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Abstract.

A strategy to prevent concentrated deposition of the exhaust power in a fusion

device is to seed a localised ‘divertor’ region with impurity gas, which is chosen to

radiate predominantly at the cooler electron temperatures associated with the plasma

edge. If this impurity travels upstream to the main confined plasma, it can significantly

impact fusion performance, by altering the upstream density through ionization,

diluting the fuel and affecting the power balance through radiation losses. The aim

is therefore to keep the impurity localized to the divertor, through a combination of

magnetic geometry and seeding or fuelling locations. Measures of the success are given

by the impurity compression and enrichment, quantifying the ratio of the amount of

impurity found upstream to that in the divertor. Through SOLPS-ITER simulations,

we have investigated the compression and enrichment of seeded argon in power-plant-

class connected double null diverted spherical tokamak geometry, with a well-baffled,

extended outer divertor leg and a short, weakly baffled inner divertor leg. We find

the argon remains well localized as the outer leg detaches, and the compression and

enrichment in the inner leg can be improved by seeding there directly. Neon, by

comparison, is found to be a much less suitable impurity for use at this scale.

1. Introduction

Power plant-class fusion facilities are expected to generate gigawatts of fusion power, and

require steady-state solutions to a challenging exhaust heat management problem [1].

Assuming no radiation from the core, over 20% of the energy output from the burning

toroidal plasma will exhaust through an edge ‘scrape-off layer’ (SOL), with current

expectations [2] setting the width of such a layer to be on the order of millimetres. If

unmitigated, this power will deposit on plasma facing surfaces, with no material able

to withstand such a sustained power load. Diverted tokamaks use the magnetic field to

split the SOL and guide it through regions which can be specially armored, the inner

and outer divertor legs, to target surfaces [3].
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With their compact geometry, spherical tokamaks (STs) have a particular difficulty,

as the central hole through the torus is very small, so the inner divertor leg is restricted

to small radii, giving a low potential ‘wetted’ area for power deposition. This can

be ameliorated by a double null geometry, where divertor structures are introduced

symmetrically at the top and bottom of the device. It is then assisted by a natural

tendency for power to exhaust through the outer side of the plasma, with an in-out

power balance ranging from around 1:2 in single null geometry up to around 1:10 for

double-null [4, 5, 6, 7, 8].

Cooling of the divertor leg plasma can be further enhanced by the seeding of

impurity gases, with radiation loss curves matching the local plasma temperatures [9].

The outer leg(s) can also be extended to as large a radius as is feasible, increasing the

wetted area [10, 11]. The target plasma can be defined as detached when the target

flux and pressure reduce as the target temperature is reduced (via increased fuelling or

seeding, or decreased power crossing the separatrix). It is expected that a power plant

must be fully detached in steady-state operation, for example the plasma temperature

is reduced below 5eV to minimize physical target material sputtering by heavy impurity

ions, and the position of the ‘detachment front’, a zone of strong ionization and radiation,

must be well controlled [12, 13, 14].

Typical impurities seeded into the divertors of current experiments are nitrogen or

neon, whereas noble gases will be required in reactor-class devices, to avoid formation

of tritiated compounds, with argon expected for larger high power devices [9]. However,

heavier impurities can radiate efficiently at the hotter upstream temperatures near the

confined plasma. They can also ionize to high charge states if they are transported

into the confined plasma, releasing many electrons and diluting the core fuel. The

quality of the seeded impurity confinement in the divertor region is therefore very

important and is characterized by the impurity compression and enrichment. These

have been represented using various definitions in the literature, some depending on

the experimental measurements available, but all representing the ratio of the seeded

impurity density (for compression) or concentration (for enrichment) between the

divertor and the confined plasma [15, 16, 17, 18, 19, 20].

A combination of the ionization mean free path and the parallel force balance on the

impurity ions, including effects of entrainment in the main plasma flow, sets how well the

impurity species is confined to the divertor region [21]. High first ionization potential

(FIP), allowing easy penetration of neutrals upstream, is thought to be responsible

for weaker enrichment of neon as compared to argon, seen in current experiments

and simulations [17, 22, 23]. Yet, in low power discharges, if the detachment front

moves closer to the confined plasma, low FIP may increase the core plasma impurity

content [15]. If a divertor is well-baffled above the detachment front in a high-power

device, it may be anticipated that enrichment may be less sensitive to the species and

enrichment may remain high over a wide range of seeding, if the detachment front

remains stable [24, 19]. However, with the parallel thermal force from the main ion

temperature gradient increasing with ion charge, easily ionized species may be pushed



Seeded impurity enrichment in ST geometry 3

upstream [17, 25, 26].

