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A B S T R A C T   

With a lack of plasma disruptions and current-driven instabilities, stellarators are potentially an attractive option 
for a fusion power plant. Previous system studies have been performed to optimise a HELIAS (HELIcal-axis 
Advanced Stellarator) 5-B power plant using the systems code PROCESS, however these have been based around a 
single design point. In reality there is a lot of uncertainty extrapolating from present day devices and under-
standing. In this paper we study how this will affect the design by identifying eight uncertainty distributions on 
the input. We then perform parameter studies and Monte-Carlo based analysis to look at the impact on fusion 
power and divertor heat load. We find that the two uncertainties that have the largest impact on the fusion power 
are the helium primary coolant mechanical pumping power and the energy multiplication in the blanket and 
shield. Eighty-three per cent of our solutions are within a tolerable divertor heat load, however this is addi-
tionally influenced by the tungsten impurity levels. In order to stay below the density cut-off limit for Electron 
Cyclotron Resonance Heating, the confinement time needs to be enhanced relative to the ISS04 scaling relation to 
produce acceptable performance. By identifying the highest impact design parameters, we are able to highlight 
that research into the blankets should be prioritised to reduce overall design uncertainty.   

1. Introduction 

Stellarators offer a number of advantages for a fusion reactor power 
plant and form part of the European Roadmap to fusion energy [1]. 
There are a number of stellarator configurations proposed and systems 
studies have been carried out to explore the parameter space of a 
Heliotron [2] and HELIAS (HELIcal-axis Advanced Stellarator) [3] 
1 GWe net electric output power plant. 

Systems codes are a powerful tool for the rapid exploration of 
parameter space to obtain feasible and optimised designs. They work 
using simplified, yet comprehensive, models that cover the entire power 
plant, allowing the quick production of global designs; and one such 
code that is used extensively is PROCESS [4,5]. PROCESS takes a set of physics 
and engineering constraints, and solves for an optimised design based on 
a prescribed figure-of-merit. PROCESS has mostly been used to model 
conventional aspect ratio tokamaks and is used to produce the 
EUROfusion-DEMO baselines [6], however it also has the capabilities of 
modelling spherical tokamaks [7] and HELIAS-type stellarators [8,9]. 

In order to produce stellarator designs, three additional HELIAS 
specific models have been added to PROCESS [8,9]. Firstly, the plasma 
geometry is described using Fourier coefficients that can be obtained 

from a corresponding VMEC [10] equilibrium. This can be scaled, 
allowing for the determination of the cross-section and volume for any 
3D shape. A basic island divertor model based on geometric consider-
ations, assuming cross-field transport and X-point radiation, allows for 
the determination of the length of the divertor plate and heat load. 
Finally a modular coil model allows for the calculation of the maximum 
field at the coil, the total stored magnetic energy and the dimensions of 
the winding packs. In addition to these models, a number of stellarator 
specific confinement time scalings are implemented. 

For each run PROCESS finds an optimal solution for a given set of inputs 
and constraints. However, this single solution does not account for the 
uncertainty on the design. In reality, individual inputs will have un-
certainty based on extrapolation and modelling, and these uncertainties 
will interact with each other to produce the overall uncertainty on the 
design. To capture this, a Monte-Carlo based uncertainty tool has been 
developed for PROCESS that allows inputs to be defined by a distribution 
which represents a collection of uncertainties combined for that 
parameter. By performing the uncertainty analysis in a systems code, 
feasibility of integrated designs is preserved and the impact of multiple 
uncertainties can be evaluated at once. This technique has previously 
been applied to the EUROfusion-DEMO design [11–13], SST-2 [14] and 
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CFETR [15]. In this paper we apply this technique to a stellarator design 
for the first time. 

The rest of this paper is set out as follows: In Section 2 we describe 
the reference HELIAS 5-B design and the uncertainties that we have 
applied to it. In Section 3 we show the results of parameter studies and 
the Monte-Carlo based uncertainty analysis. We conclude in Section 4 by 
identifying the impact of our uncertainty analysis. Throughout this work 
we are using PROCESS version 1.0.15-45-g502bd05. 

