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Ions with energies significantly in excess of the applied discharge voltage have been reported for
many years in hollow cathode discharges. Models of dc potential hills downstream of the cathode
and instabilities in postulated double layers in the cathode orifice have been proposed to explain this,
but have not been substantiated. Measurements of the dc and rf plasma density and potential profiles
near the exit of hollow cathodes by miniature fast-scanning probes suggests that turbulent ion
acoustic fluctuations and ionization instabilities in the cathode plume significantly increase the
energy of the ions that flow from this region. Increases in the discharge current and/or decreases in
the cathode gas flow enhance the amplitude of the fluctuations and increase the number and energy
of the energetic ions, which increases the erosion rate of the cathode electrodes. The transition from
the quiescent “spot mode” to the noisy “plume mode” characteristic of these discharges is found to
be a gradual transition of increasing fluctuation amplitudes. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2784460�

I. INTRODUCTION

Hollow cathodes have been used in many applications to
produce plasma for ion sources, thrusters, lasers, plasma pro-
cessing, etc. Hollow cathodes can be generically described as
having an active electron-emitting surface or insert inside of
a hollow refractory metal tube, typically with an orifice plate
welded to the downstream end, as illustrated schematically in
Fig. 1. Neutral gas is injected through the tube, and electrons
emitted from the insert generate plasma inside the cathode
from which plasma electrons are extracted through the orifice
to produce the main discharge to an exterior anode. The pri-
mary purpose of enclosing the electron emitter surface inside
the hollow structure is to increase the neutral density in the
insert region to reduce the ion energy bombarding the ther-
mionic emitter that can damage the surface and degrade the
work function.1 The hollow cathode structure normally has a
heating element wrapped around the cathode tube that is heat
shielded, and is often enclosed inside another electrode
called the keeper. The keeper, also shown in Fig. 1, is an
insulated hollow tube with a slightly larger orifice on the end
that is aligned with the cathode aperture. The purpose of the
keeper is to draw a small amount of current from the cathode
to facilitate turn-ON, to draw sufficient “keep-alive” current
to maintain the cathode temperature if the main discharge
current is turned off or interrupted, and to protect the cathode
orifice plate and heater from ion bombardment and erosion
by the main discharge plasma. However, significant erosion
of the cathode keeper by ion bombardment has been reported
in several cathode wear tests and ion thruster life tests.

With sufficient gas flow, thermionic hollow cathodes can
produce quiescent discharges at currents of amperes to many
tens of amperes. However, as the discharge current is in-
creased for a given cathode orifice size and gas flow rate, the

noise observed in the discharge voltage and probe signals
from the plasma increases, and the cathode produces ions
with energies significantly in excess of the discharge
voltage.2–6 Cathode orifice plate and keeper electrode erosion
rates measured or inferred in various experiments7–9 and in
ion thruster life tests10–12 on the NASA Solar electric propul-
sion Technology Applications Readiness �NSTAR� ion
thruster13 have been found to be much higher than antici-
pated given the low voltages �typically �30 V� applied to
the discharge. These results have been attributed to the high-
energy ions bombarding and sputtering the cathode elec-
trodes. Models proposed to explain the production of these
energetic ions utilize a dc potential hill14 located inside or
just downstream of the cathode orifice, or ion acoustic insta-
bilities in a double layer postulated in the orifice of the
cathode.2 However, there have been no direct measurements
of potential hills or unstable double layers at the cathode
orifice or in the cathode plume in probe studies to date15–17

that might explain the mechanisms responsible for the high-
energy ions or the electrode wear rates and patterns.

To investigate this issue, two different size hollow cath-
odes were installed in a test facility15 at the Jet Propulsion
Laboratory �JPL� that was instrumented with an array of
scanning probes and a 4-grid retarding potential ion energy
analyzer �RPA�. The probes are very small �0.5 mm diam
ceramic tubes� to avoid perturbing the plasma, and are
scanned pneumatically at speeds of up to 2 m/s to avoid
melting the probe tips in the high-density plasmas found in
the near-cathode and keeper regions. The cathodes used in
these experiments were a standard “1/4” NSTAR ion
thruster discharge cathode,13 which will be called the
0.635 cm cathode, and a larger, 1.5 cm diam hollow cathode
from the Nuclear Electric Xenon Ion System �NEXIS� ion
thruster.18 The cathodes were installed in a conical-to-
cylindrical anode arrangement that approximates the 30 cma�Electronic mail: dan.m.goebel@jpl.nasa.gov
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diam NSTAR ion thruster anode geometry13 and operated
at various discharge currents and gas flow rates associated
with different power levels or “throttle levels” of the thruster
discharge.

The experiments detected relatively few ions with ener-
gies higher than the discharge voltage flowing downstream
from the cathode on axis, but found a significant number of
high-energy ions traveling in the radial direction from the
characteristic “plasma ball” observed in front of the cathode
for some discharge conditions. A detailed investigation of the
dc and rf plasma density and potential profiles measured
throughout the hollow cathode discharge by the scanning
probes indicates that there is no dc potential hill at or near
the cathode orifice. Measurements of the plasma potential
fluctuations with an emissive probe constructed to be sensi-
tive to up to 1 MHz show large amplitude fluctuations
��50 V� in the plasma potential ranging from 50 to over
200 kHz starting at the edge of the ball and extending radi-
ally outward to the wall. Measurements of the ion density
fluctuations by the probes connected to a high-speed oscillo-
scope show moderate amplitude incoherent oscillations at
frequencies up to about 2 MHz. The collected current by the
RPA is correlated to the density and potential fluctuations
measured by the probes. The potential fluctuations can ex-
ceed five times Te, suggesting that turbulent acoustic oscilla-
tions and/or ionization instabilities exist under certain condi-
tions near the cathode/keeper exit. Ions generated in this
region at the peak of the plasma potential fluctuations ac-
quire a large energy as they leave the plasma and strike the
cathode electrodes and anode wall, which causes the signifi-
cant sputtering of the surfaces near the cathode plume. The
variation in the magnitude of the potential fluctuations and
the change in the characteristics and location of the unstable
region of the plasma ball as the discharge parameters and
geometry change likely explain the different erosion rates
and locations observed in different experiments.

In this paper, the experimental arrangement is described
in Sec. II, and the presence of energetic ions measured by the
RPA for these two cathodes shown in Sec. III. The plasma
parameters and profiles measured throughout the hollow
cathode discharge are presented in Sec. IV, and a character-
ization of the different fluctuations and their dependence is

given in Sec. V. A brief discussion of the suppression of the
observed fluctuations and a reduction in the energetic ion
production is given in Sec. VI, and a conclusion is provided
in Sec. VII.

