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Abstract

This paper analyzes the neutral fluxes in the divertor region of the W7-X standard configuration
for different input powers, both under attached and detached conditions. The performed analysis
is conducted through EMC3-EIRENE simulations. They show the importance of the horizontal
divertor to generate neutrals, and resolve the neutral plugging in the divertor region. Simulations
of detached cases show a decrease in the number of generated neutrals compared to the attached
simulations, in addition to a higher fraction of the ion flux arriving on the baffles during
detachment. As the ionization takes place further inside the plasma during detachment, a larger
percentage of the generated neutral particles leave the divertor as neutrals. The leakage in the
poloidal and toroidal direction increases, just as the fraction of collected particles at the
pumping gap. The fraction of pumped particles increases with a factor two, but stays below one
percent. This demonstrates that detachment with the current target geometry, although it
improves the power exhaust, is not yet leading to an increased particle exhaust.
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1. Introduction

For the operation of fusion power plants based on magnetic
confinement, both tokamak and stellarator concepts are cur-
rently studied. An advantage of a stellarator in comparison
with a tokamak is the inherent capability for steady-state oper-
ation due to the missing requirement of an induced plasma cur-
rent. In all fusion power plants, density control and exhaust
of neutral particles are crucial for operation [1]. These neut-
rals can originate from the helium ash due to neutralization on
first wall surfaces and targets, or through recombination, or as
extrinsic fueled particles [2]. As no fusion is taking place in
current devices, and as in Wendelstein 7-X (W7-X) no recom-
bination was observed [3], the present neutrals are only ori-
ginating from plasma-wall interactions at the plasma facing
components, and extrinsic fueling.

W7-X is a stellarator which is optimized for reduced neo-
classical transport [4]. W7-X exists of five identical modules
from which each module is in itself stellarator symmetric. To
enhance power and particle exhaust from the core plasma,
a divertor is installed. The employed divertor is an island-
divertor meaning that the divertor plates are intersecting large
magnetic islands in the edge [5]. The plasma facing compon-
ents in W7-X are made from carbon which causes carbon
impurities in the plasma. In figure 1(a) the divertor region of
one W7-X module is shown. In this figure the divertor targets
are indicated in red and the surrounding baffles in blue. The
resulting strikepoints for the investigated configuration are cal-
culated with field line tracing using FLARE [6] and shown in
green. The effect of the employed island configuration on the
Poincaré map in the low-iota region can be seen in figure 1(b).

W7-X can operate in different magnetic configurations.
The configuration which is investigated in this paper and from
which the Poincaré map and strikepoints are shown in figure 1,
is the so-called standard configuration in which the same cur-
rent is used in all non-planar coils and no current is applied
to the planar coils [7]. The effect of other magnetic configur-
ations on the strikepoint locations and the overall plasma per-
formance can be found in [8].

In the presented work, the origin and exhaust of neutrals in
hydrogen experiments performed during Operation Phase 1.2b
(OP1.2b) are analyzed. The origin of the neutrals is determ-
ined by the divertor targets as they are the main plasma facing
components [9, 10]. References [11, 12] indicate that the loca-
tion from the magnetic islands in the plasma can effect hydro-
gen and helium fueling and exhaust in W7-X, large helical
device (LHD), and helically symmetric experiment (HSX).
Stephey et al [12] show that the magnetic configurations for
W7-X examined in that paper do not influence the hydro-
gen exhaust, but they do influence the helium exhaust. This is
important as one of the key goals from a divertor is to remove
the helium ash resulting from the fusion reaction. In the current
work, however, these effects are not investigated as the focus is
on an in-depth analysis of the hydrogen neutrals in the stand-
ard configuration of W7-X. References [13, 14] show for LHD
that the position of the divertor targets and baffles determines
the subdivertor pressure and in that way the particle exhaust.

Modifying the location and shape of the divertor and baffles
of W7-X, however, would not allow its current magnetic flex-
ibility. This leads to the baffle design shown in figure 1 which
is called an open divertor structure [15]. The incoming plasma
neutralizes at the strikepoint locations. The role of the baffles is
to keep the generated neutrals in the divertor region and guide
them to the subdivertor. Due the open divertor structure, the
neutrals are not trapped as well as would be the case in a closed
divertor configuration.

The examined experiments have an input power of 3.3 MW
and 5.5 MW. They are selected from the experiments presented
in [3]. Neutrals which are not ionized in the divertor, can leave
the divertor region through the pumping gap, in the poloidal
direction, or in the toroidal direction as indicated in figure 1. A
first step to improve the neutral exhaust, is a better understand-
ing of the fluxes indicated in figure 1. As these neutral fluxes
cannot be measured directly in experiments, EMC3-EIRENE
modeling is used to get a better understanding of their spatial
distribution.

EMC3-EIRENE is a coupling between the EMC3 and the
EIRENE code. EMC3 is a kinetic Monte Carlo code solv-
ing the Braginskii equations for plasma particles, energy and
momentum [16], where EIRENE is a Monte Carlo code solv-
ing the Boltzmann equation providing the neutral source terms
in the Braginskii equations [17].

In a first section the setup of the EMC3-EIRENE simula-
tions is described. Section 3 handles the comparison between
performed simulations and experimental neutral subdivertor
pressures to ensure the simulation mimics well the neutral
behavior of the experiments. This allows to investigate the
neutral behavior in sections 4 and 5 dealing with the origin
and exhaust of the present neutrals, before coming to a sum-
mary of the main results in the last section.

