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Abstract
Plasma–wall interaction (PWI) is a great challenge in the development of a nuclear fusion
power plant. To investigate phenomena like erosion of plasma-facing components, impurity
transport and redeposition, one needs reliable numerical tools for the description of both the
plasma and the material evolution. The development of such tools is essential to guide the
design and interpretation of experiments in present and future fusion devices. This contribution
presents the first global simulation of PWI processes in a linear plasma device mimicking the
boundary plasma conditions in toroidal ones, including both the description of plasma and
impurity transport and of plasma-facing material evolution. This integrated description is
obtained by coupling two of the state-of-the-art numerical codes employed to model the plasma
boundary and the PWI, namely SOLPS-ITER and ERO2.0. Investigation of helium plasma is
also of primary importance due to the role helium will have during ITER pre-fusion power
operation, when it is planned to be used as one of the main plasma species, as well as fusion ash
in full power operation. The plasma background is simulated by SOLPS-ITER and the set of
atomic reactions for helium plasmas is updated, including charge-exchange and radiative heat
losses. ERO2.0 is used to assess the surface erosion in the GyM vessel, using different wall
materials (e.g. carbon, iron or tungsten) and applying different biasing voltage. Eroded particles
are followed within the plasma to assess their redeposition location. The ionization probability
of the different materials in the GyM plasma is inferred through the energy distribution of
impacting particles and its effects on migration are investigated.

Keywords: linear plasma device, plasma–wall interaction, helium plasma, SOLPS-ITER,
ERO2.0
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1. Introduction

Plasma–wall interaction (PWI) is one of the main challenges
in the path towards magnetically confined nuclear fusion [1].
Both plasma and materials can be severely affected by this
interaction. Plasma-facing materials undergo erosion and sur-
face modifications, which may limit components lifetime and
alter their thermomechanical properties and, therefore, their
power handling capabilities. Eroded impurities may enter
the plasma core, thus diluting fuel and increasing radiation
losses. The redeposition of these impurities, e.g. in the case
of beryllium, is also one of the main contributors to tritium
retention and dust formation, once redeposited layers become
unstable [2].

Helium (He) plasmas play an important role with this
respect, as He will be always present in the thermonuclear
plasma of fusion devices and needs, as fusion product (ash),
to be exhausted. Moreover, operation in He is foreseen for the
pre-fusion power operation (PFPO) in ITER due to the expec-
ted lower H-mode power threshold with respect to hydrogen
plasmas, opening to early application of Edge LocalizedMode
(ELM) mitigation schemes for safe and sustainable plasma
operation [3]. In this framework, the prediction of PWI pro-
cesses associated with He as fuel species and different plasma-
facing materials in future devices is of fundamental import-
ance. A combined approach of both experiment and modelling
is essential to achieve this goal.

PWI experiments in existing tokamaks are of primary
importance both in hydrogenic and He plasmas [4, 5]. This
is testified by the extensive erosion studies performed in the
recent campaign with hydrogen isotopes including T in JET
[6] and by the interest for further investigation of He–W inter-
action with the recent He campaigns in JET-ILW and AUG
in support of ITER. However, devices fully comparable to
reactor relevant conditions are still not available, although
the installation of the ITER-like wall in JET was a step in
this direction. This points out the need for complementary
devices which are able to reproduce the relevant features of
the ITER plasma, in terms for example of particles and heat
fluences onto the plasma-facing components (PFCs). Linear
plasma devices (LPDs) have been routinely used to fulfill this
purpose, investigating plasma detachment [7, 8] and showing
the existence of a variety of plasma-induced surface modi-
fications, primarily He-induced nanostructures, called tung-
sten (W) fuzz, that can form at the W plasma-facing surface
under specific conditions [9–11]. Alongside with experimental
efforts, the development of numerical codes is essential to bet-
ter understand the underlying physics processes of the exper-
imental results and to extrapolate them to conditions in future
devices. Although LPDs can cover only a limited range of
phenomena and conditions met in tokamaks, nonetheless their
simple geometrical structure shall represent an attractive test-
bed for the development and benchmarking of these numerical
tools.

Two state-of-the-art codes for edge plasma and PWImodel-
ling are SOLPS-ITER [12, 13], a 2D plasma fluid code already
coupled with the neutral particle code EIRENE, and ERO2.0

Figure 1. The GyM linear device of ISTP-CNR, Milano. The
machine is made of ten magnetic coils, producing a maximum axial
magnetic field of 0.13 T. The stainless steel vacuum chamber is
approximately 2m long and 0.25m in diameter. Plasma is produced
by two magnetron sources at 2.45GHz. The gas injection is located
on one of the two bases.

