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Abstract

This work investigates the role of surface topography in the sputtering process of tungsten (W)
exposed to helium plasma using the GyM linear device. Surfaces with varying roughness, from
sub-nanometer to approximately 1 pm, and different textures, including random-like and regular
configurations, were studied. The samples were exposed to helium plasma of GyM at energies
ranging from 30 to 350 eV, with a fluence of ~4.3 x 10** He*m~2 and temperatures well below
the bulk W fuzz formation threshold of ~700 °C. The interpretation of the experimental results
was supported by simulations with the 3D Monte Carlo ERO2.0 code. Analysis with atomic
force and scanning electron microscopy revealed that surface topography remained largely
unchanged, while a nanoscale undulating surface structure formed on all samples at the highest
incident energies. The effective sputtering yield (Ye¢r) of tungsten, derived from mass and
thickness loss data, was consistently lower than predictions from simulations by up to an order
of magnitude, likely due to the dynamic retention of helium on the tungsten surface. On the
other hand, both experimental results and modelling agree that surface topography’s influence
on sputtering can be entirely captured by the average surface inclination angle (J,), which
unequivocally characterises each specimen, unlike the average roughness (R,). Moreover, Y
values from both mass loss data and ERO2.0 simulations as a function of 6, align well with a
decreasing sigmoid fit function. A reduction of more than 50% was observed when comparing
the flat surface to that with the highest R,, attributed by ERO2.0 to the increasing fraction of
sputtered tungsten atoms being deposited on neighbouring surfaces. These findings underscore
the importance of accurately calibrating simulation tools against linear plasma device

4 See Uccello et al 2023 (https://doi.org/10.3389/fphy.2023.1108175) for the GyM Team.
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experiments for predicting the lifetime of plasma-facing components in fusion reactors such as
ITER and DEMO, emphasising the potential of structured tungsten surfaces to reduce erosion

and impurity concentration in the plasma core.

Keywords: GyM, linear plasma device, tungsten, helium plasma, sputtering, topography,

plasma—wall interaction

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

1. Introduction

In magnetically confined fusion reactors designed for
deuterium—tritium reactions, such as ITER and the demon-
stration power plant DEMO, the plasma-facing components
(PFCs) of both the divertor and the main chamber must with-
stand a wide range of harsh conditions in terms of particle
fluxes, energies, and heat loads. In particular, ion fluxes of
<1 x 105 m~2 s~ !, with typical energies of a few tens of eV,
along with a nominal heat load of 10 MW m~2, are expected
on the divertor tiles of ITER during steady-state operation [1].
Even in the main chamber, the PFCs will be exposed to consid-
erable heat loads of ~1.0 MW m~? and particle fluxes between
1 x10% and 1 x 10> m~2 s~!, including energetic charge-
exchange neutrals and radially diffusing plasma ions from the
scrape-off layer, with energies reaching the keV range [2, 3].
The incident particles will consist of fuel hydrogen isotopes,
helium (He) ash produced from deuterium-tritium nuclear
fusion reactions, and other impurities. The resulting plasma—
material interactions will lead to significant modifications of
the PFCs, including sputtering, blistering, and the formation of
nanostructures on their surfaces, which will ultimately result
in the degradation of their mechanical and thermal properties,
thereby inevitably affecting their lifetime [4].

Due to its low sputtering yield, high melting point, excel-
lent thermal conductivity, low hydrogen retention, and man-
ageable levels of induced radioactivity, tungsten (W) is recog-
nised as the primary candidate for the PFCs in both the divertor
and main chamber of ITER and DEMO [5, 6]. Over the past
two decades, extensive research has been conducted on W as
a plasma-facing material, covering both theoretical and exper-
imental aspects [7, 8]. A key finding from these studies is the
crucial role that helium plays in the interaction between the
plasma and the W surface, which leads, for instance, to the
formation of the well-known fuzz nanostructures [9-15].

This work explores the physics of tungsten erosion by
helium under conditions relevant to the main chamber of ITER
and DEMO. The GyM linear plasma device [16, 17] was used
for this purpose, as it can achieve ion fluxes of <1 X 103! m—2
s~! and energies reaching 400 eV (by applying a negative
bias voltage to its sample holder), effectively simulating the
plasma—wall interaction (PWI) outside the divertor region. The
focus is here on the influence of surface topography, which
has been shown to significantly affect the effective sputter-
ing yield [18-21]. The aim is to comprehensively address this
topic by considering surfaces with varying roughness, from the

sub-nanometer range up to ~1 pm, which is the typical order
of magnitude for the roughness of fresh PFCs [22], as well as
textures that span from irregular, random-like surfaces to more
regular surfaces with specific features. This study extends the
existing literature on experiments conducted with other lin-
ear machines [20] and ion beam sputtering facilities [21]. The
interpretation of the experimental results from the exposure of
W samples to the GyM He plasma was supported by simula-
tions with ERO2.0, a 3D Monte Carlo code that can investigate
material erosion by plasma, as well as the transport and depos-
ition of released impurities at both global and local micro-
scopic scales [20, 23-25]. In this contribution, ERO2.0 simu-
lations incorporating the surface morphology model were per-
formed to account for the effect of surface roughness and tex-
turing on W erosion [20, 25].

This paper is organised as follows. The preparation and
characterisation of tungsten samples, along with the exposure
conditions to GyM helium plasma, are discussed in section 2.
The ERO2.0 modelling framework is described in section 3.
Results from both the experiments and ERO2.0 simulations,
together with their interpretation, are presented in section 4.
A summary, as well as considerations from the perspective
of PWI in tokamaks and future developments, is provided in
section 5.

2. Experimental

For the experiments, samples with a different topography were
considered. In particular, compact tungsten coatings, 500 nm
thick, were deposited by high-power impulse magnetron sput-
tering (HiPIMS) on top of fine-grained graphite (Gr) and sil-
icon (Si) substrates featuring different texturing and average
roughness (R,). Polished bulk W samples fulfilling ITER spe-
cifications, used in the frame of the EUROfusion PWI &
Exhaust Work-Package activities, were also included in the
study as reference [4].

