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a b s t r a c t

The methods and performance of a fast reactor multigroup cross section (XS) generation code EXUS-F are
described that is capable of directly processing Evaluated Nuclear Data File format nuclear data files.
RECONR of NJOY is used to generate pointwise XS data, and Doppler broadening is incorporated by the
GausseHermite quadrature method. The self-shielding effect is incorporated in the ultrafine group XSs in
the resolved and unresolved resonance ranges. Functions to generate scattering transfer matrices and
fission spectrum matrices are realized. The extended transport approximation is used in zero-
dimensional calculations, whereas the collision probability method and the method of characteristics
are used for one-dimensional cylindrical geometry and two-dimensional hexagonal geometry problems,
respectively. Verification calculations are performed first for various homogeneous mixtures and cylin-
drical problems. It is confirmed that the spectrum calculations and the corresponding multigroup XS
generations are performed adequately in that the reactivity errors are less than 50 pcmwith the McCARD
Monte Carlo solutions. The nTRACER core calculations are performed with the EXUS-Fegenerated 47
group XSs for the two-dimensional Advanced Burner Reactor 1000 benchmark problem. The reactivity
error of 160 pcm and the root mean square error of the pin powers of 0.7% indicate that EXUF-F generates
properly the broad-group XSs.
© 2018 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

Along with the development of the prototype generation-IV
sodium-cooled fast reactor [1] of the Korea Atomic Energy Research
Institute, a program to develop a new computer code system for
fast reactor analyses was initiated at the Korea Institute of Nuclear
Safety to obtain higher fidelity solutions. As a part of the program, it
was planned to extend the capability of the direct whole core
calculation code nTRACER [2] of Seoul National University for ap-
plications to fast reactor analyses with pin-level resolution. For this
extension, a new multigroup (MG) fast reactor cross section (XS)
library is required, which should be produced through a unique
generation procedure that is totally different from that for light
water reactors. This is because fast reactors have very distinctive
characteristics that are significantly different from those of light
water reactors [3].

In the traditional MG XS generation procedure for fast reactor
analyses, the Bondarenko self-shielding method was used. The
KAFAX library [4] is one of the libraries based on the Bondarenko
method. It contains self-shielded XSs as a function of background
XSs and temperatures. The self-shielded XSs in the library are
calculated based on the neutron spectra of a specific fast reactor
core, which are used as the weighting function in the energy
condensation process. Therefore, inevitable errors are introduced in
the core calculation results if the spectra of the target core are
significantly different from the base spectra. An alternative
approach was proposed to calculate MG XSs based on detailed
spectrum calculations for specific compositions by Argonne Na-
tional Laboratory (ANL), and it was implemented in the MC2-2 code
[5]. In MC2-2, the ultrafine group (UFG) structure with a uniform
group width, 1/120 in lethargy, was initially introduced for detailed
spectrum calculations. The MC2-3 code [6] of ANL is one of the
recent codes to generate fast reactor MG XS based on detailed
specific spectrum calculations. It solves the transport equation for
homogeneous mixtures, heterogeneous slabs, or cylindrical
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problems with ultrafine (2082G) or hyperfine (~400,000G) group
structures based on its own XS library. The ECCO code [7] of French
Alternative Energies and Atomic Energy Commission (CEA) is
another such code which performs slowing-down calculations us-
ing the various multidimensional lattice calculation capabilities
with a fine group structure (1968G) for the most important nu-
clides and a broad-group structure (33G or 172G) for the less
important nuclides. SLAROM-UF [8] also performs similar calcula-
tions with fine group structures. The three aforementioned codes
have significant differences not only in the resonance self-shielding
method but also in the multidimensional calculation capability.
One common fact is that they use the same fine group width,
namely 1/120 in lethargy, that corresponds to the average lethargy
gain after elastic scattering of U-238. Another common fact is that
the calculations are carried out based on their own pregenerated
fine group XS libraries, which are processed through their own in-
house XS manipulation codes which are not generally available.

Because the Evaluated Nuclear Data File (ENDF) format nuclear
data libraries and the NJOY system [9] are publicly available and
updated once in a while, it would be beneficial to construct a fast
reactor MG XS generation code that directly accesses the ENDF
format raw nuclear data so that core-specific MG XS libraries are
generated readily without any intermediate steps. This is because
any ENDF format nuclear data set can be easily used in such code
starting from the authentic generation of the pointwise XS data
through the basic routines of NJOY. This benefit provides the basic
motivation for this work, which encompasses a lot of steps involved
in effective XS generation, including pointwise XS generation
considering Doppler broadening, self-shielding treatment for both
resolved and unresolved resonances (URs), scattering matrix gen-
eration considering anisotropy, fission matrix generation, slowing-
down calculation, transport solution, spectral transition consider-
ation, and so forth. In this work here, new or up-to-date approaches
are taken to cover all the essential parts of the fast reactor MG XS
generation to develop a fast reactor MG XS generation code EXUS-F
(Effective X-section generation employing Ultrafine group trans-
port Solution for Fast reactor analysis).

InMC2-3, which is themost recent fast reactorMGXS generation
code, the pointwise XS data is prepared as multiple parameters and
smooth UFG XSs by the ETOE code [5] of ANL, which produces the
resonance data using themultipole method. In EXUS-F, the RECONR
routine of the NJOY system is called for the reconstruction of
pointwise XS data. Doppler broadening of the major heavy nuclides
is performed by an internal module that uses the GausseHermite
quadrature [10] instead of using the SIGMA1 method [11] to save
the excessive computing time required for calculations with ther-
mal feedback. The scatteringmatrices for higher ordermoments are
obtained up to user-specified order not only for elastic
scattering but also for inelastic scattering and (n,xn) reactions by
using the angular (File 4), energy (File 5), and energyeangle (File 6)
distribution data of the ENDF format data. Note that the scattering
order of MC2-3 is one for inelastic scattering, and the (n,2n) reaction
is approximated as isotropic. Moreover, the (n,3n) reaction is not
treated in MC2-3. The fission matrix for each fissionable isotope is
also determined from the energy distribution data. The slowing-
down calculations are performed in an UFG structure involving
2,123 groups. The default lethargywidth of 1/120 is the same as that
in MC2-3, but the upper energy limit is extended to 20 MeV instead
of 14 MeV of MC2-3. However, the lethargy width and upper energy
limit can be controlled by the user input. Note that the nuclear data
are given up to 20e30 MeV in recent times. Because there can still
be significant variations in the flux spectrum within an UFG, the
self-shielded XS for each group is calculated by using a numerical
integration scheme just like MC2-3. For UR treatment, the proba-
bility table method is adopted in EXUS-F unlike MC2-3. The PURR

routine of NJOY is used to generate the probability tables. The
extended transport approximation is applied in the zero-dimen-
sional (0-D) slowing-down calculation. To handle the heterogeneity
on MG XSs, transport calculation capability is required. For one-
dimensional (1-D) cylindrical transport calculations, the collision
probability method is incorporated, whereas the method of char-
acteristics (MOC) is used for two-dimensional (2-D) hexagonal as-
semblies. The effect of the leakage on the self-shielding is also
properly considered using Lee and Yang's effective background
method [12], which involves two transport calculations with
different sources. To consider the angle-dependent total XS effect,
the consistent Pn approximation is applied in the transport calcu-
lation involving higher order scattering matrices in the UFG level.
The spectral transition effect is consideredwith thewhole coreMOC
solutions obtained with homogenized material arrangement.

