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Abstract. SOLPS-ITER simulations of 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 the

boundaries of the operational space in the single-null and super-X configurations by

carrying out fueling, seeding and power scans. Comparing to the conventional single-

null divertor, super-X divertor is found to offer lower impurity concentration (factor ∼2

lower) at the same main plasma density, and consistently 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 the input power, and in this

study is able to exhaust the maximum expected steady-state separatrix-crossing power

of 300 MW while maintain acceptable impurity concentration along the separatrix,

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 radiation at acceptable argon 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 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

argon concentration given fixed power input. We find that as argon content increases,

the accompanying enhancement of argon radiation reduces the power available for

deuterium to get ionized, thus limiting the deuterium ionization particle source, and

consequently reducing the plasma density.
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Operational Space in DEMO with a super-X Divertor 2

1. Introduction:

The European fusion reactor DEMO is designed to produce 2 GW of fusion power [1].

Of this power, 20% goes to α-particles that heat the plasma and needs ultimately to be

handled in some ways. Additionally, 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, two thirds 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 transition threshold. The average unmitigated power load to the divertor

targets can be estimated, assuming no loss of power to the main chamber wall (mcw)

by cross-field transport and homogeneous power spread on the targets, as

q⊥,t = q‖,t ∗ sinα

=
fodiv ∗ PSOL

2πRu ∗ λq ∗ sinθ
1

Rt/Ru

∗ sinα
(1)

where fodiv is the fraction of PSOL that goes to the outer divertor, α is the field line

incident angle at the divertor target, θ is the upstream magnetic field pitch angle, and

Rt, Ru are the major radius at the outer divertor target and the outboard midplane

upstream. The ’u’ and ’t’ in the subscript will be used to denote ’upstream’ and ’target’

throughout the paper. Ru = R0 + a, with R0 being the major radius at the magnetic

axis and a being the plasma minor radius.

Substituting the design parameters of DEMO conventional single-null divertor

(SND) configuration [5], namely PSOL = 150MW , R0 = 8.77m, a = 3.1m, λq =

3mm, θ = 20◦, Rt/Ru = 0.75, α = 1.5◦ and assuming fodiv = 50% , into equation

(1), we have qSN⊥,t ≈ 35MWm−2. Note that α = 1.5◦ is a rather optimistic assumption

here. The current engineering limit of stationary power load on tungsten divertor plate

for sufficient duty cycle is about 10MWm−2 [6]. Taking into consideration material

degradation due to neutron irradiation, the power load due to photons and deuterium

neutrals onto material surface, the tolerated plasma heat flux onto the divertor plates

is about qlimit⊥,t = 5MWm−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 radiated away mainly by extrinsic impurities in the thin 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 theory

could be able to ease the burden of power exhaust in the plasma boundary region.

In this work, efforts have been made to assess if the super-X divertor configuration

harbors safe divertor operation without accumulating high impurity concentration near
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Operational Space in DEMO with a super-X Divertor 3

the confined region. We will present the most recent results of the study on super-

X divertor (SXD) [5] configuration for DEMO in the following. New results of other

alternative configurations such as double-null and X-divertor are reported in [9, 10].

parameters SXD SND

L‖,it 226m 191m

L‖,ot 175m 100m

L‖,it/L‖,ot 1.30 1.91

α ≈ 1.5◦ ≈ 1.5◦

fx ≈ 1 ≈ 0.75

Table 1. L‖,it, L‖,ot are the parallel connection lengths from the outboard midplane

to the inner targets and outer target, respectively. α is the field line incident angle at

the target in the width of the power decay length λq on both sides of the strike point.

fx is the toroidal flux expansion at the outer target. Values are given here for the flux

tube at lambdaq distance from the separatrix in the scrape-off-layer.

1.1. DEMO super-X divertor configuration

A poloidal cross-sectional view of the DEMO SXD configuration is given in figure 1. Due

to the limit on TF coils stress and the requirement of remote handling, the outer target is

set to a similar major radius as the outboard midplane (OMP), whose position is marked

out in the figure. The toroidal flux expansion, fx = Rt/Romp, at the outer target with

respect to the OMP is thus fx ≈ 1. Substituting the design parameters of DEMO SXD

into equation (1), one sees that DEMO SXD, with factor ∼1.33 higher toroidal flux

expansion than SND, has an unmitigated power flux to the target of qSX⊥,t ≈ 26MWm−2

at PSOL = 150MW . Now about 80% of PSOL needs to be radiated in the plasma

boundary and divertor volume. The longer connection length to the outer target in

SXD further offers advantages over the conventional SND.

