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Abstract

During the first test divertor campaign of the stellarator experiment Wendelstein 7-X (Pedersen
et al 2022 Nucl. Fusion 62 042022), OP1.2b, 13 neutral gas pressure gauges collected data in
different locations in the plasma vessel, enabling a detailed analysis of the neutral gas pressures,
the compression ratios and the particle exhaust rates via the turbomolecular pumps in the
different magnetic field configurations. In Wendelstein 7-X, the edge magnetic islands are
intersected by the divertor target plates and used to create a plasma-wall interface. As the
number and position of the magnetic islands varies in different magnetic field configurations,
the position of the strike line on the target plates and thus the neutral gas pressure in the
subdivertor differs between the configurations. Neutral gas pressures on the order of few

10~* mbar were measured in the subdivertor region. The highest neutral gas pressure of

1.75 x 1073 mbar was obtained in the so-called high iota configuration featuring four edge
magnetic islands per cross section. The neutral particle flux through the pumping gaps into the
subdivertor volume was provided by EMC3-EIRENE simulations and allowed to analyze the
relation between the particle flux entering the subdivertor and the pressure distribution in the
subdivertor. Finite element simulations in ANSYS provide a detailed picture of the pressure
distribution in the subdivertor volume and agree with the neutral gas pressure measurements in
the subdivertor in the standard configuration featuring an island chain of 5 edge magnetic
islands. Surprisingly high neutral gas pressures that were not predicted by the simulation were
measured in the subdivertor region away from the main strike line for discharges in the most
used magnetic configuration, the standard configuration. While the pressure ratio between the
two sections of the subdivertor volume, the low and high iota section is 0.06 in high iota
configuration, a ratio of 2—5 was obtained in the other configurations, indicating significant
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particle loads and exhaust rates on the high iota section of the subdivertor in magnetic
configurations with the main strike line on the low iota divertor targets.

Keywords: Wendelstein 7-X, neutral gas pressure, particle exhaust

(Some figures may appear in colour only in the online journal)

1. Introduction

Wendelstein 7-X [1, 2] is the most advanced stellarator exper-
iment and went into operation in 2015 [3-6]. With a major
radius of R = 5.5 m, a minor radius of r = 0.5 m and a
plasma volume of 30 m3, Wendelstein 7-X is, together with
LHD [7], the largest operating stellarator. In contrast to the
dominating magnetic confinement concept in fusion research,
the tokamak, which is based on an external toroidal mag-
netic field together with a poloidal magnetic field induced by
a plasma current [8], the stellarator with its externally gener-
ated magnetic field, is not subject to current driven instabilities
and pulsed operation, but can be operated continuously, thus
providing a prospect for the use of nuclear fusion as an energy
source.

In Wendelstein 7-X, heat and particle exhaust is realized by
a divertor following the island divertor concept [9-11], which
was first explored in the predecessor device Wendelstein 7-
AS [12, 13]. The first results using the island divertor concept
in Wendelstein 7-X were obtained in operation phase OP1.2a
with a test divertor unit consisting of uncooled graphite targets
[14], designed for power loads of up to 8 MWm~2 [15]. The
divertor units are equipped with various diagnostics that allow
to explore the properties of the divertor design regarding neut-
ral gas compression and particle exhaust [16, 17].

For the operation of fusion devices, density control is of
great importance and can be complicated by particle reten-
tion in the wall. The wall accounts for a bound particle reser-
voir and can act as a dynamic particle source and sink during
plasma discharges. It is analyzed by a gas balance based on the
different particle sources and sinks, such as the neutral particle
content derived from neutral gas pressure measurements [18].
While controlled particle fueling is the first key require-
ment for density control, the second one is effective particle
exhaust, which is determined by the pumping speed of the
turbomolecular pumps connected to the subdivertor volume
as well as the neutral gas pressure in the subdivertor. Neutral
gas pressure measurements in different positions in the plasma
vessel, near the pumping gap and in the subdivertor volume are
used to assess the efficiency of the divertor to collect and retain
neutral particles. Apart from the divertor geometry, particle
exhaust in the island divertor can be enhanced by modifying
the geometry of the magnetic islands. Changing the size and
shape of the islands by applying a control coil current and thus
moving the strike line of the plasma closer towards the pump-
ing gap accounts for 30%—-50% higher neutral gas pressures in
the subdivertor [19].

As the neutral gas pressure in the subdivertor is a key ele-
ment to characterize particle exhaust and therefore density
control in a plasma experiment, the data obtained from neutral

gas pressure measurements during the last campaign, OP1.2b,
is presented here in detail for the main magnetic configura-
tions used in Wendelstein 7-X. Together with measurements
of the recycling flux in front of the pumping gaps of the diver-
tor units and calculations of the particle fluxes through the
pumping gaps provided by EMC3-EIRENE, the impact of the
divertor geometry on the neutral gas pressure distribution in
the subdivertor and thus on the particle removal efficiency can
be explored using finite element simulations.

Sections 2 and 3 of the paper give an overview over the
divertor geometry and the gas exhaust system in Wendelstein
7-X as well as the neutral gas pressure gauges used for the
measurements of the neutral gas pressure.

Section 4 presents the neutral gas pressures obtained in
Wendelstein 7-X at different locations in the plasma vessel for
different magnetic field configurations and plasma parameters.

In section 5, the distribution of the neutral gas pressure in
the subdivertor volume is analyzed in detail for two discharges
in standard and high iota magnetic field configuration. The
measurements are compared to the results obtained by finite
element simulations and analytical calculations, providing a
more detailed understanding of the processes involved in neut-
ral gas transport in the subdivertor.

2. Divertor geometry and neutral gas exhaust
systems in Wendelstein 7-X

In Wendelstein 7-X, the divertor used for heat and particle
exhaust is based on the island divertor concept. The island
divertor concept makes use of the magnetic islands present in
the edge magnetic field in order to reduce heat and particle load
on the divertor targets. The individual divertor units consist of
target elements [20-22] intersecting the magnetic islands. The
number and location of the island cross sections at a given tor-
oidal location in the plasma vessel is dependent on the rota-
tional transform ¢, which measures the number of poloidal
turns per toroidal turn of a magnetic field line on a toroidal flux
surface. In the different magnetic field configurations, the ¢ =
5/6 resonance generates 6 intersections of the magnetic island
per cross section in the low iota configuration, z = 5/5 corres-
ponds to 5 in the standard configuration and ¢ = 5/4 is used
to create 4 intersections of the island in the high iota config-
uration. The divertor consists of an upper and a lower divertor
unit in each of the five modules of the plasma vessel, resulting
in 10 divertor units in total.

