 235U, including a re-evaluation of the
resonances by ORNL. The resulting data have become the basis for the
current major libraries (ENDF/B-VILO, JEFF-3.1 and JENDL-3.3).

Analysis by JAEA of the FCA-IX and BFS-62 benchmarks shows poor
agreement when using the latest nuclear data libraries. The preliminary
analysis seems to point to a problem with the 235U fast capture cross-section
and the capture-to-fission ratio (a).

SG29 formed in May 2007 to investigate this issue. JAEA has created
several new 235U evaluations that substitute ENDF/B-VII.O and JENDL-3.2
resolved and unresolved resonance parameters in various combinations
over various energy ranges. Since better agreement with the FCA-IX and
BFS-62 benchmarks was obtained using JENDL-3.2, the new 235U evaluations
spliced in the older data into different energy ranges of interest, notably
between 500 eV, 2 250 eV and 25 keV. The intent was to identify the set of
parameters and energy ranges that produce results closer to expectations
for fast and thermal reactor spectra.

Methods approach

Codes and data

All analysis at KAPL has been performed using the MC21 continuous energy
Monte Carlo code with the NDEX nuclear data system [1]. MC21 cross-section
libraries were created for seven of the eight proposed 235U evaluations. Source
data for all other materials in the model come from the ENDF/B-VII.O data
set. A base case library was created using all ENDF/B-VIL.O data. Table C.1
lists the case numbers and the associated 235U evaluation. A graphical
representation of the sources of nuclear data and resolved/unresolved
resonance regions for all cases is provided in Table C.2.
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A library for Case 5 was not created because the 235U evaluation
includes two unresolved resonance ranges in File 2. The current version of
NDEX creates probability tables for the unresolved resonance range with
the expectation that only a single unresolved range is given in File 2. The
NDEX team is evaluating an appropriate fix.

Models and analysis

MC21 models were created for the specific models referenced in the previous
JAEA analysis [2]: FCA-IX-1, FCA-IX-2, FCA-IX-3, ZEUS1, ZEUS2, ZEUS3 and
ZEUS4. The ZEUS models are also listed in ICSBEP as HEU-MET-INTER-006,
Cases 1-4. In addition, a set of 128 ICSBEP [3] models were created for MC21
that span a range of neutron energy spectra.

For the larger set of 128 models, the calculated-over-experimental (C/E)
values for the effective multiplication factor were calculated and plotted for
each of the eight different 235U evaluations. The ensemble average C/E and
standard deviation were calculated for each set of data. If the ensemble
average C/E gets closer to 1.0 and the standard deviation decreases, relative
to the base case, the candidate 235U evaluation is judged an improvement.
Table C.3 shows the listing of the ICSBEP models used in the study.

However, another test is performed on the solution tank HEU and LEU
critical experiments to ensure that changes to the resonance parameters
and ranges do not introduce problems in the thermal energy range that
have been solved by SG18, e.g. C/E trends with above thermal leakage (ATL)
or above thermal fission (ATF).

For the special cases of the FCA-IX and ZEUS models, more detailed
analysis was performed. In addition to calculating the C/E values for each
model, the capture, fission, a, slowing down densities, and ATL and ATF,
were also calculated and compared for each case.

Results to date

Effect on FCA-IX and ZEUS critical benchmarks

Each case of 235U source data was run in the FCA-IX and ZEUS (HMI-006)
models and the resulting C/E are plotted in Figures C.1, C.2 and C.3. The
plots are “line” plots in the sense that the abscissa is not an independent
parameter. As such, the observed trends are only useful in a very general
way, since the models are in order from left to right, based on increasing
average energy of the neutrons causing fission.

The per source neutron capture and fission reaction rates for each model
and each candidate 235U were tallied over several energy ranges of interest.
The tally group breakpoints were chosen to isolate effects over the various
regions of interest, i.e. E < 500 eV, 500 eV < E < 2 250 eV, 2 250 eV < E < 25 keV
and 25 keV < E < 30 keV. Results are shown in Figure C.4.

