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ABSTRACT

A complete library of independent fission product yields including covariance information was generated by
a sequential Bayesian methodology. The prior information consisted of independent fission product yields
and branching ratios of the possible decay modes reported in the recently released ENDF/B-VIIIL.O nuclear
data library. The Bayesian procedure consisted of the adjustment of independent fission product yields to
match the set of stable and long-lived cumulative yields reported in the ENDF/B-VIIL.O nuclear data library;
in this work, these yields were considered as legacy values together with their uncertainties. According
to the y%-metric, the results obtained by this methodology show a systematic improvement in terms of the
agreement with legacy reported cumulative yields for the entire adjusted independent fission product yield
library.

1. INTRODUCTION

Following the series of previous works [1][2][3][4] on fission product yield (FPY) evaluation data, this report
describes the generation of a complete, independent FPY library including covariance information obtained
by a sequential Bayesian update. The prior information used in the Bayesian procedure consisted of both
independent FPYs and branching ratios of possible decay modes (8%, 8-n, isomeric transition, a-decay, ...)
reported in the recently released ENDF/B-VIIL.O nuclear data library [5]. The Bayesian procedure com-
prised the adjustment of independent FPYs to match the set of stable and long-lived* cumulative yields
reported in the ENDF/B-VIIL.O nuclear data library—which, in this work, were considered as “legacy” val-
ues together with their uncertainties. The Bayesian algorithm is an updated version of the methodology
presented in Pigni, Francis, and Gauld [1]. Conversely, in this work, the adjustment of the independent
FPY is performed only on stable and long-lived nuclei similarly to that documented in Kawano and Chad-
wick [6]. Although the uncertainties of cumulative FPYs along the decay chain are neglected in the updated
adjustment procedure, the advantage is the reduction in the dimension related to the cumulative FPY matrix.

The scope of the work described in this report aligns with the work presented in Pigni et al. [1] and Francis
et al. [2] and represents its completion, as independent FPY data including covariance information are
generated over the entire set of nuclei and for all incident neutron energies available in the ENDF/B-VIIIL.O
nuclear data library. The goal is to generate independent FPY data to be used in depletion simulations to
calculate fission product concentrations in agreement with the cumulative FPY reported in the ENDF/B-
VIII.O library. The possible disagreement with the legacy cumulative FPY is linked to the decay library and
traces back to ENDF/B-VI release. In fact, the ENDF/B-VIIL.O FPY sub-library—with the exception of a
new FPY evaluation for 2**Pu [6]—is based on the compilations developed by England and Rider, released
in 1994 [7]. Namely, England and Rider produced a recommended set of independent and cumulative
FPYs' based on a compiled list of open literature measurements and calculated charge distributions. This
set was the basis for the FPY evaluations used in ENDF/B-VI library released in 1993 and was subsequently
adopted by ENDF/B-VIIL.0, -VII.1, and -VIIL.O libraries released in 2006, 2011, and 2018, respectively.
Since England and Rider’s initial release of yield data, improved nuclear decay schemes have been adopted
in decay sub-libraries following the ENDF/B-VI release. Therefore, the changes of the branching ratios
for the possible decay modes in the decay library created inconsistencies between the legacy cumulative
FPYs (ENDF/B-VIIL.0) and current calculated data. Another important outcome implicitly generated by
this approach is the generation of covariance data on the cumulative FPYs that are necessary for fission

*Nuclei with a half-life greater than 24 hours were selected.
"These evaluated data included uncertainties for both independent and cumulative yields but no covariance information.



product uncertainty quantification.

The following two sections provide a brief description of the methodology, focusing on the updated algo-
rithm (Section 2.) and the results of the adjustment procedure for the entire set of nuclei (Section 3.). The
summary and conclusions are presented in Section 5..