2. Simulation setup

W7-X exhibits five fold symmetry, and each half module is
a mirror image of the other half. Therefore, only half a mod-
ule is simulated with EMC3-EIRENE ranging from 0° to 36°.
The structures included in the simulation are shown in figure 2
including the divertor targets, baffles, heat shield, toroidal cov-
ers, vessel wall, pumping gap panel, and pumping surfaces.
During OP1.2b each half module of W7-X was equipped with
three turbo pumps which were connected to the subdiver-
tor region at two locations: below the low-iota pumping gap
and below the high-iota gap as indicated in figure 1. In the
employed EMC3-EIRENE structure, the pumps are modeled
as absorbing surfaces below the actual pumping duct which
is indicated in pink in figure 2. To mimic a pumping speed
of 0.21m?s~! at the entrance of the pump ducts of W7-X, an
absorption coefficient of 0.06 for the pink pumping surface is
employed in the EMC3-EIRENE calculations as described in
[18]. As pumps are included in the simulation setup, but fuel-
ing not, the released neutral flux is rescaled to account for the
pumped fraction. This makes that the released neutral flux is
slightly larger than the ion flux reaching the targets, baffles and
heath shield.
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Figure 1. The different paths a neutral can follow if they are not
ionized inside the divertor region. In the presented work, the
poloidal and toroidal neutral fluxes are evaluated as shown in the
figure, as well as the flux through the pumping gap. In (a) one
divertor module is shown. In (b) a toroidal cross section in the
low-iota region (region where the low-iota pumping gap is located)
is shown together with the Poincaré plot at this location. In both
figures the baffles are indicated in blue and the divertor targets

in red.

WT7-X structure as input for EMC3-EIRENE
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Figure 2. The included W7-X structures in the EMC3-EIRENE
modeling looking from inside. The axis are expressed in
centimeters.

In a next step, FLARE [6] is employed to generate a
116 x 401 x 34 (radial x poloidal x toroidal points) grid from
which a toroidal cross section is shown in figure 3. In the
blue area the grid is both used for plasma and neutral sim-
ulations, where the remaining part only treats neutrals. The
required magnetic field for grid construction is based on the
vacuum field of the coils calculated by solving the Biot—Savart

EMC3-EIRENE grid: overview

100 /

50
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Figure 3. A toroidal cross section of the employed EMC3-EIRENE
grid at ¢ = 12°. In (a) the entire cross section is shown where (b)
gives a detailed view of the divertor region. The black lines indicate
the in-vessel structures of W7-X which are included in the
performed modeling and are also shown in figure 2. The grid part
which treats both plasma and neutrals is indicated in blue.

equations. By using the vacuum approximation for the mag-
netic equilibrium, the effect of plasma currents and high
effects are not included although they influence the plasma
as shown in [19]. In [20] it has been shown that these high
B effects are moderate for limited heating powers which are
used in the presented work. Besides, the effects of drift flows
which cause an asymmetry in the plasma between the upper
and lower parts of the modules [21, 22] is not implemented
in the current version of EMC3-EIRENE. A last effect which
is not considered, are the error fields on the magnetic equilib-
rium. In [23] it has been shown that these effects are small,
but [24] indicates that the effect on the plasma edge can not be
ignored.

As indicated in [25] the most accurate way of recreating
the effect of carbon radiation in an EMC3-EIRENE simula-
tion for detached W7-X studies, is to impose fraq. As the dis-
charge took place after boronization, most intrinsic impurit-
ies are bound to the wall and carbon is supposed to be the
only radiating species [26]. The imposed radiated fraction will
determine the amount of carbon present in the device. For all
performed simulations, f1,q is taken from experimental bolo-
meter data [27]. As in [25], the imposed power at the innermost
boundary of the plasma grid is 90% of the injected power dur-
ing the experiment to account for core radiation losses from
Bremsstrahlung. To obtain the imposed fr,q, EMC3-EIRENE
will adjust the carbon influx during the performed simula-
tions. Going from an attached to a detached plasma state in
the 3 MW simulation, this carbon influx will start at 0.101 kA
in the most attached simulation for a line-integrated density of
neri. = 7.0- 10 m~2, will increase to 0.156 kA where it has a
rollover (for n,;; = 8.5- 10 m~2) and decreases afterwards
to 0.771kA (for n,;; = 10-10""m~2). f.q keeps increasing
though.

The electron density is imposed at the separatrix position.
It is calculated from the experimental line-integrated density
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obtained with the available dispersion interferometer [28].
Using the path length (~1.3 m), the line-averaged density is
known. In the performed study the same assumptions as in
tokamaks concerning the separatrix density are made [29].
Therefore, the density at the separatrix is assumed to be % of
the line-averaged density. From [30] it can be concluded that
this assumption is reasonable for W7-X. In future work, a com-
parison with densities measured by the Thomson Scattering
system from W7-X is foreseen [31]. A spatially constant
anomalous diffusivity of D= 1m?s~! is imposed both for
the present hydrogen and carbon species. Besides, a spatially
constant anomalous electron and ion thermal conductivity of
Xe = Xi = 3m?s! is assumed. All anomalous transport coef-
ficients are taken from [10]. Bold et al [30] indicates that it is
difficult to obtain quantitative agreement between simulations
and experiments for all measured plasma and neutral quantit-
ies. However, Feng et al [25] indicates that the global trends
can be captured well by EMC3-EIRENE even when full agree-
ment with experimental data is not achieved. Therefore, as in
[10], the goal is to ensure these trends rather than to obtain
full agreement. In the next sections, these trends are verified
by the change in the subdivertor neutral pressure, and by the
H, signal evolution.

