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ABSTRACT

In ITER, the first mirrors would be vulnerable to deposition from the first wall materials, namely beryl-
lium (Be) and tungsten (W) in mixed compositions. In this study we investigate the capactively coupled
RF plasma sputtering of such mixed Be-W deposits on rhodium-coated substrates, using deuterium as the
process gas, and track the enrichment of W during the sputtering process. Experiments were conducted
on Be-W deposits with W concentration varying from 2 to 8.3 at.%, and maximal deuterium ion energies
in the plasma of 70 and 220 eV. The evolution of the W concentration in the deposits during the plasma
sputtering depended considerably on both deuterium ion energy as well as the initial concentration of
W in the films. With 220 eV sputtering, a rapid enrichment of W was observed, with all the W changing
from BexW before sputtering to metallic W and its oxides after sputtering. With 70 eV sputtering, there
was no net change in the W concentration, as long as the initial concentration of W in the film was
below 4 at.%. Moreover, the W remained considerably in the state of BexW after the sputtering as well.
However, a W enrichment was also observed with 70 eV sputtering, when the W concentration in the
films was higher (8.3 at.%). The rate of W enrichment was also observed to increase monotonically with
the increase in the initial concentration of W in the deposits. SDTrimSP simulations performed with ex-
perimental parameters indicate that sputtering yield of Be increases with W concentrations in the Be-W
layers due to backscattering of D projectiles off W atoms. These studies show that low energy deuterium
sputtering of mixed Be-W layers with low W concentrations, allows for removal of Be without rapidly
enriching W in the films, making it a promising option for ITER.

© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

CCRF plasma cleaning technique and its application for removal
of ITER relevant deposits from FMs has been a subject of numer-

Nearly 40 optical diagnostic systems in ITER are equipped with
metallic first mirrors (FMs) with the objective of directing the light
from the fusion plasma towards the diagnostics through an op-
tical labyrinth in order to prevent neutron leakage. However, the
FMs being the initial elements in the optical diagnostics, would be
subject to constant erosion from charge exchange neutrals as well
as deposition of the first wall materials: beryllium (Be), tungsten
(W) and their oxides, that would significantly degrade their optical
properties [1,2]. The FMs would hence require a regular cleaning to
restore their optical properties, currently foreseen to be achieved
by an in-situ capacitively coupled radio-frequency (CCRF) plasma
cleaning technique [3].
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ous studies [4-8]. However, due to toxicity of Be, majority of the
plasma cleaning studies make use of aluminium (Al) which acts as
a Be proxy due to similarity in their chemical properties [9]. Ex-
perimentation with Be instead of a proxy requires special handling
facilities such as the Beryllium Laboratory at the National Institute
of Laser, Plasma and Radiation Physics (NILPRP), Romania or the
previously operational JET Be handling facility installed in the Cul-
ham Science Centre, England (JET-BeHF).

There have been a few studies exploring the plasma cleaning
of Be deposits making use of controlled environments in the fa-
cilities mentioned above. Moser et al. performed plasma cleaning
experiments on both lab made deposits (Be and W) [10] as well
as tokamak deposits grown in JET-ILW mirrors on molybdenum
(Mo) and rhodium (Rh) coated mirrors [11]. Using helium (He), ar-
gon (Ar) or a mix of both in the RF discharge, it was shown that
the thickness of the deposits could be reduced followed by a cor-
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Fig. 1. Sputtering yield (Y) of ITER relevant deposits, Be, W and their oxides as well
as FM materials, Rh and Mo, with D* projectile reported in literature. Y of Be, Be
oxide, W and Mo is a fit of the experimental data points and is taken from [13]. Y
of W oxide is also a fit of experimental data points and is taken from [14]. Y of Rh
is numerically derived for lack of experimental data in literature and is taken from
[15]. ox in the legend refers to the oxide of the corresponding metal.

responding increase in mirror reflectivity. Helium, due to its low
sputtering yield (Y) on Mo and Rh, offered gentler cleaning pre-
serving the mirror surfaces while removing Be contaminants as ef-
ficiently as Ar. Ben Yaala et al. performed plasma cleaning experi-
ments with 60 eV and 220 eV deuterium (D, ) on lab coatings of Be
as well as on mirrors exposed in JET-ILW containing upto 1.5 at.%
W [12]. While they were able to completely sputter lab grown Be
deposits with D,, the deposits from JET-ILW mirrors could not be
completely cleaned. It was also shown that at low energies (60 eV),
the small fraction of W present in the deposits remains unsput-
tered and leads to a W enrichment of the surface, which in turn
acts as a protective layer against sputtering.

