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Abstract

Extrapolating the observed behavior of helium exhaust in current tokamaks towards future
reactors requires the understanding of the underlying physical mechanisms determining helium
transport, recycling and pumping. Helium compression is the main physics-based figure of
merit characterizing how efficiently helium is transported towards the divertor and recycled at
the target plates. Moreover, helium gas transport in the subdivertor region towards the pumps is
strongly influenced by vessel geometry and installed pumps. The SOLPS-ITER code package is
used to model H-mode He-seeded deuterium plasmas at the ASDEX Upgrade tokamak, and
compared to recent experiments. The simulations generally indicate a poor recycling of helium
in the divertor, compared to that of deuterium, in qualitative agreement with the experiment.
This is mainly determined by a deeper edge transport barrier and a weaker parallel SOL
transport of He ions, with respect to D ions, and by the higher first ionization energy of He
atoms, which results in a deeper penetration of recycled atoms into the plasma. The simulated
He compression is, however, much smaller than the experimentally measured one, despite the
introduction of additional, non-default physics components into the code. Helium gas transport
in the subdivertor region towards the pumps is conductance-limited, but moderately enhanced
by the entrainment of He atoms into the stronger, viscous deuterium gas flow via friction. The
observed poor helium recycling poses challenges in view of the requirements of helium exhaust
in future reactors. Our results emphasize the need to investigate further strategies to optimize
helium pumping, to guarantee an efficient removal of helium ash in future burning plasmas.

4 See Zohm et al 2024 (https://doi.org/10.1088/1741-4326/ad249d) for the ASDEX Upgrade Team.
* Author to whom any correspondence should be addressed.
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Additionally, the observed difficulty of SOLPS-ITER in reproducing the experimental
observations suggests a careful evaluation of the currently available extrapolations of impurity
transport towards future devices obtained via edge transport modelling.

Keywords: helium exhaust, helium compression, SOLPS-ITER, ASDEX Upgrade

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

1. Introduction

In future fusion reactors it will be mandatory to keep the con-
centration of helium ‘ash’ within tolerable values, in order to
avoid fuel dilution and achieve stationary burning [1-3]. The
core source of He ions in burning plasmas will be defined by
the desired value of fusion power generation [4]. In steady
state, this must equate the pumped flux. The He concentra-
tions in different tokamak regions resulting from this balance
will depend on a number of interconnected processes, shown
in figure 1 and described below, related to both transport phys-
ics and technical characteristic of the device. These mostly
belong to the tokamak edge region, as core transport has been
seen to influence the efficiency of helium exhaust at a much
lesser extent [5].

e Transport in the plasma edge and boundary. Radial
edge transport determines the flux through the separatrix,
i.e. leaving the confined plasma [6]. This is closely related
to the employed confinement regime and the presence of an
edge transport barrier (ETB) [7, 8]. Once in the scrape-off
layer (SOL), the parallel transport towards the divertor tar-
gets is mostly collisional [9, 10].

e Recycling at the divertor targets. Recycled atoms can be
transported towards the pumps, or leak towards the main
chamber as ions, depending on parallel ion flow in the SOL
and ionization mean free path of recycled atoms [11, 12].
Therefore, this is closely related to the divertor operating
regime and to the targets geometry [13].

o Pumping from the subdivertor region. Neutral gas dynamics
determines the neutral density in front of the pumps. This
is influenced by subdivertor geometry and viscosity/friction
properties of the gas [14]. The employment of active pumps
finally determines the pumped flux from this region.

The most convenient way to quantify this is through the
following dimensionless parameters:

o A divertor compression, defined as

div,rec
— He°
Cre = plasma ’
He?t

ey

i.e. as the ratio between neutral He density in the subdiver-
tor recycling volume and He ion density in the edge at
the plasma midplane. This parameter describes the inter-
play between transport and recycling, and will be therefore

mostly a device-independent parameter, suitable for direct
extrapolations.
e A subdivertor density ratio, defined as

div,rec

He®
div,pump ’
He?

RHe =

@

i.e. as the ratio between subdivertor neutral He densit-
ies in the recycling and pumping volumes. This parameter
is strongly influenced by the subdivertor geometry and
the applied pumping speed, therefore is greatly device-
dependent.

A comprehensive knowledge of the physics of helium trans-
port, recycling and pumping is necessary to perform reas-
onable extrapolations of current experiments towards future
reactors. Additionally, it supports the choice of their divertor
geometry and the design of their pumping systems. Helium
exhaust experiments have been performed in several divertor
tokamaks, including JET [15-17], ASDEX Upgrade (AUG)
[18-20], JT-60U [21, 22] and DIII-D [23, 24]. The SOLPS-
ITER transport code package [25, 26], as well as previous
SOLPS versions, have been used to predict helium exhaust
in future tokamaks, e.g. while designing the ITER divertor
[27-29]. However, edge transport simulations have never
been contrasted against experimental helium measurements,
to assess their prediction capability, to the best of the authors’
knowledge.

We provide here an in-depth comparison between SOLPS-
ITER simulations and fully experimental He measurements.
For this, we studied recent experiments carried out at the AUG
tokamak, already reported in [30]. Whereas [30] was focused
on the interpretation of the experimental exhaust dynamics,
letting aside SOLPS-ITER predictions, here we focus on the
interpretation of the processes defining the steady-state helium
transport and recycling. SOLPS-ITER is able to capture virtu-
ally all processes directly related to transport and recycling.
In spite of this, our results suggest that important pieces of
physics potentially affecting the overall helium exhaust are
still missing, as will be explained in the text.

In section 2 the performed experiment is briefly summar-
ized. Section 3 provides information about the modelling
setup. In section 4 the results used to characterize and interpret
helium transport and recycling in the plasma are presented.
Section 5 focuses instead on the results used to characterize
and interpret helium transport and pumping in the subdivertor
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Figure 1. Overview of processes and mechanisms determining helium exhaust in different regions in the edge of a tokamak, and sections of
the text in which they are investigated. The input-output balance determines the He densities in the three relevant observable regions
(core-edge interface, and the subdivertor recycling and pumping volumes). Blue colors describe ion regions/fluxes, while green colors

describe neutrals regions/fluxes.

neutral gas. Sections 6 and 7 provide, respectively, a final dis-
cussion and a summary.

2. Experimental setup

Figure 2 shows a poloidal cross section of the device and high-
lights puffing and pumping locations, regions definitions and
employed diagnostics.

2.1. AUG pumping systems

AUG is equipped with a set of 11 toroidally distributed tur-
bomolecular pumps. These provide a total pumping speed of
about 7 m—3s~! for D, molecules [31]. The effective value
for He atoms is the same, because it only depends on the mass
of the pumped particles. It also features a toroidally symmet-
ric cryopump [32]. This provides a pumping speed of about
120 m—3 s~ ! for D, molecules [31]. However, it is not effect-
ive in capturing He atoms. Its cryopanel surface is indeed kept
cooled down by liquid helium, therefore its temperature is not
sufficiently low to allow He atoms to condense on it.

2.2. Available diagnostics for He measurements

The He?T ion density profiles at the plasma midplane are
measured through a charge-exchange recombination spectro-
scopy (CXRS) system, based on the ADAS effective CX emis-
sion rates [33, 34]. In the evaluation of the absolute He dens-
ity the plume effect is taken into account [35]. The LOS of
the employed core and edge systems are shown in blue and
orange, respectively, in figure 2.

Line-integrated radiative emission measurements in the
divertor plasma regions are performed observing the emitted
light, within the visible range, with CCD cameras. Both Hel
and Hell measurements were available in the performed exper-
iments. Some of the LOS covered by this system are shown in
red, numbered from 1 to 4, in figure 2.

Neutral He density measurements in the subdivertor region
are made with a newly developed type of in-situ optical
Penning gauge [36]. This is installed in the region that we
defined as the ‘pumping volume’ (see figure 2). Another gauge
is installed in the ‘recycling volume’, but was not functional
at the time of the performed experiments. The He partial pres-
sure, which is directly measured by the gauge, is converted
to density assuming the He gas to be at room temperature of
300 K.

2.3. Experimental scenario

We studied the AUG discharge #39149, which is a lower
single-null type-1 ELMy H-mode, with B, = —=2.5 T and I, =
0.8 MA (i.e. with normal field direction, so with B x VB vec-
tor directed towards the X-point at the bottom), with roughly
constant D fueling at 1.2-10%? es~! and moderate N seed-
ing at 2- 10! es™!, resulting in a high-recycling, moderately
attached divertor. Figure 3 shows the He density time traces.
The He concentration varies with time, as a 300 ms long He
gas puff at 2.5 - 10?! e s~! is performed from a midplane fuel-
ing valve.

The time-dependent behavior of the He concentration in
this discharge was already interpreted with the numerical
model described in [30]. The He density time traces in figure 3
show that the time-dependent behavior of helium is the same



Nucl. Fusion 65 (2025) 046022

A. Zito et al

Subdivertor
recycling volume

lPenmn%//"4

gauge

Turbopumps
surface

Subdivertor
pumping volume

& &

1m )

Figure 2. Poloidal view of the lower section of AUG. Employed diagnostics, puffing locations, pumping systems and region definitions as
used in the text are highlighted. The B2.5 grid is shown in blue, while the Eirene grid is shown in green.
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Figure 3. He density time traces from the analyzed AUG discharge #39149. From top to bottom: average core He* ion density from
CXRS (obtained by radially integrating the measured core profile) and neutral He atom density in the pumping volume from the optical
Penning gauge. Error bars of CXRS data are given as shaded areas. For other time traces for the same discharge we refer to [30].

in the various regions of the plasma and the exhaust gas.
When normalized, the signals from CXRS and Penning gauge
overlap, and no temporal delay is visible. Therefore, neither
the relative He concentration nor the intensity of wall fuel-
ing/pumping, which do change during the discharge, affect
divertor compression and subdivertor density ratio. These are
constant, and only depend on the plasma background. In
other words, the processes defining helium transport, recyc-
ling and pumping are unrelated to (and independent from) the
exhaust dynamics. This allows to study the former aspects with
a steady-state SOLPS-ITER simulation. For this, we selec-
ted the time t=3.9 s, indicated with a red vertical line in
figure 3.

Since neutral He density measurements were not available
for the subdivertor recycling volume, an assumption for this
was necessary. For the D, gas, the subdivertor density ratio
lies within the range 4 — 5, as measured by ionization gauges
[37, 38] operating in both volumes. This is caused by the
flow resistance caused by the subdivertor geometry and by
the intensity of the pumping sink. The geometry effect is the
same for D, molecules and He atoms, since they have the same
mass. However, the pumping sink is much less intense for the
He atoms. It is experimentally shown that this ratio, for D,
molecules, drops from 4 — 5 to roughly 1.5 — 2 if the cryo-
pump is switched off. We assume therefore that the behavior of
a pure D, gas in a situation without cryopump would emulate
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that of a He gas, and hence that the subdivertor density ratio
for He atoms is also roughly 1.75. As section 5.1 will explain,
the modelling results support, a posteriori, this assumption.

3. Modelling setup

SOLPS-ITER consists of the self-consistent coupling of two
distinct physics modules, namely the multi-species fluid
plasma transport code B2.5 and the kinetic neutral trans-
port code Eirene. The first one solves the fluid equations for
density, parallel momentum, electron/ion thermal energy and
current [39]. The second one solves the kinetic Boltzmann
equation for atoms and molecules, simulating the trajectories
of neutral test particles with Monte Carlo methods [40].

