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Investigation of materials for radio frequency antenna
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Abstract— The interaction of radio frequency (RF) sheaths with
fusion reactor relevant materials (e.g., tungsten and titanium
diboride) is being studied on the Radio Frequency Plasma
Interaction Experiment (RF PIE). The RF PIE consists of an
electron cyclotron resonance plasma source (2.45 GHz, 5 kW) with
a biased and heated RF electrode that is used to simulate antenna
surfaces in contact with the edge plasma. Helium plasmas (density
of ~1e18/m3, electron temperature of 4-5 eV) are being used to
explore sheath formation on material surfaces with biases up to
500 V. The erosion of a tungsten surface is being studied
spectroscopically using a mirror-linked 1m Czerny-Turner UV
imaging spectrometer with a spectral resolution of 0.012 nm for
measuring plasma emission in and near the sheath. Tungsten line
emission intensity is higher for RF versus DC biasing for similar
plasma conditions and average ion energy. RF biasing causes a
broadening of the ion energy distribution function (IEDF) due to
the RF sheath, as determined from the hPIC2 code, and results in
enhanced sputtering. Calculations of the expected sputtering yield
for DC and RF biasing are consistent with experimental
observations of changes in the 400.9 nm tungsten line emission
intensity as a function of ion energy.

Index Terms—RF sheath, sputtering, optical emission, tungsten,
titanium diboride.

I. INTRODUCTION

The launchers used for Ion Cyclotron Resonant Heating (ICRH)
must operate in a challenging environment. In a reactor
scenario, the launcher plasma facing components (e.g., antenna
Faraday shields and limiters) need a material and cooling
combination that is compatible in a neutron radiation
environment with high electric fields, high operating
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temperatures, and plasma sheaths. The interaction of the
antenna circulating currents and RF electric fields with the
scrape-off-layer (SOL) plasma creates RF plasma sheaths,
which often cause enhanced impurity production from the
antenna and from surfaces that are magnetically connected to
the antenna [1-4]. While much progress has been made to
mitigate the effects of impurity production [5] and understand
and model the sheath [6-10], it remains important to be able to
measure and predict RF sheath driven material erosion. In
addition, materials that can operate at an elevated temperature
for reactor scenarios (>500 °C [11]) need to be screened for
compatibility as a plasma facing launcher material.

The Radio Frequency Plasma Interaction Experiment (RF PIE)
is an experiment that is dedicated to the exploration of plasma
material interactions that are related to RF sheaths. Materials
are tested for erosion and redeposition at high RF voltages (up
to 500 Vrms) using spectroscopic and probe techniques to
diagnose the interaction of these materials with an RF sheath
and compare the emission to that from a direct current (DC)
sheath. The RF sheath is modeled to predict the distribution of
ion energies bombarding the surface so that the sputter yield can
be estimated and compared to the optical emission so that
material erosion and RF launcher lifetime can be determined.
Current research is focusing on high-temperature materials,
including tungsten and titanium diboride (a high-temperature
ceramic).

II. RF PIE EXPERIMENTAL DESCRIPTION

RF PIE simulates the antenna surfaces exposed to the plasma
in the SOL and consists of an electron cyclotron resonance
(ECR) plasma source with a heated RF-biased substrate. A
schematic of RF PIE is shown in Fig. 1. Microwave power at
2.45 GHz is launched into the vacuum chamber via a 1.63 cm
thick quartz window located in the throat of a solenoid magnet.
The magnet currents are adjusted to create the 87.5 mT
resonance surface near the window, which results in plasma
formation. The location of the window in the magnet throat
allows for a high-magnetic field launch, which allows for the
formation of over-dense plasmas [12]. A 304 stainless steel
vacuum chamber with DN125 conflat flanges and 12.7 cm
diameter tubing is located inside solenoid magnet throats. The
electrode structure is located downstream of the launcher, as
shown in Figure 1. The electrode holder includes a 2.5 cm diam
heater that is capable of heating thin samples (0.05 cm) up to
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850 C. The exposed surface of a material sample is typically
2.3 cm in diameter. Samples are surrounded by a MACOR™
insulator, and the electrode structure is covered by a 9.5 cm
diameter molybdenum plate with a 3.2 cm diameter hole, as
shown in Figure 2. A vacuum window located over the
electrode allows for viewing of the plasma sheath in front of the
electrode (see Figure 2). The magnetic field created by the
solenoid magnets is perpendicular to the surface of the samples
and is approximately 100 mT at the sample surface. Samples
are biased with either direct current DC or RF voltage. The DC
voltage is supplied from a TDK-Lambda power supply, and the
RF voltage is supplied from an Advanced Energy RF generator
at 13.56 MHz via a RF Power Products matching network. The
DC voltage level is measured with a calibrated Tektronix model
P6015A high voltage probe, and the RF voltage is measured
with a calibrated custom RF capacitive probe.
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Fig. 1. Top-view schematic of the RF PIE device. Microwaves
at 2.45 GHz are launched through a quartz window
located in the throat of a solenoid magnet, allowing for
over-dense plasma production.
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Fig. 2. View of the electrode structure (left) and a top view of
the electrode in a helium plasma (right).