In EMC3-EIRENE, neutral particles are traced in EMC3,
while EIRENE is responsible for atomic reactions and plasma-
surface interactions. Neutral fluxes are computed after a con-
verged EMC3-EIRENE simulation in a post-processing sim-
ulation step. After a simulation is converged, one additional
EIRENE iteration is made, in which fixed surfaces are added
in the desired locations. The neutral fluxes to these surfaces
are written out without modifying further the plasma quant-
ities. In this way the neutral fluxes indicated in figure 1 are
calculated in section 5 to spatially resolve the neutrals leaving
the divertor.

3. Comparison with experimental neutral pressures

The investigated experiments are programs 201 80814.009
with an injected electron cyclotron resonance heating of
~3.3MW and 201 80814.025 with ~5.5 MW [3]. The full
set of available diagnostics to which the simulations can be
compared for programs in OP1.2b, can be found in [32].
In a first step, the modeled subdivertor pressures are com-
pared with the experimental ones at the vessel wall below
the pumping gap [33]. A comparison with this measurement
is shown in figure 4(a) for both simulations. The simulated
pressures are not only compared with the experimental data of
[3] but with all similar experiments during OP1.2b in stand-
ard magnetic configuration (after boronization). In program
20180814.009 a larger density range is achieved than in exper-
iment 20180814.025. As the radiated fraction is taken from
experiments, also the simulation frame is limited to the dens-
ities from the experiment. This makes that it was possible to
perform more simulations for the first case making it easier to
verify trends between simulations and experiments. On top,
it was more difficult to reach steady-state required for the
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Figure 4. Comparison between the simulated (red) and
experimentally observed (blue) pressures. The simulation is tuned to
the experiment shown by blue marks with red border. Data points
with a radiated fraction above 0.5 are indicated with triangles, data
points with a lower radiated fraction are indicated with circles.

In (a) the agreement for shot 201 80814.009 with an input power of
3.3 MW is shown, in (b) the agreement for shot 201 80814.025 with
an input power of 5.5 MW.

bolometer data for the investigated densities in the 5.5 MW
experiment than in the 3.3 MW program limiting the number
of 5.5 MW simulations to four.

In this comparison, the measured neutral pressure is com-
pared with the simulated molecular pressure. In fact, the
atoms are thermalized in the ducts of the pressure gauge. This
decreases the atom temperature. As the pressure measurement
relies on the temperature of neutrals [34], the contribution of
the atomic pressure to the measured pressure can be ignored.

Figure 5 shows the simulated neutral hydrogen atom dens-
ity profiles in the vicinity of the divertor with a line-integrated
density of 7- 10" m~2 on the left (attached, lowest simulated
density in figure 4), and 10 - 10" m~2 on the right (detached,
highest simulated density in figure 4) for the case with 3 MW
of input power. Under attached conditions, the sharp density
gradient towards the plasma core on figure 5(a) shows that a
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Figure 5. The simulated hydrogen atom densities for attached (a) and detached (b) conditions in the vicinity of the divertor target. In
attached conditions the density is higher close to the targets but decreases fast where in detached conditions this is a smoother transition.
On the right plot, the Poincaré curves are added to highlight the structure of the island divertor in W7-X.

lot of the generated neutrals are ionized in the vicinity of the
divertor targets and that the ionization front is moved more
inwards with detachment. Feng er al [25] shows that the neut-
ral penetration length in the near-target region increases when
the amount of radiation is increased due to this inward shift.
On top, the influence of the charge exchange processes and
the elastic collisions will modify the path neutrals travel in the
reactor leading to longer mean-free paths which makes that
more of them reaches the pumping gap as shown in the next
sections [25]. On figure 5, the Poincaré plot illustrates that the
location of high ion fluxes—and in that way the one of high
neutral density—falls together with the strikepoint location.
The decrease in hydrogen atom density behind the pumping
gap is explained by an increase of hydrogen molecules in this
region. Due to the interaction from the atoms with the wall
and subdivertor structures in the stellarator, they form hydro-
gen molecules.

4. Location of neutralization

As mentioned in the introduction, neutrals in the W7-X exper-
iments originate from interaction between plasma and plasma
facing components (mainly divertor targets and baffles).

For the simulation with 3 MW of input power, in attached
conditions, 81.2% of the neutrals are born through plasma wall
interaction at the divertor targets—>54.1% due to interaction on
the horizontal divertor and 27.1% due to interaction on the ver-
tical one —, 17.5% due to interaction at the baffles, and 1.3%
due to interaction at the heat shield. This agrees with the find-
ings of Winters et al [10] where the small influence of the heat
shield in the neutralization process is highlighted. In detached
conditions, the neutrals are spread over a larger region. Only
75.8% of them are born at the targets, 22.7% at the baffles, and
1.6% at the heat shield. In this detached simulation, less neut-
rals are generated: the number of them born through plasma
wall interaction decreases with 57.4%.

The simulation with SMW of input power shows the
same overall trends. Both simulation sets make clear that the

generated neutrals are decreasing significantly when the radi-
ated power fraction (and the line-integrated density) increases
which is in line with the findings of references [25, 35, 36].
In [35] the same 5 MW discharge is analyzed. Over there, the
same trends are observed by the divertor Langmuir probes: the
radiation increases from 40% to 90% where the particle flux
(and in that way the number of generated neutrals) decreases
from ~2.3Am™? to ~0.9Am™2. An overview from all the
generated neutrals in the performed simulations is given in
figure 6.

The simulations are only compared at few locations with
experiments. On top, the sensitivity of the performed simu-
lations towards the not exactly known input parameters (like
radiated fraction) is not investigated, and the numerical errors
are not analyzed in detail. Therefore, no error bars on the
simulation result are defined and the percentages coming
from the simulations should be taken qualitatively rather than
quantitatively.