The goal of the modelling activity was the best possible
simulation of the AUG discharge #39149. For this we per-
formed coupled B2.5-Eirene runs featuring D, N and He as
plasma species.

3.1. Computational grid

Figure 2 shows the employed computational grid. The field-
aligned B2.5 grid in which the plasma transport equations are
solved is based upon the experimental magnetic equilibrium.

The gas puff source for D, molecules and N atoms is set in
the divertor plasma region, while for He atoms it is set at the
outer midplane. Two pumping surfaces, simulating the effect
of the cryopump and the turbomolecular pumps, were defined
in terms of capture coefficients Ceapure (i.€. the probability that
an incident particle is absorbed). For the D, gas we set the
values to 0.20 and 0.007 for the cryo- and the turbopumps,
respectively. Within Eirene, this can be related to the effective
pumping speed S, for a gas species with temperature 7'g, (in
K) and mass mg,s (in AMU) through the formula [41]

§=36.38-A- Ccapture "1/ Tgas/mgas, 3

where A is the pumping surface area. Given the two pumping
areas as defined in the Eirene grid (cf figure 2), these values
simulate the measured pumping speeds Seryo = 120 m3s!
and Symo =7 m™3s™! (cf section 2.1), assuming a gas tem-
perature of 300 K. Regarding the He gas, for the cryopump
we set a capture coefficient of 0, while the value for the tur-
bopumps is the same as the one employed for the D, gas.

All material surfaces are tungsten, as in the experiment.
Accordingly, coefficients extracted from a TRIM-generated
database (reflection probabilities, angles and energies) are
employed to simulate the reflection of ions as fast neutrals at
the surface boundaries [42]. The surface temperatures determ-
ine the energy at which the non-reflected ions are re-emitted as
thermal neutrals. We used 0.1 eV (= 1160 K) for the targets,
0.001 eV (= 11.6 K) for the cryopump surface, and 0.025 eV
(=300 K, i.e. room temperature) for all other surfaces.

3.2. Atomic, molecular and neutrals reactions

Cross sections and rate coefficients for the atomic and molecu-
lar processes simulated by Eirene are extracted from the

AMIJUEL and HYDHEL databases [43]. For D atoms and
D, molecules the standard set of reactions was used (see e.g.
[44]). This includes electron-impact dissociation and ioniza-
tion, radiative and dissociative recombination, CX collisions
and elastic scattering. For impurities, only electron-impact
ionization and recombination are included by default. For He
atoms, in the course of our investigation we also included sev-
eral reactions not included by default in the Eirene reaction
dataset, namely CX collisions with He ions and D ions, and
elastic collisions with D ions [45]. The impact of such addi-
tional reactions is expected to be relevant when temperatures
drop down to the order of few eV. Figure 4 shows the rate coef-
ficients of the reactions involving He atoms, and the resulting
mean free paths.

Neutral-neutral collisions can be modelled running Eirene
in non-linear mode employing a BGK approximation for the
treatment of the collision integral in the Boltzmann equation
[46, 47]. These are usually not activated to save computa-
tional time, apart from when dealing with larger devices [48].
They would allow to model neutral gas viscosity and inter-
species friction. Although impurity gas flows are unlikely to
exhibit any self-resistance due their own viscosity, because of
their low partial pressure, a drag effect due to inter-species
friction may not be ruled out. In order to investigate this,
we included in our simulations self-collisions for D atoms,
D, molecules and He atoms, and cross-collisions between
these species. Figure 5 shows the collision frequencies for
self- and cross-collisions for D, and He, calculated employ-
ing a rigid-sphere model for the gas particles, and the res-
ulting BGK mean free paths. Unless otherwise specified,
all simulations are performed with neutral-neutral collisions
activated.

3.3. Physics input parameters

The main physics-based input parameters for the simulations
are particle sources, heating power and anomalous transport
coefficients describing radial transport.

For D we imposed a constant D* ion density of 3.5- 10!
m~3 at the core boundary as fixed boundary condition. For N
atoms, which only serve as a radiating impurity in our scen-
ario, we imposed an arbitrary fueling rate in such a way to
roughly reproduce the experimentally measured radiation in
the SOL and divertor regions. Finally, we imposed a constant
He?* ion density of 5- 10' m~3 at the core boundary as fixed
boundary condition, to reproduce the radially outermost core
CXRS measurement (cf figure 8(a)).

We imposed an input power by specifying the electron and
ion energy fluxes crossing the core plasma boundary (which is
around p, = 0.9 for the employed grid). A total input power of
5 MW is used. We calculated this from the difference between
the total input power and the experimentally measured radiated
power in the region at p, < 0.9 applying a tomographic ana-
lysis on the bolometric measurements [49]. This is shared as
3 MW for the electron channel and 2 MW for the ion channel.

Regarding the transport coefficients, we empirically
defined radial profiles for particle diffusivity D, and electron
and ion thermal diffusivities ., X;, driving the anomalous
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corresponds to the D, density.

radial fluxes. Radial particle transport is treated as purely
diffusive for all species. In this sense, D, must be considered
as an ‘effective’ particle diffusivity [50].

3.4. Background plasma solution

Figure 6 shows several simulated radial plasma profiles at the
outer midplane and in the divertor volume, as well as the cor-
responding experimental measurements.

The match between simulated and experimental profiles at
the outer midplane was achieved after a fine tuning of the
anomalous transport coefficients profiles. For the particle dif-
fusivity of the main ion species we employed the optimization
algorithm described in [51]. The electron density (figure 6(a))
is compared to the result of a bayesian integrated data

analysis [52], obtained combining measurements of different
diagnostics, including lithium-beam emission spectroscopy
[53, 54] and core/edge Thomson scattering (TS) [55, 56].
The electron temperature (figure 6(b)) is also compared with
core/edge TS measurements. The ion temperature (figure 6(c))
is compared with core/edge CXRS measurements [57, 58].
The ETB needed to reproduce the pedestal for all profiles is
clearly visible. Following the evidence of enhanced divertor
transport [59], all such coefficients were multiplied by 3 in the
divertor region © with respect to the values imposed at the outer
midplane.

6 With divertor region we define the region belonging to the computational
grid whose cell poloidally lie further from the X-point cut, but not in the PFR.
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Figure 6. Comparison between simulated plasma profiles in several regions of the plasma, as blue lines, and experimental data from
different diagnostics as colored points. Top row: electron density (a), electron temperature (b) and ion temperature (c) at the outer midplane
(see figure 2 for the midplane definition). The relative anomalous transport coefficients profiles (with particle diffusivity referred to the main
ion species for (a)) are shown as dashed green lines. Bottom row: electron density (d) and electron temperature (e) in the divertor volume
along the divertor TS laser path (shown in black in figure 2), for both cases without and with drifts activated.

We performed simulations both without and with drifts
flows, which strongly enhance the asymmetries between inner
and outer divertor [60-62]. The bottom row of figure 6
shows the simulated electron density and temperature pro-
files within the divertor plasma volume, compared with diver-
tor TS measurements [63]. Boundary conditions and anomal-
ous transport coefficients were adapted in order to achieve the
same midplane profiles both without and with drifts. The case
with drifts activated shows a much better, albeit still not per-
fect, agreement with the experimental measurements, includ-
ing e.g. a lower electron temperature and the formation of an
high field side high density region [64].

4. Characterization of helium ion transport and
recycling

This section discusses the first set of processes described in
figure 1, i.e. related to the transport of He ions in the plasma
and their recycling in the divertor.

The main figure of merit in this regard is the divertor com-
pression Cy (equation (1)) for helium. It is worthwhile to
note that, as helium is not a radiating impurity, its presence
is not expected to significantly alter the background plasma
solution, even if in non-trace amounts, like in the investigated
scenario. While ramping the He concentration at the plasma
midplane, in our simulations, up to the experimental value,
we observed indeed that simulated state variables, main ion

and energy fluxes and global power balance do not change.
Therefore, the properties of helium transport and recycling do
not depend on the He concentration itself. This is consistent
with the experimental observation of He compression being
independent on the He concentration in a constant background
plasma (cf figure 3). This behavior differs from that of radiat-
ing impurities, which is also determined by the change in the
plasma background due to radiative losses [65-68].

The SOLPS-ITER grid does not extend further internally
in the core than p, = 0.9. Therefore, for the definition of the
divertor compression (equation (1)) we employ the value of the
He?* density at the core boundary of the grid as denominator.
Consistently, the core CXRS measurement at the same radial
location is also used for its experimental counterpart. For both
experiment and simulation (for the latter as boundary condi-
tion), this value is 5.0 - 10'® m—3 (cf figure 8(a)). At the same
time, the experimentally measured He atom density in the sub-
divertor pumping volume from the optical Penning gauge is
4.5-10'" m—3 (see figure 3). Assuming a subdivertor density
ratio of 1.75 (cf section 2.3), hence a value of 7.9-10'® m—3
for the He atom density in the subdivertor recycling volume,
this results in an experimental He compression of 1.6 [30].

We consider, in first instance, a simulation performed
using the default physics model included in SOLPS-ITER.
The default model consists of the B2SOLPS5.2 version of
the plasma solver [69], no drifts terms for the plasma fluid
equations and atomic physics model for neutral impurities
which only includes ionization and recombination reactions.



Nucl. Fusion 65 (2025) 046022

A. Zito et al

i 1016 AUG #39149, [3.85-3.95] s
¢ Visible spectroscopy (a)
3.5r 4 SOLPS 7
7 3 4
7
- 25)
5 L 4
< 2f
=]
sl
= 4
I 1
05 A A A A
0 ‘ . ‘ .
Line 1 Line 2 Line 3 Line 4
LOS

6 X 1018 AUG #39149, [3.85-3.95] s
$§ Visible spectroscopy (b)
sl 4 SOLPS
=
£
w 4+
K
3
=)
&
o 21
= PFR Div.
~ —
4L
A A A
LA
Line 1 Line 2 Line 3 Line 4

LOS

Figure 7. Comparison between experimental line-integrated emission in the divertor plasma volume, in red, and simulated ones, in blue.
The lines of sight correspond to the red lines in figure 2. The synthetic emissivities € are calculated from the plasma solution using the
simulated electron and He atom/ion densities, and the photo-emission coefficients (PECs) extracted from the ADAS ADF15 database [34],
as e;(ne,Te) = ne - nz - PECexc (ne, Te) + ne - Nzt - PECrec(ne, Te ). The synthetic line-integrated emissions are finally calculated as

L=

ﬁ fLOS eds. Left: Hel line emission corresponding to the 1s4p — 1s2s transition at 396.5 nm. Right: Hell line emission corresponding

to the n =4 — n = 3 transition at 468.6 nm. Other collisional radiative models which might be used to evaluate the synthetic line emissions
from the plasma solutions, such as the Goto model [71], are expected to yield similar results [72].

Table 1. Simulated values of total ion densities and total ion fluxes in characteristic regions of the computational domain, for deuterium and

helium. Densities are in m’3, fluxes are in s L.

Core ion dens- Ton flux Ion flux towards Ion flux towards Subdiv. neutr. density Divertor
ity(pedestal top) through sep. divertor entrance divertor targets (recycling volume) compression
D 3.50-10" (B.C.) 8.97-10*! 1.55-10% 1.02:10% 6.62:10" (molecules) 3.78
He 5.00-10" (B.C.) 6.94-10% 4.86-10%° 1.09-10*! 5.78:10"7 (atoms) 0.12
Ratio 0.143 0.077 0.031 0.011 0.004 (21%)

The impact of enhancing the complexity of such model will
be addressed in the section 4.6.

