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Toward DEMO Power Plant Concept Selection
Under Epistemic Uncertainty

Enrique Miralles-Dolz

Abstract—To make informed decisions during the concept
selection activities of a nuclear fusion power plant, it is necessary
to evaluate the impact of uncertainties on the feasibility and
performance of each concept. A framework for uncertainty
quantification and sensitivity analysis has been developed for
the PROCESS systems code to allow the direct comparison
of different DEMOnstration power plant (DEMQO) power plant
concepts. To account for epistemic uncertainty, the uncertainty
quantification was based on interval analysis, where only the
bounds of the interval have to be assumed for each uncertain
parameter, and the uncertainty was propagated with Monte
Carlo and Latin hypercube sampling. The sensitivity analysis
was based on the pinching method, consisting of reducing the
interval uncertainty of each input parameter to a baseline point
one by one and measuring the uncertainty reduction in the output
interval. Its application is shown using the European H-mode
DEMO baseline as a use case. Results suggest that the thermal
He-4 fraction in plasma, plasma elongation, and H-factor should
be examined further to reduce risks on its feasibility.

Index Terms—DEMOnstration power plant (DEMO), nuclear
fusion, PROCESS, sensitivity analysis, uncertainty quantification.

I. INTRODUCTION

ESPITE having built successful fusion reactors in the

past, the design and development of a fusion power plant
present an unparalleled challenge since it is technically and
economically prohibitive to build and test every single concept
that is under investigation. However, digital models can help to
mitigate this problem. With the recent advances in computer-
aided modeling, now, it is possible to build virtual prototypes
to study and assess concepts before turning them into a reality.
Fusion systems codes, such as PROCESS [1], [2], serve as a
tool to perform the initial approach toward a fusion power
plant concept, helping to evaluate its performance before
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narrowing down its operational space with more detailed and
sophisticated codes [3].

With uncertainty quantification methods, it is possible to
determine outcomes from a concept when some aspects of it
are unknown. This application is particularly useful to quan-
titatively assess concept choices early in the design process
and identify areas with high impact on the performance of the
concept of choice that needs further development to meet the
requirements or could pose a risk for finding a successful con-
cept. Some previous work has been carried out in uncertainty
quantification with PROCESS; on the European DEMOnstra-
tion power plant (DEMO) as in [4]-[6], on the China Fusion
Engineering Test Reactor (CFETR) design [7], or the HELIcal
Advanced Stellarator (HELIAS) 5-B stellarator [8]. This work
adopts the technique of interval analysis (see [9], [10]) to
describe the uncertainties associated with some parameters
of the European H-mode DEMO baseline, allowing a wider
exploration of their impact on the uncertainty of its major
radius and feasibility. This work also provides a framework
for uncertainty quantification and sensitivity analysis, which
can be used during the DEMO concept selection activities.

For example, for decades, the high confinement, or H-mode,
has been considered the preferable plasma operation regime
for a fusion power plant [11]. However, after revisiting the
potential impact of the type-I edge-localized modes (ELMs)
associated with H-mode plasmas, new plasma operational
scenarios have been proposed as an alternative [12]. Therefore,
to allow comparison among DEMO concepts using different
plasma scenarios, it is of paramount importance to design
methodologies and metrics that help in the following:

1) to assess how the current state of knowledge affects to

each DEMO concept;

2) to identify which areas of knowledge are required

to be sharpened to make different DEMO concepts
successful.

