Completion of the Long Duration Wear Test
of the NASA HERMeS Hall Thruster

Jason D. Frieman?, Hani Kamhawi?, Jon Mackey?, Thomas Haag*, Peter

Y. Peterson®, and Daniel A. Herman®
NASA Glenn Research Center, Cleveland, OH, 44135, USA

James Gilland’
Ohio Aerospace Institute, Cleveland, OH, 44142, USA

Richard R. Hofer®
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, 91109, USA

The NASA Hall Effect Rocket with Magnetic Shielding (HERMeS) 12.5-kW Hall thruster
has been the subject of extensive technology maturation by NASA GRC and JPL in
preparation for development into a flight propulsion system. As part of this effort, a series of
wear tests have been conducted to identify erosion phenomena and the accompanying failure
modes as well as to validate service-life models for magnetically-shielded thrusters. This work
presents a summary of the results obtained during the Long Duration Wear Test (LDWT),
which was the third in this wear test series. The LDWT accumulated approximately 3,570
hours of operation and had the overall goal to identify and correct design or facility issues
prior to the flight qualification campaign. Thruster performance, stability, and plume
properties were invariant throughout the duration of the LDWT and consistent with
measurements acquired during previous HERMeS performance and wear characterizations.
Average erosion rates of a carbon-carbon composite pole cover were found to match those
measured with graphite to within the empirical uncertainty while the previously observed
time-dependence of pole cover erosion rates was linked to changes in pole cover roughness.
Azimuthal variations in keeper wear rate were observed including deposition on one of the
azimuthal-facing sides of the keeper mask. This strongly suggests the presence of an azimuthal
component in the process driving keeper erosion.

I. Introduction

NASA continues to evolve a human exploration approach for beyond low-Earth orbit and to do so, where practical,
in a manner involving international, academic, and industry partners [1]. This approach is based on an evolutionary
human exploration architecture beginning with the establishment of a Gateway around the Moon to enable long-term
lunar exploration and utilization followed by crewed missions beyond the Earth-moon system.
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High-power solar electric propulsion (SEP) is one of those key technologies that has been prioritized because of
its significant exploration benefits. Specifically, for missions beyond low Earth orbit, spacecraft size and mass can be
dominated by onboard chemical propulsion systems and propellants that may constitute more than 50 percent of
spacecraft mass. This impact can be significantly reduced through the utilization of SEP due to its substantially higher
specific impulse. Studies performed for NASA’s Human Exploration and Operations Mission Directorate and Science
Mission Directorate have demonstrated that a 40-kW-class SEP capability can be enabling for both near term and
future architectures and science missions [2]. In addition, a high-power, 40 kW-class Hall thruster propulsion system
provides significant capability and represents, along with flexible blanket solar array technology, a readily scalable
technology with a clear path to much higher power systems.

Accordingly, since 2012, NASA has been developing a high-power Hall thruster electric propulsion string that can
serve as the building block for realizing a 40-kW-class SEP capability. The Hall thruster system development, led by
the NASA Glenn Research Center (GRC) and the Jet Propulsion Laboratory (JPL), began with maturation of the 12.5-
kW Hall Effect Rocket with Magnetic Shielding (HERMeS) and power processing unit. The technology development
work has since transitioned to Aerojet Rocketdyne via a competitive procurement selection for the Advanced Electric
Propulsion System (AEPS) contract, which includes the further development and qualification of electric propulsion
strings. The AEPS Electric Propulsion string consists of the 12.5-kW Hall thruster, power processing unit (including
digital control and interface functionality), xenon flow controller, and associated intra-string harnesses. NASA
continues to support the AEPS development by leveraging in-house expertise, plasma modeling capability, and world-
class test facilities. NASA also executes AEPS and mission risk reduction activities to support the AEPS development
and mission application.

As part of this effort, NASA has conducted a series of three wear tests to identify erosion phenomena and the
accompanying failure modes as well as to validate service-life models for magnetically-shielded thrusters. These tests
utilized two different technology demonstration unit (TDU) thrusters with similar designs. The first began in 2016
and accumulated approximately 1,700 hours of operation using the TDU-1 thruster [3]. The second was performed in
2017 with the TDU-3 thruster and consisted of a series of seven short duration (~200 hour) segments each testing a
different thruster configuration or operating condition [4]. This test is referred to as the TDU-3 Short Duration Wear
Test (SDWT) throughout this paper.