Using SOLPS-ITER [27, 28], we have therefore investigated the compression and

enrichment of seeded argon and neon in power-plant-class connected double null diverted

spherical tokamak geometry, with a well-baffled, extended outer divertor leg. We find

that argon remains well localized in the outer leg, with impurity compression (as opposed

to main ion compression) dominating the enrichment, across the cases studied. The

radiation properties of neon are not well matched to the scenario, and, whilst it displays

an enrichment, the upstream concentration passes acceptable levels before the target

power loads are sufficiently reduced. By comparison, the inner divertor leg was short

and weakly baffled, and showed weak argon enrichment, although improvement was seen

when seeding argon directly into the inner leg.

The geometry and setup of the SOLPS-ITER simulations used in this study are

described in section 2, with further details given in the appendix. The resulting

enrichment and radiation efficiencies of argon and neon in the simulations are compared,

for the inner and outer divertor legs, in section 3. We end with a discussion in section 4.

2. High power double-null geometry and simulation setup

The configuration we focus on here is a toroidal, axisymmetric, up-down symmetric,

connected double-null plasma with a well-baffled, extended outer divertor leg and a

short, weakly baffled, inner divertor leg. We have modelled the system with SOLPS-

ITER, using a quadrilateral mesh for the plasma with 34 cells radially and 148 poloidally

(including the guard cells), and the triangular grid for the Monte-Carlo EIRENE code,

which describes the atomic and molecular components of the system, covers the domain

out to the first wall. The geometry setup is shown in figures 1a and 1b, where it can

be seen that the poloidal resolution is concentrated on the divertor legs. The incidence

angle of the magnetic field to the target across the plasma grid shown in figure 1c, the

low values increasing the spreading of the power load over the target. This geometry

is characteristic of early design phases of the STEP (Spherical Tokamak for Energy

Production) programme [29, 30], which aims to produce net energy from a prototype

fusion energy plant in the 2040s.

The bulk plasma is taken to consist of deuterium ions and electrons. To consider

situations representative of the power plant regime, we assume 100MW enters the

simulation domain through the inner boundary representing the core-edge interface,

assumed to be split equally between the inner and outer surfaces and further split equally

between the electrons and ions. This corresponds to around 2GW fusion power output,

with 70% core radiation fraction. Assuming a representative helium concentration of

around 2%, then sets the D+ ion flux from the core into the simulation domain to

3.5 × 1022 ions/s, representing the core particle outflow due to pellet fuelling. Note

that helium was not included in these simulations. Deuterium molecules are injected, to

control the SOL density, from two pairs of up-down symmetric slots near the wall below

the X-points (marked with ‘D’ in figure 1), angled into the inner and outer divertor leg
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Figure 1: Simulation geometry. a) Upper half of up-down symmetric connected double-

null simulation mesh (quadrilateral plasma domain mesh with triangular EIRENE

mesh). Deuterium (D) and impurity (Z) gas puffing locations indicated. Dashed line

indicates opened wall position. b) Domains on a logical representation of the plasma

simulation mesh - the four unmarked regions adjacent to the core are the PFR regions.

The bounding guard cell regions are marked, as are the inner lower and upper targets

(IL and IU) and outer lower and upper targets (OL and OU). The plasma grid positions

near the pairs of D puff valves and the PFR and SOL impurity (Z) seeding locations

are labelled. c) Profiles of incident magnetic field angles at the lower targets (up-down

symmetric) as a function of position along the target plate with respect to the separatrix

(positive in the SOL).

entrances. Atoms of argon or neon are seeded through an up-down symmetric pair of

slots near the outer target in the wall of the private flux region (PFR), with a small

number of simulations including argon seeding from an up-down symmetric pair of slots

in the inner wall, just below the divertor entrance (impurity puff slots are marked with

‘Z’ in figure 1). Throughout, the puffed values (for impurities and deuterium) are given

as the total number of atoms injected per second from each up-down pair of slots (the D

puffed from the inner and outer sides was kept equal, so the total D puffed is twice the

quoted value). The individual impurity charge states are followed (no bundling) and the
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full reaction set used in EIRENE is given in Appendix A. Currents are included in the

simulation while drifts were not enabled, but studies of their impact are underway [31].

Anomalous cross-field plasma transport is represented by setting anomalous

transport coefficients for particles D = 0.3m2s−1, electron and ion heat χ = 1.0m2s−1

and viscosity ν = 0.2m2s−1. These were assumed constant throughout the domain

and the same for all ion species. These values were chosen to give an outer midplane

heat flux decay length of around 2mm throughout the simulation sets, bounded by

scaling expectations [2, 32]. The impact on the results presented here of profiles of these

transport coefficients, for example representing a ballooning of transport at the outboard

midplane [8], remains to be investigated. The electron and main ion parallel heat flux

limiters (0.3 and 1.0), as well as the parallel ion viscous limiter (0.5), follow those used

in [33]. These can affect the onset of detachment and up-down asymmetry in high

power simulations, where particularly the ion collisionality can be low at the midplane.