II. UNCERTAINTY

There are two kinds of uncertainties: aleatory and epistemic.
If the distribution function of a random variable is perfectly
known, then the stochastic nature of the random variable is
fully captured by this distribution function, and the uncertainty
is said to be aleatory—it is random by nature. However, when
the distribution function cannot be precisely defined, because
the information available (e.g., data) does not allow it, then
this imprecision is called epistemic uncertainty, which arises
from a lack of knowledge about that random variable, and
therefore, it should be reducible with additional information.
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Despite there is a long-lasting debate on how to model
imprecision [13], [14], the framework developed in this
work used intervals to model epistemic uncertainties since
the DEMO design parameters are not stochastic by nature,
but uncertain. Intervals represent the least amount of useful
knowledge since only the bounds of the interval have to
be assumed for each uncertain parameter. It is important to
note that, even though some of the parameters considered in
this work can have fixed values (and, therefore, not being
uncertain anymore), making this choice would not be reliable
given the lack of evidence about what will be reasonably
achievable for the European DEMO. For example, a fusion
reactor can be designed to operate with a certain plasma
elongation, yet, for the 2015 European H-mode DEMO, it
was found that the maximum acceptable plasma elongations
(at 95% flux surface) regarding vertical stability in the
ramp-down and flat top phases were 1.59 and 1.71, respec-
tively, [15]. Which value of plasma elongation to use for the
design of the device is an important question since there could
exist better vertical stability measures in the future helping
to raise the 1.59 limit, but, at the same time, it would be
recommended to be conservative about the 1.71 upper limit
since certain plasma instabilities can reduce the vertical sta-
bility. The answer to that question is, therefore, subordinated
to the technology and knowledge available at the time of
design and construction of the European DEMO [16], [17],
and using intervals to describe the uncertainty of the
plasma elongation takes it into account. However, regard-
less of the possible differences in nature between design
parameters and uncertain parameters, intervals equally cap-
ture both design space and epistemic uncertainty, making
no difference on the modeling and computational analysis.
In any case, modeling design parameters using intervals also
helps to find the feasible design space, as shown in this
work.

Only six parameters were considered for this work, yet it
is possible to increase this number in exchange for a greater
computational cost. Sensitivity analysis will help to refine the
parameter selection, aiding to discard those parameters that
have little or no impact on the uncertainty of the output. The
parameters chosen were related to the physics in PROCESS
rather than technological (such as efficiencies), as the next
step attempts to understand how these uncertainties impact
on the different plasma scenarios. To maintain similarity with
previous studies, these parameters are present in [6] and are
given as follows.

1) H-Factor € [1.0, 1.3]: The ratio between measured
energy confinement time and the predicted energy con-
finement time by the ITERH-98P(y,2) scaling law [18].
Values greater than 1.3 are not expected to be
achievable [19].

2) Divertor Operational Limit € [8.7, 9.5] (MWT/m): The
maximum power allowed to cross the separatrix and flow
on the divertor plates, calculated as ((PscpB7)/qAR0),
where Py, is the power crossing the separatrix, Br the
vacuum toroidal field in the plasma, g the safety factor
at the plasma edge, A the aspect ratio, and R, the major
radius. It is unknown what will be the limit at the time
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TABLE I

PARAMETERS USED FOR THE ANALYSIS WITH THEIR ASSOCIATED
UNCERTAINTY IN THE FORM OF INTERVAL AND BASELINE VALUE

Parameter Lower bound | Upper bound | Baseline
H-factor 1.0 1.3 1.1
Divertor Limit MWT/m) | 8.7 9.5 9.2
Core Radius 0.6 0.8 0.75

W Impurity 10—° 10—4 50~
Plasma Elongation 1.75 1.90 1.85
Thermal He-4 fraction 0.06 0.12 0.069

of construction of DEMO, but current concepts aim for
~9.2 MWT/m) [17].

3) Core Radius Energy Confinement Time Scaling €
[0.6, 0.8]: The energy confinement scaling law has been
derived from experiments with low radiation (i.e., with-
out significant radiation inside the separatrix). DEMO is
expected to operate with high radiation scenarios [20],
and the parameter representing the fraction of radia-
tion that is released from the core has to be adjusted
accordingly.

4) Tungsten Impurity Fraction € [107°,107*]: High-Z
impurities generated from the interaction of plasma with
plasma facing components lead to losses in energy
confinement time due to radiative processes. The amount
of tungsten concentration in DEMO during operation is
still uncertain, and it is unknown how these impurities
will be removed.

5) Plasma Elongation at the Separatrix € [1.75, 1.90]:
Elongation is the dominant plasma parameter and has
been reported as having the largest impact on the net
electric power of the machine [6]. In conventional
tokamaks, an elongation of over 2 is not expected to be
controllable, and an elongation smaller than 1.70 could
yield poor performances [16]. The current limitations
in vertical stability knowledge and technology are
the main drivers of uncertainty for the plasma
elongation [16], [17].

6) Thermal He-4 Fraction € [0.06, 0.12]: Helium-4 is
one of the products of the Deuterium-Tritium (DT)
fusion reaction, and it is a positively charged particle
intended to stay confined in the plasma, so its energy
can heat the plasma and sustain the fusion reactions,
minimizing the amount of external heating required.
However, too high a concentration of Helium-4 in the
plasma could dilute the fuel and diminish the fusion
power; therefore, an optimal solution must exist where
both Helium-4 confinement time and fusion power
conditions are satisfied. This fraction is highly variable
in current transport simulations, and most of the plasma
physics experiments were conducted without these ions,
so the fraction of it in DEMO plasmas is uncertain.