The topography of the samples was investigated before and
after W film deposition, as well as at the end of the expos-
ures to the GyM plasma, using a Core atomic force microscope
(AFM) from Nanosurf GmbH (Langen, Germany), operating
in ambient air and dynamic mode with a Dyn190Al probe
(force constant 28-75 Nm~! and tip radius 10 nm). Three
AFM images on a scan area of 50 x 50 um? were acquired
to evaluate surface roughness parameters, like R, and the
mean surface inclination angle dy,, with the Gwyddion open
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Figure 1. 50 x 50 um? AFM and SEM top-view images of: polished graphite substrates (a), (b) and plasma-etched graphite substrates with
R, of 200 nm (c), (d) and 400 nm (e), (f). Micrometric holes, consequence of the polishing procedure, can be clearly seen from AFM image
(a). The photograph of a graphite substrate is also provided in the inset of (a).

source software [26]. One 20 x 20 um?> AFM image was also
obtained for each sample before the experiments in GyM as
input for ERO2.0. A Zeiss Supra 40 high-resolution field emis-
sion scanning electron microscope (SEM), operating at an
accelerating voltage of 5 kV, was used to investigate the sur-
face structure of the specimens at both micro- and nanometer
scales.

The fine-grained graphite substrates (and bulk W samples)
had a ‘wall footing’ geometry (see the inset of figure 1(a)) [27].
The dimensions of the footing and the wall were 12 x 10 X
3 mm? and 10 x 10 x 2 mm?. The 10 x 10 mm? top sur-
face underwent a polishing procedure, during which some
grains detached, resulting in micrometric holes with a cover-
age of approximately 10% (Grpiisn in the following). R, of
100 nm and 5 nm was measured by AFM in regions with
and without the holes, respectively. The surface of a subset
of these substrates was etched by a plasma consisting of a car-
bon tetrafluoride (CF,4) and hydrogen (H) mixture at 9 Pa,

produced with a 13.56 MHz RF power supply. Two differ-
ent R, values were obtained changing the experimental con-
ditions. Discharge voltage of 750 V and etching time of 25
min led to a R, of 200 nm (Gryg), while 850 V and 90 min
to a R, of 400 nm (Grygo) [28]. These R, values are rep-
resentative, as process-induced inhomogeneities may cause
variations of 450 nm between samples. 50 x 50 yum?> AFM
and SEM top-view images of fine-grained polished graphite
substrates and plasma-etched graphite substrates are shown
in figure 1. It is evident from SEM micrographs (d) and
(f) that plasma-etching resulted in an irregular, random-like
surface.

12 x 12 x 0.4 mm? monocrystalline N-type (Sb-doped)
(100) silicon substrates (resistivity of 0.01-0.02 2 - cm), R, <
1 nm were also considered (Sig,). Pyramids were textured on
the surface of a subset of these substrates by chemical aniso-
tropic etching [29]. Potassium hydroxide (KOH) solution was
used as etchant and isopropyl alcohol (IPA) as surfactant to
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Figure 2. 50 x 50 um?> AFM and SEM top-view images of anisotropically etched Si substrates with R, of 400 nm (a), (b), 600 nm (c), (d)

and 900 nm (e), (f).

improve the wettability of Si surface. Substrates with pyram-
ids having different height were produced by adjusting the
concentration of KOH, thereby controlling the etching rate: the
higher the concentration, the smaller the pyramids. In particu-
lar, texturing requires a four-step procedure. (i) A 10-15 wt%
aqueous KOH solution (60 ml of H,O) was prepared in a 100
ml flask, which was placed on a magnetic hot plate stirrer. The
temperature was maintained at 80 °C throughout the process.
Mechanical agitation was required to keep the solution homo-
geneous. (ii) Three Si substrates at a time were immersed in
the etching solution for 5 min to remove surface damage [30].
Then, (iii) 3 ml of IPA was added. After 7 min and 30 s, (iv) an
additional 1.5 ml of the surfactant was poured into the solution
to ensure sufficient wettability of the silicon surface, compens-
ating the amount lost due to evaporation, till the end of the pro-
cess, which continued for another 7 min 30 s. Figure 2 shows
AFM and SEM images of the pyramid microstructure with R,
of (50 nm) 400 nm, Siz (a), (b), 600 nm, Sigy (¢), (d), and
900 nm, Siggg (e), (f), produced reducing KOH concentration
at stage (i) from 15 wt% to 10 wt%. SEM low-magnification

micrographs (not reported here) and AFM images acquired at
different regions unveiled that the surface of Si samples was
completely covered by pyramids.

A compact, nanocrystalline W coating with a [110] pref-
erential growth direction and a density close to that of bulk
W was deposited on all substrates using HiPIMS [31, 32]. The
thickness value of 500 nm was chosen to be high enough to sur-
vive the He plasma erosion during the exposures in GyM, but
low enough to preserve the texture and roughness properties of
the substrates. The variation in R, of W-coated etched Gr and
Si substrates remains within the range of 10%. AFM and SEM
images of the samples as in figures 1 and 2, after W depos-
ition, are displayed in figures 3(a)-(f), “W/Gr’, and 4(a)-(f),
‘W/S1’. Micrographs of a bulk W sample (R, of 10 nm) and
a W film on a flat Si substrate (R, of 3 nm) are also shown in
figures 3(g)—(h) and 4(g)—(h), respectively.

A cross-section was prepared at the centre of the sur-
face of the W bulk specimens by a combined high resolution
field emission SEM/focused ion beam (FIB) instrument (Zeiss
Crossbeam 540). Additionally, line markings were imprinted
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W

Figure 3. 50 x 50 um?> AFM and SEM top-view images of the 500 nm thick W coating deposited on: polished graphite substrates (a), (b)
and plasma-etched graphite substrates with R, of 200 nm (c), (d) and 400 nm (e), (f). Micrographs of a bulk W sample are also included (g),

(h).

using a 10 pA FIB beam of 30 keV gallium ions on each cross- W samples were exposed to the helium plasma of the linear
section. The line markings, consisting of five lines spaced device GyM, thoroughly described in [16], which can prop-
every 1 um, served as distinct references for local erosion and  erly simulate the conditions, in terms of particle fluxes and
re-deposition measurements [33]. energies, expected for the PFCs of ITER and DEMO main
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Figure 4. 50 x 50 um? AFM and SEM top-view images of the 500 nm thick W coating deposited on top of anisotropically etched Si
substrates with R, of 400 nm (a), (b), 600 nm (¢), (d), 900 nm (e), (f) and on top of a Si flat substrate (g), ().

