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The physical mechanisms that govern the electrical interaction between the Hall-effect-thruster electrical circuit
and the conductive vacuum-facility walls are not fully understood. As a representative test bed, an Aerojet
Rocketdyne T-140 Hall-effect thruster is operated at 3.05 kW and a xenon mass flow rate of 11.6 mg /s with a vacuum
facility operating neutral pressure of 7.3 x107¢ torr, corrected for xenon. Two electrical witness plates,
representative of the facility chamber walls, are placed 2.3 m radially outward from thruster centerline and 4.3 m
axially downstream from the thruster exit plane. The cathode is radially translated from 18.1 to 77.8 cm away from the
thruster centerline. At each cathode position, the discharge current and the electrical waveform of the radial and axial
plates are simultaneously measured. As the cathode radial position changes from 18.1 to 77.8 cm from the
thruster centerline, the discharge-current oscillation frequency decreases between 17 and 35% for the electrically
grounded thruster-body case, and between 15 and 23 % for the electrically floating thruster-body case. The analysis of
the electron current collected by the radial plate suggests that electrons directly sourced from the cathode impinge on
the radial plate at large cathode positions. Overall, the results of this work show that the chamber walls act as an
artificial electrical boundary condition that keeps the Hall-effect-thruster plume plasma potential to within certain

bounds.
Nomenclature

B = magnitude of the magnetic field, T
cov(X,Y) = covariance of two signals X and Y
e = electron charge, C
m, = mass of electron, kg
R(X,Y) = correlation coefficient of two signals X and Y
v = electron-neutral collision frequency, s~
p = electron Hall parameter
Q, = electron gyrofrequency, rad - s~

I. Introduction

O INCREASE the return on investment of commercial satellites
and the science return for exploratory missions, much effort has
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been placed into the development and testing of Hall-effect thrusters
(HETSs). Because of their low thrust, as compared to chemical
propulsion, mission requirements often require thruster operational
lifetimes on the order of thousands of hours [1-3]. To ensure that the
operational lifetime of the HET meets the mission requirements,
lifetime qualification tests are performed in ground-based vacuum
facilities. The operational time for ground-based lifetime qualifica-
tion depends on mission requirements; however, qualifications tests
are typically performed between 5000 and 10,000 h, and represent a
major development cost of HETSs [1,4]. To ensure a successful on-
orbit operation of HETS, the ground-based testing environment must
be representative of the on-orbit environment, or there must be a clear
path to correlate the ground-test results to expected on-orbit HET
behavior.

Efforts to characterize the impact of the vacuum facility on HET
operation and plume characteristics have been primarily focused
on the effect of facility background neutral pressure on HET
performance and plume properties [5—12]. In addition to neutral
background-pressure facility effects, a growing body of evidence
suggests that the HET interacts electrically with the conductive
vacuum chamber [13—-15]. The results of this work indicate that the
position of the cathode with respect to the centerline of the thruster
and the magnetic-field topology greatly impacts the role of the
conducting vacuum facility in the HET electrical circuit. Specifically,
it was shown that the electron recombination pathways exhibit
regional behavior with respect to cathode position [14]. For cathode
locations with a much greater-than-unity electron Hall parameter, the
magnetization of the electrons due to the HET magnetic field resulted
in an increased electron flux to the grounded HET body. This flux to
the HET body in a ground-based testing facility represents an ion—
electron recombination surface that is not normally present for
in-flight HET operation. For cathode locations where the electron
Hall parameter approached unity, neutralization electrons were
electrostatically drawn into the plume, and were able to preferentially
recombine with ions in the plume or via collection by the axially
downstream chamber surfaces. For cathode locations where the
electron Hall parameter was much less than unity (which correspond
to far-field cathode positions), the increased proximity of the cathode
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to the radial walls of the vacuum-chamber facility caused the radial
facility surfaces to occupy a significant percentage of the cathode-
plume solid angle, and thus, caused the emergence of an electron—ion
recombination pathway through the radial facility surfaces to ground.
Despite the observed changes in electron pathways, measurements
of the plume properties and thruster performance showed no
discernable changes as a function of cathode position with respect to
thruster centerline [14].

The aforementioned previous work examined the electron—ion
recombination pathways and HET behavior from a time-averaged
analysis. The HET discharge plasma, however, is a dynamic system,
resulting in fundamental plasma oscillatory modes that are not
directly observable from time-averaged measurements [16-28]. The
oscillatory plasma modes’ types, frequencies, and spectral powers
present in the discharge can impact HET stability and performance
[20]. Because previous work on electrical facility effects has not
delved into the analysis of time-dependent properties of the HET
discharge, such as breathing-mode frequency and peak-to-peak
discharge current, it may be the case that altering the electron—ion
recombination pathways affects the HET time-dependent behavior.
Furthermore, the previous work demonstrated the dependence of the
electron recombination pathways on cathode position with respect to
thruster centerline, but was only able to posit the source of electrons
recombining on the radial plate.

The goal of this work was to determine the influence of the cathode
position on the time-resolved behavior or the HET discharge, and to
understand the physical mechanisms driving the electron flux
measured on the representative chamber surfaces presented in
Frieman et al. [14] through the use of temporally resolved waveform
analysis. By using simultaneous current-waveform measurements of
the HET and current- and voltage-waveform measurements of the
chamber plates, this work will examine how the HET thruster time-
dependent behavior responds to changes in cathode position. The
HET is the dominant plasma source in the chamber, and should
mediate the measured electron current on the radial chamber surface.
The statistical correlation of the time-resolved voltage and current
waveforms of the chamber plates and discharge current will provide
quantifiable measurements of electrical connection between the HET
and the surrounding facility. Further understanding of the physical
mechanisms governing the HET electrical interaction is gained by
comparing power-spectrum peaks between the aforementioned
current and voltage electrical waveforms. Specifically, this work
focuses on the coupling of the HET discharge current to the radial
chamber surface, and through the use of time-resolved analysis, is
able to support previous conclusions drawn from prior work’s
analysis of time-averaged plume measurements, and provide new
insight into the physical connection between the HET and the radial
chamber surface.

