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HIGHLIGHTS

® Calculate the prompt dose rate everywhere throughout the entire fusion energy facility.
o Utilize FW-CADIS to accurately perform difficult neutronics calculations for fusion energy systems.
® Develop three mesh adaptivity algorithms to enhance FW-CADIS efficiency in fusion-neutronics calculations.
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ABSTRACT

Three mesh adaptivity algorithms were developed to facilitate and expedite the use of the CADIS and
FW-CADIS hybrid Monte Carlo/deterministic techniques in accurate full-scale neutronics simulations of
fusion energy systems with immense sizes and complicated geometries. First, a macromaterial approach
enhances the fidelity of the deterministic models without changing the mesh. Second, a deterministic
mesh refinement algorithm generates meshes that capture as much geometric detail as possible without
exceeding a specified maximum number of mesh elements. Finally, a weight window coarsening algo-
rithm decouples the weight window mesh and energy bins from the mesh and energy group structure of
the deterministic calculations in order to remove the memory constraint of the weight window map from
the deterministic mesh resolution. The three algorithms were used to enhance an FW-CADIS calculation
of the prompt dose rate throughout the ITER experimental facility and resulted in a 23.3% increase in
the number of mesh tally elements in which the dose rates were calculated in a 10-day Monte Carlo cal-
culation. Additionally, because of the significant increase in the efficiency of FW-CADIS simulations, the
three algorithms enabled this difficult calculation to be accurately solved on a regular computer cluster,
eliminating the need for a world-class super computer.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

streaming through these penetrations is expected to play a domi-
nant role in increasing the dose rates outside the bioshield. Three

Assessment of the dose rates throughout ITER is necessary
to determine personnel accessibility, ensure occupational safety,
and guide possible design changes for the reactor building. The
biological shield (bioshield) of ITER, which has a thickness of
2m, is designed to provide ~7 orders-of-magnitude attenua-
tion in the absence of penetrations. However, many penetrations
are necessary to route hydraulic, electrical, and other systems
through the bioshield. During operation of the reactor, radiation
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dimensional (3-D) analysis is necessary to accurately predict the
effect of these penetrations. Due to the immense size and com-
plexity of the ITER structure, calculation of the radiation dose rates
outside the bioshield has always depended on coupling the final
3-D analysis with simplified 1-D and/or 2-D analyses [1], which
ignore critical inner geometric details such as the large diagnostics
ports. A full-scale 3-D neutronics analysis of the entire ITER reactor
is needed to determine the important effects of these penetrations
on the dose rates outside the ITER experimental facility [2]. Fig. 1
shows a schematic view of the ITER bioshield and the ITER ports.
The Consistent Adjoint Driven Importance Sampling (CADIS)
[3] and Forward-Weighted CADIS (FW-CADIS) [4] hybrid Monte
Carlo (MC)/deterministic techniques have demonstrated dramatic
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Fig. 1. ITER bioshield and ports.

improvements in the efficiency of full-scale analyses of problems
with physical sizes similar to and larger than ITER [5]. These
methods use approximate deterministic calculation(s), generally
discrete ordinates (Sy), to create the source biasing and weight-
window (WW) parameters needed for efficient MC simulations. In
aprevious analysis, the prompt dose rate throughout the entire ITER
experimental facility was calculated using the FW-CADIS method
[2]. Despite the remarkable success of the FW-CADIS method in
accurately and efficiently determining the dose rates outside the
ITER bioshield, the MC tally results in this analysis still had high
uncertainties, especially at the inboard (IB) regions of ITER. Because
of the limited computing resources available for the preliminary
deterministic calculations and the limited computer memory avail-
able for storing the WW parameters of the final MC calculation, a
nonuniform mesh was used in the deterministic calculations of the
FW-CADIS simulation described in Ref. [2]. This mesh was man-
ually structured to enhance the MC calculation efficiency for the
outboard ITER regions at the expense of the MC efficiency for the
IB ITER regions.

To reduce the computational time and memory requirements
of the CADIS and FW-CADIS methods while maintaining their
efficiency improvements, three automatic mesh adaptivity algo-
rithms were developed and added to the AutomateD VAriaNce
reducTion Generator (ADVANTG) code [6]. First, a macromaterial
(MM) approach [7], which mixes the materials for the deter-
ministic calculations, enhances the fidelity of the deterministic
models without requiring mesh refinement. Second, a determinis-
tic mesh refinement algorithm improves the accuracy of structured
mesh deterministic calculations by generating meshes that cap-
ture as much geometric detail as possible without exceeding some
maximum number of mesh elements, usually determined by the
availability of computing resources. Finally, a WW coarsening algo-
rithm decouples the WW mesh from the mesh of the deterministic
calculations in order to remove the memory constraint of the WW
map from the deterministic mesh resolution. In this work, the three
algorithms were applied to the FW-CADIS calculation of the ITER
global prompt dose rate calculation described in Ref. [2].