chamber wall [17]. The layout of the experiment is depic-
ted in figure 5(a), where the axial positions of the 2.45 GHz
magnetron source microwave injection, the radial manipulator
for material exposure and the Langmuir probe (LP) are indic-
ated. The linear magnetic field configuration was achieved
by passing a current of 600 A through the copper coils (see
figures 3(a) and (b) of [16]). The sample-holder (photograph of

figure 5(a)) is equipped with a 2 mm thick molybdenum (Mo)
mask and can accommodate up to four specimens, includ-
ing both W/Gr (bulk W) and W/Si geometries. The plasma-
exposed area measures 10 x 10 mm?. Unlike the W/Si speci-
mens, the surface of W/Gr and bulk W samples was aligned
flush with the Mo mask, as depicted in figure 5(b). This pre-
vented the potential deposition of Mo atoms sputtered from the
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Figure 5. (a) Schematic of the experimental setup and photograph of the sample-holder. (b) Arrangement of the samples for GyM He
plasma exposures. (c) Radial profiles of electron density, ne, temperature, Te, plasma potential, V1, and ion flux, I', from Langmuir probe
data collected during one of the experiments. Each scatter point represents the average of the plasma parameter values obtained from five
repeated measurements, with the shaded region indicating the associated standard deviation. The magenta arrow in (b) and (c) marks the
radial extension of the samples, spanning approximately from 0.5 cm to 2 cm relative to the axis of GyM, where the centre of the

sample-holder lies.

adjacent side surface of the Mo mask by the He plasma ions
onto the samples. The sample-holder was oriented perpendic-
ular to the magnetic field lines, facing toward the microwave
injection sector, and positioned with its centre aligned along
the axis of GyM.

The radial He plasma profiles of GyM were measured
during the experiments with a cylindrical stainless steel LP
(15 mm long and 1.5 mm in diameter), which was installed on
a linear shift with a remote-controlled stepper motor, ~30 cm
away from the sample holder. The probe’s major axis was nor-
mal to the magnetic field lines. The plasma parameters, spe-
cifically the ion flux (I'), the electron temperature (7.) and
the density (n.), were extracted from the LP current—voltage
characteristics (I-V), following the fitting procedure described
in [34]. The plasma potential (V},}) was calculated from the
maximum of the first derivative of I-V. GyM typically oper-
ates in the so-called sheath-limited regime [16, 35]. As a res-
ult, the plasma properties remain very similar along its axial
coordinate. Therefore, the plasma profiles derived from the
analysis of the LP data were assumed to be approximately the
same near the sample holder.

The working pressure and magnetron power during the
experiments were set at 1.0 x 10~ Pa and 1200 W, respect-
ively. Representative radial He plasma profiles from LP data
are shown in figure 5(c). Due to the high reproducibility of
GyM, variations in plasma parameters across different exper-
iments conducted under the same conditions are within 10%.

Figure 5(c) indicates that the selected conditions enabled
achieving the cut-off electron density of ~7.5 x 10'® m—3
at 2.45 GHz around the axis of GyM, thereby maximising
the ion flux imping on the surface of the exposed samples.
Furthermore, I" remains relatively constant at ~6 x 102° m—?
s~! across the entire exposed surface of the specimens, radi-
ally delimited by the magenta arrow and the two dashed
lines. The electron temperature profile ranges between 6 and

Table 1. Ejy.+ values for the plasma exposures of the W samples in
GyM.

EHe+ [CV] ‘W/Gr and Wbulk W/Si

30
80
150
200
250
350

X X X X
X X X X X X

10 eV. These low values, combined with the low n., res-
ult in a low He?>* production probability. We may reason-
ably infer that the main plasma species in GyM is He™T, as
also supported by the modelling work with SOLPS-ITER
presented in [36].

The W samples were exposed to the He plasma of GyM
in two groups. The first set comprised the W/Gr and bulk W
samples, while the second set comprised the W/Si samples
(figure 5(b)). Exposure of the W specimens in GyM involved
varying the negative bias voltage (Vy,s) applied to the sample-
holder between experiments, within the range of —320 V-
0 V, in order to change the incident Het energy (Eye+ =
e |Voias| + € - V1, where Vp,1 is =30 V near the surface of the
samples, figure 5(c)) from 30 eV to 350 eV. Each experi-
ment lasted 2 h, resulting in a fluence of [yt ~ 4.3 x 10?*
Hetm™2. The Ey.+ values of the W samples’ exposures are
indicated in table 1.

The temperature of the specimens was measured using an
Inconel-sheathed type K thermocouple (@ = 1.0 mm), with the
hot junction located behind the centre of the Mo mask [16].
The maximum recorded value during all experiments was
~450 °C, which is well below the bulk W fuzz formation
threshold T w,,, = 700 °C [9].
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Figure 6. SEM images of FIB-prepared cross-section with line marking before (a), (b) and after bulk W sample exposure to the He plasma
of GyM at Ey.+ = 350 eV (c). The red dashed lines in (b) and (c¢) indicate the position of the FIB marker line and the surface edge. Two
values of the local erosion thickness are also reported in (¢). SEM images of FIB-prepared cross-sections of a reference (i.e. not exposed)
W/Grpolish (d), (€) and of the W/Grpqii5n €xposed to the He plasma of GyM at Ey.+ = 350 eV (f). The values of the W film thickness are
reported in (e) and (f). The platinum (Pt) protective layer deposited on the reference W/Grpolisn sample prior to FIB cross-section

preparation is also labelled in (d).

The effects of the helium plasma exposure on the sur-
face morphology, encompassing the topography and struc-
ture at micro- and nanometer scale, of the samples were
investigated by AFM and SEM, respectively. Net erosion
was assessed from mass loss data by weighing the speci-
mens before and immediately after plasma exposure using a
Sartorius SECURA225D-1S semi-micro balance with a resol-
ution of 10 pg. Each sample was weighed five times to ensure
adequate statistics. The mass loss, Am, was determined by cal-
culating the difference between the arithmetic means of the
five measurements taken before and after the exposure. The
FIB cross-sections with line markings on the bulk W speci-
mens allowed for measuring the thickness variation via SEM
to quantify local erosion and deposition (figures 6(a)—(c)). The
thickness loss, As, was derived from the arithmetic mean of
the two values reported in figure 6(c). For the same purpose,
the SEM/FIB Zeiss Crossbeam 540 was used to estimate the
thickness of a reference (i.e. not exposed) W film deposited
on a polished graphite substrate and those exposed to the He
plasma in GyM (figures 6(d)—(f)). Film thickness estimation
was repeated twice. Similarly, a reference W/Sig,, sample and
those exposed to the He plasma were cleaved in half, and ten
cross-sectional images were acquired with the Zeiss Supra 40
high-resolution field emission SEM along the median plane.
As for the W films deposited on polished graphite and flat sil-
icon substrates was calculated as the difference between the
arithmetic means of the SEM film thickness measurements
taken on the reference samples and those obtained after the
exposure. The associated error for all Am and As data was
determined using error propagation theory, based on the stand-
ard deviations of the repeated measurements.

