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Analog Monte Carlo simulations for deep-penetration shielding problems are not viable; instead, aggressive use of 

variance reduction methods is used aiming to achieve acceptable accuracy for the result of interest in acceptable time. 
This requires developing effective variance reduction parameters, which in turn requires a systematic approach and 
an automated method. Frequently, a hybrid deterministic-stochastic methodology is deployed, where a deterministic 
transport theory method is used to generate adjoint function distribution. In the FW-CADIS method implemented in 
MAVRIC sequence of the SCALE6 package, deterministic forward calculation is performed as well, to enable gene-
rating variance reduction parameters for Monte Carlo simulation resulting in nearly-uniform statistical uncertainty 
over a large region. The choice of the deterministic model is user-controlled. However, the accuracy of the forward 
and adjoint deterministic solutions impacts the quality of Monte Carlo variance reduction parameters. We investigate 
this problem on a complex real-life shielding problem. The objective is to determine the radiation field (dose rate) 
throughout a nuclear power plant building. The large problem size (about 50x50x50 m3), is further complicated by 
attenuation of more than 15 orders of magnitude. The results will serve as the initial step toward developing a general 
methodology for performance optimization of hybrid shielding calculations.  

KEYWORDS: Monte Carlo shielding simulations, hybrid transport theory methods, automated variance reduc-
tion, MAVRIC sequence in SCALE6 

 
 

I. Introduction1 

It has been recognized that deep-penetration shielding 
problems pose specific challenges to Monte Carlo simula-
tions. Specifically, “straightforward” or analog simulations 
are not viable; instead, use of variance reduction methods is 
necessary to make analysis practical, i.e., achieve acceptable 
accuracy for the result of interest in acceptable time. This 
requires developing effective variance reduction parameters 
over a large phase space. Manually developing these para-
meters (based on trial and error) is in principle possible, but 
it requires significant engineering time and is not practical. 
Instead, theory-based approaches coupled to automated me-
thods for generating variance reduction parameters have 
proved effective. In this paper, the FW-CADIS method im-
plemented in MAVRIC sequence of the SCALE6 package is 
used. MAVRIC is based on a hybrid deterministic-stochastic 
methodology, where a deterministic transport theory method 
is used to generate adjoint function distribution. Additionally, 
deterministic forward calculation is performed to enable 
generating variance reduction parameters for Monte Carlo 
simulation resulting in nearly-uniform statistical uncertainty 
over a large region. The choice of the deterministic model is 
user-controlled. However, the accuracy of the forward and 
adjoint deterministic solutions impacts the quality of Monte 
Carlo variance reduction parameters. 

We investigate this problem on a complex real-life shiel-
ding problem. IRIS is an advanced, smaller power PWR, 
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with aggressive dose reduction objectives. Due to its integral 
configuration, IRIS has a thick downcomer region which 
significantly reduces the radiation intensity outside the reac-
tor vessel, forming the technical basis for achieving the 
objectives. However, this feature also makes the shielding 
analysis very challenging. The goal of evaluating the dose 
rate distribution throughout the IRIS nuclear power plant and, 
in particular, in all accessible areas further amplifies the 
problem. The large size of the problem and region of interest, 
about 50×50×50 m3, is further complicated by attenuation of 
more than 15 orders of magnitude.  

The paper is organized as follows. Section II summarizes 
MAVRIC methodology. Section III describes the IRIS nuc-
lear power plant and the MAVRIC model of IRIS. 
Section IV presents results and Section V provides conclu-
sions. 

 
II. MAVRIC Methodology 

MAVRIC (MONACO with Automated Variance Reduc-
tion using Importance Calculations) is a new sequence 
within the SCALE6 code system for performing shielding 
calculations.1,2) It uses a hybrid deterministic-stochastic me-
thod to generate variance reduction parameters for Monte 
Carlo simulations in an automated manner. MAVRIC is 
based on the CADIS (Consistent Adjoint Driven Importance 
Sampling) and FW-CADIS (Forward CADIS) methods.3-5) 
Deterministic discrete ordinates code Denovo is used in 
forward and then in adjoint mode to obtain three dimension-
al flux and adjoint function distributions. MAVRIC uses this 
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information to generate a space and energy dependent 
weight windows. In CADIS, the importance map biases the 
simulations to optimize obtaining results in a localized, 
phase-space area of interest. In FW-CADIS, the importance 
map biases the simulations in a way to obtain nearly-uniform 
statistical uncertainty throughout the region of interest. A 
consistent source biasing is used in both cases. 

