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a b s t r a c t

This study systematically compared two hybrid deterministic/Monte Carlo transport codes, ADVANTG/
MCNP and MAVRIC, in solving a difficult shielding problem for a real-world spent fuel storage cask. Both
hybrid codes were developed based on the consistent adjoint driven importance sampling (CADIS)
methodology but with different implementations. The dose rate distributions on the cask surface were of
primary interest and their predicted results were compared with each other and with a straightforward
MCNP calculation as a baseline case. Forward-Weighted CADIS was applied for optimization toward
uniform statistical uncertainties for all tallies on the cask surface. Both ADVANTG/MCNP and MAVRIC
achieved substantial improvements in overall computational efficiencies, especially for gamma-ray
transport. Compared with the continuous-energy ADVANTG/MCNP calculations, the coarse-group
MAVRIC calculations underestimated the neutron dose rates on the cask's side surface by an approxi-
mate factor of two and slightly overestimated the dose rates on the cask's top and side surfaces for fuel
gamma and hardware gamma sources because of the impact of multigroup approximation. The fine-
group MAVRIC calculations improved to a certain extent and the addition of continuous-energy treat-
ment to the Monte Carlo code in the latest MAVRIC sequence greatly reduced these discrepancies. For the
two continuous-energy calculations of ADVANTG/MCNP and MAVRIC, a remaining difference of
approximately 30% between the neutron dose rates on the cask's side surface resulted from inconsistent
use of thermal scattering treatment of hydrogen in concrete.
© 2019 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

Dry casks are the most common method of interim storage for
spent nuclear fuels until a permanent repository is decided and
made available. A dry storage cask typically has a steel container
that provides leak-tight containment of spent fuels. Additional
shielding materials such as concrete, metal, or neutron absorbers
surrounded the container to reduce dose rates outside the cask. In
Taiwan, radiation shielding analysis of an interim dry storage fa-
cility is not only a critical topic for applicant and regulatory bodies
but also a concern for nearby residents and the public because of a
relatively short distance to site boundaries and the currently
overwhelming anti-nuclear atmosphere. A stringent design dose
eering and Science, National
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limit of 0.05 mSv per year at the nearest site boundary was
promised by the state-run Taiwan Power Company (Taipower) [1],
comparedwith a typical value of 0.25mSv per year adopted inmost
countries [2] for direct radiation from an independent spent fuel
storage installation (ISFSI). Therefore, simplified but conservative
assessment methods were unfavorable; instead, accurate three-
dimensional (3D) transport calculations were primarily used in
shielding analyses to minimize the margins of conservatisms and
uncertainties. For the two approved ISFSI facilities in Taiwan, a
great deal of computational effort was spent in relevant analyses
during the design phase and review process because many
repeated calculations were necessary to optimize and verify the
shielding requirements.

A high-fidelity shielding analysis of an ISFSI involves numerous
computational challenges, including multiple source terms,
complicated geometries of the cask and facility, neutron and
gamma-ray deep-penetration calculations, radiation streaming
through cooling ducts, and skyshine evaluations. The Monte Carlo
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Fig. 1. Cutaway view of the cask geometry model.
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method is a suitable choice for the task and has gradually become
the preferred method because of its powerful capabilities in prob-
lem modeling and calculation accuracy. However, Monte Carlo re-
sults inherently contain statistical uncertainties that decrease
inversely with the square root of the number of histories being
simulated. Convergence to a desired tolerance can be extremely
time-consuming; this limitation hinders Monte Carlo simulations
for being applied to many real-world shielding problems. To render
a challenging Monte Carlo simulation computationally feasible and
practical, powerful hardware and effective variance reduction
techniques are indispensable.

Combining the advantages of deterministic and Monte Carlo
methods in transport calculations has been an important direction
in the recent development of advanced methodologies. The bene-
fits of using deterministic adjoint functions in Monte Carlo variance
reduction techniques are well known. The consistent adjoint driven
importance sampling (CADIS) methodology is one of the major
achievements in this trend [3,4]. In this study, the authors adopted
two calculation tools, ADVANTG/MCNP [5] and MAVRIC [6], to re-
examine a cask shielding problem described in the safety analysis
report (SAR) of the ISFSI at the Kuosheng nuclear power plant in
Taiwan [1]. Dose rate distributions on the top and side surfaces of a
storage cask were of primary interest. Skyshine and dose rates at
site boundary were not discussed in this study. Both ADVANTG/
MCNP and MAVRIC were developed based on the CADIS method-
ology but with different implementations in the last-step biased
Monte Carlo simulations. Their calculation results were compared
with each other as well as with a straightforward MCNP [7]
calculation with default settings in physics and variance reduc-
tion. The performances of these three codes were compared and
evaluated in terms of their accuracies in dose rate predictions and
associated computational efficiencies. ADVANTG/MCNP and MAV-
RIC have become increasingly popular in recent studies of fixed-
source shielding analyses. For example, Thiele and B€orst [8] per-
formed shielding benchmark calculations with MAVRIC and
compared with dose rate measurements for a single CASTOR cask.
Wagner et al. [9] provided a review of the hybrid transport methods
and codes used at the Oak Ridge National Laboratory and consid-
ered a spent fuel cask shielding problem as an illustration of their
application. Regarding comparisons of the two codes, Matijevi�c
et al. [10] and Paul [11] presented comparative studies of dose rate
calculations for a spent fuel pool and for the ES-3100 package with
highly enriched uranium content, respectively, using different
computational shielding methodologies, including ADVANTG/
MCNP and MAVRIC. To the best of the authors' knowledge, most
related studies have involved only one of them or have lacked
systematic comparisons between the two codes when applied to a
practical shielding problem. This motivated us to conduct the
present study. Focusing on a real-world storage cask for spent nu-
clear fuels, ADVANTG/MCNP and MAVRIC were applied to solve the
same problem of determining dose rate distributions on a cask's top
and side surfaces. The comparison results and experience obtained
should be helpful to users of these two codes and those performing
similar shielding analyses.