The simulated He atom density in the subdivertor recycling
volume is only 5.78 - 10'7 m~3 (cf figure 15(b)). Therefore,
the simulated He compression is 0.12. At the same time, the
simulated value for D is 3.78 7. Therefore, the simulated He
concentration (with respect to the main species) decreases
from 14.3% at the pedestal top to 0.4% in the subdivertor
gas. This shows a strong de-enrichment of helium, which is
qualitatively in line with the experimentally observed trend
[70]. However, it also shows a serious underestimation of the
experimental measurement, by a factor of more than 10. This
is also visible in the line-integrated emission from the diver-
tor plasma volume (figure 7), where the simulated values are
lower than the experimental ones by a roughly similar factor.
Figure 7 should be interpreted with caution, as the simulated
line-integrated emission also depends on the background elec-
tron density and temperature, which are not perfectly matched
in the divertor (cf figures 6(d) and (e)). However, since the
mismatch between experiment and simulation is similar for
divertor line emission and subdivertor partial pressure, we
assume that the mismatch for the divertor line emission is also

7 For calculating this quantity, twice the deuterium neutral density in the sub-
divertor region is used, which exists mostly in form of molecules, to account
for the presence of two D atoms within a single molecule.

caused by a simulated He density in the divertor being smal-
ler than in experiment. The divertor de-enrichment of helium
with respect to the main species is interpreted analyzing the
simulated fluxes on the way between pedestal top (whose dens-
ity is the denominator of equation (1)) and subdivertor recyc-
ling volume (whose density is the numerator of equation (1)),
according to figure 1. These are listed in table 1.

Divertor compression can be therefore interpreted as the
result of a series of processes, taking place in different regions
of the plasma. These determine how the particle fluxes leaving
the core evolve while travelling towards the divertor (i.e. read-
ing table 1 from the left to the right). Comparing the relat-
ive evolution between D and He (bottom line), it can be seen
that, going from left to right, their ratio constantly decreases.
In order words, while travelling from the core to the diver-
tor, the He particle flow gradually weakens, in relative intens-
ity, with respect to the D particle flow. This results in a much
lower divertor neutral He concentration relative to the core He
concentration. In the following subsections, the reason for this
will be analyzed, focusing on one region at a time.

4.1. Influence of edge transport

The transport processes taking place in the plasma edge
determine the ion fluxes crossing the separatrix and leaving
the confined region, for a given ion density at the pedestal top
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, corresponding to the simulations used for the rest of the analysis, compared to the

(rescaled) edge CXRS measurements from a similar AUG discharge, documented in [73].

(which is an experiment-based boundary condition in our sim-
ulations). In type-1 ELMy H-modes an ETB is formed here, in
which turbulence is substantially suppressed and inter-ELM
radial transport of impurity ions is dominated by neoclassical
mechanisms [8].

For the main species, we set a value of the particle diffusiv-
ity D, in the ETB of 0.22 m~2 s~ !. This is empirically chosen
to reproduce the experimentally observed pedestal steepness
of the electron density (cf figure 6(a)). For the analyzed dis-
charge no edge CXRS data were available for comparison with
the modelling. The knowledge of the pedestal steepness for the
He2t ion density is, however, critical. Performing several sim-
ulations with different, yet reasonable, values of the particle
diffusivity for He within the ETB with the same pedestal top
density (figure 8(a)) reveals a strong change of the ion flux
through the separatrix. This, in turn, also causes a difference
in the simulated He compression up to a factor of 5. Therefore,
setting an appropriate value of D,, for helium in ETB is of great
importance for the simulation fidelity.

In spite of the fact that no edge CXRS data were avail-
able for the AUG discharge #39149, we could rely on past
measurements from another type-I ELMy H-mode at AUG,
sufficiently similar to the investigated one, reported in [73],
in which inter-ELM edge CXRS measurements for the He?*
ion density were available. These are shown in figure 8(b).
Noticeably, the pedestal of the He?" ion density is steeper than
the electron density one. Such gradient could be reproduced
imposing, for both He™ and He?* ion species, a value of the
particle diffusivity D, in the ETB of 0.04 m~2s~!, i.e. much
lower than the one imposed for the main ion species. We stress
that, in the performed modelling, the employed ‘effective’ dif-
fusivity accounts for the combined effects of diffusive and
convective transport, since we do not define an inward pinch
velocity.

This shows that the de-enrichment of the He ion flux
through the separatrix, with respect to that of the main species,

from 14.3% to 7.7% (cf table 1), is caused by the different
neoclassical transport within the ETB, at least for H-modes. It
also suggests that such effect might be even more important
for heavier impurities, in view of the dependence of the neo-
classical transport level (in particular the inward convection)
with the ion charge [8].

4.2. Influence of SOL transport

The competition between parallel and radial transport in the
SOL determines the ion flux reaching the divertor entrance
(which we define as the radial surface, in the computational
domain, crossing the X-point), for a given ion flux crossing
the separatrix.

For the main ion species, the effective particle diffusivity
D,, increases from roughly 0.5 m~2s~! in the near SOL up
to roughly 3 —4 m~2s~! in the far SOL, to reproduce the
experimental electron density profile (cf figure 6(a)). Absolute
impurity density measurements outside the separatrix are,
however, not possible. As such, no empirical evidence exists
about how radial SOL transport of He ions should be accoun-
ted. The most reasonable assumption was to impose, for both
He* and He”* ion species, the same value of particle diffus-
ivity D,, in the SOL as for the main ion species.

The resulting difference between D and He ions, in terms
of SOL transport, can be shown performing a global particle
balance for both in the SOL volume. A continuity equation as
the one solved by SOLPS-ITER for the ion species «, at steady
state, reads®,

0

Oox

0

=T o= SVOI‘
3}1 Ys a

Fea+ “

8 In equation (4) the metric coefficients are left out, for ease of reading. For the
complete form of the continuity equation solved by SOLPS-ITER, we refer to
[39].
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Figure 9. Particle balance in the SOL, applied to the main species (i.e. to the D™ ions, in the top row) and to helium (i.e. summed over the
He* and He?™ ions, in the bottom row). Plots in the left and middle column: radial particle balance performed in the SOL volume,

i.e. poloidally extending from inner to outer divertor entrances and radially up to the main wall boundary. The blue line in (@) and (d) is the
poloidally-integrated radial particle flux. The red line in (a) and (d) is the radial gradient of the radial particle flux. This can be decomposed
into volumetric sources and parallel losses (in yellow and green respectively, in (b) and (e)). Plots in the right column ((c¢) and (f)): radial
profiles of the simulated parallel flow velocity for the highest-charge ion, at the inner (dashed lines) and outer (solid lines) SOL midplanes.
Here, positive values indicate particles travelling towards the inner divertor.

Here T indicate the fluxes, and S$*' indicates the volumetric
source. x, y indicate the poloidal and radial direction, respect-
ively. Integrating both sides in radial direction, we find

o 8 / VO /
Lo = [ (e o) +52 00) ) agf.

Namely, the variation of the radial particle flux crossing any
entire flux surface, with respect to the radial particle flux
crossing the separatrix, is balanced by the cumulative parallel
particle loss and the cumulative particle source, i.e. occurring
between p, = 1 and that given flux surface. Figure 9 shows the
results of such balance.

For the main species, the particle flux towards the wall
is similar to the particle flux crossing the separatrix (blue
line in figure 9(a)). The cumulative parallel particle loss is
indeed roughly balanced by the cumulative volumetric particle
source (green and yellow areas, respectively, in figure 9(b)).
For helium, instead, the particle flux towards the wall is larger
than the one crossing the separatrix (blue line in figure 9(d)).
This is because the cumulative parallel particle loss is smal-
ler than the cumulative volumetric particle source (green and
yellow areas, respectively, in figure 9(e)). Therefore, He ions
are more easily transported to the main wall rather than to the

divertor, with respect to D ions. Since the radial transport coef-
ficients in the SOL are the same for both species, this is neces-
sarily linked to the different characteristics of parallel trans-
port between the two species. Figures 9(c) and (f) show that,
especially in the near SOL, where the ion density is higher,
the parallel flow velocity of He ions is smaller than that of the
main species, consistently with the results of the balance. This
can be therefore invoked as the main reason for the further de-
enrichment of the He particle flow while travelling from sep-
aratrix to divertor entrance, from 7.7% to 3.1% (cf table 1).

4.3. Influence of divertor recycling

The interplay between the parallel ion flow and the neutral
recycling pattern from the divertor targets determines the ion
flux impinging on the divertor targets, for a given ion flux
entering the divertor volume [65—68].

In high recycling conditions, neutrals emitted from the
divertor targets undergo on average several wall release/re-
ionization cycles before being scattered towards the subdiver-
tor volume [74-76]. Given the short time scale of this pro-
cess, this effectively ‘amplifies’ the ion flux onto the targets,
with respect to a given ion flux entering the divertor region (cf
table 1). This process is influenced by the possible existence
of a region with ion flow reversal, which is usually the case for
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and reversed flow, respectively (with respect to the closest target).

impurities in high recycling conditions [11, 12]. The boundary
between the regions with forward and reversed flow constitutes
a ‘stagnation surface’ for the parallel ion flow. Figure 10 shows
the simulated flow velocity field for the He ions in the divertor
plasma volume. Especially at the low field side, a large fraction
of the divertor volume exhibits, as expected, flow reversal.

The amount of He ion leakage depends on the location
where the recycled He atoms are re-ionized, with respect to
the position of the stagnation surface of the He ion flow:

e If He atoms are ionized close to the targets, i.e. in the
region below the He ion stagnation surface (case (1) in
figure 10), they are promptly returned as ions to the targets.
This favours the target flux amplification, i.e. maximizes the
recycled flux.

If, instead, recycled He atoms are ionized above the He ion
stagnation surface (case (2) in figure 10), they are leaked as
ions towards upstream. This increases the return time to the
targets, hindering the flux amplification, and reduces there-
fore the recycled flux.

An even worse situation arises if the recycled He atoms can
penetrate the confined region before being re-ionized (case
(3) in figure 10). In this case, the resulting He ions are con-
fined again, drastically reducing the recycled flux.

The interplay between location of the stagnation surface of
the He ion flow and ionization front of the recycled He atoms
determined therefore the divertor recycling.

4.3.1. Interpretation of the He ion flow pattern in the divertor.
The mechanisms determining the two-dimensional flow pat-
tern of the He ions in the divertor volume can be quantified in
terms of the various forces acting on the He ions. The inter-
ested reader may refer to [77] for a description of the parallel
momentum balance equation solved by SOLPS-ITER and to
[66] for a description of the parallel force balance determining
the ion flow pattern for impurities.

In such a balance, the inertial acceleration and viscous
effects are usually negligible, and the most relevant parallel
forces applied on He ions are [11, 12]:

e The friction forces, exerted on the He ions due to collisions
with all other ion species (but mostly with the main ions),
arising because of the difference in their parallel flow velo-
city. This results in He ions dragged in the same direction of
the main ion flow.

The thermal forces, caused by the parallel temperature vari-
ation in the SOL. Less momentum is indeed transferred from
other ions arriving from higher temperature region (i.e. from
upstream) to He ions, because of the temperature depend-
ence of the collisional momentum transfer. The resulting
net force pushes the impurities up the temperature gradient,
i.e. towards upstream.