[14], a 3D Monte–Carlo code for impurity transport and PWI
in trace approximation, respectively. During their develop-
ment, different releases of both codes were separately applied
to several LPDs [15–18]. In this work, we will consider the
GyM linear device [19], which scheme is shown in figure 1.
This machine operates at low magnetic field (B≃ 0.1T) and
has plasma conditions similar to those of the scrape-off layer
of toroidal devices. SOLPS-ITER has been recently used to
simulate non-hydrogenic plasmas in GyM, like Ar [20] and He
[21]. In both cases, the simulation results were benchmarked
against experimental data, showing the capability of SOLPS-
ITER of addressing the low temperature plasma conditions
typical of linear devices. In [21], moreover, SOLPS-ITER res-
ults were also successfully compared with a simplified 0D
model developed by space averaging of plasma main para-
meters. Erosion studies in GyM with ERO2.0 focused on the
microscale surface morphology evolution of materials under
plasma exposure [22]. Global erosion and migration using a
suitable code for the plasma background were simulated with
ERO2.0 in different tokamaks, such as JET [23], WEST [24]
and ITER [25]. However, to the best of our knowledge, a sim-
ilar study with the two codes has never been performed in
LPDs.

This work presents an original modelling strategy to eval-
uate in an integrated manner the plasma background distribu-
tion and the erosion and redeposition of wall materials in lin-
ear plasma devices. Specifically, we performed the first global
coupling between SOLPS-ITER and ERO2.0 in the GyM lin-
ear device, considering He plasma and different wall mater-
ials, such as carbon (C), iron (Fe), copper (Cu) and tungsten
(W). From the results obtained in [21], we first added few col-
lisional processes in the EIRENE input file that were neglected
in previous SOLPS simulations of He plasmas. Once selected
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the most complete atomic database for He simulations (see
table 1), we simulated the GyMHe plasmawith SOLPS-ITER.
This plasma background was then exploited for the ERO2.0
simulations, together with the 3DGyM internal geometry. The
role of wall materials and of the application of a bias voltage
on the wall (in the range from 0 to −200V), thus controlling
effectively the impact energy of the impinging plasmas spe-
cies, is investigated. The coupling strategy and its main issues
are addressed in section 2. Both SOLPS-ITER and ERO2.0
results are reported in section 3, while conclusions are drawn
in section 4.

2. SOLPS-ITER and ERO2.0 coupling strategy

The SOLPS-ITER and ERO2.0 coupling scheme exploited in
this work is shown in figure 2. The general idea is to use the
distribution of the plasma inside the device, retrieved from
densities, velocities and energies computed by SOLPS-ITER,
and the magnetic equilibrium as input for the erosion calcula-
tions. Different plasma backgrounds are obtained by changing
the inputs in SOLPS-ITER, e.g. including different atomic
processes (see table 2), and their effects on the erosion prop-
erties can be assessed. The obtained plasma backgrounds are
thus exploited by ERO2.0 to assess the particle and heat fluxes
onto the PFCs, to compute erosion rates and to evaluate trans-
port and redeposition of the eroded impurities. These phenom-
ena are investigated varying the material of the PFCs and the
energy of the impinging species, by applying a negative bias
to part of the chamber wall.

ERO2.0 takes as input electron and ion quantities that are
computed by the plasma solver of SOLPS-ITER, namely B2.5.
This is a bi-dimensional multi-fluid code that solves Braginskii
like equations [20, 26]. Rotational symmetry is assumed and
the 2D computational mesh lies in the plane perpendicular to
the symmetry direction: considering a cylindrical coordinate
system (R,ϕ,z), the B2.5mesh lies in the (R, z) plane, as shown
in figure 2(a).

ERO2.0, by contrast, is a 3D Monte–Carlo code and its
computational domain covers the full cylindrical volume of
the linear device. To provide the input for ERO2.0 the SOLPS-
ITER quantities are interpolated on a full (R,ϕ,z) mesh,
exploiting axial symmetry in the ϕ direction. While perform-
ing the interpolation of the plasma background from the com-
putational grid of SOLPS—field-aligned in the (R, z) plane—
to the (R, z) plane of the ERO grid—made of 2D rectangular
cells—one has to consider two aspects: (a) the different space
resolution and shape of the two meshes; (b) that the B2.5 mesh
does not extend radially up to the wall, hence a proper extra-
polation scheme should be used [23]. In the simulations we
are considering in this work, a constant extrapolation of the
last B2.5 radial value is used for all quantities since the outer-
most flux surface used to build the SOLPS-ITER mesh is just
a few mm away from the lateral wall (figure 2(b)).

