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Increased background pressure in vacuum chamber test facilities as compared to on-orbit operation has been

shown to influence the operation of electric propulsion devices such asHall thrusters. This study aims to elucidate the

impact of pressure on the ionization and acceleration mechanisms in a stationary plasma thruster, model SPT-100

Hall thruster, using time-averaged and time-resolved laser-induced fluorescence velocimetry. The results are

compared for the thruster operating at an applied 300 V (∼4.25 A), with vacuum facility background pressures

ranging from 1.7 × 10−5 to 8.0 × 10−5 torr. Time-averagedmeasurements reveal that, in general, an upstream shift in

the position of the ionization and acceleration regions occurs as the facility pressure is increased above the nominal

1.7 × 10−5 torr. Time-resolved measurements, implemented using a sample-hold scheme with 1 μs resolution,

emphasize that similar acceleration profiles are present within the Hall thruster discharge channel regardless of

background pressure. Measurements taken at 3.5 × 10−5 torr, where the facility background neutral density is

similar to the neutral density emitted from the thruster, unexpectedly show increased ion acceleration over the next

highest pressure condition at 5.0 × 10−5 torr. These results indicate a not-yet well defined balance of the impacts of

neutral ingestion, classical and turbulent electron transport on thruster operation, and that the ratio of the

background to thruster neutral density is a more relevant benchmark than background pressure alone when

evaluating Hall thruster operation.

I. Introduction

T HE effects of the vacuum facility background pressure on a Hall

thruster operation have been a topic garnering significant

interest in recent years [1–6]. The guidelines for background pressure

during ground testing for plume measurements, lifetime, and

performance have been established for over two decades [7].

However, as the Hall thruster power and efficiency increase, a

significant departure from predicted on-orbit operation based on

ground test and simulation data has brought into question the validity

of established pressure limits for thruster qualification. Typical

pressures seen in research and development vacuum facilities during

thruster operation are ∼1–5 × 10−5 torr, with world-class test and

evaluation facilities such as the NASA John H. Glenn Research

Center’s Vacuum Facility 5 approaching low 10−6 or middle

10−7 torr, depending on the propellant flow rate of the thruster [8].

Even these lower pressures are orders of magnitude higher than the

less than 1 × 10−10 torr seen at geostationary orbit. It is therefore

valuable to use various types ofmeasurements to study how changing

the background pressure impacts thruster operation in order to make

well-informed extrapolations of ground test data to onorbit
conditions and aid in the establishment of electric propulsion testing
standards [9].
This paper seeks to isolate the effects of background pressure on

ion acceleration within the channel and near-field plume of a
stationary plasma thruster,model SPT-100. The SPT-100 is one of the
most prolifically used Hall thrusters on the market, celebrating its
100th flight in August 2016. Manufactured by the Russian
Experimental Design Bureau Fakel, the SPT-100 was made available
to western satellite manufacturers beginning in the early 1990s for
flight qualification. Early tests focused on confirming thruster
performance and lifetime [10,11], followed by a series of studies
investigating plume interactions with spacecraft components [12–14].
Studies byManzella using emission spectroscopy [15] to estimate

propellant ionization fraction and laser-induced fluorescence (LIF)
[16] to measure ion velocity distributions were the first nonintrusive
optical diagnostics applied to this thruster. Recent studies [17] have
expanded on this work using LIF velocimetry for more extensive
spatial and temporal mapping of axial and radial ion velocities
throughout the plume of an SPT-100.
The results presented in this work describe LIF velocimetry of an

SPT-100 Hall thruster operating with facility background pressures
varying from 1.7 × 10−5 to 8.0 × 10−5 torr. Axial ion velocities are
acquired from 16 mm inside the discharge channel to 50 mm into the
near-field plume of the thruster along the channel centerline.
Temporally and spatially resolved changes in the axial ion velocity
are examined in order to provide insight into the dynamics of
propellant ionization and acceleration in this thruster, as well as into
how the plasmadynamics of the thruster are effected by background
neutral ingestion and collisionality.