These two terms are therefore in competition, and their balance
is greatly sensitive to the divertor plasma conditions (density,
temperature and main ion flows). The balance determines the
direction of the parallel He ion flow across the divertor plasma,
and consequently the position of its stagnation surface, i.e. the
black boundary surface in figure 10.

4.3.2. Interpretation of the ionization of recycled He atoms.
The ionization mean free path of recycled He atoms determ-
ines whether they are ionized below or above the stagnation
surface. This mainly depends on the electron temperature in
the divertor (cf figure 4).

Figure 11 shows the simulated volumetric ion source from
first ionization of neutral atoms in the divertor volume, for D
and for He, and relates it to the corresponding ion flow stagna-
tion surface. He atoms penetrate much deeper into the plasma
than D atoms. This is consistent with the first ionization energy
of He atoms (24.6 eV) being much larger than those of D atoms
(13.6 eV). This effect overcomes the lower thermal velocity
of He atoms, with respect to D atoms, because of their larger
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Figure 11. Simulated distributions of the volumetric ion sources from first ionization of D atoms (i.e. the density rate of the reaction
D° +e — DT + 2e) at the left, and of He atoms (i.e. the density rate of the reaction He® +e — He™ -+ 2e), at the right. The stagnation

surfaces of the corresponding ion flows are represented as white lines.

Table 2. Calculated fractions of test particles (D and He atoms) followed by Eirene and generated from divertor recycling, ionized in any of
the relevant plasma regions (SOL with corresponding ion flow in forward direction, SOL with corresponding ion flow in reversed direction,
PFR and core). We show both the calculated fractions from particles recycled from the inner and outer targets separately, and the total one.
The latter is not the arithmetic average of the individual contributions, but weighted on the recycled fluxes from both targets.

SOL (forw.) SOL (rev.) PFR Core
From inner target 79.8% 1.3% 14.0% 4.9%
D From outer target 73.3% 3.6% 20.2% 2.9%
Total 76.1% 2.6% 17.5% 3.8%
From inner target 67.6% 12.5% 6.7% 13.2%
He From outer target 44.8% 25.1% 6.5% 23.6%
Total 58.4% 17.6% 6.6 % 17.4%

mass. The same repationship between first ionization energy
and ionization front has been also observed experimentally for
other impurities [78].

The major difference between He and D is not, however, the
location of the peak source, which is in both cases rather close
to the targets. Rather, the ionization of He atoms is spread quite
far from the peak location towards upstream, while that of D
atoms is mostly localized close to the peak location. Because
of this, a non negligible fraction of the recycled He atoms is
recycled above the stagnation surface of the He ion flow, which
favours ion leakage. This happens especially at the low field
side, where the most extended flow reversal region exists.

4.3.3. Impact on jon leakage from the divertor. ~ The inter-
play between stagnation surface of the ion flow and ionization
front of the recycled atoms can be quantitatively evaluated. For
this we followed a sufficiently high number of test particle tra-
jectories simulated by Eirene, from atoms recycled from the
divertor targets, and classified them according to whether the
first ionization event takes place (i) in a portion of the SOL
with forward flow, (ii) in a portion of the SOL with reversed
flow, (iii) in the PFR or (iv) in the core.

As discussed, the most favourable situation for flux ampli-
fication is the first case, which would ensure a prompt return of
the ions to the targets. The second and the fourth case, instead,
favour ion leakage. Table 2 shows the results of this calcula-
tion, for both D and He.

Only a minority of the recycled D atoms (around 6%) is
re-ionized in an unfavourable region. This fraction is much
higher for recycled He atoms (i.e. around 35%). This causes a
stronger leakage of He ions towards upstream, with respect to
D ions. It strongly reduces in turn their flux amplification onto
the targets, and is the reason for the further de-enrichment of
the He ion flow impinging on the target, with respect to the one
entering the divertor region, from 3.1% to 1.1% (cf table 1).

The stronger leakage of He ions towards upstream also
increases the possibility that they are recycled at the main wall.
The resulting flux amplification at the main wall (consistent
with figure 9(d)) causes a feedback loop which decreases even
more divertor recycling. This is made evident by comparing
the relative intensity of divertor and main wall recycling for
the two species. Whereas for deuterium the flux recycled at
the divertor is roughly one order of magnitude larger than the
one recycled at the main wall boundary, for helium the two
quantities are similar in magnitude.

4.4. Influence of divertor closure and targets inclination

The net influx of atoms into the subdivertor recycling volume,
from a given recycling source at the targets, is largely influ-
enced by geometrical aspects [13, 79-81]. Retention of the
recycled atoms in the subdivertor volume is better if the diver-
tor plasma volume is closed, e.g. if the two regions are separ-
ated by a ‘roof baffle’, as the one present at AUG [82]. The
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Figure 12. Left: simulated flow velocity field of the recycled He atoms, with arrow lengths representing the intensity of the He atom flux
(i.e. its flux density). Right: simulated (normalized) parallel ion flux impinging on the inner target, for D ions and He?* ions.

effect is very similar to the one expected with the ‘dome’
planned for ITER [41]. In this case, the resulting subdivertor
neutral density is proportional to the probability that the
recycled atoms are directly emitted towards this region, rather
than towards the ‘hot’ plasma. This is achieved if the loca-
tion of maximum recycling along the targets (i.e. of maximum
impinging ion flux) is close to the entrance to the subdivertor
region (i.e. the gaps between targets and baffle). Additionally,
the targets’ inclinations plays also a role: whereas the neut-
rals reflected from the targets are re-emitted in a direction
which mostly depends on the direction of the incident ions,
the recycled ones are re-emitted according to a cosine distri-
bution which peaks on the normal direction with respect to the
target plates. Therefore, the angle between the target plate and
the first-flight direction to the gaps influences the probability
with which a recycled neutral can be directly scattered towards
the gaps.

The left box in figure 12 visually shows the fluxes of the
recycled He atoms in terms of flow velocity field. This shows
that a net flux of He atoms leaves the divertor plasma region at
the inner side, through the HFS gap. At the outer side, instead,
a net flux re-entering the divertor plasma through the LFS gap
is simulated, i.e. some He atoms from the subdivertor recycling
volume are immediately recirculated towards the plasma. This
can be explained noting that the separatrix strikes the inner
target surface right in front of the HFS gap, while it strikes
the outer target surface at some distance above the LFS gap.
Therefore, it is easier for particles recycled from the inner tar-
get to be scattered towards the subdivertor volume, rather than
particle recycled from the outer target. This is similar to what
observed e.g. in [76].

The right plot in figure 12 shows that the location of max-
imum recycled flux from D™ ions, along the inner target, is
closer to the gap than from He”* ions. Therefore a larger frac-
tion of the recycled D atoms and molecules will reach the gaps.
This explains the further de-enrichment of the neutral He dens-
ity in the subdivertor recycling volume, with respect to the flux
recycled from the targets, from 1.1% to 0.4% (cf table 1).

4.5. Overall contribution to the divertor compression

Globally, our simulation shows a strong de-enrichment of
helium in the exhaust gas, with a relative concentration (with
respect to the density of the main species) decreasing from
14.3% in the core to 0.4% in the subdivertor volume (cf
table 1). This is qualitatively consistent with the experimental
results [30, 70].

As we have shown, the processes determining this are
mostly related to the physics of helium transport and recycling.
With our analysis we assessed that such de-enrichment takes
place gradually while travelling from core to divertor, with
roughly similar contributions from processes taking place in
the different plasma regions. The differences between helium
and deuterium determining this situation are (i) a deeper ETB
for helium, which is mainly caused by the higher ion charge,
(i1) a lower parallel ion velocity in the SOL for helium, which
is mainly caused by the collisional transport properties, and
(iii) a higher ion leakage from the divertor for helium, which
is caused by its higher first ionization energy. This emphas-
izes that the low simulated value of helium compression is
caused by a complex interplay of processes whose net result
is a weaker helium transport towards the divertor than that of
deuterium.

4.6. Improvements to the default SOLPS-ITER physics model

Despite the understanding gained via the analysis described
in the previous sections, the important underestimation of
the simulated helium compression (i.e. 0.12) with respect
to the experiment (i.e. 1.6), of a factor of more than 10,
remains to be explained. We identified a series of possible
improvements, mainly related to the modelling of divertor
recycling, which can be achieved modifying the SOLPS-
ITER physics-related input settings with respect to the default
ones, described in the next subsections. These mostly modify
the intensity of divertor recycling and the simulated inter-
play between the location of the stagnation surface of the
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Figure 13. Change of the simulated divertor recycling for helium (in terms of ionization front and stagnation surface) when improving the
SOLPS-ITER physics model. (a): changing the closure of the transport equations (stagnation surface as dashed while line for the default
closure vs. solid white line for the Zhdanov-Grad closure). (b): activating the drift flows (stagnation surface as dashed while line without

drifts vs. solid white line with drifts).

He ion flow and ionization front of the recycled He atoms
(figure 13).

4.6.1. Role of improved parallel transport model. The
default form of the parallel momentum balance equation for
impurities used in SOLPS-ITER is the one derived from the
original Braginskii equations and described in [77]. The coef-
ficients describing collisional processes determine the paral-
lel forces, in particular friction and thermal forces. These are
analytically derived following a given closure for the fluid
equations. The form of the coefficients used by default in
SOLPS-ITER is the one derived in [83, 84]. This is valid for
arbitrary impurity concentrations, but is calculated assuming
a nearly zero mass ratio between main ions and impurity ions.
Whereas this may be reasonable for heavier impurities, it is
not accurate for the description of collisional He ion transport.
Recently, improved coefficients valid for comparable masses
of main and impurity ions were calculated and implemented in
SOLPS-ITER [85]. The application of this improved closure
was shown to alter the balance between friction and thermal
forces, especially for light impurities [86].

Implementing the improved closure did not change the
background plasma solution, but altered, as expected, the par-
allel force balance for He ions. This is shown in detail in the
appendix A. This produced a small shift of the stagnation sur-
face towards upstream (cf figure 13(a)). As a result, the frac-
tion of recycled He atoms ionized in a region with forward
He ion flow in the SOL increases from 58.4% (cf table 2) to
64.9%. Consequently, the He ion leakage from the divertor
is reduced, and the simulated He compression increases from
0.12 to 0.16. This is consistent with the results presented in
[86].

4.6.2. Role of neutral-ion collisions. As discussed in the
section 3.2, several atomic reactions involving the collision of
He atoms with plasma ions are not included by default in the

Eirene reaction set. These may strongly impact the trajectories
of the recycled He atoms, hence in turn where and how quickly
these are ionized.

According to figure 4, at high plasma temperatures, for
most of the recycled He atoms the first interaction with the
plasma is an electron-impact ionization. In this case, these
would undergo a ballistic trajectory from the recycling loc-
ation until they are ionized. At less than 15 eV, the mean
free path for CX collisions with He ions (i.e. the reac-
tions He® +Het — He™ + He® and He® 4+ He** — He?t +
He?) and elastic collisions with D ions (i.e. the reaction He” +
DT — D' 4+ He") becomes shorter than the ionization one.
This would cause multiple collisions for He atoms before the
ionization. A region with sufficiently low temperature does
exist, especially in the inner divertor, in our plasma solution
(cf figure 6(e)). After activating these collisions, following a
sufficiently high number of test particle trajectories simulated
by Eirene, we calculated that He atoms recycled at the inner
and outer targets undergo, on average, 0.07 and 0.03 CX col-
lisions with Het/He?* ions per simulated trajectory, respect-
ively. Therefore, the impact of these CX collisions is negli-
gible, mainly because of the low He ion density in the sim-
ulated case. In the same way, we calculated that He atoms
recycled at the inner and outer targets collide, on average,
6.10 times and 6.16 times with D™ ions before being ionized,
respectively. These elastic collisions are, therefore, dominant,
transforming the motion of recycled He atoms from ballistic
to diffusive.

