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CrossMark
Abstract
SOLPS-ITER simulations of the European DEMO reactor with a Super-X divertor, which has
larger major radius at the outer target and increased connection length, show an increased
operational space for divertor power exhaust compared to the conventional single-null
configuration. Using a multi-fluid approach with fluid neutrals and charge-state bundling of
impurities, we assessed the existence and boundaries of the operational space in the single-null
and Super-X configurations by carrying out fuelling, seeding and power scans. Compared to
the conventional single-null divertor, the Super-X divertor offers lower impurity concentration
(factor ~2 lower) at the same main plasma density, and consistent with this, it has lower main
plasma density at the same impurity concentration level. This observed difference is in line
with the simple analytical Lengyel model predictions resulting from the increased connection
length in the super-X configuration. DEMO with a Super-X divertor demonstrates remarkable
robustness against increases in input power, and in this study is able to exhaust the maximum
expected steady-state separatrix-crossing power of 300 MW while maintaining acceptable
impurity concentration along the separatrix This is something that was not possible in the
single-null configuration in this study. This robustness of the Super-X divertor lies mostly in
its capability to sufficiently dissipate power in its divertor via argon (Ar) radiation at
acceptable Ar concentration, which is related to two factors: long (with respect to single-null)
parallel connection length from the upstream to the outer target and higher but tolerable
extrinsic impurity concentration at higher input powers. Finally, consistent with neon-seeded
simulations of ITER, it is observed in all our simulations that the plasma density drops with
increasing Ar concentration given fixed power input. We find that as the Ar content increases,
the accompanying enhancement of Ar radiation reduces the power available for deuterium (D)
to be ionized, thus limiting the D ionization particle source, and consequently reducing the
plasma density.
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1. Introduction

The European fusion reactor DEMO is designed to produce
2 GW of fusion power [1]. Of this power, 20% goes to
a-particles that heat the plasma and needs ultimately to be han-
dled in some way. In addition, the auxiliary heating schemes
mainly for plasma control purposes will lend another 50 MW
[2, 3] to the hot plasma. The total power to be exhausted thus
tallies to 450 MW. In the current design, 2/3 of this power
is to be dissipated within the confined region of the plasma,
of which about 150 MW is in the form of bremsstrahlung
and synchrotron radiation by charged particles [4] and another
150 MW is via impurity line radiation. The power left to cross
the separatrix into the plasma boundary region, denoted as
PsoL, is about 150 MW, which is just above the L—H transi-
tion threshold. The average power load to the divertor targets,
assuming no power lost to the main chamber wall (mcw) via
cross-field transport or power loss due to A & M processes and
radiation, i.e. unmitigated power load, can be estimated as:

qLe= q) X sin «

_ Sodiv X PsoL
27TR[ X )\(] X sin HR[/RU

X sin a, (H
where foqiy 1S the fraction of Pgop. that goes to the outer diver-
tor, v is the field line incident angle at the divertor target,
is the upstream magnetic field pitch angle and R, R, are the
major radius at the outer divertor target and outboard midplane
(OMP). The ‘v’ and ‘t’ in the subscript will be used to denote
‘upstream’ and ‘target’ throughout the paper. R, = Ry + a,
with Ry being the major radius at the magnetic axis and a being
the plasma minor radius. ), is the power decay length at the
OMP.

Substituting the design parameters of DEMO conven-
tional single-null (SN) divertor configuration [5], namely
PsoL = 150MW, Ry =8.9m,a=2.87m, \; =3 mm, 0§ = 20°,
R/R, = 0.71, « = 1.5° and assuming foqiy = 50%, into
equation (1), we have g3} ~ 36 MW m . Note that @ = 1.5°
is a rather optimistic assumption here. The other parameters
of DEMO include elongation, x9s = 1.65, plasma current,
Ip = 19.1 MA, axis magnetic field, By = 4.9 T and poloidal
magnetic field at the OMP, Bp, = 1.3 T. The current engineer-
ing limit of the stationary power load on the tungsten diver-
tor plate for sufficient duty cycle is about 10 MW m~2 [6].
Taking into consideration the degradation of material prop-
erties due to neutron irradiation, and the power load due to
photons and surface recombination onto the material surface,
the tolerated plasma heat flux onto the divertor plates is about
g™ = 5 MW m~2 [7, 8]. This limiting value is factor ~7
lower than the estimated unmitigated power flux, which means

that the excessive 86% of the power therefore needs to be radi-
ated away mainly by extrinsic impurities in the narrow plasma
boundary region.

High impurity concentration in the vicinity of the main
plasma threatens to compromise the fusion performance if the
impurities get transported further inside the confined region.
Some alternative divertor configuration designs guided by the-
ory could be able to ease the burden of power exhaust in the
plasma boundary region. In this work, effort has been made
to assess if the Super-X divertor (SXD) configuration har-
bours safe divertor operation without accumulating high impu-
rity concentration near the confined region. We will present
the most recent results of the study on the SXD configura-
tion for DEMO [5] in the following. The extrinsic impurity
investigated is argon (Ar), with its concentration defined as
Car = Nar/ne, Where np, is the Ar ion density. New results
of other alternative configurations, such as double-null and
X-divertor are reported in [9, 10].

2. DEMO divertor configurations

2.1. Super-X divertor (SXD) and single-null divertor (SND)
configurations for DEMO

A poloidal cross-sectional view of the DEMO SXD configu-
ration is given in figure 1, on top of the DEMO SND configu-
ration. The targets have been slightly modified to enforce 1.5°
of field line incident angle across 3 mm distance on either side
of the separatrix in both configurations. Due to the limit on TF
coils stress and the requirement of remote handling, the outer
target of the SXD is set to a similar major radius as the OMP,
whose position is marked out in the figure. The toroidal flux
expansion, f, = R/Ry, is f, = 0.92. Substituting the design
parameters of DEMO SXD into equation (1), one sees that
DEMO SXD, with factor ~1.33 higher toroidal flux expan-
sion than SND, has an unmitigated power flux to the target of
qixt ~ 26 MW m2 at Psor. = 150 MW. Now, about 80% of
Psor. needs to be radiated in the plasma boundary and divertor
volume. The longer connection length to the outer target in the
SXD offers further advantages over the conventional SND.
The SXD has longer parallel connection lengths from the
OMP to the outer divertor target, Ly ot than the conventional
SND. The ratio Lﬁiﬁt Lﬁﬂt is > 1.75 in the radial range of 3 mm
mapped to the OMP, i.e. the aimed value of )\, as given in