Each divertor unit, as shown in figure 1, consists of a so-
called low iota section, middle section and high iota section.
The low iota section includes the horizontal and vertical target
elements and a set of adjacent baffles [23], the large pumping



Plasma Phys. Control. Fusion 65 (2023) 055024

V Haak et al

Small pumping gap

High iota+*
section

Large pumping gap
— Middle
section

Low iota

AEI port :
: section

Vertical targets Horizontal targets

AEH port

Figure 1. Geometry of one divertor module in Wendelstein 7-X
including the pumping ducts at the AEH port and the AEP port, the
horizontal and vertical divertor targets and the large and small

pumping gap.

gap on the inboard side with a surface area of 0.15 m? (from the
CAD model) and a pumping duct leading from the AEH port to
two turbomolecular pumps. Behind the pumping gap, pump-
ing gap panels [24] are installed for thermal protection of the
components in the subdivertor volume. In the high iota section,
the small pumping gap with a surface area of 0.06 m? is located
on the outboard side next to the horizontal target elements. The
subdivertor space beneath it is connected to one turbomolecu-
lar pump at the AEP port. The subdivertor volume between the
low and high iota section of the divertor was separated in oper-
ation phase 1 in order to prevent particle exchange between the
two volumes.

These two volumes are pumped separately by 3 tur-
bomolecular pumps in total which are operated at 89% of their
nominal speed. The two pumps at the AEH port provide an
effective pumping speed of 2350 1s~! for the low iota sub-
divertor volume and the pump at the AEP port provides a
pumping speed of 1180 1s~! for the high iota section of the
subdivertor space [25]. The respective pumping ports as well
as a part of the subdivertor volume is surrounded by closure
plates to prevent particle leakages into other parts of the sub-
divertor. The closure plates for the high and low iota subdiver-
tor section are shown in figures 2 and 3.

For the next campaign, OP2, each divertor unit will be addi-
tionally equipped with a cryopump [26] located below the
horizontal target elements in the low iota region of the sub-
divertor. Each cryopump will provide an additional pumping
speed of 60000 1 s~ ! in deuterium [27].

Depending on the magnetic configuration, the strike line
can be located on different parts of the target elements, as
shown in figure 4. For the low iota and standard configuration,
the strike line is located on the low iota section of the divertor
near the large pumping gap, resulting in higher particle fluxes

Figure 3. Closure plates around the AEP pumping port.

through the large pumping gap compared to the small pumping
gap and a higher neutral gas pressure in the low iota subdiver-
tor volume. For the high iota configuration, the strike line on
the horizontal target elements of the high iota section of the
divertor leads to higher neutral gas pressures in the high iota
section of the subdivertor volume compared to the other mag-
netic field configurations.

3. Neutral gas pressure gauges at Wendelstein 7-X

In order to characterize the neutral gas pressure at different
locations in Wendelstein 7-X, 18 neutral gas pressure gauges
were installed for OP1.2b in different positions, including the
midplane of the plasma vessel (AEE ports), the large pump-
ing gap in the low iota section of the subdivertor volume
(AEI ports), the AEH pumping ports in the low iota section
of the subdivertor and the AEP pumping ports in the high iota
section of the subdivertor. The different ports in the subdiver-
tor volume are shown in figure 1.

The neutral gas pressure gauges provide an overview over
the neutral gas pressure at the different positions, compression
ratios, asymmetries of the neutral gas pressure in the different
divertor units as well as the rate of particles pumped out of
the subdivertor space. ASDEX pressure gauges [29] as well
as ionization pressure gauges with a LaBg-emitter are used. A
detailed description of the pressure gauges and the calibration
process is given in [17, 30].
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Figure 4. Thermal load on the horizontal and vertical targets of the divertor in standard, low iota, high iota and high mirror configuration in
MW m? at a density of 5 x 10" m~ and a heating power of 4.5 MW, modeled with EMC3-Lite [28].

Table 1. Overview over positions in Wendelstein 7-X equipped with neutral gas pressure gauges during OP1.2b.

Module Divertor unit AEH port AEP port Midplane Large pumping gap
1 Upper Yes No Yes No
2 Upper No No No No
3 Lower Yes No Yes Yes
3 Upper Yes Yes No No
4 Upper Yes No Yes No
5 Lower No Yes No Yes
5 Upper Yes No No Yes

The measurements of the neutral gas pressure obtained by
the pressure gauges are subject to an uncertainty of 15% [25].

Table 1 provides an overview over the 18 neutral gas
pressure gauges initially installed in Wendelstein 7-X dur-
ing OP1.2b, of which 13 remained functional throughout the
whole campaign, whereas five neutral gas pressure gauges
with tungsten emitters failed during operation.

4. Neutral gas pressures in Wendelstein 7-X

For controlled fusion in a fusion reactor, density control and
particle exhaust are two main requirements for stable opera-
tion. As selective exhaust of helium as a fusion product from
the neutral gas in the subdivertor is challenging and cannot
be provided by turbomolecular pumps as used in Wendelstein
7-X, the necessity to exhaust a sufficient amount of helium
increases the required particle exhaust.

The effective pumping speed S is determined by the
number of pumps installed in the respective device and their
nominal pumping speeds S as well as the conductance c of the

subdivertor structures to which the pumps are connected and
is in general described by

ey

While the particle exhaust rate is thus limited by the avail-
able pumping speed and the location of the pumps with respect
to the subdivertor volume, it increases with increasing neutral
gas pressure in front of the pumps. Thus, the neutral gas pres-
sure in the subdivertor is a key element for particle exhaust
and depends on a variety of different operational and plasma
parameters that will be discussed in this section.

The neutral gas pressures obtained in Wendelstein 7-X dur-
ing OP1.2b are subject to strong variations depending on the
magnetic field configuration and the respective location in the
subdivertor volume as well as other plasma parameters. An
overview over the neutral gas pressures during OP1.2b will be
given in this section, while a more detailed explanation of the
underlying processes will be given in section 5.
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4.1 Neutral gas pressure during attached and detached
discharges in different magnetic configurations

While a variety of different magnetic field configurations can
be used in Wendelstein 7-X, the majority of the plasma dis-
charges performed during OP1.2b used the standard, high iota,
low iota or high mirror magnetic field configuration. As the
locations of the magnetic islands with respect to the divertor
targets vary in the different magnetic configurations according
to the different rotational transforms, the different magnetic
field configurations account for different regions of interaction
between the plasma and the target modules of the divertor [31].
Simulations of these regions of interaction, the so-called strike
lines are shown in figure 4 for the four main magnetic field con-
figurations at a line integrated electron density of 5 x 10" m—2
and a heating power of 4.5 MW, indicating a position of the
strike lines closer to the large pumping gap in the standard
configuration compared to the low iota and high mirror con-
figuration. As the neutral particles follow a cosine distribution
after being neutralized at the target modules, the fraction of the
neutralized particles entering the subdivertor volume through
the pumping gap depends on the distance of the strike line from
the pumping gap.