The FW-CADIS methodology and MONACO sequence 
may be summarized as follows. First the deterministically 
obtained scalar flux ( , )r E is used to estimate the response 
of interest, ( , ) ( , ) ( , )R r E r E f r E  , where ( , )f r E  is 
the response function, for example the detector (reaction) 
cross section ( )d E . This response is then used to con-
struct the source for the adjoint problem  

1
( , )

( , )
q r E

R r E

  . (1) 

Next, the deterministically obtained adjoint function is 
used to obtain the weight window targets that will be used in 
Monte Carlo simulations 

( , )
( , )

c
w r E

r E
  , (2) 

where c is a normalizing constant. Additionally, the source 
distribution in Monte Carlo simulations will be biased con-
sistently with weight windows, and the weight set to 
preserve the unbiased estimate. Additional details are availa-
ble elsewhere.3-5) 

In the described manner MAVRIC generates an impor-
tance map for Monte Carlo simulations that are performed 
using the Monaco code. 

 
III. IRIS Nuclear Power Plant 

1. IRIS Nuclear Power Plant Layout 
IRIS is an advanced PWR with a nominal thermal output 

of 1,000 MWt and electric output of ~335 MWe. It has an 
integral configuration with the primary circuit inside the 
reactor vessel.6,7) The plan layout (containment and the reac-
tor building arrangement) is shown in Fig. 1. The reactor 
building is ~55 meters tall, with the first 20 meters under-
ground, and in its center the power plant contains a spherical 
containment vessel that is 25 meters in diameter. The pres-
sure vessel (Fig. 2) is 3.39 meters in outer radius and 22.27 
meters tall. Due to the integral design, the downcomer re-
gion is 1.67 meters wide, i.e., around 8 times thicker than in 
a typical PWR design, which significantly reduces the radia-
tion dose rate outside the reactor pressure vessel. At the 
same time, the shielding analysis to determine the dose rate 
outside the vessel becomes significantly more difficult, pro-
viding a well suited problem to examine the issues of 
effective simulations using the MAVRIC methodology. 

IRIS aims is to notably reduce the collective dose as 
compared with the current nuclear power plants.8) Conse-
quently, the goal is to have a dose rate to personnel in 
accessible areas lower than 0.25 μSv/hr. Because of the 
compact IRIS design and proximity of accessible areas to the 

reactor vessel and the presence of potential steaming paths, 
accurate modeling and simulations are required to obtain 
reliable results.  

 
2. MAVRIC Model of IRIS 

MAVRIC model of the IRIS vessel and reactor building 
has been developed to accurately represent the vessel, con-
tainment and concrete structures. Figures 3 to 5 depict the 
3D view, and vertical and radial cross sectional cuts of the 
IRIS nuclear power plant model with grids depicting dimen-
sions of the model in meters, through the center and at 
ground level elevation, respectively.  

Fig. 1 IRIS reactor building with containment and pressure ves-
sel shown 

Fig. 2 IRIS integral reactor vessel layout 
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Focus of this study was the dose rate determination in the 
control room, marked by “CR” in Figs. 2 and 3. The control 
room is located underground, extending between the eleva-
tions of -4.5 m and -1.0 m. 

 
IV. MAVRIC Simulations and Analysis of Results 

To determine dose rate in the control room and between 
the reactor vessel and control room, MAVRIC model as 
shown in Fig. 6 was devised. The importance map (the blue 
encompassing region) denotes the region that will be consi-
dered in the model and for which the variance reduction 
parameters will be generated. The forward source area cor-
responds to the fission source, i.e., reactor core. The adjoint 
source area indicates the region for which the methodology 

will aim to optimize generation of Monte Carlo results, i.e., 
minimize statistical uncertainty while producing results with 
spatially near-uniform statistical uncertainty. While we are 
primarily interested in the radiation dose in the control room, 
in this starting analysis we aim to generate results on a 
broader region, i.e., also in the area between the core and 
control room, to confirm physically expected behavior of 
results and thus increase confidence in results. 

The region covered by this model is 20.86×20.86 
×15.76 m3 large. In deterministic Denovo calculations it was 
covered by 200 intervals in each direction, i.e., a total of 
8 million meshes. P1S4 approximation was used. Calcula-
tions were performed on a Unix machine (utilizing a single 

Fig. 3 IRIS model of IRIS – 3D perspective view 

Fig. 4 IRIS model – vertical cross section 

Fig. 5 IRIS model – radial cross section at elevation within the 
control room (-4.5 m to -1.0 m below the ground) 

Fig. 6 IRIS model – radial cross section at control room level 
elevation (-4.5 m to -1 m below ground) 
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CPU). 
The mesh tally for Mont Carlo simulations was set to 

80x80x80 meshes. This spatial resolution of tallies was 
deemed appropriate for the purpose of this study. 