table 1. The two-point model predicts TZ/ 2=
' 2 e |

L, [11], according to which longer connection length means
lower divertor target temperature in the absence of radiation
in the divertor, given comparable upstream plasma conditions.
Furthermore, the parallel connection lengths from the OMP
to the inner and outer divertor targets, Ly, Lo are rather
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Figure 1. Poloidal cross-section of the DEMO SXD configuration
used in SOLPS-ITER simulation, on top of the outline of the
poloidal cross-section of the DEMO SND configuration in black.
coloured regions form the modelling domain, and they are: the
‘core’ (magenta), SOL (blue), inner divertor (orange), denoted as
idiv and outer divertor (red), denoted as odiv henceforth in the
figures. This notation of regions will be used in the following
sections when modelling results are discussed. Location of the OMP
is marked in magenta.

comparable in the DEMO SXD. Their ratio Lj;/Lj is in
the range of 1.08—1.3 in the radial range of 3 mm, compared
to 1.3-1.95 in the DEMO SND. According to the two-point
model, this may contribute to better symmetry between the
inner and outer divertor in the SXD [12], as the model predicts
that g oqiv/q) iaiv < Ljjit/Ljor» Where ‘odiv’ and ‘idiv’ stand
for outer divertor and inner divertor. At the radial location of
3 mm, the connection length to the inner and outer divertor tar-
getsis givenin table 1. The values of the SND are also provided
as reference.

2.2. Simulation setup

More realistic estimation of the target power load in the DEMO
SXD needs to be done through comprehensive study with
models more complete than the 0D two-point model. The
code package SOLPS-ITER [13, 14], which consists mainly
of 2D fluid plasma code B2.5 [15] and 3D kinetic neutral
code EIRENE [16, 17], is implemented with vigorous bound-
ary plasma physics models. The aim of this study is to assess
the accessibility of the operational space of the DEMO SXD
and how it compares to that of the DEMO SND configura-
tion. The constraints used to define the operational space for

DEMO reflect the considerations of ensuring sufficient life-
time of the divertor targets and simultaneously safeguarding
fusion performance in the confined region.

We use the SOLPS-ITER code with fluid neutrals and Ar
charge-state bundling in order to shorten the computational
time to accommodate large parameter scans. In dense and
cold divertor plasma conditions, the plasma and neutral den-
sities are expected to be high and fluid neutral temperature
(same as ions) low. The mean free path of neutrals is short
with respect to the DEMO divertor size. The SXD has width
>50 cm and length ~5 m, and the SND’s width is >1 m
and length is ~2 m, see figures 1 and 2 in [5], as well as
figure 1 above. After mathematical estimation of the neutrals’
(D and Ar”) mean free path in the simulations with cold diver-
tor condition (Tearger < 5 €V and ne urger = 5 x 1020 m~3) is
in the order of cm. Therefore, the fluid neutrals’ approach
is considered appropriate here. Note that with a fluid neutral
model, we do not treat deuterium (D) molecules. We con-
sider a D plasma, with intrinsic impurity helium (He) and
extrinsic impurity Ar. Ar is bundled into effectively three
charge states: Ar”, Ar' 17T A8 The rate coefficients of
the effective charge state Ar'"~17" are computed from the
ADAS rate coefficients of unbundled Ar using a charge-
state weighing algorithm introduced in [18, 19]. Due to the
method of charge-state bundling, any enhancement of the elec-
tron cooling coefficient function due to impurity transport
is not accounted for [20]. All the neutral atoms are consid-
ered as fluids, as are all the charged species. The particle
diffusivity is D; = 0.1 m? s~!. The thermal conductivity of
electrons and ions is x, ,; = 0.1 m* s™!' from —10 mm to
—2.5 mm inside the separatrix, which increases to 0.3 m? s~!
at the separatrix, and remains at 0.3 m? s~! in the SOL. Both
D, and x| .; are down-scaled from the values used in ITER
SOLPS-ITER simulations to obtain a power decay length at
the OMP of A\, = 3 mm. To assess the operational space, we
varied both the D fuelling and Ar seeding rates, thus scanning
an array of combinations of these two parameters. The ranges
covered in the scan are: I'yo = 2.55 x 10%* —2.55 x 10** and
[0 =3.5x 10" = 3.5 x 10%!, with the unit particle/s (ps ).
In the fluid neutral model, the D and Ar puff is done in such a
simplified manner for it to be introduced homogeneously from
the entire SOL boundary. During the scan, we obtained a wide
range of divertor conditions. We did the scan in the same man-
ner for the SND, which covered very similar ranges of fuelling
and seeding as the SXD. At the core boundary, i.e. the inner-
most green contour in figure 1, we imposed a D ion flux of
Ip+ = 3.5 x 10* p s! to account for pellet fuelling, a He
ion flux of '+ = 7.0 x 10% p s~! to be the slowed-down
a-particle during the 2 GW fusion reaction and input power P,
of 150 MW split evenly into electron and ion channels entering
the simulation domain.® To test the robustness of the DEMO

6 p,, is similar to the aforementioned Pso in the context of SOLPS-ITER
modelling. Strictly speaking, they are not the same, as P;, refers the power into
the simulation domain at the core boundary. But since the part of the simulation
domain inside the separatrix is thin compared to the entire confined region, as
can be seen in figure 1. P;, and Psoy, are effectively equivalent, and mostly P;,
will be used when talking about SOLPS-ITER simulations.
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Table 1. L ;, L are the parallel connection lengths from the OMP
to the inner targets and outer target, respectively. « is the field line
incident angle at the target in the width of the power decay length (in
our study it is aimed at 3 mm) A\, on both sides of the strike point. f
is the toroidal flux expansion at the outer target. Values are given here

for the flux tube at 3 mm distance from the separatrix in the

scrape-off layer (SOL).

Parameters SXD SND
Ly 226 m 191 m
Lot 175 m 100 m
Lyit/Lj ot 1.30 1.91
« ~ 1.5° ~ 1.5°
fx = ~0.75

SX divertor against Psor. fluctuations, we also performed sim-
ulations at an increased power input of 300 MW, assuming
the extreme case where no line radiation happens in the core
region.