In the standard configuration as well as the low iota and
high mirror configuration, the strike line is mainly located on
the target modules in the low iota section. Depending on the
specific configuration, it can be located on either the horizontal
or the vertical target modules or both. In the high iota config-
uration, the main strike line is located on the horizontal tar-
get modules in the high iota section. Thus, in contrast to the
other configurations, where the majority of the particles enters
the subdivertor volume through the large pumping gap, in the
high iota configuration, more neutral particles pass through the
small pumping gap and remain in the high iota section of the
subdivertor.

The corresponding neutral gas pressures for these magnetic
configurations were measured for a large number of discharges
during OP1.2b and are displayed in figure 5 for the AEH
pumping ports (low iota part of subdivertor) and in figure 6
for the AEP pumping ports (high iota part of subdivertor) in
the subdivertor volume. As there is no pressure gauge installed
near the small pumping gap, a comparison of the neutral gas
pressures at the pumping gaps would not represent the plasma
discharges in the high iota configuration appropriately.

The data points represented in the plots correspond to
experiments with electron cyclotron resonance heating (ECRH
[32-34]) only, i.e. no neutral beam injection (NBI) and without
the use of pellet or impurity injection as well as control coils.
Each data point represents an average over 200 ms in a plasma
discharge and over the data from neutral gas pressure gauges
at different toroidal locations.

In the high iota configuration, the highest neutral gas
pressures of up to 1.75 x 10~3 mbar were obtained in the
high iota section of the subdivertor, as shown in figure 6.
In the other three configurations, the neutral gas pressure is
higher at the AEH port compared to the AEP port. Com-
pared to the AEP port in the high iota configuration, lower

0.8 7
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P e High mirror configuration
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L 'y >
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Figure 5. Neutral gas pressure at AEH pumping port (low iota part
of subdivertor) for high iota (purple), standard (green), high mirror
(red) and low iota configuration (blue) over line integrated electron
density, the color intensity of the data points represents the
corresponding heating power of up to 7 MW. The variation of the
color intensities according to the heating power is indicated in the
gray scale on the right.
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Figure 6. Neutral gas pressure at the AEP pumping port (high iota
part of subdivertor) for high iota (purple), standard (green), high
mirror (red) and low iota configuration (blue) over line integrated
electron density.

neutral gas pressures at the AEH port were measured in the
other configurations and are shown in figure 5, i.e. max-
imum values of 6.00 x 10~* mbar in the standard config-
uration, 2.00 x 10~* mbar in the high mirror configuration
and 1.75 x 10~* mbar in the low iota configuration. The tur-
bomolecular pumps connected to the AEH and AEP ports
provide a pumping speed of 2350 1s~' and 1180 Is~! at
the ports, which results in a flux of pumped particles per
divertor module of up to 1.0 x 10?° as~! in high iota con-
figuration at the AEP port as well as 6.8 x 10! as™! in
standard configuration at the AEH port, both at a density of
12x 10" m—2, as wellas 2.3 x 10" as~!in high mirror con-
figuration and 2.0 x 10" as™! in low iota configuration at a
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density of 8 x 10" m~2 at the AEH port when assuming a
temperature of the neutral hydrogen particles of 300 K. While
the highest neutral gas pressures are measured at the AEP port
in the high iota configuration, the AEP port also accounts for
a significant fraction of the exhausted particles even in con-
figurations with the strike line on the low iota section of the
divertor and despite the lower pumping speed compared to the
AEH port. In the high iota configuration, the neutral gas pres-
sures at the AEH port in the range of up to 1.00 x 10~* mbar
only account for a particle exhaust of 1.1 x 10" as™!, which
corresponds to 10% of the total exhausted particles. The other
90% are pumped at the AEP port. In the standard config-
uration, pressures of up to 2.50 x 10™* mbar at the AEP
port lead to 17% of the exhausted particles being pumped
at the AEP port. Despite the lower pumping speed at the
AEP ports compared to the AEH ports, a significant num-
ber of particles is exhausted at the AEP ports due to the
higher neutral gas pressure in the high iota section in the
subdivertor.

The neutral gas pressure in the subdivertor is strongly influ-
enced by the positions of the magnetic islands and there-
fore the edge rotational transform [35], which depends on the
external magnetic field created by the field coils as well as the
magnetic field generated by internal plasma currents. As the
bootstrap current, a main contributor to the toroidal plasma
current is more dominant in the standard configuration com-
pared to the high iota configuration, larger variations of the
toroidal plasma current in the standard configuration lead to
significant effects on the position of the strike line. The neut-
ral gas pressure at the AEH ports for the four main magnetic
field configurations over the toroidal plasma current is shown
in figure 7. With increasing toroidal plasma current, the neutral
gas pressure in the low iota section of the subdivertor decreases
in the standard configuration as the strike line is moved away
from the pumping gap [36] and the neutral particle flux enter-
ing the subdivertor through the large pumping gap decreases.
In the other magnetic field configurations, the reduction of the
neutral gas pressure due to the toroidal plasma current is less
significant.

While the fluxes of pumped particles given above for
the different magnetic field configurations correspond to the
maximum values of the neutral gas pressure in the respective
configuration, the neutral gas pressure in the subdivertor and
thus the pumped particle flux decrease with decreasing plasma
density and vice versa. As the plasma density increases,
a higher ion flux towards the divertor targets leads to an
increased recycling flux as well as neutral particle flux through
the pumping gap into the subdivertor. Due to the increasing
heating power required to obtain higher electron densities,
the neutral gas pressure increases with the heating power too.
Although additional heating by neutral beam injection is used
in some discharges, no correlation with the neutral gas pres-
sure has been found.

While the plasma density is the main driver of the neutral
gas pressure in the subdivertor, the neutral gas pressure at a
given density and heating power differs between attached and
detached discharges and depends on the radiated power.

14

Standard configuration
High mirror configuration 12
Low iota configuration
High iota configuration

10

pressure at AEH port [10~2 mbar]
ne [10* m—2]

T T T T T T —0

4 6 8 10 12 14
lplasma. toroidal [kA]

Figure 7. Neutral gas pressure at the AEH pumping port (low iota
part of subdivertor) for high iota (purple), standard (green), high
mirror (red) and low iota configuration (blue) over toroidal plasma
current.