2. Materials and methods

2.1. Spent nuclear fuel and storage cask

The Kuosheng nuclear power plant is the largest nuclear power
plant in Taiwan, possessing two units of General Electric's boiling
water reactor (BWR) type 6with a total electricity output of 2� 985
MWe. The plant has been operated commercially for more than 35
years. Because its spent fuel pool is near to capacity, Taipower
proposed an ISFSI facility at the plant site for interim dry storage of
spent nuclear fuels. The phase one plan was approved with a ca-
pacity of 27 storage casks. According to its SAR [1], the storage cask
was essentially the MAGNASTOR type developed by NAC Interna-
tional Inc [12] with some shielding enhancements to comply with
the stringent dose limit at the site boundaries. Fig. 1 shows the
geometric model of the cask used in this study, which had overall
dimensions of approximately 6 m in height and 4.3 m in diameter.
The model included a detailed description of the canister and
shielding structure. The canister was able to accommodate 87 BWR
spent fuel assemblies. Outside the canister, a steel liner, concrete
shielding, air inlets/outlets, and other supporting structures were
present. Shielding against radiation from spent nuclear fuels is
mainly achieved using steel and concrete; in total, approximately
11.27 cm thick steel and 101.5 cm thick concrete formed the cask's
side shielding and approximately 27.86 cm thick steel and 66.7 cm
thick concrete formed its top shielding. For the detailed dimensions
of the cask model and their material assignments, please refer to
the SAR [1].

The design-basis spent fuel was a GE8 � 8-2 fuel assembly with
an initial U-235 enrichment of 2.84%, maximum burnup of 34
GWD/MTU, and cooling for 20 years. Each fuel assembly was
modeled in four consecutive regions; from top to bottom, these
were the upper end fitting (UEF), plenum, effective fuel, and lower
end fitting (LEF) regions. Three radiation sources were considered
for shielding calculations: fuel neutron (FN), fuel gamma (FG), and
hardware gamma (HG). FN and FG sources resulting from actinides
and fission products in spent fuels were contained only in the
effective fuel region. In addition, HG sources existed in all regions,
mainly due to neutron activation in their structural materials.
Table 1 lists the regional intensities of these three radiation sources
in the canister, corresponding to a full loading of 87 design-basis
spent fuels. Uniform spatial distribution was assumed for source
terms in the UEF, plenum, and LEF regions. The axial distributions of
source terms in the effective fuel region were derived from the
burnup profile of the design-basis spent fuel. The detailed energy
and spatial distributions used in shielding simulations were the
same as those adopted in the SAR; they are omitted here for brevity.
2.2. Calculation tools

Two hybrid deterministic/Monte Carlo transport codes,
ADVANTG/MCNP andMAVRIC, were employed to estimate the dose
rate distributions on the top and side surfaces of the aforemen-
tioned storage cask, as illustrated in Fig. 1. The acronym ADVANTG/
MCNP denotes the ADVANTG automated variance reduction
generator (version 3.0.3) coupled with MCNP5 version 1.60. The



Table 1
Total source intensities of 87 spent fuels in the MAGNASTOR cask.

Source Region Strength (n or g/s/cask)

Fuel neutron (FN) Effective fuel 4.799 � 1009

Fuel gamma (FG) Effective fuel 6.581 � 1016

Hardware gamma (HG) Lower end fitting (LEF) 6.020 � 1013

Effective fuel 2.818 � 1013

Plenum 3.757 � 1013

Upper end fitting (UEF) 1.793 � 1013
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MAVRIC sequence in the latest release of the SCALE code system,
version 6.2.2, was also used to solve the same shielding problem for
comparison with ADVANTG/MCNP. Both hybrid codes implement
the CADIS methodology for generating variance reduction param-
eters for fixed-source Monte Carlo simulations. The variance
reduction parameters consist of space and energy-dependent
weight windows and a consistent biased source distribution, both
of which take advantage of an approximate adjoint transport so-
lution generated by the 3D multigroup discrete ordinates code
Denovo [13]. The CADIS methodology was originally developed to
optimize a single tally; however, the variance reduction parameters
can be optimized for multiple tallies by using an extension
approach called the Forward-Weighted CADIS (FW-CADIS) method
[14], which requires an additional Denovo calculation in the for-
ward mode.