II. EXPERIMENTAL ARRANGEMENT

The JPL cathode test facility15 with the scanning probes
and RPA is shown schematically in Fig. 2. The first cathode
investigated in this facility is a conventional NSTAR-size
hollow cathode13 with a 0.635 cm outside-diameter
molybdenum-rhenium tube with a 1 mm diam orifice. A po-
rous tungsten emitter impregnated with a low-work-function
barium-calcium-aluminate mixture is located inside this
cathode, as illustrated in Fig. 1. 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 initially heated to electron
emission temperatures by a sheathed heater coiled around the
tube, which is turned off once the normal discharge is
started. A keeper electrode made from molybdenum or
graphite fully encloses the cathode, and the keeper orifice is
about 4.8 mm in diameter. The second cathode has a conven-
tional barium impregnated tungsten insert in a 1.5 cm diam
molybdenum tube with a 2.5 mm diam orifice in the tungsten
plate e-beam welded on the end. This cathode is also heated
by a standard sheathed heater, which is turned off during
discharge operation. The 1.5 cm cathode has a graphite
keeper electrode that fully encloses the cathode, and the
keeper orifice is the same size as the used in the 0.635 cm
cathode.

The cathode is mounted on a Conflat flange installed in
one port of the 0.75 m diam, 2 m long vacuum chamber. The
chamber is pumped by two 10 in. CTI cryopumps with a
combined xenon pumping speed of 1275 l / s for xenon. The
base pressure of the chamber is 1�10−8 Torr, and during
normal operation about 5 sccm of xenon flow the chamber
pressure remains in the low 10−5 Torr range, where the xe-
non gas is controlled and measured by a calibrated digital
mass flow controller. Additionally, a precision Baratron ca-
pacitive manometer is used to measure the pressure in the
hollow cathode during operation, data from which has been
reported elsewhere.15,16

FIG. 1. Generic hollow cathode configuration with internal insert, sheathed
heater and keeper electrode.

FIG. 2. Schematic drawing of the experimental layout showing the cathode,
anode, three scanning probe diagnostics, and the retarding-potential analyzer
�RPA� which could be located radially or axially from the cathode.
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The experimental arrangement uses a water-cooled an-
ode that has a conical section transitioning to a cylindrical
section approximately 30 cm in diameter with a NSTAR-like
“ring-cusp” magnetic field arrangement. A solenoid coil po-
sitioned around the cathode produces an axial magnetic field
at the cathode orifice, which couples to two rings of perma-
nent magnets around the anode body to simulate the NSTAR
magnetic field geometry. This anode geometry is capable of
producing stable discharges from 5 A to over 50 A at dis-
charge voltages of 20–40 V. In these experiments, the
0.635 cm cathode was run primarily at 8.2 A at 26 V and
13.1 A at 25.5 V, representing the two conditions in the
NSTAR thruster �throttle levels TH08 and TH15, respec-
tively� at which significant data on the erosion of the keeper
electrode by high energy ion bombardment has been re-
ported. The 1.5 cm cathode was run primarily at 25 A and
about 26 V, corresponding to the nominal operating point of
the NEXIS ion thruster, and was also run at several operating
points above and below this level for comparison purposes.

The scanning probe used to measure the plasma param-
eters and oscillations inside the hollow cathode in the insert
region has a 0.5 mm diameter alumina tube with a 0.127 mm
diam tungsten wire electrode that protrudes from the single-
bore ceramic tubing a distance of 0.25 mm. Even though the
wire electrode length has been minimized, the probe has col-
lected over 5 A of electron current during voltage sweeps in
the high-density region inside the cathode near the orifice
plate. The cathode probe is aligned axially in the system by
two slide-guides internal to the cathode system. The probe
has a linear throw of 4 cm and can traverse the cathode at
1–2 m/s, which produces a residence time of about 10 ms in
the orifice region and a position resolution of 0.25 mm. A
dual bellows system in the cathode assembly is used to keep
a constant volume inside the cathode assembly, which main-
tains a constant pressure in the cathode while the Langmuir
probe is being inserted into and out of the insert region. With
the 0.635 cm cathode installed, the cathode probe occupies
about 25% of the cathode orifice cross-sectional area, and
significantly perturbs the plasma discharge ��5% change in
discharge voltage or current� if the probe is pushed too far
past the upstream orifice entrance. For this reason, data are
collected prior to the probe entering the cathode orifice. With
the larger 1.5 cm cathode, inserting the probe into the orifice
does not significantly perturb the discharge ��1% change in
discharge voltage and current�, and plasma parameters in the
cathode orifice and keeper region can be measured.

The scanning-probe assembly used in the anode region
also uses a pneumatic plunger and vacuum bellows arrange-
ment mounted on the outside of the vacuum system. The
diameter of the ceramic tubing interior to the vacuum system
is stepped down from 3 mm to 0.5 mm for the 3 cm long
section that is inserted deepest into the plasma in order to
minimize perturbation to the plasma in the anode region. The
exposed electrode is usually a 0.25 mm diam tungsten wire,
with a length of 1.3 mm to collect sufficient current away
from the keeper region to accurately determine the plasma
parameters. The anode probe has nearly three times the
throw of the cathode probe and five times the unsupported
length so as to not perturb the anode-plasma, and also moves

at 1 m/s with a position resolution of 0.5 mm. Very careful
iterative alignment techniques are used to ensure that the
anode probe is aligned with the cathode orifice and within
0.5 mm of the centerline. The anode probe can be fully in-
serted into the keeper orifice, although whip of the long ce-
ramic sometimes causes the tip to touch the keeper or cath-
ode during retraction.

The radially scanning emissive probe uses a pneumatic
plunger mounted external to the vacuum system, identical to
the cathode plunger arrangement, and is mounted to an X -Y
manipulator outside the vacuum system to provide position-
ing relative to the keeper exit point. The radial probe has a
linear throw of 4 cm with a speed of about 1 m/s, and is
aligned by a slide-guide 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 from the
face to 2.5 cm downstream. The probe tip is a 0.127 mm
diam tungsten hairpin wire fed through two side-by-side
0.5 mm diam alumina tubes. A floating 5 A power supply
provides the current to heat the tungsten wire electrode to
emit electrons. The probe is normally operated in the
floating-mode19 where the filament is heated sufficiently to
saturate the measured potential found at the highest density.
The plasma potential signal is fed to a high-impedance, high
frequency circuit and buffer amplifier to detect any oscilla-
tions present in the signal. When the emissive probe is not in
use, it is pulled back into a 6.5 mm diam tube that is posi-
tioned sufficiently out of the discharge plume to protect it
from ion bombardment.

A gridded RPA is used to determine the ion energy dis-
tribution. A four-grid arrangement is used where the first grid
in contact with the plasma is allowed to float, the second grid
is biased to repel electrons, and only the ions with energy
greater than potential applied to the dual-discriminator third
and fourth grids can pass through and reach the collector. A
photograph of the RPA positioned radially from the gap be-
tween the anode and the keeper is shown in Fig. 3. The gap

FIG. 3. Photograph of the 0.635 cm cathode, conical anode, RPA in the
background, and transverse probe housing coming in from the top.
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between the cathode keeper exit and anode is adjustable, and
is typically about 1 cm to allow for visualization of the cath-
ode plume and to acquire radial RPA data. The RPA can also
be moved on axis to obtain axial energy distributions down-
stream from the cathode. In this case, the anode probe as-
sembly is removed from the chamber to allow the RPA to be
placed unobstructed on axis at the exit of the anode.

