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ABSTRACT

Past efforts by the Department of Energy (DOE), the Electric Power Research Institute (EPRI), the
Nuclear Regulatory Commission (NRC), and others have provided sufficient technical information to
enable the NRC to issue regulatory guidance for implementation of pressurized-water reactor (PWR)
burnup credit; however, consideration of only the reactivity change due to the major actinides is
recommended in the guidance. Moreover, DOE, NRC, and EPRI have noted the need for additional
scientific and technical data to justify expanding PWR burnup credit to include fission product (FP)
nuclides and enable burnup credit implementation for boiling-water reactor (BWR) spent nuclear fuel
(SNF). The criticality safety assessment needed for burnup credit applications will utilize computational
analyses of packages containing SNF with FP nuclides. Over the years, significant efforts have been
devoted to the nuclear data evaluation of major isotopes pertinent to reactor applications (i.e., uranium,
plutonium, etc.); however, efforts to evaluate FP cross-section data in the resonance region have been less
thorough relative to actinide data. In particular, resonance region cross-section measurements with
corresponding R-matrix resonance analyses have not been performed for FP nuclides. Therefore, the
objective of this work is to assess the status and performance of existing FP cross-section and cross-
section uncertainty data in the resonance region for use in burnup credit analyses. Recommendations for
new cross-section measurements and/or evaluations are made based on the data assessment. The
assessment focuses on seven primary FP isotopes (***Rh, **3Cs, ***Nd, **°Sm, ***Sm, ***Sm, and ***Gd) that
impact reactivity analyses of transportation packages and two FP isotopes (***Eu and **°Eu) that impact
prediction of **°Gd concentrations. Much of the assessment work was completed in 2005, and the
assessment focused on the latest FP cross-section evaluations available in the international nuclear data
community as of March 2005. The accuracy of the cross-section data was investigated by comparing
existing cross-section evaluations against available measured cross-section data. When possible,
benchmark calculations were also used to assess the performance of the latest FP cross-section data.
Since March 2005, the U.S. and European data projects have released newer versions of their respective
data files. Although there have been updates to the international data files and to some degree FP data,
much of the updates have included nuclear cross-section modeling improvements at energies above the
resonance region. The one exception is improved ENDF/B-VII cross-section uncertainty data or
covariance data for gadolinium isotopes. In particular, ENDF/B-VII includes improved *°Gd resonance
parameter covariance data, but they are based on previously measured resonance data. Although the new
covariance data are available for *°Gd, the conclusions of the FP cross-section data assessment of this
report still hold in lieu of the newer international cross-section data files. Based on the FP data
assessment, there is judged to be a need for new total and capture cross-section measurements and
corresponding cross-section evaluations, in a prioritized manner, for the nine FPs to provide the improved
information and technical rigor needed for criticality safety analyses.
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1. INTRODUCTION

1.1 BACKGROUND

This work has been performed as part of a larger Department of Energy (DOE) Office of Civilian
Radioactive Waste Management (OCRWM) project to establish the technical data and information
needed to support the implementation of burnup credit for spent nuclear fuel (SNF). The objective of this
work is to assess the status and performance of fission product (FP) nuclear cross-section data evaluations
in the thermal, resolved-resonance region (RRR) and unresolved resonance region (URR) for supporting
burnup credit analyses. The focus of the assessment is seven FPs with the highest worth to burnup credit:
195m, Nd, 1®Rh, ©*'Sm, 3Cs, *°Gd, and **Sm. In addition, ***Eu, and **°Eu are included in this
assessment because the **>Gd composition in SNF is highly dependent on **°Eu and to a lesser extent
53Eu, and calculated isotopic predictions for **°Gd often show significant differences when compared to
measured results." These FPs, except for the europium isotopes, can account for a significant amount of
negative reactivity worth in SNF. As an example, the FP reactivity worth for the first seven isotopes in
the above list can account for ~5% Ak in a cask loaded with 4 wt% enriched Westinghouse 17 x 17
assemblies burned to 40 GWd/MTU.2

1.2 DATA ASSESSMENT METHODOLOGY

Evaluated data play an important role in the design of nuclear reactors, criticality safety applications, and
other nuclear system designs. Over the years a great deal of effort has been devoted to the evaluation of
major isotopes pertinent to reactor applications, including the uranium isotopes, plutonium isotopes, etc.
However, the effort to evaluate FP data has not been as thorough when compared with actinide data. In
particular, resonance region cross-section measurements with corresponding R-matrix resonance analyses
have not been performed for FP nuclides. Indeed, for some FP isotopes the evaluations included in the
nuclear data libraries such as the U.S. Evaluated Nuclear Data File (ENDF) I|brary,E Japanese Evaluated
Nuclear Data Library (JENDL) and the Joint European Fission and Fusion (JEFF) data Ilbrary,H are
perceived to be deficient. In most cases, the data deficiency in a cross-section evaluation can largely be
attributed to the lack of measured experimental data to allow a consistent data evaluation. A procedure
frequently used when no experimental data are available is to generate the nuclear data based on
theoretical physics models. Although nuclear model calculations are routinely used for cross-section
energies above the resonance region, nuclear model calculations are not adequate to predict the detailed
cross-section structure in the resonance region. For example, it is impossible to identify all resonance
energies or level spacings from nuclear model calculations; rather, detailed energy resolution cross-
section measurements and analyses must be performed to accurately determine the detailed resonance
structure. Therefore, cross-section evaluations that are based solely on nuclear model calculations in the
resonance region are approximations to the actual cross-section structure in the resonance region.

The procedure used in this report to assess the FP data is as follows:

(1) Identify the most up-to-date and well documented FP evaluation from the three cross-section
evaluation libraries, ENDF, JENDL, and JEFF. As a first step in the assessment, the cross-
section evaluations among the different libraries can be compared to identify possible variations
between evaluated data libraries; however, direct comparisons between the cross-section
evaluations do not determine whether a specific evaluation is appropriate for burnup credit
applications. Further studies are needed to qualify the data (i.e., comparison of the evaluated data
with measured data and use of the evaluated data in benchmark calculations).



(2)

©)

(4)

()

Search for experimental data in the EXFOR (EXchange FORmat) measurements database.”
EXFOR is the exchange format system designed to allow the sharing of nuclear data among users
throughout the world. The EXFOR library contains an extensive compilation of experimental
nuclear reaction data. The data bank system is maintained by the National Nuclear Data Center
(NNDC) of the Brookhaven National Laboratory (BNL).E'E Although measurement facilities
routinely maintain copies of data measurements performed at their respective facility, EXFOR is
the only database used to exchange measured cross-section data in the international community.
If measured cross-section data are not submitted to the EXFOR system, the measured data are not
available for dissemination to the international data community. For this assessment work, newer
cross-section data may have been measured relative to that in the EXFOR database; however, if
the data have not been submitted to EXFOR, the authors did not have access to the data and could
not include the data in the assessment. Therefore, the assessment only considers measured cross-
section data in the EXFOR system.

Process the evaluation with cross-section processing codes such as AMPXF or NJOY# and
compare the results with experimental data whenever the experimental data exist.

Perform energy-dependent sensitivity calculations for the FP in a burnup credit application. The
sensitivity profiles are used to determine the cross-section energy ranges of interest for burnup
creditﬁet&ils concerning the burnup credit model used in the assessment are provided in

Sect. [L.3.

Identify integral benchmark systems that are sensitive to the FP data under consideration and
perform benchmark calculations when possible. Critical benchmark experiments and integral
reactor measurements are used in this report to assess the performance of nuclear data for a
specific FP.

A basic understanding of the evaluated cross-section data representation is needed to understand the FP
assessment and recommendations of this report. In general, the data representation in the ENDF libraries,
as well as other libraries, can be constructed using pointwise data (energy and cross-sections pairs), using
data parameterization along with a nuclear physics model, or a combination of pointwise cross sections
and parameters. In the low-energy region up to the kilo-electron volts (keV) resolved resonance-region
(RRR), the data are represented with resonance parameters together with a resonance formalism derived
from the R-matrix theory. Above the RRR up to the megaelectron volts (MeV) region is the unresolved
resonance region (URR), and the cross section data are represented by average resonance parameters.
Beyond the unresolved energy region (high-energy region), the cross-section data are represented by
“smooth” or slowly varying pointwise data.

Recommendations for new cross-section measurements and/or evaluations are made as appropriate for
each FP based on the above procedure used to assess the differential data. In addition, a sensitivity profile
for a burnup credit application is provided for each FP to show the energy-dependent sensitivity of the
system Kesrective-  1he application-dependent sensitivity profiles are used to emphasize the cross-section
energy regions of importance for the respective FP. In each case, the authors have provided an
assessment of the differential data at resonance energies that are important for burnup credit as well as
higher resonance region energies that fall outside the area of applicability for burnup credit. The primary
reason for providing a general data assessment along with an assessment that is specific to burnup credit
is one cannot simply make “spot” improvements to differential cross-section data in a limited energy
range of interest in the resonance region. When a cross-section measurement is performed, the
measurement is performed to the upper limit of energy resolution for the accelerator facility. The upper
limit of energy resolution is determined by the accelerator facility parameters (e.g., neutron flux, neutron
pulse width, flight path length, etc.) and isotope-dependent parameters (e.g., resonance spacing,



temperature of the sample, etc.). To produce a cross-section evaluation, an R-matrix resonance analysis is
performed on measured data from the specific accelerator facility. The R-matrix analysis provides
resonance parameters for each resonance. Moreover, interference effects between resonances can impact
the structure and magnitude of the resonances, and these interference effects must be accounted for in the
analysis. Also, the resonance-resonance interference effects are not limited to neighboring resonances;
rather, resonances that are separated by orders of magnitude in energy can exhibit interference effects.
As a result, one cannot simply perform a partial resonance energy range analysis to produce an improved
cross-section evaluation. In addition, the need to perform a full energy-range analysis is extremely
important for providing accurate covariance information. Because there are resonance-resonance
interference effects, there can be important correlations between neighboring resonances in addition to
resonances that are separated by orders of magnitude in energy. In an effort to provide appropriate
recommendations for FP measurements and/or evaluations, the full resonance region is addressed;
however, the authors have noted the specific energy regions that are particularly important to burnup
credit. Based on the noted nuclear physics arguments, the general cross-section recommendations for the
resonance region must be implemented to properly address the energy regions of applicability for burnup
credit.

As an additional note, there are cases where the cross-section evaluation does not match the measured
data, and one could argue that only a new cross-section evaluation is needed. Unfortunately, the only way
to determine whether a new evaluation can be performed from the existing measured data is to actually
perform an R-matrix analysis of the measured data, and this is beyond the scope of the assessment report.
In many cases, the cross-section measurement and evaluation work can be an iterative process where the
evaluator attempts to analyze the measured data only to learn that a new/revised capture or transmission
measurement is needed to resolve an issue in the R-matrix analyses. Although the authors are aware that
some FP cross-section measurements are being planned or have been recently completed, a review of the
EXFOR database has revealed that the “latest” measured cross-section data are more than 20 to 40 years
old. With regard to the specific FPs considered in this assessment, the cross-section measurements
available in EXFOR were performed between 1954 and 1980. Moreover, only one measurement (***Eu)
was performed in 1980, while the majority of cross-section measurements were performed in the 1950s
and 1960s. Although the age of the measurement should not determine the quality of the cross-section
data, recent work by Guber® has shown that previous capture cross-section measurements can exhibit
excessive neutron sensitivity due to additional neutron-absorbing material in the original experimental
setup. As a result, older (>15 years) cross-section measurements may overestimate neutron capture,
resulting in an overestimation in neutron capture in the cross-section evaluation. In addition, detector
technology and instrumentation have advanced greatly in the past 20 years. For cases where issues with
the FP evaluation and/or measurement are identified, it is more prudent to plan for a new cross-section
measurement because of substantial improvements to be gained with new measurement technology

(e.g., decreased neutron sensitivity of measurement systems, improved detectors, data acquisition
systems, etc.).

