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Nuclear data sensitivity analysis on light water reactor (LWR) nuclear fuel depletion
with the modern evaluated nuclear data files were carried out. Sensitivity coefficients of
the neutron multiplication factors k£ during nuclear fuel depletion to nuclear data were
calculated using the reactor physics code system CBZ with the depletion perturbation
theory. The single fuel pincell problems with UO; and MOX fuels, the 3x3 multicell
problems, and the PWR fuel assembly problems were prepared. The six modern evaluated
nuclear data files were used, and differences in &k from the reference JENDL-4.0 results were
discussed using the sensitivity coefficients. In the results of the single pincell problems, the
UO, and MOX fuel problems show the different trend in the k., differences. Ragarding
the 3x3 multicell problems, the existance of gadolinium changes the trend of the k.
difference comparing with the single pincell model. The PWR assembly problems show

the similar trend in the k., difference as the 3x3 multicell problems.
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1. Introduction

Nuclear data are crucial to quantify the neutronics properties of nuclear systems,
and the evaluated nuclear data files (or libraries) are generally used. The evaluated nu-
clear data files have been developed by several countries/districts or organizations, and
ENDF/B, JEFF, and JENDL are frequently referred. Those files have been updated once
per several (or around ten) years based on newly accumulated differential /integral data
and newly developed models on the nuclear physics. As in January of 2025, the latest
versions of ENDF /B, JEFF, and JENDL are ENDF/B-VIIIL.1, JEFF-3.3', and JENDL-
52, respectively. Although a lot of revisions have been made in these nuclear data files for
the past years, there still be large differences in the evaluated nuclear data among these
files. Some of the previous revisions had difficulty to be accepted in users’ community for
specific applications since the improvement could not be expected after the revisions.

In order to improve the quality of the evaluated nuclear data files, feedback from users
community are beneficial. When neutronics parameters of nuclear systems (or integral pa-
rameters) are calculated with several different nuclear data files, differences among them
generally arise. If these differences are significant, investigation on the origin of these
differences is quite useful for the future nuclear data evaluations. In such cases, nuclear
data users can perform two calculations where one is done with the first nuclear data file
and the other is done after replacing specific nuclear data of the first file by that of the
second file. If they can fortunately find the large difference in the calculated neutronics
parameters, the origin of the difference can be identified. This kind of investigation, how-
ever, is cumbersome especially if detailed information such as type of the reaction and the
concerned energy range are required. To do this, sensitivity coefficients (or the first-order
derivatives of the neutronics parameters with respect to the nuclear data) are powerful
since the origin of the difference in the neutronics parameters due to the differences in the

nuclear data can be easily identified by using them. The usefulness of this procedure has



J. Nucl. Sci. & Technol. Technical Material
been well recognized in the field of nuclear reactor physics, and there have been several
works based on that so far®”.

Sensitivity coefficients of the static neutronics parameters can be easily calculated
with the classical or generalized perturbation theory. In addition, sensitivity coefficients
of the parameters relevant with the nuclear fuel depletion can also be calculated with
the depletion perturbation theory (DPT)®°. Whereas DPT has been well established,
examples of the actual implementations are limited. The reactor physics code system
CBZ being developed at Hokkaido University has the DPT capability with which the
sensitivity coefficients of the neutron multiplication factors and nuclide number densities
during nuclear fuel depletion can be calculated for light water reactor (LWR) fuel assembly
models'®. In the present work, through sensitivity analysis on the neutron multiplication
factor during fuel depletion of LWR using the DPT capability of CBZ, we attempt to
draw the useful information which can be feedback to the community of nuclear data.
In this work, only the reaction cross sections are concerned, and the modern general-
purpose evaluated nuclear data files such as JENDL-4.0'', -5 ENDF/B-VII.1, -VIIL0,
-VIII.1, JEFF-3.2 and -3.3 are treated. The common data for the nuclide decay-relevant
parameters and the fission product yields are used.

