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a b s t r a c t

This paper presents an assessment of applicability of the multigroup cross sections generated with
Monte Carlo tools to the fast reactor analysis based on transport calculations. 33-group cross section sets
were generated for simple one- (1-D) and two-dimensional (2-D) sodium-cooled fast reactor problems
using the SERPENT code and applied to deterministic steady-state and depletion calculations. Relative to
the reference continuous-energy SERPENT results, with the transport corrected P0 scattering cross sec-
tion, the k-eff value was overestimated by 506 and 588 pcm for 1-D and 2-D problems, respectively, since
anisotropic scattering is important in fast reactors. When the scattering order was increased to P5, the 1-
D and 2-D problem errors were increased to 577 and 643 pcm, respectively. A sensitivity and uncertainty
analysis with the PERSENT code indicated that these large k-eff errors cannot be attributed to the sta-
tistical uncertainties of cross sections and they are likely due to the approximate anisotropic scattering
matrices determined by scalar flux weighting. The anisotropic scattering cross sections were alterna-
tively generated using the MC2-3 code and merged with the SERPENT cross sections. The mixed cross
section set consistently reduced the errors in k-eff, assembly powers, and nuclide densities. For example,
in the 2-D calculation with P3 scattering order, the k-eff error was reduced from 634 pcm to �223 pcm.
The maximum error in assembly power was reduced from 2.8% to 0.8% and the RMS error was reduced
from 1.4% to 0.4%. The maximum error in the nuclide densities at the end of 12-month depletion that
occurred in 237Np was reduced from 3.4% to 1.5%. The errors of the other nuclides are also reduced
consistently, for example, from 1.1% to 0.1% for 235U, from 2.2% to 0.7% for 238Pu, and from 1.6% to 0.2% for
241Pu. These results indicate that the scalar flux weighted anisotropic scattering cross sections of SER-
PENT may not be adequate for application to fast reactors where anisotropic scattering is important.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, there are increasing interests in using Monte Carlo
(MC) tools in generatingmultigroup cross sections for deterministic
reactor core calculations [1e8] because of their flexible modeling
capabilities for complex geometries and spectral transitions.
However, the quality of these cross sections strongly depends upon
the precision and the statistical uncertainties of the collected data.
Approximate methods are also used to enhance the statistics of the
quantities of interest. In particular, the anisotropic scattering
matrices required for transport calculations are generated with the
Lin), wonyang@umich.edu

by Elsevier Korea LLC. This is an
scalar flux weighting rather than the corresponding angular flux
moment [2,6,9] since inmost lattice physics calculations, the higher
order angular fluxmoments that require summation of positive and
negative terms become close to zero with very large statistical
uncertainties [9].

Few-groupcross sections generatedwithMonteCarlo codeshave
been applied successfully to core neutronics analyses of various
thermal reactors [1,2,6,7,10],where anisotropic scattering effects are
small. However, the scalar flux weighted anisotropic scattering
matrices would introduce biases in the reactivity and the power
distributions in fast reactors. In the fast energy range, the elastic
scattering is highly anisotropic for most nuclides and the neutron
leakage is large because of small reaction cross sections. As a result,
the anisotropic scattering is important in fast reactors, and thus all
the deterministic multigroup cross section generation codes for fast
reactor applications calculate the higher order Legendre moment
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spectra (often with the extended transport approximation) for
group collapsing of anisotropic scattering cross sections [11e13].
Therefore, wemade an initial assessment for the applicability of the
multigroup cross sections generatedwith theMCmethod to the fast
reactor analysis based on neutron transport calculations.

The applicability was assessed for simple one- (1-D) and two-
dimensional (2-D) sodium-cooled fast reactor (SFR) problems. For
each problem, a set of multigroup cross sections was prepared from
a reference continuous-energy MC calculation, and the determin-
istic calculation results obtained with this cross section set were
compared with the reference MC results. For this study, the SER-
PENT code [14] was selected. SERPENT is the most wildly used MC
code for multigroup cross section generation since it has a built-in
capability that automatically performs the energy collapsing and
spatial homogenization to generate cross sections in a user-
specified group structure. The deterministic calculations were
performed using the suite of fast reactor analysis codes of Argonne
National Laboratory (ANL). Whole-core transport and depletion
calculations were performed, and the eigenvalue, power distribu-
tion, and nuclide density results were compared with the SERPENT
results. The propagation of the statistical uncertainties of the
SERPENT multigroup cross sections was also evaluated by per-
forming sensitivity and uncertainty analyses.

