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Abstract
The EMC3-Eirene code was used to study the main impurity leakage mechanism for the island
divertor in the standard magnetic field configuration. It was found that under experimentally
accessible plasma scenarios in the last experimental campaign, the majority of the island
scrape-off layer was friction-force dominated. The impurity force balance was only thermal
force dominated for upstream locations closed to the last closed flux surface, beyond the island
X-point. No impurity neutral ionization was found in this location and hence the parallel
impurity transport provides excellent impurity retention. It was found that impurities approach
the confinement region nonetheless via perpendicular transport across the island O-point near
the parallel flow stagnation region. This finding points out the specific role of the parallel flow
stagnation region in providing lower parallel convective transport and long impurity residence
times, which makes non-parallel transport channels more important or even the dominant driver
of impurity leakage. In line with the relevance of the particle build-up in the flow stagnation
region, different retention behavior as a function of density is seen for various species, which is
shown to be due to ionization length changes as the plasma background density is increased.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The Wendelstein 7-X (W7-X) island divertor concept is cur-
rently being assessed for its possible relevance in a stellarator
reactor. One critical aspect of this assessment is the island

a See Grulke et al 2024 (https://doi.org/10.1088/1741-4326/ad2f4d) for the
W7-X Team.
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divertor’s ability to retain and exhaust impurities, both from
intrinsic as well as extrinsic sources. The retention of impur-
ities can be quantified by parameters such as compression
(the ratio of the divertor impurity density to the core impurity
density, nz,div/nz,core) and enrichment (the ratio of the diver-
tor impurity concentration to the core impurity concentration,
cz,div/cz,core) [1, 2]. High impurity retention in the divertor
achieves two important goals:

(i) For a given acceptable impurity content in the confined
plasma, it allows for a greater density of impurities in the
divertor and at the pumps, allowing for higher scrape-off
layer (SOL) radiation losses and better impurity exhaust
(critical for helium ash).
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(ii) Larger retention also means that for a given impurity
source there is less core contamination. This implies lar-
ger resilience against high Z intrinsic impurities, such as
tungsten, where even small amounts would lead to unac-
ceptable radiated losses in the core [3].

This work aims to elucidate the dominant physics mech-
anisms limiting the impurity retention in the W7-X opera-
tional spaces using EMC3-Eirene [4]. The simulation results
allow us to isolate effects of perpendicular versus parallel
transport and how this interplays with the impurity ioniza-
tion location to cause changes in impurity leakage. Section 2
will discuss the physics background and simulation set-up.
Section 3 will present the simulation results and their inter-
pretation. Finally, section 4 will discuss the limitations of the
simulation results, in particular the role of drifts, and will
conclude.

2. Background and simulation set-up

2.1. W7-X island geometry

W7-X is a 5-fold symmetric, quasi-isodynamic stellarator [5].
Each of the 5 toroidalmodules contains 2 divertor target plates:
one on the upper and one on the lower half of the machine
[6]. The targets intersect magnetic islands which form natur-
ally on a rational surface at the plasma edge. The magnetic
field configuration investigated in this work is the standard
magnetic field configuration. The island SOL in the stand-
ard configuration consists of 5 independent magnetic islands
formed at the 5/5 resonance. Each island intersects 2 of 10
total divertor units, magnetically connecting one upper diver-
tor to one lower divertor two toroidal modules away. A visu-
alization of this geometry is provided in figure 1, where one
magnetic island is plotted in blue. The two toroidal modules
where the island intersects the divertor targets are plotted in
darker color compared to the other toroidal modules. In the
front of the image, the island intersects the lower divertor tar-
get, plotted in dark gray. The neutral baffles are plotted in
green. Each divertor unit consists of a vertical and horizontal
target and a set of neutral baffles. The main strike lines are loc-
ated on the so-called ‘low iota’ portion of the horizontal diver-
tor target and on the vertical target plates. A visualization of
the strike lines in relation to the magnetic field is plotted in
figure 2.

In figure 2, the red colored areas of the divertor target plates
represent the strike line heat flux pattern. Plotted in black is
the outline of the last closed flux surface (LCFS) and the mag-
netic islands, two of which intersect the divertor target plates,
at toroidal angle φ =−10◦. The main strike lines are located
on the outer separatrix of the magnetic islands, on the side
of the islands closest to the pumping gap. The poloidal pro-
jection of the parallel heat and particle flux channel is visual-
ized by the dark blue arrows, and is located along this island
separatrix [7].

Figure 1. A 3D visualization of the W7-X target geometry. One of
the five total islands is plotted in blue. This island intersects the
divertor targets in two toroidal modules. These modules are plotted
in darker colors as compared to the other toroidal modules. The
island intersects the lower target, plotted in dark gray, in the module
at the front of the image and the upper divertor in the module in the
back of the image. A poloidal slice of the island and the last closed
flux surface is plotted in black at toroidal angle φ =−10◦.

Figure 2. An image of the heat flux onto the divertor target plates as
outputted by EMC3-Eirene. The intensity of the red color on the
divertor targets (in white) corresponds to the magnitude of the heat
flux. The black lines show the outline of the LCFS and the islands.
One island intersects the vertical target while the primary strike line
occurs on the horizontal target. The island that intersects the
horizontal target is outlined in light blue. The dark blue arrows
indicate the poloidal projection of the parallel heat flux channel.