This work presents an overview and summary of the results obtained from the third wear test (named the TDU-3
Long Duration Wear Test or TDU-3 LDWT), which began in October 2017 and was completed in October 2018. The
overall goal of this test was to quantify performance, stability, plume, and wear trends of TDU-3 over at least 3,000
hours of operation. In addition to providing additional data to assist in the identification, quantification, and modeling
of erosion phenomena, the TDU-3 LDWT served as a pathfinder for the planned life and qualification testing of the
hardware to be delivered as part of the AEPS contract as well as two novel diagnostics: a thrust vector probe (TVP)
and in-situ wear tool [5, 6]. Overall, the TDU-3 LDWT provided NASA the opportunity to develop the experience
and procedures for operating high-power long duration testing, thus lowering the risks for all future extended duration
tests.

I1. Test Segment Summary

The TDU-3 LDWT accumulated approximately 3,570 hours of total operating time split between six wear
segments. A summary of these segments is shown Table 1.

Segment | was performed at the nominal TDU operating condition of 600 V/12.5 kW and resulted in the
accumulation of 1015 hours of operating time. This segment was interrupted by a facility anomaly and so was
completed in two consecutive parts lasting 620 h and 395 h, respectively. The elevated facility pressure measured
during this segment was most likely due to initial outgassing and bake out of the carbon panels lining the facility walls.
This is supported by the fact that the facility operating pressure was observed to decrease from approximately 8 uTorr
to 4 uTorr over the course of this segment.

Segments 11-1V were all performed at the 300 V/6.25 kW throttle point, however, each was performed at a different
magnetic field strength. Segment 11 was performed at the nominal magnetic field strength (1 B) while Segments 11l
and 1V were performed at field strengths of 0.75 B and 1.5 B. Each of these segments lasted for between 200 and 250
hours and has been detailed in previous work [7].

Segment V was performed at the nominal TDU operating condition of 600 V/12.5 kW and resulted in the
accumulation of 1579 hours of operating time with a carbon-carbon (C-C) composite inner front pole cover (IFPC).
This was done in order to assess the lifetime of an alternate pole cover material with increased strength and crack
resistance. This segment was interrupted by three anomalies and so was completed in four consecutive parts lasting
approximately 555 h, 241 h, 380 h, and 403 h, respectively. Segment VI was also performed at the 600 V/12.5 kW



operating condition. However, unlike Segments | and V, Segment VI was performed at an elevated facility pressure
of approximately 11.7 uTorr in order to assess the impact of facility background pressure on HERMeS wear rates.

Table 1 TDU-3 LDWT Test Segments.

Segment I 1 1l [\ \% VI
OJ sl g1 Igl/Sfe]gTe[Ii[e]lg}eflll 600 /1B | 300 V/1B | 300 Vv/0.75B | 300 V/1.5B | 600 V/1 B | 600 V/1 B

Facility Pressure (uTorr) 5.7 4.2 4.1 4.2 4.3 11.7
Segment Duration (h) 1015 252 214 240 1579 270

*All segments completed at a discharge current of approximately 20.8 A.

I11. Experimental Apparatus

A. HERMeS TDU-3

All wear segments were performed using the 12.5-kW NASA HERMeS TDU-3. The overall HERMeS design
incorporates technologies developed by NASA over nearly two decades, including a magnetic shielding topology to
eliminate discharge channel erosion as a life-limiting mechanism. The result is a significant increase in the operational
lifetime of state-of-the-art HETS, with HERMeS being designed to operate at a specific impulse of 3,000 s for an
operational lifetime exceeding 50 kh [8-12].

The HERMeS TDU-3 thruster is shown in the configuration used
for the majority of the LDWT in Fig. 1. The thruster configuration was
largely unchanged from that used during the previous TDU-3 SDWT,
with two exceptions [4]. First, a pair of new magnet coils were
installed in TDU-3 prior to the LDWT. This resulted in a change in
the current settings required to achieve a fixed magnetic field strength,
but did not change the magnetic field shape.

The second exception was the position and thickness of the cathode
keeper. During the TDU-1 wear test, the cathode keeper was
positioned upstream of the IFPC, and negligible keeper erosion was
observed [3, 4]. During the TDU-3 SDWT, changes to the design of
the IFPC resulted in a keeper position that was coplanar with the
downstream surface of the IFPC; this represents a downstream shift
relative to the TDU-1 position by a distance approximately equal to
the thickness of the IFPC [4]. Despite the small positional shift, results
from the SDWT indicated average keeper erosion rates of
approximately 80 um/kh at the same operating condition used for the
TDU-1 wear test; these rates were the largest observed for any thruster
component during the SDWT [4]. For the TDU-3 LDWT, the cathode
was returned to the position used during the TDU-1 wear test (i.e.,
upstream of the IFPC), in order to investigate this as an approach for
mitigating the elevated keeper wear observed during the SDWT [4, 7].
In addition, the keeper thickness was doubled during the LDWT to Fig. 1 HERMeS TDU-3 Hall thruster in
provide added lifetime margin. The impacts of these keeper changes the configuration used for the LDWT.
are discussed in previous work [7]. The same cathode (here defined as
heater, tube, and insert) was used for all 3 TDU wear tests.