The SXD has longer parallel connection lengths from the OMP to the outer divertor

target, L‖,ot, than the conventional SND. The difference LSX‖,ot/L
SN
‖,ot is ≥ 1.75 in the radial

range of the power decay length of λq = 3mm, see table 1. The 2-point model predicts

T
7/2
u − T 7/2

t = 7
2

q‖,u
κe0,‖
∗L‖ [11]. Therefore, longer connection length means lower divertor

target temperature, given comparable upstream plasma conditions. Furthermore the

parallel connection lengths from the OMP to the inner and outer divertor targets,

L‖,it, L‖,ot, are rather comparable in DEMO SXD. Their ratio L‖,it/L‖,ot is in the range

of 1.08−1.3 in the radial range of λq, compared to 1.3−1.95 in DEMO SND. According

to the 2-point model, this may contribute to better symmetry between the inner and

outer divertor in SXD[12], as the model predicts that q‖,odiv/q‖,idiv ∝ L‖,it/L‖,ot, where

’odiv ’ and ’idiv ’ stand for outer divertor and inner divertor. At the radial location of

λq = 3mm, the connection length to the inner and outer divertor targets are given in

table 1. The values of SND are also provided as reference.
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Operational Space in DEMO with a super-X Divertor 4

1.2. Simulation database

More realistic estimation of the targets power load in DEMO SXD needs to be done

through modeling with models more complete than the 0D 2-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 boundary

plasma physics models. The aim of this study is to assess the accessibility of the

operational space of DEMO SXD and how it compares to that of the DEMO SND

configuration. The constraints used to define the operational space for DEMO reflect the

considerations of ensuring sufficient lifetime of the divertor targets and simultaneously

Figure 1. Poloidal cross-section of DEMO SXD configuration used in SOLPS-ITER

simulation. The coloured regions form the modelling domain, and they are: the ’core’

(green color), the SOL (blue color), the inner divertor (orange color), denoted as idiv,

and the outer divertor (red color), denoted as odiv henceforth in figures. This notation

of regions will be used in the following sections discussing about the modelling results.

The location of the outboard midplane (OMP) is marked in magenta. L‖,it, L‖,ot are

the parallel connection lengths from the OMP to inner and outer targets. α is the field

line incident angle at the target around the strike point.
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Operational Space in DEMO with a super-X Divertor 5

safeguarding fusion performance in the confined region.

We use the SOLPS-ITER code with fluid neutrals and argon charge state bundling

in order to shorten the computational time to accommodate large parameters scans. In

dense and cold divertor plasma conditions, the plasma and neutral densities are expected

to be high and fluid neutral temperature (same as ions’) is low. The mean free path of

neutrals is short with respect to the DEMO divertor size. The SX divertor has width

≥ 50 cm and length ≈ 5m, and the SN divertor’s width is ≥ 1m and length is ≈ 2m,

see figure 1&2 in [5]. Aftermath estimation of the neutrals’ (D0 and Ar0) mean free

path in the simulations with cold divertor condition (Te,target ≤ 5 eV ) is in the order of

cm. Therefore, the fluid neutrals approach is considered appropriate here. We consider

a deuterium (D) plasma, with intrinsic impurity helium (He) and extrinsic impurity

argon (Ar). Ar is bundled into effectively 3 charge states: Ar0, Ar1
+−17+ , Ar18

+
. The

rate coefficients of the effective charge state Ar1
+−17+ are computed from the ADAS

rate coefficients of unbundled Ar using a charge state weighing algorithm introduced in

the new ADAS416 manual [18]. Owing to the method of charge state bundling, any

enhancement of the electron cooling coefficient function due to impurity transport is

not accounted for [19]. All the neutral atoms are considered as fluids, as are all the

charged species. The particle diffusivity is D⊥ = 0.1 m2/s. The thermal conductivity of

electrons and ions is K⊥,e,i = 0.1 m2s−1 from −10mm to −2.5mm inside the separatrix,

increases to 0.3 m2s−1 at the separatrix, and remains 0.3 m2s−1 in the SOL. Both D⊥
and K⊥,e,i are down-scaled from the values used in ITER SOLPS-ITER simulations to

obtain a power decay length at the outboard midplane of λq = 3mm. 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: ΓD0=2.55e22 → 2.55e24, and ΓAr0=3.5e19 → 3.5e21, with the unit [particles/s]

([p/s]). During the scan we obtained both attached and detached divertor conditions,

here defined simply as electron temperature along the target being above or below 5

eV everywhere. We did the scan in the same manner 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 deuterium ion flux of ΓD+=3.5e22 p/s to

account for pellet fuelling, a helium ion flux of ΓHe2+=7.0e20 p/s to be the He produced

during the fusion reaction, and input power Pin‡ of 150 MW split evenly into electron

and ion channels entering the simulation domain. To test the robustness of DEMO SX

divertor against PSOL fluctuations, we also performed simulations at an increased power

input of 300 MW, assuming the extreme case where no line radiation happens in the

core region.