2. METHODOLOGY

The Bayesian algorithm used in the present work is an updated version of the algorithm presented in Pigni et
al. [1] and developed by Kawano and Chadwick [6]. We refer to those references for a detailed description
of the algorithm and, here, we briefly discuss the updates. First, one should highlight the dependence of the
set of cumulative yields C to the decay library by the branching ratios b as well as the set of independent
yields I, starting from their relation,
Crl=1i+ Y Clby, (1)
J

where the index i refers to each independent and cumulative yields identified by the triplet (A, Z, M). Here, A
and Z are the mass and charge number, respectively, whereas M represents the isomeric state (M = 0 for the
ground state, M = 1 for the 1** meta state). Together with the related fraction b;_,; of the precursor nucleus
Jj to the daughter nucleus i, the index j specifies the decaying nucleus and corresponding decay mode (87,
[B-n, isomeric transition, ...) for the formation of the nucleus labeled i. For a stable or very-long nucleus,
the related cumulative yield C can be found by iterating Eq. (1) until convergence? is found for C " starting
from C ? = [; with no need of solving time-dependent coupled equations [6]. The Bayesian update procedure
was restricted to fit legacy cumulative yields related to stable or long-lived nuclei. In this regard, in addition
to the Bayesian equations—for instance Eqs. (6-8) in Ref. [1])—used to impose the physical constraints to
the independent FPY's, the adjusted values of independent yields I and related covariance matrix P’ were
computed by the following set of equations:

P P - PSYSPS! + Z)"'SP,

2

T I+PS'Z (¢ - Ccay,

where P is the covariance matrix (diagonal in this specific case) of I generated from ENDF/B-VIIL.O uncer-
tainties. The evaluated cumulative yields ¢ and related (diagonal) covariance matrix Z in the ENDF/B-VIIIL.O
library are restricted to stable and long-lived cumulative yields. Therefore, the dimension (n X m) of the sen-
sitivity matrix S is determined by the dimension of the vector I (i.e., m) and the dimension of the vector ¢
or matrix Z (i.e., n).

3. RESULTS

In Figs. 1-50, the ratios of adjusted cumulative yields (in blue) to ENDF/B-VIIL.O legacy values (in purple)
are plotted for all available nuclei at each incident neutron energy. A systematic improvement in the agree-
ment with the legacy cumulative yields is shown together with a reduction of the related uncertainties of the
cumulative yields obtained from the independent FPY covariance matrix. The reduction in the uncertainties
can be understood by the negative correlations of the independent FPY covariance matrix generated in the

*Convergence within 107> precision is usually reached by 10 iterations.



Bayesian procedure. These plots refer to stable or long-lived cumulative yields with a magnitude < 1073
and, because the cumulative yields are plotted as a function of their mass A in the case of metastable nuclei,
the plots show two data points for the same mass. The case for the highest discrepancy is reported for **Pu
at 14 MeV incident neutron energy in Fig. 25. The vector of adjusted independent FPY (I’ in Eq. (2)) was
constrained to sum to 2 (two fragments per fission) within 10~ precision. However, a large tolerance for
the other two physical constraints such as the total charge and prompt neutron emission was given so as to
be comparable to the ENDF/B-VIIL.O FPY compilations.

4. REPOSITORY

The FISSPRO code written to generate these results was stored on a GitHub repository found at the following
link https://code-int.ornl.gov/xtp/fisspro. This repository contains the source files, including
the installation cmake file, the scripts to generate the entire FPY library, as well as the LaTeX files and
figures for this report. The repository consists of five directories, the contents of which are described below.

e inputs contains 51 input files whose name clearly identifies the nucleus, isotope, and energy (e.g.,
input.u235thermal). These files list independent and cumulative FPY's with related uncertainties
plus a file (origen.revxx.decay.data) containing the decay information. All the information is
taken from the ENDF/B-VIIIL.O nuclear data library.

e report contains the LaTeX files to generate this report, including a sub-directory figs for the figures.

e runs contains the results of the calculations generated by running the bash script runall. sh linked
from the ../scripts directory. The bash script assumes to find the executable fisspro in the
. ./build directory and the decay file origen.revxx.decay.data in the ../inputs directory.
After running the calculations with the command ./runall. sh, the results consist of 51 directo-
ries with names easily link-able to the input files (e.g., u235thermal). There is also a bash script
plot_stable.shused to generate plots of the ratios which requires the gnuplot file plot_stable.gp.
Both files are also linked from the . ./scripts directory.

e scripts contains the bash scripts to be used in the . ./runs directory.
e src contains the source files written in Fortran90

The repository also includes a CMakeLists. txt file used for the usual cmake configuration. This consists of
creating a build directory with the command mkdir build, followed by the shell commands cd build and
cmake ../. The configuration will configure the Makefile with the following compiler options -Wall -00
-g -bounds-check -fbacktrace -finit-real=zero -fno-range-check -ffpe-trap=invalid,
zero,overflow -fno-align-commons -lblas -1llapack.