The FP assessment has been performed using the latest evaluations and measured cross-section data
available in the open literature as of March 2005. The latest evaluations used in the report correspond to
ENDF/B-VL1.8, JEFF3.0, and JENDL3.3. Since March 2005, the U.S. and European data projects have
released newer versions of their respective data files (i.e., ENDF/B-VII and JEFF3.1). Although there
have been updates to the international data files and to some degree FP data, much of the updates have
included nuclear cross-section modeling improvements at energies above the resonance region. The one
exception is improved ENDF/B-VII cross-section uncertainty data or covariance data for gadolinium
isotopes. Relative to burnup credit, ENDF/B-VII includes improved *°>Gd resonance parameter
covariance data that can benefit burnup credit analyses.= However, new gadolinium covariance data
were not produced as part of a new resonance analysis; rather, the existing cross-section resonance
parameters were preserved, and approximate methods were used to estimate the covariance information.



Although the ENDF/B-VII ***Gd covariance data may benefit sensitivity/uncertainty analyses with the
existing cross-section files, improved **°Gd cross-section data are needed to improve performance for
criticality safety analyses. Although new FP data are available, the conclusions in the FP data assessment
of this report still hold in lieu of the newer international cross-section data files.

1.3 TYPICAL BURNUP-CREDIT MODEL USED IN DATA ASSESSMENT

In an effort to identify the cross-section energy regions that are important for burnup credit analysis,
energy-dependent Kesective SENSItivity profiles have been calculated for each FP using a representative
burnup credit application. The Kefreciive SENSItivity profiles are based on a generic cask model with a
32-PWR assembly capacity, which was previously developed and is described in NUREG/CR-6747

(Ref. Q). This model, referred to as the GBC-32, was created to serve as a computational benchmark.
The features of the GBC-32 include 32 cells with 365.76-cm-tall and 19.05-cm-wide Boral (0.0225 g
°B/cm?) panels between and on the external faces of each cell. The cell walls are constructed of stainless
steel having inner dimensions of 22 by 22 cm and are spaced on 23.76-cm centers. The cells are located
15 cm above the bottom of a stainless steel cask having an inner radius of 87.5 cm and internal height of
410.76 cm. The radial thickness of the side walls is 20 cm, and the cask bottom and lid are 30 cm thick.
The cask was modeled as loaded with Westinghouse 17 by 17 optimized fuel assemblies (W17 x 17
OFA). The dimensions for the W17x17 OFA were taken from Table 3 of Ref. E The interior of the cask
was modeled as filled with water.

The fuel had an initial enrichment of 3.8 wt % 2**U and was burned to 40 GWd/MTU. The STARBUCS
sequence in SCALE 5™ was used to generate 18 axial region-dependent fuel compositions. The
STARBUCS sequence and available input parameters are discussed in Ref. [1] The normalized axial
burnup profile from Table 5 of Ref. Qwas used. The fuel burnup was modeled at a power density of

40 MW/MTU for 1000 d, with a postshutdown cooling period of 5 years. The fuel burnup calculations
model the depletion of the ?°U and the in-growth of actinide and FP nuclides. From the depletion
calculations, fuel compositions for the following nuclides were retained for the criticality calculations:
234U, 235U, 236U, 238U, 237Np, 238PU, 239PU, 24OPU, 241PU, 242PU, 241Am, 243Am, QSMO, 99TC, lOlRU, lOBRh, 109Ag,
133CS, 147Sm, 1498m, lSOSm, lSlSm’ 1528m, 143Nd, 145Nd, 151EU, 153EU, and 1SSGd.

Sensitivity analysis for the GBC-32 cask was performed with the SCALE 5.1 version of TSUNAMI-3D%
and was checked using direct perturbation calculations. The GBC-32 cask model included different
mixtures of uranium, plutonium, other actinides, and 15 FPs in each of 18 axial zones in the fuel.

1.4 COMPARISON WITH PREVIOUS DATA ASSESSMENT STUDIES

It is important to place the current FP data assessment in context with previous attempts to assess cross-
section data for SNF applications. A previous studyB by Los Alamos National Laboratory in 2004
provided an “assessment” of FP and actinide data relevant to the Yucca Mountain Project (YMP).
However, the assessment methodology of the previous work and this work are completely different. As
noted in the report for the previous work,

The report provides a chronological evolution of the ENDF/B-V, ENDF/B-VI and proposed
ENDF/B-VII libraries for each of the primary YMP isotopes. The primary isotopes consist of
various fission product and actinide nuclides that are important for the burnup credit aspects of
the nuclear criticality safety methodology for the YMP.

A careful examination of the evaluators’ comments for each isotope by library release provided a
historical evolution of the various parameters and cross sections that were derived from these
evaluations. Based on this historical information, a judgment as to the level of confidence in the



cross sections of interest can be made, which subsequently can be translated into a confidence

level in criticality safety calculations that use this nuclear data. This historical information for
each isotope is documented in the same fashion as Reference 1. The report appendices include
the actual ENDF/B evaluations (for ENDF/B-V, VI and the proposed VII) and NJOY processed
cross section plots when the data were available.

The previous studyE examined the chronological changes of the cross-section data between ENDF/B
releases. While this historical information is somewhat informative and enlightening, this information
has little or no practical value for providing a quantitative assessment of the cross-section data
performance for burnup credit analyses. Moreover, one cannot predict future performance or confidence
levels associated with cross-section data based on observed historical changes in the cross-section
evaluation. Therefore, a more methodical and quantitative procedure is needed to assess the performance
of cross-section data for criticality safety analyses.

In contrast, this work investigates the underlying measured cross-section data relative to the latest cross-
section evaluation. Benchmark calculations are performed where possible to assess the performance of
the cross-section data against integral experiments. Further, sensitivity calculations for a burnup credit
application are used to quantify the cross-section energy regions of interest for each FP. Together, the
differential and integral data studies are used to assess the performance of FP cross-section data for
burnup credit analyses.






2. INVESTIGATION OF THE '®“Rh EVALUATION

2.1 COMPARISON OF '*®Rh ENDF, JENDL, AND JEFF EVALUATIONS

Cross-section data for 1%Rh are of interest because of the relatively high capture cross section throughout
the resonance region. The element rhodium is 100% naturally abundant in the stable isotope *®Rh.
Among the '®Rh evaluations available in the three cross section libraries—ENDF, JENDL, and JEFF—
the evaluation in the ENDF library (adopted in the JEFF evaluation) is more up-to-date and better
documented. A comparison of the energy limits for the resolved and unresolved energy regions of the
basic nuclear data libraries ENDF and JENDL are shown in

Table 1. Resonance energy regions in ENDF and JENDL libraries for **Rh

Data library
Energy range ENDF JENDL
Resolved resonance region energy range 107° eV to 4.115 keV 107° eV to 3.580 keV

Unresolved resonance region energy range  4.115 keV to 40.146 keV 3.580 keV to 100 keV

The cross section representation in both evaluations in the RRR is based on the Multilevel Breit-Wigner
(MLBW) formalism. The resonance parameters included in these evaluations were originally obtained
from the Mughabghab compilation.E The resonance parameters in these evaluations were revised with
the purpose of reproducing the experimental thermal cross-section value at 0.0253 eV. A comparison
between the ENDF and JENDL capture cross section from 10~ to 10 eV is shown in .
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Fig. 1. Comparison of the ENDF (o) and JENDL (1) total cross sections for **Rh.



The total cross sections in the two libraries agree up to 3 eV; that is, the resonance at 1.26 eV in the two

evaluations are in good agreement as shown in
cross section is lower than the JENDL evaluation.

cross sections from 3 to 200 eV.

. Above 3 eV, as shown in
Figure 2 displays the ENDF and JENDL total
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Fig. 2. Comparison of the ENDF (o) and JENDL (1) total cross sections from 3 to 200 eV for **Rh.

The capture cross sections calculated with the two evaluations are more consistent, although the ENDF
evaluation calculates a capture cross section slightly lower than the JENDL evaluation between
resonances. Figure 3 shows a comparison of the ENDF and JENDL capture cross section in the energy

range from 3 to 50 eV.
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Fig. 3. Comparison of the ENDF (o) and JENDL (L) capture cross sections from 3 to 50 eV for '®*Rh.



2.2 COMPARISON OF THE ®Rh ENDF EVALUATION WITH EXPERIMENTAL DATA

A search of the available experimental cross-section data for '*Rh in the EXFOR system was performed.
High-resolution total cross-section measurements by Ribon et al. at room temperature (293 K) are
available from 18 eV to 4.2 keV. A comparison of the ENDF total cross section processed with the
NJOY code compared with the experimental data of Ribon is shown in in the energy region from
20 to 500 eV.

Although not shown here, the calculated total cross sections with the ENDF evaluation agree with the
experimental data of Ribon et al. to 4000 eV. In contrast, the capture cross-section data are deficient
relative to the total cross section: An investigation of the capture cross-section data revealed the following
deficiencies: (1) there is a lack of measured ®Rh capture cross-section data available in the EXFOR
system and (2) for the available experimental data, the agreement between the calculated ENDF capture
cross section and the experimental data is very poor. At the time of the assessment, the only available
1%3Rh experimental capture cross-section data are a set of measurements performed by Moxon et al.

from 100 eV to 20 MeV. The data are very sparse and with poor resolution. Comparisons of the ENDF
capture cross section and the measured capture cross-section data of Moxon et al. in the energy from

100 to 500 eV are shown in Fig. 5. As can be seen from Fig. 5, the experimental data of Moxon et al.
(crosses) are missing between resonances. The calculated ENDF capture cross sections (solid line) do not
agree with the experimental data. The quality of the cross-section data decreases with increasing energy
as shown in . At higher energies, the resolution of the capture data deteriorates, and there is
complete disagreement between measured and calculated cross-section values. Note that only the
resolution due to the temperature effect (Doppler effects) is included in the calculated cross sections
shown in Figs. Eand E
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400 500

Fig. 4. Comparison of the ENDF (—) total cross section with the experimental data of Ribon et al. (+)
in the energy region 20 to 500 eV for ‘*Rh.
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Fig. 6. Comparison of the ENDF (—) capture cross section with the experimental data of Moxon et al.
(+) in the energy region 200 to 1000 eV for '®Rh.

Unfortunately, there is no measured total and capture data in the low-energy region from thermal
(0.0253 eV) to 1 eV. The paucity of experimental data at thermal energies is a concern for burnup credit
applications involving transportation packages. Also, it appears that there is only one capture data
measurement covering the energy region from 0.39 to 34 keV with very poor energy resolution

(Popov et aI.).
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2.3 BENCHMARK CALCULATIONS

Sandia National Laboratories (SNL) have performed critical experiments@ for the investigation of burnup
credit for transportation, storage, and disposal of SNF. These experiments are described in the
International Handbook of Evaluated Critical Safety Benchmark Equipments (IHECSBE) as evaluation
LEU-COMP-THERM-079. As part of the studies, critical benchmark experiments were performed with
and without the presence of rhodium. The SNL experiments consist of ten thermal benchmark critical
configurations with one set of five experiments with fuel rod pitch of 2.0 cm and another set of five
experiments with 2.8-cm fuel-rod pitch. The critical assemblies consist of water-moderated Zircaloy clad
UO, with 4.31% enrichment. Rhodium foils were inserted between fuel pellets in some of the fuel rods.
Rhodium foil thicknesses of 25.2, 49.7, and 105.0 um were used. The experiment was performed at a
temperature of 300 K. As reported by the evaluators, benchmark model calculations were performed with
the MCNPZ code using the '®Rh cross-section evaluation from ENDF/B-V1.8 and with SCALE 4.4a
(Ref. Ell) using the ENDF/B-V 238 group library distributed with SCALE 4.4a. The experimental Ketective
values recommended by the experimentalist and the calculated Kesrective Values are provided in iable 2.

