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a b s t r a c t

The MCS code is a computer code developed by the Ulsan National Institute of Science and Technology
(UNIST) for simulation and calculation of nuclear reactor systems based on the Monte Carlo method. The
code is currently used to solve two main types of reactor physics problems, namely, criticality problems
and radiation shielding problems. In this paper, the radiation shielding capability of the MCS code is
validated by simulating some selected SINBAD (Shielding Integral Benchmark Archive and Database)
experiments. The whole validation was performed in two ways. Firstly, the functionality and computa-
tional rationality of the MCS code was verified by comparing the simulation results with those of MCNP
code. Secondly, the validity and computational accuracy of the MCS code was confirmed by comparing
the simulation results with the experimental results of SINBAD. The simulation results of the MCS code
are highly consistent with the those of the MCNP code, and they are within the 2s error bound of the
experiment results. It shows that the calculation results of the MCS code are reliable when simulating the
radiation shielding problems.
© 2022 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

The MCS code developed by the Ulsan National Institute of
Science and Technology (UNIST) is a Monte Carlo particle transport
code for large-scale power reactor analysis [1]. The most
outstanding benefit of the MCS code is its high computational ef-
ficiency compared to other Monte Carlo codes. MCS reduced
computing time by more than 12 times and reduced the memory
requirement by more than 4 times compared to the MCNP code [2].
MCS is currently used to solve two major classes of problems
related to nuclear reactor physics: (a)Criticality problems with or
without burnup calculation, coupled or uncoupled with external
physics codes such as fuel performance code and/or thermal hy-
draulics code. (b)Radiometric shielding problems such as propa-
gation of fixed sources in multiplicative or non-multiplicative
medium.

The verification and validation (V&V) of the MCS code is now
particularly important because it affects the final availability of the
MCS code for extensive practical applications. This study aims to
verify the computational accuracy of the MCS code when solving
e).

by Elsevier Korea LLC. This is an
the shielding problems. In this paper, selected SINBAD experiments
[3] are used to verify the MCS code. The functionality and reason-
ability of the MCS code for shielding calculation are verified by
comparisonwith theMCNP code and the reliability of theMCS code
solution is confirmed by comparisonwith the experimental results.

To complete this V&V work, seven experiments are selected
from the SINBAD experiments. They include fission reactor exper-
iments, fusion simulation experiments and particle accelerator
shielding experiments. The validation process has been conducted
with MCS v1.0 and MCNP v6.0 using the nuclide cross-section data
library, either ENDF/B-VIII.0 or FENDL3.1, depending on the specific
experimental setup.
2. Introduction of the experiments

SINBAD is widely used as a benchmark for V&V of various
shielding codes. Table 1 lists the seven experimental models
selected for the V&V process. Reference 2 provides more detailed
experimental data and input information for theMCNP code. All the
measurement uncertainties are assumed to be two standard de-
viations (2s) since it is not clearly stated in the benchmark
documentation.
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Table 1
List of the selected SINBAD Experiments.

Benchmark
No.

Name Type

NEA-1517/83 Measurements of spatial energy distributions of neutrons and photons scattered in the air near the ground-air
interface

Fission reactor experiment

NEA-1553/62 FNS/JAERI Measurement of Radiation Sky-shine with D-T Neutron Source Fusion simulation experiment
NEA-1553/45 Collection of experimental data for fusion neutronics benchmark Particle accelerator shielding

experimentNEA-1553/72 Integral Experiment on a 60 cm-thick Graphite Cylindrical Assembly
NEA-1553/46 TUD Iron Slab Benchmark Experiment
NEA-1553/70 TUD/FNG measurement of neutron and photon flux spectra in the FNG silicon carbide benchmark assembly
NEA-1553/47 TUD/FNG measurement of neutron and photon flux spectra in the FNG tungsten assembly
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2.1. NEA-1517/83 Benchmark

The experiment was established by the Kazakh National Nuclear
Center Kurchatov Institute of Atomic Energy (IAE NNC RK). The
experimental model is the RA research reactor [4]. As shown in
Fig. 1, sectional view of the reactor, a shielding plug is installed
above the reactor, which consists of a 20 mm thick steel plate and
an 850 mm thick concrete plug. The position of the detector in this
experiment was 1 m above the ground level, and in-situ dose
measurements were performed at distances of 50, 100, 200, 300,
400, 500, 600, 800, and 1000 m from the reactor axis. The data
tested in the experiment include neutron flux, neutron dose rate,
and neutron spectrum. The power of the reactor during the
experiment was 300 kW.