The uncertain input parameters with their respective inter-

vals and baseline values are summarized in Table 1.

III. METHODS

The proposed methodology is based on interval analy-
sis [10], consisting of defining the uncertain parameters as
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intervals and performing the model simulation to find the
minimum and maximum of the output. Due to the size and
complexity of PROCESS, this analysis cannot be performed
via intrusive methods (i.e., implementing interval arithmetic in
the code), which would provide the rigorous output interval.

Fortunately, PROCESS is built with 0-1-D models and,
therefore, runs relatively fast (e.g., a single PROCESS run
finishes in a few seconds on an ordinary laptop). For this
reason, sampling (also called brute-force search) was chosen as
the method to obtain the output interval. Also, sampling allows
the identification of trends or patterns (such as nonlinearities,
discontinuities, and dependencies) in the data, which can
be useful to perform sensitivity analysis. For this work, the
European H-mode DEMO baseline is modeled in PROCESS,
set to minimize the major radius (Ry) constrained with at
least 400 MW of net electric power and a pulselength of 2 h.

Uncertainty quantification should be accompanied by a
sensitivity analysis because analysts and decision-makers are
interested not only in the amount of uncertainty on the model
output but also on how do the input parameters uncertainties
affect it. Two different approaches were taken to perform
sensitivity analysis: one qualitative, visualizing the scatterplots
generated with the data previously used to perform uncertainty
quantification [21], and one quantitative, based on the pinching
method, consisting of reducing the interval uncertainty of each
input parameter to a baseline point one by one, and measuring
the uncertainty reduction in the output interval [22].

A. Uncertainty Quantification

Major radius (Rp) was chosen as the model output of
interest, as it is one of the main drivers of the power plant
size, an indicator of cost, and overall feasibility. It would be
desirable to have the major radius interval as narrow as pos-
sible, which would mean that, for the given input parameters
uncertainties, the size of the machine is definite. For example,
assuming that the maximum major radius permitted is 12 m,
then, if the major radius interval of a specific DEMO concept
is [12.3, 12.4] m, then it would be sensible to classify that
concept as unfeasible since its major radius would be too large.
On the other hand, if the major radius interval is [8.5, 8.6] m,
then that concept should be considered a feasible option since
its major radius will always be under 12 m.

Worst case scenario happens when the major radius interval
is too wide to make a decision, as [8.5, 12.4] m would
be. In this case, for the given values of the uncertain input
parameters, the major radius could be any within that interval,
and therefore, one could not classify that concept as feasible
or unfeasible. However, a wide interval is not necessarily a
bad result; it means that it is required to reduce the amount of
uncertainty in input parameters to be able to make a decision.

For the DEMO concept selection, the distance of the major
radius interval (b — a where Ry € [a, b]) is used as a concept
robustness metric, meaning that the smaller the distance is,
the more robust the concept results (i.e., the input parameters
uncertainties have less impact on the size uncertainty of the
reactor).
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The sampling method chosen to perform the analysis was
Latin hypercube sampling (LHS), which is generally recom-
mended in the literature, as it stratifies over the range of each
interval input, making it possible to perform both uncertainty
and sensitivity analysis [21].

In LHS, the distribution function of each input parameter Xy
is equally divided N times with the same marginal probability
1/N, where N is the number of desired samples. This division
will ensure that the distribution function is properly sampled,
as it will avoid repetition of points or missing regions of the
function. Then, the algorithm takes only one sample from each
division and repeats the process for all the input parameters to
later ensemble randomly the taken samples and form the input
sets. For this analysis, 6600 samples were employed, which
are enough to cover the whole parameter space [23].

It is important to recall that, in order to generate the samples
of the uncertain input parameters, LHS requires assuming
a probability density function. A uniform distribution was
chosen for the uncertain input parameters, with the range
being equal to their respective interval, since this distribution
stratifies equally through the whole interval, and no preference
is given to any region of the interval. However, this step is only
required for the sampling, and no probabilistic interpretation
should be drawn from the analysis since it would be an artifact
of the sampling.

B. Sensitivity Analysis

The objective of the sensitivity analysis is to study how
the uncertainty in the output of a model is influenced by the
uncertainties of its inputs. Its application in concept selection
studies is twofold:

1) In the presence of different DEMO concepts, clarify
how parameter uncertainty affects the confidence in the
outcome of each concept.