The present paper is organized as follows; Section 2 describes the theory of the nuclear
data sensitivity analysis, and employed numerical methods and data; Section 3 is devoted
to provide the problem specifications, and numerical results are presented in Section 4;

Section 5 gives the conclusion of the present work.

2. Theory, numerical methods, and numerical data
2.1. Nuclear data sensitivity analysis

The neutron multiplication factor £ of nuclear systems can be quantified by solving

the neutron transport equation numerically. Since the neutron transport equation uses
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the reaction cross sections defined from the evaluated nuclear data files, a change in
the nuclear data will cause a change in %k calculated from the transport equation. The
sensitivity coefficient is introduced as an index to quantify the impact of change in each

nuclear data on the k calculation, and is defined as

where ¢ is nuclear data and S is the sensitivity coefficient of k to o.

Here two nuclear data files are considered and the nuclear data defined in each file is
denoted to as ¢” and o”. The k calculation that uses these nuclear data files will give
two results, k4 and k. The difference between k4 and k%, Ak, can be estimated from

the following equation:

Ak =k — kP ~ <§—(’j) (0 = oP). (2)

The relative difference in k, Ak/k® | can be written as follow:

== ~
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As shown in this equation, the relative difference in k£ can be obtained by the product of
the sensitivity coefficient and the relative difference in o. If k? is known and the sensitivity
coefficient is available, we can estimate k* with Equation (3) without solving the neutron
transport equation defined from o4.

It should be reminded that Equation (2) is just an approximation, and the complete

equation is written as follows:

Ak = (g—(’j) Ao+ % (%) (Ac)? + % <%) (Ao +--- . ()

If Ao is small, the effect of the terms above the second order is considered negligible, but
otherwise these will also have an effect.
The nuclear data are defined for the nuclide, the type of reaction, and the neutron

energy. In the framework of the deterministic calculation procedure, the neutron energy
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is discretized into the energy groups. If we write the nuclear data for nuclide n, reac-
tion z, and energy group g as o0,,, and write a sensitivity coefficient to 0, ;4 as Sy 2 g,

Equation (3) can be written as follows:

A B

kA — kP n,x,g N Ak
SRy (st Bt ) vy (3) e
nor g n T g

n,r,qg n,Z,9

where (Ak/k) is the relative difference in k resulting from the difference in the nuclear

n,x,g
data of nuclide n, reaction type x, and energy group g.

There are several methods to calculate the sensitivity coefficient of the neutron mul-
tiplication factor to nuclear data. The simplest one is to slightly vary the nuclear data

of interest and observe the corresponding variation in k. This can be expressed in the

following equation:

ok Ak K —k
802- N AO’Z' N AO’i ’ (6)

where k' denotes the multiplication factor obtained when the variation Ag; is given to
nuclear data o;. In principle, the sensitivity coefficient to any nuclear data can be calcu-
lated in this way, but we need to keep in mind that the nuclear data depend on nuclides,
reactions, and energy groups. If the numbers of nuclides, reactions, and energy groups to
be treated are N, X, and GG, then the number of sensitivity coefficients to be calculated is
N x X x (G. To calculate sensitivity coefficients for all these nuclear data, k' calculations
must be performed many times, and it requires a long computation time. On the other
hand, there is an efficient method to calculate the sensitivity coefficients using the solu-
tion of the adjoint neutron transport equation based on the perturbation theory. In the
first-order perturbation theory, the reactivity (or change in k) due to a perturbation of a
system can be easily obtained from the forward and adjoint neutron fluxes of the system
before the perturbation. Sensitivity coefficients can be calculated from the variation of
k with the variation of cross section as shown in Equation (6), so the variation of cross

section is regarded as a perturbation and the reactivity due to the perturbation can be
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calculated based on the perturbation theory.