2. Algorithms
2.1. Macromaterials approach

The traditional process of defining the materials in determinis-
tic models of CADIS and FW-CADIS simulations uses a cell-centered
(CC)approach. With the CCapproach, the material of each mesh ele-
ment in the deterministic model is set to the material located at the

center point of the element in the MC model. This approximation is
simple, but it does not conserve relevant physical quantities such
as material volumes.

The MM approach [7] was developed for improving the mate-
rial definitions in the deterministic calculations in the SCALE [8]
shielding analysis sequence MAVRIC. By querying the MC model for
the material at more than one point and creating a homogenized
mixture for each mesh element, the MM approach enhances the
fidelity of the material volumes. The implementation of the MM
approach in ADVANTG replaced the SCALE/MAVRIC point-testing
method with a ray-tracing technique. Unlike the point-testing
method, which samples the materials using a series of test points,
the ray-tracing method shoots rays from the mesh boundaries and
determines the material fractions along the path of each ray until
it leaves the mesh [9].

The MM approach was used in the deterministic mesh refine-
ment algorithm.

2.2. Deterministic mesh refinement

In all previous implementations of CADIS and FW-CADIS, the
positions of the planes of the deterministic structured mesh
must be manually chosen. Even with automation of the material
specifications, developing an efficient mesh for the deterministic
calculations can be difficult for large and complicated problems. A
deterministic mesh refinement algorithm was developed to create
meshes that capture as much geometric detail as possible without
exceeding a maximum number of mesh elements that is usually
determined by the availability of computing resources.

The deterministic mesh refinement algorithm [10] uses a mesh
potential function describing the material heterogeneity in each
mesh element. During the MM calculations, the constituents of each
mesh element are internally stored in a vector of volume fractions.
Each component in the vector represents the volume fraction of
one of the materials in the MC model. The heterogeneity parameter
used in developing the mesh potential function of the deterministic
mesh refinement algorithm is

hijk = (Omax — O'ijk)vijk’ (1)

where hy is the heterogeneity parameter of the mesh element
defined by the three indices i, j and k; o, is the standard deviation
of the fractions in the vector consisting of the material fractions
and the void fraction of the mesh element; omax is the maximum
possible standard deviation of this vector; and Vj is the volume of
the element.

Like many Sy deterministic codes, Denovo [11] performs cal-
culations on an orthogonal, simply connected mesh in which each
element face adjoins one and only one neighbor. Because Denovo
is the deterministic code used by ADVANTG, the implementation
of the mesh refinement algorithm in ADVANTG was constrained
by preserving the connectivity of the orthogonal Cartesian mesh.
A “block heterogeneity parameter” was defined for each X, Y, or
Z block as the sum of the heterogeneity parameters of all of the
elements that belong to each block:

H; = Zhijkv H; = Zhijkv Hy = Zhijk~ (2)

jk ik ij

Starting from a coarse user-defined mesh (initial guess), the
steps of the deterministic mesh refinement algorithms can be sum-
marized as follows.

1. Calculate the heterogeneity parameter of each mesh element
using Eq. (1).

2. Calculate the block heterogeneity parameter of each X, Y, and Z
block using Eq. (2).
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3. Modify the mesh by inserting an extra plane at the midpoint
between the two bounding planes of the X, Y, or Z block with the
maximum heterogeneity parameter.

4. Recalculate the heterogeneity parameter for each of the new
elements added by the extra plane insertion.

5. Recalculate all block heterogeneity parameters.

6. Repeat steps 3, 4, and 5 until a user-specified total number of
mesh elements is reached or until the sum of the heterogeneity
parameters of all the mesh elements becomes zero.

For Cartesian meshes, the sum of the heterogeneity parameters
of all the mesh elements can only be zero for underlying geometries
with only rectangular cross-sectional areas. The maximum number
of mesh elements is specified using a refinement parameter that
represents the ratio between the total number of elements in the
final and initial meshes.