However, the simulations here cover a range of target conditions and we do not expect a

strong impact on the trends presented. Density decay boundary conditions were used for

the SOL and PFR simulation mesh edges. The wall material was taken to be tungsten,

with neutral reflection properties following from the TRIM database. Pumping of both

D and Ar is simulated by setting the recycling coefficient of the surface at the end of the

pump ducts (up-down symmetric, see figure 1a) to R = 0.8387 (corresponding to a rate

of 261.5m3s−1 per pump duct), with R = 1 elsewhere. The angling of the duct prevents

line of sight trajectories to the pumping surface. The wall temperature is taken to be

1100K, with a reduced temperature of 580K on the pump duct surfaces.

With the above setup, both D puff pairs at 4 × 1023 with an Ar puffing rate from

the outer PFR of 6 × 1021 brings the simulation close to detachment, with reasonable

Greenwald fraction. We performed an argon seeding scan around this D puffing rate,

evaluating the resulting enrichment in the inner and outer divertor legs. We include a

disconnected double-null simulation, with the distance between the separatrices at the

outer midplane dRsep = 2mm and an active upper X-point, with otherwise matched

setup, for comparison. The inner target remained only partially detached - that is the

ion temperature was high in the far SOL - due to the near-vertical geometry [34] and

the fact that argon was not readily transmitted from the seeding location in the outer

leg. The physical sputtering due to partial detachment, even in the far SOL, would lead

to unacceptable levels of target erosion in a power plant plasma [35]. So we considered

the effect of including an inner SOL argon seeding valve, which allowed full detachment

of the inner divertor. A similar neon seeding scan indicated it is a much less suitable

impurity for use at this scale. In the next section we detail the results of these studies.

3. Compression, enrichment and radiation efficiency

In this study we define the compression of a species as follows. The volume average of a

quantity Q, over a given region R, is defined as that quantity in a given plasma grid cell

multiplied by the volume of the cell V , summed over all cells in the region, divided by
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the sum of the cell volumes in that region: 〈Q〉
R
=

∑

R QV/
∑

R V . The ‘divertor SOL’

region refers to the SOL flux rings from X-point to target, R = div, and the ‘LCFS’ is

taken to refer to the last closed flux ring of the core, R = LCFS. The compression of

species s is given by the volume average over the divertor SOL of twice the molecular

density nsm (when present) plus the total atomic ns0 and ionized state density
∑

z nsz,

divided by the average of the same quantity taken over the LCFS,

Cs =

〈

2nsm + ns0 +
∑

z

nsz

〉

div

/〈

2nsm + ns0 +
∑

z

nsz

〉

LCFS

. (1)

We note that the inclusion of the neutral and molecular density in the average over

the LCFS when evaluating the main ion compression has negligible impact here. We

also evaluated the compression in the inboard (outboard) divertors by replacing the

denominator average over the LCFS with the average over the eight cells centered on

the inboard (outboard) midplane, to highlight effects of in-out asymmetry. The trends

were unchanged, with the absolute values of impurity compression roughly halved.

For the simulations considered, the compression in the divertor legs is found to

be quite up-down symmetric (see discussion in Appendix B). Therefore, in the rest

of this paper, unless noted otherwise, for inner/outer compression we use the value

averaged over the upper and lower inner/outer divertor legs. Finally the impurity

enrichment is then defined as the ratio of the impurity compression to that of the

main ions, E = Cimpurity/CD. Alternative formulations which appear in literature, for

example [15, 16, 17], are typically driven by the available experimental data. Using these

definitions we find the same trends, although the absolute values vary. At acceptable

core parameters, higher values of impurity compression will tend to indicate reduced core

contamination and higher divertor impurity radiation, while higher impurity enrichment

will tend to indicate impurities can be pumped efficiently [15].

The total D gas puff is typically an order of magnitude larger than the impurity

puff across these simulations, so the pump pressure varies only weakly across the set,

and is around 6Pa. The results are presented as a function of the injected gas puff ratio,

including the core D+ flux: gas puff ratio = puffed impurity flux / (puffed impurity flux

+ puffed D flux + core D+ flux).

3.1. Argon seeding

The base set of argon seeded simulations have both D gas puffs in the small range

3 − 4 × 1023 and Ar puff from the outer target PFR in the range 3 × 1018 − 1 × 1022,

giving target power loads ranging from near unmitigated to acceptable. Across this set

of simulations the inner and outer separatrix mid-plane electron densities were around

5 × 1019m−3 and 4 × 1019m−3, corresponding to 0.23 and 0.18 times the Greenwald

density and the impurity concentration on the last closed flux surface was below 1%.

The total (across the whole plasma mesh) impurity radiation reaches around 55MW,

and is higher by a factor of around five than that due to the deuterium.
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The outer target temperatures fall to 5eV or below, as demonstrated in figure 2,

which shows the range of lower target power fluxes, consisting of the particle, neutral and

surface recombination loads, and temperature profiles covered in the scan (the ranges for

the upper targets are the same). The region of strong ionization and low temperature

in the outer leg stays close to the target, and the radiation is seen to be distributed over

the leg, it does not concentrate at the X-point. The inner divertor remains partially

detached, as the far SOL ion temperature remains high, which would not be sustainable

for steady state operation. The power crossing the outer separatrix falls steadily by

around 10MW over the scan, with a similar increase in the core impurity radiation.