Although the cathode position used during the LDWT matches that used during the TDU-1 wear test, a number of
other small design changes differentiate TDU-3 and TDU-1 including a change in the grade of boron nitride used for
the discharge channel. A detailed description of these changes is provided in Kamhawi et al. [9]; the results from that
work suggest they resulted in minimal changes to HET performance, stability, and plume properties.

B. Thruster Support Equipment

Xenon propellant was supplied to the thruster and the centrally-mounted cathode using a laboratory feed system
composed of stainless-steel lines metered with commercial thermal mass flow controllers. The anode line was metered
using a 500-sccm controller, and the cathode line was metered using a 100-sccm controller. All controllers were
calibrated before Segments | and V and after Segment V1 using a NIST-traceable piston prover. The controllers had a



measured uncertainty of approximately 1 sccm for the anode and 0.2 sccm for the cathode [13]. This system was
identical to that used in previous TDU wear tests [3, 4].

All power to TDU-3 was provided using a power console composed of commercial laboratory power supplies. The
discharge was controlled using three 15-kW (1000 V, 15 A) power supplies connected in a master-slave configuration.
The output from these supplies was connected to a laboratory wire harness with an inductance and capacitance of
approximately 2.5 uH and 236 pF, respectively [14]. This console was equipped with a set of safety interlocks that
allows the data acquisition or vacuum facility control system to disable power and place the thruster in a safe state in
the event that a facility or thruster anomaly is detected. This setup was unchanged from previous HERMeS
characterization and wear tests [3, 4, 9, 15-17].

Following the results from the electrical configuration study performed by Peterson et al. [17], the TDU-3 thruster
body was electrically tied to the cathode, and all conductive surfaces within approximately one meter of the thruster
exit plane were insulated using dielectric sheeting [17, 18]. This was done in order to provide better control over the
number of electrical coupling paths between the HET and facility in the near-field [17, 18].

Thruster telemetry was recorded continuously at a rate of approximately 0.5 Hz using a multiplexed data acquisition
system. End-to-end calibrations of the laboratory power and data acquisition systems (DAQ) were performed before
and after the test using a NIST-traceable digital multimeter. The resultant uncertainty was approximately £0.06 V and
+0.03 A for measurements of voltage and current, respectively. Nearly all voltages were measured both at the breakout
box (BoB) and via a sense line at the interface between TDU-3 and the facility cable harness. Unless otherwise noted,
all voltages reported in this work correspond to the measurements from the sense lines.

Three oscilloscopes were used to monitor oscillations during the LDWT. The first two oscilloscopes were used to
compute the root-mean-square (RMS) and peak-to-peak values of the discharge current, discharge voltage, cathode-
to-ground voltage, keeper voltage, and body voltage. These measurements were obtained over intervals of 100,000
samples at a sampling rate of 1 MS/s and recorded by the DAQ. The final oscilloscope was used to obtain waveforms
of the AC components of the discharge current, discharge voltage, and keeper voltage. These waveforms consisted of
5 million points sampled at a rate of 50 MS/s. All oscillation data reported in this work were collected using this third
oscilloscope. For all three oscilloscopes, current measurements were acquired using 150-A AC/DC current probes
while voltage measurements were acquired using high-voltage differential probes.

C. Vacuum Facility

All experiments detailed in this work were performed in VF-5 at NASA GRC. VF-5 is a cylindrical chamber
measuring 4.6 m in diameter and 18.3 m in length [19]. For this test, VF-5 was evacuated using a series of cryopumps.
The cryopumps have a total effective pumping area of 33.5 m? and a combined nominal pumping speed of
approximately 700,000 I/s on xenon [19-21]. In order to obtain the lowest possible background pressure, the thruster
was installed in the main volume of VF-5 at the same location previously used during the TDU-1 wear test and the
TDU-3 SDWT [3, 4]. The placement of the cryopumps relative to the thruster at this location as well as the resultant
near-field background neutral distribution is described in previous work [19-21].

As shown in Fig. 2, facility pressure was monitored with two xenon-calibrated and one nitrogen-calibrated Bayard-
Alpert style hot-cathode ionization gauges. One xenon-calibrated gauge (SIG 3 Xe) was centered approximately 0.7
m radially outward, 0.08 m upstream, and 0.6 m below the HET exit plane. The orifice of SIG 3 Xe faced radially
outward (i.e., away from the HET). The second xenon-calibrated gauge (SIG 2 Xe) was mounted adjacent to and
downstream of SIG 3 Xe and had a downstream-facing orifice. The nitrogen-calibrated gauge (SIG 2 N,) was located
approximately 0.7 m radially outward, 0.05 m upstream, and 0.4 m below the HET exit plane. The orifice of SIG 2 N
faced radially outward. SIG 2 Xe and SIG 2 N2 were relocated to these positions prior to the start of Segment V in
order to accommodate installation of the TVP. Details of their positions during Segments I-1V are available in Ref.
[7].