3. Operational space for DEMO divertor power
exhaust

A DEMO plasma must satisfy at the least the following three
requirements concerning the plasma side to be considered as
operationally viable: (1) no disruptions or H-L back transition
due to too high plasma density, (2) long enough lifetime of the
divertor plasma facing components (PFCs) and (3) low impu-
rity level in the main plasma to safeguard sufficiently high rate
of fusion reaction in the core. These requirements are quan-
tified as constraints imposed on certain plasma parameters in
this work to easily assess if they are satisfied by a simulated
DEMO plasma. The constraints are the following:

e The stationary peak plasma power flux at all targets is
below the limit for tungsten, i.e. g, , < 5 MW m2,

e The target temperature is sufficiently low to avoid sig-
nificant tungsten net erosion. We set the limit to be
T, <5eV.

e The density at the separatrix, nesp, does not exceed some
fraction of the Greenwald density limit ngw to sail safely
below the density limit disruption and avoid H-L back
transition at high densities. For DEMO, ngw = 7.3 X
10" m~3. We put a constraint of 7¢ sep < 0.6n6w ~ 4.4 x
10" m~2.

e The extrinsic impurity concentration in the immediate
vicinity of the confined region should not be too high
to spoil the fusion performance. SOLPS-ITER may not
model the impurity transport in the confined region well.
We nevertheless limit the Ar concentration at the separa-
trix of the confined region to be carsep < 1%, but rather
trust the comparison between configurations and power
levels.

A modelled plasma, which simultaneously meets these
constraints, is considered to be within the operational space.

3.1. Operational space in DEMO SXD and SND at two
power levels

Applying these constraints to the simulations with a fuelling
and seeding rates scan, we identify whether an operational
space exits for a given divertor configuration and power level,
and if this is the case, what the differences are in parameters of
interest between the different configurations and input powers
inside the operational space.

An operational space could be found for both the SND and
SXD when we impose 150 MW crossing the core boundary.
But only the SXD has operational space at P, = 300 MW,
while no acceptable solution could be found for the SND at
this input power. In section 1, it is shown that in the DEMO
SND with Pj, = 150 MW the plasma boundary region needs
to dissipate about 86% of PgoL to reduce the target power flux
from the unmitigated value of 36 MW m~2 to the safe value
of 5 MW m~2. Present-day tokamaks have reported a main
plasma radiation fraction of 50%—70% and the radiation frac-
tion in the plasma boundary to be even lower [21-24]. The
existence of the operational space for the SXD and particu-
larly SND at Py, = 150 MW is thus encouraging. The plasma
conditions at the separatrix concern both the core performance
and divertor conditions. A good way to display our results is
to plot the separatrix Ar concentration as a function of the sep-
aratrix density, the former representing the amount of impuri-
ties needed to dissipate the plasma power and the amount of
dilution, the latter measuring core performance (lower density
leads to improved pedestals). We plot these quantities for our
database in figure 2.

Shown in this figure is the Ar concentration averaged along
the separatrix above the X-point, Carsep, and the density at
the OMP, n s, for all simulations of the DEMO SND with
Pi, = 150 MW and the DEMO SXD with P;, being 150 and
300 MW. The SND with P;, = 300 MW does not have an oper-
ational space found in the simulations, hence its data point is
not shown in this figure. One can see that the data points of a
configuration or an input power level collapse onto a distinc-
tive curve. One can also see that all the curves can be fitted
with roughly a dependency of Carsep o 1o *. The figure reveals
that:
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Figure 2. Average Ar concentration along the separatrix Cascp as a function of the density at the OMP separatrix ne g for all the
simulations done for a configuration (SX or SN) or an input power level (Pj, = 150 MW or 300 MW). Among them, the simulations whose
plasma is within the operation space are also marked with symbols (square, circle, diamond). Black and pink dash lines are the power-law fit
to the data points of SX and SN, both showing a roughly Carep X 71, 4 dependency. Inset shows only the points within the operation space.
Three red arrows mark three pairs of simulations of the SXD with the same fuelling and seeding rates with only P;, being different. Pair
marked by the red arrow with blue outline (rightmost) is compared in figures 7 and 8. Two green square symbols (also shown in the inset)
mark the two simulations, one SND and one SXD, to be compared in figure 3() and figure 4. The three simulations outlined by the grey

ellipse are to be compared in figure 6.

(a) At the same density (Ar concentration), the DEMO SXD
has lower Ar concentration (density) than the SND. The
inset in the figure, showing the operational points only,
demonstrates that the difference is nearly a factor of
2. Furthermore, within the operational space the SXD
reaches lower density than the SND does. These facts
imply that the DEMO SXD provides a larger margin in
terms of lowest possible separatrix density or main plasma
dilution.

(b) At P;, = 300 MW, the SXD needs double the Ar concen-
tration with respect to the SXD at Pj, = 150 MW at the
same density. Note also that the SND curve nearly over-
laps with that of the SXD at P, = 300 MW, despite a
factor of 2 difference in their input power. This indicates
that the SND has already largely exhausted its capability
to radiate power at P;, = 150 MW, while the SXD still has
some margin.

(c) Foraplasma within the operational space in the SXD con-
figuration with P;, = 150 MW, by raising the power input
to 300 MW the plasma may remain inside the operational
space in some cases, as indicated by the red arrows in the
inset in figure 2. In contrast, we did not find an operational
space for the DEMO SND at P;, =300 MW. This suggests
that the SXD configuration is more robust in exhausting
the power into the plasma boundary than the conventional
SND on DEMO.

(d) As Ar concentration increases along the curves, the
plasma density decreases in all cases, regardless of diver-
tor configuration or power level. The curves represent-

ing different configurations or Pj, converge at higher
Nesep- This is simply because the impurity concentration
progressively becomes negligible towards higher densi-
ties, hence the effect of Ar impurities on the plasma
diminishes.

We will examine item (c¢) and (d) in section 4 and section 5,
respectively, and elaborate on (a) and (b) in the following.