The plasma has been characterized using a double Langmuir
probe (DLP) and a retarding field energy analyzer (RFEA). The
DLP consists of two 3 mm long, 0.5 mm diameter tungsten
wires spaced at 2.5 mm. The RFEA consists of a grounded
entrance plate, three biased plates, and a collector plate, all
spaced at 2.5 mm. The entrance plate includes a 0.8 mm
diameter hole covered with a 5% transparent nickel grid with
40-micron diameter holes. Following the entrance grid is a 40%
transparent negatively biased electron suppression grid, a 40%
transparent discriminator grid (-20V to +80 V sweep), an
additional a 40% transparent negatively biased electron
suppression grid, and a collector grid. Typical electron
suppression bias was -100 V. Typical plasma parameters are

shown in Figure 3 for a helium plasma as a function of power
and plasma radius. The electron density measured 1.5 cm in
front of the electrode structure is center peaked at over 10'$/m?
for 1 kW of microwave power at a helium pressure of 10 mTorr,
and the electron temperature is fairly flat in the middle and
increases in the edge (4-6 eV) for these conditions. The electron
temperature increases at lower chamber pressures due to the
lower collision rate. The peak ion energy bombarding a
grounded surface, as measured with the RFEA near the
electrode location at radius = 0, also increases as the chamber
pressure is lowered and follows the expected increase of the
Bohm sheath caused by the increase in electron temperature.
The ions impact the surface with an energy close to the local
plasma potential, and this distribution corresponds to the energy
of the ions hitting the electrode in the absence of bias.
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Fig. 3. Typical helium plasma parameters near the electrode
structure in RF PIE.
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[II. RESULTS AND DISCUSSION

A. Optical emission measurements of tungsten

The impact of the RF sheath on materials is being determined
by measuring the optical emission of the plasma sheath near the
electrode surface and relating that emission to sputtering
formulas to predict material erosion for both DC and RF
sheaths. The emission is measured by using filterscopes [13,14]
and/or a high resolution 1.0 m Czerny-Turner spectrometer
(McPherson model 2061). For the results reported here, the
sheath region was imaged with focusing optics coupled to the
spectrometer with a measurement location of approximately 1
cm in front of the sample surface [15]. An example of the
optical emission of a tungsten target (Midwest Tungsten)
measured with the spectrometer at a DC self-bias voltage of -
400 Vina 1 kW helium plasma at 6.5 mTorr is shown in Figure
4, including the spectral fits to the emission lines. The
spectrometer has the wavelength resolution to be able to resolve
the increase in tungsten emission with bias voltage in the
presence of the nearby helium line at 400.93 nm, as shown in
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the figure. For all the RF measurements, the electrode surface
is allowed to electrically float so that a DC self-bias is formed
when an RF voltage is applied. The level of self-bias formation
is typically slightly less than the peak RF voltage (e.g., DC self-
bias =-500 Vdc for Vrf =510 Vpeak).
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Fig. 4. Typical spectra from tungsten emission at 400.88 nm in

a helium plasma, self-bias = -400 Vdc.

It has been found that RF sheaths cause enhanced sputtering
yields when compared to DC sheaths, based on the differences
in tungsten emission intensity for the same plasma flux and
nominal bias conditions. This difference in sputtering between
a DC and RF sheath has been studied for helium interactions
with tungsten as a function of bias voltage, which is related to
ion energy. A plot of the emission intensity as a function of
bias voltage is shown in Figure 5 for 1 kW He plasmas at 6.5
mTorr.
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Fig. 5. Comparison of tungsten emission intensity (W I

@400.88 nm) for both RF and DC sheaths for the same
level of DC bias. The intensity was always higher for
the RF sheath.