Finally, the 3D wall geometry of the GyM linear device is
produced using a standard computer aided design (CAD) soft-
ware (figure 2(c)). In this work we consider three main 3D

structures: (a) the two flanges at the base of the cylindrical
chamber; (b) the lateral wall, including the holes present in
the different sectors for the turbomolecular pumps, magnet-
ron sources and the diagnostics; (c) 28 bushings, cylindrical
structures (1cm diameter, 2cm height) protruding inside the
plasma from the lateral wall, used for the positioning of a
W liner inside the vacuum vessel made of steel. The sample
holder is not modelled at this stage, to be consistent with the
SOLPS-ITER plasma background. On top of these structures
the polygonal mesh used by ERO2.0 to compute erosion and
redeposition is built.

3. Results and discussion

3.1. SOLPS-ITER atomic database for helium plasmas

In this section, we discuss the results of SOLPS-ITER sim-
ulations, thus the plasma background for ERO2.0 ones. The
main objective of the analysis presented here is the assessment
of the effect of the atomic reactions considered in EIRENE
(theMonte–Carlo neutral transport component within SOLPS-
ITER) for a He plasma.

SOLPS is a tool widely used to investigate hydrogen and
hydrogen-isotope plasmas. The associated database for atomic
and molecular reactions is one of the richest in the context of
edge plasma modelling. In most SOLPS applications, He, if
present, is regarded as an impurity and, to avoid unnecessary
complexities and reduce the computational cost of the simu-
lations, only a limited number of reactions is considered. The
SOLPS-ITER default set of reactions for He, thus, included
only electron impact ionization (EI) and the effective5 recom-
bination (RC) (reactions 1, 3, and 4 in table 1). Other pro-
cesses, however, can become important if the concentration of
He in the plasma increases and the impurity approximation is
no longer valid. Understanding the impact of atomic processes
on the overall plasma simulation and, if necessary, defining a
more complete set of reactions for a He plasma play a key role
in the upcoming modellings of pure He plasmas.

The reactions considered in this work are reported in
table 1. In addition to default ones, electron impact excitation
(reaction 2) in the electron energy balance, charge exchange
(CX) reactions among helium ions and neutrals (reaction
5) and elastic collisions among He atoms (reaction 6) were
included.

SOLPS-ITER simulations of the GyM linear device were
performed using the setup described in [21]. In particular, the
electron cyclotron resonance heating exploited in GyM was
simulated with a Gaussian power density profile peaked at the
axial position of the resonance, as explained in detail in [20].
A total absorbed power of Pext = 540W was considered. As
concerns the neutral injection, a constant gas puff of Gasin =
9.0× 1018 He s−1 was delivered. The particle anomalous dif-
fusion coefficient was set to Dn = 0.5m2 s−1 and the electron

5 Effective recombination, reaction 3 in table 1, includes radiative, dielec-
tronic and three-body recombination. The energy recombination loss, reaction
4 in table 1, includes effective recombination and bremsstrahlung.
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Figure 2. SOLPS-ITER and ERO2.0 global coupling scheme: (a) SOLPS-ITER plasma is projected onto 3D ERO2.0 grid. (b) Definition of
3D domain boundary for ERO2.0 simulation, by rotation of a 2D wall contour. (c) 3D CAD structures used by ERO2.0 to compute erosion
and redeposition.

Table 1. Atomic reactions considered in the present work. For a detailed explanation of the reaction type refer to Eirene manual
(www.eirene.de/). This is now the default set of reactions defined when helium is present among the plasma species, starting from
SOLPS-ITER v. 3.0.8.

Reaction Type Database

(1a) He+ e− → He+ + 2e− EI–H.4 ADAS adf11/scd96
(1b) He+ + e− → He2+ + 2e−

(2a) He+ e− → He(∗) + e− EI–H.10 ADAS adf11/plt96
(2b) He+ + e− → He+(∗) + e−

(3a) He+ + e− → He RC–H.4 ADAS adf11/acd96
(3b) He2+ + e− → He+

(4a) He+ + e− → He+ hν RC–H.10 ADAS adf11/prb96
(4b) He2+ + e− → He+ + hν
(5a) He+ +He→ He+He+ CX–H.1–H.3 HYDHEL 5.3.1
(5b) He2+ +He→ He+He2+ CX–H.1–H.3 HYDHEL 6.3.1
(6) He+He→ He+He EL–H.2 AMMONX R-HE-HE

and ion thermal diffusivities were χe,i = 1.5m2 s−1. The res-
ults, in terms of the average electron density and temperature,
are summarized in table 2.