Regarding the difference between ADVANTG/MCNP and MAV-
RIC in CADIS methodology implementation, MAVRIC passed the
generated variance reduction parameters to the 3D Monte Carlo
shielding code Monaco [15] in the SCALE code package, whereas
ADVANTG was designed for direct use with unmodified versions of
MCNP5. Prior to SCALE 6.2, one of the key differences between
MAVRIC and ADVANTG/MCNP in terms of transport physics was the
format of the underlying cross sections. MCNP can perform
continuous-energy Monte Carlo transport calculations, whereas
Monaco supports onlymultigroup format data libraries. Multigroup
cross sections are problem-dependent, and this approximation in
the cross-section representation could be problematic in some
situations, such as in neutron deep-penetration calculations in iron.
Implementation of continuous-energy physics in Monaco [16] ex-
tends the capabilities of MAVRIC to higher-fidelity simulations.
Therefore, performing a detailed comparison study between
MAVRIC and ADVANTG/MCNP in a real-world shielding problem
becomes more enlightening and valuable. In addition to hybrid
methods, although MCNP itself is rich in variance reduction fea-
tures, a straightforward MCNP simulation without user-specified
variance reduction techniques was conducted as a baseline case
for measuring the performance of the two hybrid codes.
2.3. Numerical settings

For a complicated real-world shielding problem such as the
present case, performing a fair comparison between various Monte
Carlo transport codes that were developed with different consid-
erations and implementations is difficult. Nevertheless, the authors
endeavored to make the comparisons in this study as reliable as
possible by carefully checking the calculation models built using
three codes, ADVANTG/MCNP, MAVRIC, and the straightforward
MCNP, to ensuring that they had identical geometry, material,
source, and detector descriptions. The geometric dimensions and
composition assignments between models were verified by
searching and comparing not only values specified in the input files
but also those echoed in the output files. In addition, particle
transport in models with materials assigned to void was performed
to verify the consistency of source and detector definitions in
different models.
The dose rate distributions on the top and side surfaces of the

storage cask were the main target of this study. To achieve more
uniform statistical uncertainties in these tally regions, the FW-
CADIS method was activated in the hybrid simulations to opti-
mize the objective of uniform particle tracks on the cask's top and
side surfaces. FW-CADIS implementation in MAVRIC and
ADVANTG/MCNP simulations requires additional discrete ordinates
calculations in the forward and adjoint modes, respectively.
Because only approximate solutions were required for this purpose,
the spatial discretization of the problem domain was chosen to be
rather coarse to represent the large and complicated storage cask in
a few of XYZ meshes (98 � 98 � 58). In the adjoint mode calcula-
tion, a thin volume source covering the entire cask surface above
the ground was defined to attract particles in the subsequent
Monte Carlo simulation to move as outwardly as possible. The en-
ergy spectrum of the adjoint sourcewas defined as the flux-to-dose
rate conversion factors used in dose rate calculations. The FW-
CADIS method further helped to spread particles over phase
space, leading to relatively uniform statistical uncertainties across
mesh tallies on the cask's top and side surfaces.

For the Denovo discrete ordinates calculations, the 27N19G
multigroup cross-section set in the SCALE library was used for both
the forward and adjoint modes. The calculations were performed
with a P3 Legendre expansion of scattering anisotropy and an S8
angular quadrature set. For Monaco Monte Carlo calculations, three
data setsdincluding the 27N19G and 200N47G multigroup as well
as CE continuous-energy cross sections in the SCALE librar-
iesdwere used individually, and their results were compared to
investigate the effect of cross sections on the accuracy of surface
dose rate predictions. Notably, all of these cross-section data sets in
SCALE and that used in continuous-energy MCNP calculations were
derived from the same version of the ENDF/B-VII.0 library.

In addition to mesh tallies covering the cask's surface, the
average dose rate on the cask's top surface was scored by a thin
circular disk with a radius of 92 cm, which was identical to that of
the effective fuel region. Similarly, the average dose rate on the side
surface was defined by scoring a cylindrical shell with a height of
382 cm that also covered the effective fuel region. The two cell
tallies were arranged to indicate the average dose levels on the cask
surfaces and to facilitate comparison of computational efficiencies
among various calculations. Dose rates were obtained by folding
the calculated neutron and gamma-ray spectra with appropriate
flux-to-dose rate conversion factors. The computational efficiency
was defined using the figure of merit (FOM), which is the inverse of
the product of the error squared and total computing time in mi-
nutes. The higher the FOM, the greater the computational
efficiency.