There is a similar reduction in the power entering the outer divertors, while the total

radiation from the outer divertors increases by around 30MW over the scan, giving a

maximum around 45MW, and reaching around 40MW at a gas puff ratio ∼ 0.004. The

power entering the inner divertors drops by around 3.5MW over the scan, with around

1MW in total radiated from the inner divertors at the lowest seeding level, and ranging

from around 3.5MW up to 5MW through the rest of the scan.

D puff 3.5x1023, outer PFR Ar puff 3x1018 D puff 4x1023, outer PFR Ar puff 1x1022
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Figure 2: Range over the argon seeding scan of lower inner (left column) and outer (right

column) target power load (top row) and ion (solid) and electron (circles) temperature

(bottom row) profiles, as a function of position along the target plate with respect to

the separatrix (positive in the SOL). Dashed line: each D puff 3.5×1023, Ar puff 3×1018

and solid line: each D puff 4× 1023, Ar puff 1× 1022.

In figure 3 we show the compression of argon and deuterium, as well as the

enrichment of argon, as a function of gas puff ratio. The inner divertor is shown on the

left panel, and the outer on the right. Results with only the outer PFR Ar puff are shown

as circles (configurations indicated with other marker styles are discussed successively in

this section). The deuterium compression does not vary strongly over the scan, for either
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divertor. The trends in argon enrichment therefore follow the argon compression. The

outer divertor enrichment steadily increases with gas puff ratio, showing some indication

of saturating at the maximum gas puff ratio considered here [15, 19]. There is negligible

enrichment in the inner target. We note that the impurity content in the inner target

remained low, as it was not transmitted well to the inner divertor from the outer PFR

puff (an effect which has been seen experimentally [26]).

The result for the disconnected double null case, with active upper X-point, which

had both D puffs 3 × 1023 and Ar puff 8 × 1021, giving a gas puff ratio 0.0124, is also

shown in figure 3. The simulation shows up-down asymmetry, with argon accumulating

outside the secondary separatrix as the puff is in the outer PFR, which increases the

apparent lower outer divertor argon compression, displayed as a downward triangle

(without up-down averaging). The upper outer divertor compression and enrichment,

displayed as an upward triangle (without up-down averaging), follow the trend of the

connected double null cases. The inner divertor doesn’t have this strong asymmetry,

and up-down averaged inner compression and enrichment results are shown throughout

as an upward triangle for this case.

Finally we considered a connected case, again with both D puffs 3× 1023 and outer

PFR puff Ar puff 8×1021 so a gas puff ratio 0.0124, but with the opened outer main wall

shown by the dashed line in figure 1a. The target power loads are essentially unchanged,

the inner target neutral pressure decreased and the ion temperature increased slightly,

but the outer target neutral pressure and temperatures were also essentially unchanged.

The compression and enrichment results are shown as pentagrams in figure 3 and we

see they follow the main trend. The region of strong ionization in the outer leg is very

close to the target, and the wall is opened above the pump duct, which may explain the

lack of sensitivity. We may expect an effect on enrichment of such a change in the main

wall if the detachment front were to move high up the divertor leg.

Compression is often discussed in terms of the parallel force balance on the

impurities at their ionization location [36, 21]. Friction with flowing bulk ions can

drag impurities, whilst the parallel bulk ion temperature gradient typically pushes them

away from cool regions, such as the targets. In figures 4a and b the bulk ion parallel

flow field is given for the connected and disconnected cases at matched gas puff values.

Positive parallel flow is taken from the lower inner target to the outer lower target,

in the direction of increasing poloidal cell number. The logical mesh representation

(figure 1b) is used to show the flow pattern clearly. The stagnation points, connected in

white, highlight the up-down symmetry of the connected double-null geometry, and the

ionization contours of Ar → Ar1+ are overlaid in black. The flow fields are similar for

both cases, despite the difference in geometry - at both the inner and outer targets there

is a strong upstream flow of the main ions just outside the separatrix, which encounters

a downstream flow towards the X-point region coming from the midplane stagnation

points. At the inner targets there is a strong ion flow in the far SOL (where there is

a high ion temperature) up towards the midplane, while at the outer targets there is

an ion flow up through the PFR towards the X-point. The parallel flow field of Ar1+ is
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Figure 3: (Top) Argon (solid markers) and deuterium (open markers) compression and

(lower) argon enrichment as a function of gas puff ratio for lower inner (left) and outer

(right) divertor legs. Cases with only outer PFR Ar puff are shown as circles, pentagram

marks opened outer wall case, cases with both inner and outer Ar puff are shown as

diamonds. Disconnected double null case marked with upward triangle for inner divertor

and the active upper outer divertor, and with a downward triangle for the lower outer

divertor.