II. Experimental Apparatus
A. Vacuum Facility

All experiments were performed in the Vacuum Test Facility 2
(VTF-2) at the Georgia Institute of Technology High-Power Electric
Propulsion Laboratory. Figure 1 shows a schematic of this facility.
The VTF-2 is a stainless-steel chamber measuring 9.2 min length and
4.9 m in diameter. It is evacuated to rough vacuum using one 495
CFM rotary-vane pump and one 3800 CFM blower. High vacuum is
achieved using 10 CVI TMI reentrant cryopumps that have a liquid
nitrogen cooled shroud and a helium cold-gas cycle cooled pumping
surface. The cryopump shrouds are fed using the Stirling Cryogenics
SPC-8 RL special closed-loop nitrogen-liquefaction system detailed
by Kieckhafer and Walker [29]. The facility has a combined nominal
pumping speed of 350,000 L/s on xenon, and can achieve a base
pressure of 1.9 x 107 torr. Pressure in the VTF-2 was monitored
using two Agilent BA 571 hot-filament ionization gauges con-
trolled by an Agilent XGS-600 Gauge Controller. The pressure-
measurement uncertainty of the Agilent BA 571 is expected to be
420, —10% of indicated pressure [30]. One gauge was mounted to a
flange on the exterior of the chamber, whereas the other was mounted
0.6 mradially outward from the thruster centered on the exit plane. To
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Fig. 1 Facility overview of experimental apparatus; diagram is not to
scale. BA ion gauge refers to an Agilent Bayard-Alpert (BA) 571 hot-
filament ion gauge.

prevent plume ions from having a direct line of sight to the ionization-
gauge filament of the interior ion gauge and potentially affecting the
pressure measurement, a neutralizer identical to the one used by
Walker and Gallimore [31] was attached to the gauge orifice. The
nominal operating pressure for this work, as measured by the interior
and exterior ion gauges, was 1.3x 107 and 7.3 x 1079 torr
corrected for xenon, respectively. As specified by the manufacturer,
the corrected pressure P, is found by relating the indicated pressure
P; and the vacuum-chamber base pressure P, to a gas-specific
constant using the following equation [32]:

_P,-P,
©T 287

+ P, ¢y

B. T-140 HET and EPL 500 Cathode

All experiments detailed in this work were performed using the
Aerojet Rocketdyne T-140 HET originally developed by Space
Power, Inc. in collaboration with the Keldysh Research Center and
Matra Marconi Space [33]. The T-140 HET is a laboratory-model
HET that has a discharge channel made of M26-grade boron nitride
with an outer diameter of 143 mm. The performance of the T-140
has been extensively mapped by prior investigations [33]. The
thruster body was isolated from facility ground, such that the
thruster body can be electrically configured as either floating or
grounded.

High-purity (99.9995%) xenon propellant was supplied to the
thruster and cathode using stainless-steel lines metered with MKS
1179A mass flow controllers. The controllers were calibrated before
each test by measuring gas pressure and temperature as a function of
time in a known control volume. After calibration, the mass flow
controllers have an uncertainty of +0.03 mg/s (5.1%) for the
cathode flow and +0.12 mg/s (2%) for the anode flow.

An Electric Propulsion Laboratory Hollow Cathode Plasma
Electron Emitter 500 series cathode was located at the 9 o’clock
position of the thruster. The cathode flow rate was set to a constant
1.16 mg/s for all thruster operating conditions. The orifice location
of the cathode was located approximately 2.5 cm downstream of the
thruster exit plane at a fixed declination of 55 deg with respect to the
thruster centerline. The nominal radial position of the cathode was
18.1 cm outward from the thruster centerline. Time-resolved
measurements of the discharge current, radial-chamber-plate current
and voltage, and axial-chamber-plate current and voltage were taken
for the radial positions of the cathode orifice from 18.1 to 77.8 cm
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Table1 Approximate magnetic-field
strength as a function of cathode-orifice radial
location away from thruster centerline

Radial location, cm Magnetic-field strength, G

18.1 30
19.4 20
20.9 20
39.0 10
475 0

outward from the thruster centerline using a Parker Daedal 406XR
precision linear motion stage with a 2000 mm travel. The positional
uncertainty of the motion stage is £159 ym. Table 1 shows the
computed strength of the magnetic field at the cathode orifice as a
function of radial location away from the thruster centerline. The
magnetic-field topology listed in Table ] is calculated using a two-
dimensional Infolytica MagNet model of the T-140 HET magnetic
circuit.

The magnetic-circuit configuration of the T-140 HET (two
concentric coils centered on the thruster centerline) restricts the
position of the magnetic-field separatrix to the thruster centerline,
and precludes the T-140 HET from exhibiting the off-centerline
separatrix surfaces shown in HETs with magnetic coils placed off
thruster centerline [34-36]. This magnetic-field topology eliminates
any concerns about the changing nature of the near-field plume
properties and cathode coupling as a function of cathode position
relative to the absent off-centerline separatrix surface [34—36].

All data were collected with the T-140 HET operating at a
discharge voltage of 300 V, discharge power of 3.16 kW, an anode
xenon flow rate of 11.6 + 0.03 mg/s, and a cathode xenon flow rate
of 1.61 + 0.12 mg/s. The thruster-discharge voltage, inner and outer
magnet currents, anode mass flow rate, and cathode mass flow rate
were held constant for all test configurations. The thruster was run
through a 3 h conditioning cycle prior to data collection to allow the
thruster to approach thermal equilibrium [33].

The T-140 HET discharge was controlled using a Magna-Power
TSA800-54 power supply. The thruster inner and outer magnet coils
were powered with TDK-Lambda GEN60-25 power supplies. A
TDK-Lambda Genesys 150 V/10 A and a TDK-Lambda Genesys
40 V/38 A power supply were used to power the cathode keeper and
heater, respectively. The thruster-discharge supply was connected to
adischarge filter consisting of a 95 uF capacitor and 1.3 Q resistor to
prevent oscillations over 1.4 kHz in the discharge current from
reaching the discharge supply. Diagnostic and power connections
entered the VTF-2 through separate feedthroughs on separate flanges
to eliminate potential cross talk between the thruster-discharge power
lines and diagnostic lines. Figure 2 shows the circuit used to operate
the T-140 HET in this work.