2. Design Uncertainties 

The basis for our study is the HELIAS 5-B design presented by 
Warmer et al. [3]. Following that work, and revisions to PROCESS, we have 
made updates to the input leading to the baseline HELIAS 5-B PROCESS 

solution summarised in Table 1, and by the mean/peak values of 
Table 2. PROCESS has iterated on the density, temperature, β and bore size 
in order to maximise the net electric power output up to a maximum of 
1 GWe. The toroidal field, major radius and blanket thicknesses are given 
as input and no auxiliary heating is required to maintain fusion burn (i.e. 
the solution is ignited). The electrical power for cryogenics is 59 MW, 
using an efficiency of 13 per cent of ideal Carnot, while the pumping 
power for the primary coolant is the largest single use of recirculating 
power. 

To quantify uncertainty on the HELIAS 5-B design, we used a Monte- 
Carlo based uncertainty tool with PROCESS. After identifying a set of input 
parameters to investigate, an uncertainty distribution was assigned to 
each one. Currently, Gaussian, upper and lower half-Gaussians and a 
uniform distribution are available. Gaussian distributions are defined by 
a mean and standard deviation, σ; while the upper and lower half- 
Gaussians are defined in the same way, however are truncated below 
or above the mean respectively. The uniform distribution is defined 
between a lower and upper bound. The Monte-Carlo code then draws at 
random from the distributions a value for each input and runs PROCESS to 
produce a solution. We repeat this 1,000 times to produce a range of 
output from which the overall uncertainty can be determined. 

We have focused our uncertainty analysis on the reactor parameters 
and fixed the machine configuration. High impact design uncertainties 
can be considered as coming from two sources. Various constraints exist, 
such as on density or β, which limit the design space, however the exact 
value of these limits is unknown. The second source of design uncer-
tainty is where an input parameter is simply not known to an adequate 
level of detail, for example the primary coolant pumping power. We 
identified eight parameters that potentially could have a high impact on 
the uncertainty of the HELIAS 5-B design. The uncertainty distributions 
assigned to them are listed in Table 2 and a brief description is found 
below. A detailed motivation of why each uncertainty was chosen will 
be presented in an upcoming paper by Warmer et al. 

The eight uncertainties we identified were: 
Primary coolant mechanical pumping power: The mechanical 

pumping power for the primary coolant required is dependent on the 
cooling technology and 200 MW was adopted for a Helium cooled 
HELIAS 5-B blanket [3]. While the expected pumping power is around 
this value [16] [6], other studies have shown values up to 400 MW [17]. 
This large range in pumping power can be attributed to uncertainty in 
the pressure drop [18], which requires a more detailed blanket design. 

Core radius in radiation corrected confinement time scaling: 
Radiation from within the core radius is considered an instantaneous 
loss and is subtracted from the loss power for the confinement time 
scaling [19,20]. In this work we have fixed the fraction of radiation lost 
from within this radius to 100 per cent and only varied the size of the 
core radius. For the original HELIAS 5-B design a value of 0.9 was used 
[3], however, following more recent work [11], we have reduced it to 
0.6 and centred our uncertainty distribution on that value. 

Energy multiplication in the blanket: The energy multiplication is 
dependent on the blanket design and for HCPB (Helium Cooled Pebble 
Bed) this value can be high. In the previous HELIAS 5-B design a value of 

1.18 was used [3], however more recent calculations suggest values as 
high as 1.35 could be achieved in advanced HCPB blankets for 
EUROfusion-DEMO [21]. The EUROfusion-DEMO baseline uses 1.269 
for HCPB blankets [5] and a value of 1.27 is adopted here. This increase 
in energy multiplication will lead to a reduction in the fusion power 
relative to previous work. 