also shown for the connected double-null case in figure 4c, and is again similar in the

disconnected case, and also similar for each charge state. Note the lower magnitude

compared to the bulk ion flow. The inner divertor impurity flow pattern resembles that

of the bulk ion flow, except for a near stagnant region in the very far SOL. The outer

divertor shows a stronger flow pattern around the Ar puff locations and upstream flows

around the Ar1+ ionization location in the PFR and SOLs. In the outer divertor legs,

we find that the friction due to the flow difference with the main ions dominates the

force on the Ar1+ around its ionization location. In figure 4d we show this force, masked

by the region where the density of Ar1+ is > 1× 1015m−3. In the outer leg the impurity

is thus pushed upstream from its ionization location. In the inner leg, ionization and

interactions with neutrals, which peak away from the separatrix, contribute as strongly

as the friction, which peaks near the separatrix, but the net impurity population is low

and the individual contributions to the parallel force are negligible by comparison to

the outer leg. Upstream we find peaked impurity density profiles arise in the SOL, and

weak radially inward fluxes of states around Ar7+, see figure 5, lead to the final upstream

impurity distribution [37].

To overcome the issue of the partial inner target detachment, an inner divertor SOL
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Figure 4: Top: Bulk ion parallel flow field on the logical representation of the plasma

simulation domain, for cases with both D puffs 3 × 1023/s, only outer PFR Ar puff

at 8 × 1021, for (left) connected double null and (right) disconnected double null with

dRsep = 2mm. Lower: for connected double null case (left) Ar1+ parallel flow field and

(right) parallel force due to friction against the main ion flow, masked by the region

where the density of Ar1+ is > 1 × 1015m−3. White contour links bulk ion stagnation

locations, black contours show ionization levels of Ar → Ar1+ of [1 × 1020 (dotted),

1× 1021 (dot-dashed), 1× 1022 (dashed), 1× 1023 (solid)] particles s−1m−3. Separatrix

(horizontal solid) and X-point cuts (vertical dotted) also shown.

Ar puff pair was introduced, marked in figure 1a. An initial case with both D puffs at

4×1023 and both Ar puffs set to 1×1021 reduced the inner target ion temperature below

5eV, and whilst the outer target power loads were acceptable at around 10MW/m2, the

outer target ion temperature peaked around 15eV. The outer Ar puff was increased, up

to a gas puff ratio of 0.0071, at which both targets were close to detached (maximum

outer target ion temperature around 7eV). The power load and temperature profiles

can be seen in figure 6. For comparison, we include in figure 6 the target power and

temperature profiles for the case with only the outer argon puff at a matching gas

puff ratio of 0.0071 (both D puffs 4 × 1023, Ar puff 6 × 1021), which has an impurity

concentration on the last closed flux surface of 0.5%. The case with both inner and outer

Ar puff is closer to detachment, but the impurity concentration on the last closed flux

surface increases from 1.0% to 1.5% through that scan, which is potentially high enough

to compromise good core performance. Increasing the outer gas puff beyond 5 × 1021

gave a weak bifurcation in the inner solution depending on the starting simulation state

- the upper inner ion target temperature continued to fall with increasing argon puff,

while the lower inner target value can jump to a partially detached profile, with a

maximum around 25eV. Due to the high core impurity concentration we do not analyze
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Figure 5: Radial fluxes of Ar charge states across the separatrix, negative inwards,

as a function of poloidal distance along the separatrix from the lower inner target

(0m). Vertical solid line show targets and midplanes, vertical dashed lines show X-

point locations. The case is connected double null with both D puffs 3× 1023 and only

outer PFR Ar puff at 8× 1021.

these higher puff cases further here, though we note that the enrichment in either state

continued to follow the trend discussed below.

The core impurity radiation was around 10MW higher at a given gas puff ratio with

both inner and outer Ar puffs, compared to the cases with only the outer PFR puff,

with a similar reduction in the power crossing the outer separatrix and entering the

outer divertors, while the power radiated from the inner divertor increases. The parallel

flow distributions and entrainment behavior follow the same pattern as the case with

only the outer Ar puff, with a reduction in the parallel flows in the inner SOL where the

argon is puffed. An example of the bulk ion and Ar1+ parallel flow distributions, with

the Ar ionization contours overlaid, is shown in figure 7, for comparison with figure 4.

The additional ionization from the inner leg seeding can be seen. The ion-ion friction

now dominates in the inner leg and has a broad profile, pushing Ar1+ in both parallel

directions away from the ionisation location outside the separatrix, and removing the

far SOL stagnation point of the argon flow leaving a weak force directed towards the

midplane. The net parallel force on the Ar1+ in the inner leg is a few times larger than

in the case with only an outer Ar puff, but the magnitude remains less than 0.1N, so

still small compared to that on the impurities in the outer divertor leg. In figure 8 we

show the difference in the total charged argon density distributions between the case

with inner SOL Ar puff 1× 1021 and outer Ar puff of 5× 1021 (flow patterns in figure 7)

and the case with only the outer Ar puff of 6× 1021, at D puffs of 4× 1023. We can see

the effect of the inner target seeding and the increase in impurity density it produces in
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the core.