2.2. SOL impurity transport

Generally, the transport of impurities through the SOL of
magnetic fusion devices is governed by forces parallel and
perpendicular to themagnetic field. In steady-state, the follow-
ing force balance dictates the impurity transport in the parallel
direction [3]:

0= mz
Vi,∥ −Vz,∥

τs
+βi

dTi
ds

+αe
dTe
ds

+ZeE∥ −
1
nz

dpz
ds

(1)

whereVi,∥ is themain ion flowvelocity parallel to themagnetic
field, Vz,∥ is the impurity flow velocity parallel to the magnetic
field, τ s is the collisional stopping time between the impurity
and the main ions, andαe and βi are coefficients of the order of
Z2. The first term in equation (1) is the friction force exerted on
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Figure 3. (a) A schematic of the poloidal projection of the parallel impurity flow in the tokamak divertor versus (b) a schematic of poloidal
projection of the parallel impurity flow in the island divertor. The black dotted lines indicate the location of parallel impurity flow
stagnation. The solid blue ovals define the region over which the impurity ionization source is located. The dashed arrows indicate the
poloidal projection of the parallel impurity flow. Adapted from [11]. © IOP Publishing Ltd All rights reserved.

the impurity from the background ions. Because the parallel
main ion flow velocity is generally directed towards the tar-
get (downstream), the friction force increases retention. The
second term is the ion thermal force on the impurity from the
parallel ion temperature gradient. The ion thermal force tends
tomove impurity particles up the temperature gradient towards
the LCFS (upstream). The last term is the parallel impurity
pressure gradient force. This term can be split into a paral-
lel ion temperature gradient term (assuming that the impurity
ions are thermalized with the main ions Tz = Ti) and a parallel
impurity density gradient (parallel diffusive) term:

1
nz

dpz
ds

=
1
nz

d(Tinz)
ds

=
dTi
ds

− Ti
nz

dnz
ds

. (2)

The other terms in equation (1), the electron thermal force and
the electric field force, tend to be small in comparison and
therefore we will neglect them here. Solving for the parallel
impurity flow velocity and using equation (2) results in:

Vz,∥ = Vi,∥ +
τs
mz

[
(βi− 1)

dTi
ds

− Ti
nz

dnz
ds

]
. (3)

Equation (3) is valid for both tokamaks and stellarators. For
tokamaks, it is well-established that under the majority of
cases, the contribution to the parallel impurity flow velocity
from the parallel impurity pressure gradient is small [8]. For
stellarator island divertors, as will be discussed in more detail
later, perpendicular transport of both heat and particles is much
more important than in a tokamak [9, 10]. Therefore, the par-
allel diffusive term in equation (3) can also be ignored for the
stellarator case. From the remaining terms, the parallel impur-
ity flow velocity is then determined by the main ion flow velo-
city with an offset from the ion temperature gradient term. The
competition between these two terms determines the location
of the parallel impurity flow stagnation point (Vz,∥ = 0) along
the field line.

For tokamaks, recent results have shown that the limit of
impurity retention in the SOL is the impurity ionization source
beyond the poloidal impurity flow stagnation point (i.e. the
sum of the poloidal projection of the parallel impurity flow
velocity and the poloidal drift velocity) [8, 11]. In the absence
of drifts, the poloidal projection of Vz,∥, determined from
equation (3), sets the location of this impurity flow stagna-
tion point. For tokamaks, impurity flow stagnates relatively
close to the target, as indicated by the dotted black lines in
figure 3(a). The ionization source of the impurities, Sio,z, is
indicated by the solid blue ovals. The fraction of impurities
which leak to the LCFS is then represented areal overlap of the
blue oval with the portion of the SOL located poloidally above
the dotted black dashed line. The location of the impurity ion-
ization source, and therefore the amount of impurities which
may ionize above the flow stagnation point, is dependent on
the impurity ionization energy. Thus, it is typical that impurit-
ies high ionization energy (e.g. helium) are less retained than
those with low ionization energy (e.g. carbon).

However, due to the small field line pitch (and corres-
ponding long magnetic connection lengths Lc) in the island
divertor, perpendicular transport plays a much larger role [9,
10]. This has two effects for the SOL impurity transport.
Firstly, it increases the weight of the perpendicular transport
of the impurities. Secondly, it significantly reduces the par-
allel ion temperature gradient. The reduction of the paral-
lel gradient comes from significant binormal heat transport
within an island flux tube [10]. A visualization is provided
in figure 4, where the LCFS of the island is plotted in gray
and a representative field line is plotted as red dots. Each dot
represents one full toroidal turn around the machine. From
the X-point, the field line still requires approximately 4 tor-
oidal turns to reach the divertor target plate. The approxim-
ate binormal direction for the field line below the X-point
is visualized in blue. Figure 4 shows that binormal direction
is roughly aligned to the radial gradient of Ti, allowing for
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Figure 4. A schematic of the island divertor, with the LCFS plotted
as a gray dashed line. A representative field line within the main
heat and particle flux-carrying layer is plotted as red dots, with each
toroidal turn represented as one dot. The binormal direction is
approximately shown in blue.

significant perpendicular transport within the flux tube. This
process lowers the upstream ion temperature and flattens the
parallel ion temperature gradient [10], significantly reducing
the ion thermal force in equation (1). Previous simulation work
for the W7-X island SOL has indicated that the friction force
dominates over the ion thermal force for the majority of the
island SOL, even at very low separatrix density( ∼ 1× 1019

m−3 with 10 MW input heating power) [9, 10]. As a result,
the parallel impurity flow stagnation point in the parallel heat
and particle flux channel is located very far from the target
surface, as indicated by the dotted black line in figure 3(b). In
such a scenario, the impurity ionization source region, indic-
ated by the blue oval, may not overlap with the region of the
SOL dominated by the ion thermal force, leading to near per-
fect retention in the parallel direction.

