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Abstract: Multigroup constants are the foundation of neutron and photon transport problems, and the
accuracy of multigroup cross-sections has a significant impact on shielding calculation. Challenges
have arisen in generating accurate multigroup macroscopic cross-sections for some problems using
the widely used cross-section processing code TRANSX 2.15. We developed the multigroup neutron-
photon macroscopic cross-section processing module in the shielding transport code ARES. The
module is capable of handling the neutron-photon coupled master libraries in MATXS format and
providing the problem-dependent multigroup macroscopic cross-sections tailored to each specific
shielding physics problem. The self-designed problems with a single nuclide, as well as the iron
and OKTAVIAN experiments, are used to verify and analyze the accuracy of neutron and photon
macroscopic cross-sections. Results indicate that the macroscopic cross-sections, neutron flux and
neutron-photon leakage spectrum obtained by the MGMXS module are consistent with corresponding
reference values. As for the JANUS Phase I fixed source shielding benchmark, the relative differences
in the reaction rate between the calculation results and experimental data are within 20%. The module
provides better problem-dependent multigroup macroscopic cross-sections for neutron and photon
shielding calculations that satisfy the accuracy requirements of engineering applications.

Keywords: shielding calculation; nuclear data library; MATXS format; multigroup cross-section

1. Introduction

Shielding calculations play an important role in the design of nuclear reactor systems,
safety evaluations of devices and radiation assessments of personnel [1]. The key to
shielding simulations is to solve the Boltzmann transport equation and obtain the neutron
and photon flux distribution over the phase space. The discrete ordinates (SN) [2] method
is a mainstream deterministic approach for particle transport problems, and the reliability
of nuclear data is crucial for SN transport calculations. Shielding calculations take into
account neutrons and photons. Suitable neutron and photon cross-sections are necessary
for accurate shielding calculations.

Although the evaluated nuclear data libraries contain comprehensive pointwise reac-
tion cross-sections for neutrons and photons, SN transport codes do not directly use this
data from the evaluations due to its high computational cost. The American Nuclear Society
established an approach for developing multigroup cross-sections for radiation protection
and shielding analysis of nuclear power plants, and it was recommended as an industry
standard. The methodology for generating multigroup cross-sections contains a two-stage
process. The first step is to process the ENDF-6 format evaluation of nuclear data libraries
into a multigroup master library. The second step is to process the master library according
to the physical characteristics of the problem, then generate a multigroup cross-sections
working library. The problem-dependent multigroup macroscopic cross-sections in the
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working library can be used in SN transport calculations. Accurate shielding calculations
depend on high-precision, problem-dependent multigroup macroscopic cross-sections for
shielding materials.

Nuclear data processing codes are used to process and develop the evaluated nu-
clear data to produce a multigroup master library in a specific format. The NJOY [3]
and AMPX [4], as well as the NECP-Atlas [5], developed by Xi’an Jiaotong University,
are internationally recognized nuclear data processing codes. In addition, the Institute
of Physics and Power Engineering (IPPE) in Russia modified the NJOY to generate the
BNAB format [6] library for fast reactor shielding design. These codes have been used
to create numerous neutron-photon coupled libraries both domestically and internation-
ally to accommodate the characteristics of various reactor types. For instance, the Los
Alamos National Laboratory developed the VITAMIN-B6 [7] library for light-water-reactor
analysis. The Russian ABBN-RF2010 [8] library was designed for fast reactor analysis.
The MUSE1.0 [9] library was developed by the North China Electric Power University for
supercritical water reactor design and the KASHIL-E70 [10] library was created by the
Korea Atomic Energy Research Agency for shielding calculations.