3. Results and discussion

Considering the three source terms (FN, FG, and HG) in this
shielding problem, three separate fixed-source simulations were
necessary for a complete analysis of dose rate distribution around
the storage cask. This study evaluated and compared the perfor-
mances of three Monte Carlo codes in five cases; as described in the
previous section, these cases were MCNP, ADVANTG/MCNP, and
three MAVRIC runs with different cross-section libraries, labeled as
MG-27N19G, MG-200N47G, and CE. A total of 15 simulations were
performed. The execution time of each simulation was purposely
limited to approximately 1 day for an intuitive comparison of the
resultant statistical uncertainties. All calculations were conducted
on a Windows 7 computer equipped with an Intel Core i7-3770
(3.4 GHz) processor and 16 GB RAM. Table 2 lists the computing
times of these simulations, including those spent in forward and



Table 2
Computation times of 15 simulations in this study involving threeMonte Carlo codes in five cases (MCNP, ADVANTG/MCNP, and threeMAVRIC runs with different cross-section
sets) for three different source terms (FN, FG, and HG), including the computation times spent in discrete ordinates (SN) and Monte Carlo (MC) calculations.

Source Forward SN (min) Adjoint SN (min) Total SN (min) MC (hr) Total (hr)

MCNP FN n/a n/a n/a 26.01 26.01
FG n/a n/a n/a 26.00 26.00
HG n/a n/a n/a 26.00 26.00

ADVANTG/MCNP FN 37.62 27.46 67.52 24.89 26.02
FG 7.14 9.00 17.38 25.72 26.01
HG 6.50 8.85 16.56 25.74 26.01

MAVRIC (MG-27N19G) FN 35.87 21.03 56.90 27.00 27.94
FG 6.67 6.38 13.05 25.90 26.09
HG 6.68 8.11 14.79 26.00 26.23

MAVRIC (MG-200N47G) FN 30.99 20.78 51.77 25.20 26.07
FG 6.61 6.79 13.39 25.50 25.76
HG 5.67 6.81 12.49 25.70 25.97

MAVRIC (CE) FN 30.84 20.79 51.64 26.30 27.16
FG 6.68 6.75 13.44 26.00 26.24
HG 5.67 6.75 12.42 26.10 26.29
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adjoint discrete ordinates calculations that were necessary for FW-
CADIS acceleration. The discrete ordinates calculationsdeither in
forward or adjoint modesdrequired between 5 and 15 min for
gamma source problems;more timewas required (up to 1 h) for the
FN cases that involved neutron/gamma-coupled transport. The
computing time for a 3D discrete ordinates calculation can be long,
mainly depending on the size of phase space discretization and
required accuracy of the solution. In general, instead of pursuing a
precise solution, obtaining a discrete ordinates solution with
approximately the correct shape is sufficient for variance reduction.
Notably, this approximate solution did not compromise the
intrinsic accuracy of the subsequent Monte Carlo simulation based
on detailed 3D geometry, continuous energy and angular
treatments.
3.1. Accuracies of predicted dose rates

Table 3 compares the average surface dose rates on the cask's
top and side surfaces calculated by MCNP, ADVANTG/MCNP, and
three MAVRIC simulations. For the FN source case, the straightfor-
ward MCNP calculation obtained reasonable estimates in an
affordable computing time. As expected, the results of the hybrid
ADVANTG/MCNP calculation were consistent with the MCNP, and
Table 3
Comparisons of average dose rates on the cask's top and side surfaces calculated byMCNP,

Src. MCNP ADVANTG/M

Det. Dose rate (mSv/h) Error (%) FOM Dose rate (m

FN Side n 3.14 � 10�5 7.37 0.12 3.49 � 10�5

Top n 1.46 � 10�4 18.03 0.02 1.84 � 10�4

Side g 3.19 � 10�4 0.57 20 3.18 � 10�4

Top g 1.90 � 10�4 3.80 0.44 1.91 � 10�4

FG Side g - - - 4.99 � 10�5

Top g - - - 2.12 � 10�4

HG Side g 3.48 � 10�6 78.23 0.001 8.78 � 10�6

Top g 2.63 � 10�4 43.45 0.003 3.56 � 10�4

MAVRIC (MG200n47g) MAVRIC (CE)