Table 2. Results of Kefrective Calculated with the MCNP and SCALE codes

Pitch  °Rh foil thickness Kefrective £ (Std.) (dev.)

(cm) (mm) Experimental results SCALE 4.4a MCNP v5
0 1.0002 + 0.0016 0.9916 + 0.0004 0.9914 + 0.0004

20 0.0252 1.0005 + 0.0016 0.9919 + 0.0004 0.9923 + 0.0004
0.0497 1.0004 + 0.0016 0.9923 + 0.0004 0.9920 + 0.0004
0.1050 1.0004 + 0.0016 0.9915 + 0.0003 0.9915 + 0.0004
0 1.0003 + 0.0008 0.9960 + 0.0004 0.9944 + 0.0003

. 0.0252 1.0008 + 0.0008 0.9970 + 0.0004 0.9948 + 0.0003
0.0497 1.0003 + 0.0008 0.9966 + 0.0004 0.9939 + 0.0003
0.1050 1.0009 + 0.0008 0.9973 + 0.0004 0.9951 + 0.0003

Comparison of the cases with the same pitch does not conclusively indicate any bias associated with the
presence of the '®Rh. There is a weak (i.e., not statistically significant) indication that there is a small
underprediction of 193Rh worth as indicated by the slightly higher Kefrective Values calculated for the cases
with 1®Rh.

The Comissariat al’Energie Atomique (CEA) performed reactivity worth measurements by the oscillation
method in the Minerve experimental reactor located at Cadarache. The experiments were performed in
support of the French burnup credit program. Four configurations were investigated: R1-UO2 (PWR
lattice made of low-enriched UO; rods), R2-UO2 (lattice with a softer neutron spectrum), RIMOX
(lattice made of mixed-oxide rods), and a boiling-water reactor (BWR) configuration. The *“Rh samples
were oscillated at the center of the Minerve reactor, and the reactivity worth was directly measured after
careful calibration using borated UO, samples and variable-enriched UO, samples. The experimental
uncertainty on reactivity worths (mainly coming from the calibration procedure and from **Rh
concentrations in the sample) is about 3 to 4%. The interpretation of these experiments was performed at
the CEA-Cadarache® with the deterministic APOLLO2 code® and the JEFF2.2 multigroup library.
Special care was paid to the treatment of resonance self-shielding in APOLLO2, which was validated
using the continuous-energy Monte Carlo code TRIPOLI4 (Ref. 24) with pointwise data from the
JEFF2.2 library. The ratio of calculated-to-experiment (C/E) values is displayed in .
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Table 3. Calculation-to-experiment ratios of sample reactivity worth for **Rh in the Minerve experiments.
The energetic contribution of the incident neutron spectrum to the **Rh capture reaction rate is also shown.

BWR R1IMOX R1UO2 R2UO2

C/E-1(%) +129+3.2 +7.7+£3.2 +11.0+4.0 +8.0+4.2
Energetic ~ Above 0.625 eV — 69.1 % 53.8 % 40.4 %
contribution  Bejow 0.625 eV — 30.9% 46.2 % 59.6 %

The results displayed in show that the '®*Rh capture resonance integral in JEFF2.2 seems to be
overestimated. The same trend was observed by using other nuclear cross section libraries, such as
ENDF/B-V1.8 or JENDL3.3. Improving the *®Rh cross-section evaluation should improve the results for
the capture resonance integral calculations noted in [Table 3.

2.4 SENSITIVITY ANALYSIS FOR '®Rh IN A BURNUP CREDIT APPLICATION

Sensitivity analyses of the '®Rh in a typical burnup credit application were performed with the
TSUNAMI sequence in SCALE 5.1 (Ref. [12). The sensitivity of Keftecrive to the “®°Rh total cross section
for the GBC-32 model is shown in Fig. 7. The burnup credit model is sensitive to the ‘*Rh capture

cross section in the thermal energy region (0.0253 eV) up to about 3 eV and is insensitive to cross-section
data above 3 eV.
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Fig. 7. Sensitivity of the Kerective t0 the 'Rh total cross section for the GBC-32 model.

2.5 ASSESSMENT SUMMARY AND RECOMMENDATIONS FOR '®Rh

For 1®Rh, both the ENDF and JENDL data appear to be the most recent cross-section evaluations, and
both evaluation sources agree in the representation of the cross-section data. When compared with
available experimental data, the evaluated total cross section agrees with the experimental data up to

4 keV; however, there is no measured total cross-section data below 18 eV in the experimental database
(EXFOR). Moreover, there is only one capture measurement in the experimental database, and the
measured capture data are only available between 0.39 keV and 34 keV. As a result, there is no total or
capture data from 0.0253 eV to 1 eV. Critical benchmark calculations using MCNP and KENO V.a were
evaluated. The calculated system multiplication factors do not indicate a statistically significant bias due
to the presence of *®Rh. CEA reactivity worth calculations demonstrate that the ®Rh capture rate is
overestimated relative to measured values from the Minerve experiment by 8% to 12.9% with 3 to 4%
uncertainty.

In general, total cross-section measurements are needed below 1 eV. In addition, capture cross-section
measurements are needed from 107 eV and extending through the resonance region. The justification for
the needed cross-section measurements is largely based on the absence of measured cross-section data in
the noted energy regions coupled with the poor fit of the cross-section evaluation to the measured data
that are available. While there is a general need for cross-section measurements, sensitivity analysis of a
typical burnup credit application indicates that cross-section measurements for energies up to about 3 eV
are most important for burnup credit applications. In addition, the latest evaluated data files do not
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provide cross-section covariance information for *®Rh, and new measurement and evaluation efforts will
provide cross-section covariance data in addition to improved cross-section data. At a minimum,
providing covariance data will benefit burnup credit analyses by enabling the propagation of ‘**Rh cross-
section uncertainty to calculated Kegfective Values.
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3.  INVESTIGATION OF THE *Cs EVALUATION

3.1 COMPARISON OF **Cs ENDF, JENDL, AND JEFF EVALUATIONS

Cross-section data for **3Cs are available in the ENDF, JEFF, and JENDL libraries. The most recent
revision of the **Cs cross sections have been adopted in the JEFF library. Comparison of the energy
limits for the resolved and unresolved energy regions and the basic nuclear data libraries ENDF, JEFF,
and JENDL are shown in .

Table 4. Resonance energy regions in ENDF, JENDL, and JEFF libraries for ***Cs

Data library
Energy range ENDF JEFF JENDL
Resolved resonance 5 5 5
region energy range 10 eV to 2.50 keV 107 eV to 3.9833 keV 107 eV to 5.980 keV
Unresolved No unresolved resonance 3.9893 keV to 81.607 keV 5.980 keV to 100 keV

resonance region parameters given
energy range

Comparisons of the ***Cs total and capture cross section from 107° to 4 eV are shown in Figs. § and g,
respectively. The ENDF cross section is represented by the square symbol, whereas the JEFF and JENDL
cross sections are given by the star symbol and small circles, respectively. The results shown in these
figures indicate that the total and capture cross sections in ENDF, JEFF, and JENDL below 4 eV are very
similar.
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Fig. 8. Comparison of the total cross sections for ***Cs in the ENDF (L), JEFF (%), and JENDL (o)
evaluations.

15



10:— E

10°F ® E

Capture Cross Section (barns)

10°
107° 107* 1073 107% 107! 10°
Energy (eV)

Fig. 9. Comparison of the capture cross sections for ***Cs in the ENDF (11), JEFF (%), and JENDL (o)
evaluations.

Above 4 eV the JEFF and JENDL evaluations appear to be very similar, while the ENDF evaluation gives
cross-section values higher than JEFF and JENDL in the valleys between resonances. This feature is
shown in Figs. @ and [L1 for the total and capture cross sections, respectively.
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Fig. 10. Comparison of the total cross sections for ***Cs in the ENDF ([1), JEFF (%), and JENDL (0)
evaluations.
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evaluations.

3.2 COMPARISONS OF THE **3Cs JEFF EVALUATION WITH EXPERIMENTAL DATA

Below 10 eV, two sets of experimental data were listed in the EXFOR system, for example, the total
cross section of Landon et al.Z in the energy region from 0.6 to 20 eV and the total cross-section data of
Hickman2 in the energy range 0.016 eV to 4.4 eV. A comparison of the “*Cs evaluation in the JEFF
library with the experimental data is shown in Fig. 12,

The results shown in indicate that the JEFF evaluation represents the total experimental cross
section below 10 eV. In the energy range 10 to 100 eV the only data found in the EXFOR system is the
total cross section of Harvey et al.,*! which is listed in the energy range from 11 eV to 570 eV. Graphical
comparisons of the Harvey data and the JEFF evaluation are given in. Note that the only
resolution effect included in the calculation of the cross section is the temperature effect due to the
Doppler broadening at 300 K. The Doppler broadening effect is dominant below 100 eV. The results
shown in indicate that the JEFF evaluation does not agree with the experimental total cross
section. The same trend is observed above 100 eV. Figure 14 shows comparisons of the total

cross sections of Harvey et al. and Garg et al.® in the energy range from 100 to 500 eV. In Figs. @ and
@, the cross-section evaluation does not represent the measured data, and the poor fit may be attributed to
the use of the Breit-Wigner formalism in the resonance representation. The discrepancy between the
evaluation and measured data indicates that a new R-matrix analysis of the 13Cs data is needed: however,
as noted in the Introduction, the only way to determine whether the existing measured data can be used
for a new evaluation is to actually perform an R-matrix analysis of the measured data, and this is beyond
the scope of this report. Moreover, the ***Cs cross-section measurements were performed in the 1950s
and 1960s, and there have been significant advances in measurement technology over the past 40 to

50 years. Therefore, a new cross-section measurement and analysis is recommended for ***Cs.
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Fig. 14. Comparison of the experimental total cross sections of Harvey et al. data (top plot) and
Garg et al. data (bottom plot) with cross section calculated with the JEFF evaluation for **Cs.

A survey of the EXFOR data base indicates that there is no experimental capture cross-section data
available in the resonance region. Because **Cs is a fission product with a high capture cross section, a
measurement of the ***Cs capture cross section is needed.

3.3 BENCHMARK CALCULATIONS

While there is no integral benchmark experiment available in the United States for specifically testing the
133Cs cross section, experimental data are available from measurements performed in the framework of
the French burnup credit program.@ To qualify the ***Cs cross section for application in burnup credit
calculations, CEA-Cadarache performed reactivity worth measurements in the Minerve experimental
reactor. The calculated-to-experiment ratio result, C/E-1 (%), for the R1-UO2 (PWR lattice made of
low-enriched UO, rods) is + 5.5 + 1.5. The calculations were performed using the JEFF evaluation. The
result indicates that the capture cross section in the JEFF evaluation needs to be decreased to improve the
results of reactivity worth calculations. A new **Cs capture cross-section measurement and evaluation
could improve calculated results for the Minerve benchmark.

3.4 SENSITIVITY ANALYSIS FOR "**Cs IN A BURNUP CREDIT APPLICATION

Sensitivity analyses of the **3Cs in a typical burnup credit application were performed with the
TSUNAMI sequence in SCALE 5.1 (Ref. [12). The sensitivity of Kesrecive to the ***Cs total cross section
for the GBC-32 model is shown in Fig. 15. The burnup credit model is sensitive to the ***Cs capture
cross-section in the thermal energy region (0.0253 eV) up to about 1 keV and is insensitive to cross-
section data above 1 keV. Therefore, cross-section data improvements up to 1 keV would be beneficial to
burnup credit analyses.
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Fig. 15. Sensitivity of the Kefective t0 the ***Cs total cross section for the GBC-32 model.