When neutronics parameters such as the neutron multiplication factor during the fuel
depletion is concerned, two components must be taken into account in the impact of
the cross section perturbation on the parameters. The first one is the direct component
in which the cross section perturbation affects the transport equation at the concerned
burnup state via microscopic cross sections. In addition to this direct component, the
impact of the cross section perturbation on the nuclide number densities at the concerned
burnup state should be considered since the cross section perturbation affects the nuclide
transmutation during the fuel depletion until the concerned burnup state. This effect is
known as the indirect (or burnup) component. The sensitivity coefficients including these

two components can be calculated with DPT.

2.2. Numerical methods and data

In the present work, nuclear fuel depletion calculations were carried out with the
reactor physics code system CBZ.

361-group libraries, whose energy group structure is taken from SHEM-361'2

, were
generated using the FRENDY code!? from the evaluated nuclear data files. Only in the
ENDF/B-VIIL.1 processing, NJOY2016* was used for several nuclides including Pu-239.
The effective (energy-averaged) 361-group cross sections were calculated with the ad-
vanced Bondarenko model'® based on the background cross sections considering the lat-
tice heterogeneity. The Dancoff factors were evaluated with the neutron current method!®.
The elastic scattering cross sections of H-1 below 4 eV were calculated from the thermal
scattering law data for H-1 bounded in light water. The 361-group neutron transport
equation defined from these effective cross sections was solved by the method of charac-

teristics, and the neutron multiplication factor and the neutron flux were obtained at each

burnup point. The scattering anisotropy was taken into account by the PO transport ap-
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proximation. The Bateman equation defined from the reaction rates based on the effective
cross sections and the neutron flux obtained above was solved by the mini-max polynomial

approximation!?!®

, and nuclide number densities at the next burnup point were calcu-
lated. If the target systems contain burnable absorbers, the advanced optimally-weighted
predictor-corrector method!'® was employed to reduce the time discretization error. This
procedure was iteratively carried out until the fuel burnup becomes the specific value.
The nuclide number density change was simulated with the nuclide transmutation chain
consisting of 21 heavy nuclides and 138 fission products®. The decay data and fission yield
data were taken from JENDL/FPD-2011 and JENDL/FPY-20112!. The overall procedure
for the nuclear fuel depletion calculations with CBZ have been verified in our previous
work!?.

In the current implementation of CBZ, the indirect component in the sensitivities for
the (n,f), (n,7), and (n,2n) cross sections of the nuclides included in the fuel pellet region
and the (n,n) cross section of H-1 in the coolant can be calculated. Since the sensitivity
coefficient calculation with DPT requires a huge amount of computer memory and long
computation time, this calculation was carried out with the 107-group cross sections. The
energy group structure was taken from that used in the SRAC code??. The upper and lower
energy boundaries in the SHEM 361-group structure and the SRAC 107-group structure
are different from each other: 19.6 MeV and 0.00011 eV in the former and 10 MeV and
0.00001 eV in the latter. The impact of this difference on the sensitivity analyses results
is considered insignificant. In the sensitivity calculations, the weighted predictor-corrector
method was employed for the systems containing burnable absorbers.

In the present work, 107-group sensitivity coefficients were calculated with JENDIL-4.0-
based library, and the cross section difference in the sensitivity analyses with Eq. (5) was

calculated as differences from the JENDL-4.0 evaluation. While CBZ calculates sensitivity

coefficients to the effective cross sections, the infinite dilution cross sections were used in
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calculating the cross section difference in Eq. (5). This inconsistency might cause some

errors in Ak.

3. Problem specification
3.1. Single pincell problems

PWR-simulated single fuel pincell problems consisting of fuel pellet, cladding, and
coolant was prepared. Regarding the fuel compositions, three UO, fuels with U-235 en-
richment of 3.4 wt%, 4.1 wt%, and 4.7 wt% and one MOX fuel with the plutonium content
of 10 wt% were prepared. The transuranic composition of the MOX fuel is Pu-238/-239/-

240/-241/-242/Am-241 = 2.1/54.5/25.0/9.3/6.4/2.7 %.

