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1. Introduction

The Helical-Axis Advanced Stellarator (HELIAS) is a conceptual design of a fusion
power reactor proposed by the Max Planck Institute for Plasma Physics (IPP) in
Greifswald, Germany. HELIAS-5B is a specific 5-field-period concept using the
Deuterium-Tritium fusion reaction with a fusion power of 3000 MW [1]. A thorough
neutronic design analysis has to be performed for this stellarator in order to provide
the input required for the reactor design.

A stellarator confines the hot plasma with external magnetic fields only produced by
non-planar shaped modular field coils. The use of specific non-planar shaped modular
field coils is necessary to generate the rotational transform of the magnetic field in the
plasma chamber. This type of fusion reactor represents a challenging task for the
design and maintenance of technological components such as the breeder blanket and
the radiation shield as outlined in figure 1.
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Figure 1: HELIAS-5B CAD model including material layers and last closed flux surface [2].

The standard approach to develop geometry models for neutronics design analysis is
to use computer-aided design (CAD). The developed models are usually not directly
applicable for Monte Carlo (MC) particle transport codes and need preprocessing with
regard to the geometrical simplification and adaption to the requirements of neutronic
simulations including the decomposition of complex CAD models [3]. One suitable way



to process the CAD model of HELIAS is the application of the Direct Accelerated
Geometry Monte Carlo (DAGMC) method. The DAGMC code is an extension to the
Monte Carlo N Particle (MCNP) transport code, which allows using complex surface
descriptions, like spline surfaces, directly in the simulation [4].

The purpose of this paper is to investigate the use of cell based importance sampling
technique (particle splitting with Russian Roulette) in MC shielding calculations of a
stellarator type geometry. The aim is to demonstrate that this method is a suitable
Variance Reduction (VR) technique which can be adopted to the complex spline
geometry of the HELIAS model.

2. Variance reduction methods

Any result of a Monte Carlo calculation is subjected to a statistical error. It can be
expressed as an estimated relative error at the 1o level with R = S;/x, where S; is the
standard deviation of the mean and x is the estimated mean. For a well-behaved tally

is R proportional to the number of histories N, were R = 1/+/N. This error reflects only
the statistical precision of the MC calculation and not the accuracy of the result
compared to the true physical value. For MCNP, relative statistical errors below 10%
are considered as generally reliable, except for point detectors [5]. The relative error

R = C/NT, where C is a positive constant and T is the computational time proportional
to N, can be reduced in two different ways: either increase T and/or decrease C.
Typically the computational resources are limited which does not allow to heavily
increase the computational time. Special variance reduction techniques are
implemented in MCNP to enable decreasing C, where C depends on the tally choice,
i.e. the type of registration of further information during the simulation, and/or the
sampling method choices.

The standard MCNP calculation uses the analogue MC method without any variance
reduction. The analogue technique uses the natural probabilities that various events,
like collision, fission or capture, occurs. The particle transport is directly analogous to
the natural event probabilities. This method works well when a significant fraction of
particles contributes to the tally result, but fails if the fraction of particles detected is
very small. In this case the statistical uncertainty of a tally is unacceptable high and
methods to improve this are needed.

In contrast, the non-analogue MC method follows “interesting” particles more often
than “uninteresting” ones. An “interesting” particle is one that contributes a large
amount to the quantity of interest which needs to be estimated. The non-analogue
techniques increase the chance that a particle scores in an area of interest [5].

There are many different variance reduction techniques in MCNP, but only the particle
population control method is used in this paper. Herein particle splitting and Russian
Roulette are utilized to control the population number across the calculation geometry.
Particle splitting means that particles entering more important regions are split into sub
particles. At the same step the weight is distributed equally to the sub particles by
preserving the total weight of the entering particle. Russian Roulette means that
particles entering a cell with less importance were either killed with a probability of
1 — v or survive with the probability v and their weight will be multiplied by v~ [6].
From this follows that in important regions many particle with less weight per particle
contribute to the result, while in less important regions less particles with higher weights
were tracked.



3. Application to a simplified geometry

The stellarator geometry, as seen in figure 1, is large and complex. A simplified
geometry, which was prepared to verify three different CAD to MC geometry translation
methods [2], is used for all neutronic calculations in this paper and can be seen in
figure 2. The components, starting from the plasma to the vacuum vessel, and their
corresponding homogenized materials are presented in table 1.
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Figure 2: Verification geometry with layers, Table 1: Radial build of the verification geometry at
the red line indicates the tally locations used the mid-plane starting at the plasma chamber
for the verification calculations [2]

The thickness of the breeder zone, back support structure and vacuum vessel shield
is very large to apply the cell based variance reduction methods. These zones were
separated into 5 cm layers in respect to the mean free path of the neutrons in these
materials.