CX collisions with D7 ions (i.e. the reaction He + DT —
Het + DO), instead, do not cause the He atoms to be scattered,
but remove one electron from them. The result is an addi-
tional ‘effective’ ionization mechanism. However, according
to figure 4, the range in which these occur more likely than an
electron-impact ionization (effectively increasing the ioniza-
tion probability) is limited to very low temperatures, i.e. less
than around 1.5 eV. After activating these collisions, follow-
ing again a sufficiently high number of test particle simulated
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by Eirene, we calculated that, out of all He atoms recycled
from the inner and outer targets and ionized in the divertor
plasma, the final collision was a He-D* CX collision only
for the 0.05% and the 0.10% of these, respectively. Therefore,
also the impact of CX collisions with D™ ions is rather negli-
gible, mainly because of the very low probability of the these
to occur.

Implementing all neutral-ion collisions did not alter sig-
nificantly the position of the ionization front of recycled He
atoms, but caused a further slight increase of the simulated
compression from 0.16 to 0.18. This is linked to an increased
fraction of recycled He atoms which is directly scattered
towards the subdivertor region, rather than towards the ‘hot’
plasma (cf section 4.4), as a result of increased collisions with
D ions: after activating these collisions, from the inner target
this is fraction increased form 15.5% to 17.3%, while from the
outer target it is increased from 1.9% to 2.4%.

We conclude that, although the mere presence of such colli-
sions is dominant over ionizations, differently from what was
previously believed [13], their impact on divertor compression
remains limited, at least in the scenario investigated here.

4.6.3. Role of drift flows. Finally, a further, substantial
change to the entire divertor plasma solution (cf figures 6(d)
and (e)) is caused by the activation of the drifts flows (E x B
and diamagnetic drifts). Different main ion flows, electron
temperatures and parallel electron/ion temperature gradients
drastically affect both the stagnation surface of the He ion
flow and the ionization front of the recycled He atoms (cf
figure 13(b)).

Fully activating the drift terms altered, in first instance, the
parallel force balance for He ions. This is shown in detail in
the appendix A. This produced a shift of the stagnation surface
towards upstream at the LFS which is much more pronounced
than that achieved by using improved parallel transport coef-
ficients (cf figure 13(b)). The ionization front is also shifted
towards upstream, especially in the inner divertor, because of
a much lower temperature obtained when drifts are activated.
Howeyver, at the HFS, there is no flow reversal both without
and with drifts, so the impact of this on ion leakage is lim-
ited. Globally, the fraction of recycled He atoms ionized in
a region with forward He ion flow in the SOL increases fur-
ther to 68.8%. The He ion leakage from the divertor is further
reduced, and the simulated He compression increases from
0.18 to 0.21.

4.6.4. Considerations. Adding the aforementioned addi-
tional pieces of physics, not included in the default SOLPS-
ITER model, yielded a more realistic account of the divertor
recycling of He atoms. This increased the simulated He com-
pression by an overall factor of roughly 2 (i.e. from 0.12 to
0.21). Nonetheless, the simulated value remains almost one
order of magnitude lower than in the experiment (i.e. 1.6). This
suggests that additional physics components are still miss-
ing in SOLPS-ITER, which likely affect the treatment of the

transport of He ions in the SOL. Possible reasons for this will
be discussed in the section 6.2.

5. Characterization of subdivertor helium gas
transport and pumping

This section discusses the second set of processes which,
according to figure 1, determine the overall He particle bal-
ance, i.e. the transport and pumping of neutral He atoms in
the subdivertor volume. Although the geometry of the sub-
divertor region, as considered by the Eirene triangular grid,
is simplified, it preserves the complexity of the material struc-
tures present in reality. As such, we were able to model and
interpret the phenomena which constitute and limit the overall
conductance of the He gas flow towards the pumps.

A simple figure of merit for quantifying subdivertor helium
gas transport is its subdivertor density ratio Ry (equation (2)).
Starting from a given He atom density in the subdivertor recyc-
ling region, this parameter will quantify the efficiency with
which He atoms are transported towards the pumping volume,
from which they can be finally permanently removed from the
vessel. This can be seen as the result of the interplay between
multiple aspects:

e Physical obstacles encountered in the way from the recyc-
ling source to the pumping surface, such as vessel support
structures, cables and diagnostics gauges in the subdivertor
region, cause a resistance effect for the gas flow, obstructing
its flow towards the pumps and determining a subdivertor
density ratio larger than unity.

Those recycled atoms which successfully enter the subdiver-
tor region still have a chance to be reflected multiple times
by the material boundaries of the vacuum vessel and recir-
culate towards the divertor plasma or the main chamber
through physical gaps, hence be re-ionized. For maximizing
the pumping, the entire subdivertor region should be suffi-
ciently closed, e.g. through baffles.

If the neutral gas density is large enough, collisions between
the gas atoms/molecules are dominant over the collisions
between the vessel walls, invalidating the assumption of free
molecular flow. In this case, the flow is also limited by its
own viscosity. In case of impurities, their flow is influenced
by the viscosity of the main gas flow via friction.

The intensity of the sink given by the active pumping not
only governs the gas removal rate, but also influences the
gas flow itself, if it is comparable to the intensity of the gas
source within the same volume.

Figure 14 illustrates the He gas flow in the entire subdivertor
volume, in form of streamlines.

Divertor recycling generates the flux of He atoms which
constitutes the only net source of particles for the subdiver-
tor region. Consistently with what already discussed in the
section 4.4, figure 14 shows that a net flux of He atoms leaves
the divertor plasma region at the inner side, through the HFS
gap, while at the outer side a net flux entering the divertor
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Figure 14. Streamlines of the simulated He atom flow, with starting point at the roof baffle HFS gap connecting divertor plasma volume and
subdivertor region, following it until the various sinks (leakage path towards the divertor plasma volume through the roof baffle LFS gap,
leakage paths towards the main chamber through the HFS and LFS main chamber baffle gaps and outer target gap, and absorption from the
pumping surface representing the pump duct). The green triangles represent the locations, within the recycling and pumping volumes, from
which the simulated He densities, as mentioned in the text and in the table 4, are extracted.

plasma through the LFS gap is simulated. Therefore, some He
atoms from the subdivertor recycling volume are immediately
recirculated towards the divertor plasma before even reaching
the pumping volume. A further, non negligible fraction of the
He atom flux which reaches the pumping volume is still recir-
culated to the divertor plasma or to the main chamber, despite
the presence of baffles at the HFS and at the LFS of the vacuum
vessel.

As a result, only a small fraction of the entire gas influx
within the subdivertor region is pumped. Following a suffi-
ciently high number of test particle trajectories simulated by
Eirene, we calculated that, out of all He atoms generated from
divertor recycling, only around 2.1% get pumped, while the
remaining 97.9% re-enter in some way the plasma and get ion-
ized. In the following subsections, the processes determining
this situation will be analyzed.

5.1. Subdivertor conductance model

A key aspect required for a realistic simulation of neutral gas
flows towards the pumping surfaces concerns the resistance
created by physical obstacles encountered on the way. This
causes a pressure drop for the gas flow, which is not favour-
able for the pumping as it implies a lower pressure in front
of the pumping surfaces. For the case of the AUG geometry,
this effect can be quantified in terms of the subdivertor dens-
ity ratio. For a deuterium gas, at divertor pressure levels typ-
ical of H-mode plasma discharges (i.e. of the order of one to
few Pa), a ratio of around 4—5 is usually observed between
the densities in the two volumes (cf section 2.3). This value is
observed to increase with increasing pressure, likely because

the flow is further limited by the increased D, gas viscosity.
For the case of helium, this quantity has not been directly
measured, because of the lack of an operating Penning gauge
in the recycling volume. The empirical considerations repor-
ted in the section 2.3 led us to assume a ratio of around 1.75
for the helium gas. This is smaller than the measured one for
D, molecules because of the lack of the strong cryopumping
sink for He atoms.

To support this assumption, we employed a neutral gas
conductance model in our computational grid. This allows to
emulate the resistance due to physical obstacles using a ficti-
tious duct which separates recycling and pumping volumes (cf
figure 14). The conductance £, measured in m 3 s~ !, induced
by this duct, allows to relate the density difference between
the upstream and downstream reservoirs to the flux I" flowing
between the two via the equation

r=,. (nup - ndown) . (6)
Appendix B describes in more detail the employed conduct-
ance model. The theoretical free molecular conductance for 4
AMU particles predicted by such model is 45 m =3 s~

In case of free molecular flow, for different gas masses,
the conductance should scale with the square root of the mass
ratios. He atoms and D, molecules have nearly the same mass,
and the resistance exerted by the physical obstacles in the sub-
divertor region on the gas flow is the same for all neutral gas
species. Therefore, if such a structure correctly emulates the
pressure drop for the D, flow, it will then correctly emulate
also the pressure drop for the He flow, provided that other
processes affecting the flow (e.g. neutral-neutral collisions)
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Table 3. Simulated net particle fluxes flowing into and out from the entire subdivertor region, balancing according to equation (7). Given in
the table are the atomic fluxes (i.e. the D, particle flux component is accounted twice), flowing through the various gaps/bypasses/pumping

surfaces, in s~!. For the fluxes leaving the subdivertor region (i.e. negative), the fraction with respect to the only positive flux (i.e. the inflow
from the divertor plasma volume through the HFS gap) is given. The pumped flux corresponds to the total gas source into the simulation.

HFS gap >~ leaks to divertor >~ leaks to main

(inflow) LFS gap (outflow) plasma vol. chamber Pumped flux
D+D, +10.80 - 10%! —0.53-10* (4.9%) —0.66 - 10*' (6.1%) —4.77-10* (44.2%) —4.84-10% (44.8%)
He +8.02-10" —2.63-10" (32.8%) —1.17-10" (14.6%) —3.81-10" (47.5%) —0.41-10" (5.1%)

are taken into account. In our main simulation, with activated
neutral-neutral collisions, the simulated He atom flux through
this duct Iierec—spump is 2.33-10'" s~!, and the simulated
densities in the recycling and pumping volumes are nye rec =
5.78 10" m~3 and nye pump = 3.41-10'7 m~3. The row (b)
in figure 15 shows the simulated distribution of the He atom
density in the entire subdivertor region, for the base case. The
simulated subdivertor density ratio Ry is, therefore, 1.70. This
provides an a posteriori confirmation of our assumption for
such ratio, which was necessary because of the availability of
He atom density measurements only in the pumping volume
but not in the recycling volume (cf section 2.3).

According to equation (6), the real conductance
Liie rec—spump 18 therefore 98 m = s~!. The much higher value
with respect to the analytically calculated one can be attributed
to the effect of neutral-neutral collisions. At the simulated He
atom densities, the mean free path of He-He collisions is of
the order of tens of m (cf figure 5). Therefore, these do not
play any role, and He gas flow is not limited by its own vis-
cosity. However, given the simulated background D, density
in the range 5 — 10- 10" m—3, the mean free path of D,-D,
and D,-He collisions is of few cm (cf figure 5), which is lower
than the characteristic dimension of the volumes in the sub-
divertor region. Therefore, these collisions take place more
frequently than the collisions of He atoms with the material
surfaces, invalidating the assumption of free molecular flow.
The D, gas flow is, therefore, limited by its own viscosity
[87-89]. Since it is much more intense than the He gas flow,
because of the higher density and additional cryopump sink,
the entrainment of the He gas flow into the D, gas flow via
inter-species friction results in a drag effect. This explains the
higher conductance with respect to analytical prediction in
case of free molecular flow.