II. Experimental Apparatus

A. Chamber 3 Vacuum Facility

LIFmeasurements for this study are performed inChamber 3 at the
U.S. Air Force Research Laboratory (AFRL) at Edwards Air Force
Base in California. Chamber 3 is a cylindrical, stainless steel vacuum
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chamber that is 3.3 m in diameter and 8 m in length. The facility
operates on eight helium-cooled cryopanels (20 K) backed by four
IGC Polycold® cryogenic refrigeration units to provide a maximum
xenon pumping speed of 140;000 l∕s [18]. This facility is capable of
achieving a background pressure of approximately 1.7 × 10−5 torr
during nominal SPT-100 thruster operation. The facility background
pressure ismeasured by anMKS Instruments cold cathode ionization
gauge located on the chamber ceiling above the thruster.All pressures
reported here have been corrected from indicated pressure using a gas
sensitivity factor of 2.87 for xenon [19].
Research-grade xenon propellant (99.999% purity) is supplied to

the thruster anode via a 1000 standard cm3∕min (sccm), Unit 1661
digital mass flow controller and to the cathode via a 100 sccm, Unit
8161 digital mass flow controller. For the high-pressure conditions in
this study, an additional 48 to 160 sccm of xenon gas is flowed into
the chamber via a gas feedthrough located approximately 1 m below
the exit plane of the thruster in order to achieve background pressures
of 3.5 × 10−5 to 8.0 × 10−5 torr. This auxiliary flow line is regulated
by an additional 1000 sccm, Unit 1661 digital mass flow controller,
allowing for a more repeatable and stable method of raising the
background pressure than would be accomplished by turning off
individual cryopumps [3].

B. SPT-100 Hall Thruster

Figure 1 provides a schematic of the SPT-100 Hall thruster and an
image of the SPT-100 operating on xenon. The measurements
presented in this paper were taken at 22 spatial points from −16 mm
inside the thruster discharge channel to �50 mm into the near field
plume, as indicated on the thruster schematic.
The operating conditions for this study are outlined in Table 1. The

nominal conditionwas chosen tomatch the applied dischargevoltage
and anode mass flow rate during previous testing of the SPT-100 at
the AFRL [20]. The overall setpoint of the thruster had a slightly
lower discharge current than in previous testing due to various factors
including extensive operation of the available thruster before use in

this study (greater than 200 h), use of laboratory power supplies and
mass flow controllers rather than flight model equipment, and
operation in a different vacuum chamber (Chamber 1 at the AFRL,
which is smaller and operates at higher background pressure).
Typical discharge current characteristics of the SPT-100 are shown

in Fig. 2a for the thruster operating at 1.7 × 10−5 and 8.0 × 10−5 torr
(the lowest- and highest-pressure operating conditions). Fast Fourier
transfers (FFTs) of the discharge current at all five operating
conditions are provided in Fig. 2b. These traces show that, at the
nominal operating pressure of 1.7 × 10−5 torr, the thruster oscillates
quasi periodically at a frequency of 19.8� 5.24 kHz, resulting in a
typical current cycle with a period of 50.3� 14.7 μs. At increasing
pressures, the thruster oscillations increase in frequency, becoming
more periodic (i.e., having narrower FFTs). At 8.0 × 10−5 torr, the
discharge current frequency is 26.5� 1.68 kHz, resulting in a typical
current cycle with a period of 37.8� 2.41 μs. These changes in
discharge current oscillation frequency with pressure are consistent
with recent observations in several other Hall thrusters [3,21].