Including electron impact excitation process in the electron
energy balance equation, the power lost by electrons in inter-
actions with neutral He per unit volume is computed as

Ploss
e,He = (Eiz⟨σv⟩iz + ⟨Eσv⟩PLT)nenHe (1)

where Eiz is the He ionization energy, < σv>iz is the
ionization rate coefficient and < Eσv>PLT is the excitation
energy rate coefficient [27]. Both rate coefficients are taken
from ADAS (https://open.adas.ac.uk). An additional energy
loss mechanism is introduced, besides ionization. However,
unlike the ionization, electron impact excitation does not con-
tribute to the creation of additional electrons. The fraction of
external power used to create electrons is thus reduced lead-
ing to an overall density decrease. An analogous expression
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Table 2. Volume average of plasma parameters (electron
temperature Te and electron density ne) computed by SOLPS-ITER,
including (✓) or neglecting (×) electron impact excitation heat loss
(EI–ADAS/plt) and charge exchange (CX) reactions in EIRENE
databases.

No. EI (ADAS/plt) CX T̄e (eV) n̄e (m−3)

(1) × × 7.37 7.28× 1016

(2) ✓ × 7.35 5.65× 1016

(3) ✓ ✓ 6.89 10.66× 1016

exists for the power lost by electrons interacting with He+

ions, Ploss
e,He+ , although, due to the low ionization degree of

GyM plasma, the dominant contribution here is Ploss
e,He. In this

study, we used unresolved ADAS data [27], i.e. we considered
the excited He meta-stable states to be in static equilibrium
with the ground-state. A meta-stable resolved analysis could
be of interest, especially in the low temperature plasmas of
LPDs, and it is intended for future studies.

Including charge exchange reactions, collisional drag
among ions and neutrals is activated. The effect is to increase
the ion-to-wall confinement time, leading to an increase of the
ion densities and a decrease in the electron temperature. This is
shown in figure 3, where the 2D density distributions of He+,
He2+ and He are shown for simulations without and including
CX reactions. It can be noted that after including CX the neut-
ral atom density decreases due to the increase of the ionization
degree. These results agree with the findings presented in [21]
that were obtained with a simplified 0D model. The same res-
ult is also presented in figure 4, where the radial (left) and axial
(right) profiles of electron density and temperature are shown
for simulations without (dotted) and with (solid) CX reactions.

The effect of He elastic collisions is very small (≲2%) and
it will not be considered in more detail.

3.2. Global erosion

He plasma background produced with SOLPS-ITER includ-
ing all the reactions in table 1 is adopted for ERO2.0 simula-
tions. The scheme described in section 2 is exploited for the
coupling. ERO2.0 results concerning global erosion of GyM
PFCs are summarized in this section, considering different
wall materials.

As previously stated, ERO2.0 is a 3D Monte–Carlo code
that is able to simulate plasma erosion of exposed materi-
als and their subsequent migration within the volume of the
considered device. Erosion is evaluated through pre-calculated
sputtering yields, taking into account energy and angle of
impinging particles. Sputtered material is then traced inside
the simulation volume with initial angle and energy taken
from cosine and Thompson distribution, respectively. Test
particle approximation is assumed for impurity migration.
Both Fokker–Planck and collisions with neutrals are accoun-
ted for during test particle motion, considering for the latter
a neutral pressure of 0.1 Pa. A single time step of one second
is considered in this study, since multiple steps showed not
to influence the results. More accurate investigation will be

needed when trying to make comparison with experimental
data in future works.

The GyM chamber is made of AISI 304 L stainless steel,
with an iron (Fe), chromium (Cr) and nickel (Ni) content of
about 70%, 18% and 8%. For this first modelling activity, the
presence of other elements in the wall composition was neg-
lected and a whole Fe chamber was considered. To address the
behaviour of other impurities, identical simulations with dif-
ferent wall materials were performed. In particular, we invest-
igated the behaviour of copper (Cu), as a proxy of stainless
steel alloyingmetals (with specific reference to Ni, whose PWI
parameters for He plasma were not available in ERO2.0 data-
base), carbon (C) and tungsten (W), two fusion-relevant ele-
ments with low and high atomic number, respectively. The
choice of W is further justified by the possibility to position
a W liner in GyM that mimics a full W environment, which
would allow an experimental benchmark of ERO2.0 results.