The details of the EXUS-F methods outlined previously are given
in the first part of the article. Then, the verification results for
generated neutron spectra andMG XSs in various 0-Dmixtures and
cylindrical geometry problems are described in Section 3. In Section
4, the EXUS-F/nTRACER calculation results for a 2-D core problem
are presented. Finally, the summary and conclusions are given in
Section 5.

2. Methods

EXUS-F performs UFG slowing-down calculations and calculates
MGXSs based on the UFG solution. Ultrafine group (UFG) XS data for
the slowing-down calculation are prepared by directly processing
ENDF format nuclear data libraries such as ENDF [13], JENDL [14],
and JEFF [15], instead of using pregenerated data. The calculation
procedure consists of four major steps, as shown in Fig. 1: prepa-
ration of the pointwise XSs including the resonance reconstruction
and the Doppler broadening, incorporation of self-shielding effects,
calculation of the fission and scattering matrices, and UFG spectrum
calculation. In the following section, each step to calculate the MG
XS is described starting with the preparation of pointwise XSs.

2.1. Preparation of pointwise XSs: XS reconstruction and Doppler
broadening

2.1.1. NJOY-based XS reconstruction and Doppler broadening
In the ENDF format nuclear data library [16], the XSs are given

pointwise in File 3 of the ENDF format only for limited energy
ranges. One is the lower energy range (LER), where the Doppler
effects can be negligible. The other is the high energy range (HER),
where resonances are fully overlapped, and the XSs have a smooth
shape. Except LER and HER, resonance parameters are given in File
2 of the ENDF format for individual resonances in different reso-
nance models such as single-level Breit-Winger, multilevel Breit-
Winger, ReicheMoore, etc. Sometimes, the XSs in the LER are
omitted and given as the resonance parameters. To reconstruct
pointwise XSs from given resonance models and parameters,
EXUS-F uses the NJOY routines instead of realizing its own recon-
struction capability. Specifically, if there is no presaved pointwise
XS file in the local folder for a nuclide at a temperature of interest,
EXUS-F checks the existence of the corresponding pointwise XS file
at 0 K. If it exists, the Doppler broadening calculation is performed
based on the pointwise XS at 0 K by using the internal functions of
EXUS-F, which will be discussed in the next Section. If there are no
data at 0 K, EXUS-F invokes the NJOY code after writing an input file
for the RECONR and BROADR modules of NJOY. The resulting
pointwise XS data at specified temperatures are stored in a binary
file for a later use because the run time of the RECONR module is
considerably long. Fig. 2 represents the process to prepare the
Doppler-broadened pointwise XS using NJOY.
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Fig. 1. Computational flow of multigroup XS generation based on Evaluated Nuclear Data Files.
ENDF, Evaluated Nuclear Data File; XS, cross section.

Fig. 2. Flow chart of EXUS-F for reconstruction and Doppler broadening of resonances by NJOY.
EXUS-F, Effective X-section generation employing Ultrafine group transport Solution for Fast reactor analysis; XS, cross section.
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2.1.2. On-the-fly Doppler broadening
As mentioned previously, the Doppler broadening calculation is

performed with the BROADR module of NJOY. The BROADR module
requires the reconstructed pointwise XSs in the pointwise ENDF
(PENDF) format. However, the PENDF file includes additional data,
and therefore its size is more than ten times larger than the binary
pointwise XS file of EXUS-F. The pointwise XS reconstruction with
the RECONR module also requires considerable computation times,
especially for heavy nuclides. To reduce the computational time
and memory requirement, two on-the-fly Doppler broadening
methods are incorporated in EXUS-F.

One is the SIGMA1method [11] which is invoked in the BROADR
module. Using this method, the Doppler-broadened XSs at a user-
specified temperature are obtained using the pregenerated XSs at
0 K. The other is the Doppler broadening method using the
GausseHermite quadrature [10]. By applying the GausseHermite
quadrature, the Doppler-broadened XS at a temperature T can be
obtained using the formula

sðv; TÞ ¼ 1

v2

ffiffiffi
a

p

r Z∞
0

n
e�aðv�vrÞ2 � e�aðvþvrÞ2

o
v22sðvr; T1Þdvr

¼ 1

v2

ffiffiffi
a

p

r Z∞
�∞

sgnðvrÞe�aðv�vrÞ2v2r sðjvrj; T1Þdvr

(2.1)

where a ¼ M=2kT , M is the atomic mass of the target nuclide, k is
the Boltzmann constant, v is the neutron velocity corresponding to
the neutron incident energy E, and T1 is a temperature for the base
XS.

The SIGMA1 method is slow but gives accurate results. On the
other hand, the GausseHermite quadrature method is faster but
has limited applications. Because the GausseHermite quadrature
does not approximate a function with drastic changes well, it
cannot be used for broadening from 0 K or for intermediate mass
nuclides that have very narrow resonances, such as Fe-56. There-
fore, the GausseHermite quadrature method is used only for
broadening of heavy nuclide XSs from nonzero temperature. The
SIGMA1 method covers other cases. Fig. 3 represents the process to
perform the Doppler broadening calculation based on the presaved
XS in EXUS-F.

2.1.3. Union energy grid
Doppler-broadened XSs of different isotopes are calculated at

different energy grids. Later, these XSs are recalculated by inter-
polation at a union energy grid to determine the macroscopic total

XSs of specified compositions, which are required for resonance
self-shielding. In EXUS-F, an adaptive energy grid is defined for
each composition in such a way that each XS can be linearized in
the energy grid within a user-specified tolerance with a default
value of 0.1%.

