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Abstract: A facility characterization study was conducted to quantify the impact of
facility conditions on Hall effect thruster (HET) operation and support the development of
predictive engineering models (PEMs). A 300-W HET was tested at three vacuum facilities,
with discharge telemetry and plume property measurements performed at multiple spatial
positions and operating conditions. Variations in discharge telemetry and plume property
measurements were observed across facilities due to pressure and electrical facility effects.
Discharge current mean, peak-to-peak oscillation amplitude, and stability showed significant
variations across facilities. Several temporal characteristics of the time-resolved ion energy
measurements varied between facilities, including peak-to-peak ion energy oscillations,
waveform structure, and the presence of additional ion energy populations. The collected data
are being incorporated into the initial development of HET PEM.
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Nomenclature

A = Aperture area

Ei_qvg = Average ion energy

Ei_p2p = Peak-to-peak ion energy

e = Elementary charge

f = Distribution function

fem = Breathing mode fundamental frequency
Lou = Collector current

lg—_avg = Average discharge current
ly_p2p = Peak-to-peak discharge current
m; = Jon mass

T, = Electron temperature

Viias = Retarding potential

W = Plasma potential

0 = Scattering angle

I. Introduction

Electric propulsion (EP) research has been increasingly focused on high-power Hall effect thruster (HET)
operation, a focus that presents considerable hurdles. As HETs continue to climb in power, a significant challenge
facing ground-based testing of higher-power thrusters is that data collected during ground testing may no longer be
indicative of operation in-space. Therefore, predictive engineering models (PEMs) will be required to augment or
potentially replace expensive and time-consuming ground testing. As new limits in power and propellant flow are
reached, even the most capable vacuum facilities will encounter extreme facility effects, which at present are not
predicted by engineering models [1].

The Joint AdvaNced PropUlsion InStitute (JANUS), a NASA Space Technology Research Institute (STRI), is
developing these PEMs to predict and account for these extreme facility effects [2]. These models require experimental
measurements from high-power EP ground-based tests for their validation and calibration [1, 3]. The goal of JANUS
is to incorporate these facility effects and accurately predict the lifetime and performance of in-space high-power EP
thrusters using engineering models. Testing higher-power EP thrusters presents challenges, as facility effects
increasingly affect thruster operation as power and flow rate increase. An alternative approach to operating high-
power EP systems to inform PEMs on extreme facility effects is to operate lower-power systems in a variety of vacuum
facilities with differing pumping capacities and sizes. Data from these experiments can potentially be extrapolated to
higher-powered systems operating in more capable vacuum facilities. Accurate calibration of HET PEMs necessitates
comprehensive plasma diagnostic measurements of the HET exhaust plume, and calibrating the PEMs requires both
time-averaged and time-resolved data to fully characterize thruster operation.

Time-averaged plasma diagnostics provide useful insight into HET performance; however, the dynamic nature of
these thrusters necessitates time-resolved measurements to capture the temporal behavior critical to their operation.
Several diagnostic methods have been developed to measure the temporal characteristics of an EP plasma, including
high-speed dual Langmuir probes (HDLPs), time-resolved laser-induced fluorescence (TRLIF), and high-speed
retarding potential analyzers (HSRPAs) [4-9]. These diagnostics provide insight into the underlying mechanisms that
drive the complex dynamic behavior of HETs, such as the breathing mode, spoke mode, axial transit time oscillations,
and the electron drift instability, all of which can influence the performance and operation of HETs [10]. Plasma
diagnostics provide an effective means to understand thruster behavior. When these data are combined with
measurements of discharge telemetry, a more complete picture of the internal thruster physics can be obtained. In this
work, a low-power HET was tested in three vacuum facilities where time resolved and time averaged ion energy and
plasma potential were measured in the HET plume. These data long with recorded telemetry are expected to be used
to informing PEMs on the evolution of time-resolved plume properties and discharge characteristics.
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A. Thruster

Testing was conducted using the SPT-50, a 300-W HET with a 50-mm-external diameter channel, developed by
the Research Institute of Applied Mechanics and Electrodynamics of Moscow Aviation Institute [11, 12]. An

