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ABSTRACT

Monitoring and investigating the fusion plasma in ITER will be crucial to pave the way to a fusion power plant. However, the harsh
conditions in the vacuum vessel are detrimental for the optical diagnostics systems. Replacing the element with a direct line of sight to the
fusion plasma by a metallic mirror shifts the problem to this component. The flux of impurities onto these mirrors accumulate to deposits,
which degrade their optical properties over time. It has been proposed to address this issue by igniting discharges in front of the mirrors
during the maintenance phases allowing the deposited material to be sputtered away and recover the mirror properties. To further the
knowledge for such an option, in this work, plasma parameters and sputter rates in a high-frequency (60 MHz) capacitive discharge in argon
at pressures below 10 Pa are studied. The powered electrode consists of tungsten as a cheap rhodium proxy—the material of the metallic mir-
rors in ITER—and to simulate tungsten deposition. Its size is equivalent to a mirror for charge-exchange recombination spectroscopy at
ITER (8.5cm x 18 cm). The discharge is studied using and interpreting voltage measurements, microwave interferometry, electrical probe
measurements, and optical emission spectroscopy. These investigations provide the opportunity to identify the optimal conditions for the
process based on various requirements, such as damage threshold of the mirror crystal and severity and type of contamination.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0083613

I. INTRODUCTION

Optical diagnostics will play a crucial role at the ITER experiment
to understand the underlying physics and of the performance of the
fusion reactor.' * A direct line of sight of the detectors to the fusion
plasma is undesirable due to the high magnetic field strength, irradia-
tion damage by fusion neutrals, and deposition of sputtered wall mate-
rial that can degrade their performance. Instead, a series of mirrors

out the mirrors and clean them outside. However, this would require
venting the vacuum vessel to allow the removal of the mirrors. Not
surprisingly, such a solution is highly undesirable due to the difficult
access to the vacuum chamber, the expected contamination with
radioactive materials from the bombardment with fusion neutrons,
and prolonging of the maintenance phases to potentially unacceptable
levels. Evidently, a remote, in situ, and in vacuo cleaning method

starting with metallic first mirrors (FMs) are envisioned to address
this issue.

It is anticipated that plasma-surface interactions will lead to sig-
nificant sputtering of the first wall material (beryllium®) of the divertor
plates (tungsten’) and of other exposed metallic components.” The
sputtered material will then be transported and deposited elsewhere in
the chamber, including the first mirrors of the various diagnostic sys-
tems. These depositions might drastically alter the reflectivity of the
FMs,””" which will pose difficulties for the interpretation of the mea-
sured light signals. Thus, it is necessary to remove the accumulated
depositions during the maintenance phases. One possibility is to take

would avoid these issues and is, thus, an enticing option. One way for
achieving this is by igniting a discharge that uses the conductive mir-
rors as electrodes, which will be able to clean away the accumulated
coatings and to recover the mirror properties. A DC or an RF dis-
charge are two possible options commonly used for sputtering of sur-
face materials.

The first challenge is that an anticipated contaminant is beryl-
lium, a well-known oxygen retainer.” Consequently, the non-
conductive BeO ceramic is an expected predominant coating. The
presence of an insulating layer on the electrodes leads to charging up
of the surface and renders the option of using a DC discharge
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unfeasible. RF discharges do not suffer from this problem due to the
alternating voltage that is applied. This motivates their application as a
method for cleaning the metal first mirrors in ITER. From the various
types of RF plasmas, probably the ones best suited for this purpose are
the capacitive discharges.'” First experimental campaigns using capaci-
tive RF discharges at various frequencies (13.56 MHz,'' '* 60 MHz,"”
81.36 MHz' ") aiming to remove coatings from metallic mirrors,
were conducted recently. The choice of these frequencies is not arbi-
trary. On the one hand, these are standard frequencies used in indus-
trial applications, and the equipment is readily available and easy to
obtain.'” On the other hand, these frequencies lie outside the fre-
quency range of 40-55MHz, reserved in ITER for use by the ion
cyclotron resonant heating system.'® Higher frequencies produce plas-
mas with higher density and lower sheath voltages, i.e., lower ion
impact energies.'” However, driving the discharge at higher frequen-
cies poses a challenge in delivering the power to the metallic mirror
without losses in the transmission lines and decreases the homogeneity
of the cleaning process.'” The frequency of 60 MHz appears as a good
compromise in this regard and is chosen for the present studies.

The previous studies verified that a robust operation of an RF
cleaning discharge is possible. Aluminum coatings were successfully
removed from a molybdenum mirror restoring its spectral reflectiv-
ity.">'” To further clarify the sputtering mechanisms, Razdobarin
et al.'" investigated the ion impact energy in a neon and deuterium
discharge by a retarding field analyzer and simulated the plasma
parameters with the CFD-ACE+ software. They reported that indeed
coatings of Al and Al,Os, used as Be and BeO proxies, were removed
from a polycrystalline molybdenum mirror using an RF discharge. In
their work, a magnetic field normal to the mirror surface was gener-
ated that significantly improved the homogeneity of the cleaning pro-
cess and reduced the sputter rate. Measurements by Moser et al.'”
using an argon discharge in the presence of a magnetic field support
these findings. Very recently, a cleaning discharge was investigated in
the EAST tokamak by Yan et al.'* These authors showed homoge-
neous removal of A,Oz from a molybdenum mirror in the presence
of the 1.7 T-strong toroidal magnetic field of the tokamak. Dmitriev
et al.'® extended the analysis to a removal of Al and AlL,O; coatings
from a stainless steel electrode by bombardment with 100 eV neon
ions.

Most of these studies concentrated on the use of capacitive dis-
charges in neon or Ne/D, mixtures. On the other hand, argon shows
similar or even larger sputter rates compared to neon."” Furthermore,
its lower ionization energy leads to higher plasma density and, hence,
to higher ion fluxes and faster sputtering. In capacitive discharges, the
higher plasma density correlates with lower sheath voltages," ie.,
lower ion impact energies, which would be beneficial for preventing
damage to the mirror.

At present, it is unclear if a substantial amount of tungsten will
be accumulated on the mirrors. Codes for plasma impurity transport,
such as a combination of SolEdgeZD—EIRENEZU and ERO2.0,”"** will
give an estimate of the expected depositions. Regardless of the result, it
is important to understand if contamination with tungsten can be han-
dled. Pure deuterium discharges cannot remove tungsten atoms at an
acceptable rate due to the large mass difference. Heavier ion species
would provide efficient sputtering of tungsten, but this would come at
the cost of risking sputtering also of the mirror material. Some experi-
mental data on a suitable operation regime exist already. For example,

scitation.org/journal/php

Mertens et al.” exposed a rhodium mirror to an Ar-H plasma at the
linear plasma device PSI-2* for 75 min. The mirror was biased so that
the bombarding ions were nearly mono-energetic with an impact
energy of 100 eV. These authors reported that the optical properties of
the mirror did not deteriorate. However, this may not remain valid at
higher impact energies.