D puff 4x1023, Ar puff :

inner SOL 1x1021, outer PFR 1x1021 w inner SOL 1x1021, outer PFR 5x1021 w only outer PFR 6x1021
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Figure 6: Range over the argon seeding scan, with both outer PFR and inner SOL Ar

puffs, of lower inner (left column) and outer (right column) target power load (top row)

and ion (solid) and electron (circles) temperature (bottom row) profiles, as a function

of position along the target plate with respect to the separatrix (positive in the SOL).

Each D puff 4× 1023, inner Ar puff 1× 1021, outer PFR Ar puff (dashed) 1× 1021 and

(solid) 5× 1021. For comparison, profiles (dotted) for the case with only outer PFR Ar

puff, at D puffs 4× 1023 with Ar puff 6× 1021, are shown.
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Figure 7: (Left) Bulk ion and (right) Ar1+ parallel flow fields on the logical

representation of the plasma simulation domain, for the case with inner SOL Ar puff

1× 1021/s and outer PFR puff 5× 1021, with both D puffs 4× 1023, in connected double

null. White contour identifies parallel flow stagnation location, black contours show

ionization levels of Ar → Ar1+ of [1 × 1020 (dotted), 1 × 1021 (dot-dashed), 1 × 1022

(dashed), 1 × 1023 (solid)] particles s−1m−3. Separatrix (horizontal solid) and X-point

cuts (vertical dotted) also shown.
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Figure 8: Difference in total ionized argon density distributions between case with inner

SOL Ar puff 1 × 1021 and outer Ar puff of 5 × 1021 (flow patterns in figure 7) and the

case with only the outer Ar puff of 6× 1021, at D puffs of 4× 1023. Black line indicates

the separatrix.

The compression and enrichment was evaluated for the scan, and the results are

shown by diamonds in figure 3. We see that the outer divertor enrichment follows the

same trend as seen with only the outer PFR Ar puff, even with the significant change

in the inner divertor condition. The impurity radiation from the outer divertor also

follows the same trend with gas puff ratio. The inner target enrichment was strongly

increased, and suggests that a lower level of inner Ar puff could be effective. This

motivates future optimization of the system, including the ratio of inner to outer Ar gas

puff values, fuelling locations [37] and pumping, to determine possible improved divertor

solutions for this geometry [38] respecting gas throughput limitations and core impurity

concentrations.

3.2. Neon seeding

We now consider the enrichment in a similar base set of neon seeded simulations, in

the connected double-null geometry, with seeding from the outer PFR puff only. This

covered a slightly wider range in D puff 2.5 − 6 × 1023, with the Ne puff in the range

3×1021−6×1022. Across the set of simulations the inner and outer separatrix mid-plane
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electron densities were again around 5× 1019m−3 and 4× 1019m−3. The total impurity

radiation ranged over 35-67MW, with that due to deuterium ranging over 7-12MW,

and again the total radiation did not concentrate towards the X-point over the scan.

The power crossing the outer separatrix falls around 5MW over the scan, with a similar

increase in the core impurity radiation. There is a reduction of around 10MW in the

power entering the outer divertor, with an increase in the impurity radiation from the

outer SOL of around 5MW, while the total radiation from the outer divertor increases

by around 10MW, giving around 44MW. The power entering the inner divertor remains

roughly constant, as does the total radiation (around 10MW) from the inner divertors.

At the very highest D and Ne puffs, the solution developed an inner up-down

asymmetry, with a peak inner upper target ion temperature around 60eV, whilst the

lower inner target ion temperature peaked around 20eV. The range of upper target

power fluxes and temperature profiles covered in the scan are shown in figure 9 - the

power loads have only weak up-down asymmetry in the cases with lower seeding. We

can see that the neon seeded scan covers a similar target profile range to the argon

seeded scan. The targets steadily detach through the scan, with similar radiated power

from the impurities as in the Ar seeding scan.

D puff 2.5x1023, outer PFR Ne puff 3x1021 D puff 6x1023, outer PFR Ne puff 6x1022
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Figure 9: Range over the neon seeding scan of upper inner (left column) and outer (right

column) target power load (top row) and ion (solid) and electron (circles) temperature

(bottom row) profiles, as a function of position along the target plate with respect to the

separatrix (positive in the SOL). Dashed line: each D puff 2.5× 1023, Ne puff 3× 1021

and solid line: each D puff 6× 1023, Ne puff 6× 1022.