Figure 6 indicates that the distribution of neutral sources
is only slightly influenced by the regime of the plasma, both
in attached and detached simulations the main neutral source
are the targets. Under detached conditions, however, there is a
slightly increase of generated neutral fraction at the baffles.
This can be explained by the strikepoint plots of figure 7.
For these strikeline plots, FLARE is employed. The diffusion
coefficient in FLARE takes into account the temperature of
the particles at the divertor target resulting in a larger diffu-
sion for colder cases. This makes that under detached condi-
tions in which the temperature at the divertor target is colder,
the strikepoints are more spread out and coming closer to the
baffles in comparison with field line following under attached
conditions. Therefore, a larger fraction of the recycling flux
will originate from the baffles. By comparing figures 6(a)
and (b) no influence of the input power on the recycling flux
location is noticed.

For attached conditions, Kremeyer et al [9] discusses the
origin of neutrals in W7-X discharges based on experimental
observations. As in the presented simulations, the majority
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Origin of neutrals in 3MW simulation
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Figure 6. Overview of the origin of the neutrals in the performed
simulations for the 3 MW (a) and 5 MW (b) simulation.

Figure 7. The strikepoints under attached (green) and
detached(black) conditions. Especially on the vertical target it is
clear in the figure that the black points (detached) are spread over a
larger area in comparison with the green ones (attached).

of the recycled neutrals originates from the horizontal diver-
tor. For the examined 3 MW shot (experiment 201 80814.009)
one of the H,, signals is given in figure 8. For the other H,
cameras similar signals were obtained (both in the 3 MW
and 5SMW programs). The H, signal at 6s agrees with a
line-integrated density of ~7.0-10""m~2, and at 8.2s with
a line-integrated density of ~9.5-10'”m~2. As indicated on
the figure, the flux decreases with ~56% during this trans-
ition. This agrees well with the simulation in which the flux
decreases with 48.1% between the two simulations as can be
seen in figure 6. As in the simulations the majority of neut-
rals originates from the horizontal divertor, especially from the

Integral photon flux - camera 11A - H-alpha
in 20180814.009

1lel9
L~ 0.9 —4— baffle
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Figure 8. The H,, intensity for discharge 201 80814.009 which is
the modeled shot with 3 MW of input power.

vicinity of the strikepoint. In the performed simulations the
spatial distribution of the generated neutrals was studied for
the simulations with 3 MW of input power and also shows that
most of them originate from the strikeline around the low-iota

pumping gap.

5. Exhaust of the neutrals out of the divertor region

In a fusion device the goal is to pump as little main neutrals
as possible, but enough to keep density control and as much
as necessary to remove helium. Otherwise, the temperature
throughput becomes a problem. In this section, it is analyzed
what is happening with the generated hydrogen neutrals of
section 4.

After being born through plasma wall interaction, the
majority of the neutrals will be re-ionized in the divertor
region. Under attached conditions more particles are ionized
in comparison with under detached conditions as can be seen
in figure 9. This is partially caused because more particles
are generated in attachment (see figure 6), but also because
in detachment the neutrals will travel further as demonstrated
in [25]. This causes more particles to leave the divertor region
during detached plasma operation, but also explains why the
ionization front moves inwards in detachment.

Besides re-ionizing, a part of the particles will be collec-
ted at the pumping gap, and another fraction of the neutrals
will also leave the divertor region in the poloidal and toroidal
direction into the main chamber, as indicated in figure 1. In
order to maximize the subdivertor pressure, and in that way
the pumping efficiency, it is important to keep these poloidal
and toroidal fluxes as low as possible, the divertor plugging
should be as high as possible.

The EMC3-EIRENE analysis indicates that for 3 MW of
input power, in attached conditions, 1.5% of the neutrals neut-
ralized at the divertor is leaving the divertor region in the pol-
oidal direction, 1.3% in the toroidal direction, 4.0% of the
particles is collected at the pumping gap, and the remaining
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Figure 9. The simulated ionization sources for the lowest density, attached simulation (a), and for the highest density, detached simulation

(b) in case of 3 MW input power.

part is re-ionized in the divertor region. In this analysis, the
neutrals are only followed from the divertor targets until they
reach the border of the divertor region (see figure 1). An exten-
ded analysis in which the neutrals are also followed afterwards
which makes it possible to determine how many neutrals are
coming back to the divertor region is left for future work.
Similar flux ratios are observed in attached conditions with
5 MW input power as can be seen in figure 10.

The performed analysis shows that only limited number of
neutrals is guided to the subdivertor which is to be expected for
an open divertor. On top, a large part of the neutrals reaching
the pumping gap will eventually leak back into the plasma. For
the performed simulations, the pumped flux is analyzed. In the
3 MW attached simulation, only 0.19% of the generated neut-
rals is pumped out. In the EMC3-EIRENE model, this means
that only 0.19% of the particles is absorbed by the pink sur-
face of figure 2. Given that 4.0% of the particles is reaching
the pumping gap, this means that 95% of the particles enter-
ing the pumping gap are leaking back into the plasma. In the
performed simulations the only gap through which the neut-
rals leak back into the plasma is the pumping gap. In reality,
also small gaps exist between the divertor tiles and the leaking
fraction will be higher.

These findings agree with the experimental estimates from
Wenzel et al [37]. Over there the net flow through the pump-
ing gap (I'gap) is investigated. This is the flux reaching the
pumping gap minus the neutral flux coming from the sub-
divertor and going back into the plasma. The studied dis-
charges differ between [37] and the work presented in this
paper. Nevertheless, the order of magnitude for the pumped
flux agrees, but I'y,, is an order of magnitude smaller than
the flux towards the divertor shown in figure 10 from which
the backflow is not subtracted. In OP1.2b only turbo pumps
were available. As indicated in [38] it is expected that newly
installed cryo pumps increase the pumped fraction, even when
the subdivertor pressure stays similar.