In this work, we investigate a capacitively coupled plasma (CCP)
at 60 MHz operated in argon. The powered electrode has the dimen-
sions of the first mirror for the core charge exchange recombination
spectroscopy (CXRS) system at ITER (8.5cm x 18cm)’ and is made
of tungsten. This choice of material serves two purposes. On the one
hand, tungsten will probably be the most challenging deposition to be
removed. It is then important to understand the plasma conditions
that would facilitate that. These conditions will probably be suitable
also for the removal of the other expected depositions. On the other
hand, tungsten has similar sputtering characteristics to rhodium, the
material of the actual CXRS mirrors. These studies then indicate
the plasma conditions needed to avoid damage to the mirror crystal.
The studies concentrate on pressures below 10 Pa and impact energies
of around 100 eV. These energies are possible due to the large geomet-
rical asymmetry of the plasma vessel, leading to large self-bias of the
driven electrode.

The different aspects of the sputtering of the electrode material
are investigated by a combination of diagnostic methods. Microwave
interferometry combined with a movable Langmuir probe yield the
radial profiles of the electron density and an estimation of the electron
temperature. Optical emission spectra are analyzed using a collisional-
radiative model, which provides benchmark values for these plasma
parameters and spatial resolution in the vertical direction. The impact
energy of the ions is derived from voltage measurements. This allows
the sputter rate caused by the bombarding argon ions to be estimated
using the empirical formula for the sputter yield by Eckstein and
Preuss.”**° The sputter rates obtained at different discharge condi-
tions are correlated with the intensity of selected tungsten lines. The
excellent agreement between these methods shows the consistency of
the obtained sputter rates permitting an estimation of the optimal dis-
charge conditions.

The paper is structured as follows. First, the experimental setup is
described in Sec. II. Section III presents the results for the plasma
parameters—electron density and temperature, as well as the energy of
the impinging ions—together with the way they are obtained. In Sec.
IV, these parameters are used to deduce and analyze the sputter rates
of the tungsten electrode. Section VI wraps up the findings at the end.

Il. EXPERIMENTAL SETUP AND DIAGNOSTICS
A. Discharge chamber

The investigations are performed in a capacitively coupled dis-
charge (CCP) in argon. The discharge is ignited in a cylindrical vessel,
2R=90cm in a diameter and a height of H =90 cm (Fig. 1). A
turbomolecular pump (TURBOVAC MAG W 600 P, Leybold) in a
combination with an oil-free pump (Ecodry M15, Leybold Vacuum)
provides a base pressure of 1 x 10~ *Pa. A mass flow controller (MF1
100 SCCM, MKS) regulates the flow of argon into the vessel. The
working pressure is regulated by adjusting the gas flow rate and the
position of a gate valve in front of the turbomolecular pump. The posi-
tion of the gate valve (SH8618M5304-KV A2, Nanotec) is set by a con-
troller (PM-5, VAT) that receives a feedback signal from a capacitive
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FIG. 1. (a) Side and (b) top view schematic of the experimental setup. The cut in (b) is at the vertical position marked as diagnostic volume in (a). The relevant dimensions

together with the arrangement of the various diagnostics are also shown.

pressure gauge (CCR 365, Pfeiffer Vacuum). Flow rates in the range of
4-40 sccm are used.

The capacitive discharge is ignited between a powered electrode
at the top of the vacuum chamber and the grounded metal walls, pro-
ducing a geometrically asymmetric discharge (symmetry parameter”’
& < 0.4). The powered electrode is a tungsten plate with a length of
18 cm and a width of 8.5 cm. Water circulating behind the plate pro-
vides a stable operating temperature. A stainless steel grounded plate
around the powered electrode acts as a guard ring to prevent discharge
ignition on the side of the powered electrode. This yields a homoge-
neous sputtering of the flat side of the tungsten plate. The guard ring is
spaced 0.2 cm apart from the electrode to avoid a short circuit, which
would occur if it comes into contact with the electrode, for example,
due to thermal expansion. This distance further ensures no plasma
penetration between the electrode and the guard ring while keeping
the displacement current to the guard ring at a reasonable level.

The powered electrode is biased by a radio-frequency (RF) signal
at wgp/2m = 60 MHz supplied by a RF-power generator (cito Plus,
Comet). An impedance matching network (AGS 6020a, Comet) mini-
mizes the reflected power. For all investigated conditions, it typically
does not exceed 1 W. The matching network is placed on top of the
vacuum vessel to be as close as possible to the powered electrode.

B. Diagnostics

The voltage at the tungsten electrode is measured by a high-
voltage probe (P6015A, Tektronix, bandwidth 75 MHz) linked to an
oscilloscope (WaveSurfer 424, LeCroy, bandwidth 200 MHz). The
probe directly samples the potential on the wire connected to the pow-
ered electrode consisting of the externally applied voltage waveform
Vre(t) shifted by a constant self-bias 1 [see Eq. (15)].

A microwave interferometer (Miwitron, MWI2650) operating at
a frequency wyw/2m = 26.5GHz is used to determine the line-
integrated electron density in a region below the powered electrode.
The region [marked as diagnostic volume in Fig. 1(a)] has a diameter
of about 4cm and is located 2 cm below the tungsten electrode. The
microwave interferometer (MWI) measures the phase shift between

the microwave beam sent through the plasma and the signal propagat-
ing through vacuum. The phase shift is related to the line-averaged
plasma density 7.,

R

e e
Agozijnx =———2Rn,, (1)
280mecwa ZsomecwMW
where &, denotes the vacuum permittivity, e is the elementary charge,
c is the speed of light, and . is the electron mass.
The value of the plasma density on the discharge axis
[ny = n(r = 0cm)] is determined from MWI measurements by mea-
suring the density profile using a Langmuir probe. The probe has a
tungsten tip with a diameter of 0.05cm and a length of 1cm. The
probe is movable in the radial direction in a plane situated 2 cm below
the powered electrode corresponding to the middle of the diagnostic
volume [Fig. 1(a)]. Due to the high value of the RF frequency, it is dif-
ficult to achieve good suppression of the RF disturbance on the probe
characteristics. Instead only the current at a large negative voltage
(—32V) is measured. This part of the probe characteristics (ion satura-
tion current) is largely insensitive to the RF oscillations of the plasma
potential, eliminating the need for RF compensation circuitry.
Furthermore, no attempt is made to extract the electron density from
the measured ion saturation current, since the relation depends on the
operation regime of the probe.”””’ Instead, the spatial profile of the
saturation current I; 4,(r) is assumed to coincide with the profile of
the density # (r). Indeed, the ion saturation current, collected by the
probe, is Ij g o< Spnug. The Bohm velocity depends on the square
root of the electron temperature Te: up o \/T.. However, the collec-
tion area for a cylindrical probe in the orbital motion limited (OML)
theory is inversely proportional to the square root of Te:S,
o /eU/kpTe, where kg is the Boltzmann constant and U the probe
bias (relative to the plasma).”"”” Then, the measured current is largely
insensitive to the variations in the electron temperature and the main
source of error is due to the accuracy of the current measurements.
The relative uncertainty related to that does not exceed 1%. The spatial
profile of the saturation current in a combination with the line-
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averaged value from the MWI measurements is then used to obtain
the values of the plasma density along the radius of the chamber
(Sec. 1T A).