The bias voltage applied to the probe tips is generated by
a programmable waveform synthesizer that drives a bipolar
power supply. The voltage waveform is typically a sawtooth
ramp that scans from −10 to +50 V in the anode region and
from −10 to +20 V in the cathode region, both over a time
of 1 ms. When using the 0.635 cm cathode, the cathode
probe can only be swept once per insertion to avoid over-
heating the probe tip in the very high-density plasma
��1015 cm−3 density� near the hollow cathode orifice. The
1.5 cm cathode has nearly an order of magnitude lower pres-
sure inside and corresponding lower plasma density,15 so that
multiple voltage sweeps can be made during the probe inser-
tion to map-out the plasma profiles with a single scan. Elec-
tron temperatures and plasma potentials are determined in
less than half of the total 1 ms trace, therefore the position
uncertainty for the plasma parameters is on the order of
0.5 mm over most of the scan and less than 0.25 mm near
the full insertion point. The probe position, voltage and cur-
rent data is collected on a PC at a sample rate of 300 kHz,
resulting in 300 data points in each probe characteristic
curve. Analysis of the plasma parameters from the probe data
has been described elsewhere,15 and follows the techniques
described by Chen.20 The probes are sized to always operate
in the collisionless “thin-sheath” regime20 where the probe
radius is typically more than the ten times the Debye length
due to the high plasma densities inside and within several
centimeters of the cathode exit, and the collision mean free
path is much larger that the sheath size. The electron tem-
perature is found by fitting an exponential curve to the elec-
tron retardation region of the Langmuir trace. The electron
temperature error bars of about 0.5 V and the plasma poten-
tials have error bars of ±1 V in the cathode region and up to
±2 V in the anode region.

III. HIGH ENERGY ION PRODUCTION

A significant amount of data on erosion of the cathode
keeper by energetic ions has been published for the NSTAR
ion thruster wear tests and life tests.10,11,21 Figure 4 shows a
cross section of the keeper electrode after the 8200 h Life
Demonstration Test �LDT� �Ref. 10� at JPL. In this test, the
NSTAR thruster was operated at the highest power level,
TH15, corresponding to 2.3 kW of total thruster power and a
discharge current of about 13 A at 25 V. The keeper in this
test was connected to the anode through a 1 k� resistor, and
self-biased 3–4 V positive relative to the cathode during
normal operation. The molybdenum keeper downstream face
was significantly eroded during the test, indicating signifi-
cant ion bombardment of the surface. This keeper face ero-
sion was identified after the LDT as a significant life risk for
the thruster, and observations of the keeper electrode condi-
tion during the 30 000 h Extended Life Test �ELT� �Ref. 11�

showed that the keeper surface eroded significantly and the
keeper orifice diameter increased with time until the entire
keeper orifice plate had eroded away. Without the keeper
electrode, the cathode orifice plate and sheathed heater were
significantly eroded during the thruster operation.

To understand the source of ions with sufficient energy
to cause this erosion, the RPA was placed both on axis and
radially in the gap between the keeper and the anode to di-
agnose the ion energy distributions. The axial measurements
were taken with the RPA placed 25 cm downstream of the
cathode exit, while the radial measurements were taken with
the RPA positioned directly in front of the keeper electrode,
as shown in Fig. 3, and 7.5 cm radially away from the dis-
charge axis. The RPA discriminator grid was swept at a fre-
quency of 10 Hz during these experiments, so the data
shown in this section represents the time-averaged dc ion
energy distribution. The ion energy distributions measured
for the 0.635 cm cathode in the axial and radial directions
from the RPA are shown in Fig. 5�a� for the TH15 �full
power� mode and Fig. 5�b� for the TH08 �half power� mode.
For the TH15 case, the ion energy distribution in the axial
direction has a peak at the discharge voltage, and a larger
peak observed at a lower potential. Since the RPA can only
collect ions falling from the plasma potential peak in the
discharge chamber to the grounded analyzer, there are many
ions born at this discharge condition on the downward slope
between the axial potential peak and the RPA that fall into
the analyzer. Significantly, there are few ions with energies
in excess of 35 V measured on axis. This is consistent with
measurements made elsewhere.22,23 The ion distribution
measured in the radial direction has a peak slightly above the
anode voltage, corresponding to ions born off axis at a
plasma potential a few volts above the anode voltage. The
radial ion energy distribution shows there are a large number
of ions with energies significantly higher than the discharge
voltage and extending out beyond 100 V.

For the TH8 throttle point, the axially positioned RPA
shows the typical peak at about the discharge voltage, and
relatively few ions with energy in excess of 40 V. The axial
ion energy is again a result of the ions coming from the
potential at which they were created or downstream of the

FIG. 4. NSTAR keeper cross section �from Ref. 10� after the 8200 h LDT
test at TH15 showing significant erosion of the keeper face.
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potential peak in the discharge chamber and falling into the
cathode-potential analyzer. An analysis of the sputtering rate
of the cathode and keeper orifices indicates that ions with
over twice this energy would be required to produce the ob-
served erosion rates in the ion thruster tests. The radial ion
distribution, on the other hand, shows a significant number of
ions at energies well above the peak magnitude near the an-
ode voltage and extending out to 100 V, similar to the TH15
results.

Likewise for the 1.5 cm cathode, Fig. 6�a� shows the ion
energy distribution from the RPA positioned directly on axis
and positioned 25 cm downstream for various discharge cur-
rents at a constant xenon gas flow rate of 5.5 sccm through
the cathode. The ion energy again is the result of the ions
falling from the potential at which they were created into the
cathode-potential analyzer. The axial data shows a broad dis-
tribution of ion energies from ions created at plasma poten-
tials from several eV above the anode voltage down to sev-
eral eV above the cathode potential. The maximum ion
energy measured in this orientation increases slightly with
discharge current to about 40 eV, which is consistent with
the ion energies measured on axis in other experiments.22

Figure 6�b� shows the ion distribution functions for the
same discharge cases as in �a� but measured with the RPA
positioned immediately downstream of the cathode keeper
exit and oriented radially from the cathode plume �as in Fig.
3�. In this orientation, the RPA detects ions with energies
starting just above the discharge voltage and extending to

values well in excess of 100 eV. Higher currents are ob-
served to significantly increase the number of high-energy
ions observed in the discharge. These ions are sufficiently
energetic to cause the high keeper and cathode orifice ero-
sion from sputtering reported in the literature. The high-
energy ion tail found in the radial direction from the cathode
plume is consistent with some measurements at other labo-
ratories of higher energy ions detected in the downstream
region of the thruster, but measured off-axis from the
cathode.3,23 This suggests that the energetic ion motion is not
purely radial, but will have some axial component.