In the previous experimental campaign, separatrix density
levels lower than 1× 1019 m−3 were not reachable due to wall
outgassing and limited pumping [12]. Therefore, it is expected
that, within the majority of the W7-X operational space, par-
allel leakage of impurities is small. However, impurities still
contaminated the confined plasma. Without impurity seeding,
typical Zeff values were between 1.2–1.5 (dominated by car-
bon) [13, 14]. For neon seeding experiments, Zeff values up to
3 were observed [15]. For the reasons discussed above, impur-
ity transport parallel to the magnetic field is unlikely to be
the dominant leakage mechanism. Therefore, it is important
to determine where and how the impurities penetrate into the
confined plasma under these experimental conditions.

2.3. Simulation set-up

The EMC3-Eirene code [16] is a coupled 3D Monte-Carlo
plasma fluid and kinetic neutral model which has shown much
success in describing the global behavior observed so far in
the W7-X island divertor [15, 17, 18]. The general model is
described well elsewhere, and therefore we focus here on the
impurity transport model only. The impurities are regarded as
‘trace’ in the sense that their electrons are consisered neg-
ligible to the overall particle balance (ne = ni). However, if
desired, one can include the energy lost from impurity line
radiation in the electron energy balance. Furthermore, impur-
ities are assumed to always be in thermal equilibrium with
the main ions (Tz = Ti) and the inertia is neglected in the

momentum balance. This assumption is generally a good
approximation for the low to medium Z elements used in this
work and only becomes more important for heavy impurities,
such as tungsten [19]. Impurity neutrals are assumed not to
interact with the background plasma ions and therefore fol-
low straight trajectories until their ionization. Parallel to the
magnetic field, the steady-state impurity force balance given
in equation (1) is used to solve for the parallel impurity flow
velcoity Vz,∥ for each ionization state. The ADAS database is
used to calculate the impurity ionization, recombination and
power lost due to line radiation [20]. Perpendicular transport
is assumed to be anomalous, with anomalous diffusion coef-
ficients specified as an input parameter. No drift effects are
included, neither for the main ion nor for the impurities.

The simulations used here utilized the ideal standard mag-
netic field configuration of W7-X. The standard configuration
was the most operated magnetic field configuration in the last
experimental phase [21]. The power entering the SOL was set
to be 5 MW for the whole device, equally split between elec-
trons and ions. The simulation assumes stellarator symmetry
and therefore only one-tenth of the device is modeled. The
anomalous particle diffusion coefficient for both main ions
and mpurities was set to a constant value of D= 0.5 m2s−1.
The anomalous heat diffusivity for ions and electrons was set
to a constant value of χe,i = 3D. Plasma backgrounds were
generated for a separatrix density scan of ne,s = 1− 3× 1019

m−3, with impurity line radiation coming from intrinsic car-
bon impurities. Carbon impurities were assumed to sputter
chemically (E0 = 0.03 eV) with a 4% yield. The model does
not include molecular break-up chains and therefore the car-
bon neutrals are started as atoms.

All parameters described above are chosen to reproduce
W7-X experimentally-relevant conditions, although detailed
matching to specific experimental programs were not per-
formed. Previous work has found that this choice of anom-
alous transport parameters leads to an okay compromise
between matching upstream and downstream conditions [22].
Additionally, this choice of input parameters was also capable
of reproducing the neutral compression and H-alpha radiation
in front of the divertor targets [17]. For the simulations presen-
ted in this paper, the radiated power fraction was additionally
compared to experiment to ensure that the parameters chosen
above led to similar plasma conditions. This comparison is
plotted in figure 5. In figure 5, the experimental radiated power
fractions from the bolometer diagnostic [13, 23] as a function
of the edge density (ρ≈ 0.98) from the Thomson scattering
diagnostic [24] are plotted as black dots. The experimental
dataset is limited to input ECRH heating powers 4.5 MW <
PECRH < 5.5 MW during the boronized phase of the previous
experimental campaign (OP1.2b). The total radiated power
fraction calculated by EMC3-Eirene for the separatrix dens-
ity scan described above is plotted as red diamonds. The radi-
ated power fraction in the modeling is the ratio of the total
power radiated by impurity line radiation and the total heat-
ing power entering the simulation domain, Pimp/Pinput. There
is large scatter in the edge density provided by the Thomson
scattering diagnostic due to issues with laser alignment. The
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Figure 5. Experimental values of radiated power fraction, Frad, as a
function of the edge density value at effective radius ρ≈ 0.98 (black
dots) compared to EMC3-Eirene (red diamonds).

cause has been found and corrected for the upcoming experi-
mental campaign [25].