I1. Experimental Setup

externally mounted, heaterless hollow cathode with a 0.51-mm orifice,

provided by Plasma Controls, LLC, was used as the electron source for
the SPT-50. For this work, the SPT-50 was operated on Xenon at
discharge voltages of 200 V, 250 V, and 300 V. The SPT-50 was operated
at the 200-V-operating condition at all three facilities; however, the 250-
V and 300-V-conditions were only able to be tested at select facilities as
discussed in Section III. The thruster is shown operating in Fig. 1 at the
200-V-condition. In all of the vacuum test facilities, the thruster was
mounted along the central axis of the vacuum chamber and fired
downstream toward the diagnostics. The anode and cathode flow rates
were held at 12 sccm and 2.4 scem, respectively, and the inner and outer
magnetic coils were supplied with 2 A and 4 A, respectively. The thruster
body remained electrically connected to cathode common throughout
testing. To monitor the thruster’s discharge telemetry, high-speed current
and voltage probes, unique to each testing facility, were used. All high-
speed telemetry data were sampled at rates ranging between 50 - 1000

MS/s by a 12 or 16-bit digitizer.

B. Facilities

Testing of the SPT-50 was completed in three facilities of varying size, pumping capability, and electrical
configuration. These facilities are located at Western Michigan University (WMU) in Kalamazoo, MI, the NASA Jet
Propulsion Laboratory (JPL) in Pasadena, CA, and Colorado State University (CSU) in Fort Collins, CO. These
facilities are pictured in Fig. 2. Each facility possessed unique instrumentation and equipment, including flow controls,
power supplies, ion gauges, and thruster telemetry probes which were used to operate and monitor the thruster. A

summary of facility geometry, operating pressure, and discharge filter type is presented in Table 1.

Table 1. Vacuum chamber specifications

Figure

Background

Location Chamber Diameter (m) Length (m) pressure Dlsc‘harge
Filter
(Torr-Xe)
LC filter
WMU CERES 1.0 1.75 24E-4 L=25mH
C=47uF
JPL Big Green 2.0 4.5 2.5E-5 N/A

RC Filter

CSU Orion 1.5 4.6 2.0E-5 R=0.1Q
C=10pF
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Figure 2. Vacuum test facilities a.) WMU, b.) JPL, & ¢.) CSU.

C. Diagnostics
The diagnostics used in this investigation, which included an HSRPA and either a Langmuir or an emissive probe,

were mounted at thruster centerline height on a three-axis motion stage downstream of the thruster, secured to an
80/20 T-slotted frame. At each spatial location, the diagnostics were aimed directly at the thruster centerline. Plume
measurements from three spatial locations are discussed. Figure 3 illustrates the experimental setup utilized in this
investigation and provides the exact diagnostic positions that were probed. The green markers represent the
measurement locations presented in this work. Results at WMU for position #3 are excluded as the position was not

attainable due to the facility size.

' L | I

Motion Stage

Langmuir Probe
Emissive Probe
RPA

F—

[e)e]
Digitizer LabVIEW
Computer
Figure 3. Experimental setup and diagnostic measurement locations.
Table 2. Measurement locations.
Axial Distance: L.  Radial Distance: R Angle: 0
Position #1 500 mm 0 mm 0’
Position #2 500 mm 165 mm 18’
Position #3 500 mm 487 mm 44°
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1. High-Speed Retarding Potential Analyzer

An RPA operates by establishing a variable electric field normal to incoming ions, creating a potential barrier that
filters ions with energy lower than the sourced potential. The electric field within an RPA is formed by a series of
mesh grids biased to various potentials. The RPA utilized in this study features a four-grid configuration, consisting
of three electrostatically biased mesh grids and a floating grid, located upstream of a current collection plate. The
body, grids, retention rings, and wires are composed of 316 stainless steel. MACOR washers and a MACOR inner
sleeve are used to insulate the grids from the RPA body and each other, while alumina tubing insulates the wires
connected to the grids. Figure 4 shows a schematic of the RPA. Grid 1 is floating to minimize disturbance to the
plasma from the biased grids and reduce space charge effects inside the diagnostic. Grid 2 is negatively biased to repel
plasma-born electrons from entering the RPA. Grid 3 is the retarding grid and is responsible for filtering ions. Grid 4
is biased negatively to suppress secondary electron emission from the grids and collector due to the impact of high-
energy ions. The RPA utilized in this investigation possesses an energy resolution, as determined by the geometry of
the RPA grids, of approximately 1.5% of the retarding grid potential [13]. Further details on the construction of the
RPA can be found in Ref. [14].