The factor ~2 difference in Cargep at the same density in
the SXD and SND coincides with the difference in their par-
allel connection length from the OMP to the outer target,
which is Lﬁfét /Lﬁf‘olt > 1.75 within a radial distance of 3 mm
from the separatrix. A factor of ~2 difference in caep is also
observed when the input power in the SXD is doubled from
150 to 300 MW.

First, we introduce the model on which our analytical anal-
ysis is based; the Lengyel model [25]. It has been utilized to
analyse power dissipation via impurity seeding in the plasma
boundary in recent years [26—30], to estimate the impurity
concentration ¢, needed for dissipating the conducted power
flux loss from upstream to downstream. It assumes (1) pure
electron heat conduction in the parallel direction, (2) no radial
transport, (3) power loss due entirely to impurity radiation, (4)
homogeneous impurity concentration in the boundary layer
and (5) conservation of static pressure within the impurity
cooling region. With these assumptions, the ¢, needed for the
conduction—radiation balance is given by:

. = T . 2)
2’{6:0,”” T, th Lz(Te)\/TedTe

eu” eu
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Figure 3. (a) Upstream separatrix temperature as a function of the upstream separatrix density for each of the simulations of the SXD and
SND configurations within the operational space. (b) Comparison of the Lengyel integral [25] as a function of the temperature in the inner
and outer divertor for the two simulations marked in a green square in (a) (same as the ones marked in green squares in figure 2). The two

simulations have similar upstream density, as shown in figure 4.

Here, the parallel heat flux is given by g = —fieo,HTs / 2V”Te
with ke, being the parallel electron heat conductivity divided
by Ts/ 2 and is dissipated via radiation loss; V”qH = Pra.
The radiation loss is Prg = c,n2L.(T.), with L, being the
temperature-dependent electron cooling coefficient of impu-
rity ‘z’. The integral fTT *L(T.)\/T, dT, is henceforth referred
to as the Lengyel integral and denoted as Liy. Liy is depen-
dent on T, and represents the temperature-dependent part of
the power dissipation by an impurity. We can see that the
parameters that dictate the value of ¢, are the parallel heat
flux reduction, electron temperature and upstream pressure
(neuTen).

As investigated in [28], as well as shown in figure 3(b),
Linc has nearly linear dependence on T, for the Ar impurity,
Line < T.. Within the operational space, the power flux down-
stream at the target is ¢, < 5 MW m ™. The g, at the target

is negligible compared to qﬁu at the upstream. Therefore, the
c; in equation (2) can be rewritten as:

¢, X qﬁu/(ZKCO,”nguTgu). 3)
Substituting the two-point model formula of T, = (5 ﬁ"i)ﬁ:‘ y2/7
into equation (3) we obtain: ’
8/7
9
€z X — 1677 4

This equation reveals that, on the one hand, at the same
density and same power flux upstream, the average Ar con-
centration needed to dissipate all the conductive power flux

from upstream is almost inversely proportional to the con-
nection length from the midplane to the outer target. On the
other hand, with the parallel connection length being the same
(i.e. same configuration), the average Ar concentration scales
nearly linearly with the upstream power flux.

Being inside the operational space requires a cold divertor
plasma condition of ¢, ; <5 MW m~2 and 7, < 5 eV. This
means that qﬁt < qﬁu and that the simulations within the oper-
ational space can indeed be described by equation (4). Now
the observed difference in Ar concentration between the SXD
and SND and between the SXD with P;, = 150 MW and
P, = 300 MW agrees with the analytical model predic-
tion. The trends discussed in item (a) and (b) above are
captured by equation (4). First, for the DEMO SND and
SXD, assumed to have the same ), their upstream power
flux is similar at the same input power of Pj, = 150
MW. The difference in Ar concentration between the two
configurations is thus decided by their parallel connection
length. Within the radial range of A, of 3 mm, their con-
nection lengths to the outer target give L}X/LN > 1.75.
The Lengyel model thus predicts that the averaged Ar con-
centration of the SXD and SND plasma within the operational
space in the plasma boundary is €3~ /5N a2 0.57. This value
is very close to the factor ~2 difference observed in figure 2,
which explains the cause of point (a). Second, for the SXD
at input power of 150 and 300 MW where the parallel con-
nection length is the same, according the equation (4), at the
same upstream density the Ar concentration in simulations
within the operational space is proportional to the upstream
parallel power flux, which in effect is proportional to the input



Nucl. Fusion 61 (2021) 076007

L. Xiang et al

— SX #173143 --- SN #168838
1.0 q 400 F _
= : I
L 1= : (@) {35
e . | g
0.0- 0 2 4 6 8 1
1.0 - =
& K
= = 102 &
0.5 {21001 a 208
5 2 B2
10! o E
OO J O C L i I 1 1 r 0 pe= |
0.0 0.2 0.4 0.6 0.8 1.0 =
10 nomalized 1} length from target to X-point, odiv ™
U7 b
& H]
102 ££20%
2 > =
ol =
3
{101 &
O 0 L n 1 1 1 r 0 g
: 0.2 0.4 0.6 0.8 1.0 =

0.0

nomalized [ length from target to X-point, idiv
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Figure 5. Radiated power in the outer divertor as a function of the
fractional radiated power from the ‘core’ and SOL region (see
definition in figure 1) above the X-point, both as a fraction of the
input power Pj,. Only the simulations within the operational space
are shown here for the DEMO SXD at P;, = 150 MW and

P;, = 300 MW, and the SND at P;, = 150 MW. The two simulations
marked in green squares are the same ones as similarly marked in
figure 2 and figure 3(a).

power. Hence, for the SXD at P;, = 150 and 300 MW, with the
input power doubled, the €4, ep 0f the plasma within the oper-
ational space is predicted to double as well. Therefore, what
we stated above in point (b), comparing the 300 and 150 MW
simulations, is also explained by equation (4).

As explained in section 2.1, longer connection length is
beneficial in two ways: (1) when T, is comparable, longer
connection length means lower temperature at the target; (2)
when T is similar, configuration with longer connection
length has higher upstream temperature. In figure 3(a), the
electron temperature 7. at the OMP separatrix is shown as
a function of the densities at the same location for the SXD
and SND simulations within the operational space. The simu-
lations within the operational space all satisfy T'peax < 5 €V,
i.e. similar temperatures at the target. We see that indeed the
SXD simulations have higher upstream temperature than the
SND ones. This means that (1) the core plasma might be hot-
ter and- (2) with a higher temperature upstream and similar
temperature at the target, the divertor plasma is more capable’
of power dissipation via radiation.