The core of the RA research reactor is a fission radiation source
with a 700 mm high, 297 mm diameter core consisting of 37 air-
cooled fuel assemblies and highly enriched fuel made from ura-
nium carbide. The primary material of the moderator is zirconium
hydride, with a diameter of 339 mm, of which 372 holes with a
diameter of 3 mm are used for cooling. The reflector layer on the
side of the reactor consists of a 102 mm thick beryllium blocks, a
16 mm steel vessel, and a 180 mm thick graphite blocks. The core
and the reflector are surrounded by a biological shield of heavy
serpentine concrete 1100e1400 mm thick, surrounded by steel
material outside the shield, about 350 mm thick.

2.2. NEA-1553/62 Benchmark

The experiment was conducted at the Tokamak Fusion Test
Reactor (TFTR) in the Princeton Plasma Physics Laboratory. The
Fig. 1. RA-reac
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experimental setup is housed in a large laboratory with a square of
15 � 15 m2 and a height of 9.1 m. The main structure of the labo-
ratory is concrete with a thickness of 1.15 m and 2.0 m at the top
and the side wall, respectively. To reduce the neutron scattering
from the ground, the floor structure of the room is made of an iron
fence. The D-T source is 1.8 m above the ground, 5.5 m from the
southern wall, and 2.75 m from the western wall. There is a square
hole at the top of the lab measuring 0.9 � 0.9 m2. This hole is
usually closed with a concrete plug, but it is necessary to remove
the concrete plug for sky irradiation experiments and replace it
with a 2 mm thick stainless-steel plate only to maintain the air
pressure in the laboratory. The neutron attenuation of the 2 mm
stainless steel plate is negligible [5]. The main structure is shown in
Fig. 2. The experimental model was simplified during the simula-
tion process of the experiment. The iron fence structure was not
constructed, and the experimental site was changed to an
axisymmetric cylinder.

The main structure of the laboratory is artificial concrete, the
land material is standard concrete, and the whole experiment is
conducted in an air environment. The experimental facility uses a
nuclear fusion D-T neutron source as the experimental source,
which is generated by the FNS (Fusion Neutronics Source) particle
acceleration, and the yield of the neutron source is about 1.7 � 1011

neutron/sec [6].
The experimental device is only 150 m away from the Pacific

Ocean and is in a plain. Pine forests surround the north and east
sides of the experimental device. The height of the pine forest is
about 10 m. The neutron dose rate is measured at 20e550 m from
the D-T neutron source in the northern pine forest of the experi-
mental device. The neutron dose rate was measured at 20e140 m
tor model.



Fig. 2. TFTR model.

Fig. 3. FNS model front surface.

Table 2
Dimensions of the shielding structure of NEA-1553/45 and NEA-1553/72.

Experiment Shielding Material Effective Diameters Thickness

NEA-1553/45 Copper 629 mm 608 mm
NEA-1553/72 Graphite 628 mm 610 mm
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from the D-T neutron source on the southern highway of the
experimental device, and the neutron dose rate was measured at
200, 230, and 300 m from the D-T neutron source in the southwest
of the experimental device. All the measuring points use the
spherical rapid eye movement counter Fuji Electric NSN10002 to
measure the neutron dose rate. The uncertainty of actual mea-
surement results is less than 20% [5].

2.3. NEA-1553/45 and NEA-1553/72 Benchmark

The FNS Benchmark experiment is a D-T nuclear fusion neutron
source neutronic benchmark experiment conducted in Japan
Atomic Energy Research. The floor of the experimental device is a
grating structure, and the room is large enough to ignore the in-
fluence of the room structure on the test results [7,8]. The two
experimental models are basically similar except for the different
sizes of shielding materials and shielding structures. The neutron
source is in the back of the shieldingwall whose geometry is shown
in Fig. 3. The shielding components are fixed in an aluminum frame,
and the frame and components are installed on a steel deck. The
distance between the D-T neutron source and the front surface of
the module is 200 mm. Table 2 shows the detailed dimensions of
the experiments.

