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Abstract. The Monte Carlo code, MCS was developed at the Ulsan National Institute of Science and
Technology (UNIST) in 2011. In the initial development phase, the primary focus was on developing a
Monte Carlo code for the high-fidelity multicycle analysis of large-scale power reactors, especially pres-
surized water reactors. For the power reactor analysis, capabilities including refueling and shuffling of
fuel assemblies, on-the-fly Doppler broadening of neutron cross-sections, and multiphysics coupling were
implemented in the MCS. Beyond reactor analysis and capabilities, MCS has been developed to extend
its applications. The MCS has been used for radiation shielding, group constants generation, sensitivity,
uncertainty, and transient analysis. This study provides a general overview of MCS capabilities.

1 Introduction

The Monte Carlo method [1], widely used for nuclear reac-
tor analysis due to advances in computing power, sim-
ulates particle histories with pseudo-random numbers to
achieve statistically converged results. It uses high-fidelity
physics phenomena through stochastic particle simula-
tions and models exact problem geometries. Since 2011,
the Monte Carlo neutron and photon transport code MCS
has been developed at the Ulsan National Institute of Sci-
ence and Technology (UNIST) [2]. Over the past decade,
in addition to high-fidelity multicycle power reactor anal-
ysis, MCS has incorporated essential features for group
constants generation, radiation shielding analysis, and
sensitivity and uncertainty (S/U) analysis. Figure 1 illus-
trates the representative capabilities of Monte Carlo code
MCS, which are detailed in this paper.

2 Capabilities of Monte Carlo code MCS

2.1 Neutron and photon transport capability

The constructive solid geometry (CSG) system was used
to model the complex geometries in the MCS. Users
can define universes and lattices to efficiently model the
repeated geometries of the fuel rods and assemblies in
reactor cores. MCS automatically checks for undefined
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or overlapping cells in the input file to prevent track-
ing failures due to human errors. It also supports input
and output visualization as a PPM-formatted image file.
Figure 2 shows radial and axial images of the 3-D reactor
core model generated by MCS. MCS can visualize out-
put data, such as nuclide density of depleted materials,
temperature, weight-window map, and tally results, by
overlaying them on the input geometry.

MCS supports both criticality and fixed-source modes,
with neutron transport capabilities covering an energy
range of 10711 MeV to 20 MeV. It reads the ACE-format
(A Compact ENDF) cross-section data [3] from nuclear
data libraries such as ENDF/B, JENDL, and JEFF. The
S (e, B) neutron thermal scattering cross-section is used
for low energy scattering with key moderator nuclides such
as hydrogen in water and carbon in graphite. Probabil-
ity table data are available for unresolved energy ranges,
and On-the-fly Doppler broadening of the neutron cross-
section is used to account for temperature changes via ther-
mal/hydraulic feedback in high-fidelity reactor analysis.
In the resolved resonance energy range, MCS calculates
Doppler-broadened cross-sections using a multipole repre-
sentation [4] and the windowed multipole method, imple-
mented with an OpenW module provided by MIT [5] to
UNIST. Linear-linear and log-linear interpolation schemes
are used for thermal scattering and probability table data,
respectively, as they were used in the makaxsf code [6].

MCS includes an unpolarized photon transport simu-
lation for photon energies ranging from 1keV to 20 MeV,
covering elements from Z = 1 (hydrogen) to Z = 100
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Fig. 1. Representative capabilities of Monte Carlo code MCS.

Fig. 2. Radial (left) and axial (right) images of 3-D reactor core model generated by MCS.

(fermium) [7]. Photon transport can be simulated in
both photon-only and coupled neutron-photon transport
modes. The simulation models four key photon inter-
actions: the photoelectric effect, Compton scattering,
electron-positron pair production, and Rayleigh scatter-
ing. Additionally, it accounts for three secondary photon
production processes: positron annihilation at rest, atomic
relaxation, and electron/positron bremsstrahlung.