Src. Det. Dose rate (mSv/h) Error (%) FOM Dose rate (m

FN Side n 2.38 � 10�5 0.65 16 2.47 � 10�5

Top n 1.44 � 10�4 5.30 0.24 1.89 � 10�4

Side g 2.63 � 10�4 0.93 7.66 2.62 � 10�4

Top g 1.72 � 10�4 3.29 0.61 1.73 � 10�4

FG Side g 5.04 � 10�5 0.12 454 4.95 � 10�5

Top g 2.34 � 10�4 4.46 0.33 2.24 � 10�4

HG Side g 8.98 � 10�6 0.13 372 8.77 � 10�6

Top g 3.76 � 10�4 2.63 0.93 3.65 � 10�4
more importantly, the variance reduction scheme resulted in
overall improvements in computational efficiency, especially for
two neutron tallies that yielded improvements of approximately
two orders of magnitude. The speedup was measured as the FOM
ratio between two runs. Also based on the FW-CADIS methodology,
MAVRIC in this case generally achieved similar or slightly lower
performance in computational efficiency when compared with
ADVANTG/MCNP. However, the 27N19G multigroup MAVRIC
calculation tended to underestimate the neutron and induced
gamma dose rates on the cask's side surface and overestimate the
corresponding dose rates on the cask's top surface to varying de-
grees when compared with the MCNP or ADVANTG/MCNP results.
The MCNP-related calculations with continuous-energy cross-sec-
tion data were generally considered more accurate and reliable
than those obtained using multigroup calculations, especially for
deep-penetration calculations. The 200N47G fine-group and
continuous-energy MAVRIC calculations generally mitigated these
discrepancies but still underestimated the neutron dose rate on the
cask's side surface by approximately 30% and underestimated the
induced gamma dose rates on the cask's surfaces by 10e15%, when
the ADVANTG/MCNP prediction was used as a reference.

The FG source consisted mostly of low-energy gamma rays. The
straightforward MCNP calculation in this case recorded nothing on
two ADVANTG/MCNP runs, and threeMAVRIC runs with different cross-section sets.

CNP MAVRIC (MG27n19g)

Sv/h) Error (%) FOM Dose rate (mSv/h) Error (%) FOM

0.58 19 1.78 � 10�5 0.68 13
2.42 1.09 2.53 � 10�4 3.51 0.50
0.70 13 2.77 � 10�4 1.05 5.60
1.66 2.32 2.26 � 10�4 3.88 0.41
0.09 791 7.21 � 10�5 0.11 564
8.12 0.10 2.74 � 10�4 3.99 0.41
0.11 530 1.56 � 10�5 0.12 475
1.12 5.11 4.84 � 10�4 2.01 1.59

ADVANTG/MCNP (Sab)

Sv/h) Error (%) FOM Dose rate (mSv/h) Error (%) FOM

1.01 6.19 2.52 � 10�5 0.70 13
5.00 0.25 1.76 � 10�4 2.35 1.16
1.36 3.41 2.68 � 10�4 0.90 7.91
3.54 0.51 1.63 � 10�4 1.57 2.60
0.14 345 5.00 � 10�5 0.09 791
6.90 0.14 2.12 � 10�4 7.94 0.10
0.15 286 8.78 � 10�6 0.11 530
2.41 1.11 3.56 � 10�4 1.11 5.20



Fig. 2. Comparisons of neutron and gamma-ray dose rate distributions on the cask's
side surface calculated by MCNP, ADVANTG/MCNP, and three MAVRIC runs with
different cross-section sets.
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the cask's surfaces during the 26-h execution period. For the HG
source with relatively higher energies (mainly 1.17 and 1.33 MeV
gamma rays from Co-60), some gamma rays penetrated the cask's
shielding in the MCNP simulation and reached the surface de-
tectors. However, as shown in Table 3, the statistical uncertainties
were too large (�50%) to be meaningful. By contrast, ADVANTG/
MCNP and MAVRIC achieved substantial improvements in the
computational efficiency of gamma-ray transport, especially for
two cask side detectors, as indicated by their large FOMs. Compared
with the ADVANTG/MCNP predictions, the 27N19G multigroup
MAVRIC calculation overestimated the gamma-ray dose rates on
the cask's top and side surfaces, approximately ranging from 29% to
78%. The 200N47G fine-group and continuous-energy MAVRIC
calculations substantially eliminated these discrepancies and pro-
vided consistent dose rate predictions with ADVANTG/MCNP for
the two gamma source problems. The perfect consistency of two
continuous-energy simulations in gamma-ray transport also
confirmed with great confidence that the ADVANTG/MCNP and
MAVRIC calculation models built in this study were identical.

3.2. Computational efficiencies and studies

Considering the computational efficiency of Monte Carlo simu-
lations, both ADVANTG/MCNP and MAVRIC exhibited improve-
ments in orders of magnitude compared with the straightforward
MCNP. The relative errors of their predicted dose rates on the cask
surfaces were generally within 5% or smaller after a 1-day run on a
single CPU core. Based on the FOM values in Table 3, ADVANTG/
MCNP generally exhibited slightly higher FOMs than did MAVRIC in
surface dose rate predictions. In addition, the 200N47G fine-group
and continuous-energy MAVRIC calculations led to slightly deteri-
orated performance in computational efficiency when compared
with the 27N19G coarse-group MAVRIC calculation. This small
runtime penalty can be expected at the expense of higher-fidelity
simulations in energy treatment.