The remaining of this paper is organized as follows. Themethods
and codes used in this study are briefly discussed in Section 2. The
test problems are also described briefly. Section 3 presents the nu-
merical results. Thewhole-core transport calculation results arefirst
presented. This is followed by the sensitivity and uncertainty anal-
ysis results to investigate the statistical uncertainties of the multi-
group SERPENTcross sections. The performance of an alternative set
of anisotropic scattering cross sections generated using the MC2-3
code was also presented. The depletion calculation results are then
discussed. Finally, Section 4 presents conclusions.

2. Calculation method and model

The applicability of multigroup cross sections generated with
MC codes for SFR analyses was assessed by performing transport,
depletion, and perturbation calculations using the ANL suite of fast
reactor analysis codes and by comparing the results with the
reference MC results. Using the multigroup cross sections gener-
ated with SERPENT, a steady-state core calculation was performed
using the VARIANT nodal transport solver of the DIF3D code
[15e17]. The uncertainty of the core multiplication factor due to the
statistical uncertainties of the SERPENT cross sections was esti-
mated by calculating the sensitivity coefficients of the core multi-
plication factor with respect to isotopic cross sections using the
PERSENT code [18]. A fuel depletion calculation was carried out
using the REBUS-3 code [19] with the VARIANT flux solver. An
overview of applied tools and methods is presented in this section.

2.1. Code descriptions

2.1.1. SERPENT
SERPENT [14] is a continuous-energy Monte Carlo code with

built-in capabilities for burnup calculation and homogenized
multi-group constant generation. In this study, the version of
SERPENT 2.1.29 was used along with the ENDF/B-VII.0 cross section
data library. SERPENT utilizes the universe-based geometry model,
which allows modeling of complicated three-dimensional geome-
tries. In SERPENT burnup calculations, both the transmutation
trajectory analysis method (TTA) and Chebyshev rational approxi-
mation method (CRAM) algorithms are available along with several
time discretization schemes such as the conventional Euler, the
predictor-corrector and the sub-step methods.
In the standard output of SERPENT, the universe-wise macro-
scopic cross sections including the principal cross sections, scat-
tering matrices, transport cross sections, diffusion coefficients are
provided, which can be directly used for core neutronics calcula-
tions. To provide the microscopic cross sections for the micro-
depletion calculation, SERPENT provides the “mdep” option, in
which the user can specify the nuclides and reaction types of in-
terest. Alternatively, the microscopic cross sections for flux and
depletion calculations can be calculated using the detector (tally)
cards based on the following collision estimator:

R¼ 1
V

ð
V

ð
DE

f ðr; EÞfðr; EÞdEdV (1)

where R is the collision estimator, f is the detector response func-
tion that determines the physical meaning of the estimator, and f is
the collision density. For example, the group-wise microscopic total
cross section (MT ¼ 1) can be calculated by the ratio of the
microscopic total reaction rate to the flux. The microscopic reaction
rates can be obtained by assigning a fictitious material of unity
nuclide density along with the use of detector response function,
which is similar to the ENDF reaction MT number. The neutron flux
integrated over space and energy can be obtained using the unity
response function.

The scattering matrices in the SERPENT output are available up
to P7 order. The high order scattering matrices are generated with
the scalar flux weighting instead of the corresponding angular flux
moment as

Ssn;gg0 ¼

ð
V

ð
DEg

ð
DEg0

Ssnðr; E/E0Þfðr; EÞdEdE0dV

ð
V

ð
DEg

fðr; EÞdEdV
(2)

where Ssn is the n-th Legendre moment of the double differential
scattering cross section. To be precise, the energy group conden-
sation in Eq. (2) should be performed using the n-th angular flux
moment spectrum, but SERPENT resorts to the scalar flux spectrum
instead since the calculation of volume-integrated angular flux
moments is not practically feasible in Monte Carlo simulation [9].