Grid Grid Grid Grid
#1 #2 #3 #4

&—>

&—>
JTon Beam

ITIA Digitizer

N

Lk T,

Figure 4. Retarding potential analyzer setup.

A standard RPA operates by sweeping the retarding grid over a range of positive potentials, filtering ions based
on their energy per unit charge, £/q. lons possessing energy exceeding the retarding grid potential can overcome the
potential barrier and arrive at the collector, forming a measurable current. By recording the collector current as a
function of the retarding potential, an I-V characteristic curve is established. The ion energy distribution function
(IEDF) is commonly approximated solely as the negative derivative of the collector current with respect to the
retarding grid bias f(E) = —dl,o;1/Vpies- However, the exact formulation is given by Equation (1),

dl.on 2 2E £(E)
—— = Aen; |— .
dVbias ' m; (1)

The measured IEDF requires correction for the local plasma potential, as the retarding grid of the RPA is ground-
referenced. The true ion energy from the RPA is calculated using Equation (2).

E = eVyias — €V @)

Measurements in this investigation were collected at 150 discrete retarding grid potentials. A Keithley 237 source
measurement unit was used to sweep the potential of the retarding grid, while the repelling and suppression grids were
biased with a set of batteries to a potential of -50 V and -40 V, respectively. Collector current measurements were
converted and amplified using a FEMTO DHPCA-100 commercial TIA. Time-resolved RPA measurements were
performed as follows: The retarding grid potential is held constant, as current is collected and sampled at a rate greater
than the dynamics being investigated. Simultaneously, a second measurement coupled to the HSRPA collector current
measurement is sampled. In this investigation, the coupled measurement is the discharge current of the HET. The
retarding grid potential is then increased by the appropriate voltage step size to obtain the desired IEDF resolution.
This process is then repeated until a complete distribution is achieved. All time-resolved IEDFs are normalized to the
local maximum of the IEDF for each instant in time.
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Time-series data reconstruction was performed using a data fusion method known as shadow manifold
interpolation (SMI), a non-linear technique based on manifold reconstruction and convergent cross-mapping (CMM),
developed by Takens and Sugihara, respectively [15, 16]. Details on SMI and its parameters can be found in Refs [8,
9, 17]. The reconstructed waveforms are then assembled to form I-V curves at each representative point in time.
Subsequently, signal noise was reduced by applying a Savitzky—Golay filter to the data after reconstruction and a
smoothing spline to the reconstructed I-V curves.

2. Langmuir & Emissive Probe

To facilitate plasma potential measurements, either a Langmuir probe or an emissive probe was utilized. An
emissive probe was used at JPL and WMU, while a Langmuir probe was used at CSU, due to a failure of the emissive
probe. Langmuir probes provide a simple method to determine plasma properties such as plasma potential, floating
potential, ion number density, electron number density, and electron temperature, by analyzing an I-V curve. The I-V
curve is obtained by inserting an exposed conductor into a plasma and sweeping the applied potential. A detailed
description of Langmuir probe theory and its relevance to electric propulsion can be found in Ref [18]. Emissive
probes provide an alternative method for determining plasma potential. In this work, the floating emissive probe with
the large emission method was selected for its simplicity. The measurement method and probe construction followed
the recommended practices by Sheehan, et al. [19, 20]. The plasma potential can be identified by determining where
the floating potential of the emissive probe saturates. Each probe provides a reliable determination of plasma potential.

III. Results

The SPT-50 has exhibited variations in discharge characteristics and plume properties in response to changing
facility conditions and environmental factors. As observed in previous facility effects investigations with HETsS,
variations in background pressure, electrical configuration, and impedance pathways have led to alterations in thruster
behavior [21-25]. As these factors change between facilities, they are expected to impact the operation and
performance of the SPT-50, highlighting the importance of accurately characterizing plume behavior in multiple
facilities.

