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Abstract

The first mirror (FM) cleaning operations in ITER are expected to be executed in the presence
of a ~3 T magnetic field. In the RF plasma cleaning configuration, this would have a
significant influence on the plasma properties, ion energy, angle of incidence as well as flux
spatial distribution. To this end, RF discharges were excited in an ITER-sized mock-up of a
first mirror unit (FMU) consisting of a powered first mirror M1 and a grounded second mirror
M2 placed in a homogeneous 3 T magnetic field. The plasma discharge was confined in a
beam extending in the direction of the magnetic field, consequently wetting a limited portion
of the FMU walls. In the DC-decoupled scheme (without A/4 filter), this considerably
influenced the self-bias voltage Vpc that develops on M 1. Changing the angle o between M1
normal and magnetic field, modified the plasma wetted wall area A, and the resulting Vpc
varied by over two orders of magnitude. Plasma exposure experiments were also done in the
DC-coupled scheme (with \/4 filter), wherein the angle and wetted surface determined the
area of wall sputtered. Increasing « led to an increase in the sputtered wall area A,, and
consequently the wall deposition on grounded M2. However, in all the cases M1 was entirely
clean with the exception of edge deposits in some. In contrast, both M1 and M2 are coated
with wall deposits in the absence of a magnetic field and a similar plasma exposure. The
results show that plasma cleaning with A/4 filter in a 3 T magnetic field at ITER could
potentially prevent the parasitic wall deposition on FMs. The results also highlight the
importance of FM orientation in the magnetic field and the wetted area in the plasma cleaning
in both the DC-coupled and decoupled schemes within the ITER diagnostic systems.
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1. Introduction

Metallic first mirrors (FMs) make up important components
in a majority of the optical diagnostic systems in the fusion
reactor ITER. They are responsible for directing the light from
the fusion plasma towards the diagnostic sensors through an
optical labyrinth to prevent neutron leakage. However, being
the initial elements in the optical path, the FMs are subject
to constant erosion from charge exchange neutrals as well as
deposition of the first wall materials: beryllium (Be), tung-
sten (W) and their oxides, which would significantly degrade
their optical properties [1, 2]. The first wall depositions and
a corresponding loss in FM reflectivities had already been
reported post experimental campaigns in the JET-ILW toka-
mak [3, 4]. The FMs would hence require regular cleaning to
restore their optical properties which, among other techniques,
is foreseen to be achieved by in situ capacitively coupled
radio-frequency (CCRF) plasma cleaning technique [5]. This
technique employs FMs as the powered electrode, feeding
RF directly to it. The asymmetry between the surface area
of FM (powered electrode) and the plasma-wetted walls of
the diagnostic duct (grounded electrode) leads to development
of a negative self-bias potential Vpc on the FM [6]. This
results in ion acceleration towards the FM with an energy of
e(V, — Vpc), where V;, is the plasma potential, and leads to
sputtering of surface deposits given the ion energy is greater
than the sputtering energy threshold of the deposits. Plasma
cleaning of FM deposits via CCRF discharges has been a
subject of intense investigation in recent years [7—10].

The FMs in some diagnostic systems would also be actively
water-cooled to tackle the high thermal loads deposited on the
mirrors via gamma and neutron radiation. The physical contact
of the grounded water cooling lines with the FMs however
leads to their RF grounding, disabling the generation of CCRF
discharges. To overcome this challenge, the water cooling
lines are foreseen to be implemented as a quarter-wavelength
(\/4) filter [5, 11]. Adding a A/4 filter DC-grounds the FMs
while allowing the RF to propagate through them, leading to
the generation of RF plasma for mirror sputtering purposes.
However, this also leads to an increase of the V,, to several
hundred volts [12—15], which in turn increases the sputtering
of wall surfaces surrounding FMs. The sputtered wall material
in turn gets deposited on the FMs making the plasma cleaning
process less effective [16]. Hence CCRF plasma cleaning with
a \/4 filter requires additional mitigation strategies to achieve
FM cleaning [16, 17].