3. ERO2.0 micro-scale simulations

ERO2.0 is a 3D Monte-Carlo code that simulates material
erosion by a plasma, as well as the transport and deposition
of released impurities, both at a global and local microscopic
scale [20, 23-25]. In this work, ERO2.0 simulations incorpor-
ating the surface morphology model to account for the effect of
surface roughness and texturing on the erosion of the samples
exposed to the helium plasma in GyM were performed to sup-
port the interpretation of the experimental results.

20 x 20 um?> AFM images of the pristine/as deposited
samples were used as input for ERO2.0, as mentioned in
section 2. Specifically, for the W/Gr specimens, micrographs
of regions without micrometric holes were considered. The
surface topography was represented in the code by a quadri-
lateral mesh with surface cells of ~100 nm per side. The sim-
ulation volume can be approximated as a parallelepiped with
the sample surface on one base, an absorbing boundary on the
opposite base, and periodic boundary conditions on the lateral
surfaces. Sputtered particles are traced until they either exit
the simulation volume or are re-deposited onto neighbouring
structures.

The low density and temperature of the helium plasma in
GyM resulted in a mean free path for W electron-impact ion-
isation of several centimetres, which is on the same order of
magnitude as the characteristic dimensions of GyM. Prompt
re-deposition (i.e. the process whereby sputtered impurities,
ionised sufficiently close to the target material, re-deposit on
the surface due to their gyro-motion around the magnetic field
lines) was therefore negligible, even for particles leaving the
surface at grazing angles. The low n. and T, also led to a
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limited re-deposition of sputtered W atoms due to plasma-flow
drag force, as preliminarily demonstrated by machine-sized
ERO2.0 simulations [35]. For these reasons, the full dynam-
ics of sputtered W particles was not considered in this work,
and the distance between the sample surface and the absorbing
boundary was set to 100 um, helping reduce the computation
time.

Regarding the other inputs for ERO2.0, the following
assumptions and settings were made:

o The plasma properties in GyM remain nearly uniform along
the axial coordinate, as noted in section 2. For this reason,
the background plasma of electrons and He™ ions, in which
the sputtered W particles are tracked, was assumed to be
uniform with n. and 7, derived from data acquired on the
machine axis by the LP located ~30 cm from the sample
holder.

o GyM exploits electron cyclotron resonance heating to sus-
tain the plasma, and considering its low density, ions remain
cold because the collisional electron-ion equipartition time
is much longer than the particle lifetime [16]. The ion tem-
perature was set to 7; = 0.1-T.

o A magnetic field of 0.08 T, parallel to the average normal of
the sample surface, was considered.

e The energy of the impinging background He™ ions was
properly adjusted to account for the negative bias voltage
applied to the sample holder.

e The electrostatic sheath thickness near the surface of the
samples is on the order of a few hundred micrometres, which
is much larger than the surface features (see the colorbar
labels of the AFM images in figures 3 and 4). As a result, the
sheath did not conform to the surface topology. The angle of
incidence of the impinging background He™ ions was thus
assumed to be equal to the angle between the magnetic field
and the cell surface normal.

o SDTrimSP calculations, which are based on the binary colli-
sion approximation (BCA) and assume an amorphous (ran-
domised) target structure [37, 38], provided sputtering yield
data as a function of the energy and incident angle of the
impinging He™ ions. These data were interpolated during
the ERO2.0 simulations.

e The energy distribution of the sputtered W particles was
sampled according to the Thompson distribution [39]. Their
angular distribution was assumed to be a function of the
impinging background He™ ions incident angle, with a pref-
erence for the forward direction [40].

Based on the provided inputs, ERO2.0 calculated the erosion
rate for each sample surface cell. Test W particles were
launched until they either re-deposited onto neighbouring
structures or reached the absorbing boundary in front of
the sample, where they were removed from the simulation
volume. Net erosion was described by the effective sputter-
ing yield (Yt Ero2.0), calculated as the number of W atoms

leaving the simulation volume through the absorbing bound-
ary divided by the flux of impinging He™ ions. Yef gro2.0
will be directly compared to the experimental effective net
erosion sputtering yield obtained from mass loss measure-
ments (Yefr Am)-

4. Results and discussion

This section discusses the results of W sample analysis and the
outcomes of related modelling efforts. Changes in the sample
surface topography and structure after exposure are detailed in
section 4.1. Section 4.2 presents the effective sputtering yield
of bulk tungsten samples, based on both experimental data
and simulations, as a function of the incident energy of He™
ions. A comparison between Y. for samples with low aver-
age roughness is covered in section 4.3. Finally, the influence
of the first moment of the surface inclination angle distribution
(SIAD) on sputtering is explored in section 4.4.

4.1. Effects of helium plasma on tungsten surface
morphology

Figure 7 presents the R, values for all the samples before
(squares) and after (circles) plasma exposure in GyM at the
highest Ey.+ considered, 350 eV. Figure 8 shows the SEM
top-view images of bulk W, W/Grish, W/Gra00, W/Sig, and
W/Sis00 samples before (a)—(e) and after (f)—(/) the same
experiment. From figure 7, the surface topography does not
significantly change as a consequence of the plasma irradi-
ation, and even less so after the exposures at lower energies.
Figure 8 indicates the formation of a nanoscale undulating sur-
face structure on all the samples, which is also observed for
exposures at Ey.+ > 250 eV. In particular, bulk W samples
developed the same nanostructures as those exposed to the
helium plasma of the linear device PSI-2, below T, w,,,,, even
though the flux and fluence were much higher (2.5 x 10
Hetm™2 s~! and 1.0 x 10%® He*m~2, respectively) and the
helium ion energy was lower (75 eV) [11, 14, 15]. The dir-
ection and spacing of the undulating surface structures are
strongly influenced by each crystal grain (see figures 8(f)
and (k)). There is a sharp contrast between adjacent grains,
although the structure is uniform within each one. All four
undulating structures described by [11, 14, 15] are present: (i)
narrow interval, (ii) wide interval, (iii) jagged edge (not shown
in figures 8(f) and (k)), and (iv) no undulating surface struc-
ture. The resemblance in nanostructures between results from
experiments in linear devices with high fluxes and fluences
at low ion energies and those with low fluxes and fluences at
high ion energies has already been observed in the literature,
as shown in [17, 41, 42].