D, is an interesting choice of process gas for plasma cleaning
of FMs for its high Y on Be while having a negligible impact on
FM material (Rh and Mo) at low energies, as can be observed in
Fig. 1. D, is also beneficial for operation in ITER as it is known to
prevent polluting the neutral beam injection system [16]. One of
the most interesting properties of D, is its ability to sputter Be at
low ion energies via chemically-assisted physical sputtering, and
the same has been a subject of multiple studies [17-22]. Brezin-
sek et al. reported that at medium D impact energies (~ 75 eV),
about one third of the sputtered Be came from chemically-assisted
physical sputtering, with the mechanism being the formation of
BeD molecules [17]. Bjorkas et al. showed experimentally, that the
chemical sputtering via formation of BeD molecules was promoted
at low D energies [18]. They observed that the fraction of Be sput-
tered as BeD molecules was as high as 80% at 9 eV, while this frac-
tion dropped to 40% at 90 eV. Ballauf et al investigated the sput-
tering of Be as BeD as a function of ion energy (20 to 500 eV)
and temperature (300 to 700 K) [19]. They found that the ratio
BeD*/Be* increased both with an increase in ion energy and tem-
perature. All the studies agree on the fact that as the D ion ener-
gies increase over 100 eV, the contribution of chemically-assisted
physical sputtering of Be diminishes and physical sputtering be-
comes the main mechanism of Be removal.

In ITER, however, the contaminants on FMs would also include
W in addition to Be, although in minor amounts. Experimental
campaigns in ITER like wall of the JET tokamak have indicated W
is deposited on the FMs in small amounts (< 5%) particularly in
the divertor region, while Be makes up majority of the surface
co-deposition [23-25]. There are also other elements in the co-
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deposits, such as carbon, nitrogen, oxygen as well as deuterium.
However, deposition of W even in small amounts is concerning due
to its high sputtering energy threshold in comparison to other co-
deposits. Furthermore, the composition of W in the co-deposits in
ITER could also increase beyond that measured in JET campaigns,
depending on the location of FM in the tokamak as well as the
duration of the hot plasma pulse. Hence for D, plasma cleaning of
ITER relevant contaminants, it is important to understand its inter-
action with mixed Be-W deposits. There have been very few stud-
ies to date dealing with sputtering of mixed Be-W layers with D
projectiles [26-30]. Bjorkas et al. studied the sputtering of Be and
Be,W by D bombardments in the energy range of 7-200 eV via
molecular dynamics (MD) simulations [26]. They found that both
surfaces led to formation of BeD molecules as a result of swift
chemical sputtering, and that physical sputtering yield was more
efficient than swift chemical sputtering as the energies became
larger. They explained that at lower ion energies (10-20 eV), the
D surface concentration is higher making it more likely for any Be
atom to have many D neighbours, compared to at higher energies
where the D penetration depth is larger. This D bonding on the
surface Be, lowers the binding energy of Be atoms, making it more
easily sputtered at lower energies. Lasa et al. presented an atom-
istic study on D irradiation on Be-W mixtures via MD simulations,
and reported chemical effects on sputtering at low energies, and
a purely physical sputtering at higher energies (100-200 eV) [27].
Mutzke et al. showed via simulations with H and He projectile,
that the Y of Be in mixed Be-W targets can get even larger than
Y of pure Be targets and explained the additional Be sputtering
caused by reflection of impinging ions by W atoms in the mixed
layers [28]. The proposed effect, however, was only observed at ion
energies greater than 1000 eV.

However as Be is removed from the mixed Be-W surfaces, ei-
ther via chemically assisted physical sputtering at low energies or
physical sputtering at higher energies, an enrichment of W on the
surface which is particularly problematic for FM cleaning can be
observed. The enriched W layer, which has a larger sputtering en-
ergy threshold, could block the removal of the Be beneath it and
become a major obstacle towards low energy deuterium clean-
ing of FMs, calling for a thorough investigation on the topic. In
this work we study the influence of ion energy in D, plasma and
the resulting regime of sputtering (physical or chemically-assisted
physical sputtering) in the removal of lab grown mixed Be-W de-
posits with CCRF plasma sputtering. We also investigate the role of
the initial concentration of W in the mixed Be-W deposits, in the
removal of Be and enrichment of W.