2) Identify parameters that would require resources
invested to reduce uncertainty and achieve a suitable
degree of confidence in each concept.

Two model outputs were analyzed for this work: major
radius and feasibility. The PROCESS systems code has an
output variable, which describes whether PROCESS found a
feasible solution or not. PROCESS returns a feasible solution
when, for a given set of input variables and parameters, all the
model constraints are fulfilled. However, if PROCESS cannot
find a solution with all the model constraints fulfilled, then
it returns the run as unfeasible. This metric is particularly
interesting because it can help to identify operational regions
that could be problematic to integrate or cannot be achieved.

When the uncertainty on the output of the model has been
calculated using sampling methods, the simplest procedure to
perform sensitivity analysis is examining the scatterplots asso-
ciated with the input parameters and the model output [21].
In case a parameter has a significant effect on the major radius,
then it should show a discernible pattern on its corresponding
scatterplot. These plots have been accompanied by a weighted
linear regression to help visualize trends in data.

To enhance the robustness of the suggestions of the scatter-
plots, a more quantitative method for local sensitivity analy-
sis based on value-of-information is also carried out [24].
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TABLE 1I
RESULTS OF MAJOR RADIUS UNCERTAINTY QUANTIFICATION

Major Radius | metres
Minimum: 7.929
Maximum: 10.322
Distance: 2.393

Its objective is to measure the reduction of uncertainty on
the output if extra knowledge about the inputs is acquired.
The initial step is to calculate the output uncertainty with
all the input parameters being uncertain (as in the section
before). Then, it follows a process called pinching, consisting
of reducing the uncertainty of each input parameter to a
baseline value, and comparing the uncertainty on the output
before and after performing pinching for that parameter [22].
The score for each parameter k is calculated as

Score, — 1 — Plstance(Ro)k )

Distance(Ro) Total

where Distance(Ry); is the width of the major radius output
interval when uncertainty in parameter k has been reduced to
a baseline point keeping all the other parameters uncertain,
and Distance(Ry) o is the width of the major radius output
interval when all the input parameters are uncertain. The
greater the score is, the greater the impact of that parameter
on the output uncertainty.

Finally, data were classified into two categories: feasible and
unfeasible. The dependence of the feasibility with the different
parameters is visualized with density functions, aiding the
identification of the parameter space regions with a higher
or lower density of feasible samples (as shown in Fig. 4).

IV. RESULTS

Results of the impact of parameters uncertainty on the
major radius of the European H-mode DEMO baseline are
summarized in Table II. The results suggest that, given the
current state of the knowledge about the parameters employed
for this study, the maximum length that the baseline can
deviate from the predictions is 2.393 m.

The current estimation for the major radius of the European
H-mode DEMO baseline is 9.0 m [12], which is inside the pre-
dicted interval of [7.929, 10.322] m. However, values greater
than 9.0 m are also predicted considering design uncertainties,
meaning that there is a possibility of DEMO being larger than
currently estimated.

Visualizing the scatterplots, the major radius showed strong
dependence on the H-factor (see Fig. 1), plasma elongation
(see Fig. 2), and thermal He-4 fraction (see Fig. 3), suggesting
that, in this analysis, these are the parameters with the highest
impact on the major radius uncertainty inside PROCESS.
When these parameters are uncertain, the operational divertor
limit, core radius, and tungsten impurity fraction seem to have
little impact on the major radius uncertainty.

The results suggested by the scatterplots are confirmed by
the pinching sensitivity analysis, which results are summa-
rized in Table IIl. Reducing thermal He-4 fraction uncer-
tainty to its baseline point would reduce the major radius
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Fig. 1. Scatterplot of major radius against H-factor. Black line is a locally
weighted linear regression to help with the trend visualization.

10.0+ °

95r

9.0

Major Radius (m)

8.5

8.0r

186

1.84
Plasma Elongation

Fig. 2. Scatterplot of major radius against plasma elongation. The missing
data for values of plasma elongation <1.80 are due to the fact that PROCESS
was unable to find feasible solutions in that parameter space.

TABLE III

REDUCTION OF MAJOR RADIUS UNCERTAINTY AFTER PINCHING
EACH CORRESPONDING PARAMETER TO ITS BASELINE
VALUE, CALCULATED AS IN (1)

Parameter Uncertainty Reduction
Thermal He-4 Fraction | 0.3935
H-factor 0.2766
Plasma Elongation 0.1647
W Impurity Fraction 0.1130
Core Radius 0.0186
Divertor Limit 0.0075

uncertainty 39.35%, while reducing divertor limit uncertainty
would return a negligible reduction of 0.75%.