A four-channel spectrometer (AvaSpec-2048FT-4-DT, Avantes)
combined with an optical fiber provides the emission spectra of the
discharge for optical emission spectroscopy (OES). The specifications
of the spectrometer are summarized in Table I. The spectrometer is
relatively calibrated using an Ulbricht sphere (BN-0102, Gigahertz-
Optik). The fiber is connected to a collimator that ensures the
collection of light emitted solely parallel to the biased electrode. The
collimator can be affixed to predefined positions in front of the win-
dow (vertical distances to the electrode: 0.5, 1.5, 2.5, 4.5, and 6.5 cm).
Note that only the first three of these regions cover the diagnostic
volume. Backlight illumination through the optical setup yielded a
spot size of about 1 cm in the region below the electrode.

lll. PLASMA PARAMETERS

For the removal of coatings from metallic mirrors using a high-
frequency CCP, the sputter rates and the flux of sputtered atoms of the
surface material are the crucial quantities that depend on the plasma
parameters. The flux density of the sputtered tungsten atoms, I'w,
leaving the surface assuming an infinitely large target (Fig. 1) is given
by

Tw = Tap (10, Te) Y (Exin ar)- (2)

The sputter yield, Y, is determined by the kinetic energy of the imping-
ing argon ions, Ey, ar+- The flux density of these ions, I'+, depends
on the plasma density in front of the electrode, 1y, and the electron
temperature, Te. Sections IIT A to ITI C2 present the methods used to
extract ng, Te, and Ey, o+ from the experimental data and show
their variations with the discharge conditions (power and pressure).
Table IT provides as a reference an overview of the obtained plasma
parameters.

A. Electron density

The first important plasma parameter is the electron density.
Naturally, at the low working pressures considered here, the density is
not homogeneous throughout the discharge due to the strong influ-
ence of diffusion. This aspect needs to be considered when determin-
ing the density.

1. Density profile

The electron density is obtained by combining microwave inter-
ferometer measurements with Langmuir probe measurements of the
ion saturation current. At low pressures, the spatial profile of the satu-
ration current, i.e., of the plasma density, is governed by the ionization

TABLE I. Specifications of the four-channel USB spectrometer.

Channel Dispersion (nm/px) Jmin (nmM) Jmax (M)
1 0.02 594 642
2 0.05 373 471
3 0.04 491 564
4 0.25 591 1105

ARTICLE scitation.org/journal/php

TABLE II. Peak electron density ng, effective electron temperatures close to the
sheath edge (z = 0.5 cm) from the collisional-radiative model T crw and from the
fit of the diffusion profile T rop, average accelerating potential Vs and maximal
sheath thickness sy, at different pressures and an RF power of 100 W.

Pressure 1o Te FDP Te.cRM -V Sm

(Pa) (10 m=3) (eV) (eV) V) (cm)
0.5 1.1 2.3 2.9 184 0.36
1 2.0 2.1 2.5 177 0.26
3 4.4 1.6 2.3 157 0.17
10 5.9 1.3 1.6 114 0.12

of neutral particles and the diffusion of electrons and ions.
Consequently, the gas density and the electron temperature determine
the shape of the electron density profile. Both of these quantities are
essentially independent from the coupled power but change with the
gas pressure. The dependence of the electron temperature on the pres-
sure (p) is™

T < 1/log (p). (3)

Therefore, the electron density profiles were measured at a single
power level of 30 W and various pressures in the range 0.5-10 Pa. The
results are shown in Fig. 2.

Under all conditions, the profiles exhibit two relatively distinct
regions. In these, the processes driving the ionization differ substan-
tially. Near the discharge axis, i.e., in the region below the powered
electrode, the beam of energetic electrons produced by the sheath
expansion contributes significantly to the ionization process. Outside
of this region, the ionization, when present at all, is driven by the bulk
plasma electrons.

To describe and to better understand this behavior, a simple
model for the profile of the density n (r) is developed. It is based on a
solution of the one-dimensional steady-state diffusion equation. In
cylindrical coordinates with azimuthal symmetry, it is given by

&n 1dn
dr2+rdr+Dn_O7 @)
where D is the ambipolar diffusion constant.” Note that in this model,
the ionization frequency, v, is an effective one that accounts also for
the diffusion in the axial direction. Therefore, it is expected that its
value will be lower than the one that can be estimated from the distri-
bution function of the electrons, i.e., from the electron tempera'[ure.77
The difference in the mechanisms for ionization is captured in
the model through an approximation of the term A = v;,/D by a step

profile,
A A, 0<r<mn 5)
Ay, ro<r<R

Here, 1, is the radial position that separates the two regions. Its value is
expected to be close to the position of the edge of the electrode
(r = 9 cm). At this position, the density profile has to be continuous.
Note, however, that due to the jump in the source term A, the deriva-
tive of the density cannot be continuous at r = r,. The other boundary
conditions are for a finite plasma density in the center equal to 1(0)
= ny and a vanishing density at the walls n (R) = 0. The former is an
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FIG. 2. Measured profiles of the plasma density at a power of 30 W and a pressure of (a) 0.5Pa, (b) 1Pa, (c) 3Pa, and (d) 10 Pa. The fit of Eq. (6) (continuous curve) is also

shown together with the line-averaged plasma density ne /ny (dashed line).

arbitrary scaling constant that cannot be determined from the diffu-
sion equation, but is given by the energy balance of the electrons. The
latter condition is motivated by the fact that the radius of the vacuum
chamber, R, is much larger than the mean free path of the ions, caus-
ing the density near the walls to drop to much lower values than in the
center.

With these boundary conditions, the solution to Eq. (4) is given by

n(r) _ [ Io(VAIr), 0sr<n o
Mo (VAzr) + 6Yo(VAsr), o <r<R
Here, ], and Y are the zero-order Bessel functions of the first and sec-

ond kind, respectively. The values for the constants y and ¢ follow
from the boundary conditions:

n

&:) = 1o(v/Aor). ©)

together with the Schottky condition /Ay = 2.405/R. This condition
leads to relation (3).

The experimental density profiles are compared to the analytical
prediction of Eq. (6). For the comparison, the constants A;, A,, and 7
are varied. The fits are shown in Fig. 2, and the numerical values for
the fitted constants are provided in Table TII.

At all pressures, the essential features of the experimental profiles
are well captured by the analytical expression [Eq. (6)]. This highlights

TABLE III. Values of the fitting parameters A4, A;, and ry in Eq. (6). The ratio of the
resulting line-averaged density 71 to the center plasma density n is also given.

Jo (\/Alro)Yo (\/AzR)
Y= , (7) Pressure (Pa) A, (m™) A, (m™) 7o (cm) fie/n
Jo(v/Azr0) Yo (VAIR) — Yo (v/Azr0))o (VALR) ! 2 0 /mo
5 —]O<\/A_lro)]0(\/A_2R) ® 0.5 46.0 34.1 10 0.678
= . 1 84.5 34.9 11 0.585
VA Yo(VAR) — Yo (/A VA3R

Jo(VAaro) Yo (VAR) = Yo(v/Aaro)lo (VAR) 3 108.0 16.2 14 0.439
In the classical textbook case A; = A, = A, the above solution yields 10 133.1 9.0 15 0.374

the well-known Bessel profile,
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the importance of considering the inhomogeneities in the ionization
for the studied discharge configuration. The smallest deviation from
the usual Bessel profile, described by Eq. (9), is observed at the lowest
investigated pressure (0.5 Pa). Nonetheless, the quantity A is in both
regions substantially higher than the expected value of (2.405/R)
~ 28.6 m~2. This indicates significant inhomogeneities in the ioniza-
tion frequency, which is not unexpected since the fast beam-like elec-
trons generated at the oscillating sheath edge are a vital contribution
to the ionization frequency. The two values become increasingly
distinct as the pressure rises, and considerable deviation from a Bessel
profile is observed. In the inner region, the value of A; increases,
whereas A, decreases (Table III). The former causes a larger plasma
inhomogeneity in the central region due to a faster drop of the plasma
density with the radius, while the latter causes a change in the sign of
the curvature of the density profile. This is explained by a decrease in
the ionization frequency in the outer region, which reduces the effect
of the ionization term in Eq. (4). Consequently, the density profile
begins to be dominated by the expansion of the plasma rather than the
ionization, leading to a change in its curvature.