2.3. Weight-window coarsening

Both CADIS and FW-CADIS use the deterministic adjoint fluxes
to calculate a biased source and WW parameters for the MC cal-
culation. The MC calculation cannot run if the MC code cannot
allocate enough memory to store the WWs. The problem will be
more pronounced with parallel processing because the current
production-level MC codes (e.g., MCNP [12]) depend on replication
of the MC data (geometry, cross sections, WWs, etc.) on all process-
ors. Because the WWs are traditionally generated using the same
mesh and energy group structure as the deterministic calculations,
the size of the WW maps poses a very restrictive limit on the deter-
ministic mesh resolution in CADIS and FW-CADIS simulations of
large and complicated problems. Decoupling the WW and deter-
ministic meshes is necessary to allow the use of finer deterministic
resolutions without increasing the storage size of the WW maps. An
efficient algorithm for reducing the storage size of the WW maps
should minimize the penalty in the MC efficiency that is expected
because of the loss of fidelity as the WW map is coarsened.

The WW coarsening algorithm [10] uses a flux-weighted aver-
age of the adjoint fluxes, represented by

.
Zngk¢’UI<,g¢Ul<,gVijl<
> g2 iikPiik.g Vi

In Eq. (3), the ijk and g summations on the right-hand side
include all of the fine space-energy elements that compose the
coarse space-energy element determined by the spatial indices I,
J, and K and the energy group index G; Vj, is the volume of ele-
ment ijk in the fine grid; and ¢y, and ¢;Tk7g are the fluxes and
adjoint fluxes of the fine grid. While FW-CADIS uses approximate
forward and adjoint deterministic calculations, the CADIS method
only requires one adjoint deterministic calculation. An extra for-
ward deterministic calculation will be needed to apply the WW
coarsening algorithm for CADIS simulations.

By using a flux-weighted average of the adjoint flux, the adjoint
flux of the coarse element is controlled by the adjoint fluxes of
the fine elements with higher real (forward) fluxes. Furthermore,
the adjoint fluxes calculated from Eq. (3) conserve the contribu-
ton flux [13], represented by the forward flux multiplied by the
adjoint flux,! of the fine mesh deterministic calculations. Because
the contributon flux identifies the potential response contribution
of each region [13], the coarse mesh adjoint flux, calculated by Eq.

(3)

+
¢U1<,G =

1 In this work, the contributon flux was approximated as the product of the scalar
forward and adjoint fluxes. A quadrature integration of the angular moments can
be used to improve the accuracy if the flux is strongly anisotropic.

(3), preserves the expected response calculated using fine mesh
deterministic calculations.

In previous works, it has been theoretically proven [14] and
demonstrated [10] that the CADIS and FW-CADIS methods tend
to populate the MC particles according to the contributon flux.
Regions with high contributon fluxes, which should have a high
population of MC simulated particles, are expected to have a higher
impact on increasing or decreasing the MC figure of merit (FOM)
than regions with lower contributon fluxes. The use of finer deter-
ministic meshes in CADIS and FW-CADIS reduces the discretization
errors in the deterministic calculations, yielding better weight
windows, which should increase the MC FOM. To minimize the
decrease in the MC FOM that is expected with the mesh coarsening
necessary to reduce the size of the WW maps, it is desirable to pre-
serve the mesh fidelity in the regions of highest contributon flux in
CADIS and FW-CADIS simulations. Therefore, mesh elements with
lower contributon fluxes should be collapsed (lose fidelity) before
mesh elements with higher contributon fluxes.

Because only structured, simply connected WW maps can be
used in MCNP without modification, the removal of the space-
energy elements in ADVANTG WW maps was restricted to the
removal of spatial (X, Y, or Z) blocks or energy groups. The WW
coarsening algorithm used “block contributon parameters,” repre-
senting the space and energy summations of the product of the
contributon fluxes and the volumes of all the space-energy ele-
ments belonging to each X, Y, or Z block or to each energy group.
As an example, the block contributon parameter for one X block is
expressed as

= Y i B

g jk

The steps of the WW coarsening algorithm can be summarized
as follows.

1. Calculate the block contributon parameters for all blocks and
energy groups.

2. Calculate the flux-weighted average adjoint fluxes (Eq. (3)) for all
the space-energy elements of the spatial block or energy group
with the lowest block contributon parameter (C,;,) and the cor-
responding space-energy elements of the neighboring block or
energy group (Cueighbor)-

3. Update the adjoint fluxes in all the space-energy elements of
Cheighbor DY replacing them with the calculated average.