3.5 ASSESSMENT SUMMARY AND RECOMMENDATIONS FOR **Cs

Based on comparison of the latest ENDF, JEFF, and JENDL evaluations for ***Cs, the JEFF evaluation
appears to be the most recent and better documented evaluation. When compared with available
experimental data, the evaluated total cross section agrees with the experimental data below 10 eV;
however, there is poor agreement between the total cross-section and measured data between 10 eV and
500 eV. With regard to capture, no measured capture cross-section data could be located in the available
experimental database (EXFOR). When compared with benchmark data, CEA reactivity worth
calculations demonstrate that the **Cs capture rate overestimates measured capture rates in a PWR
experiment by 5.5% with 1.5% uncertainty. Based on the assessment, total cross-section measurements
are needed from 10 eV and extending through the resonance region. Likewise, capture cross-section
measurements are needed from 107 eV and extending through the resonance region. While there is a
general need for cross-section measurements throughout this energy range, sensitivity analysis of a typical
burnup credit application indicates that cross-section measurements for energies up to about 1 keV are
most important for burnup credit applications. In addition, the latest evaluated data files do not provide
cross-section covariance information for ***Cs, and new measurement and evaluation efforts will provide
cross-section covariance data in addition to improved cross-section data. At a minimum, providing
covariance data will benefit burnup credit analyses by enabling the propagation of **Cs cross-section
uncertainty to calculated Keseciive Values. Because of the limited amount of benchmark experiments
involving *3Cs, there is also a need for ***Cs benchmark critical experiments.
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4.  INVESTIGATION OF THE ™®Eu EVALUATION

41 COMPARISON OF *Eu ENDF, JENDL, AND JEFF EVALUATIONS

The latest resonance evaluation of ***Eu in the ENDF, JENDL, and JEFF libraries is very similar. Indeed,
the JEFF and JENDL evaluations are identical. The energy limits for the resolved and unresolved energy
regions for the ENDF, JENDL, and JEFF libraries are shown in .

Table 5. Resonance energy regions in ENDF, JENDL, and JEFF libraries for ***Eu

Data library
Energy range ENDF JEFF JENDL
Resolved resonance region  107° eV to 97.8 eV 10°eV t0 97.2 eV 10 eV t0 97.2 eV
energy range
Unresolved resonance 97.8 eV to0 83.91 keV 97.2 eV to 100 keV 97.2 eV to 100 keV

region energy range

The resolved-region representation is based on the resonance parameters listed in the Mughabghab
compilation of resonance parameters.@ The resonance parameters were modified in the evaluation to
reproduce the thermal capture cross section by adjusting the negative resonances (bound energy levels).
It is not clear whether experimental data were used in the resonance evaluation.

4.2 COMPARISON OF THE "*Eu ENDF EVALUATION WITH EXPERIMENTAL DATA

A comparison of the ENDF total and capture cross sections from 10~ to 1 eV with experimental data of
Adib et al. and Widder® are shown in Fig. 16. It is clear that the evaluation does not reproduce the
experimental results.

A comparison of the calculated ENDF capture cross section with the experimental data of Widder in the
energy range from 1 to 10 eV is shown in . The ENDF evaluation does not accurately represent
the experimental data throughout the energy range. As noted in the Introduction section, differences
between the measured data and cross-section evaluation may indicate a need to perform a new cross-
section evaluation with the previously measured data. However, the only way to determine whether a
new evaluation can be performed from the existing measured data is to actually perform an R-matrix
analysis of the measured data, and this is beyond the scope of this report. In many cases, the cross-section
measurement and evaluation work can be an iterative process where the evaluator attempts to analyze the
measured data only to learn that a new/revised capture or transmission measurement is needed to resolve
an issue in the R-matrix analyses. In the case of ***Eu, the cross-section data were measured in the 1975
to 1980 time frame. Therefore, it is prudent to plan for a new cross-section measurement based on
substantial improvements in measurement technology (e.g., improved detectors, data acquisition systems,
etc.) over the past 27 years.
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Fig. 17. Comparison of the ENDF capture cross section with experimental data for ***Eu.
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4.3 BENCHMARK CALCULATIONS

Integral measurements performed at the Minerve reactor,E CEA/Cadarache, identified a deficiency in the
capture cross section of ***Eu for the prediction of reactivity worth. Three configurations were
investigated: R1-UO2 (PWR lattice made of low-enriched UO, rods), R2-UO2 (lattice with a softer
neutron spectrum), RIMOX (lattice made of mixed-oxide rods). The ratio of calculated-to-experiment
(C/E) values is presented in .

Table 6. Calculation-to-experiment ratios of sample reactivity worth for ***Eu
in the Minerve experiments. The energetic contribution of the incident
neutron spectrum to the ***Eu capture reaction rate is also shown
(thermal region below 0.625 eV; fast region above 0.625 eV)

R1IMOX R1UO2 R2UO2

CIE-1(%) -1.6+4.1 —42+4.0 -1.3+46
Energetic Fast 76.6 % 58.3 % 42.7 %
contribution Thermal 23.4 % 41.7 % 57.3 %

Because the uncertainties in the reactivity worth calculations in are on the order of the integral
results, the results shown in are inconclusive with regard to the ***Eu capture cross-section data.
In addition to the reactivity worth measurements, CEA has also performed integral measurements based
on postirradiated experiments. The experiments consisted of irradiation of uranium oxide fuel and mixed-
oxide fuel and the postirradiated chemical analyses of the buildup of ***Eu for burnup by measuring the
18Eu/?*U ratio. The resulting calculated-to-experiment values are shown in [Table 7.

Table 7. Calculation-to-experiment ratio of ***Eu by measuring the ***Eu/*®U ratio

Burnup (MWd/t) 20400 38360 50800 59850
C/E-1 in % of the 5.84 +2.33 7.79+2.01 11.04 £1.86 12.74 +1.63
13 1/238Y ratio

The results displayed in suggest that the overestimation on the **Eu buildup could be due to an
underestimation of the *Eu capture cross section. However, as noted in Figure 1 of Ref. m the
concentration of ***Eu in SNF is influenced by the cross sections of ***Eu, ***Sm, and to a lesser extent
51Sm. Therefore, the overestimation of ***Eu concentrations is not solely dependent on the >*Eu capture
cross section. Nonetheless, the "**Eu capture cross-section is an important component in predicting ***Eu
concentrations in SNF. Because **Eu is a byproduct of fission yields ***Pm and/or **Sm, an
overestimation in the buildup of ***Eu may also be due to an overestimation of these fission yields. As
shown in Fig. 18, ***Eu neutron capture cross section is also important because ***Gd, which has high
capture cross sections, is produced in the decay chain of ***Eu, which is produced by neutron capture in
Y>Eu following neutron capture in **Eu. As noted previously, the uncertainty in the reactivity worth
calculations are on the order of the integral results. Therefore the benchmark calculations are
inconclusive relative to the performance of the ***Eu cross-section data. Based on the comparisons of the
evaluated differential data with existing measured data, ***Eu capture cross-section measurements are
needed to improve the cross-section data for ***Eu.
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Fig. 18. "*Eu chain for production of *°Gd.

4.4 SENSITIVITY ANALYSIS FOR *Eu IN A BURNUP CREDIT APPLICATION

Sensitivity analyses of the ***Eu in a typical burnup credit application were performed with the
TSUNAMI sequence in SCALE 5.1 (Ref. @). The sensitivity of Kegective t0 the 183y, total cross section
for the GBC-32 model is shown in Fig. 19. The burnup credit model is sensitive to the ***Eu capture
cross section in the thermal energy region (0.0253 eV) up to about 1 keV and is insensitive to cross-
section data above 1 keV. This figure reflects sensitivity of Kesective t0 perturbations in the cross sections
for burned fuel in a flooded burnup credit cask. The sensitivity profile for ***Eu neutron capture in the
PWR environment is similar to the profile from the GBC-32 because both systems involve flooded arrays
of intact fuel assemblies.
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Fig. 19. Sensitivity of the Kefrective t0 the **Eu total cross section for the GBC-32 model.

45 ASSESSMENT SUMMARY AND RECOMMENDATIONS FOR **Eu

For 3Eu, the latest ENDF, JEFF, and JENDL evaluations are similar, and the JEFF and JENDL
evaluations are identical. The ENDF evaluation for ***Eu is judged to be the most up-to-date evaluation.
An investigation of the "**Eu resonance evaluation revealed that the resonance parameters are based on
the work of Mughabghab;= however, it is not clear whether the resonance parameters are based on cross-
section measurements. When compared with available experimental data, the evaluated total and capture
cross-section data do not show desired agreement with measured data between 107> eV and 10 eV. With
regard to benchmark performance, CEA reactivity worth measurements indicate that the calculated ***Eu
capture rate underestimates measured capture rates by 1.3% to 4.2%; however, the uncertainty of the
reactivity worth predictions is on the order of the integral results. Therefore, the reactivity worth
benchmark results are not conclusive to assess the performance of ***Eu capture. Based on postirradiation
chemical analyses of uranium oxide fuel and mixed-oxide fuel, the calculated buildup of **Eu may be
overestimated because of the underestimation of ***Eu capture rates. Based on the assessment, total and
capture ***Eu cross-section measurements are needed from 107° eV and extending through the resonance
region. While there is a general need for cross-section measurements throughout this energy range,
sensitivity analysis of a typical burnup credit application indicates that cross-section measurements for
energies up to about 1 keV are most important for burnup credit applications. In addition, the latest
evaluated data files do not provide cross-section covariance information for 138y, and new measurement
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and evaluation efforts will provide cross-section covariance data in addition to improved cross-section
data. Ata minimum, providing covariance data will benefit burnup credit analyses by enabling the
propagation of ***Eu cross-section uncertainty to calculated Kefrecive Values.
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5. INVESTIGATION OF THE *Nd EVALUATION

5.1 COMPARISON OF "*Nd ENDF, JENDL, AND JEFF EVALUATIONS

Natural neodymium (Nd) consists of seven stable isotopes, and ***Nd (abundance of 12.18 %) has the
largest thermal capture cross section. Cross-section data for **Nd are of interest because of the relatively
high capture cross section throughout the resonance region. The existing ***Nd evaluations in the three
cross-section libraries, ENDF, JENDL, and JEFF, in the resonance regions, resolved and unresolved
energy regions, are very similar. The evaluation in the ENDF library has been recently revised and is
better documented. A comparison of the energy limits for the resolved and unresolved energy regions in
the basic nuclear data libraries ENDF and JENDL, and JEFF is shown in [Table §.

Table 8. Resonance energy regions in ENDF, JENDL, and JEFF libraries for **Nd

Data library
Energy range ENDF JENDL JEFF
Resolved resonance 107 eV to 5.503 keV 10° eV to 5 keV 10° eV t0 5.521 keV

region energy range

Unresolved resonance 5.503 keV to225keV  5keV to 100 keV 5.521 keV to 10 keV
region energy range

The cross-section representation in these evaluations in the RRR is based on the MLBW formalism.

The resonance parameters included in these evaluations are the parameters published in the Mughabghab
compilation.E The resonance parameters in these evaluations were revised with the purpose of
reproducing the experimental thermal cross-section value. A comparison between the ENDF, JENDL,
and JEFF capture cross section from 107 to 10 eV is shown in .
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Fig. 20. Comparison of the ENDF (*), JENDL (+), and JEFF (x) capture cross sections from 10~ to
10 eV for *Nd.
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The capture cross sections in the three libraries agree up to 10 eV. Figure 21 displays the ENDF, JENDL,
and JEFF capture cross sections from 10 to 200 eV. The capture cross sections calculated with the three
evaluations are consistent.
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Fig. 21. Comparison of the ENDF (*), JENDL (+), and JEFF (x) capture cross sections from 10 to
200 eV for “*Nd.