All ion gauges used in this work were configured for operation with electric propulsion systems and thus had an
elbow and plasma screen installed on the inlet of the gauge [22]. The housing of each gauge was also attached to
facility ground via an electrical grounding strap to avoid charging effects. A thermocouple was installed on the exterior
of each ion gauge tube; this allowed the measured pressures to be corrected for thermal effects [23]. The gauge
temperatures and pressures were sampled using the same multiplexed DAQ used to record thruster telemetry [22].
Consistent with previous tests performed in VF-5, all pressures reported in this work correspond to the measurements
made using SIG 3 Xe [3, 4, 9, 15-17].

In order to raise the operating pressure during Segment VI, a bleed or auxiliary flow of xenon was injected into
VF-5 through a pair of orifices installed near the bottom of the facility. As shown in Fig. 3, the first orifice was
installed downstream of TDU-3 at approximately the mid-point of the facility. This position is identical to the one
used during the TDU-1 Facility Effect Characterization Test (FECT) [16]. The second was installed between the two



cryopanels located upstream of TDU-3. In order to avoid artificially introducing bulk neutral motion, both orifices
were equipped with diffusers and a barrier to prevent flow injection towards the thruster [24]. During Segment VI, the
bleed flow rates through each orifice were varied until the ion gauges facing radially (i.e., SIG 2 Xe) and downstream
(SIG 3 Xe) both read approximately 11 uTorr. This was done in order to provide the closest analog to the near-field
backpressure environment observed for TDU operation in VF-6 at NASA GRC [25].

— SIG 2 Xe
SIG 3 Xe
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—
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Fig. 2 lon gauge configuration used during Segments V-VI of the TDU-3 LDWT (not to scale).

Downstream Upstream
Orifice Orifice

Fig. 3 Locations of bleed flow orifices used during Segment VI of the TDU-3 LDWT.

D. Diagnostics
This section discusses the heritage diagnostics used during the TDU-3 LDWT. Information regarding the new TVP
and In-situ Wear Diagnostic demonstrated during the LDWT can be found in Refs. [5] and [6], respectively.

1. Thrust Stand

Thrust was measured using the same null-type inverted pendulum thrust stand used in previous HERMeS
performance characterization and wear tests [3, 4, 9, 15-17]. The design and theory of operation of the thrust stand
are detailed in several previous works [26-28].

During the LDWT, the thrust stand was operated in a null-coil configuration. In this configuration, the position of
the thruster is measured by a linear variable differential transformer (LVDT) and maintained by a pair of
electromagnetic actuators. The current through each actuator is controlled using an integral-differential controller that
uses the LVDT signal as the input and then modulates the current through the actuators in order to hold the thruster
stationary. The thrust is then correlated to the resultant current through one of these actuators (i.e., the null coil). The
thrust stand is also equipped with a closed-loop inclination control circuit, which uses an integral controller and
piezoelectric actuator to maintain the inclination measured by an electrolytic tilt sensor and thus minimize thermal
drift during performance measurements.



The thrust stand was calibrated before each performance characterization period by loading and offloading a set
of known weights using an in-situ pulley system. All
reported thrust measurements have been corrected for
thermal drift and offsets from the desired discharge
power. The resultant thrust stand uncertainty for this
work is approximately + 5 mN [29].

2. Facility Backsputter

Measurements of facility backsputter were obtained
using three quartz crystal microbalances (QCMs) [30].
As shown in Fig. 4, the QCMs were located
approximately 1 meter radially outward from the
centerline of the thruster in the thruster exit plane. All
three QCM s faced downstream and were water cooled
with three parallel cooling loops from a single chiller.
Each QCM was also equipped with an electrically-
actuated shutter in order to prevent saturation of the
crystals during the wear test. The total deposited
thickness was measured by the QCM controller and
recorded by the same DAQ used for thruster telemetry.
The measured thickness was then post-processed in
order to compute the average backsputter rate using the
techniques described by Gilland et al [30].

3. Plasma Diagnostics Fig. 4 QCM locations and naming convention used
Plume properties were measured using a Faraday during the TDU-3 LDWT.

probe (FP), Langmuir probe (LP), retarding potential

analyzer (RPA), and a Wien filter spectrometer (WFS or ExB probe). The probes were integrated into a single array

mounted to a two-axis positioning system, which controls the position of the probes in the azimuthal and radial

directions relative to the thruster. These diagnostics have been used in previous HERMeS characterization and wear

tests and are further detailed in Huang et al [16].