The neutron source used in this experiment was generated by
the Fusion Neutronics Source (FNS) particle accelerator and the
maximum neutron production is about 3 � 1011 neutrons/s.

2.4. NEA-1553/46, NEA-1553/70, NEA-1553/47 Benchmark

The TUD experimental model was constructed by the Techni-
sche Universit€at Dresden (TUD) team. The shielding materials for
the three experimental models are iron, SiC, and tungsten,
respectively.

The experimental model of iron shielding is shown in Fig. 4. Q
and D in the figure represent the position of the D-T neutron source,
the position of the neutron detector, respectively [9e12]. Table 3
shows the detailed dimensions of the experiments.

The dimensions and the position of the collimator are not given
in the benchmark file, and there are geometric errors in the MCNP
input information provided in the benchmark. Therefore, based on
the image and the MCNP input information, the dimensions and
position of the collimator were redefined as shown in Fig. 4.
3431
The components of the SiC shielding experiment and the
tungsten shielding experiment are shown in Fig. 5. The geometry of
the two experimental models is similar, but there are certain size
differences. The dimensions of the SiC assembly are
45.7 � 45.7 � 71.1 cm3 [13]. The dimensions of the tungsten as-
sembly are 47 � 47 � 49 cm3 [14]. The position of the FNG neutron
source is 5.3 cm from the surface of the experimental component
[15]. The NE213 scintillation spectrometer was used to measure the



Fig. 4. NEA-1553/46 model.

Table 3
Dimensions of the shielding structure of NEA-1553/46.

Model Gap [cm] Width [cm] Area [cm2] a [cm] b [cm] c [cm]

A0 0 0 100 � 100 19 30 300
A1 5 10
A2 5 20

Table 4
Dimensions of the shielding structure of NEA-1553/70, NEA-1553/47.

Experiment Shielding Material Area [cm2] T [cm] a [cm] b [cm] c [cm] d [cm]

NEA-1553/70 SiC 45.7 � 45.7 71.1 12.70 27.94 43.18 58.42
NEA-1553/47 Tungsten 47.0 � 47.0 49.0 5 15 25 35

Fig. 5. TUD SiC and W model.
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neutron spectrum. The detector is a cylinder with a height and
diameter of 3.8 cm. The material has a mass density of 0.874 g/cm3

and an elemental composition of 54.8 at-% H and 45.2 at-% C [16].
The detectors were arranged at four positions P1, P2, P3, and P4 (see
Table 4).

The neutron source used in this experiment is a 14 MeV D-T
3432
neutron source generated by the Frascati Neutron Generator (FNG)
particle accelerator [17]. A deuteronwith an energy of 125 KeV was
used to impact the T-Ti target in the accelerator to generate neu-
trons, and the accompanying alpha particles determined the in-
tensity of the resulting D-T neutron source. The particle gas pedal
operates in a pulsed mode, recording the pulse height and arrival
time t (14 MeV neutrons are produced when t ¼ 0), and the time
distribution of the source is proportional to exp [-(t/1.4 ns)2].
3. Calculation results

In this section, the simulation results of MCS code as well as the
simulation results of MCNP code and the experimental data are
given with an uncertainty range of ±2s. The MCS code uses the
weight window (WW) technique to reduce variance during simu-
lation. The WW feature is composed of two steps. In the first step,
optimized weights for a given tally detector of the problem is
calculated. In the second step, the weights are used to perform
population control of the particles through splitting and Russian
roulette. The details of WW of the MCS code can be found in
reference [18].
3.1. NEA-1517/83 Benchmark

Figs. 6e8 compare the simulation results ofMCS andMCNP codes
and the experimental data of NEA-1517/83 benchmark problem.
Fig. 6(a) shows that the simulation results of thermal neutron flux



Fig. 7. Neutron dose rate of NEA-1517/83 Benchmark.