Once the plasma backgrounds with intrinsic carbon radi-
ation were converged, different impurities were simulated
on the fixed background plasma in full trace approxima-
tion (i.e. their line radiation was not included in the overall
energy balance) to study their transport and retention proper-
ties. These studies comprised scans of impurity species (C, N,
Ne, and He) and their initial energy for the simulated back-
ground plasma densities. The impurity sources are distributed
with the same pattern as the recycling flux of the main ions.
The choice to distribute the impurity sources in the same pat-
tern as the recycling flux is to mimic experimental conditions.
For carbon, the primary source is erosion on the divertor target
plates, with a source rate ΓC ∝ YchemΓH. For neon and helium,
this starting distribution also makes sense: in the OP1.2b oper-
ational phase, neon and helium were not pumped. Therefore,
a short puff at the beginning of the experimental program was
needed to keep a constant impurity content. This means that in
steady-state, the information on the initial source location from
the puff is lost. Because of this, we assume that the helium
and neon impurities are also starting in the same pattern as
the recycling flux, since this mimics ‘fully recycling’ condi-
tions. The only impurity where this assumption may break
down is for the nitrogen impurities. In experiment, to main-
tain a steady-state source of nitrogen the divertor gas injec-
tion system [26] must continuously inject nitrogen. However,
as will be discussed in section 3, the location of the extrinsic
source will likely not play a role in determining whether par-
allel or perpendicular transport brings the impurities to the
LCFS. No recycling and self-sputtering is taken into account.
Thus, once an impurity ion hits any surface it will be absorbed.
Impurities were launched with an initial energy of 0.03 eV
to mimic thermal release from the wall. However, for car-
bon impurities 2 different energies were investigated (0.03 eV
and 10 eV).

3. Results

This section is organized as follows: First a broad overview of
the retention capability of the island divertor for each impurit-
ies species, as a function of separatrix density, will be shown.
This retention capability is quantified by a retention factor f
defined as:

f =
Simp [A]

nz,LCFS [m−3]
(4)

where Simp is the total impurity source rate in Amps and nz,LCFS
is the total impurity density at the LCFS. The retention factor
is defined such that a reduction of the impurity density at the
LCFS for a fixed source would increase the retention factor.
Thus, for impurities that are sourced in the divertor, this quan-
tifies the global capability of the divertor to keep impurities
away from the confined plasma.

Following these global results, we will move towards
understanding which transport processes are responsible for
the observed global behavior. Three transport processes are
investigated. First, we will perform a parallel impurity ion
transport analysis to understand if there is any importance of
parallel transport in impurity leakage to the LCFS. The par-
allel transport analysis investigates the relation of the impur-
ity ionization source to the parallel impurity flow stagnation
point. Then we will investigate the effects of perpendicular
impurity transport. This will be done by scanning the anom-
alous impurity diffusion coefficient on a fixed plasma back-
ground. Finally, we will investigate the role that impurity neut-
ral transport (impurity ionization length) has on determining
the impurity retention factor in the W7-X island divertor.

3.1. Global results

The impurity retention factor, defined in equation (4), for each
impurity species as a function of main ion separatrix density is
plotted in figure 6(a). There are several observations that can
be made in figure 6(a). Firstly, the retention factor changes
significantly depending on the impurity species for a given
impurity neutral energy. The value of the retention factor fol-
lows well the ionization energy of the different impurity spe-
cies: carbon has the lowest ionization energy and is the most
well-retained. Helium has the highest ionization energy and is
the least well-retained. The ionization energies are correlated
with how far an impurity can travel as a neutral before it ion-
izes (ionization mean free path). The ionization mean free path
(λiz) can be calculated from the following equation [3]:

λiz =
v0

ne⟨σviz⟩
(5)

where v0 is the impurity neutral velocity (calculated from its
energy) and ⟨σviz⟩ is the impurity ionization rate. The ioniz-
ation mean free path for the impurities shown in figure 6(a)
is visualized in figure 6(b) for Te = 15 eV and ne = 5× 1019

m−3. From figure 6(b), the same conclusions can be made
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Figure 6. (a) The retention factor produced by EMC3-Eirene plotted as a function of separatrix density for the various impurity species. (b)
An example of the ionization length for each species in (a) for Te = 15 eV and ne = 5× 1019 m−3.

Figure 7. (a) The parallel ion temperature gradient contribution and (b) the main ion flow velocity contribution to the parallel impurity flow
velocity of nitrogen at ne,s = 1× 1019 m−3. The sum of these two, for the equilibrium nitrogen 3+ flow pattern, is plotted in (c). Over the
vast majority of the island SOL, the direction of the N3+ flow velocity is the same as that of the main ion flow. There exists a small region
where the parallel ion temperature gradient term dominates, pointed to by a green line. The magnitude of the flow in this region is very
small, leading to the dark color.

about the impurity neutral energy: higher energy carbon neut-
rals penetrate deeper into the SOL before ionizing, and are
therefore less well-retained than low energy impurities of the
same species (stated already elsewhere [9]). An explanation
of why helium does not follow the typical ionization energy
dependence at low separatrix densitywill be discussed in detail
in section 3.5.

Finally, it is clear from figure 6(a) that the behavior of the
retention factor with density strongly depends on the species.
The retention of nitrogen and carbon behave rather similarly,
whereas neon and helium see a saturation and then degradation
of the retention factor above specific density levels.

We will now investigate the parallel impurity force balance
and its relation to the impurity ionization source. This allows
us to determine whether impurities ionize in a region of the
field line dominated by the ion thermal force. Additionally, it
allows us to determine if changes in the amount of impurities
ionizing in a thermal force regime is responsible for the dens-
ity/species behavior plotted in figure 6(a).