In ITER, the majority of the mirror cleaning operations
are expected to be executed in the presence of the toroidal
magnetic fields in the range of 3 to 3.8 T at the locations of
the FMs [5]. The presence of fields of this magnitude would
significantly influence the cold plasma properties, particularly
the bias voltage on the mirror, ion directionality and flux spatial
distribution, all of which can significantly affect the mirror
cleaning rate and uniformity [18, 19]. Hence, it is crucial
to investigate plasma cleaning of FMs in presence of strong
magnetic fields. Despite its importance, there have been only
a handful of published studies focused on mirror cleaning in
magnetic fields. Razdobarin e al studied the uniformity of

FM sputtering in 0.05 T magnetic field using 81.36 MHz RF
discharges [20]. They reported an enhanced sputtering rate at
the centre of the electrode, but also noted that the longitudinal
field improved sputtering uniformity along the edges. They
also indicated that the net sputtering profile in magnetic fields
is determined not only by the ion flux distribution but also
by the re-deposition process. Rogov et al performed cleaning
experiments with Penning discharges using helium plasma in
a magnetic field up to 0.5 T [21]. They noted an efficient
cleaning of molybdenum (Mo) mirrors from aluminium (Al)
coatings (used as a Be proxy [22]) up to 200 nm while recov-
ering the optical properties of the mirror. Moser et al also
reported the cleaning of Mo mirrors from Al,O3 films (serving
as BeO proxy) with 13.56 MHz RF plasma using argon (Ar)
as process gas in a magnetic field of 0.35 T [23]. The cleaning
performance was particularly enhanced when the field lines
were nearly parallel (within a few degrees) to the mirror
surface. In another study, they also performed plasma erosion
experiments in 3.5 T field [24]. They reported the formation
of filaments as well as strong inhomogeneities due to erosion
profile drifts on the FM surface, with the ratio between the
maximum and minimum erosion rate on the FM sample being
as high as 14. Yan et al conducted CCRF plasma cleaning
experiments on the edge Thompson scattering mock-up in
1.7 T magnetic field of the EAST tokamak [25]. The presence
of magnetic field reportedly lowered the self-bias on the FMs
up to a factor of 10, and the cleaning rate increased by a
factor of 40 when compared to identical experiments without
a magnetic field. They also reported a complete recovery of
the total reflectivity of the FMs, while the diffuse reflectivity
and surface roughness at the centre was enhanced most likely
as a result of asymmetric surface sputtering in the magnetic
field. In a recent study, Shigin et al presented experimen-
tal results describing the impact of an axial 0.5 T field on
CCREF discharges in the DC-coupled (with \ /4 filter) scheme,
wherein they observed a lowering of the DC current with
magnetic field [5]. Furthermore, the effect of the field was
more pronounced at lower excitation frequencies, and at fields
>0.3 T (where both ions and electrons are magnetized) the ion
energies obtained were identical both in the presence as well
as in absence of the \/4 filter.

Aside from the above-mentioned works, there has been
a significant lack of research into RF discharge sputtering
in magnetic fields. In this article, we extend the knowledge
further by investigating the RF discharges as well as plasma
surface interactions using a mock-up of a first-mirror unit
(FMU) relevant to ITER in 3 T. We conduct research on both
the DC-coupled and DC-decoupled schemes, given the diag-
nostic systems in ITER will implement FM cleaning in either
of the configurations. In the DC-decoupled scheme (without
A/4 filter), we study the impact of process parameters as
well as FM orientation with magnetic field on the self-bias
voltage developed on FMs. In the DC-coupled scheme (with
A/4 filter) we study the RF discharges, wall sputtering and
parasitic deposition on FMs in varied orientations of the FMU
with the magnetic field. This is the most relevant configuration
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Figure 1. Sectional view of the FMU (CAD drawing).

yet of RF discharge mirror sputtering for ITER, and the results
provide considerable implications for ITER.