Likewise, the transition point r, between the inner and outer
region shifts outward as the pressure rises. The observed shift results
from an increased collisionality of the electrons leading to the central
region of stronger ionization becoming more diffuse and expanding
outward.

Note that the density within the extent of the electrode
(r < 9 cm) remains fairly homogeneous. The variation is for all condi-
tions within 15% from the value on the axis #,. This effect together
with possible variations of the sheath voltage due to edge effects would
determine the homogeneity of the treatment of the mirror surface.
Note that depending on the severity and the type of depositions, a
homogeneous treatment might not necessarily be the optimal solution.
However, the investigations and the optimization of the sputtering
homogeneity is beyond the scope of the present studies.

Given these density profiles, the ratios of averaged (#.) to peak
(n) electron density are obtained. Linear extrapolations of the profiles
close the chamber walls account for the missing experimental data
points. The values obtained for the different pressures are listed in
Table 11T and are also represented in Fig. 2. This ratio is needed to con-
vert the line-averaged density 71, measured by the MWI, into a density
in the center ny. Knowing the value of 1, and the density profile yields
the plasma density at any other position.

Figure 3 shows the peak plasma densities derived from the exper-
imental data for different RF powers and gas pressures. As expected,
the density at a given power level increases with the pressure. The rise
with the power at a fixed gas pressure is non-linear and follows a
nearly square root dependence,

ng = oc\/ﬁ, (10)

which is in good agreement with the general theory of capacitive dis-
charges assuming a collisionless sheath.”

2. Argon collisional-radiative model

For comparison, the electron density is also obtained from the
emission spectra of the discharge. Unlike the probe measurements,
this is a non-invasive method. However, its disadvantage is that the
collected emission is a line-averaged quantity. Typically, the
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FIG. 3. Plasma density ny on the axis, i.e., in front of the electrode obtained from
MWI and probe measurements.

assumption for spatially homogeneous plasma parameters is implicitly
invoked for the interpretation of the spectra.”*

In this work, the argon collisional-radiative model (CRM)
developed for conditions present in a cylindrically symmetric CCP
by Siepa et al.”*" is used to obtain the electron density and tempera-
ture. The population densities of the 14 energetically lowest states of
the neutral argon atom are modeled by accounting for electron
impact excitation, radiation trapping, metastable pooling, and diffu-
sion to the walls. The radiation trapping is considered for a cylindri-
cal geometry” with a radius of R = 45 cm. The model then provides
the emission intensities expected for a given value of the electron
temperature and density Icpy(7e, Te). By comparing the calculated
to the measured intensities, the values of the plasma parameters can
be extracted.

For such a procedure, the intensities have to be measured by a
radiometrically absolutely calibrated detector. Typically the absolute
calibration is achieved by carefully positioning a light source with
known radiance into the vacuum chamber. Comparing the measured
to the expected intensity yields the calibration factors for the investi-
gated transition.”'*’ However, this is a time-consuming procedure
and more commonly the method of the line-ratios is applied.”*** In
this approach, instead of adjusting the individual intensities, the
collisional-radiative model tries to match the ratios of two or more
emission lines obtained in the experiment. Using spectrally close lines
avoids large variations in the sensitivity of the detection system. Then,
in the ratio of the two intensities, the unknown calibration factors can-
cel out. Siepa et al.”® have recommended two pairs of line intensities as
suitable for use with the line ratio method: the ratio 7067 nm/I750.4 nm
as being sensitive to the electron density and the ratio I763 5 nm /1738 4 nm
as being sensitive to the electron temperature.” Figure 4 shows a typi-
cal argon spectrum with these lines marked in it. Note that the resolu-
tion of the spectrometer allows the line at 750.4nm to be well
separated from its neighboring line at 751.47 nm, allowing its use for
the diagnostics.

Despite its wide use, this approach also has some disadvantages.
In particular ranges of the plasma parameters, the emission intensities
of most lines have a nearly linear dependence on the electron density.
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FIG. 4. Example spectrum of an argon discharge at 3 Pa, 100 W and a vertical dis-
tance to the electrode of 0.5cm. The lines used for the line-ratio method are
marked by colored vertical bars.

For example, in tenuous plasmas, the direct excitation from the
ground state is the dominant population mechanism of the excited
states (corona limit), while in dense plasmas, the population of the
metastable states is saturated and ceases to depend on the electron
density.”® Then, the ratio of any two emission lines becomes relatively
insensitive to the electron density. The result is that the value for this
parameter becomes less reliable when inferred from collisional-
radiative models that use the line-ratio method.

To circumvent this problem, while avoiding the difficulties of the
standard procedure for absolute calibration, in this work, an alterna-
tive approach is employed. A set of discharge parameters is chosen,
where the intensities of the spectral lines keep their non-linear depen-
dence on the electron density. For our conditions, this was the case for
a pressure of 3 Pa and a power level of 60 W and above. Then, the
line-ratio method is applied to extract the plasma parameters. Finally,
these parameters are used to calculate the emission intensities.
Through comparison with the experimentally measured ones, calibra-
tion factors F are determined for each line:

Icrm = F Iogs.- (11)

These factors are then used for all other conditions to extract the
plasma parameters from the individual emission intensities (763.5 nm,
738.4 nm). In this way, a significant improvement between the electron
densities obtained by this method and by the MWI is achieved
(Fig. 5). The agreement between the two diagnostic techniques is very
good, and the same trends in the behavior of the electron density with
the power and the pressure are again observed. The improvement in
the agreement can also be quantified by the relative mean deviation
from the MWT density values:

ﬁe,i.,rel/abs

1— . (12)

— e i MWI

Here, the summation covers the different power levels for a given pres-
sure. The result is presented in Fig. 6. The unreliability for determining
the electron density from the ratio of two line intensities at the lower
pressures (0.5 and 1 Pa) become apparent from the large discrepancies
with the MWI data (up to 90%).
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FIG. 5. Line-averaged electron density at a distance of 0.5cm from the electrode
determined by the CRM (full triangles) using the absolute calibration procedure.
The curves are fits of Eq. (10). The line-averaged data from the MWI are also
shown for comparison (open circles).

B. Electron temperature

The approach developed in Sec. 1T A 2 is also beneficial for deter-
mining the electron temperature from the respective neutral argon
lines (763.5nm, 738.4nm). The electron temperature is the second
important plasma parameter for the flux of the sputtered atoms [Eq.
(2)]. First estimations for an effective value of this parameter are
obtained from the fits of the density profiles (Sec. IIT A 1) and com-
pared to the values obtained from the emission spectra via the CRM
(Sec. TIT A 2).

1. Fit of the diffusion profile

The shape of the density profile depends on the source (ioniza-
tion), whose properties are governed by the electron temperature. The
fitting parameters A, and A, of the model developed in Sec. Il A 1 are
related to the ionization frequencies in the inner and the outer plasma

100
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=
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=
‘= 40-
Ke)
S
& 207
(=]

~ 05Pa 1Pa 3Pa 10Pa
Pressure

FIG. 6. Relative deviation between the CRM and MWI data [Eq. (12)] averaged
over the various power conditions. The cases when using line ratios (relative) and
individual intensities (absolute) are compared.
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regions, respectively. This allows estimating the electron temperature
from the values of the fitting parameters.

