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Abstract: Very large plasma potential oscillations in the plume of hollow cathode
discharges were previously reported and correlated to the production of energetic ions in the
neighborhood of the cathode exit. These energetic ions are likely the cause of keeper erosion
issues observed in ion thrusters. The transition from the “quiescent” spot-mode to the
“noisy” plume mode associated with high erosion rates was found to be a continuous
increase in the plasma potential oscillation level as the gas flow was reduced or the current
level increased. The large plasma potential oscillations are likely produced by turbulent ion
acoustic waves, which are typically current driven and damped at low Mach numbers by
Landau damping and by collisional effects, or by ionization instabilities generated in the
hollow cathode discharge plasma near the cathode exit. It was found that injection of cold
neutral gas directly into the cathode plume region near the keeper by an exterior gas feed
could quench the oscillations and significantly reduce the number of high energy ions
produced. This also greatly reduced the amount of gas required to be injected through the
hollow cathode, which increases the plasma contact area with the emitting insert surface
inside the cathode. These results indicate that energetic ion production and plume mode
oscillations are due to instabilities in the cathode plume external to the hollow cathode.

I

I.

Introduction

n the 30,532 hour extended life test (ELT) of the NSTAR flight-spare thruster2 from the DS1 mission, the
primary wear out mechanism was identified as accel grid barrel erosion due to charge exchange ion sputtering3.
This enlargement of the accel grid apertures ultimately limited the power level that the thruster could be run at near
the end of the test due to the on set of electron backstreaming. The next important wear issue observed during the
test was erosion of the discharge cathode keeper electrode that enclosed the cathode assembly. In this case, the
keeper orifice plate was completely eroded away prior to the end of the test. Although this did not cause failure of
the cathode or engine, it permitted erosion of the cathode tube and heater to occur, which would have eventually led
to failure of the cathode assembly had the test been continued.
Keeper electrode erosion rates have been measured or inferred in various experiments4,5 and in ion thruster life
tests3-7 for years, and have been found to be much higher than anticipated based on the ion energy being limited to
values near the discharge voltage. These results have been attributed to higher-energy ions bombarding and
sputtering the cathode electrodes. Measurements of the ion energy from hollow cathode discharges confirm that ions
with energies significantly in excess of the discharge voltage are produced8-12. The source and characteristics of
these high-energy ions has been a subject of much research and debate. Models of a DC potential hill13 located
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inside or just downstream of the cathode orifice, or ion acoustic instabilities in a double layer postulated in the
orifice of the cathode7, have been proposed to explain the production of these ions. However, there have been no
direct measurements in probe studies to date14,15 of potential hills or unstable double layers at the cathode orifice or
in the cathode plume that might explain the mechanism responsible for the high-energy ions or the electrode wear
rates and patterns.
In previously work reported at this conference16, very large plasma potential oscillations in the near-cathode
plume of hollow cathode discharges were detected by fast scanning emissive probes. The presence of these
oscillations was correlated to the production of energetic ions in the neighborhood of the cathode exit, and likely
causes the keeper erosion observed in ion thrusters under certain conditions. The plasma potential oscillations were
detected in the frequency range of 0.05 to over 1 MHz by the scanning emissive probe configured to detect high
frequency oscillations. The oscillation level was observed to vary spatially in the discharge and also change with the
discharge current and flow rate through the cathode. Very large oscillations produced at low flows and high
discharge currents for a given orifice size eventually transitioned into the classically observed “plume mode”
characterized by high frequency oscillations on the keeper and discharge power supply voltages. The transition from
the “quiescent” spot-mode to the “noisy” plume mode was found to be a continuous increase in the plasma potential
oscillation level as the gas flow was reduced or the current level increased until these oscillations coupled into the
power supply voltages and were detectable external to the plasma discharge.
The source of these plasma potential oscillations is likely turbulent ion acoustic waves generated in the hollow
cathode discharge plasma or ionization instabilities in the near-cathode plume region. Ion-acoustic oscillations are
typically current driven and damped at low Mach numbers by Landau damping and by collisional effects. Ionization
instabilities are also damped by changes in the local ionization rates. It was found that injection of neutral gas
directly into the cathode plume region near the keeper by an exterior gas feed could quench the oscillations and
eliminate the high energy ions observed both radially and axially from the cathode exit by a 4-grid retarding
potential analyzer (RPA). By utilizing external gas injection into the plume, the gas flow rate through the cathode
could be significantly reduced without causing the onset of large potential oscillations or plume modes.
Surprisingly, the total flow split between the cathode gas feed and the exterior gas feed could be reduced to as much
as half that required to operate the cathode normally. The visual appearance of the cathode plume changed
dramatically in this case, with the plume appearing more collimated and extending axially away from the cathode
similar to the appearance of the plume for large cathode gas flows14. For this reason, we call this the “jet-mode”.
Operation in the jet-mode results in a reduction in the total gas flow required for the hollow cathode to run stably
without plume-mode issues, which may be useful to increase the efficiency of ion and Hall thrusters by a reduction
in the neutralizer gas flow rates. Jet-mode operation could also be achieved by injecting the gas into the plume
through the keeper, but this required typically twice the flow rate as the exterior gas-injection and the jet-mode
behavior tends to be affected by cathode operation temperatures.
In this paper, the plasma parameters and ion energy measurements from the scanning probes and RPA will be
presented showing the behavior of the cathode plume oscillations.