4, Update the forward fluxes and the volumes of the space-energy
elements of Cpejghnor by adding the corresponding forward fluxes
and volumes of G, to the corresponding values in Cpeighpor. NO
volume changes will occur if B,,;;, represents an energy group.

5. Update the block contributon parameter of Cpejgnnor Dy adding
the block contributon parameter of By, to it.

6. Remove the forward and adjoint fluxes of all the space-energy
elements of B,,;;; and remove the block contributon parameter
of Bin-

7. Repeat steps 2-6 until the total number of space-energy ele-
ments reaches a user-specified value.

Cheighbor Should be the neighboring block or group with the lower
block contributon parameter except for boundary blocks with only
one neighbor. The user should determine the total number of space-
energy elements in the final WW mesh according to the computer
memory available for the MC calculations. The desired number of
elements in the final WW map is specified using a collapsing param-
eter that represents the ratio of the total number of space-energy
elements in the fine deterministic mesh and the total number of
space-energy elements in the coarse WW mesh.
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Fig. 2. CDFs of mesh tally relative uncertainties for 10-day MC calculations.

3. Results
3.1. Effects of the three algorithms

The efficiency and reliability improvements provided by each
of the three algorithms individually have been demonstrated in
Ref. [10] for several CADIS and FW-CADIS simulations. For the
present analysis, the three algorithms were combined to increase
the efficiency of an FW-CADIS simulation of the prompt dose rate
throughout the entire ITER experimental facility. The original cal-
culation, described in Ref. [2], used a Cartesian mesh tally with
uniform cubic elements, 10cm on a side, to calculate the total
(neutrons + photons) prompt operational dose rates throughout the
ITER experimental facility.

Even with the FW-CADIS method, an accurate and reliable MCNP
calculation of a problem with the magnitude and complexity of
this system requires hundreds of processor-days. Performing such a
calculation without parallel processing is difficult. Because the size
of the WW map may constitute the limiting factor on the number
of MCNP jobs that can be run in parallel, it is illustrative to compare
the MC efficiencies of different FW-CADIS cases with similar WW
map sizes.

Fig. 2 shows the cumulative distribution functions (CDFs) of the
mesh tally relative uncertainties of two 10-day MCNP runs that
used two FW-CADIS cases, both of which had similarly sized WW
maps that occupied about 0.21 GB of hard disk space. The first FW-
CADIS case did not use any of the three algorithms. The Denovo
model in this case used a uniform mesh with elements of side
lengths between 50.8 cm and 51.43 cm and used the CC approach
for defining the materials. The total number of space-energy ele-
ments in the Denovo model in this case was 16.4 x 106. For the
second FW-CADIS case, the Denovo model, which had 528.0 x 106
space-energy elements, was created using the deterministic mesh
refinement algorithm and used the MM approach for materials def-
initions. To reduce the size of the WW map in the second case, the
WW coarsening algorithm was used to collapse the adjoint fluxes
from the structure of the Denovo calculations to a structure with
only 16.3 x 106 space-energy elements.

The use of the three algorithms increased the fraction of nonzero
scoring mesh tally elements from 79.3% to 97.8%. This is equiva-
lent to 501,477 more elements with calculated MC answers. For
assessing the efficiency of global MC problems, an FOM based on
the average relative variance of the mesh tally elements can be
used [15]. This FOM increased by a factor of 3.4 due to the use of
the three algorithms. This high increase in the MC efficiency, which
was not accompanied by any increase in the memory requirement,
can greatly facilitate performing such a difficult MC simulation with
parallel-processing.

Dose rates
uSv/hr

1.000e+15
l 1.000e+11
' 1.000e+07

1000. Gl
.:IJJC(IJ

|

Fig. 3. Dose rate map on central plane and on plane rotated 20° from central plane.

3.2. Global prompt dose rate calculation with parallel processing

The large reduction in the size of the WW map for the
automatically refined FW-CADIS case enabled performing a 940
processor-day MCNP calculation by parallel processing on the UNIX
computer cluster of the University of Wisconsin-Madison Depart-
ment of Engineering Physics. For this calculation, 92.7% of the mesh
tally elements had relative uncertainties below 10%. From all of the
mesh tally elements (2,676,552) that lie within the 40° sector of
the MCNP model, only 19 elements did not have MC scoring in this
calculation.

Fig. 3 shows the dose rate map on the central plane of the model
and on a plane rotated 20° from the central plane.