The multigroup master library is pseudoproblem-independent and requires process-
ing and development by cross-section processing code for SN transport codes (such as the
Doors [11] code system). At present, many multigroup cross-section processing codes have
been developed. The SCALE 6.2.4 [12] code system developed by Oak Ridge National Labo-
ratory includes the resonance self-shielding processing modules BONAMI, CENTRM, PMC
and NITAWL. In the resonance self-shielding correction, the unresolved resonance regions
and the resolved resonance regions are treated separately, and the problem-dependent
multigroup cross-sections with high precision are generated by combining the pointwise
and multigroup nuclear data libraries. However, SCALE can only process multigroup
master libraries in AMPX format and requires more computer storage and runtime. The
CONSYST [13] code developed by IPPE is to link the ABBN constants with neutronic
transport calculation codes. Nguyen [14] used the Monte Carlo code MCS to generate the
multigroup cross-sections for fast reactor core calculations using nodal diffusion codes.
In addition, with the development of computers, a number of multi-group cross-section
generation codes have been developed that can directly process evaluated nuclear data files.
Both the MC2-3 [15] code developed by the Argonne National Laboratory and the EXUS-
F [16] code developed by Lim use this approach to generate multigroup cross-sections for
fast reactor analysis, achieving good results in nuclear core criticality calculations, but their
large computational costs are still unacceptable in shielding calculations.

The MATXS format is a widely used multigroup master library format for storing neu-
tron and photon data that contains comprehensive cross-sections, group-to-group matrices,
and other reaction data. TRANSX2.15 [17], developed by Los Alamos National Laboratory,
is a cross-section processing code that can process multigroup neutron-photon coupled
libraries in MATXS format to generate problem-dependent multigroup libraries in the
ANISN format, GOXS format or other formats according to different realistic problems.
Research shows [18] that there are still some restrictions with the TRANSX2.15, including
(1) issues with processing cross-section libraries with fine group structures, such as the hy-
perfine library (640 groups); (2) issues with developing cross-sections with low background
cross-sections (<0.1 b) for nuclides, such as 56Fe; (3) difficulties in developing resonance self-
shielding cross-sections for light nuclides, such as 12C and 16O. These issues are sure to pose
a challenge to generating the high-precision, problem-dependent multigroup cross-sections,
especially for some light nuclide shielding problems that produce fatal computational
results. These issues must be resolved before the new problem-dependent multigroup
macroscopic sections can be generated to obtain accurate shielding calculation results.

ARES [19] is a three-dimensional neutron-photon coupled transport shielding cal-
culation code based on the SN method, which can provide reliable transport results for
shielding calculations of nuclear reactor devices. The multigroup neutron-photon macro-
scopic cross-section processing (MGMXS) module is independently developed to reduce
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the multigroup cross-section errors in the shielding transport code ARES. Before using
the MGMXS module, a multigroup cross-section library named EOS in MATXS format
was developed. The module retrieves microscopic cross-sections from EOS and develops
problem-dependent multigroup macroscopic cross-sections based on the material proper-
ties of the shielding problem. Then the working library in ANISN and ANISNB format can
be produced to store these multigroup macroscopic cross-sections.

In the next section, a master library EOS in MATXS format is developed, and the
theory and processing flow of the MGMXS module are introduced. Section 3 contains
the numerical verification and result analysis, including the comparison of macroscopic
cross-sections, self-designed problems, neutron-photon experiments and a fixed source
shielding benchmark. The conclusions are presented in Section 4.

2. Methodology
2.1. The Pseudoproblem-Independent MATXS Library

The ENDF/B-VII.1 [20] evaluated nuclear data has been validated by numerous
studies and is suitable for shielding calculations. The macroscopic cross-sections are
problem-dependent and obtained through processing the multigroup master library with
specific shielding problems. A multigroup neutron-photon coupled master library in
MATXS format named EOS is provided from the ENDF/B-VII.1 evaluated nuclear data
using the nuclear data processing code NJOY2016 [3]. The master library EOS includes
multigroup neutron-photon coupled cross-sections for 202 nuclides commonly used in
nuclear reactors. The library contains a large number of nuclides, which leads to low filling
efficiency and a high error rate in NJOY2016 and BBC [11] input cards. We developed an
automatic input card generation code that generates the required input cards with known
nuclide numbers, reducing the time spent on the development of the MATXS library.