A. Discharge Telemetry

Temporal measurements of thruster telemetry, such as discharge current, provide insight into the role of discharge
dynamics in HET operation. Figure 5 shows discharge current traces and power spectral density (PSD) plots for the
200-V, 250-V, and 300-V conditions. All waveform metrics are summarized in Table 4. Additionally, time-averaged
cathode-to-ground voltage measurements are presented in Table 3 and can shed light on coupling of electrons to the
plume. The time-averaged discharge current reflects the average power draw and the current that flows from the
cathode to the anode, while the amplitude of the peak-to-peak oscillations quantify the strength of plasma oscillations,
specifically the breathing mode oscillations. By analyzing the frequency spectrum, characteristic oscillation modes
linked to physical processes in the discharge can be examined, since periodic oscillations caused by instabilities appear
as distinct peaks in the PSD plots.

Inspecting Fig. 5, several differences are apparent between conditions, including variations in the mean, peak-to-
peak amplitude, and frequency spectrum of the discharge current. The mean discharge current between all three
facilities showed a maximum deviation of 13%, attributed to additional neutral ingestion due to elevated background
pressures. Increasing the discharge voltage resulted in a marginal increase in discharge current, amounting to less than
0.1 A. Due to the elevated background pressure, measurements at WMU showed the highest mean discharge current.
Significant differences are observed in the amplitude of the peak-to-peak discharge current oscillations and the
breathing mode frequency. At all operating conditions, the largest peak-to-peak current amplitude was measured at
CSU, with a maximum value of 2.57 A, while the minimum value was measured at JPL at 1.08 A.
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Figure 5. Discharge current oscillations and PSD at (top) 200-V, (middle) 250-V, and (bottom) 300-V operating conditions.
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Table 4. Discharge current metrics across tested facilities.

WMU CSU JPL
Ip-avg 1.16 A 1.01 A 1.05 A
200 V Inp2p 191 A 2.54 A 1.08 A
fam 35.1 kHz 32.7 kHz 29.3 kHz
Ip-avg 1.16 A 1.03 A N/A
250 V Inp2p 1.80 A 257 A N/A
[Bm 37.8 kHz 36.0 kHz N/A
Ip-avg N/A 1.09 A 1.10
300V Inp2p N/A 2.54 A 1.24
feu N/A 37.3 kHz 34.5 kHz

The breathing mode frequency varied by several kilohertz between facilities, with WMU displaying the highest
oscillation frequency. The rise in breathing mode frequency likely resulted from a shortening of the ionization and
acceleration zones, due to elevated background pressure, leading to a quicker refill time of depleted neutrals [24, 25].
While CSU and JPL have similar operating pressures, a significant difference in frequency is observed; this
discrepancy is discussed further in Section IV. The changes in the breathing mode fundamental frequency can be
observed in the PSD plots on the right side of Fig. 5. The PSD plots highlight the differences in waveform structure
due to changes in the strength of the fundamental frequency and its respective harmonics. Given the similarities
between the PSD plots, the thruster appears to have operated in a similar, highly oscillatory mode across facilities and
conditions. Section IV considers the influence of facility effects on discharge current metrics and thruster stability.

Table 3. Time-averaged cathode-to-ground voltage across tested facilities.

WMU CSU JPL
200V 99V -149V -123V
250V 8.2V N/A N/A
300V N/A -142V -12.1V

B. Plasma Potential

The time-averaged plasma potential with respect to facility ground, determined by Langmuir or emissive probe
measurements, is reported in Table 5. At all facilities, a similar spatial variation was observed, with the highest
potentials recorded near the thruster centerline and decreasing with increased transverse position. Higher plasma
potentials were also measured at the higher discharge voltage conditions. Plasma potential measurements at CSU
consistently showed lower values compared to WMU and JPL. The plasma potential measurements will be used to
correct the ion energy measured by the RPA for local plasma potential, as indicated in Equation (2).

Table 5. Plasma potential measurements.