The multigroup microscopic cross sections, macroscopic scat-
tering production matrices, fission neutron yield (nu), average
fission neutron spectrum (chi), and heating factors generated from
SERPENT were written into the ISOTXS. The heating factors were
calculated in SERPENT under the assumption that all the fission
energies are deposited locally at the fission site and the heating
factor is directly proportional to the fission Q-value. To be consis-
tent with the SERPENTcalculation, the energy yield per capturewas
set to zero, and the energy release per fission was determined as

Efiss;i ¼
Qi

QU235
HU235 (3)

where Qi is the fission Q-value for nuclide i and HU235 is the heating
factor (202.27 MeV) for 235U, which includes the energy released in
capture reactions. This assumption would introduce some bias in
the spatial distribution of energy deposition, but this is consistent
with the SERPENT MC calculation.
2.1.2. MC2-3
To investigate the impact of scalar flux weighted anisotropic

scattering cross sections of SERPENT on fast reactor neutronics
calculations, an alternative set of anisotropic scattering cross



Fig. 1. Two-dimensional mini-core layout.
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sections was generated using the MC2-3 code [12], which is a well-
known multi-group cross section generation code for fast reactor
applications. The MC2-3 code is an updated version of the MC2-2
code with enhanced capabilities for resonance self-shielding and
spectrum calculations. The MC2-3 code solves the consistent P1
transport equation with the user-specified order of extended
transport approximation for a homogeneous medium, heteroge-
neous slab, or cylindrical unit cell problem at the ultrafine (2082) or
hyperfine (~400,000) group level. Using the flux moment solution,
multi-group cross sections are generated in the user-specified
group structure. It can also perform a two-dimensional whole
core transport calculation in cylindrical-z geometry using ultrafine
group cross sections to generate region-dependent multi-group
cross sections by taking into account the region-to-region spectral
transition effects. The resulting cross sections are stored in the
ISOTXS format.

2.1.3. DIF3D/VARIANT
The DIF3D code [15,16] was initially developed for finite differ-

ence and nodal diffusion calculations. The finite difference option is
applicable to multi-dimensional Cartesian, cylindrical, spherical,
and triangular geometry problems, and the nodal option is appli-
cable to multi-dimensional Cartesian and hexagonal geometry
problems. To improve the accuracy of flux solutions in the fast
reactor analysis, the VARIANT transport solver [17] was added to
the DIF3D code in 1995. VARIANT employs the variational nodal
method to solve the second order even-parity transport equation,
which preserves the nodal neutron balance and allows the solution
refinement using complete polynomial trial functions in the space
and spherical harmonics in the angle. VARIANT solves Cartesian
and hexagonal geometry problems.

2.1.4. PERSENT
PERSENT [18] is a generalized perturbation theory (GPT) code

based upon the three-dimensional (3-D) transport calculation op-
tions available through the VARIANT option of the DIF3D code. The
group-wise and mesh-wise reactivity changes due to the pertur-
bations in microscopic cross sections and nuclide densities are
calculated using the flux and adjoint flux solutions obtained with
VARIANT. Using the GPT, the sensitivity coefficients of a response
parameter R with respect to an input parameter a is calculated as

SR;a ¼
vR=R
va=a

(4)

Three response parameter options are available for sensitivity
analysis: reaction rate, reaction rate ratio, and reactivity worth. The
sensitivity coefficient can be used to estimate the uncertainty in
each response parameter with respect to the uncertainty of input
parameters such as cross sections.

2.1.5. REBUS-3
REBUS-3 [19] is a system of programs designed for the fuel cycle

analysis of fast reactors and accelerator-driven systems. The orig-
inal REBUS was developed in 1970 for calculating the equilibrium
operating conditions of liquid metal fast breeder reactors. During
the past five decades, various extensions and refinements have
been made in the simulation of material motions in fuel cycle fa-
cilities and the solution of the neutronics and isotopic trans-
mutation equations that govern the reactor behavior. REBUS-3
solves two basic types of analysis problems: 1) the explicit cycle-
by-cycle or non-equilibrium operation of a reactor under a speci-
fied periodic or non-periodic fuel management program and 2) the
infinite-time or equilibrium conditions of a reactor operating under
a periodic fuel management scheme.
2.2. Description of computational model

A two-dimensional mini-core problem was prepared based on
the low enriched uranium (LEU) fueled Break-even Fast Reactor
(LEUBFR) core design [20] to access the applicability of cross sec-
tions generated with SERPENT. Fig. 1 shows the layout of the two-
dimensional LEUBFR mini-core model. In this model, five rows of
fuel assemblies are surrounded by two rows of reflector assemblies.
The fuel composition is a typical fast reactor composition, which
was extracted from the REBUS-3 output of the LEUBFR at the
beginning of cycle 16 [21]. For simplicity, the core-averaged fuel
composition of LEUBFR was used for all the fuel assemblies. Ho-
mogeneous assemblymodels were used for all the calculations. The
fuel and reflector compositions are presented in Table 1.