C. Laser-Induced Fluorescence Velocimetry

Ion velocity measurements are accomplished by probing the
5d�4�7∕2 − 6p�3�5∕2 electronic transition of the xenon ion, Xe II, at
834.72 nm (air). The upper state of this transition is shared by the
6s�2�3∕2 − 6p�3�5∕2 transition at 541.92 nm [19], whichis used for the
nonresonant fluorescence collection. This transition has been used
extensively throughout the electric propulsion community for time-
averaged and time-resolved LIF velocimetry [16,22–24].
Figure 3 depicts the optical train and associated equipment used in

this experiment [17,25]. A New Focus Vortex TLB-6917 tunable
diode laser is used to seed a TA-7600 VAMP tapered amplifier to
achieve a probe beamoutput power of 82mW.A saturation studywas
done prior to taking the measurements presented in this work,
verifying that this laser power was well within the linear regime.
Beam pickoffs send portions of the beam into a Fabry–Perot (F-P)

etalon for frequency reference and an optogalvanic xenon reference

Fig. 1 Schematic of the SPT-100 Hall thruster (Fig. 1a); and image of the SPT-100 Hall thruster operating on xenon (Fig. 1b).

Table 1 SPT-100 Hall thruster operating conditions

Background pressure 1.7 × 10−5 torr 3.5 × 10−5 torr 5.0 × 10−5 torr 6.5 × 10−5 torr 8.0 × 10−5 torr

Injected gas flow None 4.72 mg∕s Xe 7.67 mg∕s Xe 11.8 mg∕s Xe 15.7 mg∕s Xe
(48.0 sccm) (78.0 sccm) (120 sccm) (160 sccm)

Anode flow 5.16 mg∕s Xe 5.16 mg∕s Xe 5.16 mg∕s Xe 5.16 mg∕s Xe 5.16 mg∕s Xe
(52.5 sccm) (52.5 sccm) (52.5 sccm) (52.5 sccm) (52.5 sccm)

Cathode flow 0.396 mg∕s Xe 0.396 mg∕s Xe 0.396 mg∕s Xe 0.396 mg∕s Xe 0.396 mg∕s Xe
(4.03 sccm) (4.03 sccm) (4.03 sccm) (4.03 sccm) (4.03 sccm)

Anode potential, V 300 300 300 300 300
Anode current, A 4.24 4.24 4.25 4.26 4.28
Discharge frequency, kHz 19.8� 5.24 23.8� 4.31 24.5� 2.65 25.4� 1.99 26.5� 1.68
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cell (OGC) for a zero-velocity spectral line reference. Homodyne
detection allows us to probe the 9.03 GHz distant 6p 0�3∕2�1 −
8s 0�3∕2�1 Xe I neutral transition in the OGC [26–28]. A typical
30 GHz laser scan is accomplished in ∼8 min with a lock-in time
constant of 3 s.
The majority of the probe beam (∼68 mW) is sent through a beam

splitter (BS3) to divide it into axial and radial components going
through separate choppers before entering the vacuum chamber. The
fluorescence induced by both the axial and radial probe beams is
collected at a 45 deg angle from the probe beam axis using a 200 mm
focal length lens with a 75 mm diameter. The collimated fluorescence
signal is directed throughawindow in the chamber sidewall to a similar
lens that focuses the collected fluorescence onto the entrance slit of the
125 mm focal length monochromator attached to a photomultiplier

tube (PMT). The collection optics have a 1:1 magnification, which
allows the spatial resolution of the measurements to be determined by
the diameter of the probe beam (greater than 1 mm) and the image of
the entrance slit (1.0 mm width by 1.7 mm height) that defines the
collection optics solid angle. Choppers (Ch1 � 1.9 kHz, Ch2 �
2.5 kHz, and Ch3 � 3.2 kHz) are used for homodyne detection
of the OGC, and the radial and axial fluorescence signals,
respectively. For the axial and radial beams, the resulting signal is a
time-averaged measurement of the fluorescence excitation line
shape if the PMT signal is sent directly into a lock-in amplifier.
For this background pressure study, only axial ion velocity
measurements are presented. The results of the radial ion velocity
measurements at the nominal background pressure are provided
elsewhere [17].