2.2. Resonance self-shielding

2.2.1. Energy group structures
EXUS-F uses an UFG energy structure for transport calculations.

The current ultrafine energy group structure consists of 2,123 en-
ergy groups, and the upper and lower energy bounds are 20 MeV
and 0.413 eV, respectively. All the energy groups have the same
lethargy width of 1/120 as MC2-3 does. However, the user can
specify the number of energy groups, the upper and lower energy
bounds, and the UFG lethargy width.

2.2.2. Self-shielding for resolved resonance and above resonance
ranges

The UFG width is still very wide relative to heavy isotope res-
onances, and therefore, the self-shielded XSs are determined for
each UFG with the following definition:

si;x;g ¼
Z
DEg

sx;iðEÞfðEÞdE
, Z

DEg

fðEÞdE (2.2)

where i, x, and g are the indices for isotope, reaction type, and ul-
trafine energy group, respectively. Using the narrow
resonance approximation, the neutron spectrum in each compo-
sition can be approximated as

fðEÞ ¼ Sp
�ðE,StðEÞÞ (2.3)

The narrow resonance approximation is valid when the reso-
nance width is much narrower than the average energy loss per
neutron scattering; therefore, it is valid in the most energy range
higher than 100 eV.

Inserting Eq. (2.3) into Eq. (2.2) yields

sx;i;g ¼
Z
DEg

sx;iðEÞ
E$StðEÞdE

, Z
DEg

1
E$StðEÞdE (2.4)

The integrations in Eq. (2.4) are evaluated with the Simpson's
rule using the pointwise XSs interpolated at the adaptive energy
grid. The higher order angular moments of the neutron spectrum

Fig. 3. Flow chart of EXUS-F for Doppler broadening calculations using pregenerated XSs.
EXUS-F, Effective X-section generation employing Ultrafine group transport Solution for Fast reactor analysis; XS, cross section.
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required for self-shielding anisotropic scattering XSs are obtained
using Eq. (2.3) and the B0 approximation. Specifically, the l-th order
moment is approximated as [17]:

flðEÞ ¼ Sp

.h
E$ðStðEÞÞlþ1

i
: (2.5)

2.2.3. Self-shielding for unresolved resonance range
The XSs in the UR range are self-shielded using the probability

table method [18]. For this, a library of probability tables was pre-
pared using the PURR module of NJOY based on the evaluated
nuclear data ENDF/B-VII.0, VII.1, and JENDL. Each probability table
was computed in 20 probability bins at seven temperatures from
0 K to 3,000 K, with a uniform interval of 500 K using 64 ladders. In
the case of the ENDF/B-VII.0 data, the library includes the proba-
bility table for all 253 nuclides with UR parameters, and its size is
about 20 MB.

Under the approximation that the UFG width is so fine that the
probability and XS values and the background XSs are constant
within each group, the self-shielded XS in Eq. (2.4) can be evaluated
using the probability data as

sx;i;g ¼

P
k

Pk
i;gs

k
x;i;g

Ni

�
sk
t;i;gþs0;i;g

�
P
k

Pk
i;g

Ni

�
sk
t;i;gþs0;i;g

� (2.6)

where Pki;g and skx;i;g are the probability and reaction XS values,
respectively, at the midpoint of each group g for a probability bin k
and s0;i;g is the group-averaged background XS for isotope i

s0;i;g ¼ 1
Ni

X
jsi

Njst;i;g: (2.7)

In the group where the boundary between resolved and UR
ranges is located, both resolved and URs are self-shielded simul-
taneously. By dividing the integration interval into the resolved and
UR intervals, the self-shielded XS is determined as

si;x;g ¼

Z
DEresolved

sx;iðEÞfðEÞdE þ
Z

DEunresolved

sx;iðEÞfðEÞdE
Z

DEresolved

fðEÞdE þ
Z

DEunresolved

fðEÞdE
(2.8)

where the integrals over the resolved resonance interval are eval-
uated as in Eq. (2.4) and the integrals over the UR interval are
evaluated as in Eq. (2.6).

2.3. Fission and scattering transfer matrix

2.3.1. Fission spectrum matrix
EXUS-F uses the fission spectrummatrix, which depends on the

incident neutron energy and calculates the UFG fission spectrum
matrix directly from the evaluated nuclear data files using the
fission spectrum vector depending on the incident neutron energy:

cgi ðE0Þ ¼

Z Eg�1

Eg
dEciðE0; EÞZ Emax

Emin

dEciðE0; EÞ
(2.9)

where i is an index for isotopes, g is an index for UFGs, E0 is the
incident neutron energy, and E is the outgoing neutron energy after

fission. The angular distribution of fission neutrons is assumed
isotropic.

EXUS-F can process five different formats of the fission spec-
trum in the evaluated nuclear data files: tabulated distributions
(LF ¼ 1), Maxwellian spectrum (LF ¼ 7), evaporation spectrum
(LF ¼ 9), Watt spectrum (LF ¼ 11), and MadlandeNix spectrum
(LF¼ 12). The integrations in Eq. (2.9) are evaluated numerically for
LF ¼ 1 and analytically for others. In EXUS-F, the linear-linear
interpolation law is assumed for the incident neutron energy
versus fission spectrum interpolation, regardless of the interpola-
tion law originally given in the evaluated nuclear data.

2.3.2. Scattering transfer matrix
EXUS-F calculates the scattering matrix for the neutron-induced

scattering reactions such as elastic scattering, discrete inelastic
scattering, and continuum inelastic scattering. The scattering ma-
trix is also calculated for (n,2n) and (n,3n) reactions, including
anisotropy, using the ENDF-formatted nuclear data library.

An element of the scattering transfer matrix for the l-th aniso-
tropic scattering can be represented as

si;l;g0/g ¼

Z Eg�1

Eg

Z Eg0�1

Eg0

Z þ1

�1
ssðE0ÞflðE0Þf ðE0/E;msÞPlðmsÞdmsdE0dEZ Eg0�1

Eg0
flðE0ÞdE0

(2.10)

with f ðE0/E;mÞ being the scattering transfer probability from the
incident energy E0 to the outgoing energy E and the cosine of
scattering angle ms in the lab system. flðEÞ is l-th moment of
neutron flux, and PlðmsÞ is the l-th order Legendre polynomial. With
a given scattering transfer probability, the element of the scattering
transfer matrix in Eq. (2.10) can be determined by evaluating the
integrals numerically. The scattering transfer probability can be
determined in three ways according to the data types given in the
nuclear data files [16]: (1) the angular distribution in File 4, (2) the
angular distribution in File 4 and the energy distribution in File 5,
and (3) the energy-angle distribution in File 6.