To develop confidence in the accuracy of this FW-CADIS calcu-
lation, the global MC results at four points were compared to the
results of two other complementary approaches. The four points
represent interesting positions inside and outside the bioshield at
the mid-plane and at the bottom of the tokamak. The positions of
the four points used in the verification of the global MC calculation
are shown in Fig. 4.

Fig. 4. Positions of the four points used in validation of ITER prompt dose rate global
MC calculation.
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Table 1

Dose rates calculated at four points for ITER global prompt dose rate problem.
Points Mesh tally (nSv/h) Point detector (Sv/h) Denovo (pSv/h)
1 2.0x 107 £7.0% 2.8x 107 £5.5% 2.2 x 107
2 17+6.3% 15+4.4% 14.2
3 4.2 x 105 +£0.6% 5.3 x 106 +£2.1% 4% 108
4 2.8+14.0% 23+2.8% 1.8

The results of the global MC calculation at these four points were
compared to results from an MC calculation using four point detec-
tors (F5 tallies) at the four positions. It was necessary to use the
FW-CADIS method for this calculation because the computer time
required for doing such a calculation using conventional MC sim-
ulations is too large. Using the FW-CADIS approach was necessary
for this calculation because of its difficulty, but the calculation still
provided some complementarity from the original global calcula-
tion because the convergence of the MC calculations is much faster
when the FW-CADIS method is used to optimize only localized
tallies. The FW-CADIS calculation used four point adjoint sources
with an energy spectrum equal to the flux-to-dose-rate conver-
sion factors in the 46 neutron/21 gamma energy group structure of
the multi-group library used in the deterministic calculation. Using
the next event estimator of the point-detector tally instead of the
track length estimator of the mesh tally provided another sort of
complementarity between the two calculations. The dose rates at
these four positions were also compared to the dose rates calculated
deterministically with a stand-alone Denovo calculation that used
a spatial mesh with 1.34 billion elements, a 46 neutron/21 gamma
energy group FENDL2.1 cross-section library, and 1.6 x 10!° total
unknowns. This high-performance-computing (HPC) calculation
was performed on 33,552 cores of the ORNL supercomputer Titan.
ADVANTG was used to create the input file for this HPC Denovo
calculation. An approximate source that peaked in the plasma zone
was used to approximate the ITER source. Table 1 shows the dose
rates calculated at the four points using the mesh tally, the point
detectors, and the HPC Denovo calculations.

Considering the 13-14 orders-of-magnitude attenuation
between the source region and points 2 and 4 as well as the 7-8
orders-of-magnitude attenuation between the source and points
1 and 3, the global MC results showed very good agreement
with both the point-detector and the HPC Denovo results. The
maximum relative difference between the point-detector results
and the global MC results is 40.0%, while the maximum relative
difference between the global MC results and the Denovo results
is 35.7%. Differences like these are expected because the global MC
results are averaged across cubical mesh cells with sides of 10 cm,
the Denovo results are averaged across cubical mesh cells with
sides of 2 cm, and the point-detector results are not averaged.

4. Conclusion

Three mesh adaptivity algorithms were developed to enhance
the efficiency of CADIS and FW-CADIS simulations of fusion energy
systems, which usually have immense sizes and complicated
geometries. The three algorithms reduce the memory require-
ments of CADIS and FW-CADIS simulations without sacrificing
their efficiency improvements. The three algorithms were used
in calculating the prompt dose rate throughout the entire ITER
experimental facility. This calculation represents a very challeng-
ing shielding problem because of the immense size and complexity
of the ITER structure and the presence of a 2-m bioshield. Compar-
ison of two FW-CADIS calculations, both using similar amounts of

memory, but one employing all three algorithms described in this
paper while the other used none of these algorithms, demonstrated
that the use of all three algorithms increased the regions for which
MC results were calculated by 23.3%. Additionally, the efficiency
of the MC calculation using the algorithms described in this paper
increased by a factor of 3.4 for a 10-day MCNP simulation of the
prompt dose rate throughout the entire ITER facility. Due to signifi-
cant improvement in the MC efficiency without any increase in the
memory requirement, the use of the three algorithms with FW-
CADIS enabled the accurate simulation of this difficult shielding
problem using parallel processing of MC calculations. The global
MCresults from this FW-CADIS calculation agreed well with alocal-
ized FW-CADIS calculation of the dose rates at four points and with
the dose rates calculated deterministically. The three algorithms
developed in this work are currently being added to the production
version of ADVANTG.
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