WMU CSU JPL
200 Position #1 87V+1V 5.5V+0.1V 7.7V+£1V
vV Position #2 8O0V+1V 32V+0.1V 6.5V+1V
Position #3 N/A 43V+0.1V 48V+1V

250 Position #1 92V+1V 63V+01V N/A

\% Position #2 84V<£1V 48V+0.1V N/A
300 Position #1 N/A 74V+01V 82V+1V
\% Position #2 N/A 43V+0.1V 73V+1V
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C. Ion Energy

Time-resolved ion energy measurements conducted in different facilities have provided insight into the evolving
plasma dynamics within the plume of a low-power HET. Time-resolved IEDFs at the 200-V-condition are shown in
Fig. 6, for all three facilities, and the corresponding metrics are summarized in Table 6. A comparison of the [EDFs
across facilities reveals both common features and trends in the ion energy dynamics, in addition to facility-specific
variations.

At each facility, the primary ion beam population oscillates at its respective breathing mode frequency, with
oscillation frequencies differing by up to 6 kHz across facilities. The average ion energy at each facility shows minimal
variation, with the largest observed difference being 5 eV between WMU and JPL, while the peak-to-peak ion energy,
defined as the range of most probable energies, shows a substantial facility-dependent variation at position #1, with
WMU exceeding the other two facilities by approximately 45 eV. The structure or shape of the ion energy waveform
at JPL and CSU possesses a strong sinusoidal nature when compared to the time-resolved IEDF at WMU. These
differences likely arise from a combination of pressure and electrical configuration effects. Important to note, the
measurements made at CSU exhibited strong electromagnetic interference (EMI). As a result, features which appear
with moderate probability in the 0 eV — 25 eV and 275 eV — 300 eV range are believed to be artifacts of the noise and
are not part of real ion energy populations.

Atposition #2, several additional differences emerge. While the primary ion beam population continues to oscillate
at or near the breathing mode frequency, additional ion energy populations and waveform features arise. At WMU,
charge exchange (CEX) ions and possibly elastically scattered ions appear in the lower energy range of the IEDF. The
CEX ions are found in the 0 eV — 25 eV range, while elastically scattered ions appear in the 50 eV — 150 eV range.
Each of these populations can be observed oscillating with the breathing mode frequency. These populations are absent
from the other facilities, likely due to the lower background pressures and the proximity of the RPA to the vacuum
chamber wall. Additionally, at the off-centerline position for WMU, a more sinusoidal structure is observed compared
to the centerline measurement. At present, it is unknown as to why the waveform structure becomes more sinusoidal.
Inspecting the IEDFs at position #2 for JPL and CSU, which possess similar background pressure and facility size,
some major differences arise. At JPL, the IEDF retains its sinusoidal structure, with only minor changes in ion energy
characteristics. However, the IEDF measured at CSU loses its sinusoidal structure, and the magnitude of the peak-to-
peak ion energy oscillations drops by over 50%. At present, the reason for this result is unknown, but is theorized to
have been caused by excessive EMI distorting the lower current signal at the off-centerline positions.

Table 6. Ion energy metrics 200-V-condition.