However, the impurity concentration on the last closed flux surface here ranges

from 1.9% at the lowest gas puff ratio (where the argon seeded value was < 1%) up to

nearly 9%. The first ionization potential of neon is higher than that of argon, which is
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allowing the neon to penetrate upstream. This is illustrated in figure 10, where we see,

by comparison to figure 7 which had a total Ar puff 6×1021 so gas puff ratio 0.0071, that

neon penetrates the separatrix to a similar extent already at a Ne puff of only 3× 1021,

that is a gas puff ratio 0.0036. (This argon case had lower midplane separatrix densities

and power crossing the separatrix than the neon case, but this is not having a significant

effect here, as the case with only an outer PFR Ar puff at 6 × 1021 had a similar flow

and ionization pattern to the inner and outer Ar puff case shown in figure 7, and well

matched midplane separatrix densities and powers to the neon case.) The difference

in the mean free path of neutral neon and argon between these cases is illustrated in

figure 11 - the neon can travel much more effectively through the outer leg, especially

near the separatrix. In figure 11 we show the difference in the total charged impurity

density distributions between the cases with each D puff 4 × 1023 and and outer PFR

puff of Ne at 3× 1021, and inner SOL and outer Ar puffs of 1× 1021 and 5× 1021. There

is a strong increase in core density with neon seeding, and a relatively weak effect in the

SOLs.
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Figure 10: (Left) Bulk ion and (right) Ne1+ parallel flow fields on the logical

representation of the plasma simulation domain, for the case with each D puff 4× 1023,

in connected double null, with only an outer PFR Ne puff of 3 × 1021. White contour

identifies bulk ion stagnation location, black contours show ionization levels of Ne →

Ne1+ of [1 × 1020 (dotted), 1 × 1021 (dot-dashed), 1 × 1022 (dashed), 1 × 1023 (solid)]

particles s−1m−3. Separatrix (horizontal solid) and X-point cuts (vertical dotted) also

shown.

Analyzing the parallel force balance, we find that friction dominates the force on

the Ne1+ around its ionization location in the outer divertor leg, and the impurity is

pushed upstream from its ionization location in the outer leg again, but the dominant

component is from the total ion-ion friction and is smaller in magnitude than seen in

the argon seeding case (figure not shown). The parallel force on the Ne1+ in the inner

divertor is again very weak, with contributions from friction, near the separatrix, and

neutral interactions, with a broader profile. Upstream we find peaked impurity density

profiles in the SOL, and radially inward fluxes of states around Ne7+, see figure 12,

which are stronger than those in the argon seeded cases (figure 5), lead to the final

upstream impurity distributions.

In figure 13 we show the compression of neon and deuterium, as well as the
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Figure 11: (Left) Difference between neutral neon and argon mean free paths (positive

values indicate longer neon mean free path) and (right) difference in total charged

impurity density distributions in the connected double null cases with each D puff

4 × 1023 and outer PFR puff of Ne at 3 × 1021, and inner SOL and outer Ar puffs

of 1× 1021 and 5× 1021, respectively.

enrichment of neon, as a function of gas puff ratio. The inner divertor is shown on the

left panel, and the outer on the right. Again there is weak variation in D compression

over the scan, and the trend in neon enrichment follows the neon compression. The

outer target shows neon enrichment weaker than that of argon in figure 3, note the

different gas puff range. The inner target again shows negligible enrichment.

3.3. Radiation efficiency

The impurity seeding affects the SOL temperature distribution, but if the impurity is

very well localized in the cool divertor, we may expect the net impurity radiation to be

lower. Therefore we consider here the variation in radiation efficiency of the impurities

as a function of their enrichment. We take the radiation efficiency in the outer SOL as

the volume average (as defined at the start of sec. 3), over the entire outer SOL, of the

ratio of the impurity radiation density to the denominator formed by the total density

of charged impurity states multiplied by the electron density. The analogous definition

is used for the inner SOL impurity radiation efficiency.

The enrichment of argon and neon are compared directly for the inner and outer

divertors in the upper row (left and right panels respectively) of figure 14. The radiation
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Figure 12: Radial fluxes of Ne charge states across the separatrix, negative inwards, as

a function of poloidal distance along the separatrix from the inner target (0m). Vertical

solid line show targets and midplanes, vertical dashed lines show X-point locations. The

case is connected double null with both D puffs 4 × 1023 and only outer PFR Ne puff

at 3× 1021.
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Figure 13: (Top) Neon (solid markers) and deuterium (open markers) compression and

(lower) neon enrichment as a function of gas puff ratio for lower inner (left) and outer

(right) divertor legs.

efficiencies are compared in the lower row. The radiation efficiency in the outer divertors

is fairly constant with enrichment, showing no strong reduction in efficiency as the

divertor is cooling, over the range simulated. The radiation efficiency in the inner
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divertor, which had typically low impurity content, is increased to around that of the

outer divertor with the introduction of direct seeding. The stronger (roughly doubled)

radiation efficiency of argon than neon is in agreement with experimental observations,

where the efficiency, compared to that of deuterium, was used as a fit parameter to model

the detachment state [39, 40]. The weaker outer radiation efficiency in the disconnected

equilibrium, when averaging over the whole SOL, results from the low temperature and

high impurity density around the inactive lower divertor.
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Figure 14: Comparison of argon (solid markers) and neon (open markers) enrichment

(top row) and radiation efficiency (lower) as a function of gas puff ratio. Argon plot

markers as defined in figure 3.