For each material, four different bias voltages were applied
on the chamber components that are eroded the most by the
plasma, namely the two bases and the bushings. The negat-
ive potentials were imposed with respect to the GyM vacuum
chamber, considered at zero reference potential. No bias was
instead applied to the lateral wall. This allowed to investigate
the effect of bias on impurity migration. In fact, due to their
geometry, bases and bushings have magnetic field lines dir-
ectly impinging on their surfaces. On the contrary, as will be
discussed in the following, lateral wall is mostly eroded by
neutral impurities sputtered from bases and bushings, which
are not influenced by the sheath electric field and applied bias.
The study at different bias potentials is also motivated by the
frequent use of biased samples in LPDs, to increase the energy
of particles impinging on exposed samples. The different bias
voltages were selected to analyze erosion near and well above
the sputtering threshold energy of the different materials inter-
acting with a He plasma (around 20 eV for C, Fe and Cu, 105–
110 eV for W [28]). Thus, a negative bias from 0 to 200V
was used (in the following, we will always refer to its abso-
lute value for simplicity).

To evaluate the energy of the ions impinging on the wall,
beside the bias, we took into account the correction for the
sheath potential, which depends on the local plasma paramet-
ers. This description results in monoenergetic plasma ions for
each cell of the wall mesh. Eroded particles, instead, are traced
by the code along their whole trajectory and present a distribu-
tion of impinging energies, as will be shown in the following.

ERO2.0 simulations at different biases were performed at
fixed plasma background. None of the SOLPS-ITER simula-
tions, in fact, include the presence of a bias at the targets. As a
first approximation, it is expected that the presence of the bias
only influences the plasma profiles within the sheath, while
SOLPS mesh extends up to the sheath entrance.

It should be stressed that ERO2.0 simulations were per-
formed considering only He+ ions in the plasma, thus neglect-
ing He2+. This choice is justified by the SOLPS-ITER results
reported in figure 3, which show an almost five orders of mag-
nitude lower density for He2+ compared to He+ one.

The global erosion rate in terms of atoms eroded per
second, computed integrating the erosion from both plasma
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Figure 3. 2D density maps computed by SOLPS-ITER, without and with charge exchange (CX) reactions among ion (He+ and He2+) and
neutral He populations.

Figure 4. Radial (left) and axial (right) electron density and temperature profiles with and w/o CX reactions included in SOLPS-ITER
simulations. The radial profiles are taken at z= 0, i.e. at the axial centre of the plasma, and the axial profile is at r= 0.

and traced particles over the whole modelled surfaces, is
presented in figure 5, as a function of bias voltage and wall
material. As expected,W is almost not eroded below 110V for
impinging He atoms and its erosion rate is at least one order of
magnitude lower than that of the other elements. C, Fe and Cu
show a similar behaviour especially at the higher biases, where
Fe exhibits the highest erosion rate. By contrast, a few differ-
ences can be observed at the lower biases, due to the proximity
to the sputtering threshold for those materials with He plasma.

We should also stress that these results were obtained con-
sidering the SOLPS-ITER plasma background with CX reac-
tions on. As a comparison, ERO2.0 runs were also performed
using the plasma background obtained turning off CX reac-
tions. Peculiar effects were observed, in particular, when the
ions energy at the wall is close to the sputtering threshold.
Consider e.g. the case with Cu wall and biasing voltage 0V
and 100V. According to Eckstein formulation [28], Cu sput-
tering threshold energy is around 20 eV, hence in the case with

no bias and giving Te ≈ 7 eV, ions acceleration due to sheath
potential allows ions to reach the wall with an energy close to
the sputtering threshold (always considering only He+ ions).
In the second case, instead, with Vbias = 100V, ions energy
is well above the sputtering threshold. The erosion rates cor-
responding to these two cases are shown with red stars in
figure 5. Here, it can be seen that in the 0V simulation the
small increase of the average electron temperature (∼0.5 eV)
without CX reactions causes an increase of the erosion rate of
more than one order of magnitude, despite the almost halving
of the electron density (and subsequently of the ion flux). In
fact, being in the proximity of the sputtering threshold means
that small variations of ion impact energy can significantly
influence the sputtering yield. On the contrary, sufficiently
above the threshold as in the 100 V case, the sputtering yield
is less sensitive to electron temperature and the reduction of
the ion flux (caused by the lower electron density) results in a
decrease of the global erosion.

6
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Figure 5. Global erosion rate, computed by ERO2.0 integrating the
erosion over the whole modelled surfaces, as a function of the
applied bias voltage. Different materials have been selected for the
3D wall elements from which erosion is computed.