3.2. Comparison of the SXD and SND at the same
upstream density

3.2.1. Radial and parallel profiles. Now, we demonstrate
that the SXD may be more capable of dissipating power,
particularly in the outer divertor than the SND. We select
two simulations, marked with green squares in figure 3(a),
of the SXD and SND at similar upstream density. These
two simulations are also marked out in figures 2, 5 and 9 to

7 Being more capable does not only mean that it radiates more away power at
the same Ar concentration and plasma density. It can also mean that it could
achieve the same amount of radiated power with less Ar concentration or lower
density.
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Figure 6. Total radiated power density distribution in the modelling domain for three selected simulations outlined by the grey ellipse in
figure 2, which are simulations within the operational space with similar upstream density. Upper row shows the radiation density
distribution in the regions above the X-point, i.e. in the ‘core’ and SOL. Lower row shows the radiation density distribution in the divertor

region. Different configurations are shown on the same spacial scale.

show how the two simulations compare in terms of upstream
Ar concentration and radiation distribution. The profiles of
some relevant parameters are shown in figure 4 for the two
simulations. The radial profiles in figure 4(a) indicate that the
two simulations have the same upstream density. However,
the SXD plasma maintains a higher electron temperature
and lower Ar concentration in the SOL. Along the parallel
direction in the outer divertor, the SXD still maintains a higher
T., but a lower 7, along most parts of the parallel length of the
divertor. Here, T is the radial average of electron temperature
weighted by the number of particles in each cell and 7. is the
radial average of electron density weighted by the cell volume
in the radial range of 3 mm mapped to the OMP. Namely,

T. = st)p+3 mmTe(r)ne(V)Vcell(r)/ﬁizp+3 mmne(r)vcell(r)’ and

e = [ () Ve )/ [ T ™ Veen (1), with Ve being
the cell volume. The cumulative radiated power by Ar, starting
from the divertor target, increases sharply in the first 10%
of the parallel length of the outer divertor. The position of
the sharp increase of the Ar radiation corresponds to the
location of a large electron temperature drop. The total
radiated power by Ar in the outer divertor of the SXD
(30 MW) is comparable to that of the SND (35 MW), despite
the Ar concentration being a factor of ~2 lower in the SXD
and the electron density also being lower. The reason for this
will be demonstrated in figure 3(b). In the inner divertor, the
situation is similar to that in the outer divertor, except that
now the difference in P arigiv 1S about factor ~1.5 while
Caridiv 18 about factor ~3.3 lower in the SXD. In figure 3(b),
we compare the Lengyel integral Li, in the inner and outer
divertor of the two simulations as a function of 7. Note that
T. used here is the radial averaged value in the radial range
of 3 mm mapped to the OMP, as explained previously. To be
consistent, we also calculate the radial average of L,, weighted
by the number of particles in each cell. The L, is calculated
using the radially averaged values T, L. and /7, in the
inner and outer divertor. One can see from figure 3(b) that,
due to the higher upstream temperature achieved in the SXD,

Liy, reaches higher values in the divertors compared to in the
SND plasma. Equation (2) indicates that, to dissipate a certain
amount of heat flux via radiation, having larger Li, in the
plasma boundary means /ess Ar concentration will be needed,
given similar upstream heat flux and electron pressure.

3.2.2. Radiation patterns. In addition to the advantage out-
lined in point (a), the DEMO SXD configuration has a more
advantageous radiation pattern than the SND. Illustrated in
figure 5 is the total radiated power in the outer divertor against
the radiation above the X-point, both as a fraction of the input
power. Shown here are only simulations within the operational
space. We see that, consistent with the lower level of Ar impu-
rity concentration along the separatrix, the radiation from the
main plasmaregion (‘core’ + SOL) in the SXD is always lower
than that in the SND at the same input power of Py, = 150 MW.
The radiated power fraction above the X-point is between
7%—-16% in the SXD and between 19%—-36% in the SND. This
suggests that the DEMO SXD configuration needs less radi-
ation from the main plasma region to be within operational
parameter space. At the same time, the radiated power inside
the outer divertor for the simulations within the operational
space is significantly higher in the SXD than in the SND, the
largest difference being around factor ~2. However, the advan-
tage is less marked for the inner divertor leg where the two
configurations exhibit more comparable radiation capability,
as shown in figure 5(b). The figure also illustrates that when
the input power is doubled, the radiation fraction in the outer
divertor, and to a lesser degree in the inner, can be higher at
the same main plasma radiation fraction. Namely, the outer
divertor leg of the SXD configuration can radiate even more
efficiently at higher input power, keeping the radiation in the
main plasma region low.

This is also confirmed in figure 6 where the 2D radiation
distributions for three simulations are shown. These three sim-
ulations, outlined by the grey ellipse in figure 2, have simi-
lar upstream density. Here, we clearly see that the radiation
above the main plasma region is lowest in the SXD with
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P, = 150 MW and highest in the SND at P, = 150 MW.
Note that the absolute radiated power from above the X-point
in the SXD with P;, = 300 MW is still slightly lower than
that in the SND with P, = 150 MW, despite double the
input power. Apart from this, figure 6 also reveals two things
about the radiation pattern in the divertor region. First, the
divertor radiation is largely confined close to the targets in
the SXD at P;, = 150 MW, whereas in the SND it extends
along the length of the divertor leg to the X-point. Second,
when the input power is doubled to 300 MW in the SXD,
the radiation in both the inner and outer divertor legs extends
towards the X-point, now resembling the patterns in the SND.
Besides the extension upwards along the poloidal direction,
the strong radiation band in the outer divertor also expands in
the radial direction at P;, = 300 MW, compared to the SXD at
P, = 150 MW.

4. Understanding the robustness of the SXD

As pointed out in item (c) in section 3.1, when the input power
is doubled from 150 to 300 MW while the fuelling and seed-
ing rates are kept the same in the SXD simulations, e.g. the
three pairs of simulations indicated by the red arrows in figure
2, the plasma, by adjusting itself to higher density and Ar
concentration levels, successfully dissipates the extra power
without requiring unacceptable Ar concentration. In order to
identify what changed in the plasma that ultimately enabled
it to exhaust double the amount of power and stay within the
operational space of the SXD configuration, we look at one of
these pairs of simulations in detail.