In the case of two-body scattering such as elastic and discrete
inelastic scattering, the information for the scattering transfer
probability is only given in File 4 of the evaluated nuclear data. If
only the angular distribution f ðE0;msÞ is given, the transfer proba-
bility can be represented as

f ðE0/E;msÞ ¼ f ðE0;msÞd½E; EðE0;msÞ�: (2.11)

and therefore, the element of the matrix can be rewritten as

si;l;g0/g ¼

Z Eg0�1

Eg0

Z mmax
s

mmin
s

ssðE0ÞfðE0Þf ðE0;msÞPlðmsÞdmsdE0Z Eg0�1

Eg0
fðE0ÞdE0

(2.12)

where mmin
s and mmax

s are the cosine corresponding to the lower and
upper energy boundaries of the secondary energy group g,
respectively. If the information about the secondary neutron is
given in the center of mass (CM) system, Eq. (2.12) can be changed
to

si;l;g0/g ¼ a

Z Eg0�1

Eg0

Z mmax
c

mmin
c

ssðE0ÞfðE0Þf ðE0;mcÞPl½msðmcÞ�dmcdE0Z Eg0�1

Eg0
fðE0ÞdE0

:

(2.13)
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In the second case, the angular distribution and the energy
distribution are given separately. This case applies to the contin-
uum inelastic scattering and (n,xn) reactions. For some isotopes, the
information for the discrete inelastic scattering is also given in this
rule. When the angular and energy distributions are given sepa-
rately, the transfer probability can also be separated into the angle
and energy terms as

f ðE0/E;msÞ ¼ f ðE0;msÞgðE0/EÞ (2.14)

where gðE0/EÞ is the energy distribution from incident energy E0 to
emitted energy E. As a result, thematrix element in Eq. (2.10) can be
calculated as below.

If the angular distribution is given in the CM system, Eq. (2.15) is
modified in the same manner as Eq. (2.13) is obtained from Eq.
(2.12). Note that the energy distribution in File 5 is always given in
the laboratory (LAB) system.

In the last case, the transfer probability f ðE0/E;msÞ is provided
directly in File 6 as values or parameters. Therefore, the scattering
matrix element can be calculated directly using Eq. (2.10) if the data
are given in the LAB system. If the data are given in the CM system,
i.e., the secondary energy Ec and the cosine mc in the CM system, the
transfer probability needs to be converted to the LAB system.
Therefore, the integration of the numerator in Eq. (2.10) is per-
formed along the contour lines E0 ¼ constant using the Jacobian
matrix.

JðE;msÞ ¼
ffiffiffiffiffiffiffiffiffiffi
E=Ec

p
(2.16)

As a result, the element can be expressed as

The denominator of the scattering transfer element is calculated
numerically using the Simpson's rule, but the numerator is evalu-
ated using the Gaussian quadrature with different quadrature or-
ders. A quadrature order of five is for the integrations over the
secondary energy and the cosine of the scattering angle. On the
other hand, an order of 32 is used for integration over the incident
energy to represent the variations of scattering XS and neutron flux
within UFGs. Optionally, EXUS-F can calculate the element with the

assumption that the scattering reaction rate within a group is very
smooth, as MC2-3 does. With this approximation, Eq. (2.10) is
simplified as

si;l;g0/g ¼
ss;l;g0fl;g0

Z Eg0�1

Eg0

Z Eg�1

Eg

Z þ1

�1
f ðE0/E;msÞPlðmsÞdmsdEdE0Z Eg0�1

Eg0
flðE0ÞdE0

¼ ss;l;g0

ZEg0�1

Eg0

ZEg�1

Eg

Zþ1

�1

f ðE0/E;msÞPlðmsÞdmsdEdE0

(2.18)

2.4. Transport calculation capability

2.4.1. P1 slowing-down calculation with extended transport
approximation

EXUS-F solves the consistent P1 transport equation for homo-
geneous mixture problems. The calculation is performed for each
material and provides the UFG neutron flux spectrum to condense
UFG XSs to a broad-group structure. The critical buckling search
option is available to determine the fundamental mode spectrum.
For nonfuel assembly, the fission spectrum of a user-defined
nuclide such as U-238 and Pu-239 can be used as a fission source.

The angular flux moments fn;g for n > 1 are obtained using the
extended transport approximation. That is, the number of neutrons
scattered into group g is assumed to be equal to the number of
neutrons scattered out from the group as

X
g0

Sn
s;g0/gfn;g0 ¼ Sn

s;gfn;g (2.19)

With the extended transport approximation of order N, the
flowing consistent P1 slowing-down equations are solved:

iBf1;g þ St;gf0;g ¼
X
g0

Ss0;g0/gf0;g0 þ Sf ;g (2.20)

si;l;g0/g ¼

Z Eg0�1

Eg0
ssðE0ÞflðE0Þ

264Z þ1

�1
f ðE0;msÞPlðmsÞdms

375
264Z Eg�1

Eg
gðE0/EÞdE

375dE0
Z Eg0�1

Eg0
flðE0ÞdE0

(2.15)

si;l;g0/g ¼

Z Eg0�1

Eg0

Z Eg�1

Eg

Z þ1

�1
ssðE0ÞflðE0Þf ½E0/EcðE0; E;msÞ;mcðE0; E;msÞ�JðE;msÞPlðmsÞdmsdEdE0Z Eg0�1

Eg0
flðE0ÞdE0

: (2.17)
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iB
3
f0;g þ A1;gf1;g ¼

X
g0

Ss1;g0/gf1;g0 (2.21)

fn;g ¼ � n
2nþ 1

iB
An;g

fn�1;g ; n ¼ 2;3;…N (2.22)

where

An;g ¼ bn�1;g þ
an

Anþ1;g
¼ bn�1;g þ

an
bn;g þ anþ1

bnþ1;gþ anþ2

…þ aN�1
bN�1;g

; (2.23)

AN;g ¼ bn�1;g & b0;g ¼ St;g; (2.24)

an ¼ nþ 1
2nþ 1

nþ 1
2ðnþ 1Þ þ 1

B2 and bn;g ¼ St;g � Snþ1
s;g : (2.25)

2.4.2. Multidimensional solvers for heterogeneous problem
In EXUS-F, two 1-D transport solvers are incorporated to

consider the neutron leakage effect in the UFG slowing-down
calculation. One is the cylindrical geometry transport solver
based on the collision probability method [19]. It is used to
approximate the hexagonal fuel assembly as a cylindrical model.
The other is the 1-D MOC transport solver for heterogeneous slab
geometry problems. For the MOC solver, the function to calculate
the high order moments of the scattering source up to third order is
also implemented [20].