‡ Pin is similar to the aforementioned PSOL in the context of SOLPS-ITER modelling. Strictly

speaking, they are not the same, as Pin refers the power into the simulation domain at the core

boundary. But since the part of the simulation domain inside the separatrix is thin comparing to the

entire confine region, as seen in figure 1. Pin and PSOL are effectively equivalent, and mostly Pin will

be used when talking about SOLPS-ITER simulations.
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Operational Space in DEMO with a super-X Divertor 6

Figure 2. The average argon concentration along the separatrix c̄Ar,sep plotted against

the density at the outboard midplane separatrix ne,sep for all the simulations done for

a configuration (SX (black) or SN (pink)), or an input power level (Pin=150MW

or 300MW (blue)). Among them, the simulations whose the plasma is within the

operation space are additionally marked with symbols (square, circle, diamond). The

black and pink dash lines are the power law fit to the data points of SX and SN. An

insert showing only the points within the operation space is also given. The three red

arrows connect three pairs of simulations of SXD with the same fuelling and seeding

rates but at different Pin.

2. Operational space for DEMO divertor

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 impurity level in the main plasma to

safeguard sufficiently high rate of fusion reaction in the core. These requirements are

quantified as constraints imposed on certain plasma parameters in this work to easily

assess if a simulated DEMO plasma satisfies them. The constraints are the following:

• The stationary peak plasma power flux at all targets is below the limit for tungsten,

i.e. q⊥,t ≤ 5 MWm−2.

• The target temperature is sufficiently low to avoid significant tungsten net erosion.

We set the limit to be Tt ≤ 5eV .

• The density at the separatrix, ne,sep, does not exceeds some fraction of the

Greenwald density limit nGW to sail safe below the density limit disruption and
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Operational Space in DEMO with a super-X Divertor 7

avoid H-L back transition at high densities. For DEMO nGW = 7 × 1019m−3. We

put a constraint of ne,sep ≤ 0.6nGW ≈ 4.2× 1019m−3.

• The extrinsic impurity concentration at 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 argon concentration at the separatrix to be cAr,sep ≤ 1%, but trust more the

comparison between configurations and power levels.

A modelled plasma which meets simultaneously these constraints is considered to be

within the operational space.

2.1. Operational space in DEMO SXD and SND

Applying these constraints to the simulations with 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 are the differences 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 the SXD when we

impose 150 MW crossing the core boundary. But only the SXD has operational space

at Pin = 300 MW, while no acceptable solution could be found for the SND at this

input power. In section 1, it is shown that in DEMO SND with Pin = 150 MW the

plasma boundary region needs to dissipate about 86% of PSOL to reduce the target

power flux from the unmitigated value of 35 MW/m2 to the safe value of 5 MW/m2.

Present day tokamaks have reported main plasma radiation fraction of 50%-70%, and

the radiation fraction in the plasma boundary to be even lower [20, 21, 22, 23]. The

existence of the operational space for SXD and particularly SND with Pin = 150 MW

is thus encouraging. The plasma conditions at the separatrix concern both the core

performance and the divertor conditions. A good way to display our results is to plot

the separatrix argon concentration as a function of the separatrix density, the former

representing the amount of impurities needed to dissipate the plasma power and the

amount of dilution, and 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, c̄Ar,sep, and the density at the OMP, ne,sep for all simulations of DEMO

SND with Pin = 150 MW and DEMO SXD with Pin being 150 MW and 300 MW . The

SND with Pin = 300 MW does not have an operational space found in the simulations,

hence its data point not shown in this figure. One can see that the data points of a

configuration or an input power level collapse onto a distinctive curve. The curves reveal

that:

(i) At the same density (Ar concentration), DEMO SXD has lower Ar concentration

(density) than the SND. The insert in the figure, showing the operational points

only, demonstrates that the difference is nearly a factor of 2. Furthermore, within

the operational space SXD reaches lower density than SND does. These imply that
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Operational Space in DEMO with a super-X Divertor 8

the DEMO SXD provides a larger margin in terms of lowest possible separatrix

density or main plasma dilution.