The master library EOS has a VITAMIN-B6 energy group structure with 199 groups for
the neutron and 42 groups for the photon. This energy group structure (199 n + 42 γ) can
be used for a variety of reactor designs and shielding problems, including thermal and fast
reactor systems [21]. The resonance self-shielding of nuclides is the core of cross-section
processing. KONNO [22,23] has demonstrated that the smallest background cross-section
and weight flux of VITAMIN-B6 in AMPX format is not adequate, which will seriously
affect the self-shielding correction. We selected appropriate parameters in generating the
multigroup library EOS to consider these factors. The library contains data for 8 tempera-
ture points (300, 500, 700, 800, 900, 1400, 1800 and 2500 K) and 10 background cross sections
(1010, 105, 104, 103, 3 × 102, 102, 50, 10, 1.0 and 0.1 b). By interpolating them, the real
resonance cross-section of various nuclides can be considered. The neutron and photon
cross-sections in the EOS are expanded by the P8 order Legendre polynomial, including the
0~8 order scattering cross-sections, which can be used to calculate the strong anisotropic
scattering problems. The neutron weighting function is of the form typically chosen for
fission reactor shielding problems [24]. The neutron weight spectrum is composed of the
smoothing function of Maxwell spectrum, 1/E spectrum, fast reactor energy spectrum and
fission spectrum (weight spectrum parameter IWT = 8). The photon weight spectrum is
composed of the smoothing function of 1/E spectrum with a roll-off at lower energies and a
similar drop-off at higher energies (weight spectrum parameter IWT = 3). All the following
transport calculations in this paper used the multigroup master library EOS.

2.2. Multigroup Macroscopic Cross-Section
2.2.1. Theory of Cross-Section Production

The main purpose of the module is to generate multigroup macroscopic cross-sections,
such as total cross-section and scattering matrices, which is suitable for SN calculations. The
following describes how to generate these cross-section data. For simplicity, the steady-state
transport equation in one-dimensional slab geometry takes the following form:

µ
∂

∂z
ψ(z, E,

→
Ω) + Σt(z, E)ψ(z, E,

→
Ω) =

∫ ∞

0
dE′

∫
4π

Σs(z, E′ → E,
→
Ω
′
·
→
Ω)ψ(z, E′,

→
Ω
′
)d
→
Ω
′
+ q(z, E,

→
Ω) (1)
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where z, E,
→
Ω are the spatial position, energy and direction; µ is the direction cosine of

→
Ω;

ψ is the angular flux; q is the fixed source term; Σt is macroscopic total cross-sections; Σs
is macroscopic scattering cross-sections and can be expanded in the series of Legendre
polynomials as Equation (2).

Σs
(
z, E′ → E, µ0

)
=

∞

∑
n=0

(2n + 1)
2

Σs,n
(
z, E′ → E

)
Pn(µ0) (2)

where n is the order of the Legendre polynomial; Pn(µ) is the n-order Legendre polynomial.
The next step is to substitute Equation (2) into Equation (1). Then, the multigroup PN
transport equation in 1D geometry is attained by integrating Equation (1) over a group g.

µ
∂

∂z
ψg(z, µ) +

∞

∑
n=0

2n + 1
2

Pn(µ)ΣPN
t,n,g(z)φn,g(z) =

G

∑
g′=1

∞

∑
n=0

2n + 1
2

Pn(µ)ΣPN
s,n,g′→g(z)φn,g′(z) + qg(z, µ) (3)

where the total cross-sections and scattering cross-sections are given by the following
group average:

ΣPN
t,n,g(z) =

∫
g Σt(z, E)Wn(E)dE∫

gWn(E)dE
(4)

ΣPN
s,n,g′→g(z) =

∫
g′ dE′

∫
gΣs(z, E′ → E)Wn(E)dE∫

gWn(E)dE
(5)

where φn,g(z) is the n-order, g-group flux moment and Wn(E) are the weighting flux that
should be chosen to be as similar to the true flux as possible. Then, the multigroup cross-
section ΣPN

t,n,g(z), ΣPN
s,n,g′→g(z) can be generated by NJOY2016.

However, the multigroup transport equation solved by the SN method is not directly
equal to Equation (3), which requires appropriate deformation of Equation (3) to generate
multigroup cross-sections. The collision term at the left of Equation (3) is moved to the
right of the equation and combined with the scattering source term. At the same time,
adding a new transport collision term ΣSN

t,g ψg to both sides of the equation, the SN transport
equation is obtained by combining and simplifying.