In addition, the 2-D MOC solver of nTRACER for hexagonal ge-
ometry problems is incorporated into EXUS-F for lattice calcula-
tions for assemblies and 2-D core problems. The neutron leakage
effects are taken into account in resonance self-shielding for het-
erogeneous problems through the escape XS. The escape XSs are
determined by solving two fixed source problems based on Tone's
method [12] using the multidimensional solvers.

3. Verification tests of EXUS-F

The functionality of EXUS-F was first tested using two sets of
problems. One is the set of 0-D homogeneous mixture problems,
and the other is the set of cylindrical pin-cell problems. The prob-
lemswere derived from the fuel assemblies of the Advanced Burner
Reactor (ABR) 1000 benchmark problems [22], as shown in Table 1.
The 0-D mixture problems were prepared by homogenizing all the
composition in each assembly, whereas the 1-D cylindrical pin-cell
problems were derived by converting a single hexagonal pin-cell
problem. All EXUS-F calculations were performed based on the
ENDF/B-VII.0 library. For verification tests, a broad-group structure
consisting of 47 groups was defined. Each broad group consists of
40 UFGs except for a few groups under 200 eV, which consists of 60
UFGs. Results of EXUS-F were compared with the reference solu-
tions obtained from continuous energy Monte Carlo calculations

with theMcCARD code [21] developed at Seoul National University.
The McCARD calculations were performed with 100,000 particles
per each cycle, 100 inactive cycles, and 1,000 active cycles based on
the ENDF/B VII.0 library.

3.1. Homogeneous mixture problems

Table 2 compares the infinite multiplication factors of McCARD
and EXUS-F for the homogeneous mixture problems. EXUS-F
slightly overestimates the infinite multiplication factor relative to
McCARD, but EXUS-F values agree very well with McCARD solu-
tions within ~50 pcm. The broad-group neutron flux spectrum of
EXUS-F also agrees very well with the McCARD result, as shown in
Fig. 4 for Case 1. The broad-group XSs were also compared for Fe-56
and Cr-52, because they have resonance-like XSs in the fast energy
range. Figs. 5 and 6 compare the 47G total XSs of Case 1 for Fe-56
and Cr-52, respectively. The broad-group XSs of EXUS-F agree
very well with the reference results. The maximum difference in
the total XS is 0.1% for Fe-56 and 0.2% for Cr-52.

3.2. Cylindrical fuel pin-cell problems

Table 3 compares the infinite multiplication factors from the
EXUS-F and McCARD calculations for the cylindrical pin-cell
problems. It can be seen that the multiplication factors of EXUS-F
match well the McCARD reference solutions, although EXUS-F
shows a slightly positive reactivity bias as is the case for the ho-
mogeneous mixture problems. Figs. 7 and 8 show the broad-group
neutron spectra obtained from EXUS-F and McCARD calculations in
the fuel and cladding regions, respectively. The neutron spectra
from EXUS-F and McCARD are almost identical in both regions. The
broad-group total XSs of Fe-56 and Cr-52 in the cladding region are

Table 1
Problem sets for EXUS-F verification tests.

Case Assembly type

Case 1 ABR 1000 metallic inner core
Case 2 ABR 1000 metallic outer core
Case 3 ABR 1000 oxide inner core
Case 4 ABR 1000 oxide middle core
Case 5 ABR 1000 oxide outer core

ABR, Advanced Burner Reactor; EXUS-F, Effective X-section genera-
tion employing Ultrafine group transport Solution for Fast reactor
analysis.

Table 2
Infinite multiplication factors of McCARD and EXUS-F for homogeneous mixture
problems.

Code Case 1 Case 2 Case 3 Case 4 Case 5

McCARD* 1.28914 1.47828 1.15217 1.22727 1.38350
EXUS-F 1.28982 1.47904 1.15289 1.22797 1.38431
Reactivity diff. (pcm) 41 35 54 46 42

*The standard deviation (Std.) of the multiplication factor from McCARD: 5 pcm.
EXUS-F, Effective X-section generation employing Ultrafine group transport Solu-
tion for Fast reactor analysis.

Fig. 4. Broad-group neutron spectrum of homogenous mixture problem of Case 1.
EXUS-F, Effective X-section generation employing Ultrafine group transport Solution
for Fast reactor analysis.
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shown in Figs. 9 and 10, respectively. It can be seen that the broad-
group XSs of Fe-56 and Cr-54 obtained from EXUS-F agreewell with
the reference McCARD results, except for ~1.3% error in the total XS
of Cr-52 in the group including the Cr-52 resonance at 1.63 keV.
Although this error does not noticeably affect the reactivity, further
investigation is needed to identify the reason for this relatively
large error.

4. Verification tests of EXUS-F/nTRACER calculations

Verification tests were performed for the whole core calculation
capability of the EXUS-F/nTRACER system using the metallic fuel

Fig. 5. Broad-group Fe-56 total cross section of homogenous mixture problem of Case 1.
EXUS-F, Effective X-section generation employing Ultrafine group transport Solution for
Fast reactor analysis; XS, cross section.

Fig. 6. Broad-group Cr-52 total cross section of homogeneous mixture problem of Case 1.
EXUS-F, Effective X-section generation employing Ultrafine group transport Solution for
Fast reactor analysis; XS, cross section.

Table 3
Infinite multiplication factors of McCARD and EXUS-F in cylindrical problems.

Code Case 1 Case 2 Case 3 Case 4 Case 5

McCARD 1.37368 1.56646 1.21613 1.29358 1.45469
EXUS-F 1.37458 1.56724 1.21699 1.29448 1.45566
Reactivity diff. (pcm) 48 32 58 54 46

EXUS-F, Effective X-section generation employing Ultrafine group transport Solu-
tion for Fast reactor analysis.

Fig. 7. Broad-group neutron spectrum in fuel region of pin-cell problem of Case 1.
EXUS-F, Effective X-section generation employing Ultrafine group transport Solution
for Fast reactor analysis.

Fig. 8. Broad-group neutron spectrum in cladding region of pin-cell problem of Case 1.
EXUS-F, Effective X-section generation employing Ultrafine group transport Solution
for Fast reactor analysis.

Fig. 9. Broad-group Fe-56 total cross section in cladding region of pin-cell problem of
Case 1.
EXUS-F, Effective X-section generation employing Ultrafine group transport Solution
for Fast reactor analysis; XS, cross section.
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core design of the 1000 MWth ABR 1000 [22]. A 2-D slice model
was used in these tests, instead of a full three-dimensional model.
Fig. 11 shows the radial core layout of the ABR 1000 metallic fuel
core. The core configuration of control assembly out was used with
coolant and duct in the primary and secondary control assembly
positions. The fuel compositions at the beginning of cycle were
used with an explicit geometry core model, without any
homogenization.