When the electron temperature is much higher than the ion tem-
perature T; (T. > T;), the ambipolar diffusion coefficient is given by
D = kg Te /e, with g; the mobility of the ions.”” The ionization fre-
quency is given by vy, = ng, Kj,, where ng,; is the neutral gas density
and Kj, the ionization rate coefficient. Then the parameters A; (i=1, 2)
are related to the electron temperature by

Vig engasKiz(Te)

A1) =Y = Mot le) (13)

D uikB Te
Using the mobility for argon ions in their own gas given by McDaniel
and Mason”’ and calculated ionization rate coefficient for a
Maxwellian distribution of the electrons®*” provides the basis of the
electron temperature estimation. For that, the non-linear relation
between T, and A4; is inverted numerically.

The neutral gas density is obtained from the ideal gas law, assum-
ing that the gas is at room temperature (300 K). The resulting values for
Te in the inner and the outer region are shown in Fig. 7. Both tempera-
tures show a nearly logarithmic dependence on the pressure [Eq. (3)], as
would be expected from the Schottky condition A;(T,) = const. Here,
due to the presence of two distinct regions, this condition is not exactly
met. Nevertheless, the general trends remain the same.

A higher value of A, relative to A, correlates with a higher elec-
tron temperature in the vicinity of the electrode compared to the outer
plasma regions. This is in accordance with the presence in the inner
region of energetic electrons, created by the sheath expansion. With an
increase in pressure, the electron temperature in both the inner and
the outer region decreases in conformity with the general trends of
low-pressure discharges. However, the decrease in the outer region is
more pronounced than the one in the inner region as evidenced by the
increase in the relative difference (T,/T, — 1) (Fig. 7). The reason is
the reduced energy and particle transport in the radial direction due to
the larger collisionality of the electrons when the pressure is higher.
This prevents the temperatures in the two regions from equilibrating.
Without a compensating energy source, the electron temperature
decreases faster with the radial distance.

3.0 7 - 30

-4~ fits, inner region (r<ro) |
-¥- fits, outer region (r>rg) | [ 25

Relative Difference (%)

o

0.0-

Pressure (Pa)

FIG. 7. Electron temperature obtained from the fitting coefficients for the plasma
density profiles (Table IIl) using Eq. (13). Applied power 30 W.
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2. Argon collisional-radiative model

The electron temperature is obtained also via the CRM
(Sec. IIT A 2) from the spectra taken at different vertical distances from
the electrode. The reliability of the values for this parameter is much
higher than for the electron density due to the strong dependence of
the measured emission spectra on the electron temperature. The values
obtained from the spectra at 0.5cm from the electrode are shown in
Fig. 8. These are the values used later on for estimating the ion flux
to the electrode. As expected, the electron temperature does not
depend on the applied power. Close to the electrode [Fig. 8(a)], the
same nearly logarithmic dependence on the pressure [Eq. (3)] is
observed. The comparison with the values obtained from the den-
sity profiles also shows good agreement. Here, the values for the
inner region (r < ry) are taken since the temperature there is
higher. Consequently, most of the plasma emission originates from
this region. For this reason, the value of the electron temperature
from the CRM would be representative for the inner bright plasma
volume.

A comparison of the temperature obtained for different distances
from the electrode [Fig. 8(b)] shows that it decreases with the distance.
The decrease becomes even more pronounced when the pressure is
higher [Fig. 8(c)]. This inhomogeneity in the vertical direction corre-
lates well with the one in the radial direction, obtained from the pro-
files of the plasma density. The reason is the same—the increasing
electron collisionality reduces the transport of energy. Then, at higher
pressures, the energetic electrons remain close to the sheath region
where the energy from the stochastic heating by the oscillating sheath
edge is deposited.” >

C. lon impact energy

The sputtering of the tungsten electrode is driven by the argon
ions, which impinge onto its surface. The corresponding sputter yield
strongly depends on the impact energy of the projectiles. Generally,
the ions are not mono-energetic but distributed over an energy inter-
val. A typical ion energy distribution function, assuming a collisionless
RF sheath, is bimodal.”” However, due to the high value of the RF fre-
quency of 60 MHz and the relatively large mass of the argon ions, the
energy difference between the two peaks becomes small. In essence, all
ions transiting through the sheath are subject to the same average
accelerating potential yielding a single-peak ion energy distribution
function. In this case, the ion energy is practically monoenergetic and
can be estimated from voltage waveform measurements at the driven
electrode.

1. Analytical model of the RF-sheath

The first step is to estimate the accelerating potential using the
analytical model for the RF sheath by U. Czarnetzki.”* For a driven
electrode, whose surface area is much smaller than that of the
grounded electrode, the voltage drop V over the sheath in front of it
can be expressed by

t
Vi(t) & (n — Vag) sin? /%) (w%) (14)

Here, Vrp denotes the amplitude of the externally applied sinusoidal
voltage waveform and 1 < 0 corresponds to the self-bias, which arises
due to the geometric asymmetry of the discharge. The cubic correction
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FIG. 8. Line-averaged effective electron temperature obtained from the CRM. (a)
Pressure variation at a distance of 0.5cm from the electrode. For comparison, the
values for the inner region (r < rp) from the fit of the diffusion profile (FDP) are
also given. (b) Power variation at 1 Pa and various distances from the electrode. (c)

The same as in (b) for a pressure of 3 Pa. The curves are only guides for the eye.

parameter a in the collisionless case has the value of a=1.56."" The
value of the asymmetry parameter ¢ is determined from 1 and Vgg
according to Ref. 54. The voltage waveform at the position of the driven

electrode (Vpg), ie., the voltage drop over the entire discharge, is

scitation.org/journal/php

VDE(t) =1+ Vgg cos (pr t). (15)

In this work, the values of # and Vgg are obtained through fitting of
this relation to the data from the voltage probe. The time-averaged
sheath voltage (V) is obtained by averaging Eq. (14),

2n

V= (- vkp)ij sin?1 %) (¢ /2)d¢p < 0. (16)

o

Then, the energy of the ions bombarding the electrode is given by
Ekin,Ar’ =Ep — ev57 (17)

where the additional energy Ep = kpT./2 is related to the finite Bohm
velocity up = \/kpTe/my+ of the ions at the sheath edge. Figure 9
presents the corresponding impact energies of the argon ions, assum-
ing a collisionless propagation through the sheath. Note that the sput-
tering threshold energy of tungsten by the argon-ion bombardment™
of Eq, = 27eV is surpassed for all experimental conditions investi-
gated in this work.