In [11], electron backscattered diffraction pattern ana-
lysis was performed to elucidate the relationship between
the crystal orientation of bulk W grains and the various
surface structures. Specifically, it was found that grains
with narrow intervals are strongly correlated with the {110}
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Figure 7. AFM analysis results. Average roughness R, for all samples before (squares) and after (circles) plasma exposure in GyM at Ey.+
=350 eV. Each scatter point represents the arithmetic mean of R, values from three different 50 x 50 um* AFM images of the same sample,

with the error bar indicating the associated standard deviation.
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Figure 8. SEM top-view images of bulk W (a), (f), W/Grpoiish (b), (g), W/Grago (c), (h), W/Sigy (d), (i) and W/Siag0 (e), (j) samples, before
(a)—(e) and after (f)—(j) plasma exposure in GyM at Ey.+ = 350 eV. High-magnification SEM micrographs of exposed bulk W (k) and

W/Sif1a samples (/) are also reported.

plane. This represents the preferential crystal nanograin ori-
entation of the HiPIMS W films examined in this study
(section 2), thereby explaining why they only developed
the narrow interval undulating structure (see figures 8
(&)=() and (1)).

In view of the above AFM and SEM results, the sur-
face modifications of the samples induced by helium plasma
ions are observable only at the nanoscale, which is not
resolved by the ERO2.0 mesh with cells of ~100 nm per

side considered here (see section 3). Morphology evolution
can therefore be deemed negligible from both an experimental
and modelling point of view. This allowed for the evaluation
of the quasi-static effective sputtering yield from mass loss
data, as well as for running single time-step ERO2.0 simu-
lations, thus saving computation time. The investigation of
the impact of nanostructures on the W erosion, using a finer
mesh in ERO2.0, represents a potential development of this
work.
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Figure 9. Ycfr, Am and Yegr A of the bulk W samples as a function of
the incident He energy (green stars and square, respectively).

Yetr ERO2.0 18 also displayed (circles), alongside SDTrimSP data
(dashed lines) for He™ ions impinging normally on the target. The
compositions of the modelling surface are 100%W (blue) and
50%W50%He (orange).

4.2. Quasi-static effective sputtering yield of bulk tungsten
samples

The quasi-static effective sputtering yield from the experi-
mental mass loss was computed as follows:

Yett, Am (Epe+ )
_ Am [g] Nay [He atomsmol ']
~ Aw [gmol~!] T [Het ionss~'m~2] ¢ [s] S [m?]

ey

where Nav is Avogadro’s number, Ay is the atomic weight
of tungsten, ¢ is the exposure time, S is the exposed surface
area, and I is the He™ ion flux derived from data acquired on
the machine axis by the LP. Yegr, A, 0f the bulk W samples as a
function of the incident He™ energy is shown in figure 9(green
stars). Sputtering yield values from ERO2.0 simulations are
also displayed (blue filled circles), alongside SDTrimSP data
for He" ions impinging normally on the W target (dashed
blue line) for reference. The Yefr gro2.0 values align with the
SDTrimSP curve because the surface of the bulk W samples,
with R, = 10 nm (see section 2 and figure 3(g)), is actually
smooth for ERO2.0 simulations using a mesh with 100 nm cell
sides.

It is clear from figure 9 that Y A, 1S generally well
below the modelling predictions. The low Yt A values can-
not be explained by prompt re-deposition or re-deposition
caused by the plasma-flow drag force of W and Mo sputtered
particles originating from the samples and sample-holder
mask, respectively. As discussed in section 3, their impact on
the effective sputtering yield was limited due to the low n,
and 7. of the helium plasma in GyM. Moreover, it is unlikely
that the difference between experiment and modelling can be
attributed to the LP data analysis, which has led to an overes-
timation of the plasma potential and ion flux, and, in turn, to
an overestimation of Ey.+ and an underestimation of Yetr A

by equation (1). Indeed, recent exposures of the same bulk
W samples to the argon plasma in GyM have shown good
agreement between Yt A, and SDTrimSP data within a few
percent.

The observed low Yt A, relative to modelling predictions
is, instead, consistent with previous findings (see [43] and ref-
erences therein). Evidence from various light inert gas linear
plasma device experiments suggests that the erosion rate of
metals is reduced compared to standard BCA calculations and
is also less than the values obtained from physical sputtering
ion beam facilities, which typically operate with ion fluxes
orders of magnitude lower than those in linear machine exper-
iments. It was proposed in [43] that this discrepancy may be
due to the dynamic retention of helium on the tungsten surface
during plasma exposure, with this effect becoming more pro-
nounced as the flux increases. Specifically, the local dynamic
surface concentration of He results from a balance between the
incoming flux and its diffusion into and out of the material. As
the flux increases, the surface concentration of He correspond-
ingly rises. This accumulation can markedly alter the surface
composition. He atoms residing on the surface act to shield the
underlying W lattice atoms from the momentum of incoming
particles, thereby reducing their sputtering probability.

With the purpose of accounting for the dynamic reten-
tion of He in the modelling, ERO2.0 was run again (orange
filled circles) using SDTrimSP data for He™ ions impinging
on a 50%W50%He mixed target [44—46]. SDTrimSP values
for He™ ions at normal incidence are also displayed (dashed
orange line). Although these results are preliminary, an agree-
ment with Yegr Ay at Eyget > 150 €V is observed within a factor
of two.

The FIB cross-section with line markings on the bulk W
specimen exposed at the highest Ey.+ of 350 eV enabled the
measurement of thickness variations via SEM to quantify local
erosion and deposition (see figures 6(b), (c)). The thickness
loss of the specimens exposed at Ey.+ < 350 eV was instead
below the SEM resolution of a few tens of nanometres. The
sputtering yield at Ey.+ = 350 eV, calculated with a bulk W
density of 19.25 g cm™3, is shown in figure 9(green square).
The factor of two difference between Yeir A, and Yegr A5 can
be attributed to the crystal orientation dependence of phys-
ical sputtering [47, 48]. Indeed, the micrometre-sized FIB-
prepared crater samples only a limited number of grains, as
illustrated in figures 6(a), (c). Thus, their average orientation
may not necessarily represent the average orientation of the
entire bulk W sample.