2. Experimental

The experiments were performed in an FMU mock-up, which
was assembled inside a cylindrical vacuum chamber with a
length of 340 mm and a diameter of 254 mm. The CAD
drawing of the FMU is presented in figure 1. The FMU held
two circular unpolished molybdenum (Mo) electrodes, M1 and
M2, with a diameter of 120 mm. M1 and M2 represent the first
and second mirrors respectively and were placed in grounded
holders on the opposite ends of the FMU. They held 5 circular
insets each with a diameter of 18 mm. The insets made of
bulk Mo as well, were electrically connected to the electrodes
and could be detached for surface characterization. M1 was
used as the powered electrode while M2 was kept electrically
grounded. Two hollow cubes made of copper (Cu) (indicated
as W1 and W2 in figure 1) were placed inside the vacuum
chamber, adjacent to M1 and M2 as indicated in figure 1.
These cubes served as the ‘walls’ of the FMU. The hollow
cubes were electrically connected to the body of the vacuum
chamber, and served as the grounded electrode. A 60 MHz
RF generator (Comet cito) coupled with a matchbox was used
to generate a 1 Pa helium (He) or argon (Ar) plasma inside
the FMU. To minimise the RF power losses, low-loss co-axial
cables (S 10172 B-11 Huber + Suhner) were used for power
transmission. Additionally, a pre-matching capacitor was used
at the powered electrode to further limit the RF power [26].
The geometrical area of the powered electrode (Ap), M1,
was 157 cm?2, while the internal surface area of the grounded
hollow cubes (A,) was 3567 cm?, leading to a ratio of
A,y /Ap ~ 15. Due to the area asymmetry, a CCRF discharge
leads to the development of a negative self-bias on M1. This
bias voltage is directly indicated on the display of the RF
generator. For several experiments, this DC bias was short-
circuited by the addition of a A\/4 filter at the powered elec-
trode. The details of the \/4 filter (or notch-filter) are pre-
sented in [16]. Consequently, a CCRF discharge is excited
while DC grounding the powered electrode at the same time.
The experiments with magnetic field were performed at
the University Hospital Basel employing the 3 T field from

Pre-matching
capacitor <

Notch-filter €——— —

Y

RF generator

Figure 2. Top view schematic representation of the FMU inside the
MRI bore.

a clinical magnetic resonance imaging (MRI) system (MAG-
NETOM Prisma by Siemens Healthcare). The static magnetic
field is generated using superconducting solenoid coils that
are cooled with liquid He using zero boil off technology. The
magnetic field in the bore (600 mm diameter and 2 m length)
has homogeneity of about 1 ppm over a volume with a diameter
of 500 mm. The FMU was placed in the magnetic isocenter,
and could be rotated so as to vary the angle between the surface
normal of M1 and the magnetic field (oriented along the bore
of the MRI system). This angle is referred to as « in this
manuscript. A schematic representation displaying the FMU
and the angle « is presented in figure 2. The room where the
MRI system is located is equipped with RF shielding against
interference to/from electronic equipment as well as passive
magnetic shielding to attenuate the magnetic field outside the
room. The FMU was brought to a base pressure between 10~
and 1073 Pa via a turbo-molecular pump placed outside the
room. The RF generator (with match-box) was also placed
outside the room along with the pumping unit. The vacuum
connection, gas supply and RF connections were made via
long (>6 m) lines and cables. An image of the FMU in the MRI
bore with the necessary connections is displayed in figure 3.
The pressure measurements during the experiments were
done via the Penning gauge attached to the pumping system
(above the turbo pump). However, it is worth noting that the
pressure in the FMU differs from that at the pumping system,
given that it is pumped via 6 m long lines. Hence, prior to
performing experiments, a pressure calibration test was done
using He and Ar gases by mounting a Baratron gauge on top
of the FMU in absence of a magnetic field. This way the
pressures inside the FMU were known for a given flow of the
gas and linked with the pressures at the pumping system. For
the experiments in the magnetic field, the Baratron gauge was
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Figure 3. Image of the experimental setup displaying the FMU inside the MRI bore, with the necessary connections in the setup.

dismounted from the FMU and the pressure inside the chamber
was monitored using the calibration results for a given flow.

The insets of M1 and M2 were characterised after rele-
vant experiments using energy-dispersive x-ray spectroscopy
(EDX). The thickness of surface layers was obtained by fitting
the EDX data via the STRATAGem software [27-29], the
procedure of which is described elsewhere [30]. The EDX
measurements were performed with the SEM-FEI Nova Nano
SEM23 microscope, varying the acceleration voltage from 3
to 20 kV.

3. Results and discussion

3.1. Impact of discharge parameters —DC decoupled
scheme

To begin with, RF discharges with argon were generated in
the FMU in the DC-decoupled scheme (without \/4 filter).
Evidently, this leads to the development of a negative self-bias
voltage Vpc on the powered electrode M 1. Measurements were
performed in 3 T to study the Vpc on M1 as a function of vary-
ing RF power as well as the angle « (figure 2). Experiments
were also done in absence of the magnetic field for reference.