IV. PLASMA PARAMETERS IN THE DISCHARGE

To find the source of the high-energy ions, the complete
axial and radial profiles of the plasma density, potential and
electron temperature in the cathode insert, cathode plume
and keeper regions were measured for both sizes of cathodes.
These measurements include the time-averaged dc values of
these parameters, and the high frequency characteristics of
the plasma density and potential.

A. NSTAR cathode plasma data

The axial density, potential and electron temperature
profiles measured from the hollow cathode insert-region
plasma through the cathode orifice and into the anode-
plasma region for the 0.635 cm diam NSTAR cathode are
shown in Fig. 7. The plasma potential measured inside the

FIG. 5. Ion energy distributions radially �a� and axially �b� for the 0.635 cm
diam cathode for two NSTAR throttle levels.

FIG. 6. Ion energy distributions radially �a� and axially �b� for the 1.5 cm
cathode with a constant gas flow rate and three different discharge levels.
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cathode in Fig. 7�a� for the 13.1 A TH15 mode at a discharge
voltage of about 25 V is about 6 V, while a higher potential
of 8–9 V is required for the 8.2 A TH8 mode to self-heat the
cathode. The electron temperature in both cases is on the
order of 1.5 V, and does not vary significantly as the cathode
current is changed due to the high pressure inside the insert
region. The potential in the region between the cathode and
the keeper is difficult for the cathode-probe to measure be-
cause the diameter of the probe’s ceramic tube is half the
cathode orifice diameter, and the discharge is significantly
perturbed by inserting the cathode probe deep into the ori-
fice. However, inserting the anode-probe from the down-
stream side can penetrate inside the keeper orifice within a
couple of millimeters of the cathode orifice without signifi-
cantly altering the discharge. We see that the potential jumps
to the order of 12–14 V for both discharge conditions, and
then increases slowly as the probes moves away from the
keeper orifice. The axial potential is found to reach about the
anode potential within 5–10 cm of the cathode depending
on the discharge conditions and local axial magnetic field
profile.

The plasma density inside the 0.635 cm cathode is very
high, as shown in Fig. 7�b�, and is observed to exceed
1015 cm−3 for all but the lowest power discharge conditions.
In changing operating conditions from TH8 to TH15, which
increases both the discharge current and flow rate, the den-
sity profile is shifted downstream toward the orifice. The
neutral pressure inside the cathode for TH15 is on the order
of 8–9 Torr, and is about 1.7 times that of TH8. Higher

neutral pressures in the insert region are always observed to
push the peak density location downstream and cause the
cathode plasma density to fall more rapidly upstream from
the orifice,15,16 which reduces the already small contact area
between the plasma and the emitting insert surface. The
plasma is in contact with the insert typically less than about
3 mm for this cathode, suggesting that cathodes with pres-
sures approaching 5–10 Torr may utilize only a fraction of
the insert length for any significant electron emitting area.15

The plasma density downstream of the 0.635 cm cathode
is observed in Fig. 7�b� to fall rapidly away from the keeper
orifice in the axial direction, and also falls rapidly in the
radial direction as seen in Fig. 8. In this case, the radially
scanning probe is used to measure the local plasma density
3 mm downstream of the keeper face. While on-axis the
plasma density at this axial location exceeds 1013 cm−3, off
axis the density falls to the order of 1012 cm−3 at the edge of
the keeper orifice to less than 1011 cm−3 at the outside diam-
eter of the keeper electrode. This large gradient occurs be-
cause the �100 G axial magnetic field applied in this region
provides sufficient electron confinement to produce the
strong radial density gradient.

The plasma density and potential profiles obtained far-
ther downstream of the keeper electrode in the NSTAR
thruster geometry have also been measured by Herman and
Gallimore,24 Sengupta et al.,25 and Jameson et al.,26 and their
results are consistent with this data when our probes are con-
figured to measure the time-averaged �essentially dc� plasma
parameters. An example of the dc radial plasma potential
profiles measured by our radially scanning emissive probe
positioned about 3 mm downstream of the keeper for the two
discharge cases is shown in Fig. 9. In this case, the data
acquisition system utilized a low-pass filter that averaged the
data at about 1 kHz, so this data represents the time-average
radial potential profile. We see that the plasma potential is
about 12 V on axis for the TH15 mode, in agreement with
the anode Langmuir probe data in Fig. 7�a�. The potential is
a minimum on axis and increases to above the anode poten-
tial a distance of about 1 cm radially from the axis. Like-
wise, the lower current TH08 mode has a potential on axis of
about 15 V, and increases rapidly in the radial dimension
toward the anode. Similar profiles extend axially such that

FIG. 7. Axial plasma potential and electron temperature �a�, and plasma
density �b� profiles for the 0.635 cm cathode for the TH15 and TH8 throttle
levels.

FIG. 8. Radial plasma density 3 mm downstream of the 0.635 cm cathode
keeper for the TH15 and TH08 throttle levels.
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the cathode plume forms a potential trough, with the poten-
tial increasing radially and axially from the keeper orifice
exit. This spatial potential behavior is inverse to the plasma
density profiles, which are peaked near the cathode exit and
decrease radially and axially away from the keeper.

The plasma data indicates that the time-averaged plasma
potential in the region immediately downstream of the cath-
ode exit is actually the lowest found in the entire discharge
chamber. The plasma density decreases monotonically from
the keeper exit both axially and radially, and electron tem-
perature is relatively flat. Primary electrons coming from the
insert region through the potential step in the orifice have a
relatively low energy ��15 V�, and do not appear to drive
any unusual density structures or potential peaks in the
keeper or cathode orifice regions. The potential structure
forms a trough leading back into the keeper orifice, and not
the potential hill theorized to produce high-energy ions.3 Sin-
gly charged ions born in the cathode plume region, from a dc
potential sense, will tend to flow back towards the cathode
and bombard the keeper and cathode orifice with very low
energy ��20 V�, which will not cause the erosion rates or
patterns observed in other experiments.27

The source of the high-energy ions flowing in the radial
direction for both throttle levels was investigated. Since the
ions fall from the potential at which they are created, there is
no mechanism for the observed high ion energies reported in
the literature in the dc-averaged potential profiles we mea-
sure �Figs. 7 and 9� and that are found in the literature.17,24,25

However, if the plasma potential near the cathode exit is
oscillating, some fractions of the ions will be created at a
higher potential and gain energy falling toward the keeper
that may be sufficient to sputter the keeper at high rates. The
rf oscillation of the plasma potential in the cathode plume
was examined with the transverse emissive probe operated in
the emission-limited mode19 in which the probe filament is
heated to a sufficient temperature to emit electrons at the
random plasma electron flux �or higher�, and the probe
thereby floats close to the local plasma potential. A high
impedance circuit ��108 �� capable of detecting up to
1 MHz oscillations was designed and used to measure the
plasma potential fluctuation profile radially in front of the
keeper face plate.

