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Nomenclature
A, = area of antenna sheath, m?
A, = area of vacuum chamber wall, m?
Chiock blocking capacitor, nF
C, = tunable capacitor, pF
C, = tunable capacitor, pF

0 = quality factor, arbitrary units

r = radial position, cm

Viias = antenna self-bias, kV

v, = plasma potential, V

Vit = radio frequency voltage, V
Z = axial position, cm

1. Introduction

PERATING RF antennas in a vacuum presents several

challenges that are relevant to the ground testing of plasma
propulsion systems such as the Helicon Double Layer Thruster
(HDLT) prototype. Antennas immersed in vacuum can come into
contact with the plasma and, if one end of the antenna is grounded,
direct currents flow from the plasma to ground. To the authors’
knowledge, these issues have not been investigated previously in the
context of plasma propulsion. However, in asymmetric plasma
discharges, which are used in materials processing, the RF biased
substrate or electrodes are frequently immersed in the vacuum (and
plasma) and biased negatively via a dc blocking capacitor. This
enables the energies of the ions impinging the substrate to be
controlled independently of the current to the substrate, which is
important for various processing techniques [1]. Immersed RF
antennas have also been employed in plasma immersion ion
implantation (PI?) devices [2].

In magnetically confined fusion experiments, the RF antennas are
usually shielded with a Faraday cage to prevent the antenna from
coming into contact with the plasma. This shielding reduces the
power coupling of the plasma to the antenna and hence the efficiency
of the system. The RF antenna in the H1 Heliac experiment [3],
however, is in direct contact with the plasma and is used to increase
the temperature of the plasma. The antenna, which is driven at
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7 MHz, is shaped like a loop in the plane of the last closed flux
surface, and one end of the antenna is grounded. This allows a direct
current to flow from the plasma via the antenna to ground. Currents of
approximately 90 A and plasma potentials of 100 V have been
measured during typical operation of the H1 Heliac.

The HDLT is a new plasma propulsion concept based on the
discovery by various researchers of energetic ion beams formed by a
current-free electric double layer in low-pressure helicon plasmas
[4,5]. The HDLT is electrodeless, does not require a neutralizer, can
operate with a wide variety of propellants [6,7] and produces a very-
low-divergence ion beam (less than 10° for argon and 6° for xenon)
[8] that can be steered magnetically [9,10]. A prototype of the HDLT
has been developed and an initial testing campaign was conducted in
the CORONA space simulation chamber [11]. This has been
followed by a more extensive testing program with the HDLT
prototype immersed in a smaller vacaum chamber [12-14].

In this work, several deleterious phenomena are described that
have been observed during this testing program. To alleviate these
problems, modifications to the RF (13.56 MHz) matching box and
antenna assembly have been implemented. These phenomena, their
consequences, and the solutions implemented here are also relevant
to ground testing other plasma thrusters such as the new VASIMR
VX-200 prototype [15] and other concepts using RF or helicon
antennas [16-24].

II. Experimental Setup

The HDLT prototype and the vacuum chamber in which it is
installed have been described previously [12] and are shown in Fig. 1.
In brief, the vacuum chamber is 1 m in diameter and 1.4 m long and
has a base pressure less than 1.2 x 10~ Pa (9 x 107 torr) with an
effective pumping speed measured for argon of approximately
330 Ls~! and 210 Ls~! for xenon. The HDLT prototype was origi-
nally designed for the European Space Research and Technology
Centre testing campaign [11] and consists of a Pyrex source tube
(5 mm wall thickness), with a closed end of Pyrex, that has an outer
diameter of 15 cm and has a length, and hence insulating plasma
cavity, of 29 cm. The end of the HDLT structure is at z = 0 cm and
the end of the HDLT source tube, which is the exit of the thruster, is at
z =3 cm. A divergent magnetic field is produced by the solenoids of
the HDLT prototype that has an on-axis maximum magnitude of
138 G at z = —5 cm that decreases to less than 5 G at the wall of the
downstream end of the vacuum chamber (z = 83 cm). The applied
magnetic field remains constant for all experiments in this study.

The HDLT source tube is surrounded by a double-saddle field
helicon antenna, based on that invented by Boswell [25,26], which is
constructed from copper with a 25 pm silver plating. The antenna is
supplied with RF power at 13.56 MHz via a custom-built L
impedance-matching network located on the outside of the vacuum
chamber. The matching network shares a ground with the vacuum
chamber. The quality of the impedance match is measured upstream
of the matching network. The antenna is considered matched when
the standing wave ratio is less than 1.2. The matching box and
antenna assembly are described further in Sec. VI. The argon or
xenon propellant is injected via nylon tubing that enters the source at
the closed Pyrex end. For all experiments in this study, the flow rate
remained constant at 0.297 mgs~! (10 sccm), which resulted in an
operating pressure of 59.9 mPa (0.45 mtorr).