E. Erosion Measurements
1. Profilometer

All erosion measurements were made with a chromatic, white-light non-contact benchtop profilometer. The
employed profilometer is equipped with an optical pen oriented normal to the HET exit plane with a 3-mm measuring
range. All acquired profilometry data were analyzed according to the guidance established in the ISO 5436-1
measurement standard for a type Al step (i.e., a wide groove with a flat bottom) [31]. Uncertainty was quantified
using the technique detailed by Mackey et al. [32] that accounts for instrument error, surface roughness, wear due to
operation at points other than the nominal wear point, and the non-flat nature of the acquired profiles. The results of
this uncertainty analysis yielded typical uncertainties on the order of +2 um for this work.

2. Wear Surface Configuration

Similar to the approach taken in previous HERMeS wear tests, the IFPC, outer front pole cover (OFPC), and
keeper were modified in order to better characterize component erosion rates [3, 4]. Specifically, graphite masks were
installed to provide unexposed surfaces to use as a reference for post-test analysis. This section details the placement
of these masks as well as the other features of the IFPC, OFPC, and keeper configurations used during Segments V
and VI of the LDWT. Details on these surfaces for Segments I-1V are available in Ref. [7].

The IFPC configuration used during Segment V of the LDWT is shown in Fig. 5(a). The IFPC is made of a carbon-
carbon composite instead of the graphite used for the other LDWT segments. Identical masks to those used during the
other LDWT segments were installed at the 12 o’clock and 8 o’clock positions while a pair of bushings were installed
at the 4 and 10 o’clock positions [7]. Similar to the approach taken with the molybdenum strips during the SDWT,
two grooves were incorporated into the C-C IFPC to accommodate a pair of graphite inserts [4]. These inserts were
installed in the grooves and laid flush with the downstream surface of the IFPC. In order to investigate the impact of
surface finish on IFPC erosion, the insert installed at the 6 o’clock position was polished before installation whereas



() (b)
Fig. 5 IFPC configurations used during Segments (a) V and (b) VI of the TDU-3 LDWT.

the one at the 2 o’clock position was not. Unfortunately, the small size of the inserts relative to the masks precluded
obtaining measurements of insert wear following Segment V. The IFPC configuration used during Segment VI of the
LDWT is shown in Fig. 5(b). This configuration is identical to that used during Segments I-1V of the LDWT and is
detailed in Ref. [7].

The OFPC used during Segment V of the LDWT is shown in Fig. 6(a). The OFPC was made of graphite and had
the region between 7 and 10 o’clock polished pre-test. Two masks were installed at the 12 o’clock and 9 o’clock
positions. These masks and OFPC configuration were identical to those used during the SDWT and previous LDWT
segments [4, 7].

Segment VI reused the graphite OFPC from Segment IV [7]. As shown in Fig. 6(b), the 3 to 4 o’clock region of
this OFPC was polished pre-test. Two masks were installed over the polished region at the 3 and 4 o’clock positions.
An additional mask was installed over the unpolished region of OFPC at the 10 o’clock position. It is important to
note that this is the only pole cover used during the LDWT to undergo re-polishing between test segments and that
the mask at 10 o’clock was installed over a region of the pole cover that was never polished.

(b)
Fig. 6 OFPC configurations used during Segments (a) V and (b) VI of the TDU-3 LDWT.



The keeper configuration used during the TDU-3 LDWT is shown in Fig. 5(b). The keeper was made of graphite
and had the downstream surface polished prior to installation. A graphite ring was affixed to the outer edge of the
downstream keeper face. This ring increased the diameter of the keeper to match the AEPS design and provided a
masked reference surface for keeper erosion measurements. A small tab was also included as part of the mask, which
protruded radially inwards towards the cathode orifice. This tab enabled an assessment of the radial variation in erosion
rates across the keeper face. A new keeper was installed prior to the start of Segment V. It was re-used for Segment
VI, but the mask was rotated prior to the start of that segment to expose a new region of polished graphite. This enabled
direct measurements of the keeper wear for both segments.

IV. Results and Discussion

A. Overview

Similar to the approach taken in previous TDU wear tests, continuous operation at each of the conditions listed in
Table 1 was periodically interrupted in order to acquire performance, stability, and plume data for the reference firing
conditions shown in Table 2. It is important to note that, even during Segment VI, these reference firings were
performed at the nominal operating pressures for VF-5. During the LDWT, these average facility pressures were
approximately 3 puTorr-Xe for operation at RFC 1 and 4.5 uTorr-Xe for all other conditions.