II.

Experimental Arrangement

The JPL hollow cathode test facility14 used for these experiments is instrumented with an array of scanning
probes and a 4-grid retarding potential analyzer (RPA), as illustrated in Fig. 1. A conventional NSTAR-size
cathode2 with a 6.35-mm diameter molybdenum-rhenium tube with a 1-mm diameter orifice was used for these
experiments. A porous tungsten emitter impregnated with a low-work-function barium-calcium-aluminate mixture is
located inside the cathode. Electrons emitted from the insert by field-enhanced thermionic emission generate a
cathode-plasma inside the insert region, from which electrons are extracted through the orifice to generate the
plasma in the discharge chamber. The cathode is heated by a standard sheathed heater, which is turned off during
discharge operation. A keeper electrode made from molybdenum or graphite fully encloses the cathode, and the
keeper orifice is about 4.6 times the diameter of the cathode orifice.
The discharge cathode and cathode-interior scanning-probe system are mounted on an 8” Conflat flange
installed in one port of 0.75-m diameter, 2-m long vacuum chamber. The chamber is pumped by two 10” CTI
cryopumps with a combined xenon pumping speed of 1275 l/sec for xenon. The base pressure of the chamber is in
the 10-8 Torr range, and during normal operation about 5 sccm of xenon flow the chamber pressure remains in the
low 10-5 Torr range, where the xenon gas is controlled and measured by a digital MKS mass flow controller.
Additionally, a precision Baratron capacitive manometer is used to measure the pressure in the hollow cathode
during operation.
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Figure 1. Schematic drawing of the experimental layout showing the cathode, anode, three scanning
probe diagnostics and the retarding-potential analyzer (RPA).
The cathode and scanning probe assembly mounted in the vacuum system are shown in Figure 2a. The
experimental arrangement uses a water-cooled anode that has a conical section and a cylindrical section
approximately 30 cm in diameter with an NSTAR-like magnetic field arrangement. The scanning probe inside the
cathode insert region has a 0.5 mm diameter
alumina tube with a 0.127 mm diameter tungsten
wire electrode that protrudes from the small-bore
ceramic tubing a distance of 0.25 mm. The cathode
probe system, bias electronics and analysis
techniques have been previously described14,15.
Shown in Fig. 2b is a close-up of the solenoid coil
wound on a water-cooled cylinder directly around
the cathode to provide an axial magnetic field of
adjustable amplitude at the cathode exit that
simulates the cathode field in ring-cusp thrusters,
the retarding potential analyzer (RPA) mounted
radially from the cathode plume, the entrance of the
anode assembly and the shield-tube for the
transverse-scanning probe. The RPA is used to
determine the ion energy distribution, and uses a
four-grid arrangement where the first grid in contact
with the plasma floats, the second grid is biased to
repel electrons, and only the ions with energy
Anode
greater than potential applied to the dualdiscriminator grid can pass through and reach the
collector. The RPA could also be moved on axis to
obtain axial energy distributions downstream from
the cathode.
Reference 14 contains a full
description test facility.
The radially scanning emissive probe is shown
RPA
in Figure 3. It uses a pneumatic plunger mounted
external to the vacuum system, identical to the
cathode plunger arrangement, and is mounted to a
Figure 2. Experimental assembly (a) showing the
Huntington X-Y manipulator outside the vacuum
cathode and probe-drive assembly mounted with the
system to provide positioning relative to the keeper
anode, and (b) a close-up of NSTAR cathode, solenoid
exit point. The radial probe has a linear throw of
magnet, and RPA in the background.
4 cm, also at one meter per second, and is aligned
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by a slide-guide with a linear potentiometer internal to
the vacuum system to obtain a position resolution of
0.25 mm. The probe can be positioned in front of the
keeper as close as 1 mm out to 2.5 cm downstream. The
probe tip is a 0.127 mm diameter tungsten hair-pin wire
feed through two side-by-side 0.5 mm diameter alumina
tubes, as shown in the figure. A floating 5-ampere
power supply provides the current to heat the tungsten
wire electrode to emit electrons. The probe signal is fed
to a high-impedance, high-frequency circuit coupled to a
buffer amplifier to measure the plasma potential and
detect any oscillations present in the signal. When the
emissive probe is not in use, it is pulled back into a 6.5mm-dia. tube that is positioned sufficiently out of the
discharge plume to protect it from ion bombardment.
The gas is injected into the cathode plume to achieve
the Jet-mode operation by two techniques illustrated
schematically in Fig. 4. The first method injects gas
directly into the plume using an external gas-feed from a
small stainless steel tube positioned just downstream of
the keeper exit. This arrangement is shown in the
Figure 3. Transverse scanning probe with position
photograph of the experiment operating in Fig. 5. This
transducer (a), and shield-tube during testing with
tube must be electrically insulated from the cathodeNSTAR cathode and small cylindrical anode (b).
potential ground to avoid its operating like a cold-hollow
cathode and injecting plasma into the plume. The flow isolator in series with the stainless steel line is seen at the top
of the photograph. The end of the tube was chamfered to avoid shape edges that might arc and to inject the gas
uniformly into the plume. The second method was to inject gas directly between the cathode and keeper electrodes
such that the gas flows outside of the cathode tube and through the keeper orifice into the plume. This is illustrated
in Fig. 4 by the “keeper” gas feed line. This is a very simple arrangement because a feed line was easily installed on
the back flange to inject the gas directly into the cathode-to-keeper gap, but was found to be less effective than the
external feed, as will be described below.
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Figure 4. Schematic drawing of the two gas feed techniques on the hollow cathode.
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III.