For a hybrid deterministic/Monte Carlo simulation, the accuracy
of the discrete ordinates solution affects the computational effi-
ciency of the subsequent biased Monte Carlo simulation. In prin-
ciple, the more accurate the discrete ordinates solution, the more
effective is the resultant variance reduction scheme; however, this
does not guarantee the best computational efficiency. The overall
computational efficiency must also consider the computational
overhead associated with the discrete ordinates calculations in
which the mesh size of the spatial discretization is an influencing
factor. The initial selection of the XYZ mesh size (98 � 98 � 58;
nearly uniformly distributed) was arbitrary and based on the au-
thors’ experiences. As shown in Table 2, the two discrete ordinates
calculations in forward and adjoint modes generally took less than
1 h in total, and the computational overhead was minor compared
with that of approximately 1 day spent in last-step Monte Carlo
simulation. Because of a variety of possible spatial discretization
schemes that can be chosen, a concern regarding optimization of
the FW-CADIS implementation in this problem originated from the
previously selected mesh size of 98 � 98 � 58 in the XYZ co-
ordinates, which the significant speed-ups of the ADVANTG/MCNP
and MAVRIC calculations in Table 2 were based on. To address this
problem, this study considered the performances of two additional
spatial discretization schemes (50 � 50 � 30 and 196 � 196 � 116)
by roughly halving and doubling the number of meshes in each
dimension, respectively. Different discretization schemes had an
effect on the execution time of the discrete ordinates tasks. The
Denovo calculations with the 50 � 50 � 30 mesh discretization
accelerated and could be finished in only a few minutes. By
contrast, the Denovo calculations corresponding to the
196� 196� 116 finermesh discretization required several hours, in
particular for the FN source problem, which took almost 1 day to
complete. Comparing the resultant FOMs with that of the previous
mesh discretization (98 � 98 � 58) in the cask surface dose rate
calculations, the results did not show any advantage and confirmed
the appropriateness of the initially selected scheme that led to
improved overall computational efficiency in this study.
3.3. Dose rate distributions on cask surfaces

Figs. 2 and 3 show the distributions of neutron and gamma-ray
dose rates on the cask's side and top surfaces, respectively, calcu-
lated by MCNP, ADVANTG/MCNP, and three MAVRIC runs with
three different cross-section sets. The general shapes of the pre-
dicted dose rate profiles were similar to each other. Focusing first
on neutron dose rates around the cask, the maximal dose rate on
the cask's side surface occurred near the bottom air inlets and that
on the cask's top surface appeared at the air gap between the
canister and the surrounding concrete cask. These phenomena
were expected because of the effect of neutron streaming. The
statistical uncertainties of five simulations with approximately the
same computing time indicated that the computational efficiency
of ADVANTG/MCNP was approximately comparable to those of the
MAVRIC runs, and the FW-CADIS simulations significantly sur-
passed the performance of the MCNP calculation without user-
specified variance reduction techniques. As shown in Fig. 2, the
MCNP neutron tallies on the cask's side surface exhibited large
statistical fluctuations and could not be meaningfully compared
with other codes. Compared with the continuous-energy
ADVANTG/MCNP calculation, the 27N19G coarse-group MAVRIC
calculation underestimated the neutron dose rates on the cask's
side surface by a factor of approximately two. Insufficient self-
shielding correction in multigroup neutron cross sections should
be the most probable cause of this discrepancy. The 200N47G fine-
group MAVRIC calculation predicted higher neutron dose rates that
reduced this discrepancy and approached the result of the
continuous-energy MAVRIC calculation. However, the two
continuous-energy calculations of ADVANTG/MCNP and MAVRIC
still differed by approximately 30% in terms of the neutron dose
rates on the cask's side surface.

The gamma-ray dose rates on the cask surfaces were contrib-
uted by penetrated gamma rays from the FG and HG sources and
induced gamma rays from the FN source. The combined dose rate
profile on the cask's side surface in Fig. 2 shows a relatively smooth
distribution and has a broad peak around the middle of the effec-
tive fuel region. The streaming effect of gamma rays along air inlets



Fig. 3. Comparisons of neutron and gamma-ray dose rate distributions on the cask's
top surface calculated by MCNP, ADVANTG/MCNP, and three MAVRIC runs with
different cross-section sets.

Fig. 5. Comparisons of gamma-ray dose rate distributions on the cask's top surface
calculated by MCNP, ADVANTG/MCNP, and MAVRIC (CE) for three source terms (FN, FG,
and HG).
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was not as significant as that of neutrons. The dose rate peak on the
cask's top surface still occurred at the location of the air gap sur-
rounding the canister. Among the predictions of five Monte Carlo
simulations, the resultant gamma-ray dose rates on the cask's side
surface appeared more consistent with each other, except for at
cask heights above 400 cm. On the cask's top surface (Fig. 3), the
coarse-group MAVRIC-predicted gamma-ray dose rates were
slightly higher than the ADVANTG/MCNP result. This discrepancy
disappeared when the fine-group or continuous-energy MAVRIC
calculations were used.