The RF power was varied from 50 to 300 W, keeping the
Ar pressure and « constant at 1 Pa and 45°, respectively. In
3 T field, the |Vpc| on M1 increases monotonically with RF
power as displayed in figure 4. In a CCRF plasma with a high
excitation frequency (like 60 MHz used in our experiment),
the sheath at the electrodes is primarily capacitive and the Vpc
developed on the powered electrode can be represented as [13]

C, — C,
Voc| =V, £ P, 1
[Viel RF(Cg+Cp> (D

where Vgr is the RF potential on the powered electrode, C, and
C, are the sheath capacitances at the powered and grounded
(wall) electrode, respectively. The magnitude of the sheath
capacitances in this expression can be obtained as

A
C= 602, (2)

where ¢ is the vacuum permittivity, L is the mean sheath
thickness and A is effective area of the electrode in contact with
the plasma. Using this relation, equation (1) can be re-written

as
(Ag/Ap) — (Lg/Ly)

Voel = V) s
[Voc| ke (Ag/Ap) + (Lg/Ly)

3)

where A, and A, are the effective areas, and L, and L;, are the
sheath thicknesses at the grounded and powered electrodes,
respectively. As can be inferred from equation (3), |Vpc| on
the powered electrode is determined primarily by Vgg, the
effective area ratio A, /A, and the ratio of sheath thickness
L,/L,. As the RF power is increased, the Vgr at the electrode
increases explaining the rise in |Vpc| as observed in figure 4
in accordance with equation (1). In absence of magnetic field
(0 T), the |Vpc| increases with RF power in a similar fashion
(figure 4). However, at any given power | Vpc| is largerat 0 T in
comparison to 3 T. This is attributed to the differing grounded
areas A, in the two cases. At 0 T, the plasma expands in the
entire FMU, leading to maximum A, and consequently the
area ratio Ay /A, (~15). In the presence of magnetic field, the
plasma is confined in a cylindrical column extending from M1
in the direction of ?, as can be observed in figure 5. This can
be understood schematically via the illustration presented in
figure 6. As a result, the plasma column wets only a portion
of the grounded wall depending on the orientation of the FMU
in the magnetic field. This wet portion makes up the effective
grounded area A,. Hence, at 3 T A, is significantly lower
compared to 0 T at the same Vg, lowering the arearatio A, /A,
from 15 to 1 and consequently the |Vpc|. This explains the
vertical shift in the |Vpc| plot for 0 and 3 T in figure 4.
Further, the FMU was rotated in magnetic field to vary the
angle « between 0° and 80°, keeping the RF power and Ar
pressure constant at 120 W and 1 Pa, respectively. The |Vpc|
at the electrode is experimentally measured and is displayed
at the RF generator. As indicated in figure 7(a), the |Vpc| ini-
tially increases attaining a maximum at o ~ 15°. Upon further
increase in «v, |Vpc| decreases monotonically, and for o > 50°,
|Vpe| approaches 0 V. This change in |Vpc| with « can also be
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Figure 4. Experimentally measured self-bias voltage on the
powered electrode (displayed in units of —V) with varying RF
power (constant pressure of 1 Pa) in presence of 3 Tand O T
B-fields. « is constant at 45°.

Figure 5. Image of the confined plasma column extending from M1
in the direction of magnetic field.

explained on the basis of change in the wetted ground area A,,
where Ap being the area of M1 remains constant. While the
wetted areas were not measured experimentally, the geometric
A, can be calculated by taking projection of the cylindrical
plasma column extending from M1 onto the wall in the direc-
tion of the field as indicated in figure 6. The resulting area ratio
A, /A, at the corresponding « is presented in figure 7(b). As
can be inferred, |Vpc| varies in an similar manner to that of
A, /A, with changing «. At o = 0°, the plasma column wets
M2 which makes up the effective A, leading to A, /A, ~ 1.
Increasing a, the plasma column wets the wall adjacent to M2
increasing the A, /A, until it reaches a maximum of 2.85at a =
15°. Increasing the « further only decreases the A, as indicated
in figure 6, and for o > 60° the A, /A, effectively approaches
0 (figure 7(b)). The results clearly indicate that the |Vpc| in
magnetic field depends significantly on the wetted ground area

by the plasma column, and can be varied by as much as a
factor of 100 by simply changing the orientation of the FM
with the magnetic field. It is important to note that the A, /A,
values presented in figure 7(b) is a simplified calculation based
on geometrical projection of the plasma column on the side
wall at varied angles. However, the real A,/A, may differ
from the calculated values considering the possibility of an
incomplete wetting of the side walls at certain angles, as will
be discussed in the next section. It is also worth noting that
even though the RF power is constant, the Vgr at the electrode
might fluctuate due to RF losses and impedance fluctuations
in the pre-matching circuit. This could also contribute to an
uncertainty in the |Vpc| measurements.