The pumping gap can be split in two regions: the low-iota
pumping gap, and the high-iota pumping gap which is located
further down the divertor far away from the strikeline location

Neutral fluxes in 3 MW simulation
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Figure 10. Overview of the neutral fluxes in the performed
simulations for the 3 MW (a) and 5 MW (b) simulation. The
pumped fraction is indicated in pink as a percentage of the total
number of neutrals. The particles which make it through the
pumping gap, but are not pumped, flow back through the pumping
gap to the main chamber. It should be remarked that the number of
released neutrals is decreasing while increasing the radiative
fraction as indicated in figure 6.

in standard configuration. As expected the low-iota pumping
gap collects most of the pumped flux. The performed EMC3-
EIRENE simulations show, that this is independent of density,
injected power, and radiation. In all examined cases around
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Figure 11. The total released neutral flux and the fraction reaching the pumping gap for the simulations with 3 MW (a) and 5 MW (b) of
input power. On the right axis the corresponding radiated fraction is indicated.

84% of the flux to the subdivertor region is going through the
pumping gap at the low-iota end of the target.

The number of particles escaping in the poloidal and tor-
oidal direction, is an indication how well the particles are
plugged to the divertor. As only 2.8% of the particles leaves
the divertor region in the poloidal and toroidal direction, the
neutrals are plugged well to the divertor in attached conditions.

In detachment, plugging is decreasing and 11.8% of the
particles leaves the divertor in the poloidal or toroidal direc-
tion for the 3 MW simulation, and even 15.4% for the 5 MW
simulation. The inwards move of the ionization front explains
why the plugging decreases in detachment. The main prob-
lem, however, is the limited number of neutrals gathered by
the turbo pumps. During detachment the pumped flux slightly
increases, but due to the low pressures, the flow stays in the
molecular flow regime as the subdivertor pressure stays too
low to enhance neutral neutral collisions. This means that
particles bounce from wall to wall and are not guided to the
pumps by friction from neutral-neutral collisions. As a result,
the pumped flux stays below one percent and the total pumped
fraction even drops as the number of generated neutrals is
lower. An improved subdivertor structures which guides the
neutrals better to the pumps and avoids that they flow back into
the main chamber can improve the pumped fraction as up to
10.4% of the generated neutrals makes it to the pumping gap.

Figure 10 shows that a four to six times higher fraction
of the neutrals escape in the poloidal or toroidal direction
in detachment in comparison with attachment. How much
higher the fraction is, seems to depend on the input power.
Furthermore, the collection fraction in detachment doubles in
comparison with the one in attachment. This seems to be inde-
pendent of the input power. This also results in a double frac-
tion of pumped out particles.

The performed simulations show that the number of gener-
ated neutrals increases for small line-integrated densities (and
small radiative fractions) until it reaches a saturation point
after which the incoming ion flux and in that way the num-
ber of released neutrals starts to decrease. Figure 11(a) shows
that this maximum is achieved for a line-integrated density of
7.5-10"”m™2 ( f,,q = 0.25) in case of 3 MW of input power.

When the released neutral flux start to decrease, the transition
to detachment has started [25] after which f',q starts to control
the behavior of the discharge rather than the imposed n, ; ;.. For
intrinsic impurities it has been demonstrated in [36] that f,q
rather scales with n2. The main decrease in released neutrals
takes place when f,4 exceeds 0.5 as can be seen on the figure.
Betweenn, ;; =8.5-10”m~2andn,;; =9.0-10"m~2, the
radiated fraction increases from 45% to 70%. The maximum
number of particles are collected for a line-integrated density
0f 9.0 - 10" m~2. Feng et al [25] explains the later peak in flux
to the pumping gap in comparison with the peak in neutral flux
due to the increased neutral penetration length while detaching
the divertor. From figure 11(which presents the simulation res-
ults from before in a different way) the percentage of generated
neutrals reaching the divertor gap—the green curve divided by
the red one—always increases with the line-integrated dens-
ity, also after the rollover for the flux to the pumping gap.
Figure 11(b) shows a similar behavior for the simulations with
5 MW of input power.

6. Summary and conclusion

In future fusion power plants, density control and exhaust of
neutral particles are crucial for operation. To understand bet-
ter the particle exhaust in W7-X, EMC3-EIRENE simulations
are performed to analyze the generation of neutrals and fluxes
in the divertor region of W7-X. The performed simulations
cover a range of line-integrated densities in standard config-
uration for different heating powers and radiated fractions.
In a first step, the simulated neutral subdivertor pressures are
compared with experimental observations. The same trends
in neutral pressures are found between experiments and the
performed simulations. This allows to study the overall trends
with EMC3-EIRENE simulations.

An analysis of the origin of the neutrals show that the
baffles become more important for the recycling flux while
going from attached conditions to detached ones. In detach-
ment the ion flux arriving at the divertor region is decreas-
ing meaning that less neutrals are generated. These findings
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are independent of the input power. Currently, only one
configuration, the so-called standard configuration, is invest-
igated. It has been shown in [12] that the magnetic configur-
ation can influence the exhaust of hydrogen and helium. An
in-depth analysis of the neutral fluxes with EMC3-EIRENE in
such other configurations is left for future work.