Neutron dose rates around the cask come only from the FN
source term. By contrast, all three source terms (FN, FG, and HG)
contributed to the gamma-ray dose rates on the cask's surfaces.
Figs. 4 and 5 present the gamma-ray dose rate distributions on the
cask surfaces calculated by MCNP, ADVANTG/MCNP, and MAVRIC
(CE) due to the three source terms. The 1-day straightforward
MCNP calculations failed to generate meaningful predictions
regarding surface dose rates because of the FG and HG sources.
Apparently, effective variance reduction techniques were indis-
pensable in solving this problem. The two FW-CADIS Monte Carlo
simulations demonstrated their advantages and provided generally
consistent gamma-ray dose rate profiles for each of the three
source terms. Among them, secondary gamma rays induced by
neutron interactions were the dominant contributor of gamma-ray
dose rates on the cask's surfaces, except for in two regions: (1) on
Fig. 4. Comparisons of gamma-ray dose rate distributions on the cask's side surface
calculated by MCNP, ADVANTG/MCNP, and MAVRIC (CE) for three source terms (FN, FG,
and HG).
the cask's side surface at heights of approximately 500 cm (Fig. 4)
because of the strong and high-energy HG sources from the UEF
and plenum; (2) on the cask's top surface near the air gapwhere the
streaming and penetration of the FG and HG sources were signifi-
cant and these two sources resulted in comparable contributions
(as shown in Fig. 5).

3.4. Neutron and gamma-ray spectra on cask surfaces

In addition to dose rate distributions, Figs. 6 and 7 show the
energy spectra of neutrons and gamma rays on the cask surfaces
calculated by the two continuous-energy calculations of ADVANTG/
MCNP and MAVRIC (CE). As shown in Fig. 6, the neutron spectrum
on the cask's side surface consisted of two components: a small
portion of source neutrons that penetrated the thick shielding of
the cask and numerous thermal neutrons resulting from modera-
tion of fast neutrons in concrete. Surprisingly, the two continuous-
energy Monte Carlo calculations predicted significantly different
amounts of thermal neutrons, which led to the approximately 30%
difference in the neutron dose rate on the cask's side surface, as
discussed in Section 3.1. The neutron spectrum on the cask's top
surface was more complex than that on the cask's side surface,
Fig. 6. Comparisons of neutron spectra on the cask's top and side surfaces calculated
by ADVANTG/MCNP, ADVANTG/MCNP (Sab), and MAVRIC (CE) for the FN source term.



Fig. 7. Comparisons of gamma-ray spectra on the cask's top and side surfaces calcu-
lated by ADVANTG/MCNP, ADVANTG/MCNP (Sab), and MAVRIC (CE) for three source
terms (FN, FG, and HG).

Fig. 8. Comparisons of neutron and gamma-ray dose rate distributions on the cask's
side surface calculated by ADVANTG/MCNP, ADVANTG/MCNP (Sab), and MAVRIC (CE).

Fig. 9. Comparisons of neutron and gamma-ray dose rate distributions on the cask's
top surface calculated by ADVANTG/MCNP, ADVANTG/MCNP (Sab), and MAVRIC (CE).
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featuring a lot of neutrons of intermediate energies, partly because
of the relatively thin shielding and partly because of the air gap
between the canister and outer shield. Again, the two continuous-
energy calculations of ADVANTG/MCNP andMAVRIC (CE) predicted
mostly consistent energy distributions except for in the thermal
neutron region. This observation led us to speculate about the
inconsistency of the two calculations for neutron cross sections in
this region. After a series of comparisons of neutron cross sections
for each component of the concrete used in ADVANTG/MCNP and
MAVRIC (CE), the authors found that the two calculations had
different thermal scattering treatments for the hydrogen compo-
nent in concrete. The default hydrogen ID ¼ 1001 in the SCALE li-
brary actually referred to hydrogen in water with an S(a,b) thermal
kernel [6], whereas the hydrogen ID ¼ 1001.70c in MCNP was
treated as free gas unless an additional MT card is requested by the
user for a special treatment to account for thermal motion and
chemical binding effects [7]. Therefore, an additional calculation
denoted as ADVANTG/MCNP (Sab) with an MT card of lwtr.10t
(hydrogen in light water at 293.6 K) was prepared and performed.
The calculated neutron spectra on the cask's side and top surfaces
are also presented in Fig. 6, and indicate overall good agreement
with the MAVRIC (CE) predictions. Folding with flux-to-dose rate
conversion factors, the dose rates on the cask surfaces calculated by
ADVANTG/MCNP (Sab) are summarized in the last column of
Table 3 for comparison. The results were in excellent agreement
withMAVRIC (CE) within statistical uncertainties for all sources and
detectors.