Feasibility space shows the highest dependence with the
plasma elongation and the thermal He-4 fraction. The diag-
onal (top left, bottom right) of Fig. 4 shows the feasibility
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Fig. 3. Scatterplot of major radius against thermal He-4 fraction.
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Fig. 4. Density plots (diagonal) and scatterplots (top right and bottom left)
of the plasma elongation and thermal He-4 fraction showing the distribution
of the proportion of feasible and unfeasible samples.

distributions of the samples for the plasma elongation and
thermal He-4 fraction, respectively. The plasma elongation
manifests a feasibility threshold of around 1.83, as it shows a
steep increase of feasible samples and decrease of unfeasible
samples around that value. On the other hand, the thermal
He-4 fraction shows a linear increase in feasibility. These
results may indicate that the plasma elongation should be at
least 1.83 to fulfill the net electric power output constraint
of 400 MW, and greater concentrations of thermal He-4 in
the plasma are favorable to achieve the pulselength constraint
of 2 h. In fact, it has been shown that greater fusion power is
associated with larger elongations [6], and He-4 contributes to
increase the energy confinement time when it does not exceed
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the dilution upper limit [25]. To visualize the combination
effects on the feasibility space, the scatterplots of the plasma
elongation against the thermal He-4 fraction are displayed
on the top right and bottom left figures of Fig. 4. It is
possible to discern a small region of unfeasible samples when
the elongation is around 1.88 and the thermal He-4 fraction
around 0.11, which could indicate that PROCESS is not find-
ing feasible solutions for certain combinations of the parameter
values around that region of the parameter space. However,
this conclusion should be carefully inspected since it could be
caused by the combinations of other parameters that remained
unnoticed.

V. CONCLUSION

This is the first work on epistemic uncertainty propagation
in the form of intervals using PROCESS. The objective was
to develop the methodology and computational tools required
to compare the impact of uncertainty on different DEMO
concepts and the European H-mode DEMO baseline served
as the use case. The resources developed for this work can
be helpful to identify areas with significant impact on the
uncertainty of fusion power plants and provide information
during DEMO concept design and selection.

In the case of the European H-mode DEMO baseline,
we found that H-factor, plasma elongation, and thermal He-4
fraction had the largest impact on the uncertainty of the major
radius and the PROCESS feasibility, given the parameter space
explored.

ACKNOWLEDGMENT

The authors would like to thank the reviewers for their
comments that helped to improve the manuscript. The authors
would like to thank the U.S. Office of Naval Research (ONR)
and the Princeton Plasma Physics Laboratory (PPPL) for
providing the Student Travel Grant that made it possible to
present this work at the 19th IEEE Symposium on Fusion
Engineering. This work was undertaken on Barkla, part of the
High Performance Computing facilities at the University of
Liverpool, U.K. This work has been carried out within the
framework of the EUROfusion Consortium, funded by the
European Union through the Euratom Research and Train-
ing Programme under Grant 101052200—EUROfusion. Views
and opinions expressed are however those of the author(s) only
and do not necessarily reflect those of the European Union or
the European Commission. Neither the European Union nor
the European Commission can be held responsible for them.

REFERENCES

[1] M. Kovari, R. Kemp, H. Lux, P. Knight, J. Morris, and D. J. Ward,
“‘PROCESS’: A systems code for fusion power plants—Part 1: Physics,”
Fusion Eng. Des., vol. 89, no. 12, pp. 3054-3069, Dec. 2014.

[2] M. Kovari et al., “‘PROCESS’: A systems code for fusion power
plants—Part 2: Engineering,” Fusion Eng. Des., vol. 104, pp. 9-20,
Mar. 2016.

[3] J. Morris et al., “Preparing systems codes for power plant conceptual
design,” Nucl. Fusion, vol. 61, no. 11, Nov. 2021, Art. no. 116020.

[4] R. Kemp et al., “Dealing with uncertainties in fusion power plant
conceptual development,” Nucl. Fusion, vol. 57, no. 4, Apr. 2017,
Art. no. 046024.



MIRALLES-DOLZ et al.: TOWARD DEMO POWER PLANT CONCEPT SELECTION UNDER EPISTEMIC UNCERTAINTY

[5]
[6]
[7]

[8]

[9]
[10]

(1]
[12]

[13]

[14]

[15]

H. Lux et al., “Uncertainties in power plant design point evaluations,”
Fusion Eng. Des., vol. 123, pp. 63—66, Nov. 2017.