2. Experimental

Owing to the toxicity of Be, the experiments were conducted in
a controlled environment at the Beryllium Handling Facility at the
National Institute for Laser, Plasma and Radiation Physics (NILPRP)
in Magurele, Romania. Seven mirror substrates with 25 mm diam-
eter and 8 mm thickness were used for the experiments. Five of
the mirror substrates were made of stainless steel (SS) while two
were made of Mo. Prior to the experiments, all the mirror sub-
strates were polished (with silicon carbide (SiC) paper, diamond
paste and alumina powder of 0.05um) and coated with 500 nm
of Rh using magnetron sputtering at University of Basel to mim-
ick ITER first mirrors. The corresponding deposition procedure is
described elsewhere [31].

2.1. Be-W deposition
In ITER, co-deposition would be one of the main mechanisms

that leads to D retention in the wall materials [32,33]. Studies in
JET tokamak [34] as well as lab experiments [35] have indicated
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Discharge voltage (Ugisc) and current (g ), rates of deposition (R.D.) for Be and W, as well as gas flows for Ar and D, and gas pressure.

Be:W atomic ratio Be

w Flow (sccm) P (Pa)

Ugise (V) lgisc (A) RD. (As™)

Udisc (V)

Luise (A) RD. (As™) Ar D,

99:1 450 0.36 32
98:2 410 0.36 2.8
95:5 490 0.36 2.5

312 0.06 0.03
335 0.09 0.05 20 6 1
325 0.2 0.25

that D retention in co-deposited layers is large. Hence, in order
to imitate the contaminants that would be obtained in the en-
vironment of fusion reactor, we produced Be-W films with deu-
terium seeding. The D seeded Be-W coatings were performed by
using the Direct Current Magnetron Sputtering (DCMS) technique
in a circular chamber used exclusively for Be containing thin films
within the Beryllium Handling Facility at NILPRP. The details of
this set-up are described in a previous paper [36]. The Be and W
sputtering sources consisted in two water-cooled magnetron cath-
odes provided with high purity Be (99.95%) and W (99.95%) cir-
cular (50 mm diameter and 3 mm thickness) targets operated in
DCMS regime. Prior to the deposition process, starting from a base
pressure of 3 x 1074 Pa, Ar and D, were inducted into the deposi-
tion chamber until the stable pressure of 1 Pa was achieved. The
Ar : D, flow ratio was kept constant at 10:3. Deposition rate values
were between 0.03 and 0.25 A s~! for W, and between 2.5 and 3.2
A s~ for Be, depending on the required Be/W atomic ratio. These
values for gas flows, pressure and coating speeds were carefully
selected, based on previous experience and calibrations performed
especially for this experiment. The thickness of the deposited Be-
W films was targeted at 150 nm. All the relevant parameters for
the plasma depositions are presented in Table 1.

Additionally, during each mirror deposition, two silicon (Si)
samples were placed next to the substrate to be used as witness
samples. One set of witness samples S1, S2 and S3 deposited with
Be:W coatings of 99:1, 98:2 and 95:5, respectively were chemically
characterized using X-ray photoelectron spectroscopy. It is impor-
tant to note that the Be:W ratios mentioned are that of the target
material used for deposition. As will be discussed later, the actual
composition of Be and W obtained on the samples after the depo-
sition can differ from the Be:W ratios of the target material. The
second set of Si samples were used to perform thermal desorption
spectroscopy (TDS) (method described in [36]) in order to assess
the deuterium content added during the deposition process. The
samples were heated up to 1275 K with a ramp of 10 K min~!,
measuring the amount of HD and D, molecules released in the
process. The release of D through HDO and D,0 was carefully
monitored during TDS measurements and it was found that it was
below the detection level of the spectrometer. The quantification
of HD and D, was performed based on spectrometer calibrations
with known amounts of H, and D, gas. The total D release was
calculated by summing the contribution of HD and D,. The D des-
orption profiles as a function of temperature for the investigated
samples are presented in Fig. 2. The TDS spectrum of the Be (99):
W (1) shows that the largest part of the D in sample is released in
a narrow temperature range of just 50 K. In this range the spec-
trum exhibits two sharp desorption peaks, the first one appears at
510 K and the second smaller peak at ~ 550 K. For higher W con-
centration (2%), the first peak has a minor shift towards lower tem-
peratures and its intensity decreases compared to the first sample
(1%). Moreover, as the W content increase, it transforms the peak
at 550 K into a wide peak in the TDS spectrum. Compared with the
above-mentioned samples, the D release profile of the layer with
the highest W content (5%) exhibits a broad desorption peak at
520 K, a very small low temperature peak at 478 K and a shoulder
at 1150 K which indicates the presence of an additional desorption
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Fig. 2. The TDS spectra of the Be-W coatings deposited on silicon witness samples.