With Pj, increased from 150 to 300 MW at the same fuelling
and seeding rate, the upstream plasma evolves to be slightly
denser, as indicated in figure 2, as well as much hotter. The
radial profiles at the OMP in figure 7 show that the den-
sity is only factor ~1.09 higher (by 9%), while the temper-
ature is factor ~1.43 higher (by 43%) in the radial width of
3 mm () from the separatrix. The electron static pressure
in the denser and hotter plasma is hence about factor ~1.5
higher. We also note that the local (OMP) Ar concentration
is higher across the width of the SOL at the higher power
input. Between the SXD and SND, as discussed in section
3.1, at the same upstream density (concentration) the SXD
has lower concentration (density). This is an essential advan-
tage of the SXD, as here we observe that the plasma shifts
to higher density and higher concentration when the power
input is doubled. The direct reason the DEMO SND does not
have operational space at P;, = 300 MW may be that it needs
too high density (nesep > 0.6ngw) and/or too high Ar con-
centration (Carsep > 1%) to achieve safe divertor conditions
(g, <SMW m~2and T, < 5eV), as the density and concen-
tration are already high at Pj, = 150 MW in this configuration.

Indeed, the Ar concentration increases everywhere in the
simulation domain at higher input power in the SXD, as
demonstrated by figure 8(b). The concentrations shown here
are the average value in each region weighted by the cell vol-
ume. Outside the separatrix, the average is calculated over grid
cells within the width of 3 mm from the separatrix. One can
see that the average Ar concentration is about x 1.5 higher in

both the outer divertor and inner divertor. The Ar concentration
increases particularly significantly in the main plasma (‘core’
+ SOL) but the absolute values there remain low (<0.32%),
and as can be seen in figure 8(a), the radiated power in these
two regions stays low as well. The radiated power, decom-
posed by species (D or Ar) and by region, is shown here
in figure 8(a). It can be seen here that the enhancement of
the radiation at Py, = 300 MW is contributed predominantly
by the Ar impurity, since the radiated power by D, P4p, is
smaller and increases less significantly. The Ar radiation in the
domain increases by 150%, while in comparison D radiation
increases just by about 88%. The enhancement in Ar radia-
tion causes the total radiation to increase by 130%, more than
the 100% increase in the input power Pj,. Corresponding to
the increase in averaged Ar concentration in each region, the
radiation increases in all regions at higher input power. In both
the 150 and 300 MW simulations, the radiation is concentrated
in the divertor region. The radiation is enhanced, particularly
in the divertor region, with the absolute radiated power being
about a factor of ~2.3 higher in the P, = 300 MW simulation
in both the inner and outer divertor legs. Because of the more
than doubled enhancement of impurity radiation in the diver-
tor region in the SXD configuration, the plasma is able to stay
within the operational space when the input power is increased
from 150 to 300 MW.

To understand why Ar radiation can greatly increase in
the divertor region in the higher power plasma, we return to
the Lengyel model expressed by equation (2). Given that for
plasma within the operational space ¢, < g ,, we reform the
equation as:

Gl /260 c: 0 Tew Line 5)

Multiplying by the contact surface area, the rhs yields the
total power loss due to impurity radiation (Lengyel model
assumption (3)) in the region between the upstream and the
target. The three terms that regulate the radiated power in
this equation are: c;, ne,Tey and the Lengyel integral, Lin. As
pointed out above, due mainly to the increase in upstream tem-
perature T, at Pj, = 300 MW the electron static pressure
Pew = NeuT ey 18 about factor ~ 1.5 higher. In addition, the aver-
age Ar concentration within the distance of A\, of 3 mm from
the separatrix in the divertor region Car ogiv and Carjgiv 1S factor
~1.5 higher at P;, = 300 MW, compared to the SXD plasma
at Pi, = 150 MW. The remaining term is Lj,, which depends
on the electron temperature 7. Because the electron cooling
coefficient L, drops by several orders at temperatures below
5 eV, the integration is not sensitive to the exact value of T}
as long as it is <5 eV. Therefore, for simulations within the
operational space, the Lj, depends only on T',. The electron
temperature increases from the target to upstream along each
single flux tube. We calculate the average Li,; within 3 mm
radial distance from the separatrix mapped to the midplane in
the inner and outer divertor in the same way as explained in
section 3.1. We display the calculated L, as a function of the
temperature in figure 8(c). The position of the upper limit of
the temperature for the integration is marked in figure 8(d),
which also shows the Ar electron cooling function from ADAS
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Figure 8. Comparison of various parameters of the plasma for two DEMO SXD simulations with the same D fuelling and Ar seeding rates
at Py, = 150 MW and P;, = 300 MW, marked by the right-most red arrow with blue outline in figure 2. () Radiated power fractions, f .44
with respect to Pi,, with #” denoting radiation of a species from the entire modelling domain or radiation in a region from all the species. (b)
Averaged Ar concentration in each region. (¢) Average Lengyel integral (defined in section 3.1) as a function of 7 in the flux tubes within a
distance of A, of 3 mm from the separatrix in the inner and outer divertor. (d) Electron cooling coefficient calculated from the modelling
results and from the ADAS database. Vertical dashed lines mark the radial average of the temperature at the divertor entrance at the poloidal
location of the X-point, which is also the upper bound of the temperature over which the Lengyel integral is calculated.

and that obtained from the simulation. In this figure, it can
again be seen that L, increases nearly linearly with the upper
bound of the temperature forAr impurity. Because the temper-
ature at the divertor entrance is higher in the P, = 300 MW
case, the Li, in the inner and outer divertor leg reach larger
values. The integral is factor ~1.9 higher in the outer divertor

and inner divertor, compared to the standard P;, = 150 MW
case. Inserting the factors of differences in neyTey, c;

~

and the L;, into the rhs of equation (5), we have

that ( V Cz(neuTeu)zLint) / (\/ cz(neuTeu)zLint)
300 MW 150 MW

2.5, in both the outer and inner divertor. This is close to the
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observed factor ~2.3 higher of Ar radiation in the divertors
and 150% increase in domain. Therefore, the combined result
of elevated upstream electron pressure, Ar concentration and
larger values of Lengyel integral enables the plasma to exhaust
the extra power in the divertor region, when the input power is
doubled in the SXD configuration and the fuelling and seeding
rates remain the same. We point out that the increases in elec-
tron pressure and Lengyel integral are both due to an increase
in the upstream electron temperature. This is plain to see when
we examine two SXD simulations at similar upstream density
with P, = 150 MW and P;, = 300 MW, both within the opera-
tional space. The Ar radiation in the outer divertor of these two
is different by about a factor of ~2.4. The temperature alone
being factor ~ 1.6 higher in the 300 MW case, causing the elec-
tron pressure andLengyel integral to be factor ~1.6 and factor
~1.8 higher, respectively. Combined with the change in the Ar
concentration level, we reproduce with equation (5) the factor
of change of Ar radiation in the divertors.