In absence of magnetic fields (0O T), the ratio of sheath
thicknesses L,/L, does not play a significant role in the
determination of | Vpc| in asymmetrical electrode systems like
ours, as A, /A, is at least one order of magnitude larger than
L,/L, [12]. This is primarily the result of plasma expansion in
the chamber volume, which maximises A, and consequently
A, /Ap, making it the dominant term in equation (3). However,
at 3 T, A /A, is lowered considerably by the virtue of plasma
confinement. Now, as the order of A,/A, approaches that of
L, /Ly, the latter can no longer be neglected and it might even
play a defining role in the determination of |Vpc|. Moreover,
L,, as well as L, can differ at varied angles due to the presence
of the Chodura sheath [31]. However, we cannot comment on
the impact quantitatively for the lack of experimental data on
L, and L,. Dedicated studies are necessary to experimentally
measure Ly /L, and its influence on |Vpc| in strong magnetic
fields. In addition, mirror cleaning experiments in the DC-
decoupled scheme are also necessary to study the net impact of
the above mentioned effects such as incomplete wall wetting,
| VrE| fluctuations and role of magnetized sheaths on the mirror
erosion and depositions.

The results have considerable implications for plasma
cleaning of DC-decoupled mirrors in ITER diagnostics. The
ion energy on the FM in such configuration is given by
e(V, — Vpe) and hence depends directly on self-bias voltage.
As aresult, the ion energy on FM would vary considerably with
its orientation with magnetic field. This could particularly be
an issue at grazing angles (o > 70°) where the self-bias volt-
age approaches 0 V and the ion energies could reach relatively
low values. This could potentially be countered by increasing
the wetted area A, by making geometrical modifications to the
wall surface, such as using shaped wall structures rather than
flat surfaces. The impact of such geometrical modifications
on the resulting self-bias voltage however requires further
investigation.

3.2. Plasma sputtering experiments — DC coupled scheme

Further, we performed plasma sputtering experiments in the
FMU in the DC-coupled scheme (with A/4 filter), to study the
wall sputtering and deposition on M1 and M2 during plasma
discharge in magnetic fields. Adding a \/4 filter leads to
DC-grounding of M1 (|Vpc| = 0 V) and a considerable rise
in the plasma potential V}, [12, 16]. M2 was kept electrically
grounded as well. Some pieces of silicon (Si) wafers were
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also placed on M2, which were electrically floating over the
experimental duration. In a typical discharge, they acquire
the positive floating potential V¢, wherein the ions reach their
surface with an energy corresponding to e(V, — V;). This is
typically in the range of ~10 eV, which is considerably low
to cause any surface sputtering of the Si samples. As a result,
they accumulate all the deposits that reach its surface without
getting sputtered back, giving insight into the wall sputter-
ing and total rate of deposition [16]. For this study helium

was used as the discharge gas, as it reportedly leads to wall
depositions on FMs during plasma cleaning with A\/4 filter
in absence of magnetic field [16], allowing us to make an
effective comparison when doing similar experiments in 3 T
field.

Initially, an experimental discharge was conducted without
magnetic field to serve as a reference. The discharge was gen-
erated with an RF power of 55 W and allowed to run for 8.5 h.
The plasma potential V|, as measured by a Langmuir probe
(HIDEN’s ESPion™) was roughly 60 V at these parameters,
corresponding to ion energy of ~60 eV on M1, M2 as well
as on the walls. In the absence of a magnetic field, the plasma
expands throughout the FMU, maximising the area of the walls
sputtered. After the experiment, the surfaces of both M1, as
well as M2, were deposited with Cu as observed in figure 8.
EDX analysis on the insets of M1 indicated a Cu deposition
of 3—4 nm in thickness. As can be observed in figure 8(a), the
deposition was greater towards the edges of M1 in proximity
to the walls. It is worth noting that the entire M1 was clean
prior to the experiments, hence all deposition observed in
figure 8(a) is entirely a result of the wall sputtering during the
experiments. EDX analysis was performed on the central inset
of M2 which yielded a Cu deposition of 3—4 nm. Hence, the
net wall deposition on both M1 and M2 is identical, which
is understandable owing to the geometrical symmetry and the
fact that both are in a DC-grounded state. One must not be
confused by the fact that M2 looks differently coated compared
to M1 in figure 8. This is merely due to the fact that the surface
of M2 was not cleaned prior to the experiment, and had accu-
mulated deposits from previous experimental trials. Only the
central inset and the Si samples on M2 were replaced before
this experiment, and hence we only consider the deposition
measured on them instead of the entire M2. EDX analysis
on the floating Si samples placed on M2, indicated a Cu
deposition of roughly 35 nm, leading to a deposition rate Rp
of 4.1 nm h~!. To recall, this is the total deposition rate at
M2, excluding any erosion. While no such measurements were
done on M1, Rp on its surface is expected to be similar for
the reasons mentioned earlier. Being DC-grounded, M1 and
M2 are also sputtered with a considerably larger ion energy
of eV, ~ 60 V. Hence the erosion on their surfaces (with the
erosion rate Rg) competes with a subsequent deposition of the
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Figure 8. Images of (a) M1 and (b) M2 after experiment in 0 T.