A volumetric 14.1 MeV neutron source is included inside the plasma chamber to fill up
the whole space in Y-direction with a total length of 100 cm. Reflecting boundary
conditions are set bothon y = 0 cm and y = 100 cm of the simplified geometry [2]. The
homogenized material layers, presented in table 1, are the same as integrated in the
CAD model of HELIAS.

The neutron flux in regions far away from the plasma chamber have a high statistical
uncertainty when calculated with the analogue MC technique. The application of a VR
method should decrease these uncertainties and at the same time not increase the
consumption of computational resources. There are different variance reduction
methods available in MCNP, as described in chapter 2. The aim of the analysis in this
paper is to use the VR technique most-suited for the later application in HELIAS
calculations. The application of the weight window generator in a computational
problem is a widely used method for VR, which cannot easily be utilized for HELIAS.



The HELIAS geometry is complex, and the generation of a weight window is very
difficult. In respect to this, it is important to investigate a simpler, manual applicable VR
approach with the simplified geometry, which can be applied later to HELIAS.

A possible solution is the use of the cell based importance sampling technique with
particle splitting / Russian Roulette and manual specification of the cell importances.
The layered construction of the stellarator, as presented in table 1, as well as no
angular dependency of the source description offers the adaptation of this method.
Regions close to the plasma chamber will have a lower cell importance compared to
regions far away. MCNP will automatically split particles entering from a lower cell
importance to a higher one, as long as the cells contain material, and lowering the
weight of each particle while preserving the total weight. More particles can contribute
to the result in the area far away from the plasma chamber and can decrease the
relative statistical error. This method only works properly and provides a good particles
splitting, if the step from one cell importance to another one is not too large. The
general approach is to increase the number of particles as the particle population
decreases across a distance, which corresponds to the average mean free path of a
neutron. A recommendation by the MCNP developers [5] is to choose the increase of
the importance from one cell to the next not larger than a factor 4. The larger this
difference is the more particles will be generated when crossing the cell boundary and
the weight of the split particle is equally distributed to all newly generated patrticles.
That might generate results with low statistical error, but with an artificial high particle
population and biased tally results when applying a too large step size.

It is important to have a look on the neutron flux and its corresponding relative error at
the indicated location on figure 2 in the outboard side, to get an idea of how the factor
of the increased cell importance should be used. The decrease of the neutron flux and
simultaneously increase of the corresponding relative error can be seen in figure 3 for
an analogue simulation.
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Figure 3: Neutron fluence per source neutron in dependency of the radial distance from the first wall
including its corresponding relative statistical error.
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It can clearly be seen in figure 3 that the neutron flux decrease in the breeder layer
and the back support structure is around one order of magnitude, respectively. The
decrease in the vacuum vessel shield is the largest by approximately three orders of
magnitude. The increase of the statistical error in regions beyond the back support



structure can also be seen. These are the regions of interest when applying variance
reduction methods.

The increasing of the relative statistical error in areas beyond the back support
structure indicates that less particles contribute to the result. When applying VR
methods, the particles were guided in these areas to lower the relative statistical error.

Three different importance settings are considered for applying a cell based variance
reduction technique by increasing the cell importance in material cells. The general
approach is to get a flat neutron population and thus increase the cell importance as
the neutron flux decreases. Two of the options are applied to the geometry in figure 2
without additional cell splitting, and one option is applied with additional cell splitting of
5 cm in the breeder zone, back support structure and vacuum vessel shield. Each of
these options uses an increase of the cell importance by a fixed factor. The options
are: double and quadruple (original geometry), and refined (with cell splitting). As the
name indicates the increase factor of quadruple is four, all others have an increase
factor of two. An overview is shown in table 2.

Table 2: Comparison between different material importance settings in respect to the component.
Importance Setting

Component Normal Double Quadruple Refined
Tungsten Armor 1 1 1 1
First Wall 1 2 4 1

1,1,2,2,4,4,8,8,

Breeder Zone 1 4 16 16, 16
Back Support 1 3 64 32, 32, 64, 64, 128,
Structure 128
Inner Vacuum 1 16 256 256
Vessel
Vacuum Vessel 512, 1024, 2048,
Shield ! 3 1024 4096
Outer Vacuum 1 64 4096 8192

Vessel

All importance changes in table 2 have an impact on the relative statistical error of the
simulation, whereas the values for the neutron flux stay the same. It is also important
to check the neutron population in every material layer, a disproportion in the decrease
of the neutrons in the areas far away from the plasma zone points to a not correctly
chosen importance setting.

