
applied  
sciences

Review

Review of Plasma-Induced Hall Thruster Erosion

Nathan P. Brown 1,* and Mitchell L. R. Walker 2

1 Graduate Fellow, Aerospace Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA
2 Professor and Associate Chair, Aerospace Engineering, Georgia Institute of Technology,

Atlanta, GA 30332, USA; mitchell.walker@ae.gatech.edu
* Correspondence: nbrown44@gatech.edu

Received: 9 May 2020; Accepted: 27 May 2020; Published: 29 May 2020
����������
�������

Abstract: The Hall thruster is a high-efficiency spacecraft propulsion device that utilizes plasma to
generate thrust. The most common variant of the Hall thruster is the stationary plasma thruster (SPT).
Erosion of the SPT discharge chamber wall by plasma sputtering degrades thruster performance
and ultimately ends thruster life. Many efforts over the past few decades have endeavored to
understand wall erosion so that novel thrusters can be designed to operate for the thousands of
hours required by many missions. However, due to the challenges presented by the plasma and
material physics associated with erosion, a complete understanding has thus far eluded researchers.
Sputtering rates are not well quantified, erosion features remain unexplained, and computational
models are not yet predictive. This article reviews the physics of plasma-induced SPT erosion,
highlights important experimental findings, provides an overview of modeling efforts, and discusses
erosion mitigation strategies.
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1. Introduction

The Hall thruster is a spacecraft propulsion device that generates thrust via electrostatic acceleration
of plasma ions. Figure 1 shows a Hall thruster operating in the High-Power Electric Propulsion
Laboratory at the Georgia Institute of Technology.
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Figure 1. Pratt & Whitney T-140 Hall thruster operating with xenon propellant. Figure 1. Pratt & Whitney T-140 Hall thruster operating with xenon propellant.
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Performance varies across design and power class, but typical thrusters have a demonstrated
lifespan on the order of 10,000 h and produce 0.1–1 N of thrust with a specific impulse (total imparted
momentum per unit weight of propellant) of 1000–3000 s [1–8]. These characteristics have made the
Hall thruster a leading propulsion option for both satellite station-keeping and deep-space exploration.
Hall thrusters have flown on hundreds of spacecraft since the 1971 launch of the Russian METEOR-18;
they presently provide orbit corrections for the SpaceX Starlink constellation and are scheduled to
serve as primary propulsion elements for both the NASA Psyche and Artemis missions [9–11].

The most common variant of the Hall thruster, called the stationary plasma thruster (SPT), ignites
and sustains plasma within a discharge chamber composed of ceramic walls. Hall thruster erosion
is the gradual removal of ceramic material from the discharge chamber walls by plasma sputtering.
Total removal of the ceramic results in exposure of magnetic circuitry components to plasma and
effectively ends thruster life [2,5,12,13]. Wall material removal also impacts thruster performance well
before the end of life is reached. Thruster life tests have shown that thrust and specific impulse can
decrease by 5–8% over the first 1000 h of operation, when the erosion rate is highest [14–20].

Erosion is a plasma–material interaction that forms a coupled feedback loop; sputtering alters
wall surface properties, which leads to changes in plasma boundary conditions that, in turn, adjust
the discharge sputtering rate. Further complications arise due to the high sensitivity of sputtering
to both surface and plasma conditions. Despite substantial efforts to experimentally measure and
computationally model the process, many aspects are not well understood. The sputtering rate of the
ceramic discharge chamber walls has not been adequately quantified, the connection between erosion
and performance degradation requires further study, and an explanation of the ubiquitous presence of
so-called “anomalous” erosion ridges in thruster life tests has remained elusive.

The purpose of this review is to introduce the reader to the unique challenges presented by
plasma-induced Hall thruster erosion and to overview experimental and computational studies on the
topic. Section 2 introduces erosion physics, Sections 3 and 4 highlight experimental and modeling
efforts, respectively, and Section 5 discusses erosion mitigation concepts. Unless otherwise noted,
Hall thruster is used synonymously with SPT in this review.

2. Physics of Hall Thruster Erosion

Hall thruster erosion is the gradual removal of material from the ceramic walls of the discharge
chamber via plasma sputtering. Wall erosion eventually exposes magnetic circuitry components to
plasma and effectively ends thruster life. This section provides an overview of Hall thruster plasma,
discharge chamber wall materials, and sputtering.

2.1. Hall Thruster Plasma

Shown schematically in Figure 2, the Hall thruster forms and sustains plasma with crossed
electric and magnetic fields within an annular ceramic discharge chamber. An external power supply
establishes an electric field along the discharge axis, and a set of solenoids generates a magnetic field
that points along the discharge radius. The electric field is established between a positively biased
anode and a negatively biased emitting hollow cathode. The crossed electric and magnetic fields force
electrons emitted by the cathode into a gyrating azimuthal Hall drift inside the discharge chamber.
Neutral propellant (typically xenon) fed through the anode collides with the electrons to form ions that
are subsequently accelerated into the thruster exhaust by the axial electric field. Charge quasineutrality
is maintained in the resulting plume because some emitted electrons follow expelled ions rather than
enter the discharge chamber. The ionized propellant is not captured in a Hall drift inside the discharge
chamber because, though large enough to magnetize electrons, the magnetic field does not have
sufficient strength to magnetize the comparatively heavy ions [1–8].
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Figure 2. Front and side cross-section schematics of a Hall thruster [3,7]. Electrons (yellow) trapped in
a Hall drift by crossed electric (green) and magnetic (orange) fields ionize neutral (grey) propellant.
The resulting ions (blue) are accelerated into the thruster plume by the electric field.