3.2. 83X 8 multicell problems including burnable absorber

Two 3x3 multicell problems were prepared. In both the problems, one Gd-bearing
UOs rod is surrounded by normal UQOy fuel rods. The Gd content and the uranium-235
enrichment of the center rod are 10 wt% and 4.0 wt%, respectively. The geometrical
specification and the composition of the peripheral normal UO, fuel in the first problem
was taken from the single pincell problems in the preceding subsection. The uranium-235
enrichment is 4.1 wt%. The second problem is based on the PWR-UQO, assembly prepared
by the working party on reactor physics for LWR next generation fuels of the research
committee of reactor physics in Japan Atomic Energy Research Institute?®. Uranium-235
enrichment of the normal UO, rod is 6.5 wt%. The brief geometrical specification of these
problems is shown in Figure 1.

[Figure 1 about here.|
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3.3. PWR fuel assembly problems

Two PWR fuel assembly problems were taken from the VERA benchmark problem?*,
and these are denoted to as VERA-20 and -2P. The UQO, fuel rods contain the fuel of the
3.1 wt% uranium-235 enrichment while the Gd-bearing rods contain 1.8 wt% uranium-235
and 5 wt% GdzO3 in both the problems. The numbers of the loaded Gd-bearing rods are
12 for VERA-20 and 24 for VERA-2P. The brief geometrical specifications are shown in

Figure 1.

4. Numerical results
4.1. Single pincell problems

The infinite neutron multiplication factors during fuel depletion of the four single pin-
cell problems calculated with JENDIL-4.0 are shown in Fig. 2 and the relative differences
in ke from the reference JENDL-4.0 results are shown in Fig. 3 for JENDL-5, ENDF/B-
VIIIL.0, and JEFF-3.3. The trend between the UO, and MOX fuels is different, while the
differences among the UO, fuels with the different enrichments are insignificant. In the
following, the UO, fuel only with the enrichment of 4.1 wt% is concerned.

[Figure 2 about here.]
[Figure 3 about here.]

Figure 4 shows relative differences in k., from the reference for the UOy and MOX
single pincell problems. The data points shown on these figures are relative differences
directly calculated from the values of k.., and the lines are those estimated from the sen-
sitivity coefficients and the differences in the cross sections. Generally good agreement is
obtained between them. The differences between them might be caused by several possi-
bilities including the first-order approximation in the sensitivity analyses, the limitation
in the nuclear data considered in the indirect component, and the inconsistency of the

multi-group cross sections in Eq. (5).
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At the beginning of the depletion of the UOy pincell problem, differences in k., among
the different nuclear data files are less than approximately 0.4%, but those become large
with the fuel burnup increases. Relatively low estimation of k., by ENDF/B-VIII.1,
ENDF/B-VIIIL.O, JEFF-3.2, JENDL-5, and JEFF-3.3 compared with the reference be-
comes large with the fuel burnup, and the low estimation of JEFF-3.3 reaches over 1.0 %
at 45 GWD/t. Only the result by ENDF/B-VII.1 shows similar trend with the reference
JENDL-4.0 result. Figure 5 shows nuclear data-wise relative differences in k., of the
single UO5 pincell problem from the reference.

e The low k., values with depletion compared with the reference would come from
several nuclear data such as (n,f), (n,y), and 7 of Pu-239, and (n,y) of U-238. The
significantly low k., value with depletion observed in the JEFF-3.3 result comes
from (n,7) and v of Pu-239 and (n,y) of U-238.

e The k difference coming from oxygen absorption cross sections is caused by the
difference above several MeV, so this may come from the difference in the (n,q)
reaction.

e On the differences of JENDL-5, ENDF/B-VIIL.O, and ENDF/B-VIIL.1 from the
reference, contributions of U-235 are cancelled out among (n,f), (n,y), and v. Fig-
ure 6 shows energy-group break down in the sensitivity analyses results of JENDL-5.
Mainly the thermal energy range below 0.1 eV is dominant, but the (n,y) contri-
bution is relatively large in the range from 0.1 eV to 1 eV compared with the (n,f)
contribution.