2. Collisions in the sheath

The approximation for monoenergetic ions with an energy given
by Eq. (17) is valid only when the sheath is collisionless. This is the
case when the jon mean free path,

1

1 (E) (18)

Jmfp =

which is related to the energy-dependent momentum transfer cross
section ¢(E), is substantially larger than the maximum sheath exten-
sion sy, (Amf > Sm). More precisely, the fraction of ions that traverse
the sheath without a single collision with the background gas is given

by

frocol. = €XP | —Mgas Jo(E(x))dx . (19)
0
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FIG. 9. Impact energy of singly ionized argon atoms bombarding the electrode.
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To estimate this fraction, the cross section for momentum trans-
fer collisions of argon ions with argon atoms is taken from Phelps.”
The gas density ng; is evaluated from the ideal gas law for a gas tem-
perature of 300 K. The maximum sheath thickness sy, is estimated by
combining the collisionless Child-Langmuir law for RF sheaths,”*

2 7 3/2
[y~ 1.2e04 ) ‘% (20)
emp+ S

with the ion flux at the sheath edge

FAr* = Nnjugp. (21)

This gives for the maximum sheath thickness

— N 3/4
s~ 1.3 (ew‘*') , (22)

kpTe.

where /p is the Debye length at the sheath edge.
For a matrix sheath, the energy E of collisionless ions at any point
x within the sheath is given by

_ X 2
E(x) = Ep — eV <—) . (23)
Sm
This allows numerical integration in Eq. (19) to be performed.
Figure 10 shows the results of these estimations. It is seen that for pres-
sures up to 3 Pa, the vast majority of argon ions reach the electrode
without collisions. This justifies the assumption for monoenergetic
ions. For the results at 10 Pa, this is no longer the case and Eq. (17)
likely overestimates the ion impact energy.

IV. SPUTTER RATES OF TUNGSTEN

With the plasma parameters available, the flux of sputtered tung-
sten atoms resulting from bombardment by normally incident argon
ions can be obtained via Eq. (2) to

l—‘W = Np uB(Te) Y(Ekin,Ar+)7 (24)

where the individual components are directly linked to the measured
plasma parameters. The sputter yield Y can be approximated using the
empirical formula by Eckstein and Preuss.”* ** An alternative empiri-

cal formula was developed by Yamamura and Tawara.”® However, it
100
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FIG. 10. Percentage of ions that traverse the sheath without collisions with the
background gas. Its density is calculated for a gas temperature of 300 K.
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does not fit that well the experimental data near the threshold
energy.”’ From the flux of the sputtered atoms also the sputter rate,
i.e., the change in the electrode thickness per unit time, can be calcu-
lated by

o= rw?. (25)

This quantity is central for the speed with which tungsten coatings
can be removed. In Eq. (25), my is the mass of the tungsten atoms
and p =19250kgm is the mass density of tungsten at room
'[emperature.58

The resulting sputter rates at the different discharge conditions
are given in Table IV. The difference in the values of the effective elec-
tron temperature is not significant for the final results, since the rela-
tive deviation of the sputter rates obtained with the two effective
temperatures (CRM and fit of the diffusion profile—FDP) does not
exceed 10%.

The sputter rates obtained from Eq. (25) generally increase with
the discharge power since the plasma density also increases, which
causes a rise of both the argon-ion flux and the self-bias at the elec-
trode. The latter is the major contributor to the increase in the sputter
rate since it depends strongly on the kinetic energy of the argon ions.
This energy must be low enough to avoid damaging the mirror, espe-
cially when it is made of a lower-Z material.

Figure 11 shows the sputter rate for different pressures and
impact energies of the argon ions. It becomes evident that the sputter
rate depends primarily on the energy of the bombarding ions through
the sputter yield Y. The dependence on the pressure p, most promi-
nent in the range of lower pressures, is due to the different variation of
1o and Eyj, with p.

For a given power, the sputter rates peak around 3 Pa (Table IV).
The maximal value of ® = 2.6 A/s appears at a pressure of 3 Pa and
an applied RF power of 100 W. Generally, the sputter rates obtained
for the pressure range of 1-10Pa correspond to about a monolayer
per second. The removal rate can be additionally controlled by adjust-
ing the discharge power. The sputter rates correspond well also with
the value of 0.83 A/s obtained at PSI-2 in an Ar-H plasma for argon
ions with an energy of 180¢eV.” Despite the plasma of PSI-2 being
much denser than the present discharge, the sputter rates obtained
there are lower than the ones in the present study due to the presence
of hydrogen. The large difference in the mass of the hydrogen ions
and of the tungsten atoms results in a negligible sputter yield. These
results suggest that the addition of hydrogen could be used as another
means for adjusting the sputter rates. A cleaning regime can be recom-
mended, where the gas composition consists of about 80% hydrogen

TABLE IV. Estimated sputter rates of tungsten atoms by argon ions for the condi-
tions investigated in this work (plasma parameters listed in Table II). The sputter
rates are in A/s.

20W 40 W 60 W 80 W 100 W
0.5Pa 0.03 0.13 0.5 0.8 1.0
1Pa 0.006 0.3 0.8 1.2 1.7
3Pa 0.002 0.18 0.8 1.6 2.6
10 Pa 0.0003 0.04 0.24 0.6 1.2
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FIG. 11. Contour plot of the sputter rates of a tungsten surface bombarded by
argon ions. The white area represents the absence of experimental data at these
conditions.

and an admixture of 20% argon. The latter could be supplied in the
torus filling or through local injection at the position of the mirror.
This operation scenario might be enough to (i) adjust the sputter rate,
(ii) sputter the other impurities beside Be (Fe from the diagnostic plug
is expected to be the main contributor”), and (iii) make use of Doppler
shifted reflectance measurement (DSRM)™” " as an end-of-cleaning
indicator as explained in the outlook (Sec. V) below.

In Secs. IV A-TV C 2, the emission of sputtered tungsten atoms is
used directly as an indicator for evaluating the validity of the sputter
rates determined in Sec. IV. This evaluation is performed in two ways.
Firstly, the sputter rates and plasma parameters provide the input into
a simple model of tungsten line emission, and the behavior of the
intensities with the power and the pressure is compared to OES mea-
surements. Secondly, the relative sputter yield is derived by using the
measured values of the plasma parameters (electron density and tem-
perature, sheath voltage) and the intensity of the tungsten lines. The
result is compared to the predictions of the empirical formula by
Eckstein and Preuss,” *° essentially providing an experimental bench-
mark of that formula.

A. Tungsten line intensity

The relation of the intensity of the tungsten emission to the
plasma parameters is given by the definition of an intensity. For an
electric dipole transition from an initial atomic state i to an energeti-
cally lower state j, it is given by"”

hce

where £ is the Planck constant, 4 is the center wavelength of the transi-
tion, 2R = 90 cm is the length of the emitting plasma, and A;; is the
Einstein coefficient for spontaneous emission. The density ny ; of the
atoms in the state i is estimated in the Corona limit as

o ”W,gAs.Kexc ( Te)

j

@7)
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where Ky i(Te) denotes the rate coefficient for electron impact excita-
tion from the ground state with a density n gs.. The rate coefficient
for low electron temperatures can be expressed in terms of the
Arrhenius equation as”

Kexei(Te) = qo exp {— kflTe}’ (28)
where E; is the threshold energy for the process and the coefficient g
has only a weak (at most polynomial) dependence on the electron
temperature. This dependence is neglected in the following treatment.
Then, the intensity of the emission from the sputtered tungsten atoms
is given by

_ E;
Ii*}j = Ci’loﬂwgls. exp {— T } (29)
Ble

Here, the parameter

C:STh

2R 9o (30)

ZAU

gathers the various constants and addltlonally accounts for the sensi-
tivity S of the spectrometer and the transmission T of the various optic
components involved. The strong dependencies on the electron den-
sity ny and the electron temperature T, have been explicitly separated
in Eq. (29). Consequently, the parameter C is nearly constant with
only a weak dependence on the electron temperature through the coef-
ficient qo. Then, within this somewhat simplified model, C is expected
to vary slightly with the pressure and to be independent of the RF
power. The value of C depends weakly also on the power and the dis-
tance from the electrode via the contribution of non-linear processes,
such as step-wise and cascade excitation, as well as depletion of the
tungsten atoms through ionization. However, these processes have
mostly a perturbative effect and are neglected in the following analysis.