Figure 10 shows the radial profile of the plasma potential
from the rf-emissive probe at a distance of 3 mm down-
stream of the keeper for the two discharge conditions. The
data again shows that the average plasma potential has a
minimum on axis at about 12 V, in agreement with the data-
acquisition-averaged results in Fig. 9. As the emissive probe
moves radially outward, the plasma potential increases sig-
nificantly to above the discharge voltage all along the keeper
face, and eventually decreases back to the anode potential
near the anode wall �beyond this scan�. The potential oscil-
lations in the keeper region were found to be primarily be-
tween 50–500 kHz, depending on the specific operating con-
ditions. Measurements of the oscillation frequency using a
spectrum analyzer and standard floating-probes showed that
the fluctuation amplitude decreased monotonically with fre-
quency above several hundred kilohertz out to tens of MHz,
which is characteristic of these types of discharges.

The plasma potential fluctuation level in the TH15 mode
range from ±5 V at the axis to sometimes over ±20 V about
1 cm off axis, with the largest fluctuations starting at about
6 mm from the axis out to 10 mm. This results in peak rf
plasma potentials off axis in excess of 40 V. In the TH08
mode, the magnitude of the fluctuations is smaller compared
to the TH15 mode, and the maximum potential is lower. This
behavior is always observed in that the higher the discharge
current, the higher the plasma potential fluctuation level for a

FIG. 9. Radial time-averaged plasma potential from the scanning emissive
probe for the 0.635 cm cathode at TH15 and TH08.

FIG. 10. High frequency plasma potential oscillations for the 0.635 cm
cathode at the TH15 and TH08.
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given gas flow rate. Only when the gas flow rate is signifi-
cantly increased can the fluctuation levels be decreased at
higher discharge currents.

Since the fluctuation levels can exceed 5 times the local
electron temperature and have a frequency of typically under
1 MHz, these oscillations are likely related to turbulent ion
acoustic waves or ionization instabilities in the near-cathode
plume region.28 Instabilities of this type have been suggested
as the mechanism for enhanced resistivity and nonclassical
plasma transport in this region in recent modeling of hollow
cathode plumes.28 The high frequency fluctuations are ob-
served to be relatively incoherent �their frequency changes
randomly� and are observed all along the radial scan, but are
found to decrease in amplitude as the probe is moved axially
farther downstream in the cathode plume. The maximum am-
plitude of the rf oscillations in the plasma potential is always
found in the “plasma-ball” region observed immediately
downstream and within about 1 cm of the keeper exit.

B. NEXIS cathode plasma data

To examine the scaling of this discharge behavior with
cathode size and provide a more detailed study of the plasma
parameters in the cathode orifices and the oscillation charac-
teristics, a larger NEXIS 1.5 cm diam thermionic hollow
cathode with a 0.25 cm diam cathode-orifice was installed in
the system. The magnetic field configuration was identical to
the 0.635 diam cathode case, except that the axial field at the
cathode orifice was reduced to 78 G consistent with the
NEXIS ion thruster design.18,29 Figure 11 shows axial plasma
potential, electron temperature and density profiles measured
throughout the system at the nominal 25 A of discharge cur-
rent and 5.5 sccm xenon cathode-gas flow. At the standard
1 kHz voltage sweep rate used for the Langmuir probes in
these experiments and the 1 m/s probe-scanning speed, the
data points in Fig. 11 have a position resolution of about
0.05 cm. While the data acquisition system samples at a rate
of up to 500 kHz/channel, the frequency response of the
Langmuir probe circuits is only about 50 kHz. Therefore,
these measurements represent time-averaged dc values.

Inside the hollow cathode, the plasma potential for the
nominal discharge conditions is about 12 V above the cath-
ode potential, consistent with the desire to obtain a reduction
in the ion energy bombarding the low work-function
electron-emitting surface and preserve the low work function
barium-oxide surface. Inside the cathode orifice, the plasma
potential increases by about 10 V, and the plasma potential
is essentially flat through the 0.5 cm long keeper region. The
plasma potential then increases slowly downstream of the
“plasma-ball” region to a peak of about 30 V �about 5 V
above the anode potential� several centimeters downstream
of the cathode. The electron temperature is observed to be
2–3 eV inside the cathode, increasing up to 5 eV in the
downstream cathode plume and remaining relatively flat
throughout the downstream anode region plasma.

The plasma density inside the hollow cathode is in the
low 1014 cm−3 range, and falls from there to nominally
around 1013 cm−3 in the keeper region and below 1012 cm−3

in the anode region, consistent with the plasma density de-

sired near the grids for ion thruster operation. The axial den-
sity and potential profiles are observed to change monotoni-
cally from the cathode orifice region into the anode region,
which was not able to be directly measured in between the
cathode and keeper orifices in the smaller 0.635 cm cathode.
The larger cathode orifice size permits inserting the probes
well into the cathode and keeper orifices without perturbing
the plasma discharge more than about 1% in voltage and
current, providing complete profile data through this critical
region. The transverse plasma density profiles for different
axial positions from the keeper exit for this larger cathode
are also shown in Fig. 12. As with the 0.635 cm cathode, the
plasma density is the highest on axis and near the cathode,
and the cathode plume disperses radially as the axial distance
from the keeper increases.

The time-averaged ��1 kHz� radial profile of the plasma
potential 3 mm downstream of this cathode at 25 A with two
different gas flow rates is shown in Fig. 13. The potential on
axis is found to be less than 20 V, consistent with the Lang-
muir probe data shown in Fig. 11. The potential increases
from the axis radially toward the anode, forming a radial
potential well and axial potential trough consistent with that
observed with the 0.635 cm cathode. As the gas flow is de-
creased, the average potential increases outside the cathode,
but not sufficiently to explain the presence of 100 V ions that
were described in Sec. III.

As with the 0.635 cm cathode, there is clearly no dc
potential hill at or near the cathode keeper or orifice exit that

FIG. 11. Axial plasma potential and temperature �a� and density �b� profiles
for the 1.5 cm cathode operating at 25 A of discharge current.
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could produce the energetic ions observed by the RPA. The
axial RPA data are consistent with ions generated down-
stream of the gradual potential peak that exists several cm
downstream of the cathode and fall into the analyzer, while
the radial RPA data cannot be explained by these dc potential
profiles.

However, the rf plasma potential near the cathode exit
can be extremely high, and the high frequency rf oscillations
measured by the scanning emissive probe for the 0.635 cm
cathode were also detected as with the 1.5 cm cathode. The
transverse scanning probe was again configured as an emis-
sive probe that is operated sufficiently hot to float at the
plasma potential19 and scanned directly across the keep face
2 mm downstream from the keeper. Figure 14 shows the
radial plasma potential measured for the nominal 25 A,
25.5 V, 78 G case for two gas flow rates. For the nominal
5.5 sccm cathode flow, the rf plasma potential shown in Fig.
14�a� has fluctuations levels typically less than ±15 V and
peak amplitudes near the keeper of less than 35 V. However,
as the gas flow is reduced to 4 sccm in Fig. 14�b�, the fluc-
tuation amplitude increases dramatically with peak values
exceeding 60 V.