Experimental Results

The experiments reported here utilize a
copy of the NSTAR hollow cathode in the
laboratory thruster simulator operating at the
TH15 throttle condition of 13 A at about 25 V
with a normal cathode flow of 3.7 sccm. The
discharge was started in this nominal TH15
mode where the 3.7 sccm cathode gas flow
alone is sufficient to fill the anode (and the
vacuum system) to a pressure of 3.8x10-5 Torr
of xenon and produce a stable discharge at the
nominal 25 V of discharge voltage. A small
amount of xenon (typically 0.9 to 1 sccm) is
then injected directly into the plume, and the
cathode gas flow is then reduced to about 0.9
sccm to maintain the discharge voltage at 25 V.
Figure 5. Photograph of the NSTAR cathode and anode
Figure 6 show photographs of the discharge
assembly, with the isolated gas injector coming in at 45˚
cathode plume for these two conditions. The
from the top.
nominal TH15 case in Fig. 6a shows the
characteristic plasma-ball associated with the so-called “spot mode”, and the plasma halo that is typically observed
in the plume region14. The Jet-mode condition shown in Fig. 6b features a much more collimated plume without the
characteristic plasma halo. In this figure, the neutral gas from the injection line can be seen directly due to the
presence of some excited neutrals emitting visible red-light in between the injection tube and the cathode plume.
The plume in the Jet-mode is similar in some aspects as the high-flow condition previously reported14 where cathode
flow rates in excess of about 10 sccm produce a dense, elongated plume streaming from the cathode exit along the
magnetic field lines. However, the dark-space observed in front of the cathode in the high flow case is not seen in
the Jet-mode plume, suggesting that the plasma structure of the plume is significantly different.