Cathode-to-ground
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LA A T-140 HET
b Discharge -~/ Anode
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Body

Thruster body
current/voltage

Fig. 2 Electrical diagram of current and voltage measurements of the
HET discharge circuit.

The discharge-current oscillations, measured at the thruster side of
the discharge filter, of the T-140 HET were recorded using a Teledyne
LeCroy CP150 current probe connected to a Teledyne LeCroy
HDO6104 oscilloscope. The uncertainty and bandwidth of the
current probe are £1% and 10 MHz; for the oscilloscope, they
are £0.5% full scale and 1 GHz. In the floating thruster-body
configuration, the thruster-body floating voltage was measured
differentially using Teledyne LeCroy PP018 passive probes with a
bandwidth of 500 MHz and an accuracy of +0.5% connected to
the Teledyne LeCroy oscilloscope. When the thruster body was
grounded, the current conducted through the thruster body to ground
was measured using a Teledyne LeCroy CP030 current probe
connected to the Teledyne LeCroy oscilloscope. The CP030 has a
bandwidth of 50 MHz and an accuracy of +1%. A filter sensitivity
analysis of the discharge-current filter operating in tandem with the
discharge supply and hall thruster, as described by Spektor et al. [37],
was not performed.

The mean discharge voltage of the T-140 HET was measured
differentially using a pair of Teledyne LeCroy PPE2kV 100: 1 high-
voltage probes connected to a Tektronix TDS3034B oscilloscope.
The bandwidth of the voltage probes is 400 MHz; the oscilloscope
has an uncertainty and bandwidth of +2% and 300 MHz. The
cathode-to-ground voltage was measured differentially using two
Tektronix P6139A passive probes connected to the Tektronix
oscilloscope, which have a bandwidth of 500 MHz and an accuracy of
40.5%. This was done to ensure that the HET electrical circuit
remained floating relative to ground. Figure 2 shows the location of
each telemetry measurement in the T-140 HET circuit.

C. Configuration of Plates

To assess the impact of the conductive walls of the vacuum-
chamber facility on HET operation, two 0.91 m X 0.91 m X 0.16 cm
thick square aluminum plates serve as representative chamber
surfaces. Each plate was mounted adjacent to, but electrically isolated
from, the walls of the vacuum test facility. One plate is placed 4.3 m
downstream from the exit plane of the thruster, and is referred to as the
“axial chamber plate” or “axial plate.” The other plate was located
2.3 m radially outward from the thruster centerline and centered on
the exit plane of the T-140 HET, and is referred to as the “radial
chamber plate” or “radial plate.” These two locations were chosen, as
each location is representative of a unique plasma environment. The
axial plate is in a quasi-neutral plasma environment composed
primarily of accelerated HET ions and electrons, and the radial plate
is in a quasi-neutral plasma environment primarily composed of
charge-exchange (CEX) ions and electrons. Figure 1 shows the
physical location of the plates with respect to the T-140 HET.
Identical plates have been used in previous studies of electrical
facility effects [13—15]. Figure 3 shows each of the three plate
electrical configurations used in this test. In all three cases, the
electrical connection to the plates was made using an RG-58 coaxial
cable with a grounded shield that passed through a bayonet Neill-
Concelman (BNC) connector feedthrough into the chamber. Based
on current measurements made by Frieman et al. [13,14], the current
capacity of the inner conductor is sufficient and would not pose any
thermal issues on thruster testing. For grounded chamber-plate
configurations, grounding occurred in a star-type distribution, as
shown in Fig. 3, to the walls of the VTF-2. To prevent ground loops in
voltage measurements, the oscilloscope was also grounded to the
walls of the VTF-2. For current measurements, ground loops were
nota concern, as the current probes are active clamp current monitors.

In configuration A (grounded), each plate was directly connected
to chamber ground with the current conducted between each plate
and ground measured with a Teledyne LeCroy CP030 current sensor
connected to a Teledyne LeCroy HDO6104 oscilloscope; the plate
currents and thruster-telemetry waveforms were measured simulta-
neously at a sampling frequency of 125 MS/s for a 20 ms window to
ensure that multiple fundamental discharge-current mode periods
were captured. In configuration B (floating), the plates were
electrically isolated, and the floating voltage was measured directly
using a Teledyne LeCroy PP0O18 passive probe to the Teledyne
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Fig. 3 Plate circuit configurations: a) grounded, b) floating, and
¢) connected.

LeCroy oscilloscope; these voltage measurements were also taken
simultaneously with measurements of the T-140 HET discharge-
current oscillations at a sampling frequency of 125 MS/s. In
configurations A and B, both plates were simultaneously grounded or
floated, respectively. In configuration C (connected), the plates were
connected to each other instead of to ground, and the current
conducted between the two plates was measured with a Teledyne
LeCroy CP030 current probe connected to the Teledyne LeCroy
oscilloscope; the current conducted between the two plates and the
discharge current were measured simultaneously at a sampling
frequency of 125 MS/s.

III. Results

The following sections detail the time-resolved current and voltage
measurements on the chamber plates, and the discharge current in
both thruster-body electrical configurations as a function of cathode
radial distance. The chamber-plate waveform data are measured as a
current signal for the grounded and connected configurations, and as
a voltage signal for the floating electrical configurations. To
understand the nature of the conducting path between the thruster and
the wall, each complete set of simultaneous waveform measurements
taken from the chamber plates and the discharge current is compared
in both the time domain and the frequency domain.