peak. One can observe that with the increase of the W concen-
tration in layers the D is released over a wider temperature range
which can imply that additional trapping states in the layer are
created or the W trapping states are substituting the Be trapping
states.

The total D amount introduced inside of the coated layers was
calculated by integrating the desorption curves presented in Fig. 2.
The amount retained was approximately 20 at.% with a small in-
crease (22.5 at.%) observed for layers with higher W content com-
pared to Be (99%):W (1%) where D retained was 18.5 at.%. This
variation can occur due to different plasma parameters used in
order to achieve the desired atomic ratios. In this case the input
power on the W cathode is raised, which increases the plasma
density leading also to an increase of the ion flux towards the sub-
strates.

2.2. Plasma sputtering

The substrates deposited with Be-W films were sputtered with
CCRF plasma discharges in a high vacuum (HV) chamber at NIL-
PRP (Fig. 1 of reference [12]). The HV chamber is evacuated to
a background pressure of 104 Pa. In the plasma generation pro-
cess, the RF power is directly fed to the mirror thus acting as the
powered electrode, while the entire vacuum chamber serves as the
grounded electrode. The asymmetry of the areas between the pow-
ered and grounded electrode leads to development of a negative
self-bias Vpc on the electrode. This causes the positively charged
ions to accelerate towards the electrode surface with an energy of
e(Vp-Vpc), where Vp is the plasma potential. A 60 MHz RF gener-
ator (Comet cito) coupled with a matchbox was used to generate
a 1 Pa D, plasma inside the vacuum chamber. The typical Vp of
the generated plasma is approximately 20 V [12]. The RF power
was adjusted to have either —50 V or —200 V self bias (SB) on the
sample, leading to a corresponding maximum ion impact energy
of 70 eV or 220 eV, respectively. The self-bias voltage as well as
the sputtering duration of the samples are detailed in Table 2. It is
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Table 2
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Details of the deposition, sputtering parameters and the W concentration obtained via XPS measurements (before and after sputtering) of the mirror samples.

Total sputtering

W conc. (at.%)

Sample Substrate + coating Be:W deposition time (h) Self Bias (-V) - -
Before sputtering After sputtering
Rh1 SS+Rh 99:1 11.7 (5 + 6.7) 200 2.0 5.2
Rh2 SS+Rh 99:1 10.0 50 2.0 1.3
Rh3 Mo+Rh 99:1 17.8 50 2.0 2.1
Rh4 SS+Rh 98:2 5.0 200 2.9 6.8
Rh5 SS+Rh 98:2 13.0 50 2.9 23
Rh6 SS+Rh 95:5 11.3 (5 + 6.3) 200 8.3 36.3
Rh7 Mo+Rh 95:5 17.8 50 8.3 24.2

worth noting that this HV chamber used for sputtering is separate
from the chamber used for deposition. Hence the samples were ex-
posed to air between transfer from the deposition chamber to the
sputtering chamber.