µ
∂

∂z
ψg(z, µ) + ΣSN

t,g (z)ψg(z, µ) =
G

∑
g′=1

∞

∑
n=0

2n + 1
2

Pn(µ)Σ
SN
s,n,g′→g(z)φn,g′(z) + qg(z, µ) (6)

where
ΣSN

s,n,g′→g(z) = ΣPN
s,n,g′→g(z), g′ 6= g

ΣSN
s,n,g→g(z) = ΣPN

s,n,g→g(z)− ΣPN
t,n,g(z) + ΣSN

t,g (z), g′ = g
(7)

The ΣSN
t,g in Equation (7) is not determined, so various transport approximations are

used by choosing total cross-sections as Equation (8).

Consistent− P :ΣSN
t,g (z) = ΣPN

t,0,g(z)

Inconsistent− P :ΣSN
t,g (z) = ΣPN

t,N+1,g(z)

Diagonal :ΣSN
t,g (z) = ΣPN

t,N+1,g(z)− ΣPN
s,N+1,g→g(z)

Extend :ΣSN
t,g (z) = ΣPN

t,N+1,g(z)−
G

∑
g′=1

ΣPN
s,N+1,g→g′(z)

(8)

where N is the Legendre truncation order, indicating that PN order of the Legendre expan-
sion is used for shielding calculations.
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In the resonance energy region, the neutron cross-sections appear as several resonance
peaks and the resonance self-shielding effects of nuclides cannot be ignored. A simple
technique called Bondarenko [25] method, based on the narrow resonance approximation,
has high calculation efficiency and relatively satisfactory accuracy and is widely used to
account for resonance self-shielding. Additionally, many studies found that this method has
good adaptation to many other codes. Our module also implements this method to process
and develop the resonance of the cross-sections. This method divides the total cross-section
of material into two parts. One depends on the microscopic total cross-section and density
of nuclide i only, and the other one depends on the total microscopic cross-section and
density of all the nuclides in the material m except the nuclide i.

Σm
t (E) = Ni

(
σi

t(E) + σi
0

)
(9)

where σi
0 is called background cross-section,

σi
0 =

1
Ni ∑

j 6=i
N j·σj

t (E) (10)

The macroscopic cross-section of the shielding material m is calculated by summing
the macroscopic cross-section of the individual nuclides.

Σm
t,g = ∑

i∈m
Niσi

t,g

(
T, σi

0,g

)
(11)

The background cross-section for nuclide i cannot be obtained directly, and the initial
background cross-section is usually obtained using an infinite dilution cross-section at
nuclide temperature T. The true background cross-section for all nuclides is then generated
using an interpolation-iterative method.

However, reactor shielding calculations contain complex geometric models and multi-
ple material compositions. The effects of leakage must be considered by the addition of an
effective escape cross-section, which is obtained by considering the geometry of a practical
problem equal to the reciprocal of the mean chord length,

σi
0,g =

1
Ni

(
M

∑
j 6=i

N j·σj
t,0,g

(
T, σ

j
0,g

)
+

1
l

)
=

1
Ni

(
M

∑
j 6=i

N j·σj
t,0,g

(
T, σ

j
0,g

)
+

S
4V

)
(12)

where S is the surface area of the lump and V is the volume of the lump.

2.2.2. The Cross-Section Processing Module

The calculation flowchart of MGMXS module is shown in Figure 1. It should be
noted that the abbreviation “XS” in the flowchart means cross-sections. The nuclide
information filled in by the user for each region on the input card is reorganized using
a bubbling method, and then microscopic cross-sections are retrieved from the MATXS
library with the aim of saving memory and improving computational efficiency. The
resonance cross-sections of the nuclide are dependent on temperature and background
cross-sections and need to be generated by an interpolation-iteration method. During the
iteration process, linear interpolation is used for temperature, while the logarithm of the
background cross-section is first calculated, and then linear interpolation is used. The linear
interpolation method is stable and reliable, does not result in non-physical oscillations
and ensures that the total cross-sections and the sum of the cross-sections of each reaction
type are equal. Meanwhile, the neutron scattering is divided into elastic and inelastic
scattering. The elastic scattering cross-section is considered in resonance calculations. The
inelastic scattering cross-section, which does not vary with the background cross-section,
does not require resonance processing, thus reducing the computational cost of resonance
self-shielding calculations.
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Figure 1. Flowchart of MGMXS module framework.