The MCS input file uses an extensible markup lan-
guage (XML) format, where the input values are paired
with the XML tags or keywords. Figure 3 shows an
XML-based input file for the Godiva benchmark. MCS
supports C and Python preprocessors. C pre-processor
definitions (#define, #ifdef) and Python scripts can be
written in the MCS input file. MCS output files are pro-
vided in MATLAB-readable m-file and Python-readable
py-file formats, facilitating easy post-processing. MCS also
supports parallel simulations using MPI, OpenMP, and
hybrid MPI/OpenMP approaches. To minimize commu-
nication overhead in large-scale simulations, MCS imple-
ments the parallel fission bank algorithm from OpenMC

[8]-

2.2 Features for a high-fidelity reactor analysis

MCS includes essential features for high-fidelity power
reactor analysis, such as depletion calculation, a quadratic
depletion model for gadolinium isotopes, equilibrium
xenon function, thermal/hydraulic feedback, soluble
boron concentration search, and control rod position
search capabilities. The adjoint-weighted point kinetics
parameter calculation using the iterated fission probabil-
ity (IFP) method [9] is available. Time-dependent Monte
Carlo (TDMC) capability for transient analysis is under
development [10], with initial simulations performed for
the C5G7-TD benchmark. TDMC acceleration is needed
for large-scale commercial reactors. A functional expan-
sion tally (FET) capability was developed in MCS to pro-
duce continuous representations of tallied quantities [11].
Preliminary FET results for a hypothetical 2 x 2 pin prob-
lem demonstrated that MCS could generate smooth, con-
tinuous power distributions using FET. Further develop-
ment for high-fidelity reactor analysis is ongoing.

The Chebyshev rational approximation method
(CRAM) solver [12] was implemented in MCS to solve
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<mcs>

<surface name="sl" type="sphere" coeffs="0 0 0 8.7407" boundary="black" />

<cell name="¢l" material="fuel" zone=" -sl1l " />

<material name="fuel" units="#/barn-cm" >

id="92234" ratio=" 4.9184E-04" />

<nuclide
<nuclide id="92235" ratio=" 4.4994E-02" />
<nuclide 1d="92238" ratio=" 2.4984E-03" />
</material>
<source>

<scell shape="point" coeffs="0 0 0"/>

</source>

<criticality active="400" inactive="50" history="100000" />

</mcs>

Fig. 3. MCS input file of XML format for Godiva benchmark.

the Bateman equation, using radioactive decay and fis-
sion yield data from ENDF-format nuclear data libraries.
By default, 1373 nuclides are considered in depletion cal-
culations, with an option for 3820 nuclides. Effective one-
group cross-sections are tallied in a transport calculation
for material transmutation. MCS offers three burnup
strategies: predictor, semi-predictor-corrector, and full
predictor-corrector methods. The semi-predictor-corrector
and complete predictor-corrector methods used in MCS
are called the Ce/BE and CE/BE algorithms, respec-
tively [13]. Both Ce and CE mean constant extrapola-
tion for the predictor step. The Ce uses cross-sections and
flux from the previous step without solving the current
step. On the other hand, the CE uses cross-sections and
flux from the current state after solving it. The BE rep-
resents a backward extrapolation for the corrector step
by averaging atomic densities from current and previ-
ous states. MCS includes a quadratic depletion model
for Gd isotopes [14], allowing larger depletion step sizes
for Gd-bearing fuel assemblies without sacrificing accu-
racy, despite the high-absorption cross-sections of Gd-155
and Gd-157. To address potential unphysical neutron flux
oscillations caused by the high-absorption cross-section of
Xe-135, MCS implements an equilibrium xenon calcula-
tion function [15], updating the Xe-135 number density at
each transport cycle using tallied neutron flux and reac-
tion rates.

MCS includes fuel assembly-wise refueling and shuf-
fling capabilities. When refueling is selected, MCS gener-
ates depleted material files for each fuel assembly at each
depletion step. These files can be directly used as input
for the next reactor cycle without further post-processing.