Figure 8 shows the relation between the neutral gas pressure
in the subdivertor and f,,4, the fraction of the radiated power,
which is given by the radiated power divided by the heating
power. A reference discharge, program number 20181010.008
is highlighted in order to visualize the evolution of the neut-
ral gas pressure throughout an individual plasma discharge.
fraa can be used as a criterion to distinguish attached from
detached plasma discharges. In the diagrams shown here, the
distinction is made at f,,; = 0.8, i.e. discharges with f,,; >
0.8 are considered detached and discharges with f,,; < 0.8 are
considered attached. For f,,; > 0.8, the high radiative losses
provide significant reduction of the heat load on the divertor
targets, leading to a reduction of the peak heat fluxes from
by over 70% from 3MW m~2 to below 0.8 MW m~2 [37].
For a more detailed picture of the divertor operation during
detached discharges, the reader is referred to [37, 38]. The
discharges with 2MW < Pgcry < SMW are shown on the left
and do not show a clear correlation between the neutral gas
pressure and f,,4. This applies to the discharges with Pgcry <
2 MW as well, in which the neutral gas pressure does not
vary with regard to f,,s. Therefore, these discharges are not
shown here. For the discharges with more than 5 MW heating
power (right figure), the neutral gas pressure increases with
increasing f,,q in the attached regime as long as f,q < 0.8.
For f,.q = 0.8, the neutral gas pressure stays constant and then
decreases slightly as a consequence of the decreasing recyc-
ling flux from the divertor targets during detachment [38].
Although the neutral gas pressure in the subdivertor increases
during the transition from attached to detached operation, it
has to be considered that as detached discharges require higher
plasma densities, they do not necessarily lead to an increased
fraction of pumped particles from the subdivertor compared
to attached discharges. Nevertheless, at a given plasma dens-
ity, an increase of f,,; up to 0.8 leads to increasing neutral
gas pressures in the subdivertor and thus facilitates particle
exhaust.
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Figure 8. Neutral gas pressure in the standard configuration, measured at AEH port in the low iota part of the subdivertor volume over the
fraction of the radiated power f,44, for 2MW < Pgcry < SMW (left) and SMW < Percry < 7MW (right).

4.2. Neutral gas compression ratios

The compression is defined as the ratio of the neutral gas pres-
sure in the subdivertor and in the midplane, i.e. in the main
chamber. The neutral gas in the main chamber consists of
neutral gas leaking from the subdivertor back into the main
chamber due to leaks in the subdivertor structure as well as
a fraction of the particles neutralized at the divertor targets
that does not enter the subdivertor through the pumping gap.
While the amount of particles exhausted in the subdivertor
only depends on the neutral gas pressure in the subdivertor
and thus not on the compression ratio, the compression ratio
is a useful quantity to assess how much of the neutral particle
flux from the recycling zone is collected and retained by the
divertor. In addition, higher neutral gas pressures in the main
chamber facilitate charge exchange processes and thus cause
energy losses in the plasma and fast neutrals that can damage
the plasma facing components.

In Wendelstein 7-X, the neutral gas pressure in the mid-
plane of the plasma vessel is measured in module 1, 3 and 4 of
the torus (see table 1). The neutral gas pressure in the subdiver-
tor is evaluated at three different locations, i.e. at the AEI ports
close to the large pumping gap, at the AEH ports in the low iota
section of the subdivertor volume and at the AEP ports in the
high iota section of the subdivertor. Due to the lack of neutral
gas pressure measurements near the small pumping gap, the
compression ratios in the subdivertor, i.e. at the AEH port in
the low iota section of the subdivertor volume with respect to
the midplane for discharges in standard, high mirror and low
iota configuration and at the AEP port in the high iota section
for discharges in high iota configuration, are compared for the
different configurations in figure 9.

The highest compression ratios at the pumping port are
obtained in the high iota configuration with values between
40 and 140. In the standard configuration during attached dis-
charges, values of up to 70 and slightly lower values of up to
40 and 30 are obtained in the high mirror and low iota con-
figuration, respectively. Similar compression ratios have been
measured in other plasma experiments such as Alcator C-Mod
with compression ratios of up to 70 [39] or ASDEX Upgrade
with compression ratios around 30 with the original divertor
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Figure 9. Compression ratio at the pumping ports (AEP port for
high iota configuration and AEH port for standard, high mirror and
low iota configuration) of the subdivertor with respect to the
midplane (AEE) for high iota configuration (purple), attached
(green circles) and detached (light green triangles) discharges in
standard configuration, high mirror (red) and low iota configuration
(blue) over line integrated electron density.

and up to 180 with the lyra divertor configuration [40]. The
compression ratios in the standard and high iota configuration
show the largest variation due to the wide range of parameters
covered during discharges in the these configuration, which
were the most frequently used configurations during OP1.2b.
Although detached discharges, which are highlighted in light
green in figure 9, usually result in a higher neutral gas pressure
in the subdivertor compared to attached discharges, the com-
pression ratio is lower in the detached discharges in standard
configuration compared to the attached discharges, which is
due to higher midplane pressures during detached discharges.
Although neutral gas pressure and thus particle exhaust is not
necessarily affected by lower compression ratios in this case
and even shows a tendency to increase during the transition
to detachment compared to attached plasma conditions at the
same plasma density, the higher neutral gas pressures in the
main chamber are not desirable as they account for energy
losses by charge exchange recombination and fast neutrals.
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A degradation of the compression ratios at high densities and
during the transition to detachment has been observed in other
plasma experiments like LHD [41] and Alcator C-Mod [39]
too.

The compression ratios in the high iota configuration are
about twice as high as in the standard configuration, which
applies to the neutral gas pressures at the AEP and AEH port in
the respective configurations as well, indicating similar neutral
gas pressures in the midplane in both, high iota and standard
configuration. Therefore, at a given midplane pressure, higher
neutral gas pressures in the subdivertor are obtained in the high
iota configuration compared to the standard configuration, res-
ulting in increased particle exhaust at the AEP port compared
to the standard configuration without a potential increase in
energy losses and damages to the plasma facing components
caused by higher midplane pressures.

5. Variation of the neutral gas pressure in the
subdivertor

As the flux of exhausted particles linearly depends on the neut-
ral gas pressure in front of the pumps for a given configura-
tion of turbomolecular pumps, high neutral gas pressures in the
subdivertor volume are essential. As particles are exhausted at
both, the AEH and the AEP port, the distribution of the neut-
ral gas pressure in the subdivertor volume and, in particular,
at locations of the pumps is of interest. Apart from the neutral
particle flux through the pumping gaps into the subdivertor,
the neutral gas pressure in the low and high iota section of the
subdivertor and thus the particle exhaust depend on the geo-
metry of the subdivertor space, i.e. the conductances between
the pumping gaps and the locations of the pumps as well as
the area of the leaks allowing for neutral gas to leak back into
the main chamber. As higher neutral gas pressures have been
obtained in the high iota section of the subdivertor compared
to the low iota section, the two sections will be compared with
regard to the aforementioned criteria.