To more clearly discuss the HET and chamber-plate behavior
observed at various cathode locations, the discussion of the data
presented in the following is divided into regions based on the
electron Hall parameter. The electron Hall parameter is defined as the
ratio of the electron cyclotron frequency to the electron-neutral
collision frequency. In general, the Hall parameter is a way to
quantify the magnetization of charged particles by comparing the
tendency of the motion of the particle to be dominated by the
magnetic field or through collisions with other particles. The Hall
parameter can be calculated, as shown in the following equation:

Q eB
ﬁ:J_i

= @)
v myu
in which g is the electron Hall parameter, Q, is the electron
gyrofrequency, v is the electron-neutral collision frequency, e is the
elementary charge, B is the magnetic-field strength, and m, is the
mass of the electron. An electron Hall parameter of much greater than
unity implies that the electrons are magnetized, that is, the electrons
are able to complete many orbits around their guiding center before

colliding with a neutral particle. In such a condition, the electron
motion is confined by the magnetic-field lines, and they traverse
along these magnetic-field lines. An electron Hall parameter much
less than unity implies that the electrons are no longer magnetized,
that is, the electrons encounter neutral and/or ion collisions before
being able to complete one orbit around their guiding center. In such a
condition, the electron motion is no longer confined by magnetic-
field lines. This approach was used by Frieman et al. [14], and was
able to segment the time-averaged data into regions of distinct
behavior. The electron Hall parameter at the cathode-orifice
estimation as a function of cathode position is more thoroughly
covered in Frieman et al. [14]. The results of those regional
demarcations based on electron Hall parameter are summarized here.
It is important to note that the exact regional delineation based on
electron Hall parameter is approximate, and there are transitional Hall
parameters between electrons being magnetized and not magnetized.
To help with the discussion, these regional positions listed in this
work are demarcated by known positions of the cathode at which data
were taken. Cathode positions from 18 to 22 cm from the thruster
centerline correspond to a region where the electron Hall parameter is
much greater than unity. Electrons sourced from the cathode within
this spatial region are confined to the magnetic-field lines generated
by the HET magnetic coils. These cathode locations are referred to as
“region 1.” Cathode positions from 24 to 44 cm from the thruster
centerline correspond to a region where the electron Hall parameter is
of order unity. Electrons sourced from the cathode are only weakly
magnetized, electron Hall parameter of order unity, by the HET
magnetic circuit. These cathode locations are referred to as “region
2. Cathode positions from 47 to 78 cm from the centerline
correspond to a region where the electron Hall parameter is much less
than unity. The thermal energy of the electrons sourced from the
cathode allows them to propagate outward. These cathode locations
are referred to as “region 3.” In the following data figures shown,
these regions are demarcated by a dashed line overlay. Because of the
approximate nature of the regional divisions, there are cathode
positions between labeled regions.

A. Thruster-Body Electrical Configuration

In this work, time-resolved waveform measurements were taken
when the thruster body of the HET was electrically grounded and
when the HET was electrically floating. Because it is typically
common for the HET to be tested with the thruster body electrically
grounded, as demonstrated by Hofer and Anderson [38], and prior
time-averaged measurements of Frieman et al. [14] demonstrated the
HET body collects a significant electron current during operation,
this investigation’s data collection focused on measuring time-
resolved electrical changes for the thruster-body floating con-
figuration. As a result, data collection occurred at more cathode
locations with the thruster body electrically floating than the thruster
body electrically grounded. To serve as a baseline of comparison,
data collection for the thruster body electrically grounded occurred at
fewer cathode positions, but with at least one data point in each of the
aforementioned regions. By having at least one data point in each
cathode-position region, trends drawn from analysis of the floating
thruster electrical configuration can be compared against the data
points taken for the grounded thruster-body electrical configuration.

B. Discharge Current

To reduce the discharge-current oscillation variability, the
discharge-current-waveform data presented for all cases were
collected within a 4 h period, without turning off the thruster. In
Frieman et al. [14], the mean value of the discharge current did not
vary significantly with changes in cathode radial position. However, a
time-resolved analysis of the discharge current indicates that other
waveform properties do show a dependence on cathode position. As
displayed in Fig. 4, the peak to peak of the discharge current,
measured as the difference between the maximum current measured
and the minimum raw (without filtering) current data measured
during an oscilloscope-waveform capture period, has a non-
monotonic dependence on cathode radial position. The legend labels
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Fig.4 Peak-to-peak discharge current as a function of cathode-radial-distance (left); standard deviation of the discharge current as a function of cathode-
radial-distance (right). Mean discharge current for each data point is 10.2 A with a variability of £0.1 A.

in Fig. 4 and all subsequent figures abbreviated the plate and thruster-
body electrical configurations as the following: GND represents a
grounded electrical configuration, FLT represents a floating electrical
configuration, and CON represents a connected electrical
configuration. As the cathode moves from region 1 to region 3, the
peak-to-peak discharge current drops to approximately 55% of its
maximum value for the floating thruster-body configurations, and to
65% of its maximum value for the grounded thruster-body
configuration. The peak-to-peak discharge current for the floating
thruster-body configuration is 13-18% larger than comparable
grounded thruster-body conditions throughout all cathode positions.
From region 1 to region 2 cathode positions, the floating thruster-
body configuration peak to peak of the discharge current is 60%
greater than the grounded thruster-body configuration. From region 2
to region 3 cathode positions, the difference between the floating and
grounded thruster-body configurations drops to less than 30%.
Because the sampling time of the waveforms is 20 ms, which is
hundreds of fundamental breathing-mode cycles, it is possible that
the peak-to-peak discharge current is not representative of the actual
large-scale changes in discharge-current variability. To verify that the
peak-to-peak discharge-current behavior is showing behavior that is
representative of aggregate changes in the discharge-current
variability, the standard deviation of the discharge current as a
function of cathode position is shown in Fig. 4. Because the standard
deviation is a statistical quantity that takes into account the variability
of the current over the entire sampling window, it is expected that the
standard deviation of the discharge current would show smaller
overall magnitudes of changes in the discharge current. However, the
relative changes in discharge-current standard deviation show a
similar cathode-position-dependent behavior as the peak-to peak
discharge current.