Figure 6. Photographs of the NSTAR cathode discharge for the TH15 case (a) and the Jet-mode case (b).
A. Plasma Data
Axial profiles of the plasma density inside the hollow cathode and radial plasma potential profiles exterior to
the cathode were taken to help illuminate the characteristics of the Jet-mode operation. Analysis of the plasma
parameters from the probe data has been described elsewhere14, and follows the techniques described by Chen17. The
5
The 30th International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007

plasma density inside the NSTAR
cathode in the TH15 mode is very
high, and typically exceeds 1015 cm-3
as shown in Fig. 7. The plasma density
peaks upstream of the cathode orifice
and falls relatively rapidly through the
orifice and into the cathode-to-keeper
gap.
Operation in the Jet-mode
produces the same discharge current,
but utilizes about one-quarter the
cathode gas flow. This significantly
reduces the pressure inside the hollow
cathode, which decreases the plasma
density and permits the plasma to
extend further upstream away from the
orifice.
Figure 7. Plasma density profiles inside the hollow cathode for the
The plasma density and potential
nominal TH15 and Jet-mode conditions.
profiles downstream of the keeper
electrode in the NSTAR geometry
have been extensively measured with scanning probes by Herman and Gallimore19, Jameson, et al.15, and by
Sengupta, et al.20, and their results are consistent with our data in the TH15 mode when our probes are configured to
measure the time-averaged plasma parameters16. The high frequency plasma potential oscillations are very different.
Figure 8a show the radial plasma potential measured for the nominal TH15 mode with an applied magnetic field of
about 100 G at the cathode. While the average of this potential has the same general shape as the potential profiles
given in the references, the plasma potential is seen to have significantly oscillations. These large amplitude
oscillations occur at about 80 kHz, and are superimposed on higher frequency oscillations in the 200kHz to 1 MHz
range with an amplitude of only a few volts. The plume plasma potential profile in the Jet-mode operation case with
cold gas injection directly into the cathode plume is shown in Fig. 8b. The large amplitude, low frequency plasma
potential oscillations have been damped, and the lower amplitude oscillations with frequencies in the 1 to 2 MHz
range remain.

Figure 8. Radial plasma potential profiles outside the hollow cathode for the nominal TH15 and Jet-mode
conditions.
B. Ion Energy Measurements
To understand the effect of the Jet-mode on the energy of the ions produced in the vicinity of the cathode, the
retarding potential analyzer (RPA) was placed radially from the plume in the gap between the keeper and the anode.
The ion currents measured by the RPA are shown in Fig. 9 for the conditions of 13 A of discharge current at 25 V
for 100 G applied magnetic field at the cathode with gas injection in three different locations. The nominal TH15
condition is shown by the curve labeled #1, where all of the xenon gas in injected through the cathode with a flow
rate of 3.7 sccm. This data shows the large number of ions with energies in excess of the discharge voltage, and
produced the ion energy distribution previously reported16. The Jet-mode operation is established by reducing the
6
The 30th International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007

cathode flow to about 0.9 sccm and
injecting gas at #2 at 1 sccm. These
flows were set to maintain the
discharge voltage at 25 V and operate
without
the
large
amplitude
oscillations in the cathode plume. The
Jet-mode operation produced the curve
with gas flow indicated by 1,2. The
current measured by the RPA is less
than the nominal TH15 case because
neutral gas flow injected into the
chamber is about half the nominal, and
so the ion production rate and plasma
density in the anode region is reduced.
This was compensated by injecting 6
sccm of gas directly into the anode
region, which increased the plasma
Figure 9. RPA current versus discriminator voltage for operation
density throughout the system.
with three gas injection locations.
Injection of gas into the anode region
reduced the discharge voltage slightly,
which was compensated by reducing the cathode gas flow to 0.85 sccm to obtain the desired 25 V discharge voltage.
The RPA data for this case (labeled #1,2,3) can be more directly compared to the TH15 case and shows the
significant reduction in the high energy ions produced in the near-cathode plume. Since the production of energetic
ions is associated with the large amplitude plasma potential oscillations16 and higher average plasma potentials, this
performance is attributed to the damping of the oscillations in the cathode plume by cold gas injection directly into
the plume.
The statement that the gas is cold is deliberate. A series of experiments were performed with gas injection into
the region between the cathode tube and the keeper tube, which we called keeper-gas injection. In this case, this gas
is also injected directly into the cathode plume by passing through the keeper orifice. However, the gas passes over
the hot cathode tube and is heated before entering the plume. Keeper-gas injection required over twice the flow rate
as the gas injector that was external to the keeper to achieve the Jet-mode conditions. A direct comparison of the
RPA ion current for keeper-gas injection and external gas injection is shown in Fig. 10. In these experiments, the
cathode gas flow rate was kept constant at 0.9 sccm, the discharge current regulated to 25 A, and the flow adjusted
in the keeper-feed or external-feed to obtain a discharge voltage of 25 V. The external gas feed required 1 sccm to
obtain these conditions, while the keeper gas feed required 2.5 sccm. The keeper gas feed also was less effective in
reducing the energetic ion production, as seen in the figure. However, the high energy ion content is still
significantly less than the nominal
TH15 mode shown in Fig. 9,
indicating that damping of the
oscillations still occurs with keepergas injection, although not as
effectively. The Jet-mode was also
less stable with keeper-gas feed in that
the discharge voltage tended to drift
slightly up and down on time constants
associated with the cathode heating.
This suggests that the temperature of
the neutral gas injected into the plume
was both higher and somewhat
variable with keeper-gas injection,
which would reduce the injected
neutral density in the cathode plume at
a given flow rate. Since neutral gas
injection into the plume is either
Figure 10. Comparison of the RPA data for Jet-mode produced by
producing extra ionization (to reduce
injection external to the keeper and internal to the keeper.
ionization instabilities) or collisionally
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inhibiting or damping the oscillations21,22, the lower neutral gas density is then less effective.