Two discharges in the standard and high iota configuration
will be analyzed with respect to the distribution of the neutral
gas pressure in the low and high iota section of the subdiver-
tor volume, i.e. at the AEH and AEP pumping ports where
measurements of the neutral gas pressure are available. The
experimental data is complemented by an analytical estim-
ate for the steady state neutral gas pressure in the low and
high iota section of the subdivertor. Finite element simula-
tions provide the distribution of the neutral gas pressure across
the whole subdivertor module and are presented for a more
detailed understanding of the processes controlling the distri-
bution of the neutral gas pressure in the subdivertor. The neut-
ral particle fluxes into the subdivertor through the pumping
gaps are provided by EMC3-EIRENE simulations as an input
for the finite element calculations.

5.1. Distribution of the neutral gas pressure in the subdivertor
in the standard and high iota configuration

Figure 10 shows the pressure ratio between the AEH (low
iota part of subdivertor) and the AEP port (high iota part of
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Figure 10. Ratio of the neutral gas pressure at the AEH port (low
iota part of subdivertor) and AEP port (high iota part of subdivertor)
in standard, high iota, high mirror and low iota configuration over
line integrated electron density.

subdivertor) for the four different magnetic configurations.
The ratio is lowest in the high iota configuration with values
around 0.06, which is expected considering that most particles
enter the subdivertor volume through the small pumping gap
in the high iota section of the divertor. In the high iota config-
uration, fewer particles enter the low iota section of the sub-
divertor, yielding smaller neutral gas pressures at the AEP port
and a smaller AEH/AEP ratio compared to the other magnetic
field configurations.

In the standard and high mirror configuration, the neutral
gas pressure in the low iota section of the subdivertor as meas-
ured at the AEH port is around twice as high as in the high iota
section. In the low iota configuration, the ratio is slightly lar-
ger at around 3-5. Considering that in these configurations, the
strike line is located almost entirely on the target modules in
the low iota section, i.e. near the large pumping gap, a remark-
ably high neutral gas pressure is still obtained at the AEP port,
allowing for significant particle exhaust rates at the AEP ports.

In order to investigate the high neutral gas pressure in the
high iota section of the subdivertor in more detail, two sim-
ilar plasma discharges in the standard (20181010.008) and
high iota configuration (20180904.031) have been selected
for comparison. They were performed at medium line integ-
rated electron densities of 6 x 10" m~2 in the standard and
5 x 10" m~2 in the high iota configuration and used 4.5 MW
and 4 MW of ECRH power, respectively. The neutral gas pres-
sures measured at the different locations in the subdivertor dur-
ing both discharges are given in table 2.

5.2. Particle flux through the large and small pumping gap
into the low iota and high iota section of the subdivertor

5.2.1 Particle fluxes calculated by EMC3-EIRENE. As
recycling of the plasma particles occurs on the target mod-
ules of the divertor close to the large and small pumping
gap, a fraction of the neutral particles enters the subdivertor
volume through one of the pumping gaps. This fraction of the
ion flux acts as the main source of the neutral gas pressure
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Table 2. Mean neutral gas pressure at the large pumping gap (AEI),
in the low iota section of the subdivertor volume (AEH) and in the
high iota section of the subdivertor volume (AEP) during discharge
20181010.008 and 20180904.031.

Pressure Pressure Pressure
AEI port AEH port AEP port
Discharge (mbar) (mbar) (mbar)
Standard 2.6x107* 1.4x107* 82x 1073
configuration
(20181010.008)
High iota 3.5%x 107 2.4 %1073 4.1x107*
configuration
(20180904.031)

Table 3. Neutral particle flux through the large and small pumping
gap for discharge 20181010.008 and 20180904.031, calculated
using EMC3-EIRENE.

Particle flux through
large pumping
gap (atoms s7h

Particle flux through
small pumping

Discharge gap (atoms s ')

Standard 3.23 x 10% 2.66 x 10"
configuration
(20181010.008)
High iota
configuration

(20180904.031)

1.15 x 10% 2.78 x 10%°

in the low and high iota section of the subdivertor, where
part of it is exhausted by the turbomolecular pumps. In order
to investigate the relation between the neutral particle flux
through the pumping gaps and the neutral gas pressure in the
subdivertor volume, the neutral particle flux through the large
pumping gap into the low iota section of the divertor as well
as through the small pumping gap into the high iota section of
the divertor was calculated by means of the EMC3-EIRENE
simulation [42—44] and is presented in table 3.

For discharge 20181010.008 in standard configuration,
the EMC3-EIRENE simulation results in a particle flux
through the large pumping gap of 3.23 x 10%° atomss™!,
which is twelve times as large as the particle flux through
the small pumping gap with 2.66 x 10! atomss~!.
For discharge 20180904.031 in high iota configuration,
1.15 x 10%° atoms s~! enter the subdivertor through the large
pumping gap and 2.78 x 10%° atomss~! through the small
pumping gap, yielding a ratio of 0.4.

Comparing the ratios of particles entering through the
pumping gaps to the ratio of the neutral gas pressure in the
low and high iota section of the subdivertor given in the pre-
vious section (pagu/pagp = 1.7 for standard and 0.06 for high
iota configuration) indicates that the neutral gas pressure in the
subdivertor is not exclusively dependent on the particles flux
through the pumping gaps and the subdivertor volume, but is
also strongly influenced by the divertor geometry.

The geometry of the low iota and high iota section
of the subdivertor is shown in figure 11. In the standard

configuration, the strike line is located mainly on the hori-
zontal target modules in the low iota section of the diver-
tor. Those targets form the main recycling surfaces [45]. The
recycled particles are emitted from the target modules accord-
ing to the cosine distribution. The majority of the particles is
emitted towards the main chamber again, whereas only a small
fraction enters through the large pumping gap. The pumping
gap panels that are installed to protect the components in the
subdivertor volume from thermal loads are located beneath
the large pumping gap and reflect a fraction of the incoming
particles back into the main chamber.

In the high iota configuration, the strike line is located on
the target modules in the high iota section of the divertor,
where no pumping gap panels are installed. Due to the smaller
angle of 120.7° between the small pumping gap and the tar-
get modules, the fraction of the recycled particles entering the
subdivertor through the pumping gap is higher than in the low
iota section, where the respective angle is 137.7°. In addition,
there are no losses of particles due to reflection at the pumping
gap panels.

Although twelve times as many particles enter the sub-
divertor through the large pumping gap compared to the
small pumping gap in the standard configuration according to
EMC3-EIRENE modeling, the neutral gas pressure in the low
iota section is only by a factor of 1.7 higher than in the high
iota section, which is due to the less beneficial geometry of the
divertor in the low iota section.

5.2.2. H,-measurements of the recycling flux. Experi-
mental verification of the particle fluxes calculated by EMC3-
EIRENE can be approximated by H,-measurements in front
of the target modules. The Balmer alpha line can be detected
by optical emission spectroscopy, where the photon flow gen-
erated by the signal corresponds to the total flow of neutrals
that re-ionize after recycling [46]. The conversion from the
photon flux to the flux of neutrals can be done using effective
S/XB coefficients, but is not carried out here for reasons of
simplicity.