X. Feng, P. Zhang, H. Lee et al. Nuclear Engineering and Technology 54 (2022) 3429e3439
are consistent with each other, but they are much higher than the
experimental data. The statistical error of the two simulation results
except for those at 1000 m are small enough and they are not
noticeable in the figure. The inconsistency in the thermal neutron
flux is explained in the benchmark book as follow [3]: “This
discrepancy results from neglect of the characteristic function of the
response of the scintillation spectrometer from lithium fluoride.” In
contrast, the simulation results of the intermediate and fast neutron
fluxes are entirely consistent with the experimental data within the
error bound as shown in Fig. 6(b). The neutron dose rates agree with
the experimental data as well within the experimental uncertainty
as shown in Fig. 7. Fig. 8 shows the spectrums at the detector posi-
tions of 100, 200, 400, 600, 800, and 1000 m from the reactor axis.
The statistical uncertainty of the simulation increases with distance
and with higher neutron energy. The maximum and average bias of
the MCS code results as well as the statistical and experimental er-
rors are tabulated in Table 5. Considering the calculational and
experimental uncertainties, the simulation results and the experi-
mental data are generally consistent.

In the statistical results of the neutron spectrum, when the
energy is greater than 4 MeV, there is a certain error between the
simulated calculation results and the experimental results, but they
are alsowithin the range of 2s. At the same time, when the distance
of the detector increases, the simulation result is compared with
the experimental result, and the error also increases slightly. From
the results, the simulation results of the MCS code are consistent
Fig. 6. Neutron flux of NEA-1517/83 Benchmark.
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with the simulation results of the MCNP code. Compared with the
experimental results, the error range is within the range of 2s, and
the simulation results are within the confidence interval.

3.2. NEA-1553/62 Benchmark

As shown in Fig. 9, the simulation results of the MCS code and
the MCNP code are consistent, and they are within the confidence
interval of the experimental data. Compared with the experimental
results, the simulation results show some error only near the
source. It is ascribed to the fact that the laboratory room was
modeled as a cylinder with a source on its axis while the actual
room is a cube with a source biased toward the western and
southern walls.

3.3. NEA-1553/45 and NEA-1553/72 Benchmark

Some simplifications were introduced when building simula-
tion models for these two benchmark experiments. A point source
at the actual source location was modeled without modeling the
FNS particle accelerator and only shielding blocks were modeled by
ignoring the aluminum frame.

Fig. 10 shows the results for copper shielding blocks. The simula-
tion results of theMCS code and theMCNP code agreewell for entire
energy range and for all distances. Though there is some discrepancy
between the simulation results and the experimental data in the
energy range of 0.1e1.0 MeV at 76 m and in the energy range of
1e4 MeV at 532 mm, the simulation results are consistent with the
experimental data within their uncertainty level for other cases.

Fig. 11 shows the results for graphite shielding blocks. In the
actual experiment, when the energy is lower than 1 MeV, the re-
sults are not reliable [11] due to systematic and measurement er-
rors, so only the result above 1 MeV are shown in Fig. 11. It can be
seen from the figure that the simulation calculation results of the
MCS code and the MCNP code maintain a high degree of consis-
tency. In the high-energy region where the neutron flux rapidly
increases and decreases as the energy increases, the simulation
results and the experimental data show a large difference. How-
ever, in all other energy domains, simulation results and experi-
mental data are consistent.

3.4. NEA-1553/46, NEA-1553/70, NEA-1553/47 Benchmark

Since the NEA-1553/46 Benchmark file did not provide detailed



Fig. 8. Neutron spectra of NEA-1517/83 Benchmark.
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Table 5
The bias and the statistical error of NEA-1517/83.

Tally Bias of MCSa [%] Mean of Std. Dev. [%]

Maximum Average MCS Exp.

Thermal Neutron Fluxes [1/(cm2$s)] 397.19 230.39 2.00 19
Fast Neutron Fluxes [1/(cm2$s)] 44.96 26.49 1.72 12
Neutron Dose Rate [mSv/h] 22.49 8.56 2.34 19
Neutron Spectra [1/(cm2$s$MeV)] 100[m] 348.01 21.96 19.32 20

200[m] 84.37 21.41 15.90 20
400[m] 108.47 20.04 15.91 20
600[m] 177.59 30.27 15.23 20
800[m] 61.18 15.85 15.38 20
1000[m] 53.04 16.44 3.77 20

a jMCS � Exp:j=Exp:

Fig. 9. Neutron dose rate of NEA-1553/62 Benchmark.