WMU CSuU JPL

Eiag 166.6 eV £3 eV 169.6eV+3eV 171.8eV+3eV

Position #1 Eipzp 63.4eV+3eV 19.4eV+3eV 184eV+3eV
fBm 35.1 kHz 32.7 kHz 29.3 kHz

Eiavg 1749+ 3 eV 170.7+ 3 eV 168.0eV£3eV

Position #2 Eipzp 55.0eV+3eV 83eV+3eV 20.0eV+3eV
fem 34.2 kHz 32.5 kHz 29.2 kHz

Eiag N/A 1599eV+3eV  162.0eV+3eV

Position #3 Eipzp N/A 11.7eV+3eV 272eV+3eV
f N/A 32.4kHz 29.2 kHz

At position #3, shown in Fig. 7, we begin to observe a broadening of the IEDFs, indicating the presence of
additional ion energy populations at JPL and CSU. This is similar to the IEDF at position #2 at WMU. At this position,
the IEDF at JPL, Fig. 7a, becomes increasingly distorted, losing some of its sinusoidal structure. The broadening of
the IEDF leads to a lower energy population in the 75 eV — 125 eV range. At CSU, Fig. 7b, both a slight sinusoidal
oscillation continues to be present along with a similar energy population observed around 100 eV. Artifacts are once
again observed in the lower energy range of the IEDF, which are assumed not to be real, due to EMI. The average ion
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energy at both facilities drops by approximately 10 eV, while the values of the peak-to-peak oscillations remained
relatively constant, varying by only ~3 eV from that measured at position #2.
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Figure 6. Time-resolved IEDFs 200-V-condition a.) WMU — Position #1, b.) WMU — Position #2, c.) JPL — Position
#1, d.) JPL — Position #2, e.) CSU — Position #1, & f.) CSU — Position #2.
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Figure 8 shows the IEDFs for the 250-V-condition for WMU and CSU. . At positions #1 and #2, the IEDFs for
both facilities share similarities with the 200-V-condition. At WMU, the IEDF transitions from a distorted square-
wave structure measured at the thruster centerline to a cleaner oscillation, with sine-wave—like features, and a more
constant energy holding at ~230 eV at the off-centerline position. At CSU, the same trends observed at the 200-V-
condition are replicated. Position #1 exhibits a strong sinusoidal waveform, while position #2 appears more random
and loses its sinusoidal structure. At both facilities, the breathing mode frequency increases at a minimum by 2 kHz
compared to the 200-V-condition, as expected for an increase in discharge voltage [26-28]. Table 7 presents the ion
energy metrics for the 250-V-condition. Changes in both the ion energy mean and magnitude of the peak-to-peak
oscillations of the ion energy are observed in the IEDFs at WMU between Position #1 and Position #2. However, at
CSU, these metrics remained constant within the energy resolution of the RPA used in this investigation. The mean
ion energy at both facilities and positions increased with the higher discharge voltage, as expected, while the
magnitude of the peak-to-peak oscillations in the ion energies decreased. Additionally, CEX ions are clearly observed
in the 0 eV — 25 eV range at WMU, with no such populations believed to be present at CSU.

Table 7. Ion energy metrics 250-V-condition.

WMU CSU
Einyg 217.8eV+3.7eV  220.6eV+3.7eV
Position #1 Eip2p 382eV+3.7eV 10.5eV£3.7eV
fem 37.2 kHz 36.4 kHz
Eiavg 223.6eV+£3.7eV  2182eV+37eV
Position #2 Eip2p 22.6eV+3.7eV 10.0eV£3.7eV
[Bm 37.6 kHz 36.4 kHz
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The time-resolved IEDFs for the 300-V-condition are shown Fig. 9. As with the previous operating conditions, the
mean ion energies are shifted in proportion to the discharge voltage. At this condition, however, the IEDFs at CSU
appear significantly distorted, showing little oscillatory nature, compared to the measurements at JPL, which show a
strong sinusoidal waveform at both the centerline and off-centerline positions. The ion energy metrics for the 300-V-
condition are shown in Table 8.

Table 8. Ion energy metrics 300-V-condition.

CSuU JPL
Eiavg 268.3eV+t45eV 268.0eVeVE4.5eV
Position #1 Eipzp 8.0eVeVx45eV 56.0eVeVE4s5eV
[Bm 32.3 kHz 34.2 kHz
Eing 268.6eVeV+45eV 260.0eVeVE45eV
Position #2 Eipyp 8.8eVeV+4.5eV 440eVeV+4.5eV
[Bm 32.3 kHz 32.6 kHz
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Measurements at JPL showed an increase in the magnitude of the peak-to-peak ion energy oscillations with
increasing discharge voltage, while at CSU ion energy oscillations appeared to be attenuated with increasing discharge
voltage. This attenuation is observed across all discharge voltage conditions measured at CSU. One possible
explanation is that higher discharge voltages led to increased EMI, resulting in the severely distorted IEDFs. The
IEDFs at CSU for the 300-V-condition also contain low and high-energy artifacts. While it is possible that these
features represent true behavior at the CSU facility, this is unlikely given that no major changes were observed in the
thruster discharge telemetry between operating conditions.
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Figure 9. Time-resolved IEDFs 300-V-condition a.) JPL — Position #1, b.) JPL — Position #2, ¢.) CSU —
Position #1, & d.) CSU — Position #2.