During reactor analysis, the fuel and coolant tem-
perature distributions depend on the reactor power
distribution. MCS incorporates the TH1D solver [16], for
1-D single-phase closed-channel thermal/hydraulics anal-
ysis. Using pin-wise axial power distributions tallied dur-
ing a neutron transport cycle, the TH1D solver computes
temperature distributions for fuel, cladding, and coolant,
as well as coolant density distribution. The axial tem-
perature profile is derived from steady-state mass and
energy conservation equations, solved from the bottom

to the top of the fuel rod. A finite-difference method
was used to solve steady-state cylindrical heat conduc-
tion equations with energy balance constraints for radial
temperature distribution in each axial node. In TH1D cal-
culations, a single-phase coolant in a closed channel is
assumed, so cross-flow between channels is not considered.
Thermal /hydraulics feedback accounting for cross-flow is
available through multiphysics coupling with COBRA-
TF (CTF) [17]. The following section presents the ther-
mal /hydraulic feedback results from TH1D and CTF. In
MCS, the batching method [18] has been implemented to
reduce the inter-cycle correlation of Monte Carlo calcu-
lation. In the batching method, a single batch consists
of one or multiple cycles. The final results and statistical
uncertainties are calculated over batches. As the number
of cycles per batch increases, the inter-cycle correlation
decreases.

MCS includes soluble boron concentration and con-
trol rod position search capabilities to manage reactor
criticality and control the excess reactivity of commercial
reactors. The soluble boron concentration search capabil-
ity is widely used in commercial PWR analyses to deter-
mine critical boron levels, while the control rod position
search capability is applied in boron-free small modu-
lar reactor analyses. In MCS input files, users can set a
target k-eigenvalue, B-10 ratio in soluble boron, control
rod bank positions, insertion order, and overlapping posi-
tions. Soluble boron concentration and control rod posi-
tions are updated each transport cycle based on the k-
eigenvalue at a current cycle. To ensure accurate results,
sufficient inactive cycles are needed for convergence of
boron concentration and control rod positions before the
active cycle begins. MCS output files include the aver-
age and statistical error of soluble boron concentration,
control rod positions, and k-eigenvalue results. The crit-
ical control rod position was determined for a 17 x 17
Westinghouse fuel assembly model with 3.1 wt.% enrich-
ment. Reflective boundary conditions were applied in the
z- and y-directions, and a black boundary condition in
the z-direction. For simplicity, B4C rods were assumed
to be inserted into all guide and instrument tubes of the
fuel assembly. The initial control rod position was fully
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Fig. 4. Control rod insertion positions (left) and searched critical control rod position (right).
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Fig. 5. Iterative control rod position search results.

inserted. MCS calculation used 100 inactive and 100 active
cycles with one million histories per cycle. The critical
control rod position was found to be 33.44 cm, as shown
in Figure 4, with iterative position updates depicted in
Figure 5. The control rod position converges to 33.44 cm
at the 60th inactive cycle. The calculated k-eigenvalue is
1.00010 4 0.00008.

The MCS reactor analysis capability has been veri-
fied and validated through various benchmarks, including
the BEAVRS [2], VERA [19,20], international criticality
safety benchmark experimental problems (ICSBEP) [21,
22], NUREG/CR-6361 critical experiments [23], VVER-
1000 mock-up criticality experiments [24], and China
experimental fast reactor (CEFR) [25]. MCS also supports
modelling randomly distributed tristructural-isotropic
(TRISO) particle fuel for high-temperature gas-cooled
reactors and was used to analyze HTR-PM, a high-
temperature gas-cooled pebble-bed reactor in China con-
taining TRISO particle fuels. [26].