4.3. Y. of W samples with a low average roughness

The comparison of Yefr A, for samples with similar R,, includ-
ing bulk W, W/Sig,, and W/Gryoiisn specimens (outside the
regions with holes), is presented in the bar plot of figure 10.
Only Ey.+ values of 250 eV and 350 eV are considered
because the mass loss for W/Si samples, unlike for bulk W
and W films on graphite substrates, was below the resolution
limit of 10 ug of the semi-microbalance at lower incident He™
energies. As shown in figure 10, the smaller Yegr A, for W/Sigy
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Figure 10. Y A for samples with comparably low R,: bulk W,
W/Sifa and W/Grpolish specimens, exposed at Ey.+ of 250 eV (red
bars) and 350 eV (green bars). Yefr, a5 for the samples exposed at
Eye+ of 350 eV is also shown (blue bars).

compared to bulk W is consistent with the Yesr, A s for the expos-
ure at Ey.+ = 350 eV, which was determined using the density
of bulk W for the W/Sig, film as well (see section 2).

The smaller Yesr, Am,As Values for W/Sig, compared to those
for bulk W can be partially explained by the different exposure
geometry. As described in section 2 and shown in figure 5(b),
the W/Gr and bulk W samples have a ‘wall footing’ shape,
allowing their surfaces to align flush with the Mo mask of
the sample holder. In contrast, the surface of the square W/Si
samples was recessed by the 2 mm thickness of the Mo mask
below the exposed side. Due to the low ion temperature and
magnetic field values in GyM, some He™ ions, whose guid-
ing centre trajectories intersected near the edge of the Mo
mask, may have impinged on its lateral side rather than reach-
ing the W/Si surface because of their gyro-motion, character-
ised by a sub-millimetre Larmor radius. The previously men-
tioned physical sputtering crystal orientation dependence [47,
48] may also have contributed to the discrepancy between the
Yeir,Am,As values of bulk W and W/Sig, samples. Indeed, they
have a very different structure: the former is polycrystalline
with micrometre-sized grains, while the latter consists of nano-
grains preferentially oriented along the [110] direction. The
investigation of the role of surface structure in W erosion with
the He plasma of GyM is an ongoing activity, and the results
will be published in a companion paper.

Itis evident from figure 10 that Yesr, A values for W/Grpoiish
samples are significantly higher than those for bulk W and
W/Sig, specimens, with this trend also observed for all the
other W/Gr samples. The W eroded thickness of W/Grplish
specimen for the exposure at Ey.+ = 350 eV, calculated from
the corresponding mass loss value, is approximately 1000 nm,
which is twice the 500 nm thickness of the as deposited film.
However, the W coating was still intact after the experiment, as
can be seen from the SEM results in figures 6(f) and 8(g), and
also from visual inspection. Moreover, Yo a5 from the local
FIB-crater measurements is of the same order of magnitude of
the values of bulk W and W/Sig,, samples.

A possible explanation for the high Am values of W/Grpgjish
and, in general, of all W/Gr samples, is related to the role of the
micrometric holes covering approximately 10% of the graph-
ite substrates surface, an inheritance from the polishing pro-
cedure (figure 1(a)). Indeed, W particles could have had more
difficulty accessing the holes during the HiPIMS process, lead-
ing to a lower deposited film thickness, which could have been
completely eroded by the He plasma, or even uncoated areas.
Strong carbon physical sputtering could thus have occurred
during the experiments in GyM, resulting in the high mass loss
measured.

The SEM/FIB Zeiss Crossbeam 540 was used to estimate
the thickness of the W film inside the graphite substrate holes
for both the as deposited W/Grpjisn and the sample exposed
to the He plasma in GyM at Ey.+ = 350 eV. The results are
shown in figure 11. Contrary to expectations, the W coating is
still intact after the experiment inside the investigated holes,
and no carbon physical sputtering from the graphite substrate
occurred during the experiment.

The second hypothesis for the high Am values of the
W/Gr samples and the discrepancy between Yegr A and Yegr A
at Egetr = 350 eV for the W/Grpgjish specimen—currently
under examination—relates to the significant temperature of
~450 °C reached by the samples during He plasma exposure
in GyM. This temperature may have led to the outgassing of
impurities, such as water and carbon oxides, from the lateral
uncovered sides of the porous graphite substrates during the
experiments [49]. Since the weighing of the exposed samples
was done immediately afterwards, the mass loss data of the
W/Gr specimens may therefore reflect not only the erosion
of the W film by the He™ ions but also the removal of gases
absorbed by the graphite substrates. Studying the outgassing
dynamics of the W/Gr samples at =500 °C and assessing the
potential impact of impurities on their weight could be a valu-
able avenue for future research.

4.4. Y. as a function of the first moment of the SIAD

Since the absolute values of Yefr A, for W/Gr and W/Si
samples differ significantly, proper normalisation of the data
is essential to investigate the role of topography in the sput-
tering of tungsten by the He plasma from GyM. Specifically,
Yetr, Am is normalised to Y, Am,W/Groiih for the W/Gr samples
and to Yetr, Am,w/sip, for the W/Si samples. The obtained
Yett, Am,norm 18 displayed in figure 12 as a function of the aver-
age roughness of the specimens for the experiments at Epje+
= 350 eV. Y values from ERO2.0 simulations (assuming a
100% W surface), normalised using the same approach, are
also shown. The general decreasing trend of Yfr norm Observed
in the experiments and the modelling is consistent with res-
ults from similar helium plasma exposures conducted in the
PSI-2 linear device [20], involving molybdenum films depos-
ited on the same polished and rough graphite substrates as
those used in this study. However, figure 12 clearly reports
that both Y, eff, Am,norm and Y, eff,ERO2.0,norm differ for the W/Gr4qg
and W/Siggo samples. As explained in section 2 and shown
in AFM and SEM images of figures 3 and 4, the two speci-
mens have similar R, but very different textures: the former has
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Figure 11. SEM images of FIB-prepared cross-sections in the region of graphite substrate holes of the reference W/Grplisn (@) and the

sample exposed to the He plasma in GyM at Ey.+ = 350 eV (b).
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Figure 12. Yt Am,norm for the W/Gr samples (filled
downward-pointing triangles) and the W/Si samples (filled
upward-pointing triangles) as a function of R, for the experiments at
Eyet+ = 350 eV. Yef norm values from ERO2.0 simulations
(assuming a 100% W surface) are also shown (open symbols).

an irregular, random-like surface (figures 3(e) and (f)), while
the latter features a more regular, pyramid-like microstructure
(figures 3(a) and (b)). The average roughness is therefore not
suitable for characterising the sputtering behaviour of the cor-
rugated surfaces exposed to the helium plasma in GyM.