A low temperature deuterium plasma is known to generate
multiple ion species, particularly D*, D and D [37]. This signifi-
cantly affects the evaluation of the incident energy and flux, as D}
and D impact the surface as two D atoms with one half and three
D atoms with one third of the energy of D*, respectively [26]. Fur-
thermore, the ratio of the different ion species in the plasma can
vary considerably depending on the discharge conditions [37-41].
Unfortunately, we do not have quantitative information on the dif-
ferent ion species present in our plasma, but we estimate a ma-
jority ion flux (over 75%) carried by D* and D with a minor flux
of D}. Relevant to our study, maximal ion impact energies of 70
and 220 eV would correspond to 70 and 220 eV per D for the D*
ions, 35 and 110 eV per D for the D ions, and 23 and 73 eV per D
for the D; ions, respectively. Further in this manuscript, ion ener-
gies are referred to as 70 and 220 eV for the sake of convenience.
However, it must be taken into account that these are only the
maximal ion energies corresponding to the self-bias, and that ions
with lower energies would also be a part of the total flux. As can
be inferred, the penetration depth of deuterium ions in Be-W coat-
ings increases with an increasing ion energy. For instance, in pure
Be the penetration depth of 70 eV and 220 eV D+ is 20 and 60 A,
respectively [42].

2.3. Characterization techniques

After the D, plasma sputtering experiments, the samples were
characterized with X-ray Photo-electron Spectroscopy (XPS) to
analyse their surface chemical composition. The electron spec-
trometer is equipped with a hemispherical analyzer (Leybold
EA10/100 MCD) and a non-monochromatized Mg Ko X-ray source
(hv = 1253.6 eV) was used for core level spectroscopy. The bind-
ing energy (BE) scale was calibrated using the Au 4f;,, line of a
cleaned gold sample at 84.0 eV. The fitting procedure of core level
line is described in [43]. The measurement depth of XPS is ~ 5 nm.
It is worth noting that the samples were exposed to air before
transferring them to the XPS chamber for analysis.

3. SDTrimSP simulations

In order to understand some of our experimental results, we
also performed Monte-Carlo-based SDTrimSP simulations [44| with
experimental variables. This code uses the binary collision approx-
imation to model transport of energetic particles through amor-
phous targets of arbitrary composition, and has been shown to be
valid for impinging particle energies in the eV - keV range [44].
The code can yield the fluence-dependent sputter yields, implanta-
tion depths, reflection yields, etc. for all projectile-target combina-
tions. Particle trajectories are calculated in three dimensions, while
the target is one-dimensional, computed as a series of smooth

slabs or arbitrary thicknesses and compositions. SDTrimSP is ca-
pable of both static (the target composition is fixed) and dynamic
simulations (the target composition changes as a function of flu-
ence). We performed static calculations, where 8 x 10* particles
were simulated. The depth discretization was set to 1 nm.

4. Results and discussion

The XPS measurements on the witness samples revealed a W
concentration of 2 at.% on S1, 2.9 at.% on S2 and 8.3 at% on S3.
These are used as the starting concentrations of W (or 0 h of sput-
tering time) on the samples deposited with Be:W coatings of 99:1,
98:2 and 95:5, respectively. The WA4f core level spectra were de-
convoluted in different components and are presented in Table 3.
Only W and Be concentrations are considered (i.e. their sum total-
izes 100 at.%) for the calculation of the relative atomic concentra-
tion of W in this manuscript. While not included in calculations,
XPS measurements also revealed C and O, owing to the exposure
of samples in air. The deconvolution of C1s core level spectra indi-
cated that C was present as C-C, C-O and C= O, but not carbide.

After coating with corresponding Be-W deposits, the mirror
samples were subjected to deuterium plasma sputtering with an
ion energy of either 220 eV or 70 eV. As described in Section 1,
220 eV deuterium ions have a higher penetration depth and lead
to pre-dominant physical sputtering of Be. However at 70 eV, the
ions have a lower penetration depth and the D concentration on
the surface is higher allowing for swift chemical sputtering via for-
mation of BeD/BeD, molecules [26] in addition to physical sputter-
ing. Deuterium ions with these energies have negligible or no im-
pact on W as can be observed in Fig. 1. Hence, any impact on W
concentration after the plasma sputtering is a result of the change
in the concentration of Be, caused by its removal with deuterium
sputtering. Furthermore, exposure to air before XPS measurements,
also led to formation of oxides (BeO, W03, WO, and BeWOs3) on
the surface of samples. The sputtering yield of the oxides varies
from their metallic counterparts as can be observed in Fig. 1. At
70 eV, the sputtering yield of BeO is almost half of Be, while at
220 eV the sputtering yield of BeO is ~ 1.2 times higher than that
of Be. Moreover, while W itself cannot be removed, W oxide can be
sputtered considerably at 220 eV. The removal of W oxide would
also contribute to change in W concentration after plasma sputter-
ing. This would however be a minor contribution, as there were
only traces of W oxide on the mirror surface before plasma sput-
tering as can be observed in Table 3.