As most particles from the divertor ionize within a short dis-
tance above their recycling surface, H,-measurements can be
used to estimate the recycling flux at the position of the strike
line. The fraction of the recycling flux that enters the sub-
divertor through the pumping gap cannot directly be determ-
ined from the measurements, which serve as an estimate of the
particle loads on the different parts of the divertor here, but
can be assumed to be proportional to it. The different zones
in which the target modules are divided for the data analysis
are shown in figure 12. For our purposes, the low iota and
high iota zone are of interest, as most of the recycling occurs
in these zones. It is shown in figure 12 that, however, only
minor re-ionization of neutral particles of about 7% occurs
near the baffles and negligible re-ionization on the heat shield.
The recycling flux emitted from the middle part of the target
modules is significantly lower than in the low and high iota
zone.

For discharge 20181010.008, the ratio of the photon flux
between the low iota and the high iota zone, which is treated
as an equivalent to the ratio of neutral particles entering
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Figure 11. Schematic cross section of the low iota and high iota section of the subdivertor volume including target modules, baffles, strike
line on the target modules and direction of emission of the neutralized particles according to the cosine distribution. The pumping gap

panels in the low iota section are indicated in black.

Figure 12. Locations of the different areas on the divertor used for
the analysis of the H,-data for discharge 20181010.008.

the subdivertor through the large and small pumping gap, is
~7 (see figure 13), compared to a ratio of 12 provided by
EMC3-EIRENE. For the discharge 20180904.031 in high iota
configuration, a photon flux ratio of 0.5 between the low and
high iota zone was obtained (see figure 14), compared to the
ratio of 0.4 provided by EMC3-EIRENE. It is also visible in
figure 15 that the recycling almost exclusively occurs on the
target modules in the high iota section in the high iota con-
figuration, whereas the main recycling zone is located on the
target modules in the low iota section of the divertor in the
standard configuration (see figure 12).

5.3. Finite element simulations of the neutral gas pressure in
the subdivertor volume using ANSYS

While consistent ratios of the particle flux into the low and
high iota section of the subdivertor have been obtained by
the EMC3-EIRENE simulation and the H,-measurements, the
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Figure 13. Integrated photon flux from the low and high iota
section of the divertor targets obtained by H,-measurements for
discharge 20181010.008, module 1, upper divertor.

ratio of the neutral gas pressures measured at the AEH and
AEP port (see table 2) differs from the results obtained from
EMC3-EIRENE and H,-measurements by a factor of ~7 for
both configurations. As the particle flux through the pumping
gaps does not seem to fully account for the pressure distribu-
tion in the subdivertor, finite element simulations for the distri-
bution of the neutral gas pressure in the subdivertor have been
carried out in ANSYS for a reduced geometry of one diver-
tor module for both reference discharges. These simulations
allow for a more detailed study of the influence of the divertor
geometry on the distribution of the neutral gas pressure.

In the pressure range obtained in the subdivertor of Wendel-
stein 7-X during OP1.2b, the molecular regime is dominant,
i.e. the mean free path of the neutral particles is long enough
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Figure 14. Locations of the different areas on the divertor used for
the analysis of the H,-data for discharge 20180904.031.
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Figure 15. Integrated photon flux from the low and high iota
section of the divertor targets obtained by H,-measurements for
discharge 20180904.031, module 1, upper divertor.

that collisions between the particles do not play a significant
role compared to interactions of the particles with the walls.
Therefore, their dynamics and transport are computationally
identical to those of photons. Advantage can be taken of this
similarity by using the ANSYS steady-state thermal package,
which simulates photon emission and reflection from material
components for three dimensional geometries, to emulate the
dynamics of the neutral gas particles in the subdivertor.

The properties that can be assigned to the geometric sur-
faces in the simulation are the temperature 7 and the emissiv-
ity e. Fully reflecting surfaces that do not release particles are
represented with a temperature of 7 = 0 K and an emissivity of
€ = 0. Surfaces that absorb particles such as the turbomolecu-
lar pumps can be represented using 7=0 K and 0 < e < 1,
where ¢ is determined by the pumping speed. The pumping
gaps that act as a net source of particles for the subdivertor
volume, are treated as radiating surfaces (0 < e < 1) with a

finite temperature 7' > 0 K, which makes them emit photons
by virtue of the blackbody formula embedded in the code.

The thermal load on the components as calculated by the
code is linked to the neutral gas pressure by a scaling factor.
The temperature of the surfaces in ANSYS is denoted by T
whereas the actual temperature of the neutral gas is denoted
T,. The scaling factor is defined as

(I)p\/ 2]{5 T,ﬂrm
AeoT* ’

Sf= @
A is the area of the pumping gap (0.15 m? for the large pumping
gap and 0.06 m? for the small pumping gap), T the temperature
of the pumping gaps in the simulation, 7', the temperature of
the neutral gas particles (300 K) and @ the particle flux through
the pumping gaps, which is provided by EMC3-EIRENE sim-
ulations. A scaling factor of 6.0679 x 10® mbar/W m? is used
and chosen such that for the range of expected particle fluxes
®, the pumping gap temperatures are kept above 100 K for
reasons of numerical stability and below 800 K to reduce com-
puting time. Adjusting the temperatures of the pumping gaps
to the given particle flux and the scaling factor yields the val-
ues given in table 4.

The simulation results for discharge 20181010.008
in standard configuration show a maximum pressure of
1.4 x 10~* mbar near the large pumping gap and a pressure of
1.0 x 10~* mbar at the AEH pumping port, which is slightly
lower than the average pressure measured by the pressure
gauges in the different AEH ports of 1.4 x 10~* mbar (see
table 2). The overall pressure distribution in one divertor unit
is shown in figure 16. At the AEP port, the simulation results
in a neutral gas pressure of 4.0 x 107> mbar, compared to
8.2 x 1073 mbar measured by the neutral pressure gauges in
the AEP ports and thus has a larger deviation from the exper-
imental results than at the AEH port in the low iota section of
the subdivertor.

The simulation for the high iota discharge, 20180904.031,
results in the pressure distribution given in figure 17 and shows
a maximum neutral gas pressure of 1.0 x 10™* mbar near
the small pumping gap and a pressure of 9.0 x 1073 mbar at
the AEP port. These values differ from the measurements of
the neutral gas pressure gauges in the AEP position, which
account for a pressure of 4.1 x 10~* mbar. The neutral gas
pressure at the AEH port of 4.6 x 10~ mbar in the simulation
differs from the measurement of 2.4 x 10~> mbar by a factor
of 2.