The MG XSs for 2-D core calculations with nTRACER were gener-
ated using EXUS-F. Different sets of MG XSs were generated in the
aforementioned 47G structure by changing the calculation condi-
tions in EXUS-F. The 47G XSs for nonfuel assemblies were generated
by performing slowing-down calculations for homogeneous mix-
tures. For fuel assemblies, a cylindrical assembly model was derived
based on preliminary Monte Carlo calculations, and the slowing-
down calculations were performed using the collision probability
method. In addition, a 2-D MOC core calculation with homogenized
assembly models was performed in EXUS-F calculation to consider
the region-to-region spectrum transition effects. Fig. 12 shows the
calculation procedure of EXUS-F/nTRACER calculation.

Reference solutions were obtained from continuous energy
Monte Carlo calculations with the McCARD code. Continuous XS
data were prepared using the NJOY code using the same evaluated
nuclear data files. McCARD calculations were performed to yield
small uncertainties, specifically standard deviations smaller than
2 pcm for the multiplication factor and 0.1% for XS and fission po-
wer tallies.

4.1. Fuel assembly calculation

4.1.1. Determination of approximate model for fuel assembly XS
generation

The main goal of the EXUS-F/nTRACER system is to perform
whole core transport calculation with explicit geometry modeling.
This requires the generation of MG XSs for individual materials
such as fuel, cladding, and coolant by considering the local het-
erogeneity effects. The best approach to achieve this goal would be
to perform the UFG slowing-down calculation using the as-built
assembly model and calculate the MG XS based on the exact so-
lution. However, the UFG slowing-down calculation for the as-built
model requires an excessive computational time. Therefore, cylin-
drical pin and assemblymodels were developed for fuel assemblies.

Fig. 13 shows the assembly configuration of the ABR 1000 core
model and two approximate cylindrical models. The pin-cell model
was developed by adding two annuli for the assembly duct and
interassembly gap to a single pin model. The radii of the two annuli
were determined to conserve component volume fractions in the
assembly. The other assembly model was developed to preserve
component volumes instead of volume fractions, but the fuel,
cladding, and coolant inside the duct were homogenized.

To determine a proper approximate model, preliminary Monte
Carlo calculations were performed with McCARD for the assembly
with explicit geometry, a homogeneous mixture model, and two
approximate cylindrical models. The McCARD calculations were
performed with 100,000 particles per each cycle, 100 inactive cy-
cles, and 1,000 active cycles based on the continuous energy ENDF/
B VII.0 library.

Fig. 14 shows 47G total XSs of representative isotopes in five
different regions of a fuel assembly obtained with the as-built as-
sembly model and the relative differences of the corresponding XSs
obtained with approximate models. All the XSs were determined
from the McCARD calculations, and the relative differences of the

Fig. 10. Broad-group Cr-52 total cross section in cladding region of pin-cell problem of
Case 1.
EXUS-F, Effective X-section generation employing Ultrafine group transport Solution
for Fast reactor analysis; XS, cross section.

Fig. 11. Radial core layout of ABR 1000 metallic fuel core.
ABR, Advanced Burner Reactor.
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XSs calculated with approximate models were determined relative
to the results obtained with the as-built assembly model as

Rel: Diff : of Total XS ¼ st;approximate model � st;as�built model

st;as�built model

� 100

(2.26)

As shown in the Fig. 14, the total XSs calculated with the cy-
lindrical assembly model agree very well with those obtained with
the as-built assembly model for all five regions, except for ~6%
discrepancy in U-238 XS of fuel region in the group containing the
Na-23 resonance at 2.81 KeV. The U-238 XS error is caused by the
homogenization of the inside of the duct, but its impact on reac-
tivity is not significant because of low neutron population in this
group due to the huge Na-23 resonance. The cylindrical pin and
homogeneous mixturemodels show similar error trends for the Fe-
56 XSs in cladding and duct regions. The homogeneous mixture
model shows large discrepancies in the U-238 total XS in fuel

region relative to the cylindrical pin and assembly models. All the
three approximate models produce accurate Na-23 XSs. Based on
these results, the cylindrical assembly model was selected for the
fuel assembly model for MG XS generation.

4.1.2. Comparison of assembly calculation results between nTRACER
and McCARD

Three sets of 47G XS datawere prepared for inner and outer core
assemblies of the ABR 1000 metallic core from the EXUS-F UFG
slowing-down calculations with the ENDF/B-VII.0 library and the
aforementioned three approximate models. Using these 47G XS
sets, nTRACER calculations were performed for two single assembly
problems. The 2-D MOC calculations with nTRACER were per-
formed with the following parameters: 24 azimuthal angles in 180
degrees, four polar angles in 90 degrees, 0.05 cm ray spacing, and
third order anisotropic scattering treatment.

Table 4 compares the multiplication factors obtained from
McCARD and nTRACER calculations for the inner and outer core
assemblies. It can be seen that the multiplication factors of

Fig. 12. EXUS-F/nTRACER calculation procedure for explicit geometry whole-core calculation.
CPM, collision probability method; ENDF, Evaluated Nuclear Data File; MOC, method of characteristics; XS, cross section.

Fig. 13. Assembly geometry of ABR 1000 metallic core and approximate cylindrical models for MG XS generation with EXUS-F.
ABR, Advanced Burner Reactor; EXUS-F, Effective X-section generation employing Ultrafine group transport Solution for Fast reactor analysis; MG, multigroup; XS, cross section.
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nTRACER agree well with the reference McCARD solutions for all
three sets of XSs, although the XS sets obtained with pin and as-
sembly models yield slightly better results than that obtained with
the homogeneous mixture model. The overestimated total XS of Fe-
56 in the duct region of the pin model results in a small negative
bias in the multiplication factor compared with the assembly
model. The use of the XS set obtained with the homogeneous
mixture model yields underestimated multiplication factors
because of overestimated XS of U-238 in the fuel region.

4.2. 2-D core calculation without considering spectrum transition
effects

For the 2-D core calculation with nTRACER for an ABR 1000
metallic fuel core, 47G XS data were prepared from the EXUS-F
calculation. For each of two types of fuel assemblies, XSs were
generated using the cylindrical assembly model. The XSs of nonfuel
assemblies such as reflector, shield, and control assembly were
generated by performing the slowing-down calculations for the

Fig. 14. Cross sections and relative differences for the assembly problem. (A) 47G total XSs of U-238 in fuel, Fe-56 in cladding, Na-23 in coolant, Fe-56 in duct, and Na-23 in
interassembly gap obtained with as-built assembly model. (B) Relative differences of those cross sections obtained with homogeneous mixture model. (C) Cylindrical pin model. (D)
Cylindrical assembly model.
MG, multigroup; XS, cross section.