a) b)
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Fig. 2 Thruster discharge current at 1.7 × 10−5 torr and 8.0 × 10−5 torr (Fig. 2a); and associated FFTs for the operating conditions in Table 1 (Fig. 2b).
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Fig. 3 Laser optical train, including launch and collection optics, and parallelized sample-hold scheme.
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To achieve a time-resolved LIF measurement, a sample-hold

scheme is implemented between the PMTand the lock-in amplifier to

synchronize the acquisition of fluorescence excitation line shapes to

the discharge current oscillations. The development of this sample-

hold scheme is described elsewhere [28–30]. The basis of the sample-

hold method is to trigger an acquisition gate at various phases of the

discharge current oscillation period of the thruster, during which the

PMT signal (emission plus fluorescence) is sampled, averaged, and

held until the next trigger, at which point, the held signal is updated

(once per period). Thegatewidth chosen for this study is 1 μs to allow
for multiple points of time resolution throughout the discharge

current cycle. The sample-held signal is then sent through a lock-in

amplifier for homodyne detection, resulting in a fluorescence

excitation line shape representing the ion velocity distribution

function (IVDF) at that particular phase of the discharge oscillation.

To reduce data acquisition time, the sample-hold circuitry (labeled

S-H in Fig. 3) in his work is parallelized by splitting the PMT signal

into several sample-hold branches, with each triggered at different

phases in the discharge current cycle with a 1 μs gate width, as

shown in Fig. 3. The use of seven lock-in seven lock-in amplifiers

enabled measurements of IVDFs at seven temporal points during a

single laser scan, for up to 21 points of time resolution in a typical set

of three laser scans.

It is of note that, due to the quasi-periodic naturally drifting current

oscillations in the SPT-100, the acquisition gate width is smaller than

the�2.41 to 14.7 μs fluctuation in the discharge current period (for
the 8.0 × 10−5 and 1.7 × 10−5 torr conditions, respectively). This
introduces some uncertainty in the time-resolved measurements in

terms of sampling at phases earlier or later in the discharge current

cycle than desired, resulting in some time averaging between nearby

phases that makes our time-resolved results more homogeneous than

we have seen in thrusterswithmore periodic discharge current cycles,
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such as the BHT-600 [28]. Previous work has sought to quantify this
temporal uncertainty [31]. The velocities presented in this study are
estimated to have a �500 m∕s absolute accuracy based mainly on
the uncertainty in the location of the 6p 0�3∕2�1 − 8s 0�3∕2�1 Xe I
reference transition. The precision (or repeatability) of the measure-
ments is�100 m∕s.

III. Results and Discussion

The results in this work are analyzed and presented in three ways.
First, we present fluorescence excitation line shapes, which are a
representation of IVDFs scaled by the measured fluorescence
intensity. Second, the measured fluorescence excitation line shapes
are normalized such that the area under each distribution is unity. In
this way, we determine the IVDFs. Finally, the most probable
velocities are determined by measuring the peaks of the IVDFs.
The process to analyze thesemeasurements beginswith scaling the

measured line shapes on the x axis to velocity space using theDoppler
shift relationship and the etalon trace to mark the frequency spacing
to the stationary reference signal from the OGC. Each fluorescence
excitation line shape represents the convolution of the IVDF, the
spectral transition line shape, the probe laser line shape, and instrument
broadening at a given spatial position. Previous studies have shown
that Doppler broadening is dominant in this type of plasma discharge,
allowing us to take the measured line shape as a velocity distribution
with little increase in error [32].
The relative intensity of the fluorescence excitation line shapes is

representative of the population of ions in the probedmetastableXe II
excited state (5d�4�7∕2) within the collection volume. This population
is tied to the Xe II ground state via a combination of electron impact
ionization and excitation, radiative decay, and local electron and ion
transport mechanisms [33]. The measured intensity has previously
been used as an indication of the ion population [28], which is a good
assumption when looking at the time variation of IVDFs at a given
point in the discharge. It is of note that any comparison of intensities
at different points along the discharge channel is subject to variations
in properties such as local electron temperature; therefore, these
observations are more qualitative in nature.