3.2. Parallel impurity force balance

As stated in previous work [10], it is expected that the fric-
tion force becomes ever-more dominating over the ion thermal

force as the plasma density is increased. Therefore, the par-
allel impurity force balance is analyzed for the lowest dens-
ity simulation ne,s = 1× 1019 m−3 as a worst case scenario,
both in the simulation set as well as in experiment (as stated
in section 2, separatrix densities lower than ne,s = 1× 1019

m−3 were not experimentally attainable in the last operational
phase). Equation (3) is used to solve for the equilibrium par-
allel impurity flow velocity, keeping in mind that the parallel
density gradient term is small in comparison to the main ion
flow velocity and parallel ion temperature gradient terms:

Vz,∥ ≈ Vi,∥ +
τs
mz

[
(βi − 1)

dTi
ds

]
. (6)

In our simulations, the electric field and electron thermal
forces are at least an order of magnitude smaller than the ion
thermal and friction forces. The parallel density gradient term
is also much smaller than the ion thermal and friction forces
except directly near the divertor target plate, where it may be
on a similar magnitude as the ion thermal force. However, as
will be shown in figure 7, its inclusion will not change the con-
clusions of this paper: that the friction force is dominant over
the majority of the SOL. All terms of equation (6) are plotted
for toroidal angle φ = 0◦ in figures 7(a)–(c). In figure 7(a),
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Figure 8. (a) A field line profile of the ion temperature gradient contribution to the parallel impurity flow velocity (green), the main ion
flow contribution to the parallel impurity flow velocity (black) and the nitrogen ionization source (blue). Thermal force dominated regions
of the field line are shaded in gray. The location of the field line is plotted as red dots in (b). (b) A poloidal cross section of the nitrogen
ionization source at toroidal angle 0◦. The LCFS and the island separatrix is plotted in black. The strike line is indicated by the intersection
of the island separatrix with the target.

the ion temperature gradient contribution to the parallel impur-
ity flow velocity is plotted. Figure 7(b) shows the main ion
flow contribution to the parallel impurity flow velocity, and
figure 7(c) shows the equilibrium parallel impurity flow velo-
city for the N3+ ions. (Note: the velocities will be similar for
all ionization states because the Z−2 dependence in τ s cancels
with the Z2 dependence in βi [3].) As is clear from figure 7(c),
over the vast majority of the island SOL the direction of the
parallel nitrogen flow velocity is the same as that of the main
ions (figure 7(b)). It is only very far upstream, beyond the
X-point close to the LCFS, that there exists an area of the
SOL where the ion temperature gradient term exceeds that of
the main ion flow. The zone is not easily seen in figure 7(c)
because the magnitude of the velocity is very small. A green
arrow is used to indicate the area.

The region where the ion temperature gradient term dom-
inates is easier to see when plotting the magnitude of the two
velocity contributions along a field line located within the
main heat and particle flux channel, figure 8(a). The location
of this field line is indicated by the red dots in figure 8(b).
The field line profile is plotted from target to target, mean-
ing that the midpoint of the profile corresponds to the most-
upstream location. The shaded region of figure 8(a) indicates
the area upstream where the ion temperature gradient contri-
bution (plotted in green) dominates over the main ion velocity
contribution (black). The field line profile plotted in figure 8(a)
indicates an additional area where the ion temperature gradient
term dominates. This localized region corresponds to a trans-
ition where the field line is less than one full toroidal transit to
the target.

However, these areas where the ion temperature gradient
term dominates only directly contribute to parallel impurity
leakage to the LCFS only if there is a finite impurity ioniz-
ation source there. The nitrogen ionization source along the
field line is plotted in blue in figure 8(a). The nitrogen ion-
ization source appears as several very localized peaks along
the field line. This strong localization with multiple peaks is

a consequence of the modular divertor design in combination
with the low field line pitch within the island. As indicated in
figure 1, the island rotates poloidally around the LCFS as it
moves toroidally around the machine and interacts with mul-
tiple divertors (both horizontal and vertical targets). The indi-
vidual peaks of the nitrogen ionization source correspond to
these multiple interactions. The low internal island field line
pitch means that it can take more than one toroidal turn before
the field line is poloidally far enough away from the target to
be outside of the impurity ionization zone. The shape of the
nitrogen ionization source in figure 8(a) cannot be resolved
by the length scale over which the field line is plotted (hun-
dreds of m). In reality, close to the target on the ionization
length scale (usually in the cm range), the shape of the ion-
ization source is smooth (figure 8(b)). Regardless, figure 8(a)
indicates that all impurities ionization occurs within regions
of the field line where the main ion flow contribution to
equation (6) dominates over the ion temperature gradient
contribution. Therefore, in the parallel direction and in the
absence of perpendicular transport, the impurities are expec-
ted to be fully retained in the island divertor. The full poloidal
distribution of the nitrogen ionization source (figure 8(b)),
in comparison to figure 7(c), also shows that this statement
holds true throughout the entire SOL and not just the chosen
field line.

As stated at the beginning of this section, this analysis was
performed for the ‘worst case scenario’: where the ion thermal
force is largest in magnitude. Even in this case, as outlined
above, the impurity ionization source is located entirely in
regions of the SOL dominated by the friction force. This indic-
ates that the improvement of impurity retention for nitrogen in
the island SOL (figure 6(a)) for this density scan cannot arise
from variations of the impurity ionization within a region of
the SOL dominated by the ion thermal force. It also provides
indications that, under these experimentally relevant condi-
tions, impurity leakage to the LCFS is not caused by paral-
lel transport. The only available option left for impurities to
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Figure 9. (left) Nitrogen density and (right) Helium density as the impurity anomalous diffusion coefficient is reduced. A strong reduction
of impurity density at the LCFS is observed with a decrease of the anomalous diffusion coefficient.

reach the LCFS is via perpendicular transport, which will be
discussed next.