IV.

Discussion

Energetic ions produced in the near-cathode plume cause excessively high wear rates of the keeper face and
orifice, and can also produce excessive cathode orifice erosion. One source of the energy to produce these ions,
which is in excess of the applied discharge voltage, has been found to be rf plasma potential oscillations in the nearcathode plume from plasma instabilities16. Two types of instabilities have been observed. High frequency, turbulent
ion acoustic instabilities with frequencies in the range of 200kHz to over 1 MHz are observed by the probes and by
the RPA. These types of oscillations are
typically current driven and damped at low
Mach numbers by Landau damping and by
collisional effects. Low frequency, ion
acoustic or ionization instabilities are also
observed in the 50 to 200 kHz range for
discharge cathodes, which can have very
large amplitudes.
The low frequency
instabilities tend to increase in frequency
and amplitude with discharge current, and
also increase in amplitude as the gas flow
rate is reduced or the local magnetic field
changed from some nominal value. This is
the classic plume-mode transition, which
couples oscillating voltages to the power
supply connections to be detected external
to the plasma once the amplitudes become
sufficiently large. Plume mode has been
associated with high cathode erosion rates
Figure 11. Peak-to Peak oscillation level of the discharge
and energy ion production, which is caused
current from the cathode and probe current in the cathode
by the energetic ions produced by the
plume as a function of cathode gas flow rate.
plasma oscillations.
The transition to
plume mode is actually gradual as the amplitude of the plasma oscillations increases with higher current or lower
gas flow. This is illustrated in Fig. 11, where the minimum and maximum values of the oscillation amplitude of the
discharge current and the ion saturation current from a probe placed in the cathode plume are plotted as a function of
the cathode gas flow rate for a higher current NEXIS cathode23 in a similar test fixture. As the cathode flow is
reduced from the nominal level of 6 to 7 sccm in this fixture, the oscillation level increases both on the cathode
current and in the plasma density in the
cathode plume. Similar behavior is
observed for the plasma potential
oscillation amplitude increase as the flow
rate is reduced. This is the gradual
transition to a classic plume mode
discharge that occurs at flow rates below
5 sccm for this cathode size and current. In
addition, the oscillation level increases at
high flow rates, again likely due to
instabilities in the cathode plume region.
Ultimately, operation at higher currents
and lower gas flows can produce such large
oscillations in the cathode plume that the
discharge current is then periodically
interrupted. This behavior is shown in
Figure 12. Discharge current from the cathode and probe
Fig. 11 for the high current NEXIS
current in the cathode plume as a function of time for discharge
cathode23 operating at 4 sccm cathode gas
conditions with large amplitude, low frequency instabilities.
flow in the NSTAR-thruster simulator. In
this case, the cathode was floated from the
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vacuum system and the current leaving the cathode was measured directly. The figure shows that the ion current
oscillations detected by a probe inserted into the cathode plume are correlated with the measured discharge current
emitted by the cathode. The amplitude of the oscillations can reach 100%. This behavior is characteristic of
ionization instabilities, which may be the source of the large amplitude, low frequency oscillations. Injection of gas
into the cathode plume, illustrated by the Jet-mode behavior presented here, damps these types of oscillations, which
reduces the energetic ion production.
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