Fig. 7 shows the gamma-ray spectra on the cask's side and top
surfaces calculated by three continuous-energy calculations labeled
as ADVANTG/MCNP, ADVANTG/MCNP (Sab), and MAVRIC (CE),
which combined the contributions from three sources (FN, FG, and
HG). All calculations predicted similar energy distributions. The
gamma rays on the cask's side surface had a broad energy distri-
bution ranging from 0.05 to 10 MeV. For the cask's top surface, the
gamma-ray intensity was roughly one order of magnitude higher
than that on the cask's side surface, and most gamma rays were of
energies within the range of 0.1e1 MeV.

Similar to Figs. 2 and 3, Figs. 8 and 9 show comparisons of
neutron and gamma-ray dose rate distributions on the cask's sur-
faces as calculated by three continuous-energy calculations:
ADVANTG/MCNP, ADVANTG/MCNP (Sab), and MAVRIC (CE). After
the inconsistent use of S(a,b) thermal scattering treatment between
the two codes had been solved, ADVANTG/MCNP (Sab) andMAVRIC
(CE) exhibited excellent agreement and had the same level of sta-
tistical uncertainties in this problem, indicating similar perfor-
mance in terms of computational accuracy and efficiency. Although
the hydrogen component represented only approximately 1% of the
weight of the concrete used in this study, the calculations with and
without consideration of S(a,b) thermal scattering for the hydrogen
component caused approximately 30% differences in neutron dose
rates on the cask's side surface, as shown in Fig. 8(a), where the
neutrons had to penetrate approximately 1 m thick concrete to
reach the surface and contributed to the detector. For the other
surface tallies, this consideration was not so important and cannot
be observed from the comparisons in Figs. 8(b) and 9.
4. Conclusions

This paper describes a real-world cask shielding problem and a
systematic comparison of the two hybrid deterministic/Monte
Carlo transport codes that were used to solve it. The cask shielding
problem involves not only complex source and geometry config-
urations but also troublesome deep-penetration and streaming
calculations. The Monte Carlo method is usually a preferable
approach for solving such a difficult problem; however, effective
variance reduction techniques are indispensable for obtaining
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statistically converged results within a reasonable computing
time. Aimed at obtaining the surface dose rate distributions of
neutrons and gamma rays around a MAGNASTOR spent fuel
storage cask, this study compared the performances of ADVANTG/
MCNP and MAVRIC in terms of their prediction accuracy and
computational efficiency. Both codes utilized the forward and
adjoint solutions generated by the discrete ordinates Denovo code
for source biasing and consistent transport biasing. However, the
two hybrid codes had different FW-CADIS implementations in the
last-step Monte Carlo simulation: ADVANTG was designed to
directly couple with the popular continuous-energy MCNP calcu-
lation, whereas the Monte Carlo Monaco code in the latest MAV-
RIC sequence started to support both multigroup and continuous-
energy Monte Carlo simulations.

The detailed distributions of neutron and gamma-ray dose rates
on the cask's side and top surfaces were obtained from the MCNP,
ADVANTG/MCNP, and MAVRIC calculations with different cross-
section data sets. Compared with the straightforward MCNP
calculation, the computational efficiencies of ADVANTG/MCNP and
MAVRIC were substantially improved by a factor of hundreds for
neutron transport; moreover, their efficiencies were markedly
increased by more than several orders of magnitude for two cases
involving gamma-ray sources. An examination of their FOMs
revealed that the computational efficiency of ADVANTG/MCNP was
slightly better than that of MAVRIC for this problem. In terms of the
accuracy of predicting surface dose rates, the continuous-energy
Monte Carlo simulations were considered more reliable than
were themultigroup calculations, especially for problems involving
the deep penetration of neutrons in complicated geometry. The
comparison of ADVANTG/MCNP and three MAVRIC simulations
with 27N19G, 200N47G, and CE cross-section sets supported this
anticipation. When using coarse-group cross-section library
27N19G with MAVRIC, the impact of multigroup approximation led
to underestimate of the neutron dose rates on the cask's side sur-
face and overestimate the dose rates on all of the cask's surfaces for
two gamma-ray sources. The 200N47G fine-group and continuous-
energyMAVRIC calculations greatly improved these insufficiencies;
however, the two continuous-energy calculations of ADVANTG/
MCNP and MAVRIC still showed approximately 30% differences in
the predicted neutron dose rates on the cask's side surface and
10%e15% differences in the induced gamma-ray dose rates on the
cask's surfaces. By observing the calculated neutron spectra on the
cask's surfaces, these remaining discrepancies were identified
because of inconsistent use of thermal scattering treatment for
hydrogen in concrete between the two codes. After this inconsis-
tency had been solved, the ADVANTG/MCNP (Sab) andMAVRIC (CE)
exhibited excellent agreement in predicting dose rates on the cask's
surfaces and similar performance in terms of computational
efficiency.
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