A dose rate distribution in the vertical plane (indicated by 
the dashed line in Fig. 5) which is 12 meters “south” from 
the core center, and in the radial plane at elevation of 
-1.05 m, are shown in Figs. 7 and 8. The control room is 
indicated by the red box. 

This simulation had 10 batches with 1 million particles 
each. The total run time for the calculations was 50.44 hours. 
The Denovo portion of the code took 2.79 hours for the for-
ward part of the calculations and the adjoint portion of the 
program took 2.61 hours. The Monaco portion of the program 
sequence took 42.58 hours. From the results it can be esti-
mated that the dose rate in the control room has a maximum 
around 10-9 Sv/hr (10-7 rem/hr), meeting the IRIS dose re-
duction objectives. These results, obtained with a moderate 
running time, enabled getting a useful estimate of the dose 
rate in the relatively large considered region of the building. 
The statistical uncertainty in Monaco results is relatively high, 
which can be seen in Fig. 9, but still adequate for a scoping 
study aimed to determining the dose rate distribution over a 

large volume.  
From Fig. 9 it may be further observed that the relative 

uncertainty ranges from 0.1 to 0.6 with a representative val-
ue of 0.4 in the control room. Given the size of the problem 
and attenuation by many orders of magnitude, this is an im-
pressive result. The uncertainty distribution, while not fully 
uniform, is much more uniform than what could have been 
achieved by any manual trial-end-error variance reduction. 
Moreover, it was obtained in an automated manner with li-
mited use of engineering time and the model may be easily 
modified to generate results in other sections of the plant. 
Note that the targeted uniform-statistics area denoted by the 
blue box in Fig. 6 does not include the rightmost side of 
Fig. 9 area; the poor statistics there is induced by the us-
er-selected problem definition, and appropriate for the 
objective.  

A closer look at the non-uniform uncertainty distribution 
reveals the deterministic mesh as the main culprit. This initial 
analysis was performed using spatial meshes that are both 
quite large, and spatially uniform. The latter means that they 
do not account for the characteristics of this model, which has 
alternating layers of highly absorbing and very transparent 
materials (concrete and air).  

Using a finer and/or tailored non-uniform mesh is expected 
to further improve the uniformity of the statistical uncertainty. 
Analysis is in progress and additional results are being ob-
tained to quantify the level of improvement and the required 
additional computational efforts. One example is provided in 
Fig. 10, showing the distribution of statistical uncertainties 
for an improved simulation model. The simulation was op-
timized to generate results in all potentially accessible areas 
(i.e., “rooms” on the left side and bottom of the figure). A 
more uniform distribution is achieved, with relative uncer-
tainties generally in the range below 0.3 in the areas of 
interest.  

Finally, a simulation focusing on control room only pro-
vided results with uncertainties shown in Fig. 11. The Monte 
Carlo portion of simulations in this analysis used 3 to 4 times 
less CPU time than the previous simulations, yet provided 
better statistics in the control room. This is of course expected 
since the region of interest is smaller. However, by itself, with 
the surrounding areas blank (i.e., without any results gener-
ated) it could raise questions about the validity of results. 

Fig. 7 Radial plane cut of the dose rate distribution at 12 meters 
south from the center of the containment vessel 

Fig. 8 Radial plane cut of the dose rate distribution at an eleva-
tion through the control room (1.05 m below the ground level) 

Fig. 9 Vertical plane cut of the relative uncertainty distribution at 
12 meters south from the center of the containment vessel 
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Having the ability in MAVRIC to easily obtain both the 
global solution (Figs. 7-9) and more focused solution(s) 
enables both verifying the overall physical behavior and re-
ducing the statistical uncertainty in the primary area of 
interest.  
 
V. Conclusion 

A challenging shielding analysis was performed using the 
SCALE6/MAVRIC sequence. The dose rate distribution was 
obtained over a large volume, in moderate time, and with an 
acceptable accuracy for the purpose of the scoping study. A 
more focused solution (dose distribution in the control room) 
but with improved statistics was obtained as well.  

The automated MAVRIC sequence facilitates obtaining 
multiple solutions effectively, both from the standpoint of 
simulations efficiency (variance reduction) and of minimiz-
ing the engineering efforts. Nevertheless, large challenging 
problems, such as the one analyzed, still require judicious 
use of available computational resources and understanding 
of the underlying physics; further studies are underway to 
assess approaches to optimizing the overall performance of 
this hybrid deterministic-stochastic methodology.  
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Fig. 10 Vertical plane cut of the relative uncertainty distribution 
at 12 meters south from the center of the containment vessel 
obtained with improved variance reduction parameters 

Fig. 11 Vertical plane cut of the relative uncertainty distribution 
at 12 meters south from the center of the containment vessel 
obtained with region of interest specified as control room only 
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