86 235U CAPTURE CROSS-SECTION IN THE KEV TO MEV ENERGY REGION — © OECD 2011



INITIAL BENCHMARK ANALYSIS OF 235U CAPTURE CROSS-SECTION

Cases 2, 3 and 8 all have notably lower o values in the bins
500 eV < E <2 250 eV. This appears to have a favourable effect on the C/E
trends, based on the values plotted in Figures C.2 and C.3. However, to
judge the trends definitively, the C/E values should be plotted against an
independent variable that is a measure of the neutron energy spectrum in
the models. Since the FCA and HMI have fast spectra, the traditional ATLF
tally would be of little value. Instead, the average energy of a neutron
causing fission was used as the spectral index for these models. The C/E
versus average energy of a neutron causing fission plot is shown in Figure C.5.

In general, trends in C/E for critical system eigenvalues when plotted
against a spectral index should be flat. A pronounced trend (slope) suggests
that some energy-dependent cross-section parameter is affecting the
results, e.g. capture-to-fission ratio. The “strength” of the trend is indicated
by increasing value of r2.

From the plots in Figure C.5 and the linear regression results shown in
Table C.4, definite trends exist with all the cases analysed. Case 3 has a
considerably lower slope and r2 value (less trend) than the other cases.
Cases 2 and 8 also show less of a trend when compared to the other cases.

Effect on C/E for selected ICSBEP critical benchmarks

This analysis was performed using the new data sets to assess the effect on
the eigenvalue and the spread of the calculated eigenvalues on the
population of ICSBEP benchmarks. The baseline was taken to be the results
using ENDF/B-VII.O. For each data set, the ensemble average of the C/E, the
sample standard deviation, and a “goodness-of-fit” parameter were
calculated. The goodness-of-fit parameter, 2, was calculated using:

%)

2 2 |12
i1 (Gc,i + GE,i)

(C.1)

where: C; is the calculated eigenvalue for the ith benchmark;
E;is the experimental k-effective for the ith benchmark;

c2.,and o2, are the squared uncertainties on the calculated and
experimental k values;

N is the number of benchmark jobs analysed.

However, in considering that the ENDF/B-VII data (base case) has had
ample “tuning”, e.g. adjusting 235U K1 to improve comparisons to
benchmarks, and the other cases have not, the data were “normalised”
such that the ensemble average C/E is identically 1.0. The goodness-of-fit
metric was then re-calculated. The overall effect of this normalisation is to
isolate the variability of the data from systematic increases (or decreases)
in reactivity inherent in the modified 235U cases. The ensemble average,
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standard deviation, “goodness-of-fit” metric, y2, and goodness-of-fit
following normalisation, 2, for each case are listed in Table C.5. Smaller
values of y2 represent better fits of the C/E values to the benchmark values.

Figure C.6 shows the results of the C/E for all 128 ICSBEP models using
the ENDF/B-VIIL.O data. The ensemble average and standard deviation were
calculated to be 1.00036 and 0.00372, respectively. Approximately 72% of
the C/E values fall inside one standard deviation of the mean and 100% of
the data fall inside two standard deviations of the mean for this case. The

x2? metric for this case is 4.77E-03.

The effect of Case 1 is to raise the ensemble average eigenvalue by
187 pcm. The standard deviation of the population also increased slightly
to 407 pcm. The %2 metric for this case increased to 6.25E-03. Approximately
70% of the C/E values fall inside one standard deviation of the mean and
approximately 96% of the data fall inside two standard deviations of the
mean for this case. The Case 1 results are shown in Figure C.7.

Case 2 increases the ensemble average difference relative to the base
case to 265 pcm. There is also some increase in the standard deviation
(431 pcm) and several of the HCI models now fall outside of one standard
deviation, as shown in Figure C.8. The %2 metric for this case is 6.37E-03,
which is an improvement relative to Case 1, but remains higher than the
base case. In all, approximately 73% of the C/E values fall inside one
standard deviation of the mean and approximately 95% of the data fall
inside two standard deviations of the mean.

Case 3 results in another increase in ensemble average with a difference
relative to the base case of 283 pcm. However, there is considerably more
scatter, as evidenced by the standard deviation increasing to 585 pcm. This
is also apparent in the “goodness of fit,” where the %2 metric has increased
to 9.53E-03. Approximately 80% of the C/E values fall inside one standard
deviation of the mean and approximately 95% of the data fall inside two
standard deviations of the mean. Of particular note, the entire HCI set has
been pushed outside of one standard deviation of the mean, as shown in
Figure C.9.