(ii) At Pin = 300 MW SXD needs double the Ar concentration with respect to the

SXD at Pin = 150 MW at the same density. Note also that the SND curve nearly

overlaps with that of the SXD at Pin = 300 MW , despite a factor of 2 difference in

their input power. This indicates that the SND has already exhausted its capability

to radiate the power at Pin =150 MW, while the SXD still has some margin.

(iii) For a plasma within the operational space in SXD configuration with Pin =150 MW,

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 insert in figure 2. On the

contrary, we didn’t find an operational space for DEMO SND at Pin =300 MW.

This suggests that the SXD configuration is more robust in exhausting the power

into the plasma boundary than the conventional SND.

(iv) As Ar concentration increases along the curves, the plasma density decreases in all

cases, regardless of divertor configuration or power level. The curves representing

different configurations or Pin converge at higher ne,sep. This is simply because the

impurity concentration progressively becomes negligible towards higher densities,

hence the effect of argon impurities on the plasma diminishes.

We will examine item (iii) and (iv) in section 3 and section 4 respectively, and elaborate

on (i) and (ii) in the following.

The factor ∼2 difference in c̄Ar,sep at the same density in SXD and SND coincides

with the difference in their parallel connection length from the OMP to the outer target,

which is LSX‖,ot/L
SN
‖,ot ≥ 1.75 within distance of λq from the separatrix. A factor of 2

difference in c̄Ar,sep is also observed as the input power in the SXD is doubled: from 150

MW to 300 MW. As explained in section 1.1, longer connection length is beneficial in two

ways: (1) when Teu is comparable, longer connection length means lower temperature

at the target; (2) when Tet is similar, configuration with longer connection length has

higher upstream temperature. In figure 3(a), electron temperature Te at the OMP

separtrix is given at different densities for SXD and SND simulations. The simulations

within the operational space all satisfy Tt,peak ≤ 5 eV , thus have similar temperatures at

the target. We see that indeed the SXD simulations have higher upstream temperature

than the SND. We will show that having a higher temperature upstream and similar

temperature at the target means stronger radiative power dissipation in the divertor

volume.

Lengyel model [24] estimates the impurity concentration cz needed for detachment

onset in the plasma boundary layer. 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,

(5) conservation of static pressure within the impurity cooling region. With these
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Operational Space in DEMO with a super-X Divertor 9

Figure 3. (a)dots: the upstream separatrix temperature as a function of the upstream

separatrix density in each of the simulations of the SXD and SND configurations. The

simulations within the operational space are marked additionally with square symbols.

(b): Comparison of the Lengyel integral [24] as a function of the temperature in the

inner and outer divertor for the two simulations marked in green square in (a). The

two simulations are with similar upstream density and radiated power from the ’core’

region.

assumptions, the cz needed for detachment onset is given by:

cz =
q2‖u − q2‖t

2κe0,‖n2
euT

2
eu

∫ u
t
Lz(Te)

√
TedTe

(2)

Here, κe0,‖ is the parallel electron heat conductivity divided by T
5/2
e . Lz is the electron

cooling coefficient of impurity ′z′. The integral
∫ u
t
Lz(Te)

√
TedTe is henceforth referred to

as the Lengyel integral and denoted as Lint. Lint represents the temperature dependent

part of the radiated power by an impurity. We select two simulations, marked with green

squares in figure 3(a), of SXD and SND with similar upstream density and radiation

from the ’core’ region. We compare the Lint in the inner and outer divertor volume as

a function of Te for the two simulations in figure 3b. Note that the Lint and Te shown

here are averaged values. We first calculate the radial average of Te weighted by the

density ne, and the radial average of Lz weighted by the temperature in the cells at

each poloidal location. With the radial average of Te, Lz and
√
Te, we can calculate the

average Lint within λq distance from the separatrix in the inner and outer divertor. One

sees that in the SXD the Lengyel integral reaches higher values in the divertors than in

the SND configuration, meaning the former could dissipate more power via radiation in

the divertor volume.

As investigated in [25], as well as shown in figure 3(b), Lint has nearly linear

dependence on Teu for argon impurity, Lint ∝ Te. In detached conditions, the power flux

downstream at the target, q‖t, is negligible compared to the upstream power flux q‖u.
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Operational Space in DEMO with a super-X Divertor 10

Therefore the cz in equation (2) can be rewritten as:

cz ∝ q2‖u/(2κe0,‖n
2
euT

3
eu) (3)

Substituting the 2-point model formula of Teu ≈ (2
7

q‖uL‖
κe0,‖

)2/7 into equation (3) we obtain:

cz ∝
q1.14‖u

n2
euL

0.86
‖

. (4)

Now the observed difference in argon concentration between SXD and SND and between