Figure 22 shows a comparison of the ENDF, JENDL, and JEFF capture cross sections in the energy range
from 500 to 1000 eV. The three evaluations are consistent in this energy region although the JEFF
evaluation calculates a higher capture cross section between resonances.
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Fig. 22. Comparison of the ENDF (*), JENDL (+), and JEFF (x) capture cross sections from 500 to
1000 eV for **Nd.
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5.2 COMPARISONS OF THE **Nd ENDF EVALUATION WITH EXPERIMENTAL DATA

A search of the available experimental cross-section data for ***Nd in the EXFOR system was performed.
Total, capture, and scattering cross-section measurements by Vertebny etal.= at room temperature
(293 K) are available from 0.02 eV to 10 eV. A comparison of the ENDF evaluation processed with
NJOY with the experimental data of Vertebny is shown in .
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Fig. 23. Comparison of the experimental total (), capture (+), and scattering (x) cross sections with the
ENDF data from 0.02 to 10 eV for **Nd.

The results shown in indicate that the ENDF evaluation of ***Nd cross sections below 10 eV agree
with the experimental data; however, no experimental data are available between 10 and 60 eV in the
EXFOR system. Above 60 eV the only data found in the EXFOR system are based on the total cross-
section measurements by Tellier® spanning the energy region from 60 to 30,000 eVV. Comparisons of the
total cross section measured by Tellier and calculation based on the ENDF evaluation in the energy region
from 60 to 200 eV are shown in .
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Fig. 24. Comparison of the experimental total cross sections (0) and calculations carried out with
ENDF evaluation (—) for **Nd (60 to 200 eV).

Between 60 and 120 eV, the total cross sections obtained from the ENDF evaluation are lower than the
experimental data of Tellier. From 120 to 200 eV, experimental and calculated total cross sections are in
fairly good agreement. The calculated ENDF total cross section in the energy region from 200 to 500 eV
does not agree with the experimental data as shown in . The calculated cross section shows a
potential scattering interference around 280 eV. This feature is not shown in the experimental data.
Calculated and experimental cross sections agree at the resonance peaks.
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Fig. 25. Comparison of the experimental total cross sections (0) and calculations carried out with
ENDF evaluation (—) for **Nd (200 to 500 eV).
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Comparison of the experimental total cross section and corresponding ENDF evaluation in the energy
region 500 to 1000 eV is show in . In general, the evaluation produces a lower value of the total
cross section between resonances. In some energy intervals, the evaluation misses resonance structure
that is present in the measured data.
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Fig. 26. Comparison of the experimental total cross sections (0) and calculations carried out with
ENDF evaluation (—) for **Nd (500 to 1000 eV).

At the time of the assessment, measured capture cross-section data were not available in the EXFOR
system in the energy region from 10 to 4000 eV. The evaluations in the ENDF, JENDL, and JEFF
libraries are based on experimental capture cross-section data performed by Rohr et al.@ in the early
1970s. The capture data are not available in the EXFOR system, and no new capture data have been
measured.

Both total and capture evaluated cross-section data for ***Nd exhibit inconsistencies with the measured
cross-section data. The discrepancies indicate that a new R-matrix analysis of the ***Nd data is needed at
a minimum; however, as noted previously, the only way to determine whether the existing measured data
can be used for a new evaluation is to perform an R-matrix analysis of the measured data, and this is
beyond the scope of this report. The **Nd cross-section measurements were performed in the 1970s, and
there have been significant advances in measurement technology over the past 30 to 40 years. Therefore,
it is prudent to consider new cross-section measurement and corresponding resonance analysis as part of a
plan to improve the **Nd cross-section data. The important “**Nd cross-section energies for burnup
credit are addressed in Sect. Ell

5.3 BENCHMARK CALCULATIONS

Integral measurements were performed in France and the United Kingdom for testing the ***Nd

cross section for burnup credit applications. The experiments consisted of reactivity worth measurements
by the oscillation method carried out in the Minerve and Dimple experimental reactors located at
Cadarache, France, and Winfrith, United Kingdom, respectively. The experiments were performed in
support of the burnup credit program. Four configurations were investigated in the Minerve reactor:
R1-UO2 (PWR lattice made of low-enriched UO, rods), R2-UO2 (lattice with a softer neutron spectrum),
R1MOX (lattice made of mixed-oxide rods), and a BWR configuration. Two experimental configurations
were investigated in the Dimple reactor (DIMPLE Il and DIMPLE I11 experiments). DIMPLE 11 is
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similar to the MINERVE R1-UQO2 experiments, and they are representative of PWR configurations. The
DIMPLE I11 measurements consisted of PWR and BWR irradiated fuel samples. The **Nd samples were
oscillated at the center of the reactors, and the reactivity worth was directly measured after careful
calibration using borated UO, samples and variably enriched UO, samples. The experimental uncertainty
on reactivity worths (mainly coming from the calibration procedure and from**Nd concentrations in the
sample) is about 3 to 4%. The interpretation of these experiments was performed at CEA-Cadarache®
with the deterministic APOLLO2 codeZ and the JEFF2.2 multigroup library. Special care was paid to the
treatment of resonance self-shielding in APOLLO2, which was validated using the continuous-energy
Monte Carlo code TRIPOLI4 (Ref. 24) with pointwise data from the JEF2.2 library. The ratio of
calculated-to-experiment (C/E) values is displayed in .

Table 9. Calculation-to-experiment ratio of sample reactivity worth for ***Nd
in the Minerve and Dimple experiments

BWR R1IMOX R1UO2 R1UO2 DIMPLE Il DIMPLE I1lI

C/E-1(%) —4.7+29 -0.7+4.6 —7.1+3.1 —-8.5+3.8 —6+2 —4+2

The results displayed in show that the ***Nd capture resonance integral in JEFF2.2 seems to be
underestimated. The results shown in suggest that an increase in the capture cross section is
needed to improve the integral results. The same trend was observed with other nuclear cross-section
libraries. Based on the performance of ***Nd in the French benchmark calculations and comparisons of
the evaluated differential data with existing measured data, ***Nd capture cross-section measurements are
needed to improve the accuracy of ***Nd.

5.4 SENSITIVITY ANALYSIS FOR “*Nd IN A BURNUP CREDIT APPLICATION

Sensitivity analyses of the ***Nd in a typical burnup credit application were performed with the
TSUNAMI sequence in SCALE 5.1 (Ref. [L2). The sensitivity of Kesrecrve to the **Nd total cross section
for the GBC-32 model is shown in Fig. 27. The burnup credit model is sensitive to the **Nd

cross sections in the thermal energy region (0.0253 eV) up to about 600 eV and is relatively insensitive to
cross-section data above 600 eV.
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Fig. 27. Sensitivity of the Kefective t0 the ***Nd total cross section for the GBC-32 model.

55 ASSESSMENT SUMMARY AND RECOMMENDATIONS FOR “*Nd

For Nd, the latest ENDF, JEFF, and JENDL evaluations are similar, and the ENDF evaluation for 1*Nd
is judged to be the most recent evaluation. When compared with available experimental data, the ***Nd
evaluated total and capture cross-sections agree with measured data below 10 eV. Measured total cross-
section data could not be located for energies between 10 eV and 60 eV. For energies between 60 eV and
30 keV, there is poor agreement between the evaluation and measured data except for energies between
120 eV and 200 eV. With regard to capture, measured capture cross-section data could not be located for
energies between 10 eV and 4 keV. With regard to benchmark performance, CEA reactivity worth
measurements indicate that the calculated ***Nd capture rate underestimates measured capture rates by
0.7% to 8.5% with 2 to 5% uncertainty. In general, total and capture “**Nd cross-section measurements
are needed from 10 eV and extending through the resonance region. While there is a general need for
cross-section measurements throughout this energy range, sensitivity analysis of a typical burnup credit
application indicates that cross-section measurements for energies up to about 600 eV are most important
for burnup credit applications. In addition, the latest evaluated data files do not provide cross-section
covariance information for ***Nd, and new measurement and evaluation efforts will provide cross-section
covariance data in addition to improved cross-section data. At a minimum, providing covariance data
will benefit burnup credit analyses by enabling the propagation of **Nd cross-section uncertainty to
calculated Kefrective Values. Because of the limited amount of benchmark experiments involving N,
there is also a need for ***Nd benchmark critical experiments.
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6. INVESTIGATION OF THE **Sm EVALUATION

6.1 COMPARISON OF “*sm ENDF, JENDL, AND JEFF EVALUATIONS

Cross-section data for **°Sm are available in the ENDF, JENDL, and JEFF libraries. The **Sm JEFF
evaluation was adopted from the ENDF evaluation. The only difference is in the resonance region where
the neutron width of the first resonance at 0.0973 eV was increased by 3% in the JEFF evaluation.

The cross-section representation in these libraries in the RRR is based on the MLBW formalism. The
resonance parameters are the parameters published in the Mughabghab compilation. A comparison of the
energy limits for the resolved and unresolved energy regions in ENDF, JENDL, and JEFF are presented
in Tabe 10

Table 10. Resonance energy regions in ENDF, JENDL, and JEFF libraries for *°Sm

Data library
Energy range ENDF JENDL JEFF
Resolved resonance 10° eV t0 519.7 eV 10° eV t0 520 eV 10° eV t0 519.7 eV

region energy range

Unresolved resonance 519.7 eV to 100 keV 520 eV to 100 keV 519.7 eV to 100 keV
region energy range

Comparisons of the 1**Sm total and capture cross section from 10° to 0.4 eV calculated at 300 K are
shown in Figs. @ and @ respectively. The results shown in these figures indicate that the total and
capture cross sections in ENDF, JEFF, and JENDL below 0.4 eV are very similar.
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Fig. 28. Comparison of the total cross sections for **°Sm from 10~ to 0.4 eV for the ENDF (+),
JEFF (x), and JENDL (*) evaluations.
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Fig. 29. Comparison of the capture cross sections for **°Sm from 10~ to 0.4 eV for the ENDF (+),
JEFF (x), and JENDL (*) evaluations.

Above 0.4 eV, ENDF and JEFF are essentially the same, and the JENDL evaluation gives cross-section
values lower than ENDF and JEFF in the valley between resonances. This feature is shown in Figs. @
and Ell for the total and capture cross sections, respectively, in the energy region from 0.4 to 10 eV.
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Fig. 30. Comparison of the total cross sections for **°Sm from 0.4 eV to 10 eV for the ENDF (+),
JEFF (x), and JENDL (*) evaluations.
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Fig. 31. Comparison of the capture cross sections for Sm from 0.4 eV to 10 eV for the ENDF (+),
JEFF (x), and JENDL (*) evaluations.

6.2 COMPARISONS OF THE **Sm ENDF EVALUATION WITH EXPERIMENTAL DATA

In the resonance region, the only experimental data found in the EXFOR system is the total cross section
of Ohno et al.¥ in the energy region from 6.473 x 10 to 0.28 eV. A comparison of the evaluation in the
ENDEF library with the experimental data is shown in .
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Fig. 32. Comparison of the experimental total cross section of Ohno et al. with the ENDF **°Sm evaluation.

The results shown in indicate that the ENDF evaluation represents the ***Sm total experimental
cross section below 0.3 eV; however, no other experimental data for ***Sm were identified in the
resonance energy region.
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6.3 BENCHMARK CALCULATIONS

A series of critical experiments involving ***Sm were performed by the French at Valduc in 1994. The
French have published the information on these experiments in the IHECSBE as evaluation LEU-COMP-
THERM-050 (Ref. @). These experiments were water-moderated and reflected arrays of aluminum clad
U(4.738)0, rods with the central 5x5 rods of the arrays replaced with a solution tank. The tank is filled
either with water, boron solution, or samarium (96.9 wt % “*°Sm) solution. presents the
calculation results for various codes and cross-section libraries. The evaluation authors concluded that
the experimental Kestective fOr the recommended benchmark models was 1.0004 + 0.0010.