The results of Case 4 are less reactive than Cases 2 and 3 and very
similar to Case 1. The ensemble average C/E is 202 pcm higher than the base
case and the standard deviation is 78 pcm greater. Approximately 76% of
the data fall inside one standard deviation of the mean and approximately
95% fall inside two standard deviations of the mean. The 32 metric for this

case is 6.44E-03. Again, the HCI set of models appear to be more sensitive to
the changes. The Case 4 results are shown in Figure C.10.

Results for Case 6 are shown in Figure C.11. This case approaches the
base case with only a 10 pcm difference in ensemble average and a nearly
identical standard deviation of 377 pcm. The %2 metric is 4.80E-03 and is
also very similar to the base case. This is not a surprising result given that
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the difference between the base case and Case 6 source data was limited
to an approximate 3% reduction in the T, for the resolved resonances.
Approximately 70% of the data fall within one standard deviation of the mean
and approximately 94% fall within two standard deviations of the mean.

Case 7 results are shown in Figure C.12. The ensemble average is
increased relative to the base case by 42 pcm and the standard deviation
is similar in magnitude to Cases 6 and 1. The %2 metric for this case is
5.18E-03. The results are consistent given that the difference in source data
is limited to a 10% reduction in the I, for the resolved resonances.
Approximately 73% of the data fall within one standard deviation of the
mean and approximately 95% fall within two standard deviations of
the mean.

Case 8 takes the resolved resonance parameters from the ENDF/B-VII.0
evaluation up to 500 eV and uses unresolved resonance parameters from a
new analysis, independent of JENDL-3.2 or ENDF/B-VIL.O. The results are
shown in Figure C.13. The ensemble average increased by 14 pcm and the
standard deviation increased to 425 pcm. The calculated %2 for this case is
5.61E-03. Approximately 75% of the data fall within one standard deviation
of the mean and approximately 95% fall within two standard deviations of
the mean.

The behaviour of the HCI set of benchmarks follows expectations. The
reduction in a over the energy range of 500 eV to 2.25 keV is likely to affect
intermediate spectrum reactors, such as HMI and HCI benchmarks. The
result is to raise the reactivity of the HCI models, as seen in Figures C.8
and C.9. This is consistent with the response of the HMI models shown in
Figure C.3.

Changes in the 235U source data to better match results in the fast
energy range could potentially introduce unintended effects in the thermal
energy range. To judge these effects, the calculated C/E values for the HST
and LST series of benchmarks were plotted against the ATLF for each
model using each of the cases of 235U source data. The ATLF is defined to be
the net neutron leakage from the region in each model that encompasses
the fuel. Figure C.14 shows the data and the linear trend lines associated
with each data set. Linear regression results are provided in Table C.6.
Cases 1, 2, 3 and 4 have non-zero slopes and coefficient of determination
factors that indicate a definite trend.

Conclusions

In the cases analysed, changing the resolved and unresolved resonances by
substituting JENDL-3.2 for ENDF/B-VIL.O in the URR, particularly in the range
of 500 eV < E < 2 250 eV, seems to improve the trend of increasing C/E with
increasing neutron spectra for the FCA and ZEUS benchmarks analysed.
This is best demonstrated by Cases 2 and 3, where there is a large reduction
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in a. However, these cases also have large increases in ensemble average
C/E and increases in the spread of the C/E values within the population.
In fact, Cases 2 and 3 cause the largest increase in ensemble average C/E
(265 pcm and 283 pcm, respectively).

Relative to the FCA and ZEUS models analysed, Cases 2, 3 and 8 produce
the “flattest” trend line when C/E is plotted against the average energy of a
neutron causing fission. Unfortunately, all the cases containing the JENDL-3.2
data have unacceptably large trends in the HST/LST population, with C/E
increasing with increasing ATLF. This would seem to suggest that only
Case 8 is a viable candidate.

Case 8 demonstrates a modest increase in ensemble average C/E
(14 pcm) and standard deviation, relative to ENDF/B-VIL.O. This case also
performs well in the LST/HST C/E versus ATLF analysis, and improves the
FCA and ZEUS benchmark results. Since the focus of this study is on the
235U alpha in the intermediate spectrum, additional ICSBEP intermediate
spectrum HEU models should be added to the analysis. In addition to
HMI-006 (ZEUS), the ICSBEP handbook lists eight other benchmarks in
Volume II, HEU, intermediate-energy metal systems that would complement
this study.
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Table C.4: Linear regression results of C/E plotted using the average
energy of a neutron causing fission as the independent variable