SXD with Pin=150 MW and Pin=300 MW can well be explained by the analytical

Lengyel model. The trends discussed in item (i) and (ii) above are well captured by

equation (4). This equation reveals that, on one hand, at the same density and the

same power flux upstream, the argon concentration needed for divertor detachment

onset is inversely proportional to the connection length from the midplane to the outer

target. Being inside the operational space requires a cold divertor plasma condition

of q⊥,t ≤ 5MWm−2 and Tt ≤ 5eV . We checked that the simulations within the

operational space are at/after the target ion flux ’roll-over’. For DEMO SND and

SXD, having the same λq , their upstream power flux is similar at the same input

power of Pin=150 MW. The parallel connection length at radial distance of λq is

LSX‖ /LSN‖ = 175m/ 100m = 1.75. The Lengyel model thus predicts that the averaged

argon concentration at detachment onset in the plasma boundary is c̄SXAr / c̄
SN
Ar ≈ 0.57,

which explains point (i) observed in figure 2. On the other hand, according the this

equation 4, at the same upstream density the argon concentration needed at the divertor

detachment onset is proportional to the upstream parallel power flux which in the same

configuration is in effectively the input power. Hence for SXD at Pin =150 MW and 300

MW, with the input power doubled, the c̄Ar,sep needed is predicted to double as well.

Therefore, what we stated above in point (ii), comparing the 300 MW and the 150 MW

simulations for, is explained by equation 4.

In addition to the advantage outlined in point (i), the DEMO SXD configuration

has more advantageous radiation pattern than the SND. Illustrated in figure 4 is the

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 argon impurity concentration

along the separatrix, the radiation from the main plasma region (’core’+SOL) in the

SXD is always lower than that in the SND at the same input power of Pin=150 MW.

The radiated power fraction above the X-point is between 7% to 16% in SXD and

between 19% to 36% in SND. This suggests that the DEMO SXD configuration needs

less radiation from the main plasma region to be within operational parameters space.

At the same time, the radiated power inside the outer divertor for the simulations within

the operational space is significantly higher in SXD than in SND, the largest difference

being around factor ∼2. However, the advantage is less marked for the inner divertor leg

where the two configurations exhibit more comparable radiation capability. The figure
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Operational Space in DEMO with a super-X Divertor 11

Figure 4. The 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 fraction of the input power Pin. Only the simulations within the

operational space are shown here for DEMO SXD at Pin=150 MW and Pin=300 MW,

and SND at Pin=150 MW.

also illustrates that when the input power is doubled, the radiation fraction in the outer

divertor 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 confirmed also in figure 5 where the 2D radiation distributions for three

simulations are shown. These three simulations, outlined by the grey ellipse in figure 2,

have similar upstream density. Here, we see straightforwardly that the radiation above

the main plasma region is the lowest in the SXD with Pin=150 MW, and is the highest

in the SND at Pin=150 MW. Notice that, the absolute radiated power from above the

X-point in SXD with Pin=300 MW is still slightly lower than that in SND with Pin=150

MW, despite the doubled input power. Apart from this, figure 5 also reveals two things

about the radiation pattern in the divertor region: First, the divertor radiation is largely

confined close to the targets in SXD at Pin=150 MW, whereas in 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 SXD, the radiation in the inner and outer divertor legs both extend towards
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Operational Space in DEMO with a super-X Divertor 12

Figure 5. The total radiated power density distribution in the modelling domain for

3 selected simulations outline by the grey ellipse in figure 2, which are simulations

within the operational space with similar upstream density. The upper row shows the

radiation density distribution in the regions above the X-point, i.e. in the ’core’ and

SOL. The lower row shows the radiation density distribution in the divertor region.

the X-point, resembling now the patterns in SND. Besides the extension upward along

the poloidal direction, the strong radiation band in the outer divertor also expands in

the radial direction at Pin=300 MW, comparing to SXD at Pin=300 MW.

3. Understanding the robustness of the SXD

As pointed out in item (iii) in section 2.1, when the input power is doubled from 150 MW

to 300 MW while the fuelling and seeding rates are kept the same in SXD simulations,

e.g. the 3 pairs of simulations indicated by the red arrows in figure 2, the plasma

adjusts itself to higher density and Ar concentration levels, and dissipates the extra

power. In order to identify what changed in the plasma that ultimately enabled it to

exhaust double the amount of power and to stay within the operational space the SXD

configuration, we look at one of these pairs of simulations in detail.