Table 2 Reference firing conditions used during the TDU-3 LDWT.

RFC | Discharge Voltage (V) | Discharge Current (A) | Discharge Power (W)
1 300 9.00 2700
2 300 20.83 6250
3 400 20.83 8333
4 500 20.83 10417
5 600 20.83 12500
6 630 20.83 13123

B. Thrust

The thrust of TDU-3 measured at each of the RFCs from Table 2 is shown as a function of total operating time in
Fig. 7. The statistics of these data are shown in Table 3. The measured thrust of TDU-3 during the LDWT varied by
less than the thrust stand uncertainty (¢5 mN) for all RFCs. Furthermore, as shown in Table 3, these measurements
differ from those obtained during the TDU-1 wear test by less than the empirical uncertainty [3, 4]. This performance
invariance is an indicator of the effectiveness of the HERMeS magnetic shielding topology as previous wear tests
performed on non-magnetically shielded thrusters have observed a decrease in performance during the first 1000 h of
operation [33]. This decrease in performance has been attributed to erosion of the discharge channel walls, which is a
phenomenon that is minimized by magnetic shielding [33].

Table 3 Thrust statistics for TDU-3 LDWT and TDU-1 Wear Test.

TDU-1 Wear Test TDU-3 LDWT
RFC Standard Standard
Thrust (mN) Deviation (mN) Thrust (mN) Deviation (mN)
1 300V, 27kwW - - 167.5 2.4
2 300V, 6.3 kW 393.1 2.8 395.5 2.2
3 400V, 8.3kW 4775 1.9 479.1 2.1
4 500V, 10.4 kW 544.8 6.7 545.7 2.4
5 600V, 12.5kw 610.1 2.4 612.9 2.0
6 630V, 13.1kwW - - 630.3 2.2
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C. Discharge Current Oscillations

The discharge current oscillations of TDU-3 were characterized using the peak-to-peak (lapkork) and root-mean-
square (lqrms) Of the recorded current waveform. The results were normalized by the average discharge current (l4)
and are plotted as a function of operating time for each of the RFCs in Fig. 8. Similar to the performance results
discussed in Section 1V.B, the discharge current oscillations varied by less than 4% for all RFCs over the LDWT. This
consistency was also observed in the measured power spectral densities, which showed standard deviations of less
than 2.5 kHz and 2 dB for peak frequencies and powers. The stability and spectral characteristics measured during the
LDWT are consistent with those obtained during previous TDU wear and performance characterizations [3, 4, 9, 15—
17].

D. Plume Properties

Faraday probe results acquired for operation at RFC 5 (600 V/12.5 kW) during the LDWT are plotted as a function
of operating time in Fig. 9(a). Each plot in this section contains a line representing the mean and standard deviation
(represented by the error bars) of all values obtained during the LDWT. The mean charge-weighted divergence angle
was 19.7°, with a standard deviation of 0.32° (1.6%) while the average ion beam current was 18.9 A, with a standard
deviation of 0.60 A (3.2%). All angles in this section are measured relative to the thruster centerline axis.

As discussed extensively in Ref. [34], high-energy ions have been observed across a wide range of angular
positions in the HERMeS plume. In order to characterize the divergence of these ions, previous studies have found
the angle at which the high-energy peak in the RPA trace becomes undetectable relative to the noise floor of the
measurement. This angle is referred to as the maximum high-energy polar angle and is shown in Fig. 9(b). RPA
measurements were taken in 5° intervals in the wings of the plume. The resultant £ 2.5° resolution is represented by
the error bars in Fig. 9(b). The mean high-energy polar angle over the LDWT was 71.9°, with a standard deviation of
2.9° (4%).

The most-probable voltage found from the centerline RPA trace is shown as a function of operating time Fig. 9(c).
These values have been corrected for the plasma potential measured by the Langmuir probe. The mean value of the
LDWT was found to be 578.4 V, with a standard deviation of 18.3 V (3.2%). Overall, all plume measurements are
consistent with values obtained during previous TDU performance and wear tests [9, 15, 16, 34]. Furthermore, the
lack of variation in these values as a function of operating matches the performance and stability data discussed in
Sections 1V.B and IV.C, respectively.

E. Backsputter

Facility backsputter rates measured during the TDU-3 LDWT are shown in Table 4 for operation at RFC-5
(Segments I and V) and RFC-2 (Segments I1-1V). The shown rates were calculated from QCM thickness data sampled
every 16 minutes to reduce noise. Throughout the LDWT, the facility backsputter rate was at all times less than 2
pm/kh and no significant variation in rates was observed with operating time. As shown in Table 4, operation at 300
V resulted in a reduction in facility backsputter rates of approximately 10-15% relative to operation at 600 V. Overall,
these measurements are consistent with previous wear tests, which have observed an average facility backsputter rate
of approximately 1.2 pm/kh [3, 30].