For all plate and thruster configurations, the peak-to-peak
discharge-current magnitude is dependent on cathode radial position.
Because the peak-to-peak discharge-current behavior is indicative of
time-dependent processes, it is expected that there is a frequency-
domain-dependent behavior as well. Application of a fast Fourier
transform (FFT) to a waveform taken in the time domain results in the
waveform being resolved in the frequency domain; the square of each
amplitude term in the series is known as the power spectrum. The
power spectrum shows the distribution of power among the various
fundamental frequency modes of a given signal. To obtain only the
alternating-current portion of the signal, the time-averaged mean
from each waveform was subtracted from the raw waveform. An FFT
was applied to that subtracted signal post-thruster testing using
MATLAB. To aid in the presentation of the power-spectrum data, the
calculated spectral power is converted to units of decibels, as
described by Eq. (3):

P
Pgg = 10101‘%101007EllC 3

min

P4 is the spectral power in units of decibels, P, is the spectral
power in arbitrary units as calculated via the application of the FFT,
and P, is the minimum spectral power of the waveform in arbitrary
units as calculated via the application of the FFT. The Nyquist—
Shannon frequency for current measurements is hardware limited
with the discharge-current power spectra being able to resolve
frequencies up to 10 MHz, and the chamber-plate current power
spectra being able to resolve frequencies up to 30 MHz. The Nyquist—
Shannon frequency for floating-voltage measurements is sample rate
limited at 62.5 MHz. Based on the sampling size of each waveform,
the spectral resolution is 12 Hz. Based on the sampling-time length,
the Rayleigh frequency or minimum frequency resolvable is 50 Hz
for each power spectrum.

The application of an FFT to the taken discharge-current waveform
reveals that the fundamental mode of the discharge-current waveform
has a nonmonotonic dependence on cathode position, as shown in
Fig. 5. A representative power spectrum of the discharge current is
shown in Fig. 6. The peak discharge-current oscillation corresponds
to the HET discharge-current breathing mode [16,20,22]. Although
there are other fundamental plasma instabilities that occur in
the discharge, these modes are not readily identifiable in the
measured discharge-current power-spectrum decomposition [16].
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configurations.
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The discharge-current peak frequency has an overall inverse
proportional dependence on cathode position. From region 1 to
region 3, the discharge-current peak frequency drops by 15-23%
(depending on the plate configuration) for the floating thruster-body
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Fig.6 Power spectra of the discharge current (top); power spectra of the
radial-plate current (bottom); waveforms measured for a floating
thruster-body and grounded radial-plate configurations at a cathode
position of 18.1 cm relative to thruster centerline.
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configuration, and by 17-35% for the grounded thruster-body
configuration. In region 1, both the grounded thruster-body and
floating thruster-body discharge-current frequency peak show a
decrease of approximately 13 and 11%, respectively. In region 2, the
grounded thruster-body discharge-current frequency continues to
drop to 45% of its 18.1 cm cathode-position value. As compared to
the grounded thruster body, the floating thruster-body configuration
exhibits a different behavior: in region 2, specifically 3042 cm, the
peak discharge-current oscillation increases to approximately 92% of
its region 1 value of 32 kHz.

The discharge-current peak frequency is only indicative of the
dominant mode of the HET discharge and does not capture the
unsteadiness of the physical plasma process occurring in the HET
discharge. The full-width half-maximum (FWHM) is a way to
measure such unsteadiness in a time-resolved signal. If the FWHM
grows in size, then the thruster begins operating over a larger range of
frequencies, thus, meaning, the HET discharge is operating over a
larger range of frequencies. The FWHM is determined by measuring
the bandwidth between a 3 dB drop or 50% decrease in power from
the peak associated with discharge-current oscillation. Figure 7
shows the FWHM of the discharge-current oscillation peak. At
cathode positions greater than 30 cm, the FWHM becomes difficult to
measure, as the discharge-current oscillation peak broadens to a point
where the FWHM is on the order of the peak frequency. Even so, the
region 1 FWHM is approximately 10 kHz smaller than in region 2
and region 3. Overall, the trend shown in Fig. 7 is that the FWHM
increases with cathode radial distance.

C. Radial and Axial Chamber Plates

Similar to the power spectra of the discharge current, an FFT is
applied to both the radial plate’s collected current and floating-
voltage waveforms. Figure 6 shows one representative example of the
radial-plate current power spectra and the corresponding discharge-
current power spectra. The floating-voltage power spectrum shows a
similar peak structure of the current power spectrum, and is not
shown. The most notable feature of the radial-plate power-spectrum
waveform is the double peak occurring near the discharge-oscillation
peak frequency. The discharge-oscillation frequency is 32.2 kHz. In
the radial-plate power spectra, there is a spectral peak near the
discharge-oscillation frequency at 34.2 kHz and another one at
45 kHz. There is also significant power relative to the noise floor of
the power spectra in the sub-10 kHz range. Figure 6 only shows the
spectra up to 100 kHz; however, the power spectrum is computed up
to the sample rate-limited Shannon—-Nyquist frequency of 62.5 MHz.
Because of limitations in the 3 dB falloff of the electrical probes,
peaks in the radial power spectra above 30 MHz are artifacts. This
does not pose an issue for the analysis, as this investigation is
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configuration (right).
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primarily concerned with the plasma phenomenon occurring in the
kilohertz range. At frequencies higher than 100 kHz, the power
spectra fall off precipitously and indicate the primary energy-
containing frequencies are in the sub-100 kHz range. Although Fig. 6
corresponds to one configuration, the multiple-peak nature, the
double peak near the discharge-current oscillation is especially
prevalent across all thruster configurations where the discharge-
current oscillation FWHM is below 10 kHz.

The radial-plate peak frequency has a proportional inverse
dependence on cathode position. Figure § shows the radial-plate
spectral-peak-frequency drop from the 50 kHz range in region 1 to the
5 kHz range in region 3. It is important to note that the region 1
spectral peak frequency is on the order of 50 kHz, but as
demonstrated in Fig. 6, the current and voltage radial-plate power
spectra have a double-peak structure that includes a lower-frequency
spectral peak. The frequency of this secondary peak is on the order of
the discharge-current oscillation frequency. In region 2, the radial-
plate peak frequencies are of the same order of the discharge-current
oscillations. For the floating-body configurations, the region 2 peak
frequency is in the 30 kHz range, and for the grounded thruster-body
configuration, the region 2 peak frequency is in the 20 kHz range. In
region 3, both the thruster-body electrical configurations have peak
frequencies in the sub-5 kHz range. Figure 9 shows that the axial-
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Fig. 9 Peak frequency of the axial-plate current and voltage power
spectra as function of cathode position for the thruster-body and plate
electrical configurations.

plate peak-frequency cathode-position-dependent behavior exhibits
similar peak-frequency characteristics as the discharge current, and
confirms previous conclusions drawn by Frieman et al. [13] on the
direct coupling of the axial plate to the thruster discharge.