Thermal He-4 number density fraction relative to ne: While the 
production rate of helium ash is well understood, the fraction of thermal 
He-4 particles with respect to the electron density in the confined plasma 
is relatively uncertain, due to its dependence on particle transport, 
pumping in the main chamber and ELM (Edge Localised Mode) 
behaviour. 

Tungsten number density fraction relative to ne: Predicting the 
expected tungsten concentration is highly uncertain as it is unclear how 
much of the impurity will be screened, flushed outwards or drawn in-
wards [22]. Limits can, however, be imposed in order to make fusion 
burn possible, hence a mean of 10− 5 was chosen [23]. The effect of the 
tungsten concentration on the HELIAS 5-B POPCON diagram is explored 
in [3]. 

βlimit: At increasing plasma pressure, the plasma becomes more 
stochastic at the edge essentially reducing the plasma volume. 
Increasing the pressure further will eventually lead to an MHD 
(Magneto-Hydro-Dynamic) stability limit. However, such a limit has so 
far not been experimentally observed. 

Density limit: Stellarators do not have a hard density limit, unlike 
tokamaks with the Greenwald limit [24]. However, despite being 
ignited, it is advantageous to retain the capability to heat the plasma 
with ECRH (Electron Cyclotron Resonance Heating), therefore the 
density cannot be larger than the ECRH cut-off. This is determined by 
the magnetic field strength and associated ECRH frequency [25]. The 
density limit used is based on ITER-like 170 GHz gyrotrons, assuming a 
10 per cent mirror term on the toroidal field, which accounts variation 
due to the configuration [26]. As the cut-off density is approached, the 
efficiency of the ECRH will drop due to deflection, therefore we have 
applied a safety margin of two-thirds of the limit. 

Confinement renormalisation factor in relation to ISS04 [27] 
scaling: The confinement renormalisation factor is analogous to the 
H-factor for tokamaks, however it is motivated for different reasons. 
Clusters of data relating to different devices, and different magnetic 
configurations of the same device, are observed for stellarator confine-
ment. Therefore, a configuration dependent parameter can be used to 
describe the improvement or degradation compared to the ISS04 [27] 
scaling. Transport codes can be used to predict the confinement time and 
hence the renormalisation factor. For a HELIAS 5-B configuration a 
minimum of 0.5, required for ignition, and a maximum of 1.5, from 
physics limits, were found [28]. We have chosen to adopt a flat distri-
bution between the scaling relation and 1.5 to reflect this uncertainty. 

3. Results 

We have split our uncertainty analysis into two parts. Firstly we 
perform parameter studies on the individual uncertainties (Section 3.1) 
and then we combine the uncertainty distributions to perform Monte- 
Carlo based uncertainty analysis (Section 3.2). 

3.1. Parameter Study 

To begin we perform a parameter study for each uncertainty 
described in Section 2. Each uncertainty parameter was run in isolation 
200 times using a value drawn from the distribution in Table 2. In Fig. 1 
we plot histograms of the fusion power and give the convergence rate for 
each uncertainty parameter. 

A PROCESS run is considered converged if a feasible solution, obeying 
the constraints set for the given input parameters, is found. Conversely, 
unconverged solutions are when PROCESS cannot find a feasible solution 

S.I. Muldrew et al.                                                                                                                                                                                                                              



Fusion Engineering and Design 170 (2021) 112708

3

for the input. The convergence rate is then defined as the fraction of 
feasible solutions found out of the total runs conducted, and only these 
are considered for analysis. The convergence rate is generally high, with 
the confinement renormaliation and core radius having the biggest 
impact on convergence. The cause of this will become more apparent in 
Section 3.2. The thermal He-4 fraction also has an effect on the 
convergence. 