In order to investigate the impact of scalar flux weighted
anisotropic cross sections inmore clean condition, a simple 1-D test
problem was also derived from the above 2-D mini-core problem.
Fig. 2 shows the layout of the 1-D problem composed. The fuel and
reflector compositions in Table 1 were used.

The SERPENT calculations were performed for test problems
using 100,000 histories per cycle and 300 inactive and 1700 active
cycles. An individual set of 33-group cross sections was prepared
for deterministic calculations. The 33-group structure is presented
in Table 2. In order to minimize the effects of different depletion
methods, both the SERPENT and REBUS-3 depletion calculations
were performed using the Euler method with a single burn step.
That is, the nuclide densities at the end of burn stepwere calculated
using the flux calculated at the beginning of burn step. In addition,
to account for the production ratios between the metastable and
ground states of 236Np and 242Am, the same branching ratios were
used for the 237Np (n,2n), 241Am (n,g), and 243Am (n,2n) reactions.
The branching ratios were controlled by the “isobar” option of
SERPENT and the user-specified burn chain data in REBUS-3.
3. Results

3.1. Steady state core calculation

Using the 33-group cross section sets, steady-state core calcu-
lations were performed using the VARIANT nodal transport code
with different Legendre orders of anisotropic scattering cross sec-
tions. The spatial polynomial orders for the flux, source, and



Fig. 2. Layout of one-dimensional test problem.

Table 1
Nuclide densities (atoms/barn-cm) used in mini-core problem.

Fuel assembly Reflector

Nuclide Density Nuclide Density Nuclide Density

234U 7.584E-07 96Zr 1.043E-04 54Fe 3.426E-03
235U 5.241E-04 54Fe 7.870E-04 56Fe 5.378E-02
236U 1.882E-04 56Fe 1.235E-02 57Fe 1.242E-03
238U 1.116E-02 57Fe 2.853E-04 58Fe 1.653E-04
237Np 9.756E-06 58Fe 3.797E-05 58Ni 2.697E-04
236Pu 2.169E-10 58Ni 6.196E-05 60Ni 1.039E-04
238Pu 5.534E-06 60Ni 2.387E-05 61Ni 4.517E-06
239Pu 8.272E-04 61Ni 1.038E-06 62Ni 1.440E-05
240Pu 1.384E-04 62Ni 3.307E-06 64Ni 3.669E-06
241Pu 1.111E-05 64Ni 8.428E-07 50Cr 3.871E-04
242Pu 1.238E-06 50Cr 8.891E-05 52Cr 7.464E-03
241Am 8.835E-07 52Cr 1.715E-03 53Cr 8.464E-04
242mAm 1.750E-08 53Cr 1.944E-04 54Cr 2.107E-04
243Am 4.973E-08 54Cr 4.839E-05 92Mo 5.996E-05
242Cm 2.075E-08 92Mo 1.377E-05 94Mo 3.737E-05
243Cm 3.324E-10 94Mo 8.585E-06 95Mo 6.432E-05
244Cm 4.630E-09 95Mo 1.478E-05 96Mo 5.910E-05
245Cm 1.503E-10 96Mo 1.358E-05 97Mo 3.859E-05
246Cm 3.546E-12 97Mo 8.863E-06 98Mo 9.750E-05
90Zr 1.917E-03 98Mo 2.239E-05 100Mo 3.891E-05
91Zr 4.180E-04 100Mo 8.938E-06 55Mn 4.233E-04
92Zr 6.389E-04 55Mn 9.724E-05 23Na 3.452E-03
94Zr 6.474E-04 23Na 6.250E-03
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leakage were 8, 8, and 4, respectively. Table 3 compares the
resulting multiplication factor (k-eff) results of VARIANT with the
reference SERPENT solution.

It can be seen that with the 33-group cross sections prepared
from the reference SERPENT calculation, VARIANT highly over-
estimates the core multiplication factor compared to the reference
SERPENT result for both 1-D and 2-D problems. With the transport
corrected P0 (TCP0) scattering cross section, the k-eff errors of 1-D
Table 2
33-Group structure used for deterministic calculations.