Moreover, the MGMXS module also develops multiple modules to generate neutron
fission cross-sections, fission spectrum, transport cross-sections and up scatter cross-sections
to address various types of calculation problems. The module also applies a simple group
collapse method that uses the scalar flux as the weighting function to generate coarse
cross-sections. The scalar flux can be obtained by 1D transport calculation. After processing
these, microscopic cross-sections of all nuclides can be obtained. The postprocessing
module generates macroscopic cross-section tables for each region and outputs ANISN and
ANISNB libraries for SN transport codes. MGMXS module, in contrast to TRANSX2.15, can
output the required reaction type and microscopic cross-sections of nuclides for specific
types of calculations, such as burnup calculations. The photon is combined with the neutron
in the neutron-photon coupled problems, and it is the additional group of the neutron in
the low energy region.

3. Numerical Verification and Result Analysis
3.1. Homogeneous Mixed-Medium Cross-Section Comparison

A homogeneous mixed medium was used to test the correctness of the development
of the MGMXS module. Uranium is the main component material of the core, and 3.3%
enriched 235U was used as the test material. The true background cross-sections were
generated through interactions. 235U and 238U are both fission isotopes with their own
fission spectrum. Here, the mixed fission spectrum of the medium is calculated. The
background cross-sections, total cross-sections, neutron production cross-sections and
fission spectrum of the medium were obtained using the MGMXS module and TRANSX2.15,
and the relative difference of both two codes is shown in Figures 2–5.
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Figure 2. The relative differences of background cross-sections.

Figure 3. The relative differences of macroscopic total cross-sections.

Figure 4. The relative differences of neutron production cross-sections.
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Figure 5. The relative differences of fission spectrum.

Figure 2 displays the relative differences of the background cross-sections that exist
between the two codes. In most neutron energy regions, the relative differences are less than
0.2% for both 235U and 238U. In the middle energy region, the relative differences of 238U
exist with some large values, but the maximum does not exceed 0.5%. The background cross-
sections of the MGMXS module and TRANSX2.15 show good agreement, which confirms
the capability to accurately calculate the background cross-sections by the MGMXS module.

Figures 3 and 4 show that the calculation results of the total cross-section and neutron
production cross-section of the two codes are basically the same, and the relative differences
are all less than 0.2%. Figure 5 shows that the relative differences in the mixed fission
spectrum are less than 0.1%. The errors are attributed to the different effective numbers of
cross-sections resulting from the distinct data output formats of the MGMXS module and
the TRANSX2.15. Overall, the MGMXS module shows good calculation accuracy for both
the cross-sections and fission spectrum.

3.2. Self-Designed Problem and Experiment Verification

The self-designed problems with a single nuclide and a series of experiments, including
ALARM-CF-FE-SHIELD-001 [26] and OKTAVIAN [27], were chosen to verify the accuracy
of the cross-sections generated by the MGMXS module in shielding problems. ANISN [28],
which is an international common1D SN transport code and widely used for multigroup
cross-section verification and shielding calculations, was used for all transport calculations
in this section. This code was chosen due to its high computational efficiency and for not
introducing additional physical uncertainties, thus ensuring reliable results. The problem-
dependent multigroup macroscopic cross-section is provided by the MGMXS module and
TRANSX2.15 according to the self-designed problems and experimental data.

3.2.1. Self-Designed Problem with a Single Nuclide

The self-shielding correction for light nuclides in the official release of TRANSX2.15
has some difficulties, which can result in errors in P0 expansion in-group scattering cross-
section data and lead to a large neutron flux. A self-designed one-dimensional problem was
utilized to test the capability of the MGMXS module to handle these self-shielding correction
effects. The geometric model of the self-designed problem is shown in Figure 6. The model
consists of a sphere of 100 cm in radius with an isotropic neutron source of 17.32–19.64 MeV
at the center. The material of the sphere includes graphite, oxygen, aluminum and iron (12C,
16O, 27Al, and 56Fe), and the same material was used for the shielding shell. Multigroup
macroscopic cross-sections were produced by the MGMXS module and TRANSX2.15. The
results obtained from the MCNP [29] code, utilizing continuous-energy nuclear data, were
used as a reference.
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Figure 6. Geometric diagram of the self-designed one-dimensional sphere model.