Table 4 Backsputter rates measured during the TDU-3 LDWT.

RFC-5 (600 V/12.5 kW) RFC-2 (300 V/6.25 kW)
Location | Average | Standard Deviation Average Standard Deviation
(Mum/kh) (um/kh) (um/kh) (um/Kkh)
Outer
North 1.56 0.22 - -
Inner
North 1.24 0.28 1.14 0.13
South 1.67 0.12 1.40 0.17
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Fig. 9 (a) Charge-weighted divergence angle and ion beam current, (b) maximum high-energy polar angle,
and (c) most-probable voltage as a function of operating time for RFC 5 (600 V/12.5 kW) during the TDU-3
LDWT.

F. Wear

This section presents an overview of the erosion results obtained only during Segments V-VI of the LDWT. Wear
results from Segments I-1V are detailed in Ref. [7] while the impact of facility pressure on component erosion is
discussed in Ref. [35].

1. Erosion of Carbon-Carbon IFPC

The average erosion rate of the C-C IFPC used during Segment V of the TDU-3 LDWT is shown in Fig. 10 along
with comparable results acquired with graphite covers during the TDU-1 wear test and Segment | of the LDWT. In
Fig. 10, a normalized radius of O corresponds to the edge of the IFPC closest to the cathode whereas a radius of 1
corresponds to the edge closest to the discharge channel. The truncation of the LDWT data near the inner IFPC edge
is due to the fact that the employed masks only covered approximately 95% of the IFPC.

Overall, the erosion rates of the C-C IFPC are azimuthally symmetric and match those obtained with graphite pole
covers to within the experimental uncertainty. The larger uncertainty associated with the C-C IFPC measurements is
primarily due to the woven construction of the C-C composite. This weave results in increased surface roughness and
the presence of surface features (e.g., gaps) equal in dimension to the steps introduced by erosion that are not present
in the polished graphite covers. Despite these changes, the measurements indicate that the average erosion rates of the
C-C IFPC match those of graphite pole covers.
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Fig. 10 IFPC erosion rates measured using a C-C IFPC during Segment V of the TDU-3 LDWT.

2. Impact of Polishing

Figure 11 shows the OFPC erosion rates measured during the LDWT as a function of normalized OFPC radius. In
Fig. 11, a normalized radius of O corresponds to the edge of the OFPC closest to the discharge channel whereas a
radius of 1 corresponds to the outer edge of the thruster. The truncation of the data near the inner edge is due to the
fact that the employed masks do not cover the entire width of the OFPC. Near the outer edge, the mask fastener
interfered with the unexposed reference surface, thus precluding data analysis in this region.

Consistent with IFPC measurements presented in previous work, the mean OFPC erosion rates measured at RFC
5 show an apparent decrease with operating time [3, 7]. Specifically, the radially-averaged erosion rates decreased by
approximately 46% between the measurements taken after 600 hours and 1579 hours of operation. However, unlike
with the IFPC, this decrease is within the uncertainty of the measurement.
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Fig. 11 OFPC erosion rates measured at RFC 5 during the LDWT.
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Previous work has suggested that this observed decrease in erosion rates over time is actually caused by changes
in pole cover surface finish during operation [7]. Specifically, although polished pre-test, the graphite pole covers
have been observed to roughen after plasma exposure. Once roughened, the results in Fig. 11, suggest that the erosion
rates of the OFPC decrease.

As discussed in Section I11.E.2, masks were placed over both polished and unpolished sections of the OFPC during
Segments V and VI of the LDWT in order to assess this hypothesized link between surface finish and erosion rates.
For both segments, resolvable net erosion was measured in the regions of the OFPC that were polished pre-test, but
no measurable erosion was detected on the unpolished sections of the OFPC. This provides additional evidence
supporting the claim that the observed erosion rate time dependence is actually a surface roughness dependence
introduced by the pre-test polishing of the pole covers.

This finding could also provide insight into the SDWT results that showed higher erosion rates at 600 V relative
to 300 V for operation in VF-6. As noted in Williams et al. [4], the 300 V segment of the SDWT performed in VF-6
employed an IFPC that had previously been used. Since this IFPC was not re-polished prior to the start of the 300 V
segment, it began the segment roughened, and, therefore, could have exhibited lower erosion rates than would have
been measured on a polished IFPC. Thus, the inverted IFPC erosion trend with discharge voltage observed in VF-6
could simply be due to an inconsistency in pole cover finish.
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Fig. 12 A (a) photograph, (b) 3D surface scan, and (c) profile of deposition observed on the keeper after
Segment VI of the LDWT.
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3. Azimuthal Variations in Keeper Erosion

Two features of note were observed during the keeper wear assessment performed after Segment VI. First, net
deposition with a thickness of approximately 1 um was observed around the keeper orifice. This deposition is shown
by the dark ring surrounding the orifice in Fig. 12(a) and the rough peaks in the 3D surface scan of the near-orifice
region in Fig. 12(b). This is quite different from the net erosion observed at all other radii, but it does match
observations made during the TDU-1 wear test.