3.3. The role of perpendicular transport in impurity leakage

To verify the relevance of perpendicular transport for impur-
ity leakage, the magnitude of the perpendicular transport for
the impurities only is reduced in the simulations by scan-
ning the anomalous impurity diffusion coefficient Dz. The
plasma background was kept fixed and different trace impur-
ity transport simulations were performed for Dz = 0.5 m2s−1,
Dz = 0.01 m2s−1 and Dz = 0.001 m2s−1. The results at ne,s =
1× 1019 m−3 for both nitrogen (left) and helium (right) impur-
ities are plotted in figure 9 at toroidal angle φ = 12◦. For both
nitrogen and helium, the distributions plotted in figure 9 rep-
resent the sum over all impurity ionization states. The island
bounding flux surface is plotted in white.

The reduction of Dz from 0.5 to 0.001 m2s−1 leads to a
reduction of both nitrogen and helium density at the LCFS by
more than an order of magnitude (approximately a factor of 50
for both species). It is a near perfect retention of both the low
and high ionization energy species. Figure 9 clearly shows the
locations in the island SOL where the impurities accumulate
and that the accumulation significantly increases with decreas-
ing Dz. It is noteworthy that the impurities at lower Dz accu-
mulate near the center of the island, where the impurity flow
velocity stagnates, Vz,∥ ≈ 0 (figure 7(c)). This accumulation
is consistent with modeling of other devices, such as LHD
[27]. The small parallel impurity flow velocity, in combina-
tion with the very low internal field line pitch of the island,
leads to long impurity residence times near the island center
(O-point). These long residence times lead to the local accu-
mulation of impurities even if the impurity source to this loca-
tion is small. Both the established impurity density gradient as
well as the long impurity residence time consequently allows

for perpendicular transport across the flow stagnation region
to the LCFS.

3.4. The role of ionization mean free path in retention
behavior

We have established in the previous sections that impurity
leakage in the W7-X island SOL is caused by perpendicu-
lar transport. Therefore, the leakage mechanism is fundament-
ally different from a tokamak. However, as already discussed
at the beginning of section 3, the impurity retention factor
is influenced by the ionization mean free path (ionization
energy/neutral energy) of the impurity species. Longer ioniz-
ation mean free paths allow neutrals to penetrate deeper into
the island SOL before ionizing. The distance between the ion-
ization location and the LCFS consequently reduces, making
it easier for impurity ions to transport perpendicularly across
the LCFS. Additionally, the longer ionization mean free path
allows more impurity neutrals from the strike line region to
ionize close to the impurity flow stagnation region and estab-
lish the accumulation there.

The ionization mean free path directly results in changes to
the impurity ionization source distribution. A poloidal and tor-
oidal average of the nitrogen, neon, 10 eV carbon and helium
ionization sources is performed to obtain a radial profile of
the ionization source for these species. These radial profiles
are plotted in figures 10(a) and (b). Due to the 3D SOL and
modular divertor targets, the targets interact with the plasma
at different radial locations depending on toroidal angle. The
‘target area’ labeled in figures 10(a) and (b) indicates the radial
region across which a portion of the poloidal/toroidal area is
intersected by target plates. The nomenclature is used to be
consistent with other work [18].

There are two mechanisms in which the impurity retention
can be reduced/increased:
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Figure 10. Toroidally and poloidally averaged radial impurity ionization profiles for (a) helium as a function of separatrix density and (b)
for neon, helium, nitrogen and 10 eV carbon at ne,s = 3.0× 1019 m−3.

(1) The radial profile of the impurity ionization source is shif-
ted towards/away from the LCFS

(2) The radial profile of the impurity ionization source is
not shifted, but the profile has become more/less peaked
towards the LCFS. An increase in the peakedness of the
profile results in a larger fraction of the impurities ioniz-
ing further upstream for a fixed ionization front.

Figure 10(a) provides an example of the radial profile of
the helium ionization source for the separatrix density scan.
The differences in the radial profiles of the helium ioniza-
tion source explains why the helium retention saturates at
ne,s = 2× 1019 m−3 and then decreases (figure 6(a)). From
ne,s = 1× 1019 m−3 to ne,s = 2× 1019 m−3, the radial ion-
ization profile shifts away from the LCFS. However, from
ne,s = 2× 1019 m−3 to ne,s = 3× 1019 m−3, the radial ioniz-
ation source profile becomes more peaked towards the LCFS.
Although not shown the differences of the radial ionization
source profiles of the other impurity species (nitrogen, neon
and carbon) as a function of density also explain the density
dependence of their retention values plotted in figure 6(a).

The differences of the retention between the various impur-
ity species can also be explained by differences in their radial
ionization source profiles. An example at ne,s = 3× 1019 m−3

is plotted in figure 10(b). The least well-retained impurity at
this density level is helium, plotted in black. The most well-
retained impurity in the dataset plotted in figure 10(b) is nitro-
gen, plotted in green. As expected, the radial ionization source
profile of helium is located closest to the LCFS, while that of
nitrogen is located furthest from the LCFS.