With Pin increased from 150 MW 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 6 shows that the density is factor

∼1.09 higher (by 9%), and temperature is factor 1.43 higher (by 43%) in the radial
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Operational Space in DEMO with a super-X Divertor 13

Figure 6. The radial profiles of electron density, temperature, static pressure and

argon concentration at the outboard midplane in two DEMO SXD simulations with

same deuterium fuelling and argon seeding rates at Pin=150 MW and Pin=300 MW.

width of λq = 3 mm from the separatrix. The electron static pressure in the denser and

hotter plasma is hence about factor ∼1.5 higher. We also notice that the local (OMP) Ar

concentration is higher across the width of SOL at higher power input. Between the SXD

and the SND, as discussed in section 2.1, at the same density (concentration) the former

has lower concentration (density). This is an essential advantage of SXD, as here we

observe that the plasma shifts to higher density and higher concentration when the power

input is doubled. The direct reason why DEMO SND does not have operational space

at Pin = 300 MW may be that it needs too high density (ne,sep > 0.6nGW ) and too high

Ar concentration (cAr,sep > 1%) to achieve safe divertor conditions (q⊥,t ≤ 5MWm−2

and Tt ≤ 5eV ), as the density and concentration are already high at Pin = 300 MW.

Indeed argon concentration increases everywhere in the simulation domain at higher

input power in SXD, as demonstrated by figure 7(b). The concentrations shown here are

the average value in each region weighted by the cell volume. Outside the separatrix,

the average is done over grid cells within the width of λq from the separatrix. One

sees that the average Ar concentration is about ×1.6 higher in the outer divertor, and

about ×1.5 higher in the inner divertor. Its level increases particularly in the main

plasma (’core’+SOL) but the absolute values remain low, and as we will see in figure

7(a), the radiated power in the these two regions stays low as well. The radiated

power, decomposed by species (D or Ar) and by region, is shown here in figure 7(a).

Corresponding to the increase of averaged Ar concentration in each region c̄Ar,#, the

radiation increases everywhere in the case of Pin=300 MW. In both the 150 MW and the

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 Pin=300 MW simulation in both the inner and outer

divertor leg. Figure 7(a) also reveals that the enhancement of the radiation at Pin=300
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Operational Space in DEMO with a super-X Divertor 14

Figure 7. Comparison of various parameters of the plasma for two DEMO SXD

simulations with same deuterium fuelling and argon seeding rates at Pin=150 MW

and Pin=300 MW. (a) The radiated power fractions frad,# with respect to Pin, with

’#’ denoting radiation of a species from the entire modelling domain or radiation in a

region from all the species. (b) The averaged argon concentration in each region. (c)

The average Lengyel integral (equation 2) as a function of Te in the flux tubes within

λq distance from the separatrix in the inner and outer divertor. (d) The the electron

cooling coefficient calculated from the modelling results and from ADAS database.

The vertical dashed lines marked 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.

MW is contributed predominantly by the Ar impurity. The Ar radiation in the domain

increases by 150%, leading the total radiation to increase by 130%, more than the 100%

increase of the input power Pin. Because of the more than doubled enhancement of

impurity radiation in the divertor region in the SXD configuration, the plasma is able

to stay within the operational space when the input power is increased from 150 MW

to 300 MW.

To understand why argon radiation can greatly increase in the divertor region in

the higher power plasma, we return to the Lengyel model shown in equation 2. Given

that for plasma within the operational space q‖,t � q‖,u, we reform the equation as:

q‖u ≈

√
2κe0,‖cz(neuTeu)2

∫ u

t

Lz
√
TedTe =

√
2κe0,‖cz(neuTeu)2Lint (5)

Multiplying by the contact surface area, the r.h.s yields the total power loss due to

impurity radiation (Lengyel model assumption (3)) in the regioin between the upstream
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Operational Space in DEMO with a super-X Divertor 15

and the target. The three terms that regulate the radiated power in this equation are: cz,

neuTeu and the Lengyel integral Lint. As pointed out above, due mainly to the increase

of Teu at Pin=300 MW the electron static pressure peu = neuTeu is about factor ∼1.5

higher, and the average Ar concentration within the distance of λq from the separatrix

in the divertor region c̄Ar,odiv and c̄Ar,idiv are ×1.65 and ×1.5 higher respectively at

Pin=300 MW, compared to the SXD with Pin=150 MW. The remaining term is Lint
which depends on the electron temperature Te. Because the electron cooling coefficient

Lz drops by several orders at temperatures below 5 eV, the integration is not sensitive

to the exact value of Tt as long as it is ≤ 5 eV . Therefore for simulations within

the operational space, the Lengyel integral depends only on Tu. Electron temperature

increases from the target to upstream along each single flux tube. We calculate the

average Lint within λq distance from the separatrix in the inner and outer divertor in

the same way as explained in section 2.1. We display the calculated Lint as a function

of the temperature in figure 7(c). The position of the upper limit of the temperature for

the integration is marked out in figure 7(d), which also shows the Ar electron cooling

function from ADAS and that obtained from the simulation. In this figure we see

again that Lint increases nearly linearly with the upper bound of the temperature for

argon impurity. Because the temperature at the divertor entrance is higher in the

Pin=300 MW case, the Lint in the inner and outer divertor leg reach larger values.