Figure 6 shows the normalized pin power distributions
from the MCS/THI1D calculation for OPR-1000 at the
beginning of the cycle (BOC), middle of the cycle (MOC),
and end of the cycle (EOC). Statistical errors for tallied
pin powers were below 1%, except in peripheral regions,
where they increased to 2% due to lower pin powers. The
next section will present results for critical boron concen-
tration (CBC), fuel temperature, and coolant temperature
distributions, comparing MCS/TH1D results with multi-
physics coupled calculations. The whole core calculations
in Sections 2.2 and 2.3 used 30 active batches with 300
cycles per batch and 20,000 histories per cycle to mini-
mize the inter-cycle correlation.

2.3 Multiphysics coupling capability

A Multiphysics coupling system integrating neutronics,
thermal-hydraulics, and fuel-performance codes has been
developed for large-scale high-fidelity reactor analysis with
MCS [27-31]. MCS is coupled with CTF [17] for ther-
mal/hydraulics and FRAPCON-4.0 [32] for fuel perfor-
mance calculations. CTF, the CASL version of COBRA-TF,
is a 3-D sub-channel thermal/hydraulics code using a two-
fluid model to simulate three separate fluid fields: liquid
films, droplets, and vapor. This solves mass, momentum,
and energy conservation equations. The cross-flow between
fuel rod channels is simulated through multiphysics cou-
pled with the CTF. FRAPCON, developed by the Pacific
Northwest National Laboratory (PNNL), is a 1-D fuel per-
formance code that calculates the steady-state response of
oxide fuel rods in light-water reactors, including tempera-
ture, pressure, and deformation of the fuel rod.

Figure 7 illustrates the flowchart for the
MCS/CTF/FRAPCON  multiphysics coupled calcu-
lation. The 3-D power distribution is tallied in MCS
neutron transport calculations and then transferred to
CTF and FRAPCON for updates to coolant and fuel
temperatures, respectively. Thermal/hydraulics CTF
calculations update coolant temperature and density,
which are then passed to FRAPCON. Single-rod calcu-
lations of FRAPCON update the temperatures of fuel,
gap, and cladding. Finally, these updated temperature
and density distributions are sent back to MCS to refine
the cross-section data in neutron transport calculations.
Thermal/hydraulics feedback occurs once per transport
cycle in this coupled system.

Figure 8 presents the CBC results and dif-
ferences among the multiphysics coupled MCS
calculations, namely MCS/TH1D, MCS/FRAPCON, and
MCS/CTF, for the OPR-1000 reactor. The error bars
represent the 1-o statistical error of the CBC results.
However, they are too small to be checked in the left
figure of Figure 8. CBC differences between MCS/TH1D
and MCS/CTF are generally below 3ppm, except for
a 7.2ppm difference at 12 MWd/kgU, indicating that
the cross-flow effect from CTF has minimal impact
on core reactivity. However, CBC differences between
MCS/FRAPCON and MCS/THID are —9.2ppm
at BOC, attributed to higher fuel temperatures in
MCS/FRAPCON. Figures 9 and 10 show the fuel tem-
perature distributions from multiphysics coupled MCS
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calculations for the OPR-1000 reactor at BOC and EOC,
respectively. At BOC, MCS/FRAPCON has higher fuel
temperatures compared to MCS/TH1D and MCS/CTF,
while at EOC, its temperatures are lower. This varia-
tion is due to the dynamic gap conductance model in
FRAPCON. Figure 11 shows the gap conductance results
of the multiphysics coupled systems for OPR-1000. The
error bars represent the 1-o statistical error of the gap
conductance results. MCS/THID and MCS/CTF use
a fixed gap conductance of 10,000 W/m?-K regardless
of the fuel burnup. In contrast, the MCS/FRAPCON
coupled system adjusts gap conductance based on
burnup, temperature, and gas pressure. At BOC, the
gap conductance of MCS/FRAPCON is lower than the
fixed-gap conductance value used in MCS/TH1D and
MCS/CTF, but it exceeds it at EOC.

Figures 12 and 13 present the coolant temperature dis-
tributions of the multiphysics coupled MCS calculations
for OPR-~1000 at BOC and EOC, respectively. The CTF
distribution shows realistic cross-flow between adjacent

channels, while the MCS/TH1D and MCS/FRAPCON
calculations, based on closed single-channel models for the
thermal/hydraulic feedback, do not exhibit this cross-flow
effect.