3.5. Why helium is more retained than nitrogen at the lowest
density

Figure 6(a) indicates that helium is better retained in the island
SOL than nitrogen at the lowest separatrix density level. This is
counter-intuitive when one thinks purely about the ionization
mean free path of the impurities. From ionization length argu-
ments alone, the deeper penetration of helium would help it to
ionize geometrically closer to the LCFS and flow stagnation
region, which would result in a lower retention as compared

to nitrogen. This section aims to provide an explanation for
what causes this reversal of expectation.

As stated in section 3.3, the dwell time of the impurity in
the SOL and in particular the flow stagnation region is import-
ant. A longer dwell time leads to higher local impurity densit-
ies and higher perpendicular density gradients, which leads to
more perpendicular transport and consequently smaller impur-
ity retention of the island SOL. One way to increase the impur-
ity dwell time is to reduce the parallel impurity flow velocity.
A reduction of the parallel impurity flow velocity can res-
ult from situations where the ion thermal force is not strong
enough to cause flow reversal, but is still on a similar mag-
nitude to the friction force. This situation is present in the low-
est density simulation case.

Although both nitrogen and helium are in a friction force
dominated regime at ne,s = 1× 1019 m3, the magnitude of the
ion thermal force is different for the two impurities. This dif-
ference arises mainly due to differences in βi, but there also
exists a difference in τs/mz. Physically, both the ion thermal
force and the friction force represent collisional processes.
As the transfer of momentum between two colliding species
is more efficient between ions of similar mass, it is qualit-
atively expected that the friction force is increased, and the
ion thermal force reduced, for impurities closest in mass to
the main ion species (hydrogen). The mass ratio (µ= mz

mi+mz
)

appears in the following way for βi [3]:

βi =
3
(
µ+ 5

√
2Z2

(
1.1µ5/2 − 0.35µ3/2

)
− 1

)
2.6−µ+ 5.4µ2

(7)

and for τs/mz:

τs
mz

∝
mz/

√
mi

Z2 (mz+mi)
. (8)

Computing these factors, it is found that βi,He ≈
1.8Z2, τs,He/mHe ∝ 0.8Z−2, βi,N ≈ 2.4Z2, τs,N/mN ∝
0.93Z−2. Multiplying these factors together we find that
βi,Heτs,He/mHe ≡ fHe ≈ 1.44 while βi,Nτs,N/mN ≡ fN ≈ 2.24.
Taking the ratio fN/fHe indicates that, in this simplified picture,
the impact of the ion thermal force is about 1.5 times stronger
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Figure 11. The retention factor, equation (4), including helium
simulations where the mass of helium was set to be 20 amu in βi
and τs/mz.

for nitrogen than for helium. These differences are much
smaller among the other impurities in the dataset, because µ
does not vary significantly from carbon (µ= 0.92) to neon
(µ= 0.95).

Therefore, the ion thermal force is smaller for helium
(µ= 0.8) than for the other impurities. Consequently, the mag-
nitude of its parallel flow velocity (which is directed towards
the target plate), (equation (6)) is larger at low density com-
pared to the other impurity species. Thus, its dwell time in the
SOL is smaller. In the simulation, it is possible to prove dir-
ectly that it is the similarity of the helium mass to the hydro-
gen mass which causes the deviation of the retention factor
from the typical ionization length scaling at low density. The
impurity mass in τ s and βi is artificially set to be the mass of
a heavier impurity (in this case 20 amu) and the trace impurity
transport simulation is re-run for helium. The mass of helium
is only modified in these two terms and is kept to 4 amu for the
rest of the transport calculation. The modified retention beha-
vior with density is consistent with the naive expectations as
shown in figure 11.

The helium from the previous simulation set with physic-
ally correct mass, plotted in black, is compared to the case
where the mass of helium in the τ s and βi terms are modi-
fied, plotted in blue. The differences between the two cases
are largest for the lowest 2 separatrix densities. As the dens-
ity increases, the retention differences between the ‘normal’
helium case and the 1heavy’ helium case become small.
Eventually, they equal each other at the highest separatrix
density simulation. Furthermore, the 1heavy’ helium simula-
tion set shows helium as the worst-retained impurity over the
entire density range. These results indicate that it is indeed
the small mass of helium that leads to the deviation of the
retention factor from the typical ionization length scaling. The
mass of deuterium and tritium comes even closer to that of
helium, implying that the retention of helium would be further
improved in DT plasmas.

4. Discussion and conclusion

The EMC3-Eirene results presented above have shown:

(1) All impurity ionization takes place in a region of the island
SOL dominated by the friction force. As a result, parallel
transport does not directly contribute to impurity leakage
in W7-X.

(2) Perpendicular transport, in particular through the island
O-point region, is responsible for impurity leakage in the
standard magnetic field configuration. Suppressing per-
pendicular transport leads to a near perfect retention of
impurities in the island SOL in the simulated low Frad

conditions.
(3) The impurity retention factor is different depending on the

plasma background or the impurity species. These differ-
ences can be attributed to changes in the ionization mean
free path of the impurities. However, unlike a tokamak, the
retention differences from ionization mean free path are
related to the perpendicular distance between the impur-
ity ionization location and the LCFS, not changes in the
amount of impurities ionized in a region of the SOL dom-
inated by the ion thermal force.