Comparison of the results for each code and cross section combination appears to indicate that there is a
small underprediction of **°Sm worth as indicated by the slightly higher Kesecive Values calculated for the
cases with **°Sm. This implies that the **°Sm capture cross section in each of these evaluations may be
low.

Table 11. Samarium critical experiment calculation results@ﬂ

Kefrective = 1 Standard deviation

Solution
Tank concentration CRISTAL and MCNP and KENO and
Case contents (g absorber/l) JEFF 2.22 JENDL3.2" ENDF/B-V*©
1 Water 1.0020 = 0.0003 1.0005 * 0.0008 0.9927 + 0.0004
2 Water 1.0014 + 0.0003 1.0002 + 0.0008 0.9921 £ 0.0004
3 Boron 0.822 1.0021 + 0.0003 1.0002 + 0.0008 0.9940 £ 0.0004
4 Boron 0.822 1.0012 + 0.0003 1.0003 + 0.0008 0.9934 + 0.0004
5 Boron 5.03 1.0041 + 0.0003 1.0025 + 0.0009 0.9941 + 0.0004
6 Boron 5.03 1.0028 = 0.0003 1.0024 = 0.0008 0.9933 + 0.0004
7 Boron 5.03 1.0038 = 0.0003 1.0019 = 0.0008 0.9939 + 0.0004
8 Sm 0.1048 1.0000 = 0.0003 0.9990 + 0.0008 0.9905 + 0.0004
9 Sm 0.1048 0.9999 + 0.0003 0.9997 + 0.0008 0.9919 + 0.0004
10 Sm 0.1048 0.9994 + 0.0003 0.9979 £ 0.0008 0.9903 + 0.0004
11 Sm 0.2148 1.0011 + 0.0003 1.0005 + 0.0003 0.9919 + 0.0004
12 Sm 0.2148 1.0016 + 0.0003 1.0023 + 0.0008 0.9926 + 0.0004
13 Sm 0.2148 1.0018 + 0.0003 1.0020 + 0.0008 0.9925 + 0.0004
14 Sm 0.6262 1.0018 £ 0.0003 1.0016 = 0.0008 0.9922 + 0.0004
15 Sm 0.6262 1.0015 £+ 0.0003 1.0020 £ 0.0005 0.9931 + 0.0004
16 Sm 0.6262 1.0033 £ 0.0003 1.0030 £+ 0.0008 0.9942 + 0.0004
17 Sm 0.6262 1.0026 + 0.0003 1.0018 £ 0.0008 0.9939 + 0.0004
18 Sm 0.6262 1.0030 + 0.0003 1.0023 + 0.0008 0.9935 + 0.0004

4CRISTAL (APOLLO-2, CEA93 172-group library based on JEF 2.2 evaluation)-MORET 4.

PMCNP 4b with JENDL-3.2 library.
°KENO V.a with 238-group ENDF/B-V library (**0 from ENDF/B-V!I evaluation).

To qualify the ***Sm cross section for application in burnup credit calculations, CEA-Cadarache
performed reactivity worth measurements in the Minerve experimental reactor. The calculation-to-
experiment ratio result, C/E-1 (%), for the R1-UO2 (PWR lattice made of low-enriched UO, rods) is
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-4.8 £ 1.6. The calculations were performed using the JEFF evaluation. The result indicates that the
capture cross section in the JEFF evaluation is underestimated and needs to be increased to improve the
results of reactivity worth calculations. As noted previously, among the three evaluations, ENDF, JEFF,
and JENDL, the JEFF evaluation is more up-to-date and better documented; however, there is a need to
revise the capture cross section for ***Sm and perform measurements from thermal energies up to the keV
region.

6.4 SENSITIVITY ANALYSIS FOR '°Sm IN A BURNUP CREDIT APPLICATION

Sensitivity analyses of the ***Sm in a typical burnup credit application were performed with the
TSUNAMI sequence in SCALE 5.1 (Ref. @). The sensitivity of Keective t0 the 95m total cross section
for the GBC-32 model is shown in . The burnup credit model is sensitive to the ***Sm

cross sections in the thermal energy region (0.0253 eV) up to about 1 eV and is relatively insensitive to
cross-section data above 1 eV.
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Fig. 33. Sensitivity of the Kefective to the 2°Sm total cross section for the GBC-32 model.

6.5 ASSESSMENT SUMMARY AND RECOMMENDATIONS FOR *°Sm
For 1°Sm, the latest ENDF and JEFF evaluations are judged to be the most recent evaluations. The

ENDF and JEFF evaluations are essentially the same except the neutron width of the first resonance at
0.0973 eV (i.e., the JEFF neutron width is 3% larger relative to ENDF). Although the JEFF evaluation is
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more up-to-date with respect to one resonance, the JEFF evaluation was adopted from ENDF. As a result,
the ENDF evaluation was used in the fission product assessment. When compared with the available
experimental database, measured **°Sm total cross-section data are only available from 6.47 x 10 eV to
0.028 eV, and the evaluated total cross-section agrees with measured data in this energy region.
Measured capture cross-section data could not be located in the experimental database (EXFOR).

With regard to benchmark performance, the critical experiment model calculations indicate a small
underprediction of ***Sm worth, and the CEA reactivity worth measurements indicate that the calculated
19Sm capture rate underestimates measured capture rates for PWR experiments by 4.8%. Based on the
assessment, total and capture **°Sm cross-section measurements are needed from 10° eV and extending
through the resonance region. While there is a general need for cross-section measurements throughout
this energy range, sensitivity analysis of a typical burnup credit application indicates that ***Sm cross-
section measurements for energies up to about 1 eV are most important for burnup credit applications.

In addition, the latest evaluated data files do not provide cross-section covariance information for *4°Sm,
and new measurement and evaluation efforts will provide cross-section covariance data in addition to
improved cross-section data. At a minimum, providing covariance data will benefit burnup credit
analyses by enabling the propagation of 1998m cross-section uncertainty to calculated Kefrective Values.
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7.  INVESTIGATION OF THE **'Sm EVALUATION

7.1 COMPARISON OF ™'sm ENDF, JENDL, AND JEFF EVALUATIONS

An outline of the energy limits for the resolved and unresolved resonance regions for the **!Sm evaluation
in ENDF, JEFF, and JENDL is presented in . In these cross-section libraries, the energy range of
the resolved energy region is nearly the same, while the upper limit of the unresolved-resonance region is
different between libraries. The resolved-resonance parameters included in these cross-section libraries
are basically the MLBW parameters listed in the Mughabghab compilation.@ In the unresolved-
resonance region, average resonance parameters are given to reproduce the cross sections. The average
parameters were obtained from a physics model calculation.

Table 12. Resonance energy regions in ENDF, JENDL, and JEFF libraries for ***Sm

Data library
Energy range ENDF JENDL JEFF
Resolved resonance 10° eV to 296.3 eV 10 eV to 246.1 eV 107 eV to 296.56 eV
region energy range
Unresolved resonance 296.3 eV to0 66.24 keV 246.1 eV to 100 keV 296.56 eV to 4 keV

region energy range

A comparison between the ENDF, JENDL, and JEFF capture cross sections from 107> to 10 eV is shown
in . The cross-section data from the different evaluation sources do not show significant
differences.

7.2 COMPARISONS OF THE "'Sm ENDF EVALUATION WITH EXPERIMENTAL DATA

Very few experimental datasets are available for ***Sm in the EXFOR system. It appears that no new
cross-section measurements for **!Sm have been made since the early 1980s. The only experimental data
found in the EXFOR data system for the resonance region are total cross-section data by Kirouac et al B8
A comparison of the ENDF total cross-section evaluation for energies between 107° eV and 4 eV relative
to the experimental data of Kirouac et al. is shown in . The ENDF evaluation reproduces the total
measured cross-section data below 4 eV. Because of the lack of measured data above 4 eV, there is a
need for measured ***Sm cross- section data in the resonance region. New capture cross-section
measurements would facilitate a complete resonance-parameter evaluation in the resolved and unresolved
energy regions.
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Fig. 34. Comparison of the capture cross sections for **Sm from 107 to 10 eV for the ENDF (+),
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Fig. 35. Comparison of the experimental total cross section of Kirouac et al. with the **!Sm ENDF
evaluations.

7.3 BENCHMARK CALCULATIONS

Benchmark experiments that are sensitive to *>'Sm are not available in the open literature. The CERES
international experimental program was designed for the validation of cross-section data and inventory
predictions for actinides and fission products important for burnup credit applications. A summary of
calculation-to-experiment ratios for the reactivity worth of various Sm isotopes (i.e., *"****°2Sm) is
provided in the open literature.® However, **!Sm results are not documented in the summary. As a
result, benchmark data for *>'Sm were not available for this study. Therefore, no additional benchmark
testing was performed for *'Sm.
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7.4  SENSITIVITY ANALYSIS FOR *!'Sm IN A BURNUP CREDIT APPLICATION

Sensitivity analyses of **'Sm in a typical burnup credit application were performed with the TSUNAMI
sequence in SCALE 5.1 (Ref. fL2). The sensitivity of Keftective to the **Sm total cross section for the GBC-
32 model is shown in Fig. 36. The burnup credit model is sensitive to the **'Sm cross sections in the
thermal energy region (0.0253 eV) up to about 10 eV and is relatively insensitive to cross-section data
above 10 eV.
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Fig. 36. Sensitivity of the Kefective to the ***Sm total cross section for the GBC-32 model.

75 ASSESSMENT SUMMARY AND RECOMMENDATIONS FOR *'Sm

For **'Sm, the latest ENDF, JEFF, and JENDL evaluations are essentially the same in the resolved
resonance region; however, the upper energy limit of the unresolved range differs between the libraries.
Because the evaluations are judged to be fairly similar, the three libraries are considered to be comparable
inrigor. As a result, the ENDF evaluation was selected for further examination in the fission product
assessment. When compared with the available measured cross-section database, evaluated **'Sm total
cross-section data agree with measured data up to 4 eV; however, the experimental database does not
have measured total cross-section data above 4 eV. Moreover, measured **'Sm capture cross-section data
could not be located in the experimental database. Unfortunately, ***Sm benchmark experiments could
not be located in the open literature, and an assessment of the performance of **Sm in benchmark
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analyses could not be performed. Based on the cross-section evaluation assessment, total **'Sm cross-
section measurements are needed from 4 eV and extending through the resonance region. Likewise **!Sm
capture cross-section measurements are needed from 107> eV and extending through the resonance region.
While there is a general need for cross-section measurements throughout this energy range, sensitivity
analysis of a typical burnup credit application indicates that *>*Sm cross-section measurements for
energies up to about 10 eV are most important for burnup credit applications. In addition, the latest
evaluated data files do not provide cross-section covariance information for ®1gm, and new measurement
and evaluation efforts will provide cross-section covariance data in addition to improved cross-section
data. Ata minimum, providing covariance data will benefit burnup credit analyses by enabling the
propagation of 1%1Sm cross-section uncertainty to calculated Kesecive Values. Because there are no
benchmark experiments involving *'Sm, there is also a need for ***Sm benchmark critical experiments.
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8.  INVESTIGATION OF THE **Sm EVALUATION
8.1 COMPARISON OF '*Sm ENDF, JENDL, AND JEFF EVALUATIONS
An outline of the energy limits for the resolved and unresolved resonance regions for the ***Sm evaluation

in ENDF, JEFF, and JENDL is presented in [Table 13.