2.4 Group constants generation capability

Few-group constants generation capability was imple-
mented in the MCS for reactor analysis using a two-
step transport/nodal diffusion method [33-36]. In this
approach, transport calculations generate the few-group
constants of the fuel assemblies which are then used by
a nodal diffusion code for reactor analysis. This method
is popular owing to the short computation time of the
nodal diffusion code. Deterministic lattice transport codes
are commonly employed to generate few-group constants
for fuel assemblies. However, deterministic transport codes
contain inherent errors due to spatial, energy, and angu-
lar discretization. To address this, Monte Carlo codes
generate few-group constants using a two-step approach.
MCS was also used to produce homogenized group con-
stants for the nodal diffusion codes RAST-K and PARCS.
The k-eigenvalue and power distribution results from
MCS/RAST-K and MCS/PARCS were compared with
MCS standalone results for fast [33-35] and light water
reactors [36], respectively. The accuracy of critical spec-
trum computing methods —B1, P1, and CASMO-4E
(CM)—was evaluated, in addition to the inflow and out-
flow transport corrector methods. In the WBN1 bench-
mark problems, the inflow transport correction combined
with the CM method showed the most minor error among
all test cases [36].

2.5 Radiation shielding analysis using the weight
window method

For radiation shielding analysis, the weight window (WW)
method was implemented in the MCS [37], a common
variance-reduction technique for deep-penetration shield-
ing problems. In WW simulations, particles are split or
removed based on WW boundaries, which are determined
by the importance of the target response. This increases
the number of particles entering a high-importance region
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through a particle split and reduces it in a low-importance
region by the particle removal of the Russian roulette.
Consequently, more particles are simulated near the target
tally position and smaller statistical errors are obtained.
Additionally, 10 statistical tests were incorporated into
MCS to validate the tally results for shielding problems
[38].

MCS was applied in the radiation shielding analy-
sis of spent fuel casks [39], shielding integral benchmark
archive and database (SINBAD) [40,41], and spent fuel
pools [42]. A fixed-source mode simulation and weight win-
dow technique with 10 statistical tests were used for dose
rate calculations. Figure 14 illustrates the spent fuel pool
model and the gamma dose rate results for the assem-

bly in transit as a function of water-shielding thickness.
The error bars represent the 1-o statistical error of the
gamma dose rate results. The gamma dose rates were cal-
culated for each fuel assembly in the reactor core at the
end of the cycle. The fuel assembly-wise gamma dose rate
results were influenced by fuel enrichment, assembly bur-
nup, power history, and cooling time. It was calculated
by multiplying the photon flux by the photon flux-to-
dose conversion factor, derived using ICRP-116 [43] with
log-log interpolation. The required water shielding thick-
ness to reduce the radiation dose rate at the spent fuel
pool surface below 25uSv/hr [44,45] was calculated as
284 cm, shown as a vertical dashed line in Figure 14. All
tally results in Figure 14 passed 10 statistical tests. The
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WW method increased the figure of merit (FOM) of the
gamma dose rate at a 209.38 cm water shielding thickness
by approximately 30,000 times, with greater increases at
thicker shielding locations.

2.6 Sensitivity and uncertainty analysis using
perturbation theory

The S/U analysis capability was implemented in MCS
[46,47] to establish confidence bounds for nuclear reac-
tor safety analysis and design by uncertainty propagation
from nuclear data [48]. MCS computes sensitivity coeffi-
cients of k-eigenvalue and reaction rate ratio using gener-
alized perturbation theory [49,50] and the IFP method [9].
The uncertainties are quantified by multiplying the sen-
sitivity coefficients with covariance data from the nuclear
data library using a sandwich rule. MCS has been applied
in S/U analysis for OECD/NEA uncertainty analysis for
modelling the benchmarks of light water reactors (UAM-
LWRs) and sodium-cooled fast reactors (UAM-SFRs)
[46,47], analyzing uncertainties in k-eigenvalue, micro-
scopic, and macroscopic cross-sections by comparing top
contributors.