A standard uncompensated planar Langmuir probe with a 3-mm-
diam disc tip is installed axially via the end port of the vacuum
chamber. It is attached directly to a Tektronix TDS1012B Digital
Storage oscilloscope that enables time resolved measurements of the
floating potential to be made. Since the Langmuir probe is only used
in this study to determine the floating potential and not the electron
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Fig. 1 HDLT prototype installed inside the vacuum chamber with the
Langmuir probe shown. The HDLT prototype consists of the HDLT
structure (A), the Pyrex source tube (B), shielded copper rods attached to
a double-saddle field antenna (C), a nylon propellant line (D), and two
solenoids (E).

temperature or the electron energy distribution function, an RF-
compensated Langmuir probe is unnecessary. The probe tip is
positioned on the centerline of the vacuum chamber at » = 0 cm and
downstream of the thruster exit at z = 6 cm (Fig. 1). A Tektronix
P6015A 1000 x 3.0 pF 100 M2 passive high-voltage probe,
connected to a HP54600A oscilloscope, is affixed to the matching
box circuit and used to measure the self-bias on the antenna, V.

III. Microarcing

As the RF power applied to the HDLT prototype is increased from
100 to 500 W, it was found that many small pinpoint discharges
appeared on the inside of the walls of the vacuum chamber. This often
observed but rarely discussed phenomenon is known as microarcing
[27,28] and is not specific to this experiment and is more
predominant in low-temperature plasmas. Microarcing has been
attributed to the breakdown of the sheath at the vacuum chamber wall
as aresult of an increase in the plasma and floating potentials [29,30].
As illustrated in Fig. 2, the immersed antenna is powered by an RF
voltage of amplitude V¢, has an area of A, is in direct contact with the
plasma, and is dc-grounded. The wall of the vacuum chamber is also
grounded and has an area of A,. Here, A, > A, and so the
impedance of the sheath on the immersed antenna dominates that of
the walls of the chamber because of their vastly different areas and
hence capacitances.

Figure 2 shows the voltage distribution in the system at various
times throughout the RF cycle. At the immersed antenna, when the
applied RF voltage, V,;(f) = V,; cos(wt), is at a maximum (position 1
in Fig. 2), the instantaneous plasma potential V,(#) is at its maximum
and is lower than the RF amplitude V;. This results in an electron
current flow from the plasma towards the immersed antenna.
Conversely, V(1) is much larger than V,; when V,(f) is most
negative and an ion current flows from the plasma to the immersed
antenna. With each RF cycle, the magnitude of the electron current
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Fig. 2 Schematic of the voltage distributions around the small
immersed antenna (left) and the large vacuum chamber wall (right) at
various times during the RF cycle.
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Fig. 3 Floating potential vs time during a microarc event.

drawn over the positive half-cycle is much larger than that of the ion
current drawn over the negative half-cycle and the net negative
charge escapes from the plasma via the grounded antenna. Since
charge equilibrium can not be maintained, the plasma potential will
rise progressively as electrons are lost without a corresponding loss
of ions. Eventually, the plasma potential will rise to such a point that
the plasma sheath at the chamber wall can not be maintained and the
sheath rapidly collapses resulting in an arc breakdown at the chamber
wall [31].

The microarcs result in a large release of energy over a small area at
the chamber wall over the space of a millisecond or less. These
discharges can damage sensitive electrical components and interfere
with diagnostic measurements as they affect the bulk plasma
parameters. At the location of the microarc, metallic vapor and other
impurities are also released, which can result in undesirable coatings
being deposited on the vacuum chamber, on the propulsion system
being tested, and on any plasma diagnostics. Examination of the
walls of the vacuum chamber revealed many examples of pitting as a
result of these microarcs. Pitting has also been observed on the
surfaces of electrostatic probes and the target plate of a momentum-
flux measuring instrument [32] placed in the plasma.