IV. Discussion

The following section explores the connection between the
conductive chamber plates and the HET operation through analysis of
the time-resolved electrical waveforms captured from voltage and
current measurements of the chamber plates and the discharge
current. The discussion begins by establishing the connection
between the chamber plates and the HET discharge through the use of
statistical correlation. After quantifying the statistical correlation
between the radial and axial chamber plates and the discharge
current, plausible physical mechanisms are identified that could be
responsible for the observed correlation. The discussion then moves
to an analysis of the physical connection between the chamber plates
and the HET discharge, and specifically focuses on the interaction
between the radial chamber plate and the HET cathode. The
discussion then concludes with a brief overview of the implications
on ground testing of HET that are derived from the time-resolved
measurements and analysis presented.

A. HET Coupling to the Chamber Plates

Classical statistical correlation is used to assess whether or not
the voltage or current waveforms measured from the chamber plates
are coupled to the discharge plasma. The correlation coefficient
between chamber-plate electrical waveforms and the discharge-
current waveform is calculated via MATLAB. The coefficient is
calculated via the following equations:

N - -

cov(X,Y) = ZW )
i=1

R(X.Y) = cov(X,Y) )

veov(X, X)cov(Y,Y)

in which X, Y, N, cov, and R are the set of numbers representing one
waveform, the set of numbers representing the other waveform, the
sampling size of the waveform, the covariance between the two
waveforms, and the correlation coefficient between waveforms,
respectively. The correlation coefficient is a measure of how likely a
change in one waveform corresponds to a change in another
waveform. For the purposes of this investigation, the distinction
between waveforms that are strongly correlated vs waveforms that
are weakly correlated is deemed important. A correlation coefficient
near unity between two waveforms is classified as strongly
correlated, and a correlation coefficient near zero is classified as
weakly or not correlated. When analyzing the results of the
correlation analysis, changes from strongly correlated to weakly
correlated or vice versa correspond to wholesale changes in the nature
of the two waveforms being compared. From this perspective, for
the purposes of this investigation, small changes, for example,
correlation-coefficient changes from 0.95 to 0.91, are not deemed
physically significant. To evaluate whether this correlation is
attributed to random happenstance and therefore trivial, the P value is
also calculated using a standard null-hypothesis test. The P value is a
calculation of the percent probability of correlation calculated to be
the result of a random sampling of two normal distributions or
random processes. Therefore, alower P value, classically accepted as
below 0.05, is indicative of the correlation between two waveforms
due to nonrandom processes, and therefore statistically significant.
Figures 10 and 11 show the results of the calculation of the
correlation coefficient between the radial-plate electrical waveforms
and the discharge current, and the axial-plate electrical waveforms
and the discharge current. For all cathode positions, the radial-plate
electrical waveform remains strongly negatively correlated to the
discharge-current waveform, and the axial-plate electrical waveform
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remains strongly positively correlated to the discharge-current
waveform, as shown in Figs. 10 and 11. Because each waveform is
composed of 2.5 million data samples, the P value for each of the
calculated correlation coefficients is orders of magnitude smaller than
the standard 0.05 value for statistical significance. Temporally, the
waveform’s record length spans 20 ms, which is on the order of 600
fundamental plasma-instability periods estimated with a breathing-
mode frequency of 30 kHz. The correlation over such a time frame
indicates that the waveforms from the chamber plates and the
discharge current are strongly correlated over time, and this
correlation is a condition of steady-state HET operation. From a
statistical standpoint, the strong temporal correlation and low P value
indicate that there is a statistically significant correlation between the
electrical waveforms measured from the chamber plates and the
discharge-current waveform. Although correlation does not mean
causation, such strong statistically significant correlation between the
chamber-plate electrical waveforms and the discharge-current
waveform merits further investigation to determine if there is a
physical mechanism driving this connection.

The quasi-neutral plasma surrounding the axial chamber plate
contains both beam ions that originate from the HET discharge and
CEX ions. The ions sourced from the HET have a measured
downstream energy on the order of 250 V and physically impact the

axial chamber plate [14]. For the floating axial-chamber-plate
configuration, the floating voltage is dictated by the balance of
ions and electrons collected on the plate (i.e., the local plasma
parameters). In all electrical configurations of the axial chamber
plate, the electrical waveform measured is governed by the high-
energy beam ions sourced from the HET discharge [13]. Time-
resolved near-field plume measurements performed by Lobbia [23]
show downstream propagation of energetic plasma with a pro-
pagation frequency that is closely correlated to the discharge-current
oscillation. This energetic plasma propagates downstream of the
HET into the chamber. Because the current collection of the axial
plate or floating voltage is controlled by the local plasma properties
near the axial plate [22], the current collection or floating voltage
should fluctuate with changing plasma properties, as the energetic
plasma, as described by Lobbia [23], arrives at the axial plate. This
process leads to a strong positive correlation between the axial-plate
voltage and current waveforms and the HET discharge current, as
shown in Fig. 11. Similar physical arguments can be made for the
strong correlation between the HET discharge current and radial-
plate voltage and current waveform.