IV. Discussion

The above results compare discharge telemetry and plume measurements from three vacuum facilities, in an effort
to quantify the impact of facility conditions on HET operation. Discharge current telemetry was recorded at each
facility for up to three discharge voltage operating conditions. Variations in discharge current mean, peak-to-peak
amplitude, and oscillation frequency were observed across the facilities. These variations between facilities can be the
result of several factors, including but not limited to background pressure, cathode position, and operating mode [29—
33]. In this study, a combination of these factors is believed to have contributed to the changes observed. With
increases in background pressure, the mean discharge current and the breathing mode frequency rose. Given the
similar background pressures at JPL and CSU, the expected difference in breathing mode frequency should be minor.
However, differences reached as high as 3.5 kHz. A possible explanation for this variation is that, despite efforts to
maintain consistent cathode positioning, the radial position of the cathode may have differed between facilities by as
much as 1 cm. Walker et al. has shown that cathode position can affect both the fundamental frequency of the breathing
mode and the magnitude of the peak-to-peak oscillations of the discharge current [32].
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Trends in peak-to-peak discharge current with background pressure have shown conflicting reports; both
increasing and decreasing peak-to-peak current have been observed with rising background pressure [29, 30, 34]. In
this work, no clear trend was observed. Between JPL and CSU, the magnitude of the oscillations of the discharge
current varied by a maximum of 1.46 A at the 200-V-condition. Given that these facilities possess similar pressures,
it is unlikely this large variation was caused by increased neutral ingestion and is more likely the result of cathode
operation. It is important to note, the cathode tip was replaced after testing at JPL concluded. The replacement of the
tip could have led to a greater emission current from the cathode at the WMU and CSU facilities.

Inspecting the PSDs from Fig. 5 provides some indication of the stability of the thruster operating in the different
facilities. With pressure as the primary driver of discharge current variations, WMU would be expected to exhibit the
least stable operation, as it operates at the highest pressure. Previous studies have shown that higher background
pressure leads to reduced stability [34, 35]. At the 200-V-condition, the PSD results partially support this assumption,
showing the most broadband behavior in both the fundamental frequency and its harmonics. However, a less stable
system is generally accompanied by greater oscillation magnitudes in the discharge current, appearing as a higher
magnitude in the PSD. In this work, CSU displayed the largest oscillations but appeared the most stable, with JPL and
WMU showing progressively greater harmonic amplitude and broadband behavior. Further testing is required to
confirm the primary driver of thruster stability.

Expected trends were observed in the plasma potential measurements which ranged between 3.2 V —9.2 V across
all facilities. The maximum measured values occurred at centerline locations and the minimum at the greatest
transverse distance. In regions where the electron temperature is expected to be lower, such as farther downstream
and at greater traverse locations, lower plasma potentials are observed [36]. Between facilities for a given position
and operating condition, a larger spread was observed than anticipated, reaching a maximum of 3.3 V. The plume
properties, such as plasma potential, are significantly affected by background pressure, due to a reduction in electron
energy, caused by increased electron-neutral collisions within the plume or a reduction in the cathode potential [25,
37]. As such, it was expected that the plasma potential would be lower at WMU. However, observations at WMU
consistently showed the greatest plasma potential measurements when measured with respect to ground. If instead,
we take plasma potential measurements with respect to cathode potential, the measurements are shifted and show that
the lowest plasma potentials are found at WMU, while JPL and CSU show good agreement. The estimated Langmuir
probe uncertainty was 0.1 V. Floating emissive probe measurements typically underestimate the plasma potential
between 1.5Te/e and 2T /e [20]. At the measurement locations performed in this work, T is typically on the order of
~ 1 eV, resulting in a relatively small error of no more than 2 V [38].

Time-resolved ion energy measurements across the three facilities and operating conditions displayed varying ion
energy characteristics. While time-averaged ion energy measurements produced consistent results, several temporal
ion energy characteristics, including the magnitude of the ion energy oscillations and the waveform structure, showed
unexpected behavior. Two factors are considered as possible contributors to these differences: background pressure
and the facility electrical configuration.