wall material (with rate RD) during the discharge. The net
impact is the 3—4 nm equivalent Cu thickness on the mirror
surfaces, indicating they are in a net deposition regime, i.e.
Rp > Rg over the discharge duration.

Following that, an identical experiment was done in the
magnetic field at o = 45°. The surfaces of M1 and M2 were
sandblasted to remove any previous deposits, before conduct-
ing this experiment. Unfortunately, the plasma properties and
ion energy at surfaces in FMU cannot be measured with
conventional diagnostic tools in the 3 T field. Hence, we
discuss only the qualitative effects of plasma sputtering and
wall deposition upon constant parameters in the magnetic field.
The discharge was excited with an RF power of 200 W, with
a discharge duration of 3 h. At o = 45°, the plasma extends
in a cylindrical column in the direction of magnetic field,
wetting the wall surface directly adjacent to M1 (illustrated
in figure 9) with A, /A, ~ 1. Post the experimental discharge,
a circular region was sputtered on the wall adjacent to M1,
directly corresponding to the wetted area by the plasma col-
umn as indicated in figure 9(a). In 3 T field, the ion flux in
the plasma column is expected to be considerably larger than
that obtained without magnetic fields, leading to an increased
sputtering yield in the wetted region. Furthermore, the ions
impact the wetted surface at a non-normal incidence due to the
presence of a Chodura sheath in addition to a Debye sheath
between the bulk plasma and the grounded wall [31]. The
impact angle of the ions depend on the orientation of the
magnetic field with the wall surface normal, represented by
# in figure 2. The impact angle is typically lower than 6 [32],
and scales with the increasing 6 [31]. A steeper ion impact
angle coupled with increased ion flux and energy is typical
of an increased sputtering yield [33], which can be assumed
for the wet surfaces in the FMU. M2 was visually clean of
deposits as observed in figure 9(b). EDX measurement on
the central inset of M2 revealed a Cu thickness of 3—4 nm,
indicating minimal deposition. The floating Si samples also
indicated a Cu deposition of 3—4 nm, identical to that obtained
on the inset of M2. The fact that the floating Si samples and
grounded inset on M2 have the same deposition hint towards a
lack of erosion on its surface. This can be understood, since
the plasma column does not wet the surface of M2 leading
to an absence of ion sputtering and hence erosion. Moreover
the minimal surface deposition (3—4 nm) can be attributed to
the fact that the wall surface sputtered by the plasma column
is at a considerable distance from M2. It is worth noting that
prompt re-deposition is also relevant in 3 T fields [34], i.e.,

Figure 9. Images of the (a) FMU wall, (b) M2 and (c) M1 after
experiment in 3 T field and o = 45°. The sputtered region relevant
to a = 45° on W1 is indicated via the dotted line.

depending on certain factors the sputtered Cu atoms from the
walls can be ionized in the Debye sheath, and be re-deposited
back on the wall surfaces. This could lower the net sputtering
yield, contributing to a lower deposition on M2. However, it is
difficult to comment on the degree of prompt re-deposition, if
any, in our experiments. Interestingly, the surface of M1 was
visually clean except for at the edge as observed in figure 9(c).
EDX analysis on the insets of M1 also indicated no presence
of Cu, verifying that M1 was in an erosion dominant regime
during the experiment, i.e., Rg > Rp. The portion of M1 with
Cu deposition was the edge closest to the adjacent wall with a
distance of 15 mm. We speculate that this connection length
is too low to sustain a plasma discharge in the gap. As a
result, the M1 edge only receives the sputtered wall deposits
without undergoing erosion, leading to accumulation of Cu on
the edge. However, on the remainder of M1 the plasma erosion
outweighs the wall deposition, resulting in a clean surface.
Furthermore, the wall surface directly adjacent to the deposited
edge of M1 was also visually unsputtered as displayed in
figure 9(a). This observation further supports the speculation
the concerning absence of plasma discharge in the 15 mm gap
between the M1 edge and the adjacent wall.