The amplitude and frequency structure of the potential
and density fluctuations in the 1.5 cm cathode discharge
were investigated in more detail. Figure 15 shows the plasma
potential measured with the emissive probe at the edge of the
plasma ball for the nominal case of 25 A, 5.5 sccm, and
78 G at the cathode exit �a�, and for the case of no applied
field at the cathode exit �b�. These data were recorded on a
1 Giga-sample per second digital oscilloscope so that the
actual frequencies up to the full bandwidth of the emissive
probe detection circuit could be observed. As the applied
magnetic field is reduced, increasingly higher amplitude po-
tential oscillations, approaching a peak potential of 70 V, are
observed. This same behavior is observed as the gas flow
rate is reduced at a fixed magnetic field, which will be shown
later. The nominal case in Fig. 15�a� has incoherent plasma
potential fluctuations in the range of 200 kHz–1 MHz �the
maximum frequency sensitivity of the probe-circuit� with an
amplitude of less than 10 V. If the magnetic field is reduced,
the fluctuation amplitude is observed to increase to about
50 V. The frequency of these oscillations is about 80 kHz,
and they are characterized by being nonsinusoidal with vary-
ing amplitudes with time. These large-amplitude oscillations
occur on ion-acoustic time scales, and will be shown later to
likely result from local ionization instabilities.

The density fluctuations in the near-cathode plume re-
gion are significant even in the nominal case of Fig. 15�a�
where the potential fluctuations are relatively small. Figure
16�a� shows the fluctuations in the ion saturation current �on

FIG. 12. Radial plasma density profiles for different distances from the
keeper exit for the 1.5 cm cathode operating at 25 A of discharge current.

FIG. 13. Time averaged radial profile of plasma potential for the 1.5 cm
cathode for two gas flows at 25 A and 78 G applied axial field.

FIG. 14. High frequency plasma potential oscillations for the 1.5 cm cath-
ode at 25 A for 5.5 sccm �a� and 4 sccm �b�.
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a faster time scale than Fig. 15� measured by the transversely
scanning probe inserted into the edge of the plasma ball for
the nominal 25 A, 5.5 sccm case. The oscillations are rela-
tively incoherent with frequencies of 0.5–2 MHz and ampli-
tudes approaching 100% of the ion saturation current. Re-

ducing the gas flow rate, as shown in Fig. 15�b�, causes the
oscillations to change into the lower frequency ��100 kHz�
oscillations with large-amplitude fluctuations. The character-
istics of these types of oscillations will be discussed in the
next section.

V. CHARACTERISTICS OF THE FLUCTUATIONS

A. Inside the cathode

It has been proposed2 that plasma instabilities in a
double layer inside the cathode orifice can couple to the re-
gion outside the cathode and accelerate ions to high energy.
Recent theoretical modeling30,31 of the plasma region inside
the cathode suggested that turbulence near the orifice en-
trance may develop as a result of wave growth from stream-
ing electrons and ions, which are subject to reduced Landau
damping due to the relatively low ion-to-electron tempera-
ture ratio ��0.1�. However, these calculations only extended
up to the orifice entrance where turbulent heating of the ions
and electrons is likely due to the increasing electron current
densities entering the orifice. To investigate proposed density
oscillations in the cathode interior or orifice region, the scan-
ning probes were biased to ion saturation and connected to
the 1 Gbs digital oscilloscope. Figure 17 shows the ion satu-
ration current data measured simultaneously by the trans-
verse scanning probe in the plasma ball outside of the cath-
ode and by the axially scanning probe located just upstream
of the 1.5 cm cathode orifice plate for the zero applied
cathode-magnetic-field case at the nominal discharge current
and gas flow. The oscillations are not correlated or related in
any way. Inside the cathode, and even inside the cathode
orifice, low frequency ion-acoustic type oscillations with fre-
quencies on the order of 1 MHz were detected, but were
found to be small in amplitude ��n /n�10% �. There were no
significant oscillations detected inside the hollow cathode or
in the cathode orifice region for the 1.5 cm cathode dis-
charge. It is clear that the potential and density oscillations
described above are generated in the cathode keeper and

FIG. 15. Plasma potential oscillations measured at the edge of plasma ball
for 25 A for 80 Gauss �a� and 10 Gauss �b� showing the onset of high
amplitude ionization instabilities.

FIG. 16. Ion saturation current oscillations at the edge of the plasma ball for
25 A at 5.5 sccm �a� and 4 sccm �b�. Note the time scale is different than in
Fig. 15 so the characteristics of oscillations can be seen.

FIG. 17. Ion saturation current measured inside and outside the cathode
showing no correlation to the oscillations in the hollow cathode insert
plasma.
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near-cathode plume region outside the cathode where �n /n
can exceed 1 and the oscillations propagate well into the
anode-plasma region.

Previous descriptions of measurements of the NSTAR
cathode plasma parameters26 showed large density oscilla-
tions inside the discharge hollow cathode for the TH08
mode. However, a careful investigation of this case showed
the presence of very large density and potential oscillations
generated in the plasma ball region outside the cathode, simi-
lar to those shown in Fig. 10, that can trigger discharge
power supply regulation oscillations.32 These �1 kHz dis-
charge supply oscillations then modulate the discharge volt-
age and current, which appears in the plasma density both
inside the cathode and in the anode region. It appears that the
TH08 mode in the NSTAR cathode is susceptible to breaking
into even larger amplitude oscillations than shown here,
which in this case triggered the discharge supply oscillation
and large density changes in the hollow cathode. However,
in all cases with the 1.5 cm cathode, the plasma oscillations
observed did not trigger the power supply regulation
problem.

It appears that there are three classes of oscillation in
these discharges: �1� high-frequency �0.1–2 MHz� turbulent
ion acoustic oscillations of small to moderate amplitude, �2�
medium-frequency �40–150 kHz� ionization instability os-
cillations that can have very large amplitudes, and �3� low-
frequency ��1 kHz� discharge power supply regulation os-
cillations. The high-frequency ion-acoustic oscillations are
always present, and can be detected in the cathode orifice
and keeper regions. The lower frequency oscillations occur
in special cases of orifice size, discharge current, and cathode
gas flow rate.