Literature discusses the impact of background pressure on time-averaged ion energy extensively [23, 25, 37].
Increased background pressure results in the broadening of the energy distributions due to additional CEX ions being
measured in the plume and causes a minor reduction in the most probable ion energy. Extending these effects to the
temporal ion energy, greater peak-to-peak ion energies are expected at higher pressures, possibly resulting from ions
being born at lower acceleration potentials, movement of the acceleration region, or CEX collisions within the channel
and plume. Figure 6 supports this result. At WMU, the average most probable ion energy was lowest by approximately
5 eV, and the ion energy oscillation magnitude was higher at both positions compared to JPL and CSU. The higher
background pressure also resulted in additional ion energy populations not observed at JPL and CSU, including
elastically scattered and CEX ions. These populations possessed the temporal characteristics of the discharge,
oscillating at the breathing mode frequency. Similar trends are observed at the 250-V-operating condition when
compared between WMU and CSU.

Figure 7 shows the IEDFs for position #3 for JPL and CSU. Here, a broadening of the IEDFs is observed, possibly
resulting from CEX ions being born within the channel and experiencing only part of the acceleration potential. It is
also possible that these are elastically scattered ions, as their energies fall within the range expected for populations
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that have experienced energy loss due to elastic collisions. The energy of an ion that undergoes an ideal elastic collision
and is scattered at an angle 8 by another ion initially at rest is proportional to Ecos?(8) [36]. At the measurement
location within the plume, with an angle of 44° relative to the thruster centerline and given the large acceptance half-
angle of the RPA used in this study of 20°, the measured energies fall within this range. However, while the energies
agree with what is seen in the IEDFs, given the background pressure and distance of the RPA within the plume, elastic
collision mean free paths are on the order of 1 m, which suggests that elastic collisions are not the dominant
mechanism. These IEDFs also possess the temporal characteristics of the primary discharge. A potential CEX ion
population was observed in Fig. 7b. However, as stated in Section III, measurements made at CSU experienced high
levels of EMI; as such, several artifacts are present within the IEDFs. This population is believed not to be real and is
instead a result of I-V curve distortion of the low current signal. These artifacts are also present in the remaining
IEDFs measured at CSU.

Between facilities, operating conditions, and positions, the IEDFs waveform structure differs drastically. The
structure of the IEDF waveform is believed to be the result of both pressure and electrical facility effects. Changes in
the background pressure can impact collision rates, resulting in the generation of various ion energy populations and
affecting the ionization and acceleration zones, as discussed above. The facility electrical configuration, including its
power supplies, harnessing, and discharge filter, can also influence the voltage measured at the anode [39-41].
Fluctuations in anode voltage are thought to play a role in the IEDF structure. Typical anode voltage fluctuations are
only on the order of 1 V, much lower than the ion energy oscillations observed in this study; however, these oscillations
can grow depending on the electrical properties of the harness, particularly its inductance [39]. While voltage
fluctuations can directly impact the ion energy oscillations, it is hypothesized that the ion energy oscillations observed
in an IEDF are influenced by a combination of background pressure and the voltage at the anode. As the 200-V and
300-V-operating conditions for JPL and CSU were conducted under similar background pressures for facilities of
similar size, it is assumed that the electrical configuration plays a non-negligible role in influencing the IEDF. Results
on the influence of the facility electrical configuration will be presented in future work.

This investigation has highlighted some of the potential consequences of testing at different facilities and the
factors that could influence the operation of an HET. The data are intended to be used to calibrate a PEM for the SPT-
50. Although the plasma dynamics and properties vary between low-powered and high-powered HETs, the core
principles governing their operation remain unchanged. Trends could be extrapolated from the operation of the SPT-
50 facility testing to higher power operation in facilities with higher pumping capacity. At present, data have been
provided to initiate the development of a PEM for the SPT-50 and testing at a fourth facility has been completed.

V. Conclusion

A facility characterization study was performed on the SPT-50 across three vacuum facilities. The results showed
variations in discharge telemetry and plume measurements, revealing the influence of facility conditions on HET
operation. Background pressure was observed to affect the performance, stability, and plume properties of an HET,
consistent with previous reports. Discharge telemetry showed variations in mean current, the peak-to-peak amplitude,
and oscillation frequency, while time-averaged plume properties displayed variations in magnitude and energy profile.
Temporal ion energy characteristics, such as waveform structure and the peak-to-peak amplitude, demonstrated
sensitivity to both pressure and potentially, facility electrical configuration. The data obtained in this investigation
will be used for the development of a low-power HET PEM.
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