The works [50-52] highlighted that the distribution of the
surface inclination angle (9), defined as the angle between
the local surface normal and the average surface normal, is
highly relevant for understanding rough surface sputtering by
ion irradiation, because it is related to effects such as vari-
ation in local ion incident angles, geometrical shadowing,
re-deposition, or secondary sputtering due to reflected ions.
Moreover, the results reported in [21], where the erosion of W
samples with roughness values ranging from the nanometer to
micrometre scale was investigated using 2 keV Ar™ ions from
a mass-filtered low-flux ion source (=1 x 10'® Arfm=2s!),
demonstrated that the first moment (or mean value) ., of this
distribution is a very good and scale-independent parameter

for characterising quasi-static sputtering of rough surfaces. For
this reason, the SIAD of pristine bulk W and as deposited
W/Gr and W/Si samples was obtained by post-processing all
three recorded 50 x 50 um? AFM images for each specimen
using the Gwyddion open-source software [26]. The results
are displayed in figure 13. In this context, the average surface
normal, through which ¢ is defined, corresponds to the direc-
tion of incidence of the He™ ions. This is because the electro-
static sheath thickness near the surface of the samples is much
larger than the surface features, as discussed in section 3.
The 6y, value for each specimen is also shown in figure 13.
As expected, it is very close to zero for samples with low
R;, including bulk W, W/Sif,, and W/Grpgish specimens. dp,
increases with R, for the two rough W/Gr specimens, reach-
ing up to 23.02°, while it remains in the range of 30°-35° for
the three W/Si samples with a pyramid-like microstructure. It
is noteworthy that J;, unequivocally characterises each speci-
men, unlike the average roughness. Specifically, dy, is 23.02°
for the W/Grygp sample and 31.5° for the W/Siygg sample.
Yef,norm from both mass loss data and ERO2.0 simulations is
now shown in figure 14 as a function of dy, for the exposure at
Eye+ = 350 eV. Remarkably, all experimental points follow a
well-defined trend despite the varying textures of the samples
(see figures 3 and 4). This behaviour can be effectively fit-
ted with a decreasing sigmoid function. Yeff Am,norm remains
close to 1 up to 16.53° of W/Grp, then starts to decrease,
reaching a minimum value of ~0.65 for W/Sigg9 compared to
the smooth reference. The qualitative and quantitative agree-
ment between Yefr ER02.0,norm AN Yefr, Am.norm 1S quite satis-
factory. The simulations underestimate the experimental res-
ults by up to ~=20%. This discrepancy may stem from surface
features of the samples that could have influenced the sput-
tering process but were not incorporated into the modelling,
including the nanostructures formed after He plasma expos-
ure (figure 8) and the micrometre holes in the W/Gr speci-
mens. It might also result from the choice of ERO2.0 inputs,
such as the energy and angular distributions of the sputtered
W particles. Specifically, the energy distribution was sampled
according to the Thompson distribution, while the angular
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experimental data, is also shown (black dashed line).

distribution was modelled as a function of the incident angle
of impinging He™ ions, with a preference for the forward dir-
ection (section 3). The use of energy and angular distributions
of the sputtered particles obtained from SDTrimSP runs [20]
could be an option for future investigation to assess whether
this improves the agreement between experiment and code
outcomes. Nevertheless, ERO2.0 simulations still provide an
interpretation of the behaviour of Yeff norm as a function of
Om. Notably, the observed decreasing trend in Yeff norm With
increasing dy, is attributed to the growing fraction of sputtered
W atoms being deposited on the neighbouring surfaces.

In conclusion, the first moment (or mean value) &y, of the
SIAD is effective for investigating the impact of topography
on the sputtering of W samples by the He plasma of GyM.
This work corroborates the results reported in [21], which, as
previously mentioned, examined the erosion of W using 2 keV
ArT ions from an ion source. Moreover, it extends these find-
ings to a light gas like helium, lower incident ion energies,
higher ion fluxes, and a significantly different, more complex
environment—namely, a linear plasma device. Furthermore,
and importantly, the experimental conditions in GyM studied
here are more relevant to the main chamber region of ITER and

Om [°]

Figure 14. Yett Am norm (filled symbols) and Yefr, ER02.0,norm (Open symbols) for the W/Gr samples (downward-pointing triangles) and the
W/Si samples (upward-pointing triangles) as a function of én for the experiments at Ey.+ = 350 eV. A decreasing sigmoid, fitted to the

DEMO, enabling valuable considerations related to the topic
of PWI in tokamaks, which will be discussed in section 5.

5. Conclusion

In this concluding section, a summary of the work is provided
in section 5.1, its potential implications for tokamak PWT are
discussed in section 5.2, and future developments are outlined
in section 5.3.

5.1 Summary

The present work investigates the role of surface topography in
the sputtering process of tungsten exposed to helium plasma,
using the GyM linear device. This topic is comprehensively
addressed by considering surfaces with varying roughness,
ranging from the sub-nanometer scale up to ~1 pum, as well as
different textures, spanning from irregular, random-like sur-
faces to more regular surfaces with specific features. In partic-
ular, compact 500 nm thick tungsten (W) coatings were depos-
ited by high-power impulse magnetron sputtering (HiPIMS)
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onto graphite (Gr) substrates, which were either polished or
had irregular surfaces, as well as onto silicon (Si) substrates,
both flat and with pyramidal structures. The W/Gr samples
included in this study featured average roughness (R,) values
of 100 nm, 200 nm, and 400 nm, while the W/Si samples had
R, values of 3 nm, 400 nm, 600 nm, and 900 nm. Polished bulk
W specimens with R, of 10 nm were also considered as refer-
ence. All specimens were exposed to the helium (He) plasma
in GyM [16], with the incident Het energy varied between
experiments in the range from 30 to 350 eV, at a fluence
of ~4.3 x 10** Hetm™2. The maximum temperature of the
samples during all experiments was /450 °C, which is well
below the bulk W fuzz formation threshold of ~700 °C [9].