The comparison between the results of ENDF/B-VIIL.0 and ENDF/B-VIII.1 would
be interesting since ENDF/B-VIIIL.0 tends to underestimate the reactivity of pressurized
water reactors during the fuel depletion compared with the old file, ENDF/B-VII.1%.
When comparing the ENDF /B-VIIL.O result with the ENDF /B-VIII.1 result, the revision

in (n,f) of Pu-239 and (n,y) of U-238 would contribute to moderate the low k., value

10
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during depletion.

On the MOX pincell problem, large differences in k., are observed at the beginning
of the fuel depletion, but the burnup dependence of the k., difference is not significant
as the UOy pincell problem as shown in Fig. 4. In the results of ENDF/B-VIIL.0 and
JEFF-3.3, relatively large dependences on the fuel burnup are observed. Figure 7 shows
nuclear data-wise relative differences in k., of the single MOX pincell problem from the
reference. It is interesting to point out that the difference in the H-1 thermal scattering
data has large impact, and all the concerned nuclear data files show similar trend with
each other. Also, the differences in (n,y) of Am-241 have large impact and shows the
significant burnup dependence in the results of JENDL-5, JEFF-3.2, and -3.3. Since the
resonance parameters of Am-241 in ENDF/B-VII.1, -VIIIL.0, and -VIIIL.1 are taken from
those in JENDL-4.0, no significant differences caused by Am-241 (n,y) are not observed
in the results of these files. In the revision from ENDF/B-VIIL.0 to ENDF/B-VIII.1, v of
Pu-239 and (n,7y) of Pu-240 have relatively large impacts on k.

[Figure 4 about here.|
[Figure 5 about here.]
[Figure 6 about here.|

[Figure 7 about here.|

4.2. 3% 83 multicell problems including burnable absorber

Figure 8 shows k., of the 3x3 multicell problem with the 4.1 wt% UO, fuel and the
relative difference from the reference JENDL-4.0 result. Around the beginning of the fuel
depletion, the differences in k., show similar behavior to those in the UO, single pincell
problem. Until the Gd burnout around 20 GWD /t, the difference in k,, from the reference
tends to shift to the positive side compared with the single UO5 pincell problem except

JENDL-5. In the JENDL-5 result, decrease in the k., difference from the reference becomes

11
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more significant until the Gd burnout, and after the Gd burnout it slightly increases for
the next 5 GWD/t and begins to decrease. Figure 9 shows the nuclear data-wise relative
differences in k., from the reference. Around the beginning of the depletion, the difference
in (n,y) of Gd-157 causes low k., values over 0.2% compared with the reference and this
is common for all the concerned nuclear data files. This suggests that Gd-157 (n,y) cross
sections of JENDL-4.0 are larger than those of the other nuclear data files, and Gd-
157 burns out more quickly during the fuel depletion. Also the difference in the thermal
scattering cross sections of H-1 causes large k., values with the depletion until the Gd
burnout in all these results. Mainly due to the above two mechanism, the k., difference
from the reference shows different trend from that in the UO, single pincell problem until
the Gd burnout. In the JENDL-5 result, the difference in (n,y) of Gd-155 cancels the
effect of (n,y) of Gd-157 out. This result suggests that (n,y) of Gd-155 in the JENDL-5
evaluation is different from that of all the other files.

[Figure 8 about here.]

[Figure 9 about here.]

Figure 10 shows k. of the 3x3 multicell problem with the 6.5 wt% UO, fuel and the
relative difference from the reference JENDL-4.0 result. Whereas the burnup point of the
Gd burnout is different from that in the first 3x3 multicell problem, the trends of the k.,
differences from the reference are very similar. Figure 11 shows the nuclear data-wise
relative differences in k., from the reference. When comparing with the preceding result,
the impact of the difference in (n,f) of U-235 is slightly moderated and that in (n,7y) of
U-235 is enhanced due to the relatively large value of the uranium enrichment and the
neutron flux energy spectrum hardening. This can be understood from the energy group
break down information shown in Figure 6.