For both discharges, especially the results of the neutral gas
pressure in the high iota section are a factor of 2 in standard
and a factor of 4.5 in high iota configuration smaller than the
mean neutral gas pressure measured at the AEP port during the
discharges, which is due to the simplified geometry used for
the simulation. As shown in figures 2 and 3, both sections of
the subdivertor have been equipped with custom-made clos-
ure plates that are not included in CATIA and thus cannot
be taken into account in the simulation. Therefore, the exact
volume accessible for the neutral gas entering through the
pumping gap is unknown for both sections of the subdivertor.
The deviation of the simulation results from the measurements
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Table 4. Particle flux through the large pumping gap into the low iota section of the subdivertor and through the small pumping gap into the
high iota section of the subdivertor according to EMC3-EIRENE and corresponding temperatures in the ANSYS simulation for discharge

20181010.008 and 20180904.031.

Particle flux Temperature Particle flux Temperature
through large large through small small
pumping gap pumping gap pumping gap pumping gap
Discharge (atoms s~ 1) (K) (atomss™ ") (K)
Standard configuration 323 x 107% 4523 2.66 x 1071 2423
(20181010.008)
High iota configuration 1.15x 10720 349.4 278 x 1072 4357
(20180904.031)
p [mbar] p [mbar]
1.4e-04 I 1.0e-04 I
1.3e-04 9.7e-05
1.2e-04 9.1e-05
1.1e-04 8.4e-05
9.6e-05 I 7.8e-05 I
8.5e-05 7.1e-05
7.4e-05 6.5e-05
6.3e-05 5.9e-05
5.1e-05 5.2e-05
4.0e-05 4.6e-05

Figure 16. Finite element simulation of the neutral gas pressure in
the subdivertor for the discharge in standard configuration
(20181010.008).

for the high iota section indicates that especially in the high
iota section, the volume accessible for the neutral gas is restric-
ted significantly by the closure plates compared to the total
volume of the high iota section. Due to the reduced effective
subdivertor volume, the closure plates also restrict the number
and area of leaks contributing to the loss of neutral particles
from the subdivertor back into the main chamber, which can-
not be taken into account in the simulation without and accur-
ate representation of the closure plates.

Besides the limitations of the simulation results due to the
accuracy of the geometry used for the calculation, the under-
lying principle of the simulation inherently limits the calcu-
lations to particles in the molecular flow regime. While the
mean free paths of the hydrogen molecules at room temperat-
ure of 0.75 m for a neutral gas pressure of 1.4 x 10~* mbar
in the low iota section during discharge 20181010.008 and
0.28 m for a neutral gas pressure of 4 x 10~* mbar in the

Figure 17. Finite element simulation of the neutral gas pressure in
the subdivertor for the discharge in high iota configuration
(20180904.031).

high iota section during discharge 20180904.031 are still
below the characteristic length of the subdivertor structures
in the respective section of the subdivertor, larger differences
between the simulation results and measurements have to be
expected for increasing neutral gas pressures, because the
collisions between particles cannot be accounted for in the
code.

5.4. Estimate of the neutral gas pressure in the low and high
iota section of the subdivertor using a conductance model

A simple analytical model for the steady-state neutral gas
pressure in the low and high iota section of the subdivertor
can be used to verify the simulation results [47, 48]. As the
low iota and high iota section of the subdivertor were separ-
ated from each other during OP1.2b such that only negligible
particle exchange between the two volumes occurred, they
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Table 5. Steady-state pressure in the low and high iota section of the subdivertor volume and corresponding pressure measurements at the

AEH and AEP port for discharge 20181010.008 and 20180904.031.

Calculated pressure Measured Calculated pressure Measured

low iota subdivertor pressure high iota subdivertor pressure
Discharge section (mbar) AEH (mbar) section (mbar) AEP (mbar)
20181010.008 1.3(£0.4) x 10~* mbar 1.4 x 10~* mbar 4.1(£1.6) x 1075 mbar 8.2 x 107> mbar
20180904.031 1.8(=£0.6) x 1075 mbar 2.4 x 1073 mbar 1.6(%£0.6) x 10~* mbar 4.1 x 10~* mbar

can be treated independently. The pressure balance for each
unit,

loss

qpv
% )

I
P

dﬁ _ _Seﬁ"(P)
dt Vv

3

has to be solved for the steady-state case. It takes into account
the particle sinks created by the turbomolecular pumps,
which are represented by the effective pumping speed S5
of 2350 1s~! for the low iota section of the subdivertor and
1180 1s~! for the high iota section, as well as the leaks in
the subdivertor structures allowing for particles to move back
into the main chamber, which is represented by q;j’V”. For both
subdivertor units, the particle flux through the pumping gap
qpv into the subdivertor volume acts as a source term. V is the
volume of the respective subdivertor section.

For the steady-state case, the equation for the pressure in
the subdivertor reads

1
loss
Psubdiv = (va —dpy ) % 4
Replacing g, and qll,”v'“ using the ideal gas equation and

1

4

dN

i &)

| kpTh
nvapg = TnujznApg’
with N being the number of particles, here hydrogen
molecules, my, the mass of a hydrogen molecule and vy, the
thermal velocity of the hydrogen molecules, yields
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with Tjb4" = Td" = 300 K being the temperature and ng;,
as well as ng,q;, being the density of the hydrogen molecules
in the divertor and subdivertor, A,, being the surface area of
the pumping gap, which is 0.15 m? for the large pumping
gap and 0.06 m? for the small pumping gap, A, being the
area of the leaks with 0.30 m? for the low iota section and
0.22 m? for the high iota section of the subdivertor, as extrac-
ted from the simplified geometry used in ANSYS, and pg;,
being the pressure at the entrance to the subdivertor. For the
low iota section of the divertor, the mean pressure measured

at the AEI port near the large pumping gap can be used,
which is 2.6 x 10~* mbar during discharge 20181010.008
and 3.5 x 107> mbar during discharge 20180904.031. For the
pressure at the small pumping gap in the high iota section of
the divertor, there is no measurement available. When assum-
ing that ’% = psma”’; :‘:}‘;“g —, the pressure near the small pump-
ing gap can be calculated for both discharges and is 1.5 x
10~* mbar for discharge 20181010.008 and 5.9 x 10~* mbar
for discharge 20180904.031.

The pressure in the two sections of the subdivertor as cal-
culated according to equation (6) is given in table 5.

Among the quantities in equation (6), especially pg;,, which
is measured by the neutral gas pressure gauges in case of the
low iota section and estimated according to these measure-
ments for the high iota section is subject to substantial uncer-
tainty as well as Aj. For OP1.2b, the subdivertor volume
near the AEH (see figure 2) and AEP (see figure 3) pump-
ing ports was surrounded by closure plates in order to provide
more effective pumping. As in the ANSYS model, neither the
subdivertor volume nor the leakage area given here take into
account the closure plates. Especially in the high iota section
of the subdivertor, the volume surrounded by the closure plates
is small and therefore the leakage area is expected to be sig-
nificantly smaller than in the simplified model, in which the
leakage area in the high iota section is as large as 75% of the
leakage area in the low iota section, while the volume of the
high iota section is only about 10% of the volume of the low
iota subdivertor section.