The effects of the helium plasma exposure on the surface
morphology, encompassing the topography and structure at
micro- and nanometer scale, of the samples were investig-
ated using atomic force microscopy (AFM) and scanning elec-
tron microscopy (SEM). Global net erosion was assessed from
mass loss data (Am) obtained using a semi-micro balance.
Additionally, local net erosion of bulk W specimens and W
films deposited on polished graphite substrates was evaluated
from thickness loss data (As) using FIB SEM [33]. As was
also determined for W films deposited on flat silicon substrates
from SEM cross-sectional images.

The interpretation of the experimental results was suppor-
ted by simulations with 3D Monte Carlo code ERO2.0 incor-
porating the surface morphology model to account for the
effect of surface roughness and texturing on W erosion [20,
23-25].

The main outcomes of this study can be represented schem-
atically as follows:

o AFM images show that the surface topography of all the
samples does not change significantly as a result of plasma
exposure.

o SEM images indicate the formation of a nanoscale undu-
lating surface structure on all the samples, from Ey.+ >
250 eV.

— Bulk tungsten samples exhibited the same nanostructures
as those subjected to the helium plasma in the linear device
PSI-2, despite experiencing significantly higher flux and
fluence levels and lower helium ion energy [11, 14, 15].
The direction and spacing of the undulating surface struc-
tures depend on the crystal grain orientation. The simil-
arity in nanostructures between results from experiments
conducted in linear devices with high fluxes and fluences
at low ion energies, and those with reduced fluxes and flu-
ences at higher ion energies, has already been observed
in the literature, as documented in other papers related to
GyM activities [17, 41, 42].

HiPIMS W films only developed a narrow interval undu-

lating structure. This finding aligns with previous stud-

ies [11], correlating this structure with the {110} plane,
which is, indeed, their preferential crystal nanograin
orientation.

o The quasi-static effective sputtering yield (Yt An) of bulk
W and W/Si samples, derived from mass loss data, was
consistently lower than the predictions from ERO2.0 and
SDTrimSP models, corroborating the results from other lin-
ear device experiments [43]. This discrepancy may be attrib-
uted to the dynamic retention of helium on the tungsten sur-
face during plasma exposure, which is not considered in the
two codes. To preliminarily account for this process in the
simulations, ERO2.0 was run using SDTrimSP data for He™
ions impinging on a 50%W50%He mixed target, thereby
improving the agreement between experimental and mod-
elling results.

Yetr, Am values for W/Gr samples are significantly higher
than those for bulk W and W/Sig, specimens, while Ye,
derived from thickness loss data, is of the same order of
magnitude. The most credible hypothesis to explain the high
Am values for the W/Gr samples, along with the discrepancy
between Yt A and Yegr A, is linked to the significant tem-
perature of =450 °C reached by the samples during plasma
exposure. This temperature may have facilitated the outgass-
ing of impurities, such as water and carbon oxides, from the
uncovered lateral sides of the porous graphite substrates dur-
ing the experiments [49].

Since the absolute values of Y A, for W/Gr and W/Si
samples differ significantly, it has been normalised to enable
comparison between the data from the different samples and
with the ERO2.0 simulations. The first moment (or mean
value) 6, of the SIAD unequivocally characterises each spe-
cimen, unlike the average roughness. All the experimental
Yetf, Am,norm points align well with a decreasing sigmoid fit
function, despite the varying R, values and textures of the
samples. The influence of surface topography on the sput-
tering process of tungsten exposed to GyM helium plasma
can thus be captured entirely by the single parameter 6.
The qualitative and quantitative agreement between
Yetr,ER02.0,norm aNd Yefr Am norm @S a function of dy, is quite
satisfactory. ERO2.0 indicates that the observed decreasing
trend in Yegr norm With increasing dy, can be attributed to the
growing fraction of sputtered W atoms being deposited on
the neighbouring surfaces.

5.2. Implications for the topic of PWI

From the perspective of PWIs in tokamaks, the substantial
quantitative difference between the experimental and model-
ling values of Y.¢ underscores the critical need for accurate
calibration of simulation tools such as SDTrimSP and ERO2.0
against data from linear plasma device experiments (e.g. by
introducing projectile-target mixed surfaces into the model).
This effort is essential for reliably predicting the lifetime
of PFCs in reactors like ITER and DEMO, including those
installed in the main chamber region, which will be exposed
to particle fluxes in the range of 1 x 10 to 1 x 10?> m—2 s~!
considered here. This work also highlights the structuring of
the tungsten surface to increase its mean surface inclination
angle as a viable approach to prolonging the lifetime of the
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main chamber walls in ITER and DEMO by decreasing mater-
ial erosion, which additionally provides the important bene-
fit of reducing tungsten high-Z impurity concentration in the
plasma core. To further support this statement, the exposure
of other nano-engineered tungsten surfaces, such as the nano-
pillar W surfaces of [53, 54], in GyM is intended.

5.3. Developments

The two primary ongoing developments to continue investigat-
ing the physics of W erosion focus on the role of surface struc-
ture, as anticipated in section 4.3, and the influence of incid-
ent particle flux. On the one hand, to study the effect of sur-
face structure, W coatings with varying characteristics at the
micro- (ranging from columnar to amorphous-like) and nano-
scale (with or without a preferred growth orientation) were
deposited using different techniques and then exposed to the
He plasma of GyM under conditions similar to those described
in this contribution. The characterisation of the samples is
underway. The interpretation of the experimental results will
continue to be supported by ERO2.0 simulations, incorporat-
ing new SDTrimSP data for tungsten surfaces with different
crystalline orientations. On the other hand, the investigation
into the influence of incident particle flux, which may play a
significant role in W sputtering via dynamic retention [43],
is going to be comprehensively addressed through a cross-
linear plasma machine experiment involving the PSI-2 [55]
and MAGNUM-PSI [56]. These two devices can achieve ion
fluxes in the range of 1 x 10?'—1 x 102 m=2 s~! and 1 x
10%-1 x 10® m~2 s~!, respectively. Together with GyM,
they will allow to study a wide range of ion fluxes, spanning six
orders of magnitude, from values relevant to the main chamber
to those characteristic of the divertor of ITER and DEMO.
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