After studying the origin of the neutrals, the EMC3-
EIRENE simulations are used to determine where the neut-
rals are going. In attached conditions a large fraction re-ionizes
close to the divertor targets. Due to a longer neutral penetration
length, the ionization front will move inwards in detachment
and a smaller fraction of the neutrals re-ionizes. The flux cap-
tured at the pumping gap increases, but also a larger fraction
of the particles escapes the divertor region in the poloidal and
toroidal directions.

The pumped flux increases accordingly, but as the subdiver-
tor pressures do not increase, only 0.19% of the neutrals is
pumped out. The increase of the fraction of the neutrals leav-
ing in toroidal and poloidal directions shows that detachment
is in the current target geometry good for heat exhaust, but has
draw back when it comes to plugging the neutrals to the diver-
tor region. As in all simulations less than 8% of the neutrals
is leaking in the toroidal direction, the performed simulations
demonstrate that a toroidally segmented divertor is feasible.
The main gain in pumped fraction, however, can be achieved
by guiding the particles which make it to the pumping gap in
a better way to the pumps and in that way avoid that they leak
back to the main chamber.

Data availability statement

The data cannot be made publicly available upon publication
because no suitable repository exists for hosting data in this
field of study. The data that support the findings of this study
are available upon reasonable request from the authors.

Acknowledgments

This work was funded by the Department of Energy Under
Grant Number DE-SC0014210.

The publisher, by accepting the article for publication
acknowledges, that the United States Government retains a
non-exclusive, paid-up, irrevocable, world-wide license to
publish or reproduce the published form of this manuscript, or
allow others to do so, for United States Government purposes.

This work has been carried out within the framework of
the EUROfusion Consortium, funded by the European Union
via the Euratom Research and Training Programme (Grant
Agreement No. 101052200 - EUROfusion). Views and opin-
ions expressed are however those of the author(s) only and
do not necessarily reflect those of the European Union or the
European Commission. Neither the European Union nor the
European Commission can be held responsible for them.

The EMC3-EIRENE and FLARE simulations were per-
formed at the UW Madison Centre for High Throughput
Computing (CHTC) (https://doi.org/10.21231/GNT1-HW21)

and on the HPC system Raven at the Max Planck Computing
and Data Facility.

ORCID iDs

Dieter Boeyaert (2 https://orcid.org/0000-0003-0920-8660
Yuhe Feng (@ https://orcid.org/0000-0002-3846-4279
Heinke Frerichs (2 https://orcid.org/0000-0002-3527-5106
Thierry Kremeyer (2 https://orcid.org/0000-0002-6383-

944X
Dirk Naujoks @ https://orcid.org/0000-0003-4265-6078
Felix Reimold © https://orcid.org/0000-0003-4251-7924

Oliver Schmitz
Victoria Winters
Sergey Bozhenkov
3532

Joris Fellinger
Marcin Jakubowski

https://orcid.org/0000-0002-9580-9149
https://orcid.org/0000-0001-8108-7774
https://orcid.org/0000-0003-4289-

https://orcid.org/0000-0003-2380-0329
https://orcid.org/0000-0002-6557-

3497

Ralf Konig @2 https://orcid.org/0000-0002-4772-0051
Valeria Perseo (2 https://orcid.org/0000-0001-8473-9002
Georg Schlisio @ https://orcid.org/0000-0002-5430-0645

Uwe Wenzel (9 https://orcid.org/0000-0002-4107-9291

References

[1] Day C and Giegerich T 2014 Development of advanced
exhaust pumping technology for a DT fusion power plant
IEEE Trans. Plasma Sci. 42 1058-71

[2] Reiter D, Wolf G and Kever H 1990 Burn condition, helium
particle confinement and exhaust efficiency Nucl. Fusion
302141

[3] Schmitz O et al (W7-X team) 2020 Stable heat and particle
flux detachment with efficient particle exhaust in the island
divertor of Wendelstein 7-X Nucl. Fusion 61 016026

[4] Pedersen T S et al 2022 Experimental confirmation of efficient
island divertor operation and successful neoclassical
transport optimization in Wendelstein 7-X Nucl. Fusion
62 042022

[5] Strumberger E 1996 SOL studies for W7-X based on the
island divertor concept Nucl. Fusion 36 891

[6] Frerichs H, Schmitz O, Waters I, Evans T, Feng Y and
Soukhanovskii V 2015 Field line reconstruction for edge
transport modeling in non-axisymmetric tokamaks
configurations Bull. Am. Phys. Soc. 60 (available at: https:/
meetings.aps.org/Meeting/DPP15/Event/251933)

[7] Geiger J, Beidler C D, Feng Y, Maallberg H,
Marushchenko N B and Turkin Y 2014 Physics in the
magnetic configuration space of W7-X Plasma Phys.
Control. Fusion 57 014004

[8] Pedersen T S et al 2018 First results from divertor operation in
Wendelstein 7-X Plasma Phys. Control. Fusion 61 014035

[9] Kremeyer T ez al 2022 Analysis of hydrogen fueling, recycling
and confinement at Wendelstein 7-X via a single-reservoir
particle balance Nucl. Fusion 62 036023

[10] Winters V et al 2021 EMC3-EIRENE simulation of first wall
recycling fluxes in W7-X with relation to H-alpha
measurements Plasma Phys. Control. Fusion 63 045016
[11] Bader A, Kobayashi M, Schmitz O, Akerson A, Effenberg F,