The electrode was biased with either a negative DC voltage or
an RF bias that resulted in the same DC self-bias voltage. For
all cases, the RF bias condition had a higher tungsten emission
intensity for the same plasma flux, which implies that more
material is being sputtered. For the DC bias, the electron
temperature in front of the electrode did not change with bias

conditions, but there was a slight increase in the plasma density
immediately in front of the electrode. This change in density vs
bias has been considered, and the results shown in Figure 5 are
for the same nominal ion flux for all cases. For the RF bias
conditions, the plasma density and electron temperature did not
change as a function of bias voltage levels, which implies that
any RF effects on the local plasma were confined to the
immediate sheath region at the electrode surface. Though not
reported here, it has been found that the electron temperature
increases and the plasma density decreases on the magnetic
field lines connected to the electrode when the electrode is
allowed to be DC grounded but RF-driven. These results will
be reported in a future publication.

B. Ion Energy Calculations

The distribution of ion energies bombarding the electrode
surface and causing the sputtering has been calculated so that
the sputter yield can be estimated. The ion energy angle
distributions (IEAD) of the helium ions were calculated using
the hPIC2 code [16], which assumes a population of kinetic ions
and Boltzmann electrons. The dynamics of the plasma
collisionless particles and the sheath potential are described by
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where f(x,v,t) is the ion distribution function, V3 denotes the
grad operator in velocity space, m is the particle mass, E is the
electric field, B is the magnetic field, ¢ is the sheath potential,
Z; is the ion mass, n; is the ion density, and 7, is the electron
density. Further details of the hPIC2 modeling approach can be
found in [16]. The geometry of the calculation is shown in
Figure 6, with the driven electrode located at x = 0, and the
boundary conditions for the calculation are given as

¢(X = O,t) = VRF sin(a)t) — VDC
p(x=1L1t)=0

where Vgr is the measured RF voltage and V¢ is the measured
DC self-bias voltage taken from the RF PIE experimental
conditions. The magnitude of the RF voltage was typically 2%
higher than the magnitude of the DC self-bias voltage and was
used for all the calculations. The overall length of the
calculation, L, was taken to be 20 mm instead of the
experimental condition of approximately 600 mm, but the effect
of this difference on the calculated results is expected to be
minimal, since the RF sheath structure and resulting
distributions are not affected by the domain length. The other
values that went into the calculation are based on local
experimental conditions and include a plasma density of
6e17/m3, an electron temperature of 4.5 eV, an assumed ion
temperature of 0.05 eV, a magnetic field perpendicular to the
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electrode surface of 0.1 T, and a drive frequency of 13.56 MHz.
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Fig. 6. Geometry of the IEAD calculation showing the voltage
source driving the electrode.
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Fig. 7. Calculation of the A) the ion angular distribution and
B) the ion energy distribution for RF PIE sheath
conditions for DC self-bias voltages up to -500 Vdc.

The results of the ion angular distributions and the ion energy
distributions can be seen in Figure 7 for DC self-bias voltages
up to -500 V. The presence of the RF sheath results in a broad
bi-modal energy distribution that contains a substantial
population of high-energy ions. The impact of these higher
energy ions will be an enhancement of the sputtering rate, as
will be discussed in the next section. The peak ion energies are
typically just under the sum of the magnitude of the DC self-
bias and the magnitude of the peak RF voltage. The ions impact
the surface with an angular distribution that is close to zero

degrees, as shown in the figure (7A). The impact of this angular
range on the sputtering is not expected to be substantial for
these conditions.