For better reliability, the analysis has been performed using sev-
eral different transitions of the tungsten atom. The parameters of these
transitions are listed in Table V, and Fig. 12 presents their Grotrian
diagram. The transitions are selected based on how well they could be
resolved by the spectrometer and the absence of unresolved transitions
from the other species present in the plasma (Ar I, Ar II, W II). All of
the considered transitions exhibit the same trends, and here only
results from the transition at 4 = 498.3 nm will be shown as an illus-
tration for the analysis. This transition is probably also the most suit-
able one, ie., best fulfills the assumptions in the analysis due to the
strong coupling of its upper level to the ground state of the tungsten
atom (large branching ratio of the upper level of 79%). The transition
is marked in Table V and in Fig. 12.

TABLE V. Transition wavelength 2, branching ratio B, = A;/ >, A; as well as
energy of the upper E, and the lower E; level of the tungsten lines conS|dered in this
study. The data are taken from the NIST database.’® Boldface indicates the
498.3 nm transition results.

A (nm) 4009 498.3 501.5 505.3 5055 522.5 543.5 551.5

B, 099 0.79 098 052 1.0 036 017 0.20
E/(eV) 037 0 0.6 021 021 0.6 021 041
E,(eV) 346 249 3.07 266 266 297 249 266
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FIG. 12. Grotrian diagram for the energy levels of the investigated transitions of
tungsten. The transitions are indicated by a line, which connects the upper and the
lower level.

B. Tungsten density

The tungsten density ny . in Eq. (29) is related to the flux of
the sputtered atoms:

Ty = nw.g.s.Vn, (31)

where v,, denotes the average velocity normal to the surface. Here, it is
assumed that all sputtered atoms are in their ground state.”” Further
assumption is for an infinitely large plane with the sputtered flux hav-
ing only a component in the normal direction. This is justified by the
dimensions of the biased electrode relative to the distance at which the
spectra are collected together with the relatively low pressure range
and large mean free paths of the sputtered material. The average veloc-
ity v of the sputtered atoms is calculated with the use of the
Thompson distribution F,:

v == | vF,(v)dv. (32)

The numerical coefficient accounts for the angular distribution of the
sputtered particles and their maximal velocity vma as well as the distri-
bution itself depend on the energy of the incoming ions Ey;, ».+. The
detailed derivation can be found in the Appendix.

Finally, the density of the sputtered tungsten atoms is related to
the plasma density #, in front of the electrode by substituting Eq. (31)
into Eq. (24):

nw.gs. = Yng @ . (33)
Vn

This permits its calculation from the measured values of the plasma
parameters. The resulting values for the density of the sputtered mate-
rial are in the same order of magnitude as the plasma density. An esti-
mation shows that this does not change the overall ionization balance
in the plasma.

C. Consistency of the experimental data
1. Intensity

The first comparison that can be made is between the measured
intensity of the selected tungsten transition at 498.3nm and the
expected intensity estimated from the plasma parameters. The latter is
obtained by inserting #1v g;. from Eq. (33) into Eq. (29),
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_nlu E;
Ii—»j = YC ?}HB exp {— kB'ITe}. (34)
For the purpose of the comparison, the parameter C is set to a con-
stant, i.e., only the relative variation of the intensity with the pressure
and the power is compared. Overall, an excellent agreement is
observed (Fig. 13). This confirms both the consistency of the various
plasma parameters obtained by independent diagnostics and the valid-
ity of the approximations in the treatment.

The emission increases at each pressure with the power. This is
due to the quadratic dependence of the intensity on the plasma density
1o [Eq. (34)], which increases with the power (Fig. 3). The square root
relation between ny and P [Eq. (10)] then translates into a linear
dependence of the emission intensity on the power. Additionally,
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FIG. 13. Intensity of the tungsten transition at 498.3 nm (a) estimated with Eq. (34)
using the measured plasma parameters and (b) measured at a distance of 0.5cm
to the electrode. The dashed curve marks the conditions at which the ion impact
energy reaches 100 eV.
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increasing the plasma density enlarges the self-bias at the electrode,
which is critical for the sputtering process (Fig. 9).

At a constant power level, the intensity shows a maximum at
3 Pa. The formation of this maximum is due to a competition between
the increase in 7, as the pressure increases and the decrease in the
energy of the impinging Ar" ions. The latter is signified by a curve
that shows the conditions at which the ions reach a kinetic energy of
100 eV (Fig. 13). It is seen that at the higher pressures, this line marks
the onset of the emission by the tungsten atoms. Below this energy, the
sputter rate is insignificant and not enough tungsten atoms are present
in the discharge for an appreciable emission intensity.

It would also be interesting to track the behavior of the emission
of the tungsten ion W IL. However, its strong lines are located in the
spectral range 178-435nm and are either not distinguishable from
the Ar II lines or are outside the wavelengths accessible by the
spectrometer.

2. Sputter yield

Finally, solving Eq. (34) for the sputter yield Y enables an investi-
gation of the relative sputter yield by comparing it to the predictions
of the empirical formula by Eckstein and Preuss.”* *° The expression
for the sputter yield Y is then given by

Y:b n

c , E

ngug exp {— kBTe}
Since the value of the factor C has not been determined until, this pro-
vides only the relative shape of Y as a function of the energy of the
impinging argon ions Ejj, 4.+. To obtain the absolute values, the result
of Eq. (35) with the plasma parameters for 100 W, i.e., the case with
the highest intensity from the tungsten atoms and, thus, the highest
signal-to-noise ratio, is scaled to the value of the empirical formula of
Eckstein and Preuss.”* *° This provides the value of C. The parameter
is obtained in this way for each of the selected transitions at each
investigated pressure and then used to calculate from them the abso-
lute value of Y. The obtained values for Y are additionally averaged
over the positions within the diagnostic volume (distance to the elec-
trode of 0.5, 1.5, and 2.5cm). All emission lines provide practically
identical results, as illustrated in Fig. 14 for the case of 3 Pa. This veri-
fies the assumption that the electron density has negligible influence
on C, as explained in Sec. IV A. Likewise, it can be inferred that either
the Corona limit works reasonably well within the framework of this
investigation or that the systematic error due to this approximation is
mostly insensitive to the electron densities, which are typical for the
discharge investigated here.

Applying this procedure for each of the investigated pressures and
averaging over all eight transitions, which are shown in Fig. 14, finally
provides benchmark values for the empirical formula of Eckstein and
Preuss™ *° (Fig. 15). The results at 0.5 Pa are not included in the figure
due to the weak emission intensity at this condition. This causes too
large uncertainties that reduce the significance of the data.

Excellent agreement between the empirical formula and the
experimental results is obtained. Some discrepancy at lower ion impact
energies (below 100 eV) could be speculated. However, this could also
be a result of the overestimation of the jon energy for the data at 10 Pa.
Furthermore, the results are within the experimental uncertainty. Note

(35)
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FIG. 14. The results of Eq. (35) for the different transitions, listed in Table \/ for a
discharge at a pressure of 3 Pa and various RF power levels. The values of the cor-
responding coefficients C are obtained through scaling to the empirical rate of
Eckstein and Preuss”*“ for the case of 100 W (highest projectile energy).

that many of the data points lie near the onset of the sputter yield
curve, ie., the sputtering under these conditions is a near-threshold
process.