On the samples coated with 99:1 Be:W deposits (Rh1, Rh2 and
Rh3), the deconvolution of the W4f spectrum indicated that all the
W was bonded to Be in the form of BexW. Similar deconvolution
was also done for the Bels spectra to verify the presence of BexW.
The binding energies (BE) of the different pure Be-W compounds
are quite identical. For instance, in the Bels spectra the BE of Be, W
is 111.1 eV and that of Be;; W is 1114 eV [45], while we measure a
BE of 111.2 eV. Since we cannot confidently resolve the BE of dif-
ferent pure Be-W compounds in our XPS system, they are collec-
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Chemical compounds identified after deconvolution of the XPS measurement for the W4f core level spectra. The atomic concentrations are calculated taking

into account that Be+W corresponds to 100%.

Atomic concentration (at. %)

Be:W
Sample deposition Ion energy (eV) waf
Be,W w BeWO; WO, W03
S1 99:1 2.0
Rh1 (1/2) 99:1 220 2.1 0.2 1.5
Rh1 (2/2) 99:1 220 1.5 0.5 3.1
Rh2 99:1 70 0.8 0.5
Rh3 99:1 70 0.8 0.9 0.1 0.3
S2 98:2 24 0.3 0.2
Rh4 98:2 220 1.9 0.7 0.9 33
Rh5 98:2 70 1.6 0.7
S3 95:5 7.4 0.9
Rh6 (1/2) 95:5 220 4.0 4.0 28.6
Rh6 (2/2) 95:5 220 6.3 32 26.7
Rh7 95:5 70 5.0 5.1 0.9 13.2
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Fig. 3. Time evolution of the atomic concentration of W with respect to Be during
the plasma sputtering process.

tively referred to as BexW in this manuscript. However, Be atoms
are most stable in Be,W systems than the rest [30]. Furthermore,
the deuterium sputtering yield of Be in Be,W is lower than that of
metallic Be [26]. Rh1 was sputtered with 220 eV in two steps of
5 h and 6.7 h, respectively. The evolution of total W concentration
during plasma sputtering can be observed in Fig. 3. After the 5 h
sputtering, the total W concentration on its surface increased from
2 to 3.8 at.%. The state of W also changed from purely BexW to a
mix of BexW, BeWO3 and WOs after the sputtering. It is worth not-
ing that difference in the BE of BexW, BeWO3; and WO5 in the Wf4
spectrum is sufficiently large (> 1 eV) to be resolved confidently.
The emergence of BeWO3; and WO3; was most likely due to oxida-
tion of enriched W when the sample was exposed to atmosphere
before XPS measurement. The oxidation of enriched W could also
occur during sputtering, most likely by residual H,O in the vacuum
chamber. With an additional sputtering of 6.7 h, the total W con-
centration further increased to 5.2 at.%, with the state of W chang-
ing to a mix of W and its oxides. This indicates a change of W
chemical state from pure BexW towards pure W during the plasma
sputtering process. On Rh2 and Rh3, which were sputtered with
70 eV ions, the concentration of W remained roughly the same
after sputtering. The amount of W in BexW reduced from 2 to
0.8 at.% in both the samples, with emergence of BeWO; and W

oxides, indicating a change of W chemical state after the process.
The transition from BexW to W was however considerably lower
than Rh1.

Similar trends were obtained on samples coated with 98:2
Be:W deposits (Rh4 and Rh5). After sputtering of Rh4 with 220 eV
ions for 5 h, the concentration of W almost doubled from 2.9 to
6.7 at.%, with the chemical state of W changing from predomi-
nantly BexW to metallic W and its oxides. There were also W ox-
ides in minor concentration (0.5 at.%) at the beginning, which most
likely also got sputtered as evident from Fig. 1. As mentioned ear-
lier, a major part of W oxides obtained after the sputtering is very
likely due to atmospheric oxidation of the metallic W on the sur-
face after the sample removal from vacuum. On the other hand,
after the sputtering of Rh5 with 70 eV ions for 13 h, the total con-
centration of W roughly remained unchanged. Furthermore, while
all of the W was in the form of BexW and W oxides before sput-
tering, it modified to a mix of BexW and BeWOs after sputtering
without any W metallization.