Table 4
Multiplication factor results of EXUS-F/nTRACER for assembly problems.

Assembly type Inner core assembly Outer core assembly

McCARD (ref.) 1.29386 ± 7 pcm 1.48257 ± 7 pcm

nTRACER (approximate model) keff Reactivity diff.a (pcm) keff Reactivity diff. (pcm)

Homogeneous mixture 1.29263 �74 1.48178 �36
Pin model 1.29371 �9 1.48265 4
Assembly model 1.29410 14 1.48306 22

EXUS-F, Effective X-section generation employing Ultrafine group transport Solution for Fast reactor analysis.
a Reactivity difference: rnTRACER � rMcCARD ¼ ð1=keff ;McCARD � 1=keff ;nTRACERÞ.
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homogeneous mixture of each single assembly. The fission matrix
of U-238 which is the most abundant fissionable nuclide in the core
was used as the fission source. However, it is noted that the neuron
spectra in nonfuel assemblies are largely determined by the
leaking-in neutron source from neighboring assemblies. In addi-
tion, the MG XS generation with single assembly models only
completely neglects the region-to-region spectral transition effects.

The nTRACER calculations were performed using the following
parameters: 24 azimuthal angles in 180 degrees, four polar angles
in 90 degrees, and 0.05 cm ray spacing. The McCARD continuous
energy Monte Carlo calculation was performed to obtain the
reference solution. The McCARD calculation was performed with
200,000 particles per cycle, 2,000 active cycles, and 500 inactive
cycles. Pin power distributions were tallied from the McCARD
calculation with 0.1% maximum relative error.

Table 5 compares the multiplication factors and pin power dis-
tributions of the 2-D core problem of ABR 1000, obtained from the
EXUS-F/nTRACER and McCARD calculations as a function of aniso-
tropic scattering order. Detailed pin power distribution in a 1/6 core
model and pin power differences between nTRACER and McCARD
are shown in Figs. 15 and 16, respectively. It can be seen from
Table 5 that the neglect of anisotropic scattering introduces large
discrepancies in the multiplication factor and the pin power dis-
tribution. These discrepancies are reduced drastically by intro-
ducing the transport correction method. Note that a definition of
the transport XS in the nTRACER calculation is written as

str;g ¼ st;g � ss1;g: (2.27)

where str;g and ss1;g are the transport XS of group g and the first
order anisotropic scattering XS, respectively. The multiplication
factors and pin power distributions become slightly closer to the
reference solutions when higher order anisotropic scattering XSs
are used instead of the transport XS. It is noted that the EXUS-F/
nTRACER calculation always overestimates the multiplication fac-
tors about 160 pcm even with the anisotropic scattering. A global
tilt in pin power distribution is also observed. The pin power is
overestimated at the core periphery but underestimated at the core
center.

4.3. 2-d core calculation with spectrum transition effects for
nonfuel assemblies

To generate more accurate spectra in nonfuel assemblies and to
account for spectral transition effects, a 2123G 2-D core calculation
was performed in EXUS-F using the hexagonal MOC module of
EXUS-F. For this calculation, the explicit core configuration of ho-
mogenized assemblies was used with the vacuum boundary con-
dition. The MOC calculation was performed with the following
parameters: 24 azimuthal angles for 180 degrees, four polar angles
for 90 degrees, and 0.1 cm ray spacing. The resulting 2123G flux
solution was averaged over each assembly type, and the broad-

group XSs were calculated for each assembly type using the cor-
responding average spectrum. By replacing the previous nonfuel
assembly XSs generated with single assembly calculations with the
new XSs obtained from the whole core EXUS-F calculation, the
nTRACER calculation was repeated with the third order anisotropic
scattering treatment.

Fig. 17 compares the neutron spectra in different assembly types
obtained from single assembly calculations with the results of the
2-D EXUS-F core calculation. As can be seen, significant differences
are observed in neutron spectra of nonfuel assemblies. With the
spectral transition effects, the neutron spectra in control and
reflector assemblies are significantly hardened because of incoming
neutrons from neighboring fuel assemblies. Note that all control
rods are removed, and therefore, the control assembly positions are
composed of coolant and duct. On the other hand, the spectrum in
the shield assembly becomes softer because of the neutrons leaking
from the reflector region. The inner fuel assembly showed no
noticeable difference because it is positioned in the core center
region, and therefore, its spectrum is not compared in Fig. 17. The
neutron spectrum in the outer fuel assembly is slightly softened
because of neutrons leaking out to the reflector region, but this
does not make any significant difference in the broad-group XSs.

Table 6 compares the multiplication factor and pin powers of
nTRACER obtainedwith updated nonfuel assembly XS datawith the
McCARD reference solutions, and Fig. 18 shows detailed pin power
differences. As can be seen, the updated nonfuel assembly XSs by
considering the spectrum transition effects do not show any
noticeable improvement for this problem.

Table 5
nTRACER results of 2-D core problem versus anisotropic scattering order.

McCARD (ref.) 1.21958 ± 2 pcm

nTRACER (scattering order) keff Reactivity diff.a (pcm) Max. pin power differenceb (%) RMS. pin power difference (%)

0th order 1.23888 1,277 7.49 2.94
0th order with Tr corr. 1.22230 182 2.23 0.81
1st order 1.22146 126 2.07 0.62
2nd order 1.22205 166 2.21 0.74
3rd order 1.22192 157 2.16 0.73

RMS, root mean square.
a Reactivity difference: rnTRACER � rMcCARD ¼ ð1=keff ;McCARD � 1=keff ;nTRACERÞ.
b Pin power difference: rnTRACER � rMcCARD .

Fig. 15. Pin power distribution in ABR 1000 metallic fuel core from the McCARD
calculation.
ABR, Advanced Burner Reactor.
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4.4. Effects of different nuclear data evaluations

To verify the capability of processing general ENDF format nu-
clear data libraries, the 2-D core problemwas repeatedwith the XSs
based on the ENDF/B-VII.1 [23] and JENDL 4.0 [14] libraries. The
probability tables were prepared using the PURR module of NJOY,
but other data were processed directly in EXUS-F. To generate the
MG XS in EXUS-F, the assembly model was used for fuel assemblies,
and the homogeneous mixture calculations were performed for
nonfuel assemblies with the aforementioned 47G structure.
Reference solutions were obtained from the McCARD calculations
based on the continuous energy ENDF/B-VII.1 and JENDL 4.0 li-
braries with 200,000 particles per cycle, 2,000 active cycles, and
500 inactive cycles.