5.2. He gas dynamics and recirculation

A global particle balance on the region can be performed to
quantify the impact of recirculated fluxes over the pumped
flux:

I‘inﬂow,HFS gap — Foutﬂow,LFS gap + 5 I‘leaks,div.

+ Z 1_‘leaks,main + Fpumped- (7)
Namely, consistently with figure 14, the flux of neutral
particles entering the subdivertor region through the HES gap
must equate the flux re-entering the divertor plasma region

through the LFS gap, plus the fluxes leaking to the diver-
tor plasma region through the outer target bypass, plus the
flux leaking to the main chamber through the HFS and LFS
bypasses, plus the pumped flux. For a better understanding
of the neutral gas dynamics in this region, we calculated the
various terms of equation (7) across the flow domain. Table 3
shows the various terms of the balance, found by extracting the
fluxes crossing transparent surfaces placed in the Eirene grid
corresponding to the various gaps/bypasses, for deuterium (D
atoms + D, molecules) and helium.

For the deuterium gas, the recirculated flux is comparable
to the pumped flux (which is 44.8% of the total inflow). Most
of the flux is leaked towards the main chamber, rather than
towards the divertor plasma volume. For helium, instead, the
pumped flux is only 5.1% of the total inflow. This is easily
motivated by the much reduced pumping applied to He atoms,
which are not captured by the cryopump. However, a com-
parable fraction of the total inflow, as for deuterium, is leaked
towards the main chamber. The increased terms for helium are
the fluxes leaked towards the divertor plasma volume, espe-
cially towards the LFS gap. This is consistent with the reduced
flux of He atoms from the recycling volume to the pumping
volume, caused by the absence of the cryopumping sink for
them. He atoms tend, in this way, to remain longer within the
recycling volume, which favours leakage towards the divertor
plasma volume through the LFS gap (cf section 4.4).

5.3. Impact of neutral gas friction on the helium atom flow

As already mentioned in the section 5.1, neutral-neutral col-
lisions are seen to influence the He atom flow from the sub-
divertor recycling volume to the pumping volume, via friction
with the much more intense D, flow.

Figure 15 shows the simulated He atom density and the He
atom flow velocity field, in the entire subdivertor region, in the
base case, i.e. with neutral-neutral collisions all activated (row
(b)), and in a case in which we deactivated only the D,-He
collision (row (a)). The He ion density at the plasma midplane
is kept the same through the core boundary conditions. As a
result of the unchanged plasma conditions with regard to He
ions, the recycled flux from the divertor targets is roughly the
same in the two cases.

The simulated He atom density in the subdivertor recycling
volume is, however, different. He atoms are uniformly distrib-
uted in the case without D,-He collision, as a result of their
pure free molecular flow (with He-He and D-He collisions
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Figure 15. Distribution of the simulated neutral He atom density in the entire subdivertor region and simulated He atom flow velocity field
(with color scale indicating the absolute flux density), for different cases. Row (a): deactivated D,-He elastic collisions and cryopump
ineffective for He atoms. Row (b): activated D,-He elastic collisions and cryopump ineffective for He atoms (corresponding to the base
case). Row (c¢): activated D,-He elastic collisions and cryopump effective for He atoms, i.e. imposing the same capture coefficient as for D,
molecules. The black arrows qualitatively represent the flow streamlines.

being negligible). Activating the D,-He collisions, the distri-
bution of He atoms in this volume is not uniform anymore, and
their average density is decreased by a factor of roughly 30%.
The cause is the enhancement of the flux towards the pumping
volume, driven by the friction exerted by the more intense D,
flow.

In the pumping volume, the simulated He ion density is
roughly unchanged. This means that also the subdivertor dens-
ity ratio (equation (2)) is decreased by roughly 30% with
respect to the case without D,-He collisions. The simulated He
atom flow velocity field in this volume is, however, strongly
impacted. In the case without D,-He collisions, the He atom
flow, which enters the volume through the conductance duct,
splits in two distinct currents, one travelling towards the pump-
ing surface and one travelling towards the outer target bypass.
In the case with D,-He collisions, instead, the He atom flow
is more intense and is preferentially directed towards the

pumping surface, and the flow current to the outer target
bypass is weaker. This is caused by the friction exerted by
the strong D, flow, which is mainly directed towards pump-
ing surfaces. Therefore, although the applied pumping speed
on He atoms is unchanged, the enhanced flow of He atoms
towards the turbopump surface causes an increase of capture
rate from this, and therefore also of the pumped He flux. As a
side effect, the He atom flow towards the LFS bypass (which is
behind the cryopump) is also enhanced. Therefore, the leaked
flux towards the main chamber also increases.

The impact of the friction exerted by the D, flow clearly
depends on the background D, pressure, since for low pres-
sures D,-He collisions would occur less often. To assess this,
we performed a further set of simulations with varying D,
gas puff, so as to achieve different D, pressure levels in the
subdivertor region. In these simulations, the He ion dens-
ity at the plasma midplane is still kept constant. Table 4
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Table 4. Change in the transport of He atoms towards the pumps, at different pressures of the background D, gas measured in the recycling
volume, without and with D,-He collisions activated. From left to right: He atom densities in the recycling and in the pumping volumes in
the subdivertor region (i.e. green triangles in figure 14); He atom flux from the recycling to the pumping volume, and resulting conductance;

Pumped flux of He atoms.

DD, (D2-He) NHe,rec (m73) NHe,pump (m73) FHE,rec—)pump (Sil) EHe,rec—>pump (m73 571) FHe,pumped (Sil)
0.10 Pa no 4.51-10' 2.01-10' 1.05-10' 42 1.40-10"

yes 3.71-10% 1.90-10'¢ 1.07-10'8 (41.9%) 59 1.46 - 10V (44.2%)
0.35 Pa no 3.29-10' 1.55-10'% 0.76-10'8 43 1.11-10"7

yes 2.30- 10" 1.53-10' 0.93-10'® (422.4%) 120 1.26- 10" (+13.5%)
0.55 Pa no 4.11-10% 1.88-10' 0.94-10' 43 1.36 - 10"

yes 2.89-10' 1.91-10% 1.26-10"8 (+-34.0%) 129 1.65-10" (+21.3%)
0.70 Pa no 5.54.10' 2.53.10'° 1.26-10'8 42 1.77-10"

yes 4.12-10' 2.56-10'° 1.74-10'8 (4-38.1%) 112 2.28- 10" (+-28.8%)
0.80 Pa no 8.64-10'6 3.67-10' 1.97-10' 40 2.63-10"

yes 7.22-10' 3.95-10' 2.88-10' (4-46.2%) 66 3.53-10"7 (4-34.2%)

shows how the simulated He densities and fluxes vary over
a D, pressure range spanning 10~ to 1 Pa, which is typical
of low-to-medium-density H-modes at AUG. The effect of
the D,-He friction is best visible in the percentage increase
of the He flux from the recycling volume to the pumping
volume and of the pumped He flux when activating the D,-He
collisions.

At the lowest simulated D, pressure the impact of D,-He
collisions on the simulated He atom flux I'ye rec— pump from the
recycling volume to the pumping volume is limited. Therefore,
He atoms are still very weakly entrained into the D, flow.
Consequently, also the increase of the pumped flux I'ye pumped
is limited. Towards the highest simulated D, pressure, instead,
I'He rec—pump 18 roughly 46% larger than in the case without
D;-He collisions. This is caused by the stronger entrainment
into the D, flow. As a result, I'ge pumped 18 roughly 34% lar-
ger. Noticeably, the relative increase of I'hepumpea 15 lower
than the relative increase of I'ge rec—pump (apart from the low-
est pressure case). This is caused by the concurrent increase
of the leaked flux towards the main chamber through the LFS
bypass.

We also calculated the resulting conductances Lye rec—spump
between the two subdivertor volumes, from the simulated
He atom density difference in the two volumes and the sim-
ulated He atom flux, according to equation (6). As expec-
ted, Lherec—pump does not change with increasing D, pres-
sure in the simulations without D,-He collisions, as the He
atom flow is not influenced by the D, flow. The simulated
values (between 40 and 45 m~3 s~!) are in very good agree-
ment with the theoretical prediction for a free molecular flow
(cf appendix B). With activated D,-He collisions, instead,
Ltie rec—pump 18 always higher than the free molecular expect-
ation. However, the trend is not monotonous, as this has a
maximum at the ‘intermediate’ simulated D, pressure. This
is due to the fact that, whereas the entrainment of He atoms
into the D, flow constantly increases with the D, pressure, the
conductance of the D, flow itself decreases towards higher
D, pressure, being this more and more limited by its own
viscosity [87-89]. The combination of the two effects explains
the calculated trend of Ly rec—pump-

In summary, the activation of neutral-neutral collisions in
our simulations led us to conclude that the impact of D,-He
friction on the He gas flow (and, more importantly, on the
pumped He flux), is clearly visible, but not dramatic. Even
in case of full entrainment of He atoms within the D, flow,
which would be achieved at pressures of the order of several
Pa or higher, this would not overrule the bad pumping of He
atoms caused by ineffectiveness of the cryopump for them.

5.4. Impact of active pumping on the helium atom flow

The impact of active pumping, through pumping surfaces
defined within the Eirene grid, can be seen not only on the
gas removal rate (which affects the global source/pump bal-
ance in a coupled B2.5-Eirene run), but also on the simulated
gas flow itself. This can be seen e.g. by comparing the simu-
lated density and flow velocity of He atoms in the base case
(row (b) in figure 15), where the only pumping sink for He
atoms is given by the turbopumps surface, to a case (row (c)
in figure 15) in which we set the same capture coefficient for
D, molecules on the cryopump surface. Again, the He ion
density at the plasma midplane is kept the same, resulting in
an equal recycled flux from the divertor targets in the two
cases.

In the case with cryopump fully effective on capturing He
atoms, the He atom flux travelling from the subdivertor recyc-
ling volume to the pumping volume is mostly unchanged,
and only slightly increased. Within the pumping volume,
however, the strong additional sink at the cryopump surface
causes the flow to be preferentially directed towards this,
strongly reducing the intensity of the flow currents directed
towards the outer target and the LFS bypasses. Consequently,
the pumped flux is increased, at the expense of the leaked
flux towards the divertor plasma volume and the main
chamber.

Within the recycling volume, the fact that the outflow
(through the conductance duct) is only slightly increased, with
the inflow (from divertor recycling) being the same, causes
the simulated He atom density to be only slightly reduced.
As a consequence, the simulated divertor compression is also
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Table 5. Calculated net particle fluxes flowing out from the subdivertor region (in terms of fraction with respect to the influx from the HFS
gap), divertor compression, subdivertor density ratio and He ion concentration at the plasma midplane (nye+ /np+ at the pedestal top) in
simulations performed at different levels of cryopump effectiveness for He atoms. These simulations are performed with fixed and equal He

gas puff.