A. Time-Averaged Measurements

Figure 4 provides the time-averaged axial ion velocity distributions
in the SPT-100 operating at pressures of P � 1.7 × 10−5, 3.5 × 10−5,
and 5.0 × 10−5 torr. The left-hand column represents the fluorescence
excitation line shapes from positions −8 mm inside the thruster
discharge channel to �50 mm into the near-field plume. In Fig. 4a,
the ion velocity at 1.7 × 10−5 torr starts out slightly negative
(∼ − 800 m∕s). Negative velocities at positions close to the anode
have previously been attributed to a gradient-driven field reversal
[34–36]. For the 3.5 × 10−5 and 5.0 × 10−5 torr cases, negative
velocities are seen closer to the anode at Z � −12 and −16 mm, but
these traces have been omitted from the figure due to amuch lower S/N
that would obscure other portions of the plot.
As the velocities increase, so does the amplitude of the

fluorescence excitation line shape, building in intensity until a
maximum atZ � −4 mm. This maximum intensity likely represents
a region of peak ionization. Figures 4c and 4e show that, at elevated
background pressure, the location of peak ionization is shifted
upstream toward the anode: in both cases, measured at Z � −6 mm.
At all three pressure conditions, the amplitudes of the fluorescence
excitation line shape then fall off exponentially as velocity increases
outward into the plume.
Focusing on the IVDFs in Figs. 4b, 4d, and 4f, the distributions

start out narrow and Gaussian in shape, potentially due to thermali-
zation of the ions. The IVDFs just after the previously noted locations
of peak intensity becomemuch broader, with significant low-velocity
tails extending toward zero. The probed volume in this region is likely
comprised of ions originating at different positions within the
discharge channel, having experienced varying amounts of potential
drop depending on the phase of the breathing mode cycle in which
they are ionized (due to time-varying local potential fields) [28]. The
IVDFs continue to narrow as the peak velocities increase, with

diminishing low-velocity tails until ∼18 to 22 mm into the plume.
After these positions, the primary velocity peaks decrease in
amplitude as their peak positions in velocity space asymptote to
∼18.1 km=s, and distinct secondary velocity distributions appear
near zero velocity. This pattern is similar for all three pressure
conditions, but it is most noticeable in Figs. 4b and 4f. It is likely that
these zero-velocity ions are born through charge exchange collisions
with background neutrals. Previous work has estimated the collisional
cross section for Xe–Xe� charge exchange as more than an order of
magnitude greater than the next most significant collisional process of
Xe–Xe� momentum exchange [7,37].
Figure 5 summarizes the most probable ion velocities along the

centerline of the thruster channel for the three pressures reported in
Fig. 4, with the addition of measurements at pressures of 6.5 × 10−5

and 8.0 × 10−5 torr, which were taken only at a subset of axial
positions (Z � −2 and �10 mm). As was previously noted, this
figure indicates that raising the vacuum chamber background
pressure tends to shift axial ion acceleration upstream toward the
anode. The largest jump in position (∼3 mm) occurs between the
1.7 × 10−5 and 3.5 × 10−5 torr cases. Between Z � −12 and the exit
plane, the 3.5 × 10−5 torr condition accelerates ions ∼1 mm earlier
than the 5.0 × 10−5 torr case, which is unexpected. The velocity
differences appear to be repeatable and outside our measurement
uncertainty, indicating that there may be some phenomena at this
pressure that needs further investigation.
The ultimate ion velocity achieved of ∼18.1 km∕s at positions

outward of 30 mm into the near-field plume appears unaffected by
background pressure. This result indicates that variations in
background pressure affect the location but not the total extent to
which the ions are accelerated by the applied potential drop.
Figure 6 compares the IVDFs for thevarious background pressures