5. Impurity seeding affecting upstream plasma
density

Finally, we look into point (d) raised in section 3.1. Here, we
will explain the observed plasma density drop with increasing
Ar concentration. As this is observed for different configura-
tions and input powers examined in this work, we focus on the
DEMO SXD at standard Pi, = 150 MW.

A similar reduction in the main plasma density is observed
in ITER simulations with neon seeding with a more complete
model using kinetic neutrals and unbundled neonbeing used
[31, 32]. In [32], the simulations have been grouped into dif-
ferent radiation levels and cnesep is found to be o< szep at
low radiated power, i.e. low cNesep, and o< 7, ;"ep at high radi-
ated power. One can see in figure 2 that the DEMO modelling
results of simulations within the operational space, which have
high impurity radiation, agree with the c;ep o 1, fep scaling
in ITER. As pointed out in [32], unfortunately there has been
little attention paid to this in the experiments so far.

Next, we try to explain the drop in main plasma density
with Ar seeding in the simulations. The radiated power by
Ar is directly correlated with the increase in concentration of
this impurity, as shown in figure 9. With Ar impurity radiat-
ing away more power from the plasma, from a power balance
point of view, the power available for ionizing D neutrals, com-
ing from gas puff or neutralization at PFC surfaces, is reduced.
We define the parameter Precycle = Pin — Prad,Ar — Ploadmew —
Pioad ptr — Pload,rar as @ measure of the power available for ion-
izing D neutrals. Here, Piyadmew» Ploadptr and Ploadar are the
power deposited onto the mcw, the PFCs below the private flux
region (pfr), and the divertor targets. The Pioadmew and Pioad ptr
terms, which resulted from radial transport, are relatively con-
stant and small throughout the fuelling and seeding scan in the
SXD with Py, = 150 MW, standing at about <20% of the input
power. The power load to the outer and inner targets Pjoag ar 1S
also usually comparably small, especially for the simulations
within the operational space. Note that Precycle is not equivalent
to Prgp. While the latter is simply the power radiated by D,

1

B Ne,sep < 060G, G 1 peak < SMWM™2 Ty peae < 5€V, Car, sp < 1%

Precycie =Pjp — Prad‘Ar = Pioad,rar = Pfcad‘ mew — Pfcad‘ pfr 101
100 F 4  EO - L T 5
+
e poi; #168838 N T
L o rad,; Ar 3
| - }
L ] ! !
8 B it 4100
. +
i Y, EI'. TSR
60} Laf L9 o il
H o 1% i—:" B, L
&y Ei’m?i P 410!
s 40t ML o R R ARDIE
‘E it e
a Rt
O + -
o 0. iy 4102
g 20+ & n s 10
@ { =
o 1P i . .. Car, odiv
ol s i3 4 F L L [°/n]
1 2 3 4 5 6

N sep [1019m 3]

Figure 9. Radiated power by Ar in the plasma, Pragar (0range), the
power available for ionizing D neutrals, Pecycle (magenta), and the
average Ar concentration in the divertor region within the radial
range of A\, of 3 mm (blue), as a function of the OMP separatrix
density, for the DEMO SXD at Py, = 150 MW. Simulations within
the operational space are marked with square symbols. The SXD
simulation chosen for comparison in figure 3() is marked with
green squares. The values of Pryg ar and Precycle of the SND
simulation to which the SXD simulation was compared in figure 3(b)
are also given and marked in hollow green diamond symbols here.

the former includes the latter as well as the power that becomes
the potential energy of the D ions during an ionization event.
Figure 9 clearly reveals that there is evidently an anti-
correlation between P ar and Precycle at fixed power input,
when the other terms in the expression for Preycle are small
compared to Ppgar. As the former increases with the rising
Ar concentration, the amount of power that goes into ionizing
D neutrals, Precycle, drops from close to 100 MW at the high-
est to just about 20 MW at the lowest. There are several data
points whose Precycle at intermediate density of 2—4 x 10" m~?
deviates from the quasi-linear trend. These are simulations
outside the operational space and with large total power load
to the targets (Ploadr = 60—100 MW), due to insufficient
high upstream density or Ar radiation. Indeed, for the sim-
ulations within the operational space with T < 5 eV, where
the assumption that the Pload,mcw; Pload,pfr and Pload,lar terms are
small compared to Pp,q ; is valid, the anti-correlation between
Prag.ar and Precycle 1s much clearer.

Ignoring the radiative loss during recombination of DT, we
have Precyere = SPT x (2 + €d), with ™ = 13.6 eV (no
molecules in the simulation), e}f}d being the mean D radiation
loss per ionization event and S,]?+ being the particle source in
ps~'. As SP” concentrates in a narrow region of T = 5-10eV
in the dense divertor plasma, e‘;}d does not vary much [33],
yielding a linear dependence of S,]?Jr on Precycte- This linear
dependence between the two parameters is demonstrated in
figure 10(a), for simulations of the DEMO SXD configuration
at lower (50 MW), standard (150 MW) and higher (300 MW)
input power. The magnitude of the input power limits the
range over which the power available for ionizing D atoms
can change. This then determines the range over which the
ionization particle source can change in the simulations.