To investigate the microarcing phenomena, time resolved mea-
surements were made of the floating potential using the Langmuir
probe with the probe tip positioned on the centerline of the vacuum
chamber at r =0 cm and downstream of the thruster exit at
z = 6 cm. An example of the results obtained is shown in Fig. 3. Itis
clear that as a microarc event begins the floating potential drops
rapidly by approximately —35 V and continues to decrease as the
microarcing event progresses. Once the arcing event stops, the
charging process rebuilds the floating potential and the floating
potential increases exponentially with a typical time constant of
~50 ps, which is much longer than the RF period (~72 ns) and is
related to the ion diffusion time, as described elsewhere [33]. This
continues until the floating potential increases enough to trigger
another microarc event. The microarcing was observed to be quasi-
periodic with large discharges followed by smaller ones. The arcing
frequency was found to increase with increased RF power and also
with a decrease in the operating pressure. These observations are
consistent with the observations of other researchers [27,28].

IV. Formation of Unwanted Plasmas

When attempting to operate at greater than 500 W or at high flow
rates and operating pressures [greater than 0.4 Pa (3 mtorr) with
argon and greater than only 26.6 mPa (0.2 mtorr) with xenon], the
plasma discharge would escape from inside the HDLT source tube
and preferentially form around the antenna in the cavity between the
HDLT structure (labeled A in Fig. 1) and the HDLT source tube
(labeled B in Fig. 1). This obviously prevents the HDLT prototype
from being operated as desired in the present configuration. This
phenomenon also produces lots of small discharges and sparking on
the grounded HDLT structure and damages this structure as well as
the antenna. Burn marks and discoloration were also observed on the
HDLT structure and the antenna.
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In some other instances, even when the plasma was contained
inside the HDLT source tube and matched correctly, a separate small
localized plasma was observed around the antenna. This parasitic
plasma, as it is called here, affects the tuning of the plasma within the
thruster cavity, introduces random noise into the match and can cause
the matching of the RF system to change erratically. The parasitic
plasma also results in some sputtering of the silver coating that is on
the antenna (or of the copper antenna itself if not silver-coated). The
amount of RF power transferred or coupled to the plasma formed in
the HDLT source is also reduced as a result of the parasitic plasma
and this makes it difficult to assess the actual power input into the
HDLT prototype and, consequently, its power efficiency.

V. Possible Solutions

To minimize the challenges associated with microarcing and
parasitic plasma formation and enable the HDLT prototype to be
operated at higher RF powers and flow rates, the current path on the
antenna to ground must be removed or limited. One option described
by other researchers [34] is direct current magnetic insulation of the
immersed RF antenna to reduce the potential difference between the
plasma and the antenna via the application of a dc current to
the antenna. The dc current produces a magnetic field next to the
antenna. It is proposed that this magnetic field traps electrons that
would normally escape the plasma and flow to the antenna. An
alternative approach is to use a floating antenna configuration that has
been investigated by several groups and has been shown to limit
microarcing and other detrimental phenomena [27-31,35]. The
installation of a blocking capacitor would allow the immersed
antenna to float and to develop an appropriate negative self-bias [33],
which would enhance the negative voltage excursion and reduce the
positive voltage excursion with respect to the plasma potential. This
should bring the electron and ion currents into equilibrium and limit
sheath breakdown and microarcing. The installation of a blocking
capacitor to the matching box is reasonably straight forward and so
this approach was adopted here. For reference, during the initial tests
of the HDLT prototype in the CORONA facility [11], the RF antenna
was grounded and no blocking capacitor was installed.

VI. Matching Box Modifications and Consequences

A 9 nF blocking capacitor, Cy,, Was added to the matching
network to act as a dc block, isolate the antenna from ground and
allow the antenna to develop a negative self-bias with current flowing
only during the charge-up stage of the capacitor (some tens of
microseconds). As a result, the plasma potential is prevented from
rising, the sheath does not break down, and hence the instances of
microarcing decrease. It should be noted that with this additional
capacitor, the matching circuit is still resonant and the tuning of the
impedance-matching network is not affected significantly. The
measured Q factor with and without the blocking capacitor is
unchanged (Q ~ 8) for a 130 W argon plasma and the plasma
potential inside the main cavity and the ion beam properties are
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capacitors C; and C,, the dc blocking capacitor Cy,,. and where Vi, is
measured.

unchanged. Large voltages still exist on the antenna, but the voltage is
shifted down by Vi,

Figure 4 shows a schematic of the modified matching network
circuit and the antenna assembly immersed in vacuum. For reference,
the tunable capacitors C; and C, are rated for 50 and 2000 pF,
respectively, and therefore Cyjo > C; and C,. The measured
inductance of the antenna assembly, including the two copper rods
and the vacuum feedthrough, is 9.5 pH. With the blocking capacitor
installed, it was possible to safely increase the RF power beyond
500 W without the entire plasma escaping from the HDLT source and
forming around the antenna. Yet, some small parasitic plasmas were
still observed around the antenna. The instances of microarcing also
decreased significantly as aresult of installing the blocking capacitor.