Lastly, an experiment was performed in magnetic field with
a = 20°. The surfaces of M1 and M2 were sandblasted to
remove the previous deposits before conducting this exper-
iment. The discharge was generated with 200 W RF power
for a duration of 3 h. As « is changed from 45° to 20°, the
plasma column wets a much larger surface of the adjacent
walls as indicated in figure 6, with A, /Ap increasing from ~1
to ~2.7. Visual inspection after the experimental discharge
indicated an elliptical sputtered portion on the walls adjacent
to M1, again corresponding to the wetted area by the plasma
column as displayed in figure 10(a). M2 was considerably
coated with wall deposits upon visual observation as observed
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(a)

Figure 10. Images of the (a) FMU wall, (b) M2 and (c) M1 after
experiment in 3 T field and o« = 20°. The circular sputtered pattern
observed on W1 is the remnant of the experiment conducted at

«a = 45°, and the sputtered region relevant to v = 20° is indicated
via the dotted line.

in figure 10(b). EDX analysis on the insets of M2 displayed
a Cu thickness ranging from 27 to 47 nm. On the floating Si
samples, the Cu thickness was obtained between 19 and 54 nm.
The equivalent deposition on the grounded insets as well as
the floating Si samples on M2 is again indicative of a lack of
erosion on the surface of M2. As in the o = 45° experiment,
this can be explained based on a lack of wetted region on M2
by the plasma column. The total deposition on M2 however
is significantly larger than that obtained at o = 45° (~3 nm).
This is because a larger wall surface is wet and sputtered in
this case, which is also in close proximity to M2 as observed in
figure 10(a). Furthermore, the 6 in this case, is also larger (70°)
compared to that in the experiment with a = 45°, where 6 was
also 45°. A larger 6 implies a larger ion impact angle on the wet
wall surface and consequently a larger sputtering yield. Hence,
increased sputtering yield and deposition from the sputtered
wall adjacent to M2 combined with a lack of M2 erosion due to
absence of plasma interaction results in a net deposition as high
as 50 nm. The entire surface of M1 was visually clean without
any edge deposition (figure 10(c)). EDX analysis on the insets
of M1 detected no Cu, verifying the absence of deposits and
an erosion-dominant regime or Rg > Rp on its surface. It is
worth noting that the minimum connection length between
the M1 edge and the adjacent wall in this configuration is
70 mm (compared to 15 mm at o = 45°). A larger connection
length in the gap could allow for sustaining a plasma discharge
leading to the entire M1 being in an erosion dominated regime
explaining a lack of any edge deposits contrary to that observed
at a = 45°. This is however a speculation, and further studies
are necessary to verify this.

The results have several implications for mirror cleaning in
ITER diagnostic systems. They indicate that FM cleaning in
presence of a A\/4 filter is promising in strong magnetic fields
given that the wall deposition on M1 can be strongly reduced,
contrary to strong wall depositions observed when similar
experiments were performed in absence of any magnetic field
[16]. The net deposition on M1 as well as M2, however, is
significantly dependent on the geometry of the FMU, A, /A,
as well as the orientation of the FMU in the magnetic field.
Our results imply that the minimum distance between the M1
and the adjacent walls should be sufficiently large (>15 mm)
to prevent any edge deposition on the M 1. Furthermore, since
the plasma column follows the direction of magnetic field, one
can predict the exact portions of the FMU walls in ITER which
would be in contact with plasma, and accordingly engineer
the FMU geometry in order reduce their sputtering and/or
deposition on M1 as well as M2.

It is worth noting that while we use Cu as the wall material
in our FMU mock-up, the walls in most of the diagnostic ducts
and FMUs in ITER are expected to be made of stainless steel
[35]. However, in terms of physical properties, i.e. sputtering
energy threshold and erosion yield with He projectile, steel
is in the range of Cu. Hence the results obtained with Cu
walls give a very good estimate of the impact of wall sput-
tering and deposition that can be expected in ITER diagnostic
systems [16].