Table 13. Resonance energy regions in ENDF, JENDL, and JEFF libraries for ***Sm

Data library
Energy range ENDF JENDL JEFF
Resolved resonance 10° eV t0 5.1012 keV 107° eV t0 5.029 keV 107° eV to 3.6911 keV

region energy range

Unresolved resonance 5.1012 keV to 122.59 keV 5.029 keV to 100 keV 3.6911 keV to 70 keV
region energy range

8.2 COMPARISONS OF THE "’Sm ENDF EVALUATION WITH EXPERIMENTAL DATA

Limited experimental datasets are available for ***Sm below 3 keV in the EXFOR system. As a result,
comparisons with measured cross-section data could not be performed with the cross-section evaluation.

8.3 BENCHMARK CALCULATIONS

Benchmark experiments that are sensitive to ***Sm are available in the CERES experimental program

involving the Minerve and Dimple reactors; however, these data are not available in the open literature.

Based on the summary of C/E results from Ref. E?I using JEF 2.2 and ENDF/B-VI, the C/E is 0.928 for

the CERES **Sm data. Although the authors note the discrepancy is within two standard deviations, the

1525m cross-section data underpredict the experimental results by ~8%. Because the integral benchmark

Egzsting data were not readily available for this work, no additional benchmark testing was performed for
Sm.

8.4 SENSITIVITY ANALYSIS FOR *°Sm IN A BURNUP CREDIT APPLICATION

Sensitivity analyses of the *2Sm in a typical burnup credit application were performed with the
TSUNAMI sequence in SCALE 5.1 (Ref. [L2). The sensitivity of Kesecive to the *2Sm total cross section
for the GBC-32 model is shown in Fig. 37. The burnup credit model is sensitive to the **>Sm

cross sections in the thermal energy region (0.0253 eV) up to about 100 eV and is relatively insensitive to
cross-section data above 100 eV.
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Fig. 37. Sensitivity of the Kefeciive t0 the 2Sm total cross section for the GBC-32 model.

8.5 ASSESSMENT SUMMARY AND RECOMMENDATIONS FOR **’Sm

While there is a general need for cross-section measurements throughout the resonance range, sensitivity
analysis of a typical burnup credit application indicates that **Sm cross-section measurements for
energies up to about 100 eV are most important for burnup credit applications. In addition, the latest
evaluated data files do not provide cross-section covariance information for 1%29m, and new measurement
and evaluation efforts will provide cross-section covariance data in addition to improved cross-section
data. Ata minimum, providing covariance data will benefit burnup credit analyses by enabling the
propagation of 1529m cross-section uncertainty to calculated Kefrective Values. Because of the paucity of
benchmark experiments involving *>Sm, there is a need for ®Sm benchmark critical experiments.
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9. INVESTIGATION OF THE **Gd EVALUATION

9.1 COMPARISON OF **Gd ENDF, JENDL AND JEFF EVALUATIONS

There are seven stable gadolinium isotopes, and the natural abundance for **°Gd is 14.8%. Because of its
high capture cross section, approximately 60000 b at thermal, *>Gd is very important in various nuclear
fuel cycle applications. The latest evaluations for *°Gd in the ENDF, JENDL, and JEFF libraries are
very similar. The RRR and URR regions in the JEFF and JENDL evaluations are identical and only
differ in the high-energy region. The energy limits for the RRR and URR in the ENDF, JENDL, and
JEFF libraries are shown in .

Table 14. Resonance energy regions in ENDF, JENDL, and JEFF libraries for **°Gd

Data library
Energy range ENDF JENDL JEFF
Resolved resonance 10°eV to 183.3 eV 10°eV to 181.8 eV 10°eV to 181.8 eV

region energy range

Unresolved resonance 183.3 eV to 60.4 keV 181.8 eV to 100 keV 181.8 eV t0100 keV
region energy range

The cross-section representation in the RR region is based on the MLBW formalism. The resonance
parameters were adopted from the Mughabghab compilation, and the bound level (negative resonance)
was adjusted to reproduce the experimental total, capture, and scattering thermal cross sections. The
average parameters used in the unresolved region representation of the cross section were based on
experimental data. A comparison of the capture cross section in the ENDF and JENDL evaluations in the
energy from 107° to 5 eV is shown in . Both evaluations give identical results. The capture cross
section is very large in the thermal region and the resonance region.
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9.2 COMPARISONS OF THE *Gd ENDF EVALUATION WITH EXPERIMENTAL DATA

In the resolved-resonance re%gon, the only experimental data found in the EXFOR system is the total
cross section of Moller et al.= in the energy region from 0.0195 to 0.2793 eV. A comparison of the
evaluation in the ENDF library with the experimental data is shown in Fig. 39. The ***Gd evaluation in
the ENDF library represents the total cross section of Moller below 0.3 eV. However, the lack of capture
data in the EXFOR system precludes a complete assessment of the **>Gd evaluation in the ENDF,
JENDL, and JEFF cross-section libraries. The EXFOR file contains total and capture experimental data
for the thermal energy. The thermal data are needed for a complete evaluation but are not sufficient for
developing a complete evaluation. There exists average cross-section data in the kiloelectron volts region
that were used in the evaluation of the URR region. Cross-section measurements are recommended for
15Gd from thermal to 2 keV.
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Fig. 39. Comparison of the experimental total cross section of Moller et al. with the ***Gd ENDF
evaluations.

9.3 BENCHMARK CALCULATIONS

In an effort to test the *°°Gd evaluation of the ENDF, JENDL, and JEFF libraries, a survey of available
benchmark experiments sensitive to the **>Gd cross sections was performed. The IHECSBE LEU-
COMP-THERM-003 (Ref. @) benchmark has a series of critical experiments with clusters of aluminum
clad U(2.35)Ozfuel rods in a large water-filled tank, and the benchmark includes gadolinium as impurity
in the water. Sensitivity analyses revealed that the benchmark is not sensitive to **>Gd and cannot be used
to adequately assess the performance of the *°Gd data. Additional Gd-poisoned experiments in the
IHECSBE were investigated for sensitivity to *°°Gd; however, the available benchmark experiments do
not exhibit strong sensitivity to **>Gd. Benchmark experiments that are sensitive to ***Gd are available in
the CERES experimental program involving UO; in the Minerve and Dimple reactors; however, these
data are not available in the open literature. Based on the summary of C/E results from Ref. E?I using
ENDF/B-VI, the C/E is 0.978 for *°Gd data. Although the authors note the discrepancy is within

two standard deviations, the **>Gd cross-section data underpredict the experimental results by 2-3%.
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Because the integral benchmark testing data were not readily available for this work, no additional
benchmark testing was performed for **°Gd.

9.4 SENSITIVITY ANALYSIS FOR *°Gd IN A BURNUP CREDIT APPLICATION

Sensitivity analyses of the *°Gd in a typical burnup credit application were performed with the
TSUNAMI sequence in SCALE 5.1 (Ref. @). The sensitivity of Kefective t0 the °°Gd total cross section
for the GBC-32 model is shown in Fig. 40. The burnup credit model is sensitive to the ***Gd

cross sections in the thermal energy region (0.0253 eV) up to about 5 eV and is relatively insensitive to
cross-section data above 5 eV.
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Fig. 40. Sensitivity of the Kefeciive t0 the **>Gd total cross section for the GBC-32 model.

9.5 ASSESSMENT SUMMARY AND RECOMMENDATIONS FOR **Gd

The latest ENDF, JEFF, and JENDL evaluations for 1*°Gd are similar. Moreover, the resolved resonance
parameters are based on the Mughabghab™= compilation, and the unresolved resonance data are based on
experimental data. Because the ENDF, JEFF, and JENDL evaluations are judged to be fairly similar, the
three libraries are considered to be comparable in rigor. As a result, the ENDF evaluation was selected
for further examination in the fission product assessment. When compared with the available measured
cross-section database, the evaluated **°*Gd total cross-section data agree with measured data between
0.0195 eV and 0.2793 eV; however, the experimental database does not have measured total cross-section
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data outside of the noted energy range. Except for a single measurement at 0.0253 eV, measured ***>Gd
capture cross-section data could not be located in the experimental database (EXFOR). To assess the
evaluation performance relative to critical benchmark data, the Gd-poisoned criticality experiments from
IHECSBE were examined for sensitivity to *>Gd; however, benchmark experiments sensitive to **°Gd are
not available in the open literature. Unfortunately, **>Gd reactivity worth benchmark experiments could
not be located in the open literature, and an assessment of the performance of ***Gd in reactivity worth
benchmark analyses could not be performed. Based on the general cross-section data assessment, total
and capture *°Gd cross-section measurements are needed from 10° eV and extending through the
resonance region. While there is a general need for cross-section measurements throughout this energy
range, sensitivity analysis of a typical burnup credit application indicates that **>Gd cross-section
measurements for energies up to about 5 eV are most important for burnup credit applications. With the
release of ENDF/B-VII, the gadolinium isotope evaluations have been updated to include cross-section
covariance data.ld Relative to burnup credit, ENDF/B-VII includes improved **>Gd resonance parameter
covariance data that can benefit burnup credit analyses. However, new **°Gd covariance data were not
produced as part of a new resonance analysis; rather, the existing cross-section resonance parameters
were preserved, and approximate methods were used to estimate the covariance information. Although
the ENDF/B-VII **Gd covariance data may benefit sensitivity/uncertainty analyses with the existing
cross-section files, improved *°Gd cross-section data are needed to improve performance for criticality
safety analyses.

Because of the limited amount of benchmark experiments having a significant sensitivity to ***Gd, there is
a need for °Gd benchmark critical experiments. Note that benchmark experiments involving ***Gd have
been performed under the French burnup credit program, and these experiments are sensitive to the **°Gd
cross sections. Because the French benchmark data are not publicly available, these **°Gd-poisoned
experiments are not included in the cross-section data assessment.
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10. INVESTIGATION OF THE “°Eu EVALUATION

10.1 COMPARISON OF ***Eu ENDF, JENDL, AND JEFF EVALUATIONS

Eu is an important precursor for the postshutdown production of **>Gd through beta decay, and accurate
5By data are needed to quantify the production of **°Gd. The buildup of **°Eu in a nuclear reactor is
predominantly due to sequential (n,y) reactions in **Eu and ***Eu. The half-life of *°Eu is 4.75 years.

As noted previously, **°Gd is important because of its high capture cross section. Additionally, ***Eu has
a high capture cross section. The latest **Eu evaluations in the ENDF, JENDL, and JEFF libraries are
very similar. Furthermore, the ENDF and JEFF evaluations are identical. The energy limits for the RRR
and URR regions in the ENDF, JENDL, and JEFF libraries are shown in .

Table 15. Resonance energy regions in ENDF, JENDL, and JEFF libraries for *°Eu

Data library
Energy range
ENDF JENDL JEFF
Resolved resonance 10° eV to 37.5eV 10° eV t0 29.7 eV 10° eV to 37.5eV
region energy range
Unresolved resonance 37.5eV to 10 keV 29.7 eV to 100 keV 37.5eV to 10 keV

region energy range

The cross-section representation in the RR region for the three evaluations is based on the MLBW
formalism with resonance parameters adopted from the Mughabghab compilation.@ In the JENDL
evaluation, the bound level (negative resonance) was adjusted to reproduce the experimental total,
capture, and scattering thermal cross sections. The average parameters used in the URR representation of
the cross section were based on experimental data. A comparison of the capture cross section in the
ENDF and JENDL evaluations in the energy from 107 to 5 eV is shown in . Both evaluations
give identical results.
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Fig. 41. Comparison of the capture cross sections for **Eu from 10 to 4 eV for the ENDF (+) and
JENDL (x).
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10.2 EXPERIMENTAL DATA FOR ®Eu

The only experimental data for **°Eu available in the EXFOR system are the thermal capture cross-section
data at 0.0253 eV and average capture cross-section data in the energy region above the resonance region.
It appears that the **°Eu evaluation in the resonance region is based purely on nuclear model calculations.