Table 7 compares the multiplication factors and pin powers of
the nTRACER and McCARD calculations with the ENDF/B-VII.1 and
JENDL 4.0 libraries. The McCARD multiplication factor obtained
with the JENDL 4.0 library is 481 pcm larger than that obtained
with the ENDF/B-VII.1 library. Similarly, nTRACER multiplication
factor with JENDL 4.0 is 490 pcm larger than that with ENDF/B-VII.1.

The reactivity differences and pin power differences obtained with
the ENDF/B-VII.1 and JENDL 4.0 libraries are very similar with the
values obtained with the ENDF/B-VII.0 library. As shown in Fig. 19,
the results obtained with the ENDF/B-VII.1 and JENDL 4.0 libraries
show the global power tilt observed with the ENDF/B-VII.0 library.

5. Summary and conclusions

AMG XS generation code EXUS-F was developed to generate the
MG XSs for fast reactor analyses with the nTRACER direct whole
core calculation code. It was developed such that it can process the
ENDF files directly without requiring any advance generation of
UFG XS data; this is in contrast to theMC2-3 and ECCO codes, which
do require such data. The RECONR module of the NJOY systemwas
introduced to prepare pointwise XSs from the resonance data given
in the ENDF format nuclear data libraries, and the Doppler broad-
ening effect was incorporated by the internal functions imple-
menting the SIGMA1 method and the GausseHermite quadrature.
It turned out that the GausseHermite module can reduce the
computing time significantly, and therefore, it was used for the

Fig. 16. Absolute differences in pin powers of nTRACER fromMcCARD results. (A) With isotropic scattering. (B) With transport correction. (C) 1st order anisotropic scattering. (D) 3rd
order anisotropic scattering. Values ¼ 100*(nTRACER � McCARD).
RMS, root mean square.
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heavy nuclides. The self-shielding effect in the UFG XS was incor-
porated based on the pointwise XSs for the entire energy range
except the UR range. For the self-shielding in the UR range, the
probability table method based on the pregenerated probability
table library was used. Functions to generate the fission matrices
and the scattering transfer matrices directly from the ENDF format
nuclear data library were realized. The scattering matrices for
higher order moments are obtained up to user-specified order not
only for elastic scattering but also for inelastic scattering and (n,xn)
reactions. The UFG structure of EXUS-F can be adjusted by the user
input. The extended transport approximation was applied to
perform 0-D calculations to obtain high order moment neutron

spectra. The solver for the cylindrical geometry was implemented
based on the collision probability method. The MOC transport
solver for the hexagonal geometry was also implemented with a
high order scattering treatment capability. The spectral transition
effect was considered using the MOC transport solver.

To verify EXUS-F, the McCARD and EXUS-F calculations were
performed for two problem sets, 0-D mixture problems and
approximate cylindrical pin problems, which were constructed
based on the fuel assemblies of the ABR 1000 benchmark. In the 0-
D mixture problems, the infinite multiplication factors of EXUS-F
matched well with McCARD within 50 pcm in reactivity differ-
ence. The group-condensed neutron spectrum and total XSs of Fe-

Fig. 17. Comparison of neutron spectra obtained from single assembly calculations (black) and 2-D core calculation (red) in EXUS-F. (A) For outer fuel assembly. (B) Control as-
sembly. (C) Reflector assembly. (D) Shield assembly. EXUS-F, Effective X-section generation employing Ultrafine group transport Solution for Fast reactor analysis.

Table 6
nTRACER results of 2-D core problem obtained with XSs reflecting spectrum transition effects.

McCARD (ref.) 1.21958 ± 2 pcm

keff Reactivity diff. [pcm] Max. pin power difference (%) RMS. pin power difference (%)

nTRACER 1.22201 163 2.16 0.74

RMS, root mean square.
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56 and Cr-52 also showed very good agreement with McCARD in
the 0-D mixture problems. In the cylindrical problems, similar re-
sults were observed for the multiplication factor, the group-
condensed spectrum, and total XSs as well.

The EXUS-F/nTRACER calculations were performed for the 2-D
ABR 1000 metallic fuel core problem to test the EXUS-F/nTRACER

system for the fast reactor analysis based on the ENDF/B-VII.0 li-
brary. The approximate cylindrical fuel assembly model for EXUS-F
was introduced after examining the continuous energy Monte
Carlo solutions. The approximate model gave very similar group-
condensed XSs compared with those resulting from the explicit
geometry. The multiplication factors for the two assembly prob-
lems from the EXUS-F/nTRACER calculations agreed well with the
McCARD results within 20 pcm reactivity difference. In the 2-D core
problem, nTRACER estimated the multiplication factor and the pin
power distribution based on the 47G XS data generated from the
EXUS-F cases without considering the spectral transition effect and
revealed 160 pcm error in reactivity and 0.7% root mean square pin
power error. The spectrum transition effect was reflected in the MG
XS generation by performing the 2-D core calculation using the
MOC solver of EXUS-F, but this did not make a noticeable change in
the nTRACER result. The EXUS-F/nTRACER calculations were per-
formed for the 2-D core calculation using the ENDF/B-VII.1 and the
JENDL 4.0 libraries as well. Results using the different nuclear data
libraries were very similar with the results based on the ENDF/B-
VII.0 library.

Because the EXUS-F/nTRACER system using the 47G structure
overestimated the multiplication factor in the 2-D ABR 1000 core
problem by only about 160 pcm, the power tilt problem was
observed with 0.7% root mean square difference, and the nTRACER
showed excellent agreement in the assembly problems; it can be
stated that EXUS-F properly generates broad-group XSs by per-
forming UFG transport calculations. The versatility of EXUS-F,
which can use any nuclear data set as long as the set is given in
the ENDF format, was proved useful by the test of three different
nuclear data libraries.

Fig. 18. Absolute differences in pin powers of nTRACER obtained with XSs reflecting
spectrum transition effects from McCARD results.
XS, cross section.

Table 7
nTRACER results of 2-D core problem versus different nuclear data libraries.

McCARD (ref.) ENDF/B-VII.1: 1.21917 ± 2 pcm JENDL 4.0: 1.22398 ± 2 pcm

nTRACER (nuclear data library) keff Reactivity diff. [pcm] Max. pin power difference (%) RMS. pin power difference (%)

ENDF/B-VII.1 1.22141 150 2.17 0.76
JENDL 4.0 1.22631 155 2.13 0.76

RMS, root mean square.

Fig. 19. Absolute differences in pin powers between nTRACER and McCARD. (A) Obtained with ENDF/B-VII.1. (B) Obtained with JENDL 4.0.
ENDF, Evaluated Nuclear Data File.
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