B. Exterior to the cathode

The structure of the cathode plume and the appearance
of the different types of oscillations discussed above are the
result of different operating modes in the hollow cathode, but
the transitions are gradual. While the medium-frequency
�50–150 kHz� oscillations in the 1.5 cm cathode discharge
did not trigger the very low frequency ��1 kHz� power sup-
ply regulation oscillations, they could produce 100% modu-
lation of both the discharge current and plasma density at
low gas flow rates for a given current. Figure 18�a� shows the
discharge current emitted from the hollow cathode and the
ion saturation current to a probe positioned on-axis 3 cm
downstream of the cathode for the case of 25 A, zero mag-
netic field, and 4.5 sccm of gas flow. The oscillations occur
at the characteristic 80 kHz for this operating condition, and
show that cathode emission current and plasma density os-
cillations in the cathode plume are strongly correlated. This
behavior is characteristic of ionization instabilities where the
plasma density is modulated on the ionization rate and neu-
tral gas fill time constants. The rate of production of ions is
given by

dni

dt
= neno�	ve	 , �1�

where ni is the ion density, ne is the electron density, and the
term in the brackets is the ionization rate coefficient, which
is averaged over the electron energy distribution function.
The frequency of an ionization instability will then be
approximately

f �
d

dt
=

ne�	ve	
�ni/no�

, �2�

where the denominator represents the local ionization frac-
tion. These types of instabilities can grow for situations
where the neutral and electron densities are of the same order
if the electron temperature is sufficiently high to get signifi-
cant ionization. In the region of the plasma ball 1 cm down-
stream of the cathode, the plasma density and electron tem-
perature from Fig. 11 for the nominal discharge case for this
cathode are 1013 cm−3 and 4 eV, respectively. At this tem-
perature, the ionization rate coefficient for xenon is about
3.6�10−9 cm3/s. For an ionization fraction of 40%, the ion-
ization frequency is about 80 kHz, consistent with the fre-

FIG. 18. Discharge current and ion saturation probe current downstream of
the plasma ball �a�, and peak-to-peak divided by the average probe and
discharge current signals vs gas flow rate �b� for the 1.5 cm cathode. The
minimum and maximum values of the oscillation level data is shown by the
two points at each of the flow conditions.
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quencies observed. Ionization fractions of 10%–50% in this
region have been estimated using the 2D neutral and plasma
codes27 under development at JPL. The oscillation frequency
of these instabilities in the 1.5 cm cathode discharge is also
observed to increase with discharge current,31 which is con-
sistent with plasma density and temperature increasing in Eq.
�2�. Ionization instabilities in moderately high ionization
fraction plasmas like these are sometimes called predator-
prey oscillations33 in that the ionization tends to deplete the
local neutral gas, which causes the density to drop and re-
duce the discharge current-carrying plasma density. The sys-
tem then oscillates on the ionization-rate time scales.

If the gas flow level or discharge current is changed, the
amplitude of the potential and density oscillations are also
observed to change due to variation in the ionization fraction
and local plasma parameters. Figure 18�b� shows the peak-
to-peak amplitude of the ion saturation probe signal divided
by the average value �essentially �n /n� and the discharge
current as the cathode gas flow is varied for a constant dis-
charge current of 25 A. At each gas flow rate, the signal was
stored and the minimum and maximum values of the oscil-
lation level found for 10 samples of the signals are shown by
the two points. Since the waveforms are not purely sinu-
soidal, the values can exceed 2 at low gas flows and repre-
sent 100% �on-off� oscillations in the discharge. As the gas
flow is increased, the magnitude of the oscillations for both
the probe signal and the discharge current decrease until a
high-flow condition is reached and additional less coherent
fluctuations emerge. Variations in the dc discharge current
level for a given cathode orifice size shift this curve to the
left and right, with higher current generating higher oscilla-
tion levels at any given flow rate. Similar behavior was ob-
served for the 0.635 diam cathode but at different current and
flow rates. The transition from the so-called quiescent “spot
mode” to the noisy “plume mode”34,35 is actually observed to
occur continuously �not a sharp transition� as the gas flow
decreases or the current increases. The transition of the os-
cillations from the high-frequency incoherent fluctuations to
the low-frequency, larger-amplitude “predator-prey” oscilla-
tions was also achieved by reducing the applied magnetic
field strength at the cathode exit, which affects the plasma
production in this region in a similar manner as reducing the
cathode gas flow. Since the plume mode is often defined as
existing for a given discharge voltage oscillation level, sig-
nificant fluctuations like these in the plasma itself are re-
quired to couple to the normally filtered voltage signals �due
to capacitance in the power supplies� from the anode or
keeper electrodes in order to detect the plume mode exter-
nally to the discharge.

C. Correlation of fluctuations to the energetic ions

The ion current collected by the RPA was compared to
the plasma density and potential fluctuations measured by
the probes. Figure 19 shows the Langmuir probe ion satura-
tion current fluctuations measured at the edge of the plasma
ball, the ion current collected by the RPA set at a discrimi-
nator voltage of 50 V to observe the energetic ions, and the
ac component of the discharge voltage. While the ion current

to the probe and the RPA ion current fluctuations are reason-
ably well correlated, these fluctuations are not driven by os-
cillations in the discharge voltage. The discharge voltage os-
cillations observed are typical of the normal low-frequency
��1 kHz�, small-amplitude ��±1 V� power supply behav-
ior as it regulates the discharge current.

For the nominal discharge condition with an applied
magnetic field, the 1.5 cm cathode does not typically gener-
ate ionization instabilities, and the RPA current is only
weakly correlated to the higher-frequency, turbulent plasma-
potential fluctuations measured in the discharge by the probe.
Figure 20�a� shows the high frequency plasma potential os-
cillations and the collected RPA current for the nominal dis-
charge conditions of 25 A, 5.5 sccm, and 78 G applied mag-
netic field at the cathode exit. The amplitude of the
oscillations on both signals is relatively small and poorly
correlated, if at all. However, the low-frequency potential
oscillations produced by a reduction in the applied magnetic
field and shown in Fig. 20�b� are well correlated with the
measured RPA ion current, but about 180° out of phase. This
behavior is consistent with the ions being born at a high
potential near the cathode and flowing to the RPA in bursts at
the ionization oscillation frequency as the plasma density
and potential collapse. If singly ionized xenon ions fall
through 40 eV, they will arrive at the RPA located 7.5 cm
away about 10 
s later, which is consistent with the time lag
�phase shift� shown in Fig. 20�b�.

A direct comparison of the ion energies for plasma con-
ditions with and without the large amplitude oscillations was
made using the radially positioned RPA for the two discharge
cases in Fig. 20, and the results shown in Fig. 21. The zero
magnetic field case �with the large oscillations� produces sig-
nificantly larger numbers of high-energy ions compared to
the nominal case. Since the probe currents and plasma po-
tential measurements are related in magnitude and frequency
to the energetic ion currents measured by the RPA, it is clear
that the energetic ions are related to the plasma instabilities
in the cathode plume. While there are mechanisms for accel-
erating the ions by ion acoustic waves, it is likely that a large