Throughout this work we optimised for maximum net electricity up 
to 1 GWe. In terms of the fusion power, only three uncertainties have an 
impact. The largest spread of fusion power comes from the primary 
coolant pumping power, followed by the energy multiplication. These 
are expected to be high impact as they directly affect the net electricity 
output and hence the fusion power required. For higher pumping 
powers, a higher gross electric output is required to maintain the same 
net output. This is achieved by raising the fusion power. It should be 
noted that the electrical power for the pumps is transferred to me-
chanical power in the coolant, and so also contributes to the thermal 
power, hence this is not simply a one-to-one relation. For the energy 
multiplication, a higher multiplication in the blanket requires a lower 
fusion power to give the same thermal power. The final uncertainty to 
influence the fusion power is the β limit. This has a smaller effect 
because the majority of solutions are not constrained by the β limit. 

3.2. Monte-Carlo Uncertainty 

We now move on to the Monte-Carlo uncertainty analysis. As 
described in Section 2, a value for each input being studied was drawn at 
random from the uncertainty distributions in Table 2, and then com-
bined to form a PROCESS input. A total of 1,000 different combinations of 
these values were generated and run. The input values used are shown 
by the blue histograms in Fig. 2. 

For each input distribution we also plot the distribution of converged 
solutions as orange histograms in Fig. 2. This will illustrate areas of 
parameter space where there are no viable solutions. For the majority of 
parameters, the recovered distribution is similar to the input distribu-
tion, however this is not the case for the confinement renormalisation 
factor with respect to ISS04. This also had the lowest convergence rate in 
Fig. 1. A uniform input distribution between 1.0 and 1.5 was given, 
however below 1.2 the number of converged solutions is significantly 
reduced. Above 1.2 the flat distribution is still recovered. 

The cause of this reduction is shown in the left panel of Fig. 3 which 
gives the volume averaged density, temperature and confinement 
renomalisation factor for the converged solutions. 1D parametric den-
sity and temperature profiles are used within the code, with the same 
parameters used in all runs. The ratio of the ion to electron temperature 
is 0.95. Fig. 3 should be compared with the top left panel of Fig. 2, which 
gives the density limit imposed based on the ECRH cut-off. As the den-
sity increases, the required renormalisation factor to achieve the fusion 

Fig. 1. The distribution of fusion power for each input uncertainty. For each graph PROCESS has been run 200 times varying only the uncertainty described in the title. 
The x-axis gives the fusion power in MW, the y-axis gives the frequency and the percentage in the top left corner of each graph corresponds to the fraction of runs 
that converged. 
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power decreases. As the density is limited, it is not possible to access the 
higher values that will lead to a lower normalisation factor, hence no 
converged solutions can be found. 

The remaining two panels of Fig. 3 illustrate the dependence on β and 
the fusion power. For a fixed density, higher β is associated with higher 
temperatures. The final panel illustrates a number of different combi-
nations possible to produce the required fusion power. Overall, there is a 
clear density and temperature trend that is related to the required 
confinement renormalisation, and hence the confinement time scaling 
law used. Scatter is then induced by different values of β. 

Of the 1,000 PROCESS runs we performed for the Monte-Carlo based 
analysis, 429 converged on a solution. Of those converged solutions, 73 
per cent achieved the required 1 GWe of net electric output. The mean 
fusion power for 1 GWe of net electric output is 2,852 MW with a stan-
dard deviation of 131 MW. If all the converged solutions are considered, 
with the lower net electric out, then this becomes a mean of 2,786 MW 
and a standard deviation of 199 MW. 

From Fig. 1 we have identified that the primary coolant mechanical 
pumping power and blanket energy multiplication have the strongest 
influence on the required fusion power to produce 1 GWe of net elec-
tricity. We now explore these in more detail. 

In Fig. 4 we plot the primary coolant mechanical pumping power 

against the fusion power, colour coded by the net electric output. 
Considering the 1 GWe net electric cases, a strong linear correlation is 
seen between increasing pumping power and increasing fusion power. 
Taking the gradient of this relation yields a value of a 1.26 MW increase 
in fusion power for every 1 MW of pumping power. As the pumping 
power is increased, the only solution is to increase the fusion power in 
order to cover the increase in gross electric, to maintain the same net 
electric output. It can also be seen from Fig. 4 that the primary pumping 
power is not the only source of uncertainty. Even for a fixed pumping 
power, there is still a scatter of 200 MW in the required fusion power. 