A region of net deposition was also observed on one side of the radial tab that protruded inwards from the keeper
mask. This deposition is shown by the dark triangular region near the unexposed keeper region at the 3 o’clock position
in Fig. 12(a). Evidence of deposition is also visible in the azimuthal profile extracted from this region and shown in
Fig. 12(c). Specifically, the hill adjacent to the leftmost masked region represents the net deposition observed during
Segment V of the LDWT. The two heights visible in the masked region of the profile in Fig. 12(c) were caused by the
rotation of the keeper mask between Segments V and VI. Specifically, the lower region corresponds to the keeper
region masked for Segment V and exposed for Segment VI, whereas the higher region was masked for both segments.
This height change obfuscates the measurement of the deposition that occurred during Segment VI, even though a
second dark region is visible adjacent to the masked region in Fig. 12(a).

It is important to note that deposition was only visible on one side of the keeper mask. One possibility is that this
was due to azimuthal variation in the process driving keeper erosion. Further evidence of this is shown in Fig. 13,
which depicts a sample keeper profile obtained at the end of Segment | of the LDWT. Although a clearly defined step
between the masked and unmasked keeper regions is visible to the right of the masked region, almost no step is
detectible on the left side of the masked region. This is different from profiles acquired on the IFPC, which have nearly
identical steps on both sides of the mask. However, it does match the trends observed during the SDWT [4].

Another possibility is that the apparent azimuthal variation is an artifact introduced by the orientation of the mask.
As shown in Fig. 5(a), the radial tab was placed at approximately the four o’clock location during Segments V and VI
of the LDWT. The side of the tab on which net deposition was observed was therefore approximately horizontal during
these segments and faced the ceiling of the facility. Since the top of the facility contains numerous backsputter sources
(e.g., pumps, carbon paneling, etc.), the observed net deposition could also be due to a flux of carbon from these
sources with a preferential downward angle. However, the keeper mask was oriented with the tab at the 12 o’clock
location during Segment I. Thus, although it is a plausible explanation for the net deposition observed during Segments
V-VI, this preferential downward flux of carbon cannot explain the azimuthal variation shown in Fig. 13. Taken
together, this suggests that the azimuthal velocity component of eroding ions is important for understanding HERMeS
cathode keeper wear.
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Fig. 13 Sample keeper profile from Segment | of the LDWT.
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V. Conclusions

This work presented a summary and overview of the results acquired during the TDU-3 LDWT with a primary
focus on the final two test segments. Periodic performance and plume characterizations performed at a set of six fixed
reference firing conditions indicated that TDU-3 performance, stability, and plume properties varied by less than the
measurement uncertainty throughout the test as well as when compared to results acquired during previous TDU
performance and wear characterizations. Facility backsputter was observed to always be less than 2 um/kh, with lower
rates measured for operation at 300 VV/6.25 kW relative to 600 V/12.5 kW.

Average erosion rates of a carbon-carbon composite inner front pole cover were found to be azimuthally symmetric
and match those obtained with graphite pole covers to within the experimental uncertainty. Consistent with previous
TDU wear tests, OFPC erosion rates were shown to decrease with operating time. Observations of lower erosion rates
for unpolished sections of the OFPC provide strong evidence that this might be caused by the roughening of the pole
covers during operation, rather than a drift in the near-field plasma properties or eroding ion trajectories. Regions of
net deposition were observed near the keeper orifice and on one side of the keeper mask. This matches results obtained
during previous TDU wear tests and suggests the presence of an azimuthal variation in the process driving keeper
erosion.

Overall, the TDU-3 LDWT successfully served as a pathfinder for the planned life and qualification testing of
AEPS hardware. The HERMeS thruster design was shown to satisfy all AEPS performance requirements over more
than 3500 h of operation while exhibiting component lifetime margins of greater than 40% at the nominal 600 V/12.5
kW operating condition. NASA-provided diagnostics were successfully demonstrated and provided consistent
performance over the entire wear test while facility procedures were developed and successfully tested for all planned
AEPS test operations. The opportunity afforded by the LDWT to develop this experience with operating long duration
testing of high-power Hall thrusters will significantly lower the risks for all future extended duration tests and likely
prove invaluable in the preparation of AEPS for integration with the lunar Gateway.
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