New cross-section measurements are needed to improve the **°Eu data in the resonance region.

10.3 BENCHMARK CALCULATIONS

Benchmark experiments that are sensitive to **>Eu are not available in the open literature. Integral
benchmark data for *°Eu may be available in the French experimental program; however, the authors
were not aware of any ***Eu integral data at the time of this work. Therefore, no additional benchmark
testing was performed for **°Eu. As noted in Ref. fl, the ***Gd concentration in SNF is most sensitive to
the **°Eu cross section; persistent discrepancies in the prediction of **>Gd in SNF suggest problems may
exist in the current **°Eu cross-section data.

10.4 SENSITIVITY ANALYSIS FOR " Eu IN A BURNUP CREDIT APPLICATION

Sensitivity analyses of the **°Eu in a typical burnup credit application were performed with the
TSUNAMI sequence in SCALE 5.1 (Ref. @). The sensitivity of Kefective t0 the *°°Eu total cross section
for the GBC-32 model is shown in Fig. 42. The burnup credit model is sensitive to the **Eu

cross sections in the thermal energy region (0.0253 eV) up to about 1 eV and is relatively insensitive to
cross-section data above 1 eV.
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Fig. 42. Sensitivity of the Kefective t0 the ***Eu total cross section for the GBC-32 model.

10.5 ASSESSMENT SUMMARY AND RECOMMENDATIONS FOR *°Eu

Because the ENDF, JEFF, and JENDL evaluations for **°Eu are judged to be fairly similar, the three
libraries are considered to be comparable in rigor. As a result, the ENDF evaluation for ***Eu is used in
the FP assessment. An investigation of the **>Eu resonance evaluation revealed that the resolved
resonance parameters are based on the MughabghabE compilation, and the unresolved resonance
parameters were obtained from cross-section measurements. When compared with available
experimental data listed in EXFOR, the only measured cross-section data for **°Eu are a thermal capture
cross-section measurements at 0.0253 eV. With regard to benchmark performance, **>Eu benchmark
experiments are not available in the open literature. Based on the cross-section evaluation assessment,
total and capture *°Eu cross-section measurements are needed from 10~ eV and extending through the
resonance region. While there is a general need for cross-section measurements throughout this energy
range, sensitivity analysis of a typical burnup credit application indicates that **>Eu cross-section
measurements for energies up to about 1 eV are most important for burnup credit applications.

In addition, the latest evaluated data files do not provide cross-section covariance information for **°Eu,
and new measurement and evaluation efforts will provide cross-section covariance data in addition to
improved cross-section data. At a minimum, providing covariance data will benefit burnup credit
analyses by enabling the propagation of **>Eu cross-section uncertainty to calculated Kefrective Values.
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11. CONCLUSION AND RECOMMENDATIONS

This work provides an assessment of the latest cross-section data for several FPs with the highest worth to
burnup credit: **°Sm, **Nd, *®Rh, *'Sm, *¥3Cs, 1**Gd, and *Sm. In addition, ***Eu, and *°Eu are
included in this assessment because the ***Gd concentration in SNF is highly dependent on ***Eu and to a
lesser extent ***Eu, and calculated isotopic predictions for ***Gd often show significant differences when
compared to measured results. The assessment focused on the latest FP cross-section evaluations that are
available in the ENDF, JEFF, and JENDL libraries as of March 2005. The latest evaluations used in the
report correspond to ENDF/B-V1.8, JEFF3.0, and JENDL3.3.

The accuracy of the data was investigated by using differential and integral data. Measured differential
data were retrieved from the EXFOR system and compared with continuous-energy cross sections
obtained from the evaluated nuclear data libraries processed with the NJOY and AMPX code systems.
To verify the adequacy of the evaluated data in integral benchmark calculations, MCNP and SCALE were
used to investigate the performance of the FP data in benchmark calculations. Integral benchmark
experiments were used to assess the cross sections for 1%*Rh and ***Sm. Reactivity worth measurements
carried out at the French Atomic Energy Commission at Cadarache were used to assess the cross sections
for '°Rh, 1**Cs, *°Eu, **Nd, and ***Sm. With regard to ***Gd, critical benchmark experiments involving
gadolinium are available in the open literature; however, the available benchmarks do not exhibit strong
sensitivity to **Gd. Benchmark experiments that are sensitive to **>Gd are available in the CERES
experimental program involving UO, in the Minerve and Dimple reactors; however, these data are not
available in the open literature. Based on the summary of C/E results,E the *>Gd cross-section data under
predict the experimental capture rate by 2-3%. With regard to the remaining fission products, integral
benchmark data sensitive to the **'Sm, *2Sm and '*°Eu cross sections are not available. The resonance
parameters for *>!Sm, °Sm, **>Gd, and **°Eu in the existing cross-section libraries are basically the
parameters listed in the Mughabghab compilation with minor modifications. Resonance parameters listed
in the Mughabghab compilation are a collection of evaluations used to investigate issues related to
nuclear physics. Moreover, these parameters do not represent a R-matrix analysis of all resonances that
are measured throughout the resonance region. The Mughabghab parameters are typically used as a
starting point for a resonance analysis of measured cross-section data. Therefore, the authors recommend
that measured cross-section data with a corresponding R-matrix analysis be used to improve evaluations
that are based solely on the compilation of Mughabghab resonance parameters. The conclusion is that
there is a definite need for total and capture cross-section measurements for the nine FPs assessed in this
work.

The recommended FP measurements are provided in Table 1a with a tabulated summary of the FP
assessment in [Table 17. The basis for the recommendations in Table 1§ is documented in the body of the
report, and provides a “quick-reference” summary of the cross-section data assessment. For the
FPs noted in [Table 16, new cross-section measurements and corresponding cross-section evaluations
would improve confidence in reactivity predictions in burnup credit applications. In Tables @ and 17,
each FP is identified according to the priority of importance for burnup credit. In addition, Tables L6 and
@ provide a proposed ordering for addressing each FP, and this order does not exactly match the priority
for burnup credit. Primarily, the “Proposed order to address” column was determined based on the
opportunity to leverage current international work activities to produce improved cross-section data
evaluations as quickly as possible. Additional details about international work activities are provided in
the later part of this section. In addition to current international work efforts, the top three FPs in the
“Proposed order to address” column are also stable isotopes. The task of procuring samples and
performing measurements with these stable isotopes is straightforward and provides the best opportunity
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for success (i.e., completed cross-section measurement with corresponding evaluation) in a relatively

short period of time (i.e., 1 to 2 years).

Table 16. Recommended FP cross-section measurements

Evaluated
Priority for Proposed Applicable covariance
burnup order to Fission energy range for data currently
credit address product burnup credit Total Capture available

1 5 19Sm 0.0253-1eV  10°eVthrough 107 eV through No
RRR RRR

2 4 3Nd 0.0253-600 eV 10 eV through 10 eV through No
RRR RRR

3 1 1%3Rh 0.0253-3eV  10°eV-1eV  107°eV through No
RRR

4 6 BISm 0.0253-10eV 4 eV through 107 eV through No
RRR RRR

5 2 8Cs 0.0253-1keV ~ 10eVthrough 107 eV through No
RRR RRR

6 3 %5Gd 0.0253-5eV  10°eVthrough 107 eV through Yes
RRR RRR

7 7 525m 0.0253-100eV 1075 eV through 107 eV through No
RRR RRR

8 8 8ey 0.0253-1keV 10 eV through 107 eV through No
RRR RRR

9 9 ey 0.0253-1eV  10°eV through 107 eV through No

RRR

RRR
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Table 17. FP assessment summary

Measured data available in

Findings from
comparisons

Priority EXFOR with
for Proposed benchmark Findings from GBC-32
burnup  order to Fission criticality reactivity worth cask
credit address product Total Capture experiments experiments %Ak/k
1 5 1%95m 6.47 x 10 eV N/A capture worth capture rate 0.023
to 0.028 eV underestimated  underestimated by
4.8%
2 4 3Nd 10°t010eV  102to10eV N/A capture rate 0.037
underestimated by
60 eV to 30 keV 0.7% - 8.5%
3 1 1%3Rh 18eVto4.2keV  100eVto  notconclusive capture rate 0.022
20 Mev overestimated by 8%—
12.9%
0.39to
34 keV
4 6 1Sm 10°to 4 eV N/A N/A N/A 0.015
5 2 133¢s 0.6t0 20 eV N/A N/A capture rate 0.015
overestimated by
0.016to 4.4 eV 5.5%
11t0 570 eV
6 3 %Gd 0.0195 to 0.0253eV  not conclusive capture rate 0.003
0.2793 eV underestimated
by 2-3%
7 7 %25m N/A N/A N/A capture rate 0.007
underestimated by
~8%
8 8 ey 10°toleV 102to 1 eV N/A not conclusive 0.007
1t010eV
9 9 ey N/A 0.0253 eV N/A N/A 0.008
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The burnup credit program developed by the European Community has expressed concerns regarding FP
isotopes with high capture cross sections. The program identified a series of FPs for which nuclear data
are deficient for reproducing integral benchmark experiment results.® In CY 2005, the Institute for
Reference Materials and Measurements (IRMM) of the Joint Research Center located in Geel, Belgium,
initiated low-energy (i.e., up to 500-eV) cross-section measurements at the GELINA (Geel Electron
Linear Accelerator) facility for '®*Rh. In addition, IRMM has initiated cross-section measurements for
133Cs, and the opportunity exists to build upon the measurement work completed by IRMM. The
GELINA facility is comparable to the ORELA (Oak Ridge Electron Linear Accelerator) measurement
facility at ORNL, and ORELA has the capability to both confirm the existing GELINA measurements and
extend the measurements to higher energies, thereby improving the cross-section evaluations. Because of
the work already completed by IRMM and the availability of '*Rh and ***Cs measurement samples, **Rh
and "*Cs cross-section measurements and evaluations should be completed initially. In addition, ORNL
currently has measurement samples for **°Gd readily available. Therefore, **>Gd should be addressed
following *®Rh and **Cs. Once ®Rh, *3Cs, and **>Gd measurements are completed, cross-section
measurements should be performed for 1*******2Sm and ***Nd. Although ***Nd has higher worth relative
to **'Sm and **°Sm, **°Sm has more worth than ***Nd for burnup credit; however, it is more efficient and
practical to procure samples and perform measurements for all three samarium isotopes simultaneously.
As new cross-section measurements are completed, resonance analysis work can be initiated to develop
new FP cross-section evaluations. As a result, FP measurements and evaluation work can be performed
in parallel to improve the FP cross-section database. Once the seven “high-priority” FPs are addressed,
additional efforts should focus on improving cross-section data for ***Eu and ***Eu in an effort to improve
1%Gd isotopic predictions. Reevaluations of cross-section data should include a more rigorous and
complete evaluation of cross-section uncertainty information. Note that recent measurement and analysis
work has been completed by Rensselaer Polytechnic Institute (RPI) for natural Sm, Nd, and Gd. A B
Note that the recent measurements for Sm, Nd, and Gd were performed on natural samples.
Measurements for enriched isotopic samples would improve the resonance analyses for 1**°11°25m,
3Nd, and °Gd. Therefore, the recent work by RPI for natural Sm, Nd, and Gd should be used in
conjunction with the cross-section measurements and analyses that are recommended in this report.

Finally, integral experiments and differential data measurements and evaluations provide the foundation
for improving nuclear data accuracy. Therefore, it is recommended that critical benchmark experiments
involving **Cs, **Nd, **'Sm, ***Gd, ***Eu, and *°Eu be performed. The recommended FP critical
experiments can be used together with the recommended FP cross-section measurement and evaluation
program to develop improved FP cross-section evaluations for supporting nuclear fuel cycle safety
applications.
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