3.3. Angular distribution of bushings erosion

Another important aspect that deserves a separate discussion is
the erosion of bushings. As previously introduced, these small
cylinders protrude radially into the 20 cm wide plasma for a
length of about 2 cm. From the PWI point of view, their situ-
ation is particularly interesting. In fact, magnetic field lines
impinge on bushings lateral wall, giving rise to a distribution
of incident angles from grazing to orthogonal incidence. In a
weak magnetic field, such as the one in GyM, where the ion
Larmor radius (ρi ≈ 200µm) is of the same order ofmagnitude
as the sheath thickness (λS ≈ 10λD ≈ 700µm), ions are not
completely forced to follow magnetic field lines and can be
deflected by the sheath electric field.

In this first modelling attempt, we decided to investigate
the two extreme cases for the plasma ions incidence angle θ
in this situation: (a) θ equal to the angle between magnetic
field lines and local surface normal or (b) θ= 0 everywhere,
namely complete deflection of plasma ions towards orthogonal
incidence. In the real case, the situation would be somewhere
in-between these extremes, according also to the bias voltage
applied. However, a complete description of plasma ions tra-
jectories in the sheath, e.g. using the sheath-tracing module
implemented in ERO2.0, is out of the scope of this first mod-
elling activity and could be investigated in future works (on the
contrary, sheath deflection is always taken into account for test
particles (TPs) eroded from walls).

The C, Fe, Cu and W erosion on bushings for case (i), as a
function of local incidence angle and wall material, is depic-
ted in figure 6(a), for the same He plasma background (CX
on) and same bias voltage (200V). Each point represents the
erosion rate of a specific mesh cell on one of the GyM bush-
ings, normalized to the maximum erosion rate on all bush-
ings for each investigated material. The widening of the dis-
tributions at a fixed θ is due to the different axial locations
of bushings: the ones closer to the bases are subjected to a
lower particle flux due to a lower plasma density (see figure 3).
Looking at figure 6(a), it is possible to observe the very peaked

distribution of W at orthogonal incidence, while both C and
Cu present an erosion peak around 60◦. On the other hand, Fe
shows a less peaked distribution, with a maximum at around
30◦ which remains almost constant until 0◦.

The same quantity for case (b), namely a fixed and ortho-
gonal ion incidence angle, is reported in figure 6(b). In this
situation, the assumption of complete deflection of plasma ions
in the sheath results in the same angular distributions of nor-
malized erosion for all materials, each one peaked at θ= 0.

The reason behind this erosion behaviour can be ascribed
to two competitive phenomena. On the one hand, the incom-
ing ion flux reduces approaching grazing incidence due to
simple geometrical reasons. On the other hand, sputtering
yield increases at oblique angles, but its angular distribution
depends on the sputtered material. This can be observed in
figure 6(c), which shows the normalized sputtering yields of
the different materials as a function of the ion incidence angle.
The erosion observed in case (a) is the result of the compet-
ition between these two effects. In particular, the W sputter-
ing yield presents a lower increase from orthogonal to grazing
incidence, letting thus the reduction of flux prevail. The oppos-
ite occurs for C and Cu, where the higher yield at around 60◦

dominates on the reduction of the flux. The case of Fe is pecu-
liar and the competition between the two phenomena leads
to a distribution which is somehow in between the previous
ones.

Considering now case (b), fixing the ion incidence angle
in a normalized description of erosion with fixed bias voltage
means inhibiting the variation of sputtering yield with angle,
thus inhibiting also the main parameter dependent on the
material in this framework. Therefore, it is not surprising that
the angular distribution of erosion for this case reflects per-
fectly the reduction of the ion flux with angle, for all the dif-
ferent materials.

3.4. Impurities migration

After studying the erosion effects of theHe plasma on theGyM
wall, it is of interest to analyze the migration of eroded impur-
ities, again as a function of material and bias voltage applied.
As previously introduced, eroded impurities are modelled with
ERO2.0 using the test particle approximation, namely they do
not influence neither each other nor the plasma background.
Therefore, wewill not consider their effect on plasma paramet-
ers or the increased plasma cooling, which would need a fur-
ther iterative SOLPS-ITER run. Moreover, TPs are launched
according to the local erosion rate, which means that the large
majority of TPs starts from the two bases of the GyM cyl-
indrical chamber.

One of the most important parameters to understand migra-
tion behaviour is ionization fraction, defined as the number
of ionization events divided by the total number of TPs. In
other words, it may be interpreted as the average number of
ionization events for each TP. Figure 7(a) shows the ioniza-
tion fraction for each wall material, as a function of the bias
voltage. Low bias values for W are not available, since W is
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Figure 6. Polar plot of the angular distribution from 0◦ to 90◦ of the total erosion (normalized to the maximum for each material) computed
by ERO2.0 onto the bushing elements, considering C, Fe, Cu and W as materials. (a) θ is the incidence angle between the magnetic field
and the bushing surface element. (b) Sheath deflection is considered: ions reach the bushing surface element with orthogonal incidence. The
angular distribution of the sputtering yield for the four different materials (normalized to the maximum for each material) is shown in (c).