4. Conclusion and outlook

In this study, we experimentally investigated the influence of
a 3 T magnetic field on the RF discharges, wall sputtering and
deposition on FMs in an ITER sized mock-up of a first mirror
unit with Cu walls. The FMU consisted of two electrodes
M1 and M2 serving as the first and second mirrors, wherein
M1 was powered and M2 grounded. Studies were done in
both the DC-decoupled scheme (without /4 filter), where
M1 develops a negative self-bias voltage, and the DC-coupled
scheme (with \/4 filter) where the M1 is DC-grounded. In
the former, the influence of process parameters, particularly
the RF power and the FM orientation in the magnetic field, on
the self-bias voltage developed on M1 was investigated. In the
latter, long exposure RF discharge experiments were done in
different orientations of the FMU with respect to the magnetic
field to study the wall sputtering and deposition on FMs during
the experimental discharge.

The presence of a strong magnetic field significantly influ-
enced the generated plasma, confining the discharge in a beam
originating from M1 and extending in the direction of the
magnetic field. Consequently, the plasma column wets only
a portion of the FMU wall. In the DC-decoupled scheme
(without A\ /4 filter), this considerably influences the self-bias
voltage that develops on M1. At the same RF power and
pressure, changing the orientation of FMU in the magnetic
field can change the self-bias voltage on M1 by as much as
a factor of 100, which is a direct consequence of the changing
wetted area by the plasma beam. The self-bias voltage also
increases with RF power due to an increase in the ionization
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potential. However, for any given parameter the self-bias volt-
age is maximum in the absence of a magnetic field owing to
the fact that the discharge wets the entire FMU compared to a
limited portion in the presence of a magnetic field.

The variation in the wetted area by the plasma column also
has a notable influence on the wall sputtering and deposition
in the DC-coupled scheme (with A\/4 filter), where M1 is
DC-grounded. At o = 45° where A, /A, ~ 1, the plasma beam
sputters the wet wall surface on the FMU, which leads to an
edge deposition on M 1. However, most of the M1 surface was
free of wall deposits, while M2 recorded a minuscule wall
deposition at the rate of ~1 nm h™!. At o = 20° the plasma
beam sputters a larger wall surface adjacent to M1 and M2
since Ay /A, ~ 2.7. In this configuration, the entire surface of
M1 was free of wall deposits while M2 recorded a much larger
deposition with an average rate of ~13 nmh~!.

The results provide considerable insight into the RF plasma
cleaning of FMs in ITER in the presence of strong magnetic
fields. In particular, the discharge is confined in a beam with
the bounds of the FM, eventually wetting a region of the
FMU in the diagnostic system in the direction of the toroidal
magnetic field. In ITER, there are diagnostics systems that
will implement FM cleaning in either DC-decoupled or DC-
coupled schemes. For the FM cleaning in the DC-decoupled
scheme, the ion energy at the mirror depends considerably
on the self-bias voltage on the FM and is equivalent to
e(V, — Vpc). Our results indicate, that the Vpc and hence
the ion energy on the FM depends not only on the ioniz-
ing potential but also on the orientation of the FM with the
magnetic field. While Vpc depends on the FM orientation, so
does the wet FMU wall area A, which is eventually sputtered.
Hence, the FM orientation with magnetic field in ITER could
utilise an optimum position in order to lower the A, increase
the distance between the wet area and the mirrors, as well
achieve the desired Vpc on the FM. For the FM cleaning in the
DC-coupled scheme, FMU wall deposition was considered a
major issue in absence of a magnetic field [16]. However, our
results indicate that in strong magnetic fields the DC-grounded
M1 is primarily in an erosion dominated regime, and the wall
deposition is limited primarily to the edge. Furthermore, the
wall deposition on M1 can be completely eliminated at lower
angles o where the connection length between M1 and the wet
wall surface is increased. However, at lower « the overall A,
increases and so does the deposition on M2. This can however
be reduced as well by using mitigation strategies like floating
wall components at the wet surface of the FMU [16], or grids
between the mirrors and the FMU wall [17].

The results call for further work in the area of FM cleaning
in strong magnetic fields. The properties of plasma and in
particular the measurement of V, is a major issue in mag-
netic fields. Research is necessary on this topic, in order to
determine the absolute ion energies at the walls and electrodes
in strong magnetic fields. Experiments are also necessary to
verify the role of floating wall components and grounded grids
in lowering the wall sputtering by the plasma beam. While we
have established that wall deposition is not a major problem
in FM cleaning with \/4 filter, the same cannot be said of the
erosion homogeneity of the FMs. Further work is required to

study the erosion profile and homogeneity of the FMs in strong
magnetic fields. This is currently under investigation by the
authors of this work, whose results will be discussed in a future
publication.
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