Group Upper energy bound (eV) Group Upper energy bound (eV)

1 1.419Eþ07 18 3.355Eþ03
2 1.000Eþ07 19 2.035Eþ03
3 6.065Eþ06 20 1.234Eþ03
4 3.679Eþ06 21 7.485Eþ02
5 2.231Eþ06 22 4.540Eþ02
6 1.353Eþ06 23 2.754Eþ02
7 8.209Eþ05 24 1.670Eþ02
8 4.979Eþ05 25 1.013Eþ02
9 3.020Eþ05 26 6.144Eþ01
10 1.832Eþ05 27 3.727Eþ01
11 1.111Eþ05 28 2.260Eþ01
12 6.738Eþ04 29 1.371Eþ01
13 4.087Eþ04 30 8.315Eþ00
14 2.479Eþ04 31 3.928Eþ00
15 1.503Eþ04 32 5.316E-01
16 9.119Eþ03 33 4.175E-01
17 5.531Eþ03
and 2-D problems are 506 and 588 pcm, respectively. These large
errors indicate that anisotropic scattering is important in fast re-
actors. The k-eff errors are slightly reduced for P1 scattering cross
section, but it is very likely due to error cancellation. The P3 and P5
scattering approximations yield the almost same k-eff values. With
P5 scattering order, the 1-D and 2-D problem errors are increased to
577 and 643 pcm, respectively. It is also noted that the k-eff error is
smaller in the 1-D problem than in the 2-D problem because of
smaller leakage due to reduced surface-to-volume ratio. These k-eff
errors are too large to be attributed to the angular or spatial
approximation of VARIANT solutions. Furthermore, the k-eff error
increases with increasing scattering order, which is counter-
intuitive. These results suggest that the scalar flux weighted
anisotropic scattering cross sections of SERPENT might not be
adequate for application to fast reactors where anisotropic scat-
tering is important. Since the 1-D and 2-D problems show similar
trends, only the results obtained from the 2-D model are discussed
in the following.
Table 3
Core multiplication factors determined with SERPENT cross sections.

SERPENT Monte Carlo (reference) 1-D 1.13992 ± 0.00010

2-D 1.08221 ± 0.00010

Scattering order of VARIANT TCP0 P1 P3 P5

VARIANT k-eff e
SERPENT k-eff (pcm)

1-D 506 478 572 577
2-D 588 444 634 643
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3.2. Effects of statistical uncertainties of cross sections

In order to identify the main causes for the observed large dif-
ferences between the VARIANT and SERPENT k-eff values, the ef-
fects of the statistical uncertainties of SERPENT multigroup cross
sections on the k-eff value of VARIANT was estimated. The sensi-
tivity coefficients of VARIANT k-eff with respect to isotopic cross
sections were estimated using the PERSENT code [15]. The uncer-
tainty of k-eff was estimated using the linear error propagation:

�
dk
k

�2

¼ STVS (5)

where V is the relative cross section covariance matrix obtained
from the SERPENT calculation, S is the vector composed of the
relative sensitivity coefficients in Eq. (4), and the superscript T
denotes the transpose of the matrix. In this study, the off-diagonal
elements of the covariance matrix of multigroup cross sections
were neglected and only variance terms were considered.

Figs. 3 and 4 show the relative statistical errors (S.E.) of multi-
group cross sections of SERPENT and the k-eff sensitivity co-
efficients for the top four contributors to the estimated uncertainty
of VARIANT k-eff. It can be seen from Fig. 3 that the 239Pu fission
spectrum has larger sensitivity coefficients than that of 235U and
238U. The sensitivity coefficient is about 0.13 in group 4. That is, a 1%
increase in the 239Pu fission spectrum of group 4would increase the
k-eff value by 0.13%. The same statistical uncertainty in fission
neutron spectrum was used for these three isotopes since the
composition-averaged fission spectrumwas used for all fissionable
nuclides. The uncertainties in the fission neutron spectra of 239Pu,
235U, and 238U are up to 0.36% around 10 keV, but they reduce to
about 0.01% in the energy range where the sensitivity coefficients
are significant. Similarly, the uncertainty of 56Fe capture cross
Fig. 3. Statistical Errors in Fuel Composition Chi and k-ef
section is up to 0.2% around 1 keV, and the sensitivity coefficient is
as large as 0.16% in magnitude.