at several axial positions in the plume. Figure 5 is repeated in Fig. 6f
for reference, with the IVDFs at each indicated point matching the
same color scheme for varying pressures. In Fig. 6a, we see that ions
at 1.7 × 10−5 torr have not yet begun accelerating at Z � −6 mm.
This is compared to the higher pressures at which a much smaller
fraction of ions remain near zero velocity, and high-velocity tails
reaching past 5 km∕s are more prominent.
At Z � −4 mm, shown in Fig. 6b, the largest variation is seen

between the threedistributions.Aspreviouslynoted, it is undetermined
why the 3.5 × 10−5 torr case has accelerated past the 5.0 × 10−5 torr
case at this point. Considering that Z � −4 mm is a point of peak
ionization for the higher-pressure conditions, this may be a region of
the thruster where the interplay between ions and neutral propellant or
ingested background gas is particularly complex.
A study by Crofton et al. on an SPT-140 Hall thruster [38]

(a similar but higher-powered version of the SPT-100) showed that
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Fig. 5 Variation in time-averagedmost probable axial velocity along the
discharge channel of the SPT-100 Hall thruster operating at various
vacuum chamber background pressures.
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the density of xenon neutrals dipped below the facility background
density from the exit plane to approximately 40 mm into the near-
field plume. Highly efficient propellant utilization within the thruster
channel was the primary cause of the neutral depletion. However, it
was also noted that ionization mechanisms continued into the near-
field plume. The neutral velocities in this study were higher than
expected, implying that the diffusion of cold background gas was in
part replenishing the propellant source, with the slower-moving Xe
neutrals being preferentially ionized [39,40] and accelerated by local
electric fields. Although the depth of neutral ingestion in the
discharge chamber is generally assumed to be linear with the incident
particle flux, the degree to which preferential ionization of slower
background neutrals impacts the measured ion velocity within a
given interrogationvolume is notwell quantified. The processmay be
nonlinear due to a combination of changes in local electron
temperature and the interplay between classical partially magnetized
plasma conductivity versus localized turbulent electron transport,
which is not fully understood.
A subsequent paper by Hargus et al. [41] showed that, for a 600W

Hall thruster, for a 600 W Hall thruster, there were two background
pressures of particular interest: first, the point at which the number
density of ingested background neutrals equaled the xenon ion
density (near 2 × 10−5 torr); and second at higher pressures
(6 × 10−5 torr) where the background neutrals equaled the thruster

neutral density. In this study, it was hypothesized that variations in
background pressure do not impact thruster internal acceleration
mechanisms if the density of facility background neutrals is lower
than neutrals emitted from the thruster. But, at higher pressureswhere
the densities of facility background neutrals are greater than the
neutral density of the thruster, electron mobility inside the thruster
channel may increase and additional ionization events may occur
downstream of the exit plane.
Based on previous studies, it is estimated that the neutral density at

the exit plane of the SPT-100 is approximately 1018∕m3 [42]. This
would place the crossover point where facility background neutrals
were approximately equal to those emitted by the thruster close to the
3.5 × 10−5 torr condition. Although there is someuncertainty in using
neutral density measurements taken at a different vacuum facility and
wall-mounted pressure gauges to estimate the background neutral
density at the exit plane of the thruster, this correlation is worthy of
further investigation because it may provide insight into the
mechanism causing our observation of earlier acceleration for the
3.5 × 10−5 torr operating condition as compared to 5.0 × 10−5 torr.
Moving toward the exit plane and into the near-field plume, the

IVDFs of the higher-pressure conditions begin to converge on similar
shapes and peak velocities. The 1.7 × 10−5 torr condition lags behind
until Z � 30 mm into the plume, where the IVDFs all appear similar
in shape, as seen in Fig. 6e.
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channel centerline. Figure 6f indicates the most probable velocities being compared in Figs. 6a–6e.