Cryo. effectiveness for % leaked flux % leaked flux

% pumped flux fHe (plasma

He atoms (div. plasma vol.) (main chamber) (turbo. + cryo.) CHe Rye midplane)
Off (Ceapture,He = 0.00) 47.4% 47.5% 51% + 0.0% 0.12 1.70 0.143
1/4 (Ceapture,He = 0.05) 38.4% 40.7% 34% + 17.5% 0.12 2.38 0.047
1/2 (Ceapture,e = 0.10) 35.0% 36.0% 2.6% + 26.4% 0.11 2.99 0.033
3/4 (Ceapture,He = 0.15) 33.0% 33.1% 2.1% + 31.8% 0.11 3.56 0.028
Full (Ceapture,He = 0.20) 31.8% 31.4% 1.7% + 35.1% 0.11 4.09 0.025

very similar. This confirms that, whereas the applied pumping
speed affects the simulated impurity concentrations by altering
the global source/pump balance, it does not directly have a
strong impact on how efficiently impurities are transported
towards the divertor targets from the plasma, and thereby
recycled. The latter aspect mostly depends on transport phe-
nomena on the plasma side, as pointed out in the section 4, and
is therefore conceptually distinct from the pumping-related
aspect of impurity exhaust. This is also in line with what was
observed in previous modelling works [90], and consistent
with reduced models describing impurity exhaust [91].

The two simulations described in the rows (b) and (c¢) of
figure 15 feature an identical concentration of He atoms at the
plasma midplane, as a fixed boundary condition. This allowed
to focus on how the subdivertor He gas transport changes
between the two cases. Since the pumped flux is much larger in
the case with cryopump active, the net external source of He
atoms in the plasma is also accordingly increased, to main-
tain the He ion density in the plasma unchanged. In order to
evaluate how much an increase of the applied pumping speed
affects the He concentration in the plasma, we performed fur-
ther simulations with fixed external source and varying cap-
ture coefficient at the cryopump surface. This is increased from
0.00 (i.e. as in the base case) to 0.20 (i.e. the same as for D,
molecules). Table 5 shows the simulated results.

Not surprisingly, the increase of intensity of the strong
cryopumping sink in the pumping volume causes an increase
of the fraction of the He atom flux entering the subdiver-
tor volume which is pumped, and a decrease of the fraction
which is leaked towards both divertor plasma volume and main
chamber. As already discussed, the simulated He compression
is only weakly affected, while the subdivertor density ratio
increases to levels comparable to those observed and simu-
lated for the D, gas, i.e. around 4 (cf section 2.3) with cryo-
pump fully effective on He atoms. Most importantly, the He
ion concentration at the plasma midplane strongly decreases,
going from roughly 14% with cryopump fully off to roughly
2% with cryopump fully on. Its decrease is, however, non lin-
ear with increasing capture coefficient. This emphasizes how
much the employment of efficient pumps can contribute to
keep the He ion concentration in the plasma within tolerable
values, even beyond the (still necessary) plasma and diver-
tor scenario optimization. On the other hand, the substantial
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leakage towards the main chamber, which is still present also
in the case with cryopump fully on, highlights that closing
the subdivertor geometry might also be a key for optimize the

pumping.

6. Discussion and possible further improvements

6.1. Implications for future devices

Important implications for the operation of future devices
follow from our results. Because of several aspects intrinsic
to its physical behavior, conventional divertors struggle in
compressing helium. The resulting enrichment (i.e. the ratio
between impurity compression and main species compression)
is the worst among all recycling impurities [70], and its value
is consistently below unity.

The experimental results documented in [30] and the
numerical results from this work are in qualitative agree-
ment with earlier experimental [18-20] and numerical [90]
studies, performed at AUG with different divertor geometry
and wall material. This is a further indication that helium
transport and recycling mostly depends on the plasma scen-
ario, and only in minor part on the technical characterist-
ics of a specific device. This justifies a reasonable extrapol-
ation of the observed behavior towards future reactors. In
particular:

e In terms of edge transport (cf section 4.1), the desired good
energy confinement in a reactor translates in a good particle
confinement. The presence of an ETB, therefore, will con-
stitute a first bottleneck for the flush-out of He ions from
the confined region [8]. The lower pedestal collisionality
foreseen in future reactors will, however, cause a signific-
antly different impurity transport in the edge from the one
observed in AUG [92, 93]. The impact of this on He com-
pression is, currently, unclear.

e In terms of SOL transport (cf section 4.2), the balance
between the predominantly collisional parallel transport and
the predominantly turbulent radial transport of He ions will
be also constrained by requesting plasma conditions for the
SOL which are compatible with a high separatrix density
and a highly recycling divertor [94].
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e In terms of divertor recycling (cf section 4.3), the interplay
between stagnation surface of the He ion flow and ioniza-
tion front of recycled He atoms will also be determined by
the desired divertor plasma scenario, which is constrained
by the requirements of power exhaust (e.g. low temperat-
ure) [95]. Therefore, this is also not easily controllable inde-
pendently. The physical dimensions of the divertor plasma
volume, which will be larger and denser in future reactors
[96], might however favour divertor retention of recycled
He atoms, e.g. reducing their penetration at a given plasma
temperature.

In terms of geometric aspects (cf section 4.4), closure of
the divertor plasma volume and favourable inclination of the
targets plates are the only aspects determining the He com-
pression which can be controlled. This can be done plan-
ning the presence of a roof baffle, positioning the separatrix
strikelines close to the entrance of the subdivertor region,
and tilting the targets so to maximize a direct scattering of
the recycling He atoms towards it [15, 19]. These features
are, indeed, already planned for the ITER divertor [27, 28].
An even further improvement might be given, in this regard,
by non-conventional (e.g. long-legged) divertors.

These observations show that the room for optimization of
helium transport and recycling in a reactor is limited. Any
operational plasma scenario is indeed constrained by the
requirements of core confinement and power exhaust [94, 97],
which must be achieved simultaneously with those of helium
exhaust.

The most relevant room for optimization of helium exhaust
is therefore given by a proper design of the pumping sys-
tems. Extrapolating our results towards a reactor shows the
unlikelihood of fulfilling the requirements of a stationary burn-
ing plasma only employing turbomolecular pumps, because of
their limited pumping speed. It is, however, possible to design
cryopumps which actively capture He atoms. For example,
coating their surface with a sorbent like activated charcoal
[98] or employ argon spraying to form a frosted cryotrap-
ping layer [99]. The use of cryopumps capable of capture He
atoms is, indeed, already planned for ITER [100, 101]. Steady-
state operations such as the ones foreseen for DEMO will need
instead more advanced approaches, such as multi-staged cryo-
pumps or metal foil pumps [102].

6.2. Accuracy of edge transport models for impurities

Another important result of our work is the difficulty
encountered by SOLPS-ITER in reproducing the experiment-
ally measured He compression. This might constitute a ser-
ious drawback for the use of the code to predict the beha-
vior of helium (as well as of other radiating impurities) in
future fusion reactors. As already discussed, the reason for the
observed discrepancy in our simulations is likely related to the
treatment of helium transport itself, rather than to the general
simulation fidelity (i.e. the simulated plasma background).
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First of all, our results suggest that the simulated impur-
ity densities in regions even far from the plasma core (e.g.
in the neutral exhaust gas) are very sensitive to the choice
of the radial transport coefficients inside the separatrix (cf
section 4.1). This happens because the ion flux crossing the
separatrix depends on the ion density gradient in the plasma
edge. Therefore, the choice of radial transport coefficients
for impurity species should always be carefully made, espe-
cially in H-modes where the presence of an ETB reduces the
transport to neoclassical levels, i.e. making it strongly charge-
dependent [8]. Nonetheless, in most of the already published
SOLPS modelling works, to the best of the authors’ know-
ledge, the particle diffusivity within the ETB for impurity spe-
cies is very often kept the same as the one for the main species,
even in predictive simulations in view of future reactors [103,
104]. This may be a wrong assumption, and may lead to mis-
leading results.

Additionally, we found a non negligible impact on diver-
tor recycling due to physical processes which can be mod-
elled by SOLPS-ITER, but are not activated by default.
Namely, an improved parallel momentum balance for impur-
ities (cf section 4.6.1), atomic reactions beyond the simple
electron-impact ionization, such as ion-neutral collisions (cf
section 4.6.2), and drifts effects (cf section 4.6.3). The role of
the drifts is consistent with what is already known [60, 62].
The role of ion-neutral collisions on transforming the ballistic
trajectories of recycled impurity atoms into a diffusive motion
is, however, more relevant than what was thought in the past
[13]. Their impact on our simulated He compression is limited,
as the investigated scenario is a moderately attached diver-
tor in a medium-sized device. In denser and colder plasmas,
as foreseen for future reactors, the impact of these might be
much more pronounced. We recommend therefore to consider
these aspects in both future interpretative and predictive stud-
ies involving edge transport simulations of impurities.

Nevertheless, the simulated He compression in our model-
ling still remains almost one order of magnitude lower than the
experimentally measured one (cf section 4.6.4). We speculate
that the difficulty encountered by SOLPS-ITER in this regard
might be linked to physics components missing or not easily
reproducible in its context. In particular:

e The anomalous transport coefficients for He particle trans-
port in the SOL are the same as for the main species. This
might not be an accurate assumption, although no experi-
mental measurements exist to justify a different radial SOL
transport for He (as well as for other impurities) with respect
to that of hydrogenic species.

Performing several exploratory simulations we observed
that the simulated He compression can be increased by sev-
eral units applying a lower particle diffusivity in the SOL
for He™ and He”*t. This would bring the simulated value
much closer to the experimental one. Optimizing this might
help in achieving more accurate interpretative simulations.
However, information on the radial SOL transport of He
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ions in future devices would still be missing from predict-
ive simulations.

Fluid transport models cannot take into account MHD
events, which might strongly affect edge transport. In par-
ticular, edge localized modes (ELMs) have been shown to
effectively flush impurities out of the core [8, 105]. This hap-
pens because of two reasons: (i) the explosive ejection of
ions across the separatrix at the ELM onset because of the
pedestal relaxation [73, 106, 107], and (ii) the intense par-
allel free-streaming motion of ions within ELM filaments
along the SOL towards the divertor [108, 109]. These pro-
cesses are completely absent in our modelling, although
the simulated discharge features type-I ELMs. Whereas
the simulated radial plasma (figures 6(a)—(c)) and He?t
(figure 8(b)) profiles in the edge match inter-ELM meas-
urements, the Penning gauge measurements are results of
averaging more ELM cycles. Therefore, what we could
measure is merely an ‘ELM-averaged’ He compression,
while the simulated one should represent an ‘inter-ELM’ He
compression.

The simple multi-reservoir model described in [30], used
to model the same AUG discharge investigated here, did
emulate the impact of ELMs. It showed that, with other-
wise same input parameters, ELMs alone can, as expec-
ted, increase the simulated He compression by several units.
Similarly, other MHD models have shown that impurities
are, indeed, ejected more efficiently from the plasma edge
during ELM events [110].

Implementing an ELM model also within SOLPS-ITER
would be challenging, but not impossible. The increased
separatrix flux at the ELM onset might be emulated by
imposing a time-dependent modulation of the anomalous
transport coefficients at the edge [111]. On the other hand,
appropriate transient boundary conditions and flux limiters
may mimic the kinetic effects impacting parallel SOL trans-
port within ELM filaments [112].

The key for explaining the strong underestimation of He com-
pression in SOLPS-ITER might, therefore, lie in a combina-
tion of the aforementioned deficiencies in its physics model.