Coefficient of determination (r2) values indicate definite trends for all
cases; Cases 2, 3 and 8 have the smallest slopes of the cases tested

Case # Slope Intercept r2

(Base) 3.31933 x 10-8 0.98463 0.99
1 3.02917 x 10-8 0.98196 0.99
2 1.31073 x 10-8 1.00235 0.68
3 6.10880 x 109 1.01405 0.17
4 2.05846 x 10-8 0.99566 0.93
6 3.02542 x 10-8 0.98765 0.99
7 2.37662 x 10-8 0.99474 0.94
8 1.36315 x 10-8 0.99912 0.69

Table C.5: Statistical analysis of the
benchmark results for various cases of 235U

Case X c x2 X2

Base 1.00036 0.00372 4.93E-03 4.77E-03
Case 1 1.00223 0.00407 8.85E-03 6.25E-03
Case 2 1.00301 0.00431 1.05E-02 6.37E-03
Case 3 1.00319 0.00585 1.33E-02 9.53E-03
Case 4 1.00238 0.00450 8.85E-03 6.44E-03
Case 6 1.00046 0.00377 5.01E-03 4.80E-03
Case 7 1.00078 0.00399 5.58E-03 5.18E-03
Case 8 1.00050 0.00425 5.82E-03 5.61E-03

Table C.6: Linear regression results of C/E plotted using the
above thermal leakage fraction as the independent variable

Coefficient of determination (r2) values indicate definite trends for Cases 1, 2, 3 and 4

Case # Slope Intercept r2

(Base) 4.66075 x 10-5 0.99963 0.00
1 1.01086 x 102 1.00034 0.18
2 1.12537 x 102 1.00025 0.22
3 7.94428 x 10-3 0.99999 0.11
4 6.24822 x 10-3 1.00010 0.07
6 4.34652 x 104 0.99948 0.00
7 8.85455 x 104 0.99950 0.00
8 8.39705 x 104 0.99942 0.00
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Appendix D: Analysis of BFS-2 sodium-void
reactivity experiment with various libraries

M. Ishikawa, G. Chiba, T. Hazama, T. Iwai, K. Numata

Introduction

At the BFS-2 fast critical facility in Russia, an experiment series, BFS-62,
was conducted as a collaborative research programme between JNC (the
former JAEA) and IPPE in 1999-2003 [1]. The aim of the BFS-62 series was to
investigate the nuclear characteristics of plutonium burner cores to support
the Russian surplus weapons plutonium disposition project in the BN-600
fast reactor. In BFS-62, measurements were done in five assemblies. The
first four (BFS-62-1, 2, 3A and 4) assemblies simulated the transition from
the existing uranium-dioxide (UO;) fuelled BN-600 core to a so-called
“hybrid core”, where approximately 20% of the UO, fuel was replaced by the
uranium-plutonium mixed-oxide (MOX) fuel, and all the surrounding UO,
blanket assemblies by stainless steel (SS) reflectors. The last one (BFS-62-5)
studied the full MOX loading characteristics at core centre region. Figure D.1
depicts the layout of a typical case, the BFS-62-3A hybrid core [2].

The sodium-void reactivity (hereafter SVR) of the BFS-62 experiments
is considered to be very effective to judge if there is any problem of the 235U
capture cross-section in resonance energy, since its sensitivity is very large
to the SVR in the enriched-uranium fuel region, but negligible to that in the
MOX fuel region. The experimental technique of the SVR measurements is
identical in both regions, and the associated errors were reported [2] as
similar in the range of +0.3-0.5 cents (i.e. approximately +5% except the MEZ
region of BFS-62-3A), therefore, the calculation/experiment (C/E) values of
both regions obtained with various libraries would give us useful information
on the 235U capture cross-sections from the library viewpoint.

Analysis
In the present study, the step-wise SVR of the three assemblies, BFS-62-2,

-3A and -5, were analysed applying the heterogeneous cell model for
effective cross-sections, and the diffusion-theory-based exact-perturbation
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core calculation with transport theory and ultra-fine energy corrections to
obtain the best-estimated reactivity. The resulting C/E with various libraries
are summarised in Figure D.2. From this figure, we first notice that the C/E
of the previous library, JENDL-3.2, are quite excellent for the SVR in both
the enriched-uranium and the MOX regions. On the contrary, the three
more recent libraries, JENDL-3.3, ENDF/B-VII.0 and JEFF-3.1, show extreme
underestimation of the SVR in the enriched-uranium regions?, but quite
good performance in the MOX regions. To find the physical reasons of this
large discrepancy, we performed the sensitivity analysis [3] based on the
generalised perturbation theory. The sensitivity of a cross-section to an
integral core parameter is defined by:

dR/R

S —
A5 g /g

mx,g —

where R is an integral core parameter (here, SVR), m is a nuclide concerned
with R, x is a reaction type (fission, capture, elastic, inelastic, n2n, mu-bar,
chi, nu), and g is an energy group number (here, 70 groups in total).