The neutron spectrum calculation results for the four single nuclide self-designed
problems at the 59.0–60.0 cm spherical shell are shown in Figure 7. The MGMXS module,
TRANSX2.15 and MCNP calculations above 10 MeV show good agreement for the 12C and
16O, with TRANSX2.15 exhibiting larger differences as energy decreases. TRANSX2.15
still has a small difference from the reference values for the 27Al. The reason for this
difference is that TRANSX2.15 has difficulty processing the self-shielding correction for
these nuclides [18]. The maximum number of scattering groups in TRANSX2.15 is set
to five, which is insufficient to describe the neutron scattering of 199 groups during the
self-shielding correction calculation. The self-shielding correction influence diminishes
as the atomic number of the nuclide rises, such as 27Al and 56Fe. The MGMXS module
employs a new method to determine the number of scattering groups automatically and
prevent issues, such as TRANSX2.15, which allocates memory data in accordance with the
scattering range of the nuclide in the MATXS library.

Both the TRANSX2.15 and MGMXS module calculated results are consistent with the
reference values for the 56Fe. This comparison shows that both codes have similar capa-
bilities in resonance self-shielding correction, indicating that either code could accurately
model systems containing nuclides with atomic numbers similar to 56Fe.

The results of TRANSX2.15 without self-shielding correction were calculated to demon-
strate this self-shielding correction effect, as shown in Figure 8. The calculation results
of 12C and 16O were improved significantly, and they were in good agreement with the
MGMXS module and the reference values. Nevertheless, TRANSX2.15 failed to account
for the resonance self-shielding effect for 27Al and 56Fe, which caused the cross-section to
deviate from real data and, as a result, produce inconsistent results in resonance energy
groups. On the other hand, the calculation results of the four nuclides using the MGMXS
module were consistent with the reference values, indicating that the MGMXS module can
handle the self-shielding correction of the nuclides correctly.
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Figure 7. Comparison of self-designed problems with self-shielding correction.

3.2.2. ALARM-CF-FE-SHIELD-001 Experiment

The ALARM-CF-FE-SHIELD-001 experiment, as shown in Figure 9, was conducted at
the IPPE in 1980. The experiment used the time-of-flight (TOF) method to study the neutron
leakage spectrum of iron spheres of different diameters (Radii = 10, 15, 20, 25, 30 and 35 cm).
The iron sphere is modeled with a 252Cf point source at its center, and the outside region
is composed of iron shielding material. The detectors are located outside the iron sphere,
with an outer radius that is three times the radius of the iron sphere.

The results of the neutron leakage spectrum for iron spheres with radii of 10, 20, 30
and 35 cm are shown in Figure 10. The differences between the MGMXS module and
TRANSX2.15 calculation results are small, indicating that the calculation accuracy of the
MGMXS module is comparable to that of TRANSX2.15. The neutron leakage spectrum
results showed good agreement with the experimental data in the high-energy region,
falling within the experimental error. There is a slight discrepancy in the low-energy region,
which can be attributed to the difference in energy group structures used in the calculations
and the experiment. Therefore, it is recommended to use energy group structures that are
as similar as possible to those used in the experiment for future comparisons. Overall, the
calculation results demonstrate good prediction of the neutron leakage spectrum of the
iron sphere.
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Figure 8. Comparison of self-designed problems without self-shielding corrections.

Figure 9. Geometry model of the ALARM-CF-FE-SHIELD-001 experiment.
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Figure 10. Comparison of experimental and calculated results of different radii of iron sphere.

3.2.3. OKTAVIAN Benchmark Experiment

The OKTAVIAN device is a 14 MeV D-T neutron source facility located at Osaka
University. Between 1984 and 1988, researchers employed the TOF method to measure the
neutron and γ leakage spectrum of various spherical shell materials, including Si, Al, W,
Cu, Mo, Co, Nb, Pb, etc. An NE-218 scintillation detector was used to measure the neutron
leakage spectrum from 0.1 MeV to 14 MeV. An NaI scintillator detector was used to measure
the photon leakage spectrum. Notably, with the exception of Pb material, the γ and neutron
experiments had the same geometry and neutron source. Transport calculations were able
to simultaneously obtain both neutron and γ leakage spectra results.