Other advanced numerical models can also be used to con-
firm or contradict our speculations. For example, edge fluid
turbulence codes such as GRILLIX [113] might be further
developed to assess the impact of turbulence on impurity trans-
port in the SOL [114]. On the other hand, non-linear extended
MHD codes such as JOREK [115, 116] might be used to assess
the impact of ELMs on impurity transport [117].

As a final remark, we stress that the discovery of the mis-
match between model and experiment was made possible by
the accurate Penning gauge measurements in the in-vessel
exhaust gas at AUG [36], which so far are only available for
helium. It is possible that the same mismatch exists for other
impurities. All available numerical studies involving impurity
transport (such as [65-68]) and impurity compression (such
as [118]) are, however, not contrasted against experiments.
We suggest to extend experimental validation activities of
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SOLPS-ITER, as far as possible, also towards impurities, and
also in devices other than AUG.

7. Summary and outlook

Understanding the physics mechanisms determining helium
exhaust is fundamental to develop operational scenarios for
burning plasmas and assess their compatibility with the
requirements of core confinement and power exhaust [94, 97].
Additionally, it supports the choice of wall materials and geo-
metry for the plasma-facing components and the design of the
pumping systems in future fusion reactors [119, 120].

For this purpose, we used the SOLPS-ITER code pack-
age to model a He-seeded deuterium H-mode discharge from
the AUG tokamak [30], where the He concentration was dia-
gnosed both in the plasma through CXRS [33, 35] and in the
in-vessel exhaust gas through an optical Penning gauge [36].
Our modelling work aimed to interpret the experimental obser-
vations and identify the most important underlying physics
mechanisms.

We observed, both experimentally and numerically, a
reduced compression of He atoms in the subdivertor region,
with respect to that of D, molecules. This indicates a poor
He enrichment. This is determined by several physics aspects,
including: (i) a deeper ETB for He ions than for D ions, which
causes an increased core He confinement, (ii) a lower paral-
lel velocity in the SOL for He ions than the one for D ions,
which causes a reduced transport of He ions towards the diver-
tor, and (iii) a higher first ionization energy of He atoms than
of D atoms, which causes a reduced He retention in the diver-
tor. Helium compression is therefore mostly related to the
plasma conditions in a given scenario, rather than on the tech-
nical characteristics of a single device. As such, it repres-
ents a suitable parameter in terms of extrapolations towards
future devices. Our results suggest therefore to carefully eval-
uate how much future reactor scenarios can tolerate such poor
levels of He enrichment, in terms of compatibility with fuel
dilution and stationary burning.

On the other hand, we also observed a non efficient trans-
port of He atoms towards the pumps, with a pumped flux which
is much lower than the flux leaking towards divertor plasma
volume and the main chamber. This is, however, merely linked
to the AUG pumping systems, where the installed cryopump
cannot capture He atoms. At the neutral pressure levels char-
acteristic of AUG H-modes, inter-species friction does play a
role in dragging He atoms towards the pumps, driven by the
stronger D, flow, thus enhancing the pumped flux. However,
this role is minor with respect to the role played by vessel geo-
metry, material structures in the subdivertor region and applied
pumping speed. As such, the poor helium pumping capabil-
ity of AUG, if extrapolated towards a reactor, would likely be
incompatible with the requirements of a burning plasma [1, 2].
This emphasizes the importance of an adequate design of the
pumping system for future reactors.

Strong quantitative discrepancies of the simulations with
respect to the experiment are present, in terms of an important
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underestimation of the experimentally measured He compres-
sion. The simulation fidelity relatively improved by activating
non-default options in the SOLPS-ITER physics model (i.e. an
improved closure scheme of the transport equation, ion-neutral
collisions involving He atoms and drifts flows). Nevertheless,
a discrepancy of almost a factor of 10 remains. This discrep-
ancy is much more visible for helium than for the main plasma
species. Further efforts should be therefore devoted to improve
the physics model of SOLPS-ITER, especially for the trans-
port of impurities and, in general, non hydrogenic species.
The inclusion of self-consistent modelling of turbulence in the
SOL and edge-localized MHD events might be of paramount
importance. In absence of these, the predictive capability of
SOLPS-ITER towards future devices with regards to impurity
transport might not be guaranteed.

Our results emphasize the importance to benchmark the
simulation results against impurity seeding experiments, and
in which measurements from both plasma edge and neutral
gas are available. To this aim, for the near future, we plan to
extend the Penning gauge operation at AUG in order to allow
measurements of Ne partial pressure, and potentially also Ar
partial pressure, so to extend our experimental validation of
SOLPS-ITER to Ne- and Ar-seeded plasmas. Helium pump-
ing will also be studied in alternative divertor configurations
at AUG [121] in the near future, after the installation of a
new upper divertor with in-vessel coils [122]. Future dedicated
SOLPS-ITER modelling will interpret the results and provide
a comparison with what is observed in a conventional divertor.
Future upper divertor studies at AUG will also benefit from the
presence of a new cryopump coated with activated charcoal to
trigger helium cryosorption [123]. This will be a unique pos-
sibility to study and develop power-exhaust-relevant scenarios
in a device with efficient helium pumping, which is neces-
sary to lay the foundations of operational scenarios for future
devices. Additionally, we plan to extend our experimental on
helium exhaust to ELM-free scenarios, so to assess the experi-
mentally quantify the impact of ELM flushing on the measured
He compression.
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Appendix A. Parallel force balance for He ions from
SOLPS-ITER solutions

The parallel momentum balance equation applied on a He ion
species in SOLPS-ITER, solved to self-consistently simulate
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the He ion velocity vector vy, (and its parallel projection
V||He = VHe -B/B), is based on the original Braginskii formu-
lation, and reads [66, 77]

(v : (mHenHevHevHe)) I

_VH (nueT;) — eZHenHevH Q + menenpe (THe— V)

X (Ve = viime) + D mpnpnie(ve-pv) (v = v).e)
B
+ Chte—eZiiemne V| Te + > Cuie—pZ5i 25
B

NHeN g v

I Ti
nye +1g

+ Smom,He~ (8)

Namely, the inertia of He ions (L.H.S. of equation (8)) is bal-
anced by the sum of all forces present on the L.H.S., which
are, in order of appearance:

o Static He ion pressure gradient.

e Electrostatic force.

e Electron friction force (with relative momentum transport
rate coefficient (oge—_.v)).

e Sum of the friction forces exerted by all other ion spe-
cies 8 (with relative momentum transport rate coefficients
(OHe—pV)).

e Electron thermal force (with relative analytical coefficient
CHefe)'

e Sum of the thermal forces exerted by all other ion species
(with relative analytical coefficients Cpe—g).

e Volumetric momentum sources and sinks, i.e. due to trans-
itions between neighboring ionized charge states and neutral
source terms (from neutral-plasma collisions and recombin-
ations).

In equation (8) the viscosity terms are neglected.

The achieved plasma solutions show that He ions have a
near-zero inertia, and that electrostatic force and electron fric-
tion force are rather negligible with respect to the other forces.
Additionally, the ion friction and thermal forces are dominated
by the contribution of the main species, i.e. of the DT ions. As
a result, one can write

— V| (nueT; ) + mpnpnye (e —pv) (VH,D — VH,He)

NHeND

+ CHeer[Z{enHeVH Te + CHefDZIZ{eZIZD7VH Ti ~ 0.
NHe + 1D
)]

Equation (9) will therefore determine the local value of the par-
allel velocity all the ionized He species, in terms of the parallel
velocity of D ions.

The improvements made to the default SOLPS-ITER phys-
ics model, described in the section 4.6, allowed to simulate
different locations for the stagnation surface of He ions (cf
figure 13). This comes from changes in the different terms in
the balance (9), shown in figure 16 (referred to He?t ions).

For all simulations, the sum of the shown forces is roughly
zero, as predicted by equation (9).
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Figure 16. Changes in the parallel forces applied to the He?* ions in the outer divertor region, radially averaged in the near SOL flux tubes,
from target to X-point (i.e. corresponding to the yellow volume in the left plot): (i) in the base case (solid lines), (ii) when switching to the
new Zhdanov-Grad closure scheme for the transport equations (dotted lines), and (iii) when also activating the drift terms (dashed lines).

When switching to the new Zhdanov-Grad scheme for the
transport equations, ion friction force and ion thermal force
applied on He?" ions decrease in absolute values, while the
other terms are roughly unchanged. The decrease of the ion
friction force corresponds, therefore, to the local parallel velo-
city of He>t ions becoming more similar to that of D ions.
The cause of this is smaller thermal force coefficients cal-
culated using the Zhdanov-Grad module, with respect to the
default SOLPS-ITER model [85], which cause a lower thermal
force and, therefore, a lower friction force by balancing. This
implies a shift of the stagnation surface of the He?* ion flow
towards that of the DT ion flow, i.e. towards upstream (cf
figure 11), consistently with what shown in figure 13(a).

When also activating the drift terms, there is a further vari-
ation of all forces. This is caused by multiple characteristics
of the divertor plasma solution changing after the activation of
drifts, including electron density, electron temperature, paral-
lel electron/ion temperature gradients and parallel flow velo-
cities for the main species. Its interpretation is, therefore, not
trivial. In any case, the net result is a further shift of the stag-
nation surface of the He ion flow towards upstream, as shown
in the figure 13.

Appendix B. Conductance of a rarefied gas flow
through a toroidally extended finite-length duct

The physical model used to emulate the resistance encountered
by neutral gas flow while travelling from the subdivertor recyc-
ling volume to the pumping volume is an orifice with aperture
length b, followed by a duct with length L. Since the surface
which separates the two volumes extends in toroidal direction,
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the situation is the same as two reservoirs separated by an ori-
fice and duct with rectangular cross sections in series, with
long side a = 27 R (where R = 1.62 m is the radius of the loc-
ation of the duct) and short side b.

The conductance of this type of structures can be calculated
analytically, assuming a free molecular flow [124, 125]. For a
rectangular orifice with long side a and short side b, this is

(a-b)-vn

i (10)

Eoriﬁce =
while for a pipe with rectangular cross section, with long side
a and short side b, and finite length L, this is

4-(a-b)2-vth

3.2-(a+b)-L’ an

Lpipe =

Here, vy, = \/% is the thermal velocity of the gas, with tem-
perature T and mass m. Since the combined effect of two con-
ductances in series is given by 1/ L = 1/L; + 1/ L5, the total
conductance is

1
32-(ath)L"
4-(a~b)2-v[h

12)

Educt = 2

(a-b)-vin +

Figure 17 shows the resulting conductance, calculated accord-
ing to equation 12, as function of aperture b and duct length
L, with a being the toroidal extension of the AUG vessel, and
vy, calculated assuming a room temperature of 7 =300 K for
the gas and a mass m =4 AMU for the gas particles. In our
grid, we empirically regulated the dimensions of this duct in
such a way to reproduce the experimentally observed pressure
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Figure 17. Left: analytical calculation of the conductance through the type of duct used to emulate the gas resistance effects in the
simulations (equation (12)), as function of aperture b and duct length L, assuming a toroidal extension a = 27 R, with R = 1.62 m radius of
the exact location of the duct, for a free molecular gas with temperature 7= 300 K and mass m =4 AMU. Right box: Geometry of the
employed ducts, showing the one connecting recycling volume and pumping volume.

drop for the D, gas between recycling and pumping volumes,
i.e. a subdivertor density ratio of roughly 4. To achieve this,
we employed an aperture b =2.5 cm and a pipe length L=15
cm. According to equation (12), the theoretical conductance

through this structure should be 45 m—3s~!.
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