4. Discussion

We have used SOLPS-ITER to study the enrichment of impurities seeded in the divertor

to promote detachment: we focused on high power connected double-null spherical

tokamak geometry, with an extended well-baffled outer leg, but a short, weakly baffled,

inner leg. The pumping speed and deuterium puffing rates used were relatively high.

The vertical inner target generated partially detached solutions unless impurity was

seeded directly to the inner target.

Argon seeding from the outer PFR reduced the outer target temperature to near

5eV or less, with the ionization location remaining close to the target. The argon

showed good compression and enrichment, with the impurity concentration on the

last closed flux surface remaining below 1%, the level at which the impurity may be
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expected to affect core performance. Weaker enrichment was seen in the outer target

with neon seeding, and to produce similar levels of detachment required higher gas

puff ratios with neon, due to the different radiation efficiencies of neon and argon as

a function of temperature. The higher first ionization potential of neon was reflected

in a longer neutral neon mean free path and wider region of ionization to Ne1+ along

the outer divertor separatrix, which led to the high core neon concentration in the

simulation. Whilst this is in qualitative agreement with experimental findings [17],

impurity screening physics of the closed field line region is not modelled here [41, 42].

The quoted core concentrations should thus be seen as indicating regimes which may

be compatible with core performance and of interest for further study.

Argon seeded in the outer PFR was not readily transmitted to the inner divertor in

the simulations (as was also seen experimentally on EAST [26]), which thus showed

negligible inner target enrichment. Direct seeding of the inner divertor improved

the enrichment, though the short open geometry allowed the upstream impurity

concentration to increase quickly as the inner divertor detached. The outer divertor

enrichment trend was not affected, which encourages the exploration of alternative

divertor concepts to independently improve the power handling of the inner target. The

results also suggest that the in-out balance of seeding could be optimized to promote

detachment of both divertors.

The location of the deuterium gas puff slots, which can affect the deuterium flow

pattern and so the impurity upstream build-up, has been studied in [37], but the full

impact of drifts on these results remains to be studied [31]. We note the net throughput

of gas in the simulations is high, but we expect it can be scaled down by reducing the

pumping speed, without affecting the enrichment results. However, helium must be

pumped from the system and how far the pumping can be reduced whilst the helium

pumping remains effective is to be determined.
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Appendix A. EIRENE reaction list

The reactions included in the simulations through EIRENE are given in Table A1.

Appendix B. Compression up-down symmetry

The figures in the main text show the inner and outer compression values averaged over

the upper and lower divertor legs. The argon compression evaluated for the individual

legs is shown for the main argon scan cases in figure B1, to demonstrate the degree

of up-down asymmetry and motivate the averaging used -compare to figures 3a and b.
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Table A1: Included EIRENE reactions: EL elastic collision, EI electron impact, CX

charge exchange, DS dissociation, RC recombination

Main ion

1 AMMONX H.2 R-H-H EL

2 AMMONX H.2 R-H-H2 EL

3 AMJUEL H.4 2.1.5 EI

4 AMJUEL H.10 2.1.5 EI

5 HYDHEL H.1 3.1.8 CX

5 HYDHEL H.3 3.1.8 CX

7 AMMONX H.2 R-H2-H EL

8 AMMONX H.2 R-H2-H2 EL

9 AMJUEL H.4 2.2.9 EI

10 AMJUEL H.4 2.2.5g DS

11 AMJUEL H.4 2.2.10 DS

12 AMJUEL H.0 0.3T EL

12 AMJUEL H.1 0.3T EL

12 AMJUEL H.3 0.3T EL

13 AMJUEL H.2 3.2.3 CX

14 AMJUEL H.4 2.2.12 DS

15 AMJUEL H.4 2.2.11 EI

16 AMJUEL H.4 2.2.14 DS

17 AMJUEL H.8 2.2.14 DS

18 AMJUEL H.4 2.1.8 RC

19 AMJUEL H.10 2.1.8 RC

Argon

6 AMJUEL H.2 2.18B0 EI

20 ADAS H.4 acd89 RC

21 ADAS H.10 prb89 RC

Neon

6 AMJUEL H.2 2.10B0 EI

20 ADAS H.4 acd96 RC

21 ADAS H.10 prb96 RC

The up-down asymmetry in the simulation of the disconnected double-null, and in the

high neon content cases, are discussed in the main text.
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Figure B1: Argon compression as a function of gas puff ratio for inner (left) and outer

(right) divertor legs. Lower and upper divertor leg values are shown as solid and open

markers, respectively. Marker shape is as in 3: cases with only outer PFR Ar puff are

shown as circles, and cases with both inner and outer Ar puff are shown as diamonds.
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