However, the installation of a blocking capacitor does have some
consequences. Since the Q factor is unchanged, large negative self-
biases form on the antenna, which enhance the negative voltage
excursions on the antenna during each RF cycle. This causes ions in
the small parasitic plasma outside the plasma cavity to be accelerated
by the sheath and flow towards the antenna. These ions bombard the
antenna and sputter the silver surfaces [35]. Since the sputtering rate
is a function of the energy of the bombarding ions, the greater the
magnitude of the antenna self-bias, the greater the rate at which the
silver is removed from the antenna.

Using the high-voltage probe, as shown in Fig. 4, Vi;,, was
measured as a function of RF power when operating with xenon, and
the results are shown in Fig. 5. The magnitude of the self-bias on the
immersed antenna increases with the RF power, which is consistent
with observations in other helicon systems [29,35]. The dashed line
in Fig. 5 indicates the RF power at which the plasma transitions to the
high-density xenon mode that is discussed in detail elsewhere [13]. In
this high-density mode, the magnitude of Vi, decreases as the
matching of the plasma changes dramatically, the plasma resistance
increases and more RF power is deposited into the plasma. Visual
inspection of the HDLT source tube after continued operation in the
high-density mode revealed that less sputtered silver was deposited
on the HDLT source tube compared to when operating for extended
periods at lower RF powers. This observation is consistent with the
measured decrease in the antenna self-bias when operating at higher
RF powers in the high-density mode (Fig. 5).

If not managed correctly, the sputtered silver can accumulate on
the HDLT source tube, the HDLT structure and the antenna
electrical connectors. These layers of silver can create unwanted
paths to ground. The sputtered silver can also cause damage to the
antenna and other components as well as change the plasma
parameters dramatically. The sputtered silver can also coat the
ceramic spacers that are used to affix the antenna to the grounded
HDLT structure, once again creating unwanted paths to ground.
When this occurs, the power from the antenna shorts to the HDLT
structure and the plasma can not be ignited and tuned correctly. To
minimize this problem, ceramic discs with a diameter larger than the
ceramic spacers were added to act like an umbrella and protect the
ceramic spacers from being coated with the sputtered silver. This
proved to be an effective strategy for minimizing the unwanted

0

, kV

bias

-15

0 200 400 600 800 1000

RF Power, W
Fig. 5 Antenna bias voltage measured between the RF vacuum
feedthrough and the blocking capacitor on the matching box versus RF
power when operating at 0.45 mtorr with xenon.
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electrical pathways to the grounded HDLT structure and allow the
HDLT prototype to operate and be characterized over a larger range
of external parameters (higher RF powers, higher flow rates, etc.).
However, it should be noted that sputtering of the antenna is
undesirable and could cause erosion and eventual failure of the
antenna. Possible solutions, which should be investigated in the
future, include coating the antenna with a sacrificial ceramic
insulator and sealing off the cavity between the HDLT structure and
the source tube where the antenna resides. This second approach
would prevent residual gas from entering the cavity and stop the
formation of the parasitic plasma.

VII. Conclusions

In this work, several of the challenges associated with operating
the RF antenna of the HDLT prototype immersed in a vacuum have
been discussed. Small discharges observed inside the vacuum
chamber have been identified as microarcs caused by the collapse of
the sheath at the wall of the vacuum chamber. Several detrimental
effects caused by the microarcing were observed, including the
deposition of coatings on components inside the vacuum chamber
and the pitting of the walls of the chamber. The formation of
unwanted plasmas around the antenna has also been observed, and as
a result, the range of RF powers and gas flow rates that the HDLT
prototype could operate over is restricted.

To alleviate these problems, the matching box circuit was modified
via the installation of a blocking capacitor, in order to float the RF
antenna. As a result, large negative self-biases form on the antenna
that induce sputtering of the silver coating of the antenna. The
sputtered silver produced unwanted electrical paths that damaged the
antenna and other components and therefore additional modifica-
tions were made to the antenna to mitigate this problem. The
modifications described in this work have enabled consistent and
uninterrupted operation of the HDLT prototype at higher RF powers
and higher flow rates with both argon and xenon gas than that
previously attainable. These experiences highlight some of the issues
that will need to be considered for future designs of the HDLT and
that are also applicable to the design of other electric propulsion
systems that use RF antennas.
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