The estimated k-eff uncertainty due to the uncertainties of
239Pu, 235U, and 238U fission neutron spectra were 4, 2, and 1 pcm,
respectively. Each of 56Fe capture cross sections in fuel and reflector
contributed to the k-eff uncertainty by 0.1 pcm. The total k-eff
uncertainty due to the uncertainties in the SERPENT multigroup
cross sections was about 8 pcm. This result indicates that the
observed large difference between the VARIANT and SERPENT k-eff
values cannot be attributed to the statistical uncertainties of SER-
PENT cross sections although the covariance between different
cross sections was not included in the k-eff uncertainty estimation.
3.3. Alternative anisotropic scattering cross sections

The results in Sections 3.1 and 3.2 indicate potential problems in
the anisotropic scattering matrices from SERPENT that are
weighted by the scalar flux instead of the corresponding Legendre
moments of flux. In order to investigate the effect of anisotropic
scattering cross sections, the anisotropic scattering cross sections
were alternatively generated using the MC2-3 [9] code and its
ENDF/B-VII.0 cross section library. A new 33-group cross section set
was prepared by replacing the anisotropic scattering cross sections
in the 33-group SERPENT cross section set with those of MC2-3.
Using this mixed cross section set, VARIANT calculations were
repeated with different anisotropic scattering orders for the 2-D
mini-core problem.

Table 4 compares the VARIANT k-eff errors relative to the
reference SERPENT result for two different sources of anisotropic
scattering cross sections. It can be seen that with the mixed cross
section set, VARIANT underestimates the k-eff relative to the SER-
PENT reference result but the degree of underestimation decreases
with increasing scattering order. For P5 anisotropic scattering, the
f Sensitivity Coefficients of 239Pu, 235U, and 238U Chi.



Fig. 4. Statistical Errors in and k-eff Sensitivity Coefficient of 56Fe Capture Cross Section.
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VARIANT solution obtained with the MC2-3 anisotropic scattering
cross sections agrees relatively well with the reference SERPENT
solution with a k-eff error of �213 pcm.

The assembly power distributions obtained from the 33-group
VARIANT calculations with the two anisotropic scattering cross
section sets were also compared with the SERPENT Monte Carlo
solution. Fig. 5 shows the SERPENTassembly powers and associated
relative statistical errors for one-third core. The power distribution
was normalized to a total power of 10 MW with a core height of
1 cm. The power differences among fuel assemblies in symmetric
locations were less than the statistical errors shown in Fig. 5.

Table 5 shows the maximum and RMS errors of VARIANT as-
sembly powers for different sources and Legendre orders of
anisotropic scattering cross sections. When the anisotropic cross
sections of SERPENT were used, in the assembly power comparison
with the reference SERPENT results in Section 3.3, the fuel assembly
(5,1) in Fig. 1 showed the maximum error. On the other hand, when
the anisotropic cross sections of MC2-3 were used, the fuel as-
sembly (5,13) in Fig. 1 showed the maximum error. This difference
is due to the statistical uncertainties in the reference SERPENT so-
lution. Since the assemblies (5,1) and (5,13) are in symmetric lo-
cations, the VARIANT solutions produced the same power for the
two assemblies. The reference SERPENT solution showed a small
difference, but it is less than one standard deviation. Table 5 shows
that the MC2-3 anisotropic scattering cross sections reduce the
Table 4
Deviation (pcm) of VARIANT k-eff from Reference SERPENT Result.

Source of anisotropic scattering cross sections Scattering order

P1 P3 P5

SERPENT 444 634 643
MC2-3 �430 �223 �213
assembly power errors more than two times relative to the SER-
PENT anisotropic scattering cross sections. For P5 anisotropic scat-
tering, the VARIANT assembly power obtained with the MC2-3
Fig. 5. Serpent assembly powers (MW) and relative statistical errors.



Table 5
VARIANT assembly power errors from SERPENT results.

Scattering order Source of anisotropic
scattering cross sections

Maximum error RMS error

TCP0 SERPENT 3.0% 1.4%
P1 SERPENT 2.4% 1.2%

MC2-3 1.2% 0.7%
P3 SERPENT 2.8% 1.4%

MC2-3 0.8% 0.4%
P5 SERPENT 2.9% 1.4%

MC2-3 0.6% 0.4%
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anisotropic scattering cross sections agree very well with the
reference SERPENT solution with a maximum error or 0.6% and a
RMS error of 0.4%.