C. Impact on sputtering

The impact of the RF-induced broadening of the ion energy
distribution on sputtering has been determined by calculating
the expected sputtering yields for a DC sheath compared to an
RF sheath using the semi-empirical formula by Yamamura [17].
A plot of the sputter yield as a function of ion energy for helium
impacting tungsten is shown as the solid red line in Figure 8.
This plot represents the expected sputtering yield for a DC
sheath. For comparison to the experimental data, the emission
intensities for the DC sheath from Figure 5 are also shown in
the figure as solid squares. The emission intensities have been
shifted in ion energy by 12 eV to account for the addition of the
plasma potential to the ion energy at the operating pressure of
6.5 mTorr (see Figure 3 for examples). The emission intensities
where normalized to the sputter curve by matching the -500 Vdc
emission data point to the 512 eV point on the sputter curve.
For ion energies greater than 200 eV, the emission data follows
the predicted sputter curve quite closely. For data points below
200 eV, the emission intensity is small but still greater than that
predicted by the formula. The reason for this difference is not
clear, but a trace amount of oxygen impurity (or other impurity
with a mass greater than He) in the helium plasma may play a
role and cause a small but finite amount of sputtering. A small
level of optical emission, unaffected by bias, near 777 nm (O I)
was observed.
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Fig. 8. The calculated He-W sputter curve using a semi-
empirical formula [17] for a DC sheath (solid line), the
normalized tungsten emission from a DC sheath (solid
squares), the calculated He-W sputter curve for an RF
sheath using the ion energy distributions from Figure 7,
and the normalized tungsten emission from an RF
sheath (solid diamonds).
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The expected sputtering yield for an RF sheath is shown as
the dashed curve in Figure 8. This curve was determined by
calculating the sputter yield as a function of the RF ion energies
and then weighted according to the distribution functions
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shown in Figure 7. The emission data points from the
experimental conditions in Figure 5 are shown as the solid
diamonds in the figure and follow the same general trend as
predicted by the model. Note that the data points have not been
shifted by 12 eV since the IEDs used in the sputter yield
calculation have already accounted for the plasma potential
(which was calculated to be near 12 eV by hPIC2). The effect
of the RF sheath is to shift the sputter yield curve to lower
energies. Even though the average ion energy may be low, the
effect of the high energy tail of the distribution function will
result in higher than expected sputtering rates.

D. Initial sputtering of titanium diboride

Initial measurements of the plasma emission from titanium
diboride as a function of bias conditions have been made using
a 2.54-cm diameter sputter target from Kurt J. Lesker. Titanium
diboride is a high-temperature ceramic [18] that may be useful
as a plasma facing component material due to its high melting
point (3200 °C) and hardness at elevated temperatures.
Concerns regarding its radiation-induced defects and helium
accumulation from boron-10 transmutation are being addressed
by isotopically tailoring it to use boron-11[19]. It is fairly
common as a sputter target in argon plasmas to deposit titanium
diboride films as protective coatings because of its mechanical
and tribological properties [20], and optical emission from
deposition plasmas have been made [21,22], but its sputtering
characteristics for a fusion application are largely unknown.
Strong emission lines from Ti I at 521.04 nm and B I at 249.77
nm were observed in helium plasmas as a function of RF bias,
as shown in Figure 9. Similar emission was seen for DC plasma
sheaths. These same lines were observed for deuterium
plasmas, which make them viable initial choices for future
experiments in fusion plasmas. Potential issues with
preferential chemical sputtering effects of boron in deuterium
plasmas and subsequent depletion of boron from the surface
will be explored in the future.
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Fig. 9. The emission intensity of titanium and boron spectral
lines for RF DC self-bias voltages up to -500 Vdc.

IV. CONCLUSION

Sputtering of materials exposed to an RF sheath are enhanced
relative to a DC sheath for light ion sputtering. The RF voltage
causes a broadening of the distribution of ion energies, with a
substantial population of higher energy ions that contribute to
the enhanced sputtering rate. Calculations of the IEAD using
the hPIC2 code show that the peak ion energy is close to ~1.9
times the peak RF voltage at 13.56 MHz. Calculations for the
same plasma conditions at a more relevant ICRH frequency of
50 MHz decreases the peak energy of the distribution to ~1.7
times the peak RF voltage, which will still result in enhanced
material erosion. This enhanced sputtering rate needs to be
included when estimating RF launcher material erosion and
lifetime calculations. These results have been shown for
tungsten, but other candidate materials will likely have similar
results. Future work will include developing a collisional-
radiative model for tungsten erosion from RF sheaths so that
quantitative measurements of material erosion and redeposition
can be made based on optical emission inverse photon S/XB
methods and benchmarked against mass loss measurements. In
addition, other candidate plasma facing antenna materials, such
as titanium diboride, will be explored in more detail to
determine their compatibility to operate in the RF launcher
environment.
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