On the samples coated with 95:5 Be:W deposits (Rh6 and Rh7),
however, a strong W enrichment was observed after sputtering
with both 70 eV and 220 eV ions. Rh6 was sputtered with 220 eV
in two steps of 5 h and 6.3 h respectively. The concentration of W
increased significantly from 8.3 to 36.3 at.% after the first sputter-
ing step. Furthermore, all of the W changed from predominantly
BexW before sputtering to metallic state and oxides after sputter-
ing. After the second sputtering step, the net W concentration re-
mained the same. The state of W also remained identical to that
obtained after first sputtering step, indicating a saturation of W
composition on the surface. Rh7, which was sputtered with 70 eV
ions for 17.8 h also displayed an increase in the total concentration
of W from 8.3 to 24.2 at.%. However, the W measured was still in
the state of BexW with presence of BeWO3; and W oxides, indicat-
ing a lower metallization of W.

The results clearly indicate that the evolution of W depends
considerably on the ion energy used for sputtering of the Be-W
films. With all the samples sputtered with 220 eV ions, a net
increase of W concentration was obtained, with all detected W
changing from BexW to metallic W and its oxides, indicating an
overall enrichment of W. For the samples sputtered with 70 eV
ions, however, no net increase in W concentration was measured
(with the exception of Rh7). Furthermore, in all the cases, the W
remained mostly in the state of BexW after the sputtering as well.
The W enrichment in Rh7 suggests that the evolution of W de-
pends as well on the starting concentrations of W. This can be ob-
served well by comparing the results of Rh1, Rh4 and Rh6, which
were all sputtered with 220 eV ions but having different starting
concentrations of W. We can calculate the percentage of increase in
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Fig. 4. Percentage increase in the atomic concentration of W versus initial concen-
tration of W after 5 h plasma sputtering with 220 eV deuterium ions.

the atomic concentration of W after the plasma sputtering (A[W])
via the following relation,

Wyl - Wi

AWT=""Tw

x 100 (1)
where [W(] and [W;] are the final and initial atomic concentrations
of W, respectively. After the uniform sputtering time of 5 h, Rh1,
Rh4 and Rh6 recorded A[W] of 85%, 134% and 341%, respectively.
As can be observed from Fig. 4, A[W] increases almost linearly
with the increase in initial concentration of W from 2 to 8.3 at.%.
This indicates that a relatively higher amount of Be is sputtered
from the deposits at the same energy when the initial concentra-
tion of W is higher. One way to explain the increase in Be sputter-
ing (leading to W enrichment) with the increase in initial concen-
tration of W could be the increased reflection of deuterium ions
from W atoms in the Be-W deposited layer as discussed in [28].
The deuterium ions can enter inside the Be-W layer and get re-
flected back to surface upon impact with W atoms, leading to ad-
ditional sputtering of surface Be atoms. As the initial concentration
of W increases in the Be-W films, the reflection of deuterium ions
from W atoms would increase as well. The increase of reflected
deuterium ions could enhance the sputtering of surface Be and
hence the W enrichment rate.

In [28] however, they discussed this behavior only at energies
greater than 2800 eV, and hence cannot be extrapolated to our re-
sults directly. In order to understand the enhancement of Be sput-
tering yield in mixed Be-W layers at low energy deuterium sput-
tering as observed in Fig. 4, we performed static SDTrimSP simu-
lations with 220 eV D particles impinging under normal incidence
on Be-W layers of varying initial W content. The simulations re-
veal an increase in the sputter yield of Be as a function of the W
surface content (shown in Fig. 5), until roughly 20 at.%. Due to the
larger atomic mass of W relative to Be, backscattering recoils are
more likely when a D projectile recoils off a W atom in the target.
In addition to this, a larger fraction of the initial energy is con-
served after a W recoil than after a Be recoil. Up to 20 at.% W, de-
spite the surface being partly covered in W, which does not sputter
at this impinging particle energy, a larger fraction of impinging D
particles can reflect off the atoms in the subsurface layers towards
the surface with sufficient energy to sputter Be, leading to a larger
sputter yield than if the target were exclusively Be. This behav-
ior is consistent with the experimental results (Fig. 4), which show
a greater relative and absolute level of enrichment (i.e., more Be
sputtered) after equal exposure for higher initial concentrations of
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Fig. 5. Sputtering yield of Be in Be-W layer obtained by static SDTrimSP simula-
tions for different initial concentrations of W in the layer. 220 eV D* ions are used
as the projectile. The highlighted portion in the plot corresponds to the initial con-
centrations of W in Be-W layers used in the experiments, i.e., 2 to 8.3 at.% (Fig. 4).