As in the k-eff case, the VARIANT solutions obtained with the
SERPENT anisotropic scattering cross sections show increasing as-
sembly power errors with increasing scattering order. This in-
dicates that the SERPENT anisotropic scattering cross sections do
not represent the inter-assembly leakage accurately. To investigate
the trends of k-eff and assembly power errors, the scattering cross
section matrices were examined. Figs. 6 to 9 compare the macro-
scopic isotropic (P0) and anisotropic (P1, P3 and P5) scattering cross
sections of fuel composition calculated with the SERPENT andMC2-
3 cross sections in the energy range from 10 keV to 14 MeV, where
most of the neutrons are located.

It can be seen that the P0 scattering cross sections of MC2-3 and
SERPENT agree well for the entire energy range. On the other hand,
the P1, P3 and P5 scattering cross sections of MC2-3 and SERPENT
agree each other only above ~0.5 MeV. In the energy range below
0.5 MeV, the SERPENT and MC2-3 cross sections show noticeable
differences with larger differences in P3 and P5 cross sections. It is
noted that the anisotropic scattering cross sections of SERPENT are
generally smaller than the corresponding anisotropic scattering
cross sections of MC2-3. The relative statistical errors of anisotropic
Fig. 6. Comparison of isotropic scattering
scattering cross sections of SERPENT in Figs. 7 to 9 show that the
S.E. of scattering cross sections increases with the scattering order.
The S.E. of P1 cross sections are less than 0.5%. For P3 and P5 cross
sections, most of their S.E are larger than 5% in the energy region
below 0.5 MeV. It should be noted that the uncertainties of the
anisotropic scattering cross sections would increase significantly if
the corresponding angular flux moments are used instead of the
scalar flux.

Fig. 10 shows the relative deviations in assembly powers of the
VARIANT solutions obtained with P1 and P5 scattering cross sec-
tions of SERPENT and MC2-3 from the reference SERPENT solution.
The smaller anisotropic scattering cross sections of SERPENT yield
smaller neutron leakage, resulting in flatter flux and power distri-
butions. As a result, the assembly power is underestimated at the
core center and overestimated at the core periphery. When the
scattering order is increased from P1 to P5, the maximum error
increases from 2.4% to 2.9% and the RMS error increases from 1.2%
to 1.4%. The underestimated leakage in turn overestimate the k-eff
value as shown in Table 4. On the other hand, the VARIANT solu-
tions obtained with the MC2-3 anisotropic scattering cross sections
slightly overestimate the neutron leakage. Therefore, the assembly
power is slightly overestimated at the core center and under-
estimated at the core periphery, and the k-eff value is under-
estimated as shown in Table 4 The k-eff and assembly power errors
decrease with increasing anisotropic scattering order. When the
scattering order is increased from P1 to P5, the maximum assembly
power error is reduced from 1.2% to 0.6% and the RMS error is
reduced from 0.7% to 0.4%.
3.4. depletion calculation

In order to investigate the propagation of flux errors in depletion
calculation, the REBUS-3 calculations were performedwith the two
sets of cross sections. The depletion calculation was performed at a
power level of 10 MW for 12 months. The VARIANT transport
cross sections of MC2-3 and SERPENT



Fig. 7. Comparison of P1 scattering cross sections of MC2-3 and SERPENT

Fig. 8. Comparison of P3 scattering cross sections of MC2-3 and SERPENT
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Fig. 9. Comparison of P5 scattering cross sections of MC2-3 and SERPENT
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calculations were performed with P3 anisotropic scattering order.
The resulting nuclide densities of the assembly (5.1) at the end of
depletion step were compared with the reference SERPENT results.
Fig. 10. Assembly power errors of VARIANT solutions obtained with P1/P5 scattering
cross sections of SERPENT and MC2-3 relative to reference SERPENT solution.
Table 6 presents the heavy metal nuclide densities of the as-
sembly (5.1) at the beginning and at the end of depletion steps
obtained from the SERPENT Monte Carlo calculation. As can be
seen, 238U, 239Pu, and 235U are the dominant nuclides in the fuel.
The nuclides of which weight fraction throughout the burn cycle is
at least 0.1% (w/o) are marked in bold type.

The nuclide densities of fuel assembly (5.1) at the end of
depletion step obtained from REBUS-3 calculations are compared
with the reference SERPENT results in Table 7. Only the nuclides of
larger than or equal to 0.1 w/o are presented. The REBUS-3 results
obtained with the SERPENT anisotropic scattering cross sections
shows a maximum error of 3.4% for 237Np. When the MC2-3
anisotropic scattering cross sections are used, this maximum error
is reduced to 1.5%. The errors of the other nuclides are also reduced
consistently, for example, from 1.1% to 0.1% for 235U, from 2.2% to
0.7% for 238Pu, and from 1.6% to 0.2% for 241Pu.