FIG. 19. Ion current from scanning probe positioned at the edge of the
plasma ball, ion current collected by the RPA, and discharge voltage show-
ing correlations between the energetic ions and the plasma fluctuations
which are not power supply driven.
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fraction of the ion energy comes from ions being born at
high potential during an oscillation in the plasma density and
falling through that potential drop to the cathode potential
RPA. Any doubly ionized xenon will also gain twice the
energy by falling through the same potential, and will con-
tribute to the higher energy ion tail. Recent measurements36

indicate that the double ion content in the radial ion flux in
front of the keeper can approach 10% of the ion current in
some cases, which could contribute to the observed high-
energy tail and the source of the observed erosion rates.
However, calculations of the double ion production in the
near cathode plume region of the NSTAR cathode in the
TH08 and TH15 modes indicates that less than 1% of the
ions generated locally are double ions, so that this does not
appear to be the cause of the high erosion rates. Another
possibility is that an ion energy multiplication mechanism
based on charge-exchange collisions in the cathode plume36

can contribute to the generation of the ion energies observed
above the maximum potential fluctuation level. Theoretical
and experimental investigations aimed at understanding the
role of the instabilities and ion acoustic waves in producing
the high-energy ions are still underway.27,37

Finally, the cathode plume structure and location of the
plasma ball is observed to change with the discharge param-
eters. It is generally observed that increases in gas flow, dis-
charge current, and magnetic field all push the plasma ball
downstream. Increases in the gas flow generally reduce the

observed oscillation level, especially of the low frequency
predator-prey modes associated with collapse of the plasma
due to more complete ionization of the gas in the near-
cathode plume. Figure 22 shows photographs of the cathode
plume for the 1.5 cm cathode for the nominal 25 A,
5.5 sccm condition �a�, and for a 12 sccm high flow rate case
�b�. The plasma ball moves significantly downstream at
higher flow rates, and a dark space associated with very cold
electron temperatures is observed to form between the cath-
ode and the plasma ball. Probe measurements in the dark
space region confirmed that the lowest electron temperatures
found in the plume plasma �typically about 2 eV� exist in
this region,26 and the electron temperature increases to over
4 eV as the probe is moved downstream into the plasma ball.
The electron temperature profile suggests that the plasma
ball is a structure created in the plasma to enhance the ion-
ization in the cathode plume sufficiently to carry the dis-
charge current from the keeper region into the anode region.
The proximity of the unstable plasma ball region to the
keeper orifice may then influence the keeper erosion rate and
patterns.

VI. FLUCTUATION AND ENERGETIC
ION SUPPRESSION

It is clear from the data presented in Figs. 6 and 18�b�
that there are operational scenarios in which the plasma fluc-
tuations and related energetic ion production are reduced.
The data show that higher gas flows and lower discharge
currents for a given cathode geometry reduces the energy of
the ions produced in the cathode plume. Likewise, larger
orifices producing lower current densities and reduced ion-
ization fractions in the near-cathode plume, in addition to
proper selection of confining magnetic field strength, tend to
reduce the oscillations and energetic ion production. This
behavior is consistent with general design guidelines for hol-
low cathodes that have been passed down38 that limit the
current density in the cathode orifice to avoid operation in
the plume mode.

Since the oscillations are related to either ionization in-
stabilities or turbulent ion acoustic waves, both of which

FIG. 21. Comparison of RPA current vs discriminator voltage for the case of
zero magnetic field �with large amplitude oscillations�, and nominal mag-
netic field �no ionization instabilities� for the 1.5 cm cathode.

FIG. 20. RPA current and plasma potential oscillations for two cases of the
applied magnetic fields at 25 A and 5.5 sccm.
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depend strongly on the local neutral gas pressure and plasma
�electron and ion� temperatures, it is possible to damp the
oscillations locally at the keeper exit. For example, a small
gas-injection tube was positioned just downstream of the
keeper orifice on the 0.635 cm cathode and about 1 cm off
axis, and a small amount of xenon was injected directly into
the plasma ball region.38 This modification significantly
dropped the impedance of the discharge, and it was neces-
sary to throttle back on the cathode gas flow to reproduce the
nominal discharge voltage at a given current. For example, in
the TH15 mode, the nominal cathode flow rate is 3.7 sccm to
operate at 25.5 V and 13.1 A. By injecting 1 sccm of gas
into the plasma ball, it was possible to reduce the cathode
gas flow to 0.8 sccm and maintain the nominal discharge
voltage and current. It is clear that the majority of the gas

injected through hollow cathodes is required for the genera-
tion of sufficient plasma exterior to the cathode in the near-
cathode plume region �not inside the insert� to conduct the
current to the anode. The lower cathode gas flow is then
effective to reduce the internal pressure and increase the
plasma contact area with the insert. The external gas injec-
tion was visually observed to create a more collimated plume
near the cathode exit, which we named the jet mode, and
reduced the radial extent of the plasma ball and the plasma
fluctuation level. Figure 23 shows the radially positioned
RPA data for this case. The number of high-energy ions is
significantly reduced by the external gas injection that pro-
duces the jet-mode compared to the TH15 mode. This inter-
esting discharge behavior and the resulting plasma properties
are being further investigated at this time.38

VII. CONCLUSION

An investigation of the plasma parameters in the cathode
insert, keeper, and anode regions of two different sized hol-
low cathodes used in NSTAR and NEXIS ion thrusters has
been undertaken to determine the mechanism’s high-energy
ion production and keeper erosion. The RPA analyzer
showed that a significant number of ions with energies well
in excess of the discharge voltage were generated in or near
the plasma ball just downstream of the keeper exit. While the
RPA detected ions flowing in the radial direction in front of
the keeper, it is likely that the same mechanism that produces
these energetic ions �ionization at the peak of a potential
oscillation and flowing down the potential gradient� will re-
sult in energetic ions flowing toward the keeper and eroding
the electrode surfaces. Recent numerical modeling27 supports
this conclusion as the primary source of the observed keeper
erosion.

Detailed measurements of the potential distributions
throughout the discharge could not find a dc mechanism for
acceleration of the significant number of ions to the high
energies ��50 V� observed in these discharges under certain
conditions. However, measurements of the rf plasma poten-
tial profile show fluctuations in the range of 50–1500 kHz

FIG. 22. Photo of the plasma ball region in front of the 1.5 cm cathode at
25 A with 5.5 sccm �a� and 12 sccm �b� gas flow rates through the cathode.

FIG. 23. RPA data for the 0.635 cm cathode at the TH15 discharge current
level showing that gas injection into the cathode plume �the jet-mode� re-
duce the energetic ion production.
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exist in the keeper region, with the largest amplitudes occur-
ring at the edge of the plasma ball downstream of the cath-
ode orifice in the keeper region. These oscillations range
from ionization instabilities to turbulent ion acoustic waves,
and can in some cases interact with the discharge power
supply to cause gross unstable operation. The current of the
high-energy ions collected by the RPA is consistent with the
rf ion current measured by probes inserted into the plasma
and the large-amplitude potential fluctuations. Detailed cal-
culations of the keeper erosion using the high-energy ions
from the measured rf fluctuations show that this mechanism
fully explains the keeper erosion rates observed in the LDT
and ELT life tests.27 The results shown here indicate that
with proper cathode/keeper design and proper selection of
the cathode operating parameters, the plasma oscillations and
high ion energies can be suppressed, which will reduce and
hopefully mitigate excessive keeper wear.
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