5. SUMMARY AND CONCLUSIONS

The entire ENDF/B-VIIIL.0 independent FPY library was adjusted to consistently match the legacy FPY cu-
mulative yields. In doing so, the decay information reported in the ENDF/B-VIIL.O library was used. In
addition to the adjusted FPY, covariance information (uncertainty and related correlations) was generated.
The results of this work can be used for both uncertainty quantification in depletion calculations and adjust-
ment analyses [4] as implemented in the SCALE code. According to the y?-metric, the results obtained by
this work show a systematic improvement in the agreement with legacy reported cumulative yields for the
entire adjusted independent fission product yield library. These results were stored in a GitHub repository
including source and input files.
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Figure 1. Ratios of stable and long-lived cumulative yields of magnitude >10~2 fitted to
ENDF/B-VIILO library for 2! Am at thermal neutron energy.
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ENDF/B-VIILO library for 23Am at 500 keV neutron energy.
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Figure 9. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 243Cm at thermal neutron energy.
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Figure 10. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 23Cm at 500 keV neutron energy.
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Figure 11. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDEF/B-VIILO library for 24*Cm at 500 keV neutron energy.
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Figure 13. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDEF/B-VIILO library for 24Cm at 500 keV neutron energy.
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Figure 15. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO library for 2>*Es at thermal neutron energy.
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Figure 16. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO library for 2¥’Np at thermal neutron energy.
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Figure 17. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO0 library for 23’Np at 500 keV neutron energy.
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Figure 18. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 2’Np at 14 MeV neutron energy.
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Figure 19. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO0 library for 23Np at 500 keV neutron energy.
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Figure 20. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 2! Am at 500 keV neutron energy.
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Figure 21. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO library for 23Pu at 500 keV neutron energy.
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Figure 22. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 2*Pu at thermal neutron energy.
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Figure 23. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO library for 23°Pu at 500 keV neutron energy.
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Figure 24. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIIL0 library for 2*’Pu at 2 MeV neutron energy.
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Figure 25. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO library for >*Pu at 14 MeV neutron energy.
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Figure 26. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 2*’Pu at thermal neutron energy.
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Figure 27. Ratios of stable and long-lived cumulative yields of magnitude >10-3 fitted to
ENDF/B-VIILO library for 2*’Pu at 500 keV neutron energy.
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Figure 28. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO0 library for 2*°Pu at 14 MeV neutron energy.
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Figure 29. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 2*!Pu at thermal neutron energy.
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Figure 30. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO library for 2*!Pu at 500 keV neutron energy.
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Figure 31. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 2*?Pu at thermal neutron energy.
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Figure 32. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO library for 24?Pu at 500 keV neutron energy.
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Figure 33. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 2>Pu at 14 MeV neutron energy.
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Figure 34. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO0 library for 22’ Th at thermal neutron energy.
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Figure 35. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 2 Th at thermal neutron energy.
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Figure 36. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO0 library for 2>2Th at thermal neutron energy.
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Figure 37. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 23Th at 500 keV neutron energy.
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Figure 38. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 232Th at 14 MeV neutron energy.
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Figure 39. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 233U at thermal neutron energy.
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Figure 40. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO library for 233U at 500 keV neutron energy.
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Figure 41. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO0 library for 233U at 14 MeV neutron energy.
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Figure 42. Ratios of adjusted stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIIL0 library for 234U at 500 keV neutron energy.
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Figure 43. Ratios of adjusted stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO0 library for 2>*U at 14 MeV neutron energy.
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Figure 44. Ratios of stable and long-lived cumulative yields of magnitude >10~3 to ENDF/B-VIIL0
library for 233U at thermal neutron energy.
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Figure 45. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 233U at 500 keV neutron energy.
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Figure 47. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 236U at 500 keV neutron energy.
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Figure 48. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIILO0 library for 23U at 14 MeV neutron energy.
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Figure 49. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO library for 237U at 500 keV neutron energy.
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Figure 50. Ratios of stable and long-lived cumulative yields of magnitude >10~3 fitted to
ENDF/B-VIIL0 library for 233U at 500 keV neutron energy.
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Figure 51. Ratios of stable and long-lived cumulative yields of magnitude >1073 fitted to
ENDF/B-VIILO0 library for 233U at 14 MeV neutron energy.
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