The integral is factor ∼1.8 higher in the outer divertor and factor ∼ 2.2 higher in

the inner divertor, compared to the standard Pin=150 MW case. Inserting the factors

of differences in neuTeu, cz and the Lint into the r.h.s. of equation 5, we have that(√
cz(neuTeu)2Lint

)
300MW

/
(√

cz(neuTeu)2Lint

)
150MW

≈ 2.5., in both the outer and

inner divertor. This is close to the observed 135% increase 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 while the fuelling and seeding rates remain the same.

We stress that the increase of electron pressure and the Lengyel integral is due to an

increase of the upstream electron temperature. This is plain to see when we examin

two SXD simulations at similar upstream density with Pin=150 MW and Pin=300 MW,

both within the operational space. The Ar radiation in the outer divertor of two such

cases are different by about a factor of ∼ 2.4. The temperature alone being factor ∼1.6

higher in the 300 MW case, leading the electron pressure and the Lengyel integral to be

factor ∼1.6 and factor ∼1.8 higher. Combining with the change in the Ar concentration

level, we reproduce in equation 5 the factor of change of Ar radiation in the divertors.

4. Impurity seeding affecting upstream plasma density

Finally, we look into point (iv) raised in section 2.1. Here we will explain the observed

plasma density drop with increasing Ar concentration. As this is observed for different

configurations and input powers examined in this work, we focus on the DEMO SXD
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Operational Space in DEMO with a super-X Divertor 16

at standard Pin=150 MW.

Similar reduction of the main plasma density is observed in ITER simulations with

neon seeding with more complete model using kinetic neutrals and unbundled neon, has

been used [26, 27]. In [27] the simulations have been group into different radiation levels,

and cNe,sep is found to be ∝ n−2e,sep at low radiated power, i.e. low cNe,sep, and ∝ n−4e,sep
at high radiated 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 cz,sep ∝ n−4e,sep scaling in ITER. As pointed out in [27], unfortunately there has been

little attention to this in the experiments so far.

Figure 8. Radiated power by argon in the plasma, Prad,Ar (green), the power

available for ionizing deuterium neutrals, Precycle (magenta), and the average argon

concentration in the divertor region within the radial range of λq (blue), as a function

of the OMP separatrix density, for DEMO SXD at Pin=150 MW. The simulations

within the operational space are marked with square symbols.

We next try to explain the drop of the main plasma density with Ar seeding in the

simulations. The radiated power by argon is directly correlated with the increase of the

concentration of this impurity, as shown in Figure 8. With Ar impurity radiating away

more power from the plasma, from a power balance point of view, the power available

for ionizing deuterium neutrals, coming from gas puff or from neutralization at PFC

surfaces, is reduced. We define the parameter Precycle = Pin − Prad,Ar − Pload,mcw −
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Operational Space in DEMO with a super-X Divertor 17

Pload,pfr − Pload,tar as a measure of the power available for getting deuterium neutrals

ionized. Here Pload,mcw, Pload,pfr, Pload,tar are power deposited onto the main chamber

wall, the plasma facing components below the private flux region (pfr), and the divertor

targets. The Pload,mcw , Pload,pfr term, resulted from radial transport, are relatively small

and constant throughout the parameter scan in the SXD with Pin=150 MW, standing

at about 20% of the input power Pin. Figure 8 clearly reveals that there is evidently

an anti-correlation between Prad,Ar and Precycle at fixed power input. As the former

increases with the rising Ar concentration, the amount of power that goes into ionizing

deuterium neutrals, Precycle, drops from close to 100 MW at the highest to just about

20 MW at the lowest. Several data points of Precycle (magenta ’+’) at intermediate

densities of 2 − 4 × 1019m−3 deviate from the linear trend. These are simulations in

which the inner target and(or) the outer target receive(s) high power load, Pload,tar, due

to not sufficiently high upstream density or Ar radiation. Indeed, for the simulations

within the operational space with Tt ≤5 eV, the anti-correlation between Prad,Ar and

Precycle is much more clear.

Figure 9. The correlation between Precycle and SD+

n , SD+

n and ne, Precycle and ne
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, as defined

in figure 8. SD+

n is the ionization particle source of D+. ne is the density at OMP

separatrix.