4. Conclusions

The applicability of the multigroup cross sections generated
with the MC method to the fast reactor analysis based on neutron
transport calculations has been assessed. The applicability was
assessed for simple 1-D and 2-D SFR problems by preparing a set of
33-group cross sections from a SERPENT calculation. With this 33-
group cross section set, whole-core transport and depletion cal-
culations were performed using the VARIANT and REBUS-3 codes,
and the results were compared with the reference SERPENT Monte
Carlo results.

For the steady-state transport calculation, the k-eff was over-
estimated by 588 pcm with the transport corrected P0 scattering
cross sections and the error increased to 643 pcm when the scat-
tering order was increased to P5. A sensitivity and uncertainty
analysis using the PERSENT code showed that of the k-eff uncer-
tainty due to the statistical uncertainties of cross sections is only



Table 6
SERPENT nuclide densities (atoms/barn-cm) of fuel assembly (5.1).

Nuclide Beginning of time step End of time step

Density w/o Density w/o

234U 7.584E-07 0.0 7.942E-07 0.0
235U 5.241E-04 4.1 3.863E-04 3.1
236U 1.882E-04 1.5 2.047E-04 1.6
238U 1.116E-02 86.7 1.076E-02 86.3
237Np 9.756E-06 0.1 1.842E-05 0.1
236Pu 2.169E-10 0.0 2.808E-10 0.0
238Pu 5.534E-06 0.0 6.803E-06 0.1
239Pu 8.272E-04 6.4 9.121E-04 7.3
240Pu 1.384E-04 1.1 1.672E-04 1.3
241Pu 1.111E-05 0.1 1.519E-05 0.1
242Pu 1.238E-06 0.0 1.804E-06 0.0
241Am 8.835E-07 0.0 1.238E-06 0.0
242mAm 1.750E-08 0.0 2.976E-08 0.0
243Am 4.973E-08 0.0 1.395E-07 0.0
242Cm 2.075E-08 0.0 9.580E-08 0.0
243Cm 3.324E-10 0.0 2.032E-09 0.0
244Cm 4.630E-09 0.0 1.995E-08 0.0
245Cm 1.503E-10 0.0 9.255E-10 0.0
246Cm 3.546E-12 0.0 3.121E-11 0.0

Table 7
Errors of REBUS-3 nuclide densities of assembly (5.1) determined with SERPENT and
MC2-3 anisotropic scattering cross sections relative to reference SERPENT results.

Nuclide SERPENT MC2-3

235U 1.1% 0.1%
236U 0.3% 0.0%
238U 0.1% 0.0%
237Np 3.4% 1.5%
238Pu 2.2% 0.7%
239Pu 0.5% 0.1%
240Pu 0.6% 0.4%
241Pu 1.6% 0.2%
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about 8 pcm. This result suggested that the observed large de-
viations in k-eff are due to the SERPENT anisotropic scattering
matrices which were approximately generated with the scalar flux
weighting rather than the corresponding moments of angular flux.

In order to investigate the effect of anisotropic scattering cross
sections, the anisotropic scattering cross sections were alterna-
tively generated using the MC2-3 code. A new 33-group cross sec-
tion was prepared by replacing the anisotropic scattering cross
sections in the 33-group SERPENT cross section set with those of
MC2-3. Relative to the SERPENT cross section set, the mixed cross
section set reduced the k-eff errors significantly, from 634 pcm
to�223 pcm for P3 scattering and from 643 pcm to�213 pcm for P5
scattering. The errors in power distribution and nuclide densities
were also reduced consistently. For P3 scattering, the maximum
error in assembly power was reduced from 2.8% to 0.8% and the
RMS error was reduced from 1.4% to 0.4%. The maximum error in
the nuclide densities at the end of time that occurred in 237Np was
reduced from 3.4% to 1.5%. The errors of the other nuclides were
also reduced consistently, for example, from 1.1% to 0.1% for 235U,
from 2.2% to 0.7% for 238Pu, and from 1.6% to 0.2% for 241Pu.

These preliminary results indicate that the scalar flux weighted
anisotropic scattering cross sections of SERPENT may not be
adequate for application to fast reactors where anisotropic scat-
tering is important. However, further studies based on more real-
istic fast reactor problems are needed to draw definite conclusions.
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