W. At roughly 20 at.% W, the sputter yield plateaus and starts to
slowly decrease. From this concentration onward, the increase in
D recoils with sufficient energy to sputter Be does not offset the
depletion of Be at the surface.

5. Conclusion and outlook

In this study, we investigated the enrichment of W during deu-
terium plasma sputtering of samples deposited with mixed Be-W
layers. The evolution of the W concentration in the deposits dur-
ing the process depended considerably on the deuterium ion en-
ergy. At 220 eV, where the sputtering is predominantly physical, a
net increase of W concentration was obtained. Furthermore, all of
the W in the film changed from BexW before sputtering to metal-
lic W and its oxides after sputtering, indicating an overall surface
metallization of W. At 70 eV, where deuterium is known to sput-
ter Be via chemically-assisted physical sputtering, there was no net
change in the W concentration, as long as the initial concentration
of W in the film was below 4 at.%. Moreover, in all the cases of
sputtering with 70 eV, W remained mostly in the state of BexW
after the sputtering as well. Hence, the enrichment of W was con-
siderably lower when sputtered with 70 eV compared to 220 eV at
the same conditions. The enrichment of W also depended on the
initial concentration of W in the deposits. With 220 eV ions, the
percentage rise of W in the film after sputtering for the same dura-
tion increased almost linearly with the increase in the initial con-
centration of W from 2 to 8.3 at.%. In other words, at the same ion
energy and sputtering parameters, the enrichment of W during the
plasma sputtering was faster when the initial concentration of W
in the deposits was higher. Static SDTrimSP simulations were also
performed with 220 eV D projectiles on Be-W layers with varied W
compositions. Simulation results indicated that the sputtering yield
of Be increase with increasing W concentration in the Be-W layers
upto 20 at. %, due to backscattering recoils of the D projectiles off
W atoms in the layers.

The results shed considerable light on the viability of deuterium
as a process gas for plasma cleaning of FMs in ITER. As can be in-
ferred, the ideal case scenario for cleaning of mixed Be-W deposits
with deuterium plasma would be to keep the rate of W enrichment
minimal so as to maximise the removal of Be from the deposits. As
long as the W concentration in the deposits is low (< 4 at.%), the
Be can be sufficiently removed with 70 eV deuterium ions with-
out considerably enriching the W in the deposits. With 220 eV
however, where the physical sputtering of Be dominates, the W
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enrichment rate increases considerably. This leads to formation of
a metallic W layer, slowing down and eventually stopping the re-
moval of Be from the deposits. Hence, 70 eV deuterium cleaning is
optimum for removal of Be deposits when the concentration of W
in the film is below 4 at.%. However, if the W concentration in the
deposits is high (> 8 at.%), the W enrichment rate increases even
at lower ion energy (70 eV), making deuterium cleaning undesir-
able.

The results call for further work in deuterium cleaning of Be-
W deposits in scope of FMs in ITER. Additional measurements can
be performed with deuterium plasma to identify suitable ion en-
ergies to have a sustained cleaning of Be in mixed Be-W deposits
when the W concentration is high (> 8 at.%). Our results suggest
saturation of W enrichment along the cleaning process, possibly
due to formation of a metallic W layer. This trend can be verified
by characterising the surface of mirrors in shorter intervals during
their cleaning process. More investigation is also necessary to un-
derstand the impact of W concentration in the deposits in its evo-
lution during the sputtering process, by having controlled experi-
ments with varied W concentrations. Furthermore, plasma clean-
ing of FMs in ITER is foreseen to be conducted in presence of a
notch filter [46], which leads to a considerable increase of plasma
potential [47] and wall sputtering [48]. Hence, it is important to in-
vestigate the Be-W sputtering on FM surfaces in presence of notch
filter, as the sputtering of Be/W deposits from the walls adjacent
to the FMs and ensuing deposition onto the FMs could impact the
overall Be removal.
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