Ignoring the radiative loss during recombination of D+, we have Precycle=S
D+

n ∗
(εpotH + εradH ), with εpotH =13.6 eV (no molecules in the simulation), εradH being the mean
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deuterium radiation loss per ionization event, and SD
+

n being the particle source in [p/s].

As SD
+

n concentrates in a narrow region of Te = 5− 10 eV in the dense divertor plasma,

εradH does not vary much [28], yielding a linear dependence of SD
+

n on Precycle. This linear

dependence between the two parameters is demonstrated in figure 9(a), for simulations

of the DEMO SXD configuration at lower (50 MW), standard (150 MW) and higher

(300 MW) input powers. The magnitude of the input power limits the range over which

the power available for ionizing deuterium atoms can change. This then determines

the range over which the ionization particle source can change in the simulations. The

ionization particle source has a direct impact on the plasma density, as shown in figure

9(b). With more abundant ionization particle source in the plasma, the plasma density

goes up. Finally, via the effect on the ionization particle source, Precycle can affect

the plasma density, as demonstrated in figure 9(c). The plasma density is positively

correlated with the power that goes into ionizing the deuterium neutrals. 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 deuterium

neutrals to decrease. This results in less ionization events of deuterium 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 [27].

5. 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 single-null divertors 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 same upstream

density (argon concentration) DEMO SXD has lower argon concentration (upstream

density) at the vicinity of the confined plasma, compared to the DEMO SND. Utilizing

the simple Lengyel model, we pin down the fundamental reason for the larger margin

in 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 radiation is mainly confined close to the

target in SXD at input power of 150 MW. On the contrast, in SXD with double the

power (300 MW) and in SND (150 MW), the radiation in the divertor extends poloidally

upwards to the X-point and spreads radially outward.

At input power of 300 MW, DEMO with the SX divertor still attains operational

plasma states, whilst DEMO with the conventional SND does not. Comparing the

300 MW simulation to the standard 150 MW one at the same fuelling and seeding

rates in the SXD configuration, both within the operational space, we find that the
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radiated power by the argon impurity more than doubled, a more significant increase

than that of the input power. The enhancement of the radiation is due to the elevated

argon concentration in the divertor as well as the elevated upstream plasma density (by

about 10%) and temperature (by about 40%), which result in higher electron pressure

upstream and larger Lengyel integral in the divertor in the 300 MW simulations. 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 MW, 150 MW, 300 MW). The most important reason for this is that argon impurity

radiates away more power as the impurity concentration increases, leaving ever fewer

power available for deuterium atoms to be ionized.

Even though simulations for current machines with kinetic neutrals, including

molecules, the neutral-wall and neutral-neutral interactions, resulted in different neutral

distributions and divertor plasma conditions than the simulations with fluid neutrals

[19]. 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. Nevertheless, the puffing and pumping in fluid neutrals model

are treated in simplistic ways, posing concerns on 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 cz as a function of ne based on Lengyel model is valid for plasma

conditions at and after divertor detachment onset. In this work, we instead see that the

simulations with one targets in attached condition (the dots with ne,sep ≤ 4.2×1019m−3

in the figure) also fit into the c̄Ar,sep−ne,sep curve in figure 2. Further analysis is needed

to understand why those simulations fit to the curve. Another detail is that, the cz
in the Lengyel model is the constant impurity concentration in the divertor region. In

this work, we have chosen to focus on c̄Ar,sep as a measure of the impurity level in the

immediate vicinity of the confined plasma out of interest of 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 to 3.0 in the

simulations. Therefore c̄Ar,sep can be easily translated into c̄Ar,div. The activation of

drifts, which is not done in the simulations in this study, may modify obtained divertor

enrichment of argon as well as altering the in/out divertor asymmetry. We observe that

the in/out divertor asymmetry is different between DEMO SXD and DEMO SND. In

DEMO SND the outer divertor is always the hot one throughout the scans whereas the

DEMO SXD has a more complicated picture. Either the inner or the outer divertor

can be the hotter one, depending on the direction of a parallel thermo-electric current

within the radial range of lambdaq. We will report these interesting results in another

work in the near future.

Due to the use of fluid neutrals, bundled argon charge states and lack of drift

effects in this study, the results reported here should be noted with some caution.
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On the other hand, however, the simulations in this study have been carried out in a

highly consistent way. We have set up simulations for all the configurations in identical

ways and using same code. Therefore the comparative results reported here, e.g. the

advantages observed in the SXD configuration for DEMO with respect to DEMO SND,

should nevertheless be indicating.
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