The difference of a C/E value between a certain library (“A” Library) and
JENDL-3.2 can be evaluated by multiplying the sensitivity with the
cross-section differences and summing up as follows:

"atibrary ~ Ryenpi-s.2 _ Zz: S N Omx.g,"A"Library ~ Om.x.g,JENDL-3.2
- z /| T mx.g
x g

Ryenpr-32 - Om.x.g,JENDL-3.2

R

where the sensitivity should be calculated with the basic library JENDL-3.2.

To understand the library effect, the two typical cases circled in
Figure D.2 are selected: the SVR of the LEZ region in BFS-62-3A and the MOX
region in the same core.

1) For the SVR of the LEZ region, the isotope- and reaction-wise
contributions of the C/E differences with each library, JENDL-3.3,
ENDF/B-VII.O or JEFF-3.1, relative to JENDL-3.2 are summarised in
Figure D.3. Obviously, the C/E changes of the three libraries from
JENDL-3.2 are induced from the 235U capture cross-sections. In detail,
the JEFF-3.1 library shows the smaller C/E change of 20% compared
with JENDL-3.3 or ENDF/B-VIL.O which has a 40% gap, the reason of
which originating from the 23Na inelastic contribution of JEFF-3.1
partly cancelling the 235U capture effect.

1.  Among the enriched-uranium regions, the C/E values of the HEZ region seem to
show different trends than that of the LEZ or MEZ regions. Since the SVR of the HEZ
region is found to be dominated by the neutron leakage term, we concentrate here on the
SVR of the LEZ regions, the major mechanism of which is the non-leakage, that is,
spectral shift term strongly related to the 235U capture cross-section.
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2)

The isotope- and reaction-wise contributions for the SVR of the MOX
region are shown in Figure D.4. All-related cross-section differences
contribute little here. Though the 23Na inelastic cross-section of
JEFF-3.1 has a rather large contribution similar to the LEZ case, the
total C/E change from JENDL-3.2 is quite small because of the
cancellation with other nuclide- and reaction-wise contributions.

Figure D.5 shows that the sensitivity of 235U capture cross-section to
the SVR is very large in the LEZ region around keV energy, but is
negligible in the MOX region. On the other hand, the 22Na inelastic
cross-section has similar trends of sensitivity in both the LEZ and
MOX regions as shown in Figure D.6. This explains the different
trends of 235U capture and 23Na inelastic cross-sections in Figures D.3
and D.4.

Figure D.7 shows the difference of the 235U capture cross-sections
with the three libraries relative to JENDL-3.2. The cross-sections of
the resolved resonance energy region below 2.25 keV are identical
among the three libraries since they adopt the same resolved
resonance parameters supplied from ORNL [4]. Above 2.25 keV, the
cross-sections of ENDF/B-VII.O and JEFF-3.1 are also identical?,
therefore the 235U capture effect of these two libraries on SVR in the
LEZ region is the same as shown in Figure D.3. As for the 23Na
inelastic cross-sections, JEFF-3.1 is quite different from the other
libraries in several MeV energies as can be seen in Figure D.8. This
can explain the peculiarity of JEFF-3.1 due to the 23Na inelastic
cross-section observed in Figure D.3.

Conclusion

The SVR of the enriched-uranium regions in the BFS-62 experiments was
found to be extremely underestimated by the three recent libraries,
JENDL-3.3, ENDF/B-VII.0O and JEFF-3.1. From the comparison with JENDL-3.2
and the sensitivity analysis, the large underestimation of SVR could be
attributed to the resolved resonance parameters of 235U which were
commonly adopted in the three libraries.

2.

In Figures D.3 and D.7, very small differences between ENDF/B-VII.O and JEFF-3.1 are
found, because of the unresolved resonance treatment by the Monte Carlo method to
generate the 70-group constants.
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