The IFP method used for the S/U analysis requires
a substantial memory, proportional to the number of his-
tories, to store tally quantities of each neutron history
in the original generation. To mitigate this, a super-
history method [51,52] and the Wielandt method [53,54]
were implemented in MCS, effectively reducing memory
demands.

Figure 15 shows the sensitivity coefficients of
keigenvalue, 0, U235, 0a,u235, and of ya3s for the Godiva
benchmark, with MCS results closely matching Serpent2
[55], with differences within 2-o statistical errors. The
value above each graph represents the energy integrated
sensitivity coefficient. It represents the fractional change
of a target response due to the input parameters per-
turbed in the entire energy range. The U-235 fission cross-
section sensitivity to U-235 total fission neutron spectrum
(Xtota]) is shown in Figure 15-d. The fission neutron spec-
trum is always normalized to unity, and the implicit nor-
malization is introduced as a constraint in the sensitivity
calculation. The energy integrated sensitivity coefficient
results of MCS and Serpent2 are zero due to the con-
strained condition of the fission neutron spectrum [56].

A recently developed adjoint flux calculation tech-
nique, the perturbation-included iterated fission probabil-
ity (PIFP) method, enables the exact perturbation theory
in Monte Carlo transport [57]. The PIFP method com-
putes the adjoint flux of a perturbed system during for-
ward Monte Carlo simulation of an unperturbed system,
facilitating the application of exact perturbation theory
in forward calculations. Both the PIFP and exact per-
turbation methods were implemented in MCS. Figure 16
shows the results for the boron concentration changes
in the PLUS7 fuel assembly, with the exact perturba-
tion (EP) method demonstrating significantly improved
accuracy over conventional linear perturbation methods
such as differential operator sampling (DOS) and adjoint-
weighted perturbation (AWP).

Y. = op
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4 | -§- AWP(CS) |}
20,000 S |
Eair - = ]
% -30,000 - E—
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Fig. 16. Results of perturbation methods for boron concentra-
tion change in PLUSY fuel assembly. (a) k-eigenvalue change.
(b) Error in the estimated k-eigenvalue.

3 Conclusion

This paper provides an overview of MCS, highlighting
its power reactor analysis capabilities, including deple-
tion calculation, on-the-fly Doppler broadening of neutron
cross-sections, multiphysics coupling, refueling and shuf-
fling of fuel assemblies, soluble boron concentration, and
control rod position search. Multiphysics coupling results
for the OPR-1000 reactor are presented, comparing crit-
ical boron concentration, fuel and coolant temperature
distributions, and gap conductance. Beyond reactor anal-
ysis capabilities, MCS has been extended to applications,
including group constants generation, radiation shielding
analysis, and S/U analysis. Gamma dose rate results for
the spent fuel pool were presented for radiation shield-
ing analysis, showing a more than 30,000-fold increase in
FOM using the WW variance reduction technique. Sensi-
tivity coeflicients from generalized perturbation theory in
MCS were demonstrated for the Godiva benchmark and
verified by comparison with Serpent2 results.

MCS development is ongoing, focusing on optimizing,
accelerating, and expanding its capabilities. The recently
developed PIFP method for EP in Monte Carlo trans-
port, implemented alongside the EP method in MCS, has
shown significantly improved accuracy over conventional
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perturbation methods like DOS and AWP. FET capabil-
ity now allows for continuous distributions of neutron flux,
temperature, and power in high-fidelity reactor analysis.
Acceleration of the TDMC method is needed for tran-
sient analysis of large-scale commercial reactors. Addi-
tional developments include thermal expansion modelling
for reactor geometry and the use of Al to cluster fuel rods,
reducing the computational load in high-fidelity analyses.
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