408 MACDONALD-TENENBAUM ETAL.

D
ow

nl
oa

de
d 

by
 A

ir 
Fo

rc
e 

R
es

ea
rc

h 
La

bo
ra

to
ry

 (D
ET

-7
 A

FR
L/

R
Q

O
I)

 - 
Ed

w
ar

ds
 A

FB
 o

n 
A

ug
us

t 7
, 2

01
9 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
1.

B
37

13
3 



Figure 7 provides another comparison of IVDFs at the various
background pressures: this time examining the IVDFs of similar
velocity class, regardless of axial position. It is interesting to note that
the IVDFs in this figure appear to have similar shapes in each of the
figures (Figs. 7a–7e). For example, in both traces in Fig. 7a, there is a
bump in the distribution near V � 0 m∕s and a high-velocity tail
extending past V � 5 km∕s. In Fig. 7b, all three pressure conditions
have broad peaks with low-velocity tails extending to V � 0 m∕s.
And, in Figs. 7c–7e, the IVDFs narrow and approach normal
distributions. This indicates that, regardless of the facility background
pressure, similar acceleration mechanisms occur, but just at different
axial positions.

B. Time-Resolved Measurements

Time-resolved velocity measurements were taken at axial
positions from Z � −8 to 18 mm along the thruster channel
centerline. Figure 8 shows the variation in most probable ion velocity
over the course of a typical discharge current cycle for the SPT-100
operating at pressures of 1.7 × 10−5, 3.5 × 10−5 and 5.0 × 10−5 torr.
Note that the discharge current periods are shorter with increased
pressure, and the acquisition of datawas adjusted to be evenly spaced
along the current period.
Inside the thruster channel, the most probable velocities start out

relatively invariant in time at positions from the anode out to Z �
−4 mm for the 1.7 × 10−5 torr condition or Z � −6 mm for the

3.5 × 10−5 and 5.0 × 10−5 torr conditions. These correspond to the

positions of peak ionization seen in Fig. 4.
In subsequent positions, Z � −2 mm for 1.7 × 10−5 torr and

Z � −4 mm for 3.5 × 10−5 and 5.0 × 10−5 torr; a large jump in axial

velocity occurs and themost probable velocities begin to vary in time,

which are correlated to the discharge current fluctuations with an

amplitude on the order of�350 m∕s. The axial positions of −2 and
−4 mm correspond to the widest time-averaged IVDFs in Fig. 4.

Figure 9 provides the time-resolved IVDFs for these positions. Note

that the time axis is scaled in each subfigure to match the length of a

typical discharge current cycle.
Each vertical slice of the color maps represents an IVDF with 1 μs

time resolution at the corresponding phase of the discharge current

cycle. Averaging together the time-resolved IVDFs results in an

IVDF matching the time-averaged measurement. The velocities tend

to increase to a maxima about one-quarter oscillation period after the

discharge current peak (90 deg out of phase), and then they fall to a

minima as the discharge current begins its next rampup.
Further into the near-field plume, at positions where the time-

averaged IVDFs become more narrow, the temporal dependence of

the most probable velocity again decreases as the axial ion velocity

asymptotes to ∼18.1 km∕s. The exception to this trend is for Z �
18 mm at P � 3.5 × 10−5 torr, where there is a bump in velocity

around 13 μs that contributes to a slight high-velocity tail in the time-

averaged distribution. It is uncertain why this change is only present
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at 3.5 × 10−5 torr. But, the difference between the 19.0 km∕s peak at
13 μs and the 17.9 km∕s trough at 27 μs is well outside the bounds of
the�100 m∕s repeatability seen in our measurements; therefore, we

believe this feature to be real.
Within each spatial point, there is little variation in the fluorescence

intensity with time, with the largest changes also occurring in the

ionization region (Z � −6 to−2 mm) where the intensity is∼75% of
itsmaximumas the discharge current decreases toward its trough, and