The neutron leakage spectrum of OKTAVIAN-Al, OKTAVIAN-Si, OKTAVIAN-W and
OKTAVIAN-Cu were calculated, as shown in Figure 11. The multigroup macroscopic
cross-sections were generated using the MGMXS module and TRANSX2.15, respectively.
The neutron leakage spectrum results from both codes are basically the same for these
four experiments. The calculated results are in good agreement with the experimental
data in most energy groups. There are some errors between the calculated results and the
experimental data in some energy groups. Researchers at Mohammed V University [30]
used the MCNP code and the ENDF/B-VII.1 evaluated nuclear data library to calculate the
series of OKTAVIAN experiments, and similar errors were observed in the same energy
regions between their calculation results and experimental data. Our calculation results
show a similar trend to theirs, and the reason for the errors may be due to the lack of
accuracy in the evaluated nuclear data libraries.
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Figure 11. Comparison of experimental and calculated results of neutron leakage spectrum.

The photon leakage spectrum of the four series of OKTAVIAN experiments (OKTAVIAN-
Al, OKTAVIAN-Si, OKTAVIAN-W and OKTAVIAN-Cu) was calculated to verify the ac-
curacy of the photon cross-sections generated by the MGMXS module, and the results
are shown in Figure 12. The photon leakage spectrum results from the MGMXS module
and TRANSX2.15 are basically the same for these four experiments. The results from both
codes show similar trends to the experimental data. However, both results of the two
codes exhibit a peak at 0.511 MeV due to the electron annihilation effect, leading to an
error compared to the experimental data. Nevertheless, the differences between the results
of these two codes are small, and the accuracy of the generated photon cross-sections
is comparable.

3.3. Fixed Source Benchmark Verification
3.3.1. JANUS Phase I Benchmark

The JANUS Phase I benchmark was selected to verify the applicability of the multi-
group cross-section processing module in actual engineering shielding problems and the
accuracy of the problem-dependent multigroup macroscopic cross-section generated by this
module. The JANUS Phase I benchmark is completing the UK shielded installation ASPIS,
connecting to the NESTOR light water moderated reactor, where thermal neutrons are
slowed down by graphite and drive a natural uranium conversion target that serves as the
neutron source for the experiment. The purpose of the experiment is to test the prediction
of neutron penetration through stainless steel when the incident spectrum is typical of that
emerging from a fast reactor. Figure 13 shows the JANUS Phase I computational model,
which consists of 16 slabs of steel with a cavity area of 0.84 cm between the plates for the
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threshold detectors. The first four plates are 17.85 cm thick mild steel to ensure that the
neutron spectrum is the fast reactor energy spectrum. The middle nine plates are 40.39 cm
thick stainless steel, which is the experimental area for the benchmark. The last three plates
are 56.72 cm thick mild steel.

Figure 12. Comparison of experimental and calculated results of photon leakage spectrum.

Figure 13. Computational model of the JANUS Phase I benchmark.
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3.3.2. Calculation Results

The threshold detectors are placed along the axis of the model centerline to measure
the reaction rates, including the following responses: 32S(n,p)32P and 103Rh(n,n’)103mRh.
The detector response cross-section data were obtained from the IRDFF-II library [31],
and averaged cross-sections were used for different boundaries. The problem-dependent
multigroup macroscopic cross-sections are generated by the macroscopic cross-section
processing module, using a 199-group neutron energy structure and performing separate
resonance self-shielding corrections based on the physical properties of materials in differ-
ent regions. The shielding transport code ARES was used for the transport calculations. The
reaction rate results obtained from calculations and experiments for the 103Rh(n,n’)103mRh
and 32S(n,p)32P detectors are shown in Figure 14.

Figure 14. The reaction rate results of detectors for the JANUS Phase I benchmark.