Figure 7. (a) Ionization fraction of eroded species, namely the number of ionization events divided by the total number of test particles, as a
function of material and bias voltage. 0 and 20V values for W are not available since no erosion could be observed in those cases.
(b) Energy distribution of eroded particles at their release from the surface for the 200V case. (c) Average value of the sputtered particles
energy at their release from the surface (expressed in eV) at low (Vmin,sputt) and high voltage (200 (V). Vmin,sputt corresponds to the lowest
bias above the sputtering threshold (110V for W, 0V for other materials).

not eroded in those conditions. The first comparison that can
be made is between materials. C presents a consistently lower
ionization (around 0.03) with respect to both Fe and Cu, which
settle down in between 0.20 and 0.30. W shows the highest
ionization fraction, always above 0.50. This behaviour can be
immediately ascribed to the increase of the ionization probab-
ility with the atomic number Z of materials, and is in accord-
ance with the ionization potentials reported in literature [29].

Another aspect that can be deduced from figure 7(a) is
the dependence of ionization fraction on the bias voltage. In
particular, for both Cu and W, a strong reduction of ioniz-
ation is observed increasing the bias applied, while C and
Fe show an almost constant behaviour. This result can be
explained with the energy acquired by eroded species in dif-
ferent bias conditions, which has an influence on the interac-
tion probability with plasma particles and, thus, on ionization.
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Figure 8. Deposition fraction of impurities on different 3D structures. Increasing bias is applied to the bases and to the bushings, but not to
the lateral wall.

Figure 7(b) shows the energy spectra of sputtered particles
for the 200V case. Each material presents a distribution of
release energies and, as expected, low Z material distributions
extend up to higher energies, due to more efficient elastic col-
lision energy transfer with He+ ions. At lower voltages, when
approaching the sputtering threshold, the energy distribution
gets narrower and shifts towards lower energies. This can be
observed in the table in figure 7(c), which shows the average
release energy for each wall species at the lowest bias above
sputtering threshold (110V for W, 0V for other materials) and
in the 200V case (which full energy distribution is shown in
figure 7(b)). This observation is particularly evident for Cu and
W, which present an extremely low average release energy
(below 1 eV), mainly due to their higher Z. This extremely
low release energy is, thus, the main cause of the observed
increase in the ionization probability due to collisions with
plasma particles.

Ionization has an important influence on TPs trajector-
ies and on their redeposition location. In fact, only ions are
bound to magnetic field lines, while neutrals simply escape. It
should be pointed out that, in this work, no distinction is made
between prompt and global redeposition. Thus, the two con-
tributions to total deposition will be always presented together
in the following. Figure 8 shows the deposition fraction of
TPs, expressed in per cent, on the different parts of the GyM
wall, namely the two bases of the cylinder, the lateral wall
and the bushings, for all material and bias combinations. As
could be expected, deposition is higher on the lateral wall,
especially in the proximity of the two bases, which are the
most eroded elements of the wall. Indeed, prompt redepos-
ition on bases is less probable in a medium density plasma
such as GyM one. Moreover, magnetic field lines impinge
orthogonally on GyM bases, thus reducing the redeposition
probability during the first gyro-orbit. However, the depos-
ition fraction on bases varies significantly with material and
is also higher at low bias for both Cu and W. This observation
is in good agreement with the ionization behaviour described
before. In fact, in GyM, magnetic field lines are almost axial

and directed towards the bases of the cylinder. Therefore, if the
ionization fraction is high, more ions are produced and forced
by the magnetic field to deviate from their trajectory and to
redeposit on bases. A small percentage of ionized impurities,
however, can still deposit on lateral wall thanks to cross-field
transport.