We have adopted a very broad Gaussian for the pumping power that 
stretches down to 0 MW to fully illustrate the impact. Low values would 
be hard to achieve with Helium, however other coolant choices could 
decrease the pumping requirements. The gap that opens up below the 
main sequence, for low pumping powers, is indicative of the fact it is 
easier to achieve 1 GWe of net electric with lower pumping power. 

In Fig. 5 we address the second most influential input from the 
parameter study in Section 3.1, the blanket energy multiplication. The 
trend of decreasing fusion power, with increasing energy multiplication, 
is observed as expected. The scatter however is very broad, indicating a 
lesser dependence on this parameter. The level of scatter can be quan-
tified by performing a least-squares linear fit to the 1 GWe points and 

Fig. 2. The uncertainty distributions summarised in Table 2 and those recovered from the converged runs. Blue histograms are the input values, while orange 
represents the distribution of converged solutions. The x-axis gives values of the uncertainty and the y-axis gives the frequency. The confinement renormalisation 
factor (top middle) is the most noticeably different with low values of fren not converging. 
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computing the Coefficient of Determination, R2. R2 is defined as the 
proportion of the variance in the dependent variable that is predictable 
from the independent variable. Higher values indicate a tighter fit with 
R2 = 1 being a perfect fit. For the blanket energy multiplication R2 =

0.24, compared with a value of R2 = 0.71 for the mechanical pumping 
power. Overall, the uncertainty in these two parameters covers the 
majority of the uncertainty induced by the inputs studied here. This 
indicates that research on the blankets should be prioritised to reduce 
uncertainty on the overall design. 

The impact of a different fusion power will be felt in the heat load on 
the divertor, and this is illustrated in Fig. 6. The peak steady-state 
tolerable heat load is taken as 5 MW m− 2, similar to that of 
EUROfusion-DEMO [29], and the region above this is shaded grey in the 
figure. As well as the fusion power, the divertor heat load will also be 
affected by the level of tungsten impurity. For a higher level of impurity, 
more power will be radiated from the core plasma and not end up on the 
divertor. To illustrate this we have colour coded the points in Fig. 6. For 
all the converged cases, 83 per cent of solutions are below 5 MW m− 2; 
this reduces to 81 per cent if only the solutions producing 1 GWe of net 
electricity are considered. The mean heat load on the divertor is 
4.33 MW m− 2 with a standard deviation of 0.82 MW m− 2 for all cases. 
This becomes a mean of 4.48 MW m− 2 and standard deviation of 
0.64 MW m− 2 when limited to those producing 1 GWe of net electricity. 
An extreme outlier is shown with close to zero divertor heat load, which 
will be caused by a high radiative fractions indicated by the high 
tungsten concentration. This would most likely be unfeasible and an 
additional constrain should be added in future runs. 

4. Conclusions 

In this paper we have explored the uncertainty on a HELIAS 5-B 
stellarator power plant design using PROCESS. The design uncertainties 
identified include the primary coolant mechanical pumping power, the 
core radius in the radiation corrected confinement time scaling, the 

Table 1 
Reference values for HELIAS 5-B to three significant figures. The density 
and temperature are volume-averaged.  