Firstly, the reaction rates of both 32S(n,p)32P and 103Rh(n,n’)103mRh detectors decreased
with increasing geometric depth at a nearly constant rate of decrease. The reaction rate
of the 32S(n,p)32P detector decreased faster than that of the 103Rh(n,n’)103mRh detector.
The reaction rate of the 32S(n,p)32P detector decreased by approximately six orders of
magnitude at a depth of 80 cm, while that of the 103Rh(n,n’)103mRh detector decreased by
three orders of magnitude. The reason is that as the distance increases, many fast neutrons
are slowed down and their energy decreases. However, the reaction threshold of the
32S(n,p)32P detector is approximately 1.0 MeV, while that of the 103Rh(n,n’)103mRh detector
is approximately 0.04 MeV. The slowed-down neutrons are more capable of activating the
103Rh(n,n’)103mRh detector.

Then, the calculation results of the 32S(n,p)32P detector agree well with the exper-
imental data, with relative errors mostly within ±10%. There is a 15% overestimation
at the 72.5 cm position, which may be attributed to the evaluated nuclear data of the
nuclides [32], indicating that further improvements are necessary. The relative errors
for the 103Rh(n,n’)103mRh detector are also within ±10%. Overall, the relative errors be-
tween the calculated and experimental results for the JANUS Phase I benchmark are
within ±20%, which meets the requirements of shielding calculations and verifies the accu-
racy of the macroscopic cross-sections generated by the MGMXS module in engineering
shielding problems.

4. Conclusions

The multigroup neutron-photon macroscopic cross-section processing module was
independently developed in the shielding transport code ARES to meet the accuracy re-
quirements for 3D shielding calculations. The module can read the neutron-photon coupled
master library in MATXS format, process and develop problem-dependent multigroup
macroscopic cross-sections of neutrons and photons tailored to shielding calculations and
generate working libraries in various formats for SN transport codes. The correctness and
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accuracy of the MGMXS module was verified for macroscopic cross-section comparison,
self-designed problems and a series of shielding experiments. The applicability of this
module to engineering problems was tested for a fixed-source shielding benchmark.

The macroscopic total cross-sections, background cross-sections, neutron production
cross-sections, and fission spectrum produced by the MGMXS module show good agree-
ment with TRANSX2.15. For the self-designed problems with a single nuclide, TRANSX2.15
has difficulties in dealing with resonance self-shielding correction for light nuclides (such
as 12C and 16O) and differs significantly from the reference values. In contrast, the MGMXS
module has no such difficulties, and the calculated results are in good agreement with the
reference values, correctly handling resonance self-shielding correction for light nuclides.
For the shielding experiments, the neutron leakage spectrum for a series of experiments
was calculated, including ALARM-CF-FE-SHIELD-001 and OKTAVIAN. The neutron leak-
age spectrum results from the MGMXS module and TRANSX2.15 were consistent with
the experimental data. The photon leakage spectrum for the four series of OKTAVIAN
experiments was also calculated, and the differences between the calculated results of the
two codes and the experimental data were relatively small. The JANUS Phase I fixed source
shielding benchmark shows that the reaction rate calculation results from the MGMXS
module had relative differences from the experimental data within ±20%, meeting the
accuracy requirements for shielding calculations.

Although the results of the MGMXS module show good agreement with TRANSX2.15
and have improved the self-shielding correction, some errors still exist when compared to
the reference values due to the differences in energy group structure and the accuracy of
the evaluated nuclear data. Moreover, the usability of the module in engineering shielding
problems has only been preliminarily verified, and more actual benchmark experiments are
needed for comparison. Currently, the MGMXS module uses the Bondarenko method based
on the narrow resonance approximation to handle the resonance self-shielding correction,
which can accurately describe the unresolved resonance regions. However, as for the
resolved resonance regions, there are some resonance peaks that cannot be accurately
described by the narrow resonance approximation, which will introduce uncertainties
into the transport calculations. The accurate treatment for the resolved resonance regions
remains an open problem. Especially for the new reactor types such as research and fusion
reactors, as the geometry and structure of the device become more complex and the size
of the model increases, the physical characteristics will differ from those of PWRs. The
accuracy of multigroup cross-sections is required to be increased for shielding calculations,
and the applicability of the multigroup macroscopic cross-sections generated by the current
methods still needs further research.
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