H. Lux et al, “Implications of uncertainties on European DEMO
design,” Nucl. Fusion, vol. 59, no. 6, Jun. 2019, Art. no. 066012.

J. Morris, V. Chan, J. Chen, S. Mao, and M. Y. Ye, “Validation and
sensitivity of CFETR design using EU systems codes,” Fusion Eng.
Des., vol. 146, pp. 574-577, Sep. 2019.

S. I. Muldrew, F. Warmer, J. Lion, and H. Lux, “Design uncertainty
for a HELIAS 5-B stellarator fusion power plant,” Fusion Eng. Des.,
vol. 170, Sep. 2021, Art. no. 112708.

R. E. Moore, R. B. Kearfott, and M. J. Cloud, Introduction to Interval
Analysis. Philadelphia, PA, USA: SIAM, 2009.

J. C. Helton, J. D. Johnson, W. L. Oberkampf, and C. J. Sallaberry,
“Representation of analysis results involving aleatory and epistemic
uncertainty,” Int. J. Gen. Syst., vol. 39, no. 6, pp. 605-646, Aug. 2010.
F. Wagner, “A quarter-century of H-mode studies,” Plasma Phys. Con-
trolled Fusion, vol. 49, no. 12B, pp. B1-B33, Dec. 2007.

M. Siccinio et al., “DEMO physics challenges beyond ITER,” Fusion
Eng. Des., vol. 156, Jul. 2020, Art. no. 111603.

S. Ferson, C. A. Joslyn, J. C. Helton, W. L. Oberkampf, and K. Sentz,
“Summary from the epistemic uncertainty workshop: Consensus amid
diversity,” Rel. Eng. Syst. Saf., vol. 85, nos. 1-3, pp. 355-369, Jul. 2004.
M. G. R. Faes, M. Daub, S. Marelli, E. Patelli, and M. Beer, “Engi-
neering analysis with probability boxes: A review on computational
methods,” Struct. Saf., vol. 93, Nov. 2021, Art. no. 102092.

R. Wenninger et al., “Advances in the physics basis for the Euro-
pean DEMO design,” Nucl. Fusion, vol. 55, no. 6, Jun. 2015,
Art. no. 063003.

[16]

[17]
(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

4445

R. Wenninger et al., “The physics and technology basis entering
European system code studies for DEMO,” Nucl. Fusion, vol. 57, no. 1,
2017, Art. no. 016011.

G. Federici et al., “Overview of the DEMO staged design approach in
Europe,” Nucl. Fusion, vol. 59, no. 6, Jun. 2019, Art. no. 066013.

B. J. Green, “ITER: Burning plasma physics experiment,” Plasma Phys.
Controlled Fusion, vol. 45, no. 5, p. 687, 2003.

M. Jakobs, N. L. Cardozo, and R. Jaspers, “Fusion burn equilibria
sensitive to the ratio between energy and helium transport,” Nucl. Fusion,
vol. 54, no. 12, Dec. 2014, Art. no. 122005.

R. Wenninger et al., “DEMO exhaust challenges beyond ITER,” in Proc.
42nd EPS Conf. Plasma Phys. Mulhouse, France: Eur. Phys. Soc., 2015,
pp. 1-4.

J. C. Helton and F. J. Davis, “Latin hypercube sampling and the
propagation of uncertainty in analyses of complex systems,” Rel. Eng.
Syst. Saf., vol. 81, no. 1, pp. 23-69, 2003.

S. Ferson and W. T. Tucker, “Sensitivity analysis using probability
bounding,” Rel. Eng. Syst. Saf., vol. 91, nos. 10-11, pp. 1435-1442,
Oct. 2006.

F. A. Viana, “Things you wanted to know about the Latin hypercube
design and were afraid to ask,” in Proc. 10th World Congr. Struct.
Multidisciplinary Optim., vol. 19, 2013, pp. 1-9.

A. Gray et al., “From inference to design: A comprehensive framework
for uncertainty quantification in engineering with limited information,”
Mech. Syst. Signal Process., vol. 165, Feb. 2022, Art. no. 108210.

A. A. Mavrin, “Effect of impurity radiation and helium particle con-
finement on tokamak-reactor plasma performance,” Plasma Phys. Con-
trolled Fusion, vol. 62, no. 10, Oct. 2020, Art. no. 105023.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