Nucl. Fusion 61 (2021) 076007

L. Xiang et al

10+

S0 11055
Ne, sep [1019m_3]

100
P recycle (Mw]

200

Figure 10. Correlation between Precycle and S},)+, S},)+

O SX150MW
O SX 300MW A
O SX50Mw

SP., [105s571]

T T T T

10+ 1

(c)
200

100
P recycle (Mw]

and ne, Precycle and n for the SXD simulations with low (50 MW), standard (150 MW)

and high (300 MW) power input. Precycle is the power available for ionizing the D neutrals. S,],)+ is the ionization particle source of DT. n, is

the density at the OMP separatrix.

The ionization particle source has a direct impact on the
plasma density, as shown in figure 10(b). With a more abun-
dant ionization particle source in the plasma, the plasma
density increases. Finally, via the effect on the ionization
particle source, Precycle can affect the plasma density, as
demonstrated in figure 10(c). The plasma density is positively
correlated with the power that goes into ionizing the D neu-
trals. Therefore, the observation of plasma density dropping
with increasing Ar concentration at each input power level
is explained as the following: higher amount of Ar in the
plasma enhances the radiated power, which causes the power
available for ionizing D neutrals to decrease. This results
in fewer ionization events of D neutrals and consequently
less particle (ions and electrons) source in the plasma. With
less particle source available, the plasma density subsequently
drops. The picture described here echoes the discussion in
section 3.2.3 in [32].

6. Summary and discussion

In this work, we have reported the following three key results
found in the exploration of operational space in DEMO with
super-X and conventional SNDs via fuelling, seeding and
power level scans.

We find that the SXD configuration offers a larger margin
to the limits on plasma density and impurity concentration of
the operational space. Namely, at the same upstream density
(Ar concentration) the DEMO SXD has lower Ar concentra-
tion (upstream density) at the vicinity of the confined plasma
compared to the DEMO SND. Utilizing the simple Lengyel
model, we establishthe fundamental reason for the larger mar-
gin in the SXD to be the longer parallel connection length from
upstream to the outer target in this configuration. Furthermore,

the SXD configuration features less radiation from above the
X-point and higher radiation from within the outer divertor,
with respect to the SND configuration. In the divertor, the radi-
ation is mainly confined close to the target in the SXD at input
power of 150 MW. In contrast, in the SXD with double the
power (300 MW) and in the SND (150 MW), the radiation
in the divertor extends poloidally upwards to the X-point and
spreads radially outwards.

At input power of 300 MW, DEMO with the SXD still
attains operational plasma states, whilst DEMO with the con-
ventional SND does not. Comparing the 300 MW simulation
to the standard 150 MW one at the same fuelling and seed-
ing rates in the SXD configuration, both within the operational
space, we find that the radiated power by Ar impurity more
than doubled, a more significant increase than that of the input
power. The enhancement of the radiation is due to the ele-
vated Ar concentration in the divertor as well as the elevated
upstream plasma density (by about 10%) and temperature (by
about40%), which results in higher electron pressure upstream
and larger Lengyel integral in the divertor in the 300 MW sim-
ulations. This scheme can be well explained by the Lengyel
model.

Finally, we observe that the plasma density drops with
increasing Ar concentration in DEMO in all configurations
(SXD or conventional SND) and at all input power levels
(50, 150, 300 MW). The most important reason for this is that
Ar impurity radiates away more power as the impurity concen-
tration increases, leaving ever less power available for D atoms
to be ionized.

We point out that the choice of A\, = 3 mm might be opti-
mistic. Given a smaller )\;, e.g. 1 mm, the amount of heat
flux that needs to be removed is even tripled, requiring the
plasma to be further cooled before it arrives at the divertor
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targets. In this case, it might be possible for us to achieve a
DEMO plasma with both acceptable divertor condition and
impurity level in the vinicity of the main plasma. However, the
advantage of the SXD over SND that we have discussed so far
still holds. Even though simulations for current machines with
kinetic neutrals, including molecules, the neutral-wall and
neutral-neutral interactions, resulted in different neutral dis-
tributions and divertor plasma conditions than the simulations
with fluid neutrals [20]. As already mentioned in section 1, the
DEMO boundary plasma is dense enough that the neutrals’
mean free path in the divertor is much smaller compared to
the size of the divertor, justifying to some extent the treatment
of neutrals as fluids in the simulations in this work. Neverthe-
less, the puffing and pumping in the fluid neutrals model are
treated in simplistic ways, posing concerns with regard to the
obtained results. However, we did pumping coefficient scan
and found that the plasma density is not sensitive to the scan
in steady state. The ¢, as a function of n. based on the Lengyel
model is valid for plasma conditions at and after divertor
detachment onset. In this work, we instead see that the sim-
ulations with one target in attached condition (the dots with
Nesep < 4.4 x 101 m~2 in figure 2) also fit into the Carsep —
Ne sep CUrve in figure 2. Further analysis is needed to understand
why those simulations fit the curve. Another detail is that the
¢, in the Lengyel model is the constant impurity concentration
in the divertor region. In this work, we have chosen to focus
On Cargep s a measure of the impurity level in the immediate
vicinity of the confined plasma out of interest in core dilution.
We found that the Ar concentration in the outer divertor varies
linearly with the Ar concentration along the separatrix, with
the Ar enrichment, which is the ratio of Ar concentration in the
divertor over that upstream, scattering only slightly between
1.0-3.0 in the simulations. Therefore, Carp can be easily
translated into Cargqiy. The activation of drifts, which is not
done in the simulations in this study, may modify the obtained
divertor enrichment of Ar as well as alter the in/out divertor
asymmetry. We observe that the in/out divertor asymmetry is
different between the DEMO SXD and DEMO SND. In the
DEMO SND the outer divertor is always the hot one through-
out the scans whereas the DEMO SXD has a more compli-
cated picture. Either the inner or outer divertor can be the
hotter one, corresponding to the direction of a parallel thermo-
electric current within the radial range of 3 mm ()\,). We will
report these interesting results in another work in the near
future.

Due to the use of fluid neutrals, bundled Ar charge states
and the lack of drift effects in this study, the results reported
here should be noted with some caution. On the other hand,
however, the simulations in this study have been carried
out in a highly consistent way. We have set up simula-
tions for all the configurations in identical ways and using
the same code. Therefore, the comparative results reported
here, e.g. the advantages observed in the SXD configura-
tion for DEMO with respect to the DEMO SND, should
nevertheless be noted. It will be very exciting to repeat
this kind of study on other DEMO-scale future machines as
in [34].
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