(4) In cases where the ion thermal force significantly reduces
the magnitude of the parallel impurity flow velocity, but
impurity flow is still directed towards the target, the impur-
ity retention is reduced. This is attributed to an increase of
the impurity dwell time in the SOL. However, it is import-
ant to note that this decrease of impurity retention still
arises from perpendicular transport: the longer dwell time
allows for more particles to diffuse to the LCFS. Due to
the dependence of the ion thermal force (βi) on the impur-
ity mass, the increase in impurity dwell time is smaller for
helium than for other impurities.

These conclusions are drawn from results taken from
EMC3-Eirene modeling of experimentally achievable plasma
conditions. The lack of parallel forces bringing impurities
to the LCFS may prove to be a beneficial feature of island
divertor transport in comparison to that of a tokamak. As an
example, we compare the impurity enrichment level of nitro-
gen in these simulations as compared to that of a single null
tokamak divertor. To do this, we compute the downstream
pressure-weighted average of the nitrogen concentration and
compare to the nitrogen concentration at the separatrix. The
downstream pressure-weighted average is used because it
largely reflects the location of the plasma strike line. In our
simulation at ne,s = 2.5× 1019 m−3, we find that the nitrogen
enrichment level ηN = cN,div/cN,sep = 10.8. Levels at similar
input power, separatrix density, and trace nitrogen for SOLPS-
ITER simulations of ASDEX-U (without drifts included)
show ηN ≈ 1.5 in the outer divertor [28]. Experimental levels
of nitrogen enrichment at ASDEX-U range between 2–5 [29,
30]. However, it is important to note that drifts have an impact
on the level of enrichment in tokamaks, generally being unfa-
vorable for impurity retention [11]. Therefore, the enrichment

10



Nucl. Fusion 64 (2024) 056042 V.R. Winters et al

value for nitrogen in W7-X using EMC3-Eirene without drifts
should be taken as an upper bound rather than as a determined
value.

The importance of perpendicular transport on the impur-
ity contamination in the island was tested by significantly
reducing the anomalous impurity diffusion coefficient Dz

and recalculating the impurity transport on the fixed plasma
background. When reducing Dz from 0.5 to 0.001 m2s−1,
both nitrogen and helium impurities saw a similar, signific-
ant reduction (approximately a factor of 50) of total density
at the LCFS, indicating the perpendicular transport is indeed
setting the density at the LCFS in these experimentally rel-
evant plasma scenarios. The strength of impurity retention is
directly related to the distance between the impurity ionization
location and the LCFS.

Simulations also provided the interesting result that, in
regions where the thermal force is not dominant, but signi-
ficant enough to offset the impurity flow velocity, helium is
better retained than other impurities, even though the ioniz-
ation length of helium is in some cases much longer. This
results from the mass of helium being comparable to hydro-
gen and hence, a larger change of the reduced mass that sets
the ion thermal force. The ion thermal force should be even
more reduced for helium in comparison to other species in deu-
terium plasmas, where the difference in mass between helium
and the main species becomes even smaller.

The largest uncertainty in the results presented in this work
is the effect of drifts on the main ion and impurity flows.
Quantification of drift effects are still in the preliminary phase
in W7-X, with most effort concentrated on the poloidal E⃗r× B⃗
flow [31, 32]. Depending on the direction of themagnetic field,
this drift flow poloidally shifts the location of maximum pres-
sure along the outer separatrix of the island, from the geomet-
rical midpoint of the island to somewhere in between this mid-
point and the X-point [32]. This effect would poloidally shift
the main ion flow stagnation region closer to the strike line on
the upper divertor target plates and away from the strike line
on the lower divertor target plates, or vice versa upon reversal
of the magnetic field direction. Although one can expect a
redistribution of heat and particles from the drift effects, the
poloidal drift is essentially a binormal transport mechanism.
As discussed in section 2, binormal transport has the effect of
reducing the parallel ion temperature gradient. Therefore, the
inclusion of the drift will likely not increase the magnitude
of the ion thermal force, and the parallel impurity ion flow
should still be well-coupled to the main ion flow. Nonetheless,
the inclusion of the poloidal drift velocity for the impurities
would decrease the dwell time in the parallel flow stagnation
region, counteracting the perpendicular transport mechanism
that has been described in section 3.3. At the same time, unless
drifts are completely dominating the particle dynamics, there
should be a location within the island where the poloidal com-
ponent of the parallel impurity flow velocity exactly cancels
with the poloidal impurity drift flow velocity. This would lead
to a ‘net zero’ poloidal flow stagnation region where the per-
pendicular transport mechanism we have discussed would still
play a role.

Experimentally, the relevant operational density regime for
W7-X is close to detachment, which occurs at separatrix dens-
ities above 3× 1019 [14, 18, 33]. At such density levels, the ion
thermal force is so small that it does not even offset any of the
impurity species’ flow from the main ion flow [9]. In a simula-
tion at 3× 1019 m−3 where the ion thermal force was removed
and was compared to a simulation which was identical, except
for including the ion thermal force showed a minimal differ-
ence of total impurity density at the LCFS (∼10%). On top
of this, it is known that the upstream temperature reduces
upon the onset of detachment [18], which is further expec-
ted to reduce the parallel temperature gradients and thus the
ion thermal force. Therefore, it is expected that the retention
follows the expected ionization length scaling in the relevant
operational space. The differences in impurity flow resulting
from ion thermal force differences between helium and nitro-
gen at very low density may be accessible in the next exper-
imental campaign using the coherence imaging spectroscopy
diagnostic [34–36]. Though not reactor-relevant, these meas-
urements would be interesting for validation of the simulation
results presented here.
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