Fig. 10. Neutron spectra of N
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size data of the experimental model, the model was only restored
based on the picture information provided by the reference file.
Although themodel established by simulation has been established
as close as possible to the actual model, there will still be a
particular deviation between the size of the model used in the
simulation calculation and the size of the actual experimental
model, which may lead to errors between the final simulation re-
sults and the experimental results.

Fig. 12 shows a comparison of the results for the NEA-1553/
46 benchmark. It can be seen from the results that although the
experimental model was changed by adding gaps in the shield,
this change in dimensions did not affect the experimental
results.

The calculated results of the MCS code and the MCNP code
are consistent. When the energy is in the range of 8e12 MeV,
the calculated results are smaller than the experimental results,
which is the same information provided by the Benchmark book
[14], but the reason is unclear. When the energy is greater than
EA-1553/45 Benchmark.



Fig. 11. Neutron spectra of NEA-1553/72 Benchmark.
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Fig. 12. Neutron flux of NEA-1553/46 Benchmark.
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12 MeV, the simulated results are shifted by 500 keV positively.
This error may be caused by the size and shape differences with
the actual model due to insufficient data when building the
3437
model.
Fig. 13 compares the results for the NEA-1553/70 benchmark.

From the results, it can be found that the simulation results of the
MCS code are consistent with those of the MCNP code, but when
the detector position is at the P1 position (Fig.13(a)), the simulation
result is much larger than the experimental result. The reason for is
not clear, but it is the same as the result given in the benchmark
document. The simulation results at the other three positions are
basically consistent with the experimental results, and the error
range is within 2s.

Fig. 14 compares the results for the NEA-1553/47 benchmark.
Similarly, the simulation results of the MCS code is consistent with
those of the MCNP code. The simulation results are within the error
bound (2s) of experimental results except for some energy range
around 13e14 MeV. Overall, the simulation results are consistent
with the experimental results.

4. Conclusion

In this work, the MCS code was verified and validated against
the MCNP code and experimental results of some benchmarks
such as NEA-1517/83, NEA-1553/62, NEA-1553/45, NEA-1553/72,
NEA-1553/46, NEA-1553/70, and NEA-1553/47. Benchmark
models for MCS code were developed for MCS Monte-Carlo
simulation and the results of the MCS code were compared
with those of the MCNP code and the experimental results pro-
vided in the benchmark book. The MCNP simulation was per-
formed using the input provided in the benchmark book with
some error corrections.

In the NEA-1517/83 benchmark simulation calculation, the
simulation results are consistent with the experimental results
except for the thermal energy range due to neglecting charac-
teristic function of the response of the scintillation spectrometer
from lithium fluoride. In the NEA-1553/62 benchmark simula-
tion calculation, there is a small amount of deviation in the
simulation results near the source point due to simplification of
geometrical model, but all the other simulation results are
within the confidence interval. In the NEA-1553/45 and NEA-
1553/72 benchmark simulation calculations, the simulation re-
sults are consistent with the experimental results except for
some energy ranges. In the NEA-1553/46 benchmark simulation
calculation, the simulation results smaller than the experimental
data in the energy range of 8e12 MeV. In the NEA-1553/70 and
NEA-1553/47 benchmark simulation calculations, the simulation
result curve is consistent with the experimental result curve, but
at the P1 position, the simulation result is larger than the
experimental result.

In summary, when the simulation environment of the MCS code
is consistent with the MCNP code, the computational results
maintain a high degree of consistency, indicating that there is no
problem with the computational power of the MCS code in solving
the shielding problem. When the MCS simulation results are
compared with the experimental results, specific errors do exist.
However, after excluding unexpected factors in the experiments,
the MCS simulation results agree with the experimental results,
and the simulation results are within the confidence interval. The
results show that the computational accuracy of the MCS code is
reliable among several experimental models that have been
conducted.



Fig. 13. Neutron spectra of NEA-1553/70 Benchmark.

Fig. 14. Neutron spectra of NEA-1553/47 Benchmark.
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