it reaches a maximum just before the maximum in discharge current.
Overall, the amplitude of the velocity oscillations and fluctuations in
IVDF intensity remain consistent for varying facility background

pressures. These results further emphasize that the acceleration
profiles within the Hall thruster discharge channel are geometrically
similar at varying background pressures but shifted in position.
Previous works on 600 W [28] and 400 W Hall thrusters [36,43] as

well as a diverging cusped field thruster [44]have related the fluctuations
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in ion velocity and fluorescence excitation line shape intensity to
standard models of a Hall thruster breathing mode [45,46]. The
discharge current increases as an ionization front moves upstream,
consuming neutral propellant and increasing the population of free
electrons. The fluorescence intensity consequently reaches its maxi-
mum. The newly generated ions accelerate out of the channel according
to the local potential field that is also changing with time. Ions obtain
their maximum velocity soon after the point of peak ionization, and the
ion density (and measured intensity) falls as the ions accelerate. The
ionization front moves back downstream during the discharge current
trough, the neutral population builds, and eventually, the channel is left
with slower ions that did not experience as large of a potential drop as the
others. The cycle repeats as the discharge current ramps up again.
Although the SPT-100 appears to have similar trends to this breathing

modemodel, the results are not nearly aspronouncedas thrusters suchas
theBHT-600. In theBHT-600,variations in ionvelocity in the ionization
region inside the channel are as large as 15 km∕s over a discharge
current period, with the peak intensity dropping to as low as 25% of its
maximum, as opposed to the 75% seen in the SPT-100. The smaller
intensity and velocity variations could, in part, be due to fluctuations in
the lengths of typical discharge current periods causing sampling and
averaging of nearby phases in the current cycle. Although the temporal
resolution of the sample-holdmethod decreases as the discharge current
deviates from periodic, the results provide further evidence that the
mechanism for ionization and acceleration is not changingwith varying
facility background pressure, but it is changing in position.

IV. Conclusions

Thispaper presents the results of the time-averagedand time-resolved
laser-induced fluorescence velocimetry of an SPT-100 Hall thruster
operating at varying vacuumchamber backgroundpressures. In general,
it is hypothesized that, for the higher-pressure conditions, electron
transport in the thruster discharge channel is enhancedbycollisionswith
chamber background neutrals, pushing the ionization and acceleration
regions upstream as compared to the lower-pressure conditions. This
results in higher velocities inside the discharge channel that eventually
converge to the samevalue several centimeters into the near-field plume
due to ions experiencing the same total applied potential drop. This
hypothesis is well supported by previous background pressure studies
on other Hall thrusters.
For the SPT-100, although the ionization and acceleration regions

did move upstream as expected when pressure was increased above
the nominal 1.7 × 10−5 torr, the 3.5 × 10−5 torr condition jumped
ahead of the 5.0 × 10−5 torr condition, with acceleration beginning
∼1 mm sooner in the discharge channel. Although this anomaly is
not fully understood, it is attributed to the thruster operating at a
condition in which the incident flux of the facility background
neutrals at 3.5 × 10−5 torr is similar to the number density of xenon
neutrals emitted by the thruster. This crossover point may cause the
thruster to operate in a regime in which classical partially magnetized
plasma conductivity and localized turbulent electron transport
interact in a nonlinear fashion. Further investigation is required to
better understand the interplay between these mechanisms.
These results emphasize how difficult it is to deconvolve the effects

of facility background pressure from thruster operation. Overall, it is
proposed that the relative number density of the neutrals in the
acceleration channel as compared to the background neutral number
density at the thruster exit plane is a more meaningful parameter for
determining the sensitivity of a thruster to background pressure than the
measurement of pressure alone. It would therefore be important to have
an accurate measurement of the neutral density or propellant utilization
fraction for a thruster when determining the validity of ground test
measurements and how they are extrapolated to on-orbit conditions.
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