For the measurements of the neutral gas pressure, an uncer-
tainty of 15% is given in [25, 30]. Due to the complexity of
the geometry, the uncertainty of the leakage area is not known
precisely, but is estimated to be 20% here. Assuming that the
pumping speed and the pumping gap areas are known, the total
uncertainty is given by

dpsubdiv dpsubdlv
AP=’ “Apaiy + “ AAjeak (3)
dpdiv v dAleak “
Apg - \ kBTi?;
= = - Apaiv
\/ 2 mg, Seﬂ(p) +Aleakw /kBT;II;de
Ao - i - k Tdiv
rg P B H 7 AAlmk7 (9)

+
( V 2m mstl’ff(p) +Aleak\ / kBT[g;bdiv)

and indicated in brackets in table 5 for the respective results.
For both configurations, the neutral gas pressure measured
at the AEH port in the low iota section of the subdivertor
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is within the uncertainty of the pressure calculated using a
steady-state pressure balance for both discharges. Although
no uncertainty can be given for the simulation results obtained
with ANSYS, the results are in good agreement with the meas-
urements in the low iota section of the subdivertor. For the high
iota section of the subdivertor, the results of the simulation and
the steady-state estimate given here differ from the neutral gas
pressure measured in the AEP port by a factor of 2. For both
configurations, the pressure measured at the AEP port is lar-
ger than the one predicted by the ANSYS simulation or the
analytical model, which can be attributed to the following two
factors. First, the exact leakage area in both, the low and high
iota section of the subdivertor are unknown. Second, there is
no pressure measurement available in front of the small pump-
ing gap. Therefore, the pressure has to be estimated assuming
that the relation between the pressure at the small pumping gap
and at the AEP port is similar to the relation of the pressure
near the large pumping gap and at the AEH port. The geomet-
ric differences between the low and high iota section of the
subdivertor as well as the position of the strike line on the tar-
get modules of the low and high iota section with respect to
the pumping gaps are not taken into account here. Therefore,
the uncertainty concerning the pressure in front of the pump-
ing gap is significantly higher for the high iota section than for
the low iota section, resulting in a larger variation of the neut-
ral gas pressures obtained by measurements, simulation and
analytical calculations.

6. Summary

In a plasma experiment as well as in a future fusion device,
controlled gas exhaust is necessary for density control as well
as sufficient exhaust of the fusion product helium. The particle
exhaust is determined by the available pumping capacity, the
conductances of the subdivertor structures and the neutral gas
pressure in front of the pumps. For the next campaign, OP2,
the newly installed cryopump in Wendelstein 7-X will provide
an additional pumping speed of 60 000 1s~' and thus increase
the total pumping capacity by 170%. As the geometry of the
divertor cannot be changed easily, the main factor determining
gas exhaust, apart from the pumping capacity, is the neutral gas
pressure in the subdivertor.

During the first test divertor campaign at Wendelstein 7-
X, 13 neutral gas pressure gauges in different positions in the
midplane of the plasma vessel and in the subdivertor provided
an overview over the neutral gas pressures obtained during
divertor operation. Depending on the line integrated electron
density and the magnetic field configuration, neutral gas pres-
sures of up to 1.75 x 10~> mbar were obtained in the high
iota section of the subdivertor in the high iota configura-
tion. In the standard, high mirror and low iota configuration,
1.75 x 107%-6.00 x 10~* mbar were reached in the low iota
section of the subdivertor, with the maximum values being
reached during detached discharges. Consequently, the flux of
pumped particles was highest in the high iota section of the
subdivertor during discharges in high iota configuration with
1.0 x 10*° as~! being exhausted. Despite the lower pumping

speed in the high iota section, the AEP port accounts for 90%
of the exhausted particles in the high iota configuration and
still 18% of the exhausted particles in standard configuration
due to the neutral gas pressure in the high iota section.

The compression ratio, which is often used to assess diver-
tor performance, does not determine gas exhaust, but is a meas-
ure for the neutral gas pressure in the midplane at a given
subdivertor neutral gas pressure. As increased neutral gas
pressures in the midplane lead to charge exchange processes
generating fast neutrals that can damage the plasma facing
components, low neutral gas pressures in the midplane are
required to avoid damage while high neutral gas pressures in
the subdivertor are needed for efficient particle exhaust. Sim-
ilar neutral gas pressures in the midplane were obtained dur-
ing discharges in standard and high iota configuration, leading
to the compression at the pumping ports being twice as high
with values of 50-125 at the AEP port in high iota configura-
tion compared to values of 20—60 at the AEH port in standard
configuration. In the high mirror and low iota configuration,
compression ratios of 20-40 and 10-50 at the AEH port were
obtained.

The different neutral gas pressures in the low and high iota
section of the subdivertor and thus the different compression
ratios are a consequence of the inhomogeneous pressure dis-
tribution in the subdivertor volume, which is separated into a
low iota section and a high iota section by a poloidal shield.
The pressure ratio between the low iota and the high iota
section was experimentally found to be around 0.06 for the
high iota configuration and 2-5 for the other configurations,
revealing that even with the strike line on the targets in the
low iota section of the divertor, surprisingly high neutral gas
pressures are still measured at the AEP ports in the high iota
section, suggesting a more advantageous divertor geometry
in the high iota section concerning particle collection and
retention.

For two reference discharges in standard and high iota con-
figuration, the pressure distribution in the subdivertor was
calculated using a finite element simulation in ANSYS. The
particle fluxes through the large and small pumping gap into
the subdivertor were calculated by EMC3-EIRENE and then
used as an input for the ANSYS simulation. In the standard
configuration, the particle flux through the large pumping gap
is 12 times larger than through the small pumping gap. In high
iota configuration, the ratio of the particle fluxes through the
large and small pumping gap into the subdivertor is 0.4. H,,-
measurements of the recycling flux in front of the divertor tar-
gets can be used as a proxy of the neutral particle flux through
the pumping gaps and served as an experimental estimate for
these ratios.

The finite element simulation as well as a steady state estim-
ate of the neutral gas pressure in both subdivertor sections res-
ult in accurate predictions of the neutral gas pressure in the
low iota section of the subdivertor for standard and high iota
configurations. However, the neutral gas pressures in the high
iota section of the subdivertor are underestimated in both mod-
els compared to the experimental results due to the unknown
volume and leakage area of the subdivertor sections that are
surrounded by the closure plates.
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