Finally, it is important to analyse the impinging energy of
TPs and their contribution to wall erosion, especially in high
bias cases. Figure 9 reports the energy distribution of incid-
ent TPs with a bias of 200V, as a function of wall mater-
ial. The Fe distribution is equivalent to the Cu one, so it is
not shown in figure. The presence of energy peaks confirms
the observations on ionization made previously. In particu-
lar, W shows multiple peaks even at very high energy (around
700 eV), which is evidence of the presence of multiple ion-
ized states. These peaks are well reduced for both Fe and
Cu and are almost absent for C, in accordance with ioniza-
tion results. TPs impinging with energy below 200 eV can be
only neutrals or ions depositing on lateral wall, since bias is
applied only on bases and bushings. Typical ion peaks, corres-
ponding to multiples of the sheath potential, are clearly vis-
ible for W. C, instead, presents a prolonged distribution, with
a shoulder at around 180 eV, which is in accordance with the
energy acquired by C neutrals in a head-on collision with He
(see figure 7(b)). Ion peaks in this low energy region are less
visible for both Fe and Cu and the neutral energy distribution
is reduced to lower energies with respect to C, as expected due
to their higher Z.

The presence of high energy peaks for redepositing impur-
ities could raise a few concerns related to wall erosion. Actu-
ally, considering the logarithmic scale in figure 9, higher ioniz-
ation states are orders of magnitude less probable compared to
lower ones. Moreover, the contribution of impurities to global
erosion (integrated over all surfaces) is in the range 2%–4%
for all the materials tested, while the remaining 95% is due to
plasma erosion. However, this small percentage is not negli-
gible especially for low-Z materials, since it is the only contri-
bution to the erosion of GyM lateral wall, where magnetic field
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Figure 9. Energy distribution of depositing on the GyM wall. A biasing voltage Vbias = 200V is applied to the bases and to the bushings.
The Fe deposition distribution is equivalent to the Cu one, so it is not shown in figure.

lines are almost orthogonal to the surface normal and plasma
erosion does not occur.

4. Conclusions

The study discussed in this paper presents the first global
modelling of the PWI processes in the GyM linear device,
obtained by coupling SOLPS-ITER and ERO2.0 codes. The
simulations model in an integrated manner the plasma trans-
port towards the PFCs, their erosion and the migration of the
eroded impurities.

SOLPS-ITER simulations of pure He plasma in linear geo-
metry were performed varying the database of atomic reac-
tions between ions, electrons and neutral atoms. This work
showed the importance of previously neglected reactions, such
as charge exchange and radiative heat losses, and led to the
modification of the default set of He reactions implemented in
the code. The plasma background produced by SOLPS-ITER
was then used in ERO2.0 simulations, highlighting the import-
ance of an accurate estimation of plasma parameters, espe-
cially of the electron temperature, for an adequate evaluation
of PWI phenomena. Even very small variations of the electron
temperature, and hence of the sheath acceleration factor, were
shown to be crucial near the sputtering threshold of the PFC
materials. These results and the role of the newly introduced
atomic reactions were demonstrated to be valid in temperat-
ure and densities regimes that are typical of a LPD. In light
of the importance of He in ITER PFPO, it would be of great
interest to generalize these studies also for typical tokamak
edge plasma conditions.

Erosion of the GyM internal walls was investigated, vary-
ing wall material and bias voltage applied. The two bases of
the GyM cylindrical chamber and the bushings were shown to
be the main sources of impurities in the plasma. Erosion of
bushings was studied considering two extreme assumptions,

namely no deflection of plasma ions in the sheath and complete
deflection (orthogonal incidence). Amore accurate modelling,
e.g. using the sheath-tracing module implemented in ERO2.0,
would be needed to reproduce the real situation occurring
in GyM. It should be also pointed out that ideally flat sur-
faces have always been assumed in this work, while the pres-
ence of a micro-scale roughness would further increase the
complexity.

Migration of eroded impurities in the whole volume of
the device was also studied. The lateral wall was shown to
be the sink for most of the redepositing particles. However,
significant differences were observed changing wall material
and bias voltage applied. The former result can be ascribed
to the different ionization energy of the considered materials,
which leads to a different probability of being axially con-
fined by magnetic field lines. The latter, instead, can be related
to the different energy acquired by sputtered particles, which
is connected again to the ionization probability. As a future
improvement, the modelling of the plasma background could
self-consistently include impurities, by treating these species
via the SOLPS-ITER multi-fluid model. This would allow to
evaluate the effect of impurities on the plasma background,
which is not considered by ERO2.0. Moreover, the modelling
of impurity migration by ERO2.0, especially in machines with
higher neutral density gradients than GyM, could benefit of the
possibility of importing the full spatial distribution of neutrals
from SOLPS-ITER.

To conclude, the results reported in this paper are the first
step towards an integrated modelling of a realistic PWI exper-
iment performed in GyM. To improve the present description,
the simulation geometry should be modified to include the
sample holder and its manipulator within the plasma volume.
To do so, the recently developed extended grid in SOLPS-
ITER [30] will be applied. Moreover, the benchmark of the
obtained results against experimental data will be part of future
studies.
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