4. Computation and Results

Two different run time criteria were chosen to compare the relative statistical error to
each other. As a first test, a fixed number of starting particle histories (10°) were
calculated, and as a second test a fixed computational time with 24h on 200 CPU cores
was used.

Results for the calculations with the fixed number of starting particles are presented in
table 3 and figure 4.



Table 3: Comparison between the increases of the computational time and the decrease of the relative
statistical error at the outside of the outer vacuum vessel of different cell importance settings by a fixed
number of particle histories.

Importance | Computational | Time Increase | Relative | Error Decrease
Setting Time [min] Factor error at Factor
[compared to outside [compared to
“Normal’] “VV_out” “Normal’]
Normal 2.4x10° 1 0.50382 1
Double 9.9x10° 4.13 0.05932 8.49
Quadruple 4.0x10° 16.67 0.00769 65.52
Refined 2.1x106 8.75 0.00529 95.24
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Figure 4: Relative statistical error at the outboard side of the MCNP calculation with 10° source particles.

It can be clearly seen in table 3 that on the one hand the computational time increases
up to a factor of ~16 between the “Normal” and “Quadruple” importance setting. On
the other hand, also seen in figure 4, is a decrease of the relative statistical error
between the two settings of the importance setting with a factor of ~66 at the outside
of the vacuum vessel at x = 116 cm. The highest decrease factor of the relative
statistical error can be found between “Normal” and “Refined” with a factor of ~95. This
means, that it is expected to calculate in the analogue simulation much longer to get

the same results as in the “Refined” case, because the relative error R = 1/+/N
decreases by an increased number of stating particles. The mentioned values for
“‘Quadruple” and “Refined” are significant higher compared to the increase of
computational time. In the graph “Refined” the additional cell spitting can also be seen,
corresponding to the different cell importance, within one material layer.

Nevertheless is the comparison of the computational time with a fixed amount of
starting particle histories not the best-suited criteria. If the VR method is applied
sufficiently for the simulation, it can decrease the relative statistical error in less
computational time, but this is not a main criterion in the selection of the best-suited
approach. The second approach uses a fixed computational time to t = 288000 min
to compare the devolution of the relative statistical error. The result is shown in table 4
and figure 5.



Table 4: Comparison between the decreases of the number of starting particles and the decrease of the
relative statistical error at the outside of the outer vacuum vessel by a fixed computational time.

Importance Number of Particles Relative | Error Decrease
Setting starting Decrease Factor | error at Factor
particles [compared to outside [compared to
“Normal’] “VV_out” “Normal’]
Normal 1.5x1010 1 0.11961 1
Double 3.6x10° 4.17 0.0308 3.88
Quadruple 6.6x108 22.73 0.00946 12.64
Refined 1.1x10° 13.64 0.00499 23.97
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Figure 5: Relative statistical error at the outboard side of the MCNP calculation with a fixed
computational time.

The initial starting point, at x = 0 cm of the curves in figure 5 is different, which is
related to the different amount of starting particles shown in table 4. The lower the
number of generated particles, the higher is the relative statistical error at this position.
The graph “Refined” shows the same behavior in figure 5 as in figure 4 due to the very
similar amount of starting particles for this cell importance setting. It can clearly be
seen that the graph “Refined” shows its potential to decrease the relative statistical
error in regions far away from the plasma, but not in regions close to the plasma, which
has to be expected. The opposite is true for the graph “Quadruple”, were the relative
statistical error is decreased significantly in each material layer, except in the vacuum
vessel shield. This case has the advantage that no additional cell splitting in the
material cells have to be applied.

The neutron population shows in the “Normal” case a high decrease from plasma to
the outside of the geometry, which is expected. This decrease could be prevent and
transform to a nearly uniform distribution for the cases “Refined” and “Quadruple”.



5. Conclusion

The application of variance reduction methods for a stellarator geometry is not
straightforward. There are several options allowed in MCNP to apply these methods,
which need to be carefully considered for each calculation problem. The manual setting
of the cell importances is currently the best-suited method for the complex stellarator
geometry to improve the relative statistical error in each material layer.

The results show a significant difference between non-VR and VR cases. The non-VR
results are not acceptable in areas far away from the plasma chamber, in respect to
the MCNP quality assurance criteria. For such regions, the VR methods must be
applied to generate suitable results. It can clearly be seen that the application of VR
methods will decrease the computational effort needed to reach acceptable statistics
in regions far away from the plasma.

Next step is a further verification of this approach regarding the statistical reliability and
the subsequent application to the real stellarator geometry and the investigation of the
behavior of the relative statistical error for the neutron flux calculations.
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