[Figure 10 about here.]

[Figure 11 about here.]

12
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4.3. PWR fuel assembly model

Figures 12 and 13 show k., and the relative difference from the reference JENDL-4.0
results for VERA-20 and VERA-2P, respectively. The trends before the Gd burnout are
very similar with those of the 3x3 multicell problem and those after the Gd burnout
are very similar with those of the UO, single pincell problem. Thus, the detailed nuclear
data-wise sensitivity analysis result is omitted here.

[Figure 12 about here.]

[Figure 13 about here.]

5. Conclusion

Burnup calculations were carried out for the LWR single pincell problems, the 3x3
multicell problems, and the PWR assembly problems with the modern evaluated nuclear
data files, and the differences in the neutron multiplication factors from the reference
JENDL-4.0 results were obtained. Furthermore, the origin of these k differences was in-
vestigated through the sensitivity analyses using the sensitivity coefficients and the cross
section differences. The sensitivity analysis results show that the UO, single pincell prob-
lem with different enrichment, 3.4 wt%, 4.1 wt% and 4.7 wt%, do not give any significant
differences in the k., trend, while comparing the UO, and MOX fuels give the significant
differences. Regarding the 3x3 multicell problems with the burnable absorbers changes
the ko trend compared with those of the single cell problems due to the contributions
from Gd-155 and -157 (n,7y) cross sections and the H-1 thermal scattering cross sections.
The PWR assembly problems show the similar trend in the k., differences with those of

the 3x3 multicell problems and the single pincell problems.
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Figure Captions

Figure 1 Geometrical specifications of the 3x3 multicell problems (left) and the

PWR fuel assembly problems (center and right)

Figure 2 k. of the single pincell problems obtained with JENDL-4.0

Figure 3 Relative differences in k., of the single pincell problems using the

JENDL-4.0 results as the reference

Figure 4 Relative differences in k., of the single pincell problems using the

JENDIL-4.0 results as the references

Figure 5 Nuclear data-wise relative differences in k., of the single UO, pincell

problem using the JENDL-4.0 result as the reference

Figure 6 Energy-group break-down in the sensitivity analysis results of JENDL-5

of the single UO, pincell problem

Figure 7 Nuclear data-wise relative differences in k., of the single MOX pincell

problem using the JENDIL-4.0 result as the reference

Figure 8 k., of the 3x3 multicell problem with the 4.1 wt% UO, fuel (left) and

the relative difference from the reference JENDL-4.0 result (right)

Figure 9 Nuclear data-wise relative difference in k., of the 3x3 multicell problem

with the 4.1 wt% UQO,4 fuel

Figure 10 k,, of the 3x3 multicell problem with the 6.5 wt% UO; fuel (left) and
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the relative difference from the reference JENDL-4.0 result (right)

Figure 11 Nuclear data-wise relative difference in k., of the 3x3 multicell problem

with the 6.5 wt% UO, fuel

Figure 12 k., of VERA-20 (left) and the relative difference from the reference

JENDL-4.0 result (right)

Figure 13 k., of VERA-2P (left) and the relative difference from the reference

JENDL-4.0 result (right)
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Figure 9 Nuclear data-wise relative difference in ko, of the 3x3 multicell problem with the 4.1 wt%

U0, fuel
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Figure 10 k. of the 3x3 multicell problem with the 6.5 wt% UO; fuel (left) and the relative difference

from the reference JENDL-4.0 result (right)
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Figure 11 Nuclear data-wise relative difference in ko of the 3x3 multicell problem with the 6.5 wt%

U0, fuel
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Infinite neutron multiplication factor

Figure 12 k. of VERA-20 (left) and the relative difference from the reference JENDL-4.0 result (right)
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Figure 13 k. of VERA-2P (left) and the relative difference from the reference JENDL-4.0 result (right)
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