V. OUTLOOK

Beside removing the depositions, the cleaning process should not
damage the mirror to preserve its optical properties. One such solution
for removing Be and BeO layers from the mirror is an RF discharge in
deuterium.'" Unlike beryllium depositions, tungsten is extremely
weakly affected by bombardment with deuterium ions due to the high
threshold energy of Ey, ~ 229 eV.”

RF discharges in argon or neon atmospheres should allow the
removal also of the tungsten depositions while keeping the damage to
the mirror at an acceptable level.” At present, rhodium has been cho-
sen as the material for the first core CXRS mirror.”**%” A simple esti-
mation for the extent to which the RF discharge will affect the various
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FIG. 15. Comparison of the sputter yield obtained through Eq. (35) with the empiri-
cal prediction of Eckstein and Preuss.” *°
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FIG. 16. Sputter yield of Rh and W by normally incident Ne™ and Ar™.

materials (contaminating depositions and mirror crystal) can be
obtained from their sputter yields. Figure 16 presents the sputter yields
for Rh and W by Ne' and Ar" using the empirical formula of
Eckstein and Preuss.”* ° Note that this estimation is likely only a
crude simplification since preferential sputtering will occur.”””" From
these two gases, argon is likely the better option due to a more favor-
able removal rate of tungsten compared to the sputtering of the mirror
material (rhodium).

An admixture of hydrogen or deuterium should make it possible
to adjust the cleaning rate while providing also a constant sputter yield
of about 0.02 (for ion energies in the range in the range of 50-400eV)
for beryllium coverage.”” Furthermore, a gas composition consisting
of hydrogen and argon offers an “End-of-cleaning indicator,” such as
DSRM, where the mirror reflectivity can be monitored by measuring
the wings of the Balmer-u line.

VI. CONCLUSION

In this work, the various aspects of sputtering of tungsten in a
high-frequency (60 MHz) capacitive discharge in argon have been
investigated. Pressures in the range 0.5-10Pa and power levels of
20W-100 W have been considered. The biased electrode had the
dimensions of the metallic mirror for diagnostics of the plasma in
ITER since the study is motivated by the prospect of using such low-
pressure RF discharges for mirror cleaning and recovery during the
maintenance phases.

Various diagnostics provide a closed picture of the sputtering
process. Using microwave interferometry in a combination with a
Langmuir probe as well as optical emission spectroscopy with a
collisional-radiative model for the argon atom the effective electron
temperature and the plasma density are obtained. The probe measure-
ments provide the radial profiles of the electron density and, with the
help of an analytical model, some information about the radial distri-
bution of the electron temperature. In contrast to that, the emission
measurements grant insight into the axial variation of the plasma
parameters. Both methods yield consistent values for the plasma
parameters that also agree well with the general expectations for low-
pressure RF capacitive discharges.

Measurements of the RF bias together with a model for the high-
voltage sheath give the impact energy of the argon ions.
Measurements of the emission intensity of the sputtered tungsten
atoms together with a model estimation of their velocity give informa-
tion about the flux of the sputtered particles.

scitation.org/journal/php

The sputter rate reaches a maximum value of 2.6 A/s at 3 Pa
and 100 W. The obtained trends indicate that this value will fur-
ther increase with the coupled RF power. The combination of all
results via a simplified model permits also the estimation of the
sputter yield, especially in the near-threshold region. Excellent
agreement with the empirical formula of Eckstein and Preuss™* *°
is obtained.

The general conclusion is that an RF discharge can be used for in
vacuo cleaning of metallic mirrors in ITER and should be sufficient to
achieve acceptable cleaning times even for “hard,” i.e., high-Z material
depositions such as tungsten, provided the underlying mirror surface
is not susceptible to damage under these conditions. A hydrogen-
argon mixture with a high hydrogen content may be the best solution
(Sec. IV). As an “End-of-cleaning indicator,” the reflectance of the
mirror obtained by comparing blue and red-shifted emission from
hydrogen atoms can be used, e.g., DSRM.
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APPENDIX: VELOCITY NORMAL TO THE SURFACE

Here, the calculation of the velocity v, of the sputtered atoms
is explained in greater details and Eq. (32) is derived. The energy
and angular distribution of the sputtered particles is usually well-
described by the Thompson distribution:”

E E+E
F(E,Q) =C 1— (E#

(E+Ey)*™" max + Eb) s (AD
where Ej, ~ 8.7 eV is the surface binding energy of tungstenf5 Enax
is the maximal kinetic energy of the particles leaving the surface, C
is a normalization constant, and n ~ 0 is a scaling factor of the
energy distribution.”””* The particles leave the surface at an angle 0
to its normal vector.

Generally, the angular distribution of the sputtered particles at
low impact energies can be an under cosine (cos’(0), b < 1) distri-
bution, cosine (b=1), over cosine (b>1) or even a heart shaped
distribution.”* However, recently Ertmer et al.”’ obtained a reason-
able agreement of the optical emission spectra of the sputtered
tungsten atoms by Ar ion bombardment at impact energies of
70-150 eV when the angular distribution was assumed to be cosine.
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Since the estimated ion impact energies in this work are in the same
energy range, the treatment here also assumes a cosine angular
distribution.

The maximum kinetic energy of the sputtered particles leaving the
surface depends on the impact energy Ein,, of the sputtering ions,”

M - M,
(My + M,)?

Emax = Eimp — Eyp, (A2)
where M; and M, are the masses of the sputtered and the sputtering
particles, respectively. This relation explains the presence of a
threshold for the sputtering process. For the sputtering to be possi-
ble (Emax > 0), the impinging ions need a minimal energy of

2

Eimp,min = i%Eb (A3)
For the Ar"-W system, this results in Eimp.min = 14.8 €V, which is
reasonably close to the actual value of about 27 eV.”” The difference
is due to the mechanism for sputtering—the impinging ions have to
experience one collision in the crystal grid before an atom can be
knocked out.

The velocity v, is obtained from

vy = {vcosl) = JJVCOS@F(V, Q) dvdQ, (A4)

where F(v,Q) = F(v)n~! cos 0 with

1
EM%VS
1 3—n
(EMIVZ + Eb)

the velocity Thompson distribution.”” The normalization constant
is C = C,n ! and C, is determined from the condition,

F,(v)=C,

1
EMlv2 +E,

1
*MIVZ
2

1_
+E,

max

(A5)

76

Vmax

F(v)dv = 1. (A6)
0

The maximum velocity is given by

2Emax

v (A7)

Vmax =

The integration over the solid angle in Eq. (A4) can be per-
formed explicitly. This gives a numerical factor of 2/3:
n/2
1, 2
21 | — cos“0sin 0d0 = . (A8)
i 3
0
The limits of integration take into account that the particles

are ejected only into a half-sphere in front of the surface
(0 < 0 < 7/2). Finally, the velocity v, is obtained as

Vmax

vy = 3 J vE,(v)dv, (A9)
0

ARTICLE scitation.org/journal/php

which is Eq. (32). The integration over the velocity has to be per-
formed numerically, since no closed form for the integral exists.
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