In the case of the radial-chamber-plate measurements of current
and voltage, the correlation with the discharge-current waveform is
still near unity. In contrast to the axial plate, the quasi-neutral plasma
surrounding the radial plate is primarily composed of CEX ions and
electrons [22]. Therefore, the physical mechanism that governs the
interaction between the HET and the radial plate must influence the
CEX ions present near the radial plate. It has been demonstrated that
the production of the CEX ions is directly linked to the HET
discharge and beam [39,40]. Because the production of energetic
plasma from the HET discharge occurs with the discharge-current
oscillation frequency, the production of CEX ions must also fluctuate
with the production of beam ions. Due in part to the CEX ions’
thermalized velocity and due in part to the weak positive-ion plasma-
potential gradient between the beam to the wall, some of these CEX
ions leave the beam and arrive at the radial plate. The presence of
these CEX ions is closely tied to the HET discharge, and so it is
expected that the local plasma parameters near the radial plate
fluctuate with the thruster. Because the current collection and floating
voltage of the radial plate are dominated by the fluctuating local
plasma conditions, the radial-plate current and voltage waveforms
show a strong correlation with the discharge-current waveform. The
negative sign of the radial plate to the discharge-current correlation is
due to the radial plate collecting a net electron current. This electron
current is measured as a negative current. Therefore, an increase in
discharge current is accompanied by a larger negative current or
negative floating voltage on the radial plate. An example of this
behavior is shown in Fig. 12 for a representative section of the radial
current and discharge-current waveform used in the correlation
analysis.

From the correlation analysis, it is shown that there is a statistically
significant and strong correlation between the discharge-current
waveform and the chamber-plate current and voltage waveforms.
This correlation can be explained through physical processes known
to exist in the HET testing environment, and these physical processes
have been shown to govern each chamber-plate interaction.
Therefore, it can be concluded that the HET discharge current is
electrically coupled to the surrounding facility.

B. Electrical Interaction Between the Thruster and the Radial
Chamber Plate

1. Evidence of Cathode Coupling to Radial Plate

To aid the discussion of the regional variation in physical
mechanisms, it is important to distinguish between two potential
sources of electrons collected on the radial plate. The first class of
cathode electrons is one in which the electron propagation into the
downstream plume is driven by the ions accelerated by the HET
discharge. These electrons are pulled into the beam via the
electrostatic potential gradient generated by accelerated ions that exit
the HET. An example of this electrostatic potential gradient can be
seen in Vaudolon et al. [24]. It is through this electrostatic potential
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gradient that these cathode-sourced electrons, no longer confined by
the HET magnetic field, are able to propagate into the downstream
plume. Once in the plume, their propagation toward the radial facility
walls occurs both thermally and by ambipolar forces pulling
electrons along with the CEX ions. These electrons are referred to as
“class 17 electrons. The second potential source of electrons incident
on the radial plate is one in which the electrons leave the cathode
orifice with enough thermal energy that they are unmagnetized by the
HET magnetic field. These electrons enter the plume through both the
electrostatic potential gradients set up by the accelerated ions and
their own thermal velocity. These electrons are affected by ambipolar
forces in the plasma, but they also have a strong thermal-velocity
component that drives their propagation outward from the cathode
orifice. A portion of these electrons has velocity vectors that lead
them to impact the radial chamber plate [14]. It is this second class of
cathode electrons that is referred to when describing cathode-sourced
electrons impacting the radial chamber plate. These electrons are
referred to as “class 2” electrons. Both classes of electrons are used
for neutralization. The primary difference between the two classes is
that the propagation of class 2 electrons to the radial chamber plate is
controlled by the electron Hall parameter at the cathode orifice,
whereas the propagation of class 1 electrons to the radial plate is
controlled by weak plasma-potential gradients and ambipolar forces
pulling electrons along with CEX ions into the off-axis region of
the plume.

For cathode positions in region 1, cathode electrons are confined
by the strong magnetization of the local HET magnetic field, and

thus, the electron-current collection on the radial plate is primarily
composed of class 1 electrons. In region 2, the magnetization of
cathode electrons is much weaker. Some cathode electrons are
confined to the magnetic field, but a large portion of electrons have
high-enough thermal energy to escape the HET magnetic field and
propagate thermally outward from the cathode orifice. In all cases
(region 1, region 2, and region 3), the plasma surrounding the radial
plate is dominated by CEX ions. These CEX ions facilitate a transfer
of spectral power between the HET discharge and radial plate, as
evidenced by the spectral power peaks of the radial-chamber-plate
waveform, as seen in Figs. 6 and 8. For cathode positions in region 2,
aportion of class 2 (as well as class 1 electrons) high-thermal-energy
cathode electrons that are not confined by the HET magnetic field is
collected on the radial chamber plate. Evidence of these class 2
electrons impacting the radial chamber plate is seen as elevated
spectral power in the sub-5 kHz regime, as shown in Figs. 13 and 14.
The actual source of this power in the sub-5 kHz power band can be
tied to the cathode as shown in Fig. 14, as spectral power in this
frequency range is correspondent to the self-pulsing of the cathode
discharge due to the internal plasma resistance of the hollow-cathode
discharge [41]. Further evidence indicative that electrons from the
cathode directly impinge on the radial plate is shown in Fig. 13. These
data were taken from initial thruster testing at a cathode position from
a thruster centerline of 18.1 cm. Time-resolved cathode-to-ground
voltage measurements did not occur at other cathode positions, and
did not occur simultaneously with other data presented thus far.
However, this power spectrum shows that the time-resolved cathode-
to-ground voltage contains elevated spectra power in the sub-
5 kHz range.

For cathode positions in region 3, cathode electrons are no longer
magnetized by the HET and thermally propagate outward from the
cathode orifice. In comparison to region 2, the flux of class 2
electrons colliding with the radial chamber plate is greater due to
lower magnetization and a larger portion of the plume-expansion
solid angle intersecting with the radial plate [14]. The rise of the sub-
5 kHz spectral power band to the dominant spectral peak, as
illustrated in Figs. 8 and 14, indicates that the total flux of electrons
impacting the radial plate has a significant population of class 2
electrons. It is important to note that, throughout all regions, the
radial-plate electrical-waveform power spectrum has peaks that
correspond with the HET discharge-current breathing-mode
oscillations. This means the flux of class 2 electrons does not
prevent the flux of class 1 electrons onto the radial chamber plate. The
regional variation in radial-plate power-spectrum behavior is due to
the changing composition of electrons incident on the radial plate.
The increases in the sub-5 kHz spectral peak on the radial plate
suggest a stronger coupling between the cathode plasma and radial
plate. It is unclear, however, if this coupling is a one-way interaction,
in which the radial plate does not influence the cathode behavior, or if
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there is feedback from the radial plate that impacts the cathode
behavior.