Frerichs H, Feng Y, Hegna C and Ida K (The LHD
Experimental Group) 2016 Modeling of helium transport


https://doi.org/10.21231/GNT1-HW21
https://orcid.org/0000-0003-0920-8660
https://orcid.org/0000-0003-0920-8660
https://orcid.org/0000-0002-3846-4279
https://orcid.org/0000-0002-3846-4279
https://orcid.org/0000-0002-3527-5106
https://orcid.org/0000-0002-3527-5106
https://orcid.org/0000-0002-6383-944X
https://orcid.org/0000-0002-6383-944X
https://orcid.org/0000-0002-6383-944X
https://orcid.org/0000-0003-4265-6078
https://orcid.org/0000-0003-4265-6078
https://orcid.org/0000-0003-4251-7924
https://orcid.org/0000-0003-4251-7924
https://orcid.org/0000-0002-9580-9149
https://orcid.org/0000-0002-9580-9149
https://orcid.org/0000-0001-8108-7774
https://orcid.org/0000-0001-8108-7774
https://orcid.org/0000-0003-4289-3532
https://orcid.org/0000-0003-4289-3532
https://orcid.org/0000-0003-4289-3532
https://orcid.org/0000-0003-2380-0329
https://orcid.org/0000-0003-2380-0329
https://orcid.org/0000-0002-6557-3497
https://orcid.org/0000-0002-6557-3497
https://orcid.org/0000-0002-6557-3497
https://orcid.org/0000-0002-4772-0051
https://orcid.org/0000-0002-4772-0051
https://orcid.org/0000-0001-8473-9002
https://orcid.org/0000-0001-8473-9002
https://orcid.org/0000-0002-5430-0645
https://orcid.org/0000-0002-5430-0645
https://orcid.org/0000-0002-4107-9291
https://orcid.org/0000-0002-4107-9291
https://doi.org/10.1109/TPS.2014.2307435
https://doi.org/10.1109/TPS.2014.2307435
https://doi.org/10.1088/0029-5515/30/10/012
https://doi.org/10.1088/0029-5515/30/10/012
https://doi.org/10.1088/1741-4326/abb51e
https://doi.org/10.1088/1741-4326/abb51e
https://doi.org/10.1088/1741-4326/ac2cf5
https://doi.org/10.1088/1741-4326/ac2cf5
https://doi.org/10.1088/0029-5515/36/7/I06
https://doi.org/10.1088/0029-5515/36/7/I06
https://meetings.aps.org/Meeting/DPP15/Event/251933
https://meetings.aps.org/Meeting/DPP15/Event/251933
https://doi.org/10.1088/0741-3335/57/1/014004
https://doi.org/10.1088/0741-3335/57/1/014004
https://doi.org/10.1088/1361-6587/aaec25
https://doi.org/10.1088/1361-6587/aaec25
https://doi.org/10.1088/1741-4326/ac4acb
https://doi.org/10.1088/1741-4326/ac4acb
https://doi.org/10.1088/1361-6587/abe39c
https://doi.org/10.1088/1361-6587/abe39c

Plasma Phys. Control. Fusion 66 (2024) 015005

D Boeyaert et al

and exhaust in the LHD edge Plasma Phys. Control. Fusion
58 124006

[12] Stephey L et al 2018 Impact of magnetic islands in the plasma
edge on particle fueling and exhaust in the HSX and W7-X
stellarators Phys. Plasmas 25 062501

[13] Masuzaki S, Shoji M, Tokitani M, Murase T, Kobayashi M,
Morisaki T, Yonezu H, Sakamoto R, Yamada H and
Komori A 2010 Design and installation of the closed helical
divertor in LHD Fusion Eng. Des. 85 940-5

[14] Morisaki T et al 2013 Initial experiments towards edge plasma
control with a closed helical divertor in LHD Nucl. Fusion
53 063014

[15] Renner H, Boscary J, Greuner H, Grote H, Hoffmann F,
Kisslinger J, Strumberger E and Mendelevitch B 2002
Divertor concept for the W7-X stellarator and mode of
operation Plasma Phys. Control. Fusion 44 1005

[16] Feng Y et al 2014 Recent improvements in the EMC3-Eirene
code Contrib. Plasma Phys. 54 426-31

[17] Reiter D, Baeclmans M and Boerner P 2005 The EIRENE and
B2-EIRENE codes Fusion Sci. Technol. 47 172-86

[18] Feng Y 2018 Evaluation of leakage effects on pump efficiency
of HHF-divertor Technical report Max Planck Institute for
Plasma Physics

[19] Lore J D et al 2019 Measurement and modeling of magnetic
configurations to mimic overload scenarios in the W7-X
stellarator Nucl. Fusion 59 066041

[20] Xu S et al 2023 Modeling of plasma beta effects on the island
divertor transport in the standard configuration of W7-X
Nucl. Fusion 63 066005

[21] Hammond K et al 2019 Drift effects on W7-X divertor heat
and particle fluxes Plasma Phys. Control. Fusion 61 125001

[22] Kriete D er al 2023 Effects of drifts on scrape-off layer
transport in W7-X Nucl. Fusion 63 026022

[23] Lazerson S A et al 2018 Error fields in the Wendelstein 7-X
stellarator Plasma Phys. Control. Fusion 60 124002

[24] Effenberg F et al 2019 Investigation of 3d effects on heat fluxes
in performance-optimized island divertor configurations at
Wendelstein 7-X Nucl. Mater. Energy 18 2627

[25] Feng Y et al 2021 Understanding detachment of the W7-X
island divertor Nucl. Fusion 61 086012

[26] Sereda S et al 2020 Impact of boronizations on impurity
sources and performance in Wendelstein 7-X Nucl. Fusion
60 086007

[27] Zhang D et al 2021 Bolometer tomography on Wendelstein
7-X for study of radiation asymmetry Nucl. Fusion
61 116043