Parameter Ref 

Major Radius, R0 (m)  22.0 
Minor Radius, a (m)  1.80 

Plasma Cross-Sectional Area (m2)  10.2 

Plasma Volume (m3)  1410 

HELIAS Field Periods 5 
Number of Coils 50 
Superconducting Material Nb3Sn  
Thermal efficiency, ηth  0.4 
Toroidal Field, Bt (T)  5.50 
Volume-averaged β (%)  4.36 
Rotational Transform at ρ = 2 /3, ι /2π  0.900 

Divertor Heat Load (MW m− 2)  3.99 

Electron Density, 〈ne〉 (1020 m− 3)  1.91 

Electron Temperature, 〈Te〉 (keV)  7.45 
Confinement Renormalisation Factor, fren  1.25 
Fusion Power, Pfus (MW)  2850 
Net Electric Power, Pnet (MW)  1000  

Table 2 
Uncertainty distributions applied to the HELIAS 5-B PROCESS input, see the bold 
text in Section 2 for an explanation. σ is the standard deviation used in the 
Gaussian and the distributions are visualised by the blue histograms in Fig. 2.  

Gaussian Mean σ  
Coolant Pumping Power (MW) 200 100 
Core Radius 0.60 0.15 
Energy Multiplication 1.27 0.05 
Thermal He-4 Fraction 0.100 0.025 
Tungsten Density Fraction (10− 5)  1.0 0.5 

Lower-Half Gaussian Peak σ  
β Upper Limit (%)  5.00 0.50 

Density Upper Limit (1020 m− 3)  2.4 0.1 

Uniform Lower Upper 
Confinement Renormalisation 1.0 1.5  

Fig. 3. The volume averaged electron temperature against the volume averaged electron density, colour coded by renormalisation factor in relation to ISS04 (left), 
total β (middle) and fusion power (right). 

Fig. 4. The input primary coolant mechanical pumping power plotted against 
the required fusion power. Runs have been performed maximising the net 
electric output up to 1 GWe, and this is illustrated by the colour bar. 

S.I. Muldrew et al.                                                                                                                                                                                                                              



Fusion Engineering and Design 170 (2021) 112708

6

energy multiplication in the blanket and shield, the thermal He-4 
number density, the tungsten number density, the β limit, the density 
limit and the confinement renormalisation in relation to ISS04. 

We found that the required renormalisation on the confinement time 
relative to ISS04 is impacted by the density limit for ECRH. For low 
renormalisation factors, the density required is above the density limit 
and so no feasible solutions for a 1 GWe net electric power plant are 
found. This relates back to the strong density dependence in the ISS04 
scaling, τE∝n0.54, which means higher density gives better confinement 
without renormalisation. Whether this holds for highly radiative 
plasmas is unclear (see [30]), and this emphasises the need to under-
stand confinement in stellarator power plants. 

For the uncertainties studied here, we found the two that have the 
strongest influence on the fusion power are the mechanical pumping 
power and blanket energy multiplication. The variation in these leads to 
a 131 MW standard deviation in the fusion power of 1 GWe net electric 
producing plants. This shows that the blankets should be prioritised for 
research to reduce overall design uncertainty. 83 per cent of these runs, 

however, remain below the 5 MW m− 2 that is tolerable on the divertor. 
The divertor protection is also impacted by the tungsten impurity con-
centration in the plasma, which is another key uncertainty to understand 
the design. 

Overall, the uncertainties studied here are the ones we have identi-
fied specific to the reactor. There are other elements of the power plant 
that will also lead to variations. Most importantly of these is the thermal- 
to-electric conversion efficiency which we have not varied from 0.4. This 
is highly dependent on the temperature of the thermal cycle and the 
technology used. Small variations in the percentage can lead to large 
variations in the fusion power; for example a variation of 5 per cent on 
the efficiency can raise or lower the net electric out by 174 MW. It is 
vitally important that this technology is understood for all fusion power 
plants and more detailed blanket and thermal cycle designs are needed 
for this. 

We have restricted our analysis in this work to a HELIAS 5-B stella-
rator as PROCESS is currently only capable of modelling stellarators of this 
type. We are, however, extending the code to model a broader class of 
stellarators [31], with one such example being the new 
quasi-axisymmetric configuration [32]. This will allow us to compare 
and contrast the designs, as well as bound the impact of uncertainties in 
each, to propose the optimal stellarator fusion power plant. 
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