2. Higher-Frequency Spectral Peak of the Radial-Plate Power Spectra

Figure 6 shows the presence of a frequency peak in the 50 kHz
range. The two frequency peaks (~30 and ~50 kHz) of the radial-
plate power spectra are found consistently in region 1 and in some
cathode positions in region 2. The second higher-frequency peak is at
least 1-2 dB stronger than the discharge-oscillation frequency. The
source of this power on the radial plate could be from two different
sources: self-induced cathode oscillations or a dominant HET plasma
oscillatory mode in that frequency range. In the case of the self-
induced cathode oscillations, the approximate 50 kHz peak is
consistent with cathode measurements taken by Sekerak et al. [20].
However, in region 1 cathode positions, the cathode electrons are
confined to the HET magnetic field. Only cathode electrons with the
highest energy could propagate toward the facility wall. If it were the
case that these high-energy electrons drive the approximate 50 kHz
spectral power peak on the radial plate, then it is expected that there
should be an increase in power in the 50 kHz range for increasing
cathode positions. This is not the case because at large cathode radial
positions, the double-peak structure around the discharge oscillation
is no longer present in the region 3 radial-plate power spectra.
Because the spectral power at the 50 kHz frequency peak is almost
equal to the breathing-mode frequency peak, it is more likely that the
source of the higher-frequency peak is related to another discharge
plasma instability. The data presented in Figs. 6-9 suggest that the

active source of energy for this secondary spectral frequency peak
may be due to a plasma-instability mode in the HET discharge.
Further investigation in this area is beyond the scope of this paper.

C. HET Discharge-Current Oscillation

From the data presented thus far, there appears to be a connection
between the changes in the discharge current and the radial-plate
electron current and radial-plate floating voltage. The changes in
the peak-to-peak discharge current (Fig. 4), discharge-current peak
frequency (Fig. 5), and FWHM of the discharge-current peak
frequency (Fig. 7) correspond to a change in the radial-plate
peak frequency (Fig. 8) and the radial-plate average collected
electron current, as shown by Frieman et al. [14]. Even so, itis unclear
as to whether these corresponding changes are due to the increased
coupling to the radial plate, due to changes caused by the cathode
position relative to the HET magnetic field, or due to both of these
aforementioned processes. Much work has been done on cathode
position [34-36,42—44], and the general consensus is that the cathode
position can be very important in determining the operating behavior
of the HET. The actual physical mechanisms that drive this behavior
are not fully understood. Work done by Jorns et al. [45] suggests that
the formation of ion acoustic turbulence (IAT) is a key physical
mechanism in governing electron transport and collisionality in the
near cathode-orifice plume. This IAT may be a key physical
mechanism that could explain both changes in the radial-plate
electron current and the discharge current; however, such data and
analysis are beyond the scope of this paper. It is unclear whether the
discharge-current behavior relative to the radial plate is due to radial
wall coupling or cathode positioning relative to the HET.

D. Impact of the Conductive Wall on HET Operation

The results of the analysis presented in this work indicate that the
chamber walls directly influence the plume properties of the HET. As
described by Frieman et al. [13,14], the charge-loss rate at the
chamber walls can significantly affect the plume plasma potential.
The strong temporal statistical correlation between the discharge
current, radial plate, and axial plate electrical waveforms indicates
that the chamber walls are coupled, in-time, to the HET discharge at
all cathode radial positions. The chamber walls represent an artificial
electrical boundary condition that forces electron and ion charges
to recombine at the wall surface. As evidenced by the strong nega-
tive correlation between the discharge current and the radial-
chamber-plate current (Fig. 10), increases in the discharge current
subsequently result in an increase in the collected electron current.
Extending this result to all chamber surfaces, fluctuations caused by
the HET in the near-the-chamber-wall local plasma parameters result
in changes in the charge-loss rate to the wall. The charge-loss rate to
the wall influences the sheath potential drop and can greatly influence
the global plasma potential [13,22]. Thus, the chamber wall acts to
confine the temporally resolved plasma potential in the plume to
within certain bounds. This is not the case in the space environment,
where the HET plume electrical boundary condition is not spatially
enforced and conductive surfaces that interact with the HET plasma
are not held at a constant potential. It has been witnessed from the data
and analysis gathered from the Small Missions for Advanced
Research in Technology-1 (SMART-1) mission that exposed, low-
voltage solar-panel contacts in the HET plume can drive the plasma
potential relative to the satellite-bus common and the cathode-to-
satellite-bus common voltage in a way that was not anticipated from
ground-based testing [46—48]. Such changes in the plasma potential
alter the flow of charge particles onto spacecraft surfaces. The
changes in cathode-to-satellite-bus common may influence the time-
resolved behavior of the HET.

V. Conclusions

It is evident that the cathode position plays a significant role in the
discharge-current oscillation frequency, the FWHM of the discharge-
current peak frequency, and the peak-to-peak discharge current.
These changes in the discharge-current behavior are concurrent with
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increases in the collected average electron current on the radial plate
and increased power of the sub-5 kHz spectral peaks in the radial-
plate power spectrum. Because much work has been done prior to this
investigation that shows that the cathode position is critical in
determining the HET’s overall performance and behavior, it is not yet
clear if the observed changes to the discharge are purely due to
cathode placement in the magnetic field, purely due to enhanced
coupling to the radial plate at larger cathode positions away from the
thruster, or due to a mixture of the two aforementioned causes.
Because of the observed trends related to the discharge current and
the strong statistical correlation between the discharge current and the
collected electron current on the radial plate, the results of this work
indicate that the radial-plate interaction may be an important
influencing factor in the discharge-current characteristics for ground
testing. Further examination of the waveforms of the chamber plates
revealed that the chamber walls are linked to HET discharge through
changes in the plasma potential, and that the chamber walls act in a
way to confine the plasma potential to a certain range. Overall, the
findings of this investigation suggest that the chamber walls are an
important factor to consider when ground testing HETs.
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