[28] Brunner K, Akiyama T, Hirsch M, Knauer J, Kornejew P,
Kursinski B, Laqua H, Meineke J, Mora H T and Wolf R
2018 Real-time dispersion interferometry for density
feedback in fusion devices J. Instrum. 13 09002

[29] Wischmeier M et al 2007 Simulating divertor detachment of
ohmic discharges in ASDEX upgrade using SOLPS: the
role of carbon 34th EPS Conf. on Plasma Physics
(European Physical Society)

[30] Bold D, Reimold F, Niemann H, Gao Y, Jakubowski M,
Killer C and Winters V R (The W7-X Team) 2022
Parametrisation of target heat flux distribution and study of
transport parameters for boundary modelling in W7-X Nucl.
Fusion 62 106011

[31] Pasch E, Beurskens M, Bozhenkov S A, Fuchert G, Knauer J
and Wolf R C (W7-X Team) 2016 The Thomson scattering
system at Wendelstein 7-X Rev. Sci. Instrum. 87 11E729

[32] Hathiramani D er al 2018 Upgrades of edge, divertor and
scrape-off layer diagnostics of W7-X for opl. 2 Fusion
Eng. Des. 136 304-8

[33] Wenzel U, Schlisio G, Mulsow M, Pedersen T S, Singer M,
Marquardt M, Pilopp D and Riiter N 2019 Performance of
new crystal cathode pressure gauges for long-pulse
operation in the Wendelstein 7-X stellarator Rev. Sci.
Instrum. 90 123507

[34] Haas G and Bosch H 1998 In vessel pressure measurement in
nuclear fusion experiments with ASDEX gauges Vacuum
513946

[35] Jakubowski M et al 2021 Overview of the results from divertor
experiments with attached and detached plasmas at
Wendelstein 7-X and their implications for steady-state
operation Nucl. Fusion 61 106003

[36] Perseo V et al 2021 2D measurements of parallel
counter-streaming flows in the W7-X scrape-off layer for
attached and detached plasmas Nucl. Fusion 61 116039

[37] Wenzel U et al 2022 Gas exhaust in the Wendelstein 7-X
stellarator during the first divertor operation Nucl. Fusion
62 096016

[38] Schlisio G et al 2021 The evolution of the bound particle
reservoir in Wendelstein 7-X and its influence on plasma
control Nucl. Fusion 61 036031


https://doi.org/10.1088/0741-3335/58/12/124006
https://doi.org/10.1088/0741-3335/58/12/124006
https://doi.org/10.1063/1.5026324
https://doi.org/10.1063/1.5026324
https://doi.org/10.1016/j.fusengdes.2010.08.048
https://doi.org/10.1016/j.fusengdes.2010.08.048
https://doi.org/10.1088/0029-5515/53/6/063014
https://doi.org/10.1088/0029-5515/53/6/063014
https://doi.org/10.1088/0741-3335/44/6/325
https://doi.org/10.1088/0741-3335/44/6/325
https://doi.org/10.1002/ctpp.201410092
https://doi.org/10.1002/ctpp.201410092
https://doi.org/10.13182/FST47-172
https://doi.org/10.13182/FST47-172
https://doi.org/10.1088/1741-4326/ab18d1
https://doi.org/10.1088/1741-4326/ab18d1
https://doi.org/10.1088/1741-4326/acc7b8
https://doi.org/10.1088/1741-4326/acc7b8
https://doi.org/10.1088/1361-6587/ab4825
https://doi.org/10.1088/1361-6587/ab4825
https://doi.org/10.1088/1741-4326/acab75
https://doi.org/10.1088/1741-4326/acab75
https://doi.org/10.1088/1361-6587/aae96b
https://doi.org/10.1088/1361-6587/aae96b
https://doi.org/10.1016/j.nme.2019.01.006
https://doi.org/10.1016/j.nme.2019.01.006
https://doi.org/10.1088/1741-4326/ac0772
https://doi.org/10.1088/1741-4326/ac0772
https://doi.org/10.1088/1741-4326/ab937b
https://doi.org/10.1088/1741-4326/ab937b
https://doi.org/10.1088/1741-4326/ac2778
https://doi.org/10.1088/1741-4326/ac2778
https://doi.org/10.1088/1748-0221/13/09/P09002
https://doi.org/10.1088/1748-0221/13/09/P09002
https://doi.org/10.1088/1741-4326/ac7e2f
https://doi.org/10.1088/1741-4326/ac7e2f
https://doi.org/10.1063/1.4962248
https://doi.org/10.1063/1.4962248
https://doi.org/10.1016/j.fusengdes.2018.02.013
https://doi.org/10.1016/j.fusengdes.2018.02.013
https://doi.org/10.1063/1.5121203
https://doi.org/10.1063/1.5121203
https://doi.org/10.1016/S0042-207X(98)00131-6
https://doi.org/10.1016/S0042-207X(98)00131-6
https://doi.org/10.1088/1741-4326/ac1b68
https://doi.org/10.1088/1741-4326/ac1b68
https://doi.org/10.1088/1741-4326/ac277a
https://doi.org/10.1088/1741-4326/ac277a
https://doi.org/10.1088/1741-4326/ac7ac4
https://doi.org/10.1088/1741-4326/ac7ac4
https://doi.org/10.1088/1741-4326/abd63f
https://doi.org/10.1088/1741-4326/abd63f

	Analysis of the neutral fluxes in the divertor region of Wendelstein 7-X under attached and detached conditions using EMC3-EIRENE
	1. Introduction
	2. Simulation setup
	3. Comparison with experimental neutral pressures
	4. Location of neutralization
	5. Exhaust of the neutrals out of the divertor region
	6. Summary and conclusion
	References