Representative peak electric and magnetic field values inside the discharge chamber are 400 V/cm
and 200 G, respectively. The plasma density is typically 1017–1019 m−3, electron temperature generally
remains below 100 eV, and the peak ionization fraction exceeds 10%. The ion-neutral collision frequency
is on the order of 10–100 kHz, and the total electron collision frequency is 1–10 MHz [3,6,7,21].

Erosion rates are greatest near the thruster exit plane in the so-called propellant ionization and
ion acceleration zones, where ion density and energy are largest due to axial peaks in the electric and
magnetic fields [7,22,23]. The radial distribution of the electric field in these regions is influenced
by the magnetic field configuration, discharge chamber wall boundary conditions, charged particle
densities, and plasma turbulence [7,8]. These factors complicate the idealized scenario presented in the
preceding description and can cause ions to accelerate into the walls of the discharge chamber, rather
than into the thruster plume. Estimates vary, but some work has shown that as many as 30–40% of
Hall thruster ions are accelerated into the thruster walls [5].

A substantial source of this wall acceleration is the plasma sheath that forms to connect the
quasineutral bulk plasma to the discharge chamber walls. Because the walls are insulating, the sheath
must form to enforce a zero net current boundary condition at the wall. Electrons reach the wall first,
so the sheath resists further electron current to the wall by establishing a potential drop from the bulk
plasma to the wall. Ions formed sufficiently close to the wall or transported to the wall region by
collisions or local electric fields are accelerated into the wall by the sheath potential gradient [7,8,24,25].
Figure 3 provides a simplified illustration of this effect.

2.2. Discharge Chamber Wall Material

Hall thrusters require ceramic discharge chamber walls to protect the solenoids from plasma
exposure. Selection of wall material can impact thruster performance and operating conditions.
The material must have low electrical conductivity at high temperatures, high mechanical strength,
good thermal shock resistance, low outgassing rate, low secondary electron emission rate, and low
sputtering yield [12,26,27]. Boron nitride–silica (BN-SiO2) composite is the most commonly reported
flight thruster wall material, but alumina (Al2O3), silicon carbide (SiC), and various grades of BN
featuring different binder materials have been used in laboratory thrusters [28].
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BN-SiO2 composite is formed by hot-pressing hexagonal BN platelets in amorphous SiO2 binder.
The resulting composite is orthotropic because properties along directions parallel to the platelet plane
differ from properties along the platelet normal [29–31]. Figure 4 is a scanning electron microscope
(SEM) image of grade M26 BN-SiO2 composite taken without the aid of conductive surface coating.
The fibrous appearance of the BN grains is due to the on-edge view of the BN platelets.
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Figure 4. Scanning electron microscopy (SEM) image of grade M26 BN-SiO2. The dark regions are
amorphous silica (SiO2) and the light regions are orthotropic boron nitride (BN).

2.3. Sputtering

Hall thruster erosion is the gradual sputtering of the discharge chamber walls. Sputtering is the
ejection of atoms from a material surface by incident energetic particles. The process is important for
many applications and is used as a tool for thin film sputter deposition, ion beam etching, and secondary
ion mass spectrometry [32,33]. One such application, planar magnetron sputter deposition, involves
sputtering of a material target with plasma that, as in a Hall thruster, is formed and sustained by crossed
electric and magnetic fields [34]. The advancement of sputtering applications has benefited Hall
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thruster erosion research because much of the development of sputtering theory has been motivated
by these fields.

Sputtering is prevalent in plasma-material interactions because many plasmas consist of particles
with sufficient energy to release atoms from material surface bonds. These particles can be neutrals,
ions, or electrons, but ions with energies below 500 eV are widely expected to be the primary agent
of sputtering in the case of Hall thruster wall erosion [35–37]. Researchers quantifying sputtering
for Hall thruster wall materials typically report sputtering rate (or yield) as the measured ejected
surface material volume per time-integrated incident ion current, resulting in dimensions of volume
per electric charge [35,38–40]. However, in other fields, the sputter rate is often given as the average
number of surface atoms ejected per incident ion [32,33].

The transport model provides a satisfactory conceptual picture of the mechanism by which
sputtering takes place. Transport theory holds that sputtering happens in three main stages: (1) incident
energetic particles transfer energy to material atoms through collisions, (2) impacted material atoms
transfer energy to other material atoms in a collision cascade, and (3) some atoms near the material
surface gain sufficient velocity in a direction pointing away from the surface to leave the material
altogether [32,33]. Figure 5 illustrates the transport theory sputtering mechanism.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 19 

2.3. Sputtering 

Hall thruster erosion is the gradual sputtering of the discharge chamber walls. Sputtering is the 

ejection of atoms from a material surface by incident energetic particles. The process is important for 

many applications and is used as a tool for thin film sputter deposition, ion beam etching, and 

secondary ion mass spectrometry [32,33]. One such application, planar magnetron sputter deposition, 

involves sputtering of a material target with plasma that, as in a Hall thruster, is formed and 

sustained by crossed electric and magnetic fields [34]. The advancement of sputtering applications 

has benefited Hall thruster erosion research because much of the development of sputtering theory 

has been motivated by these fields. 

Sputtering is prevalent in plasma-material interactions because many plasmas consist of 

particles with sufficient energy to release atoms from material surface bonds. These particles can be 

neutrals, ions, or electrons, but ions with energies below 500 eV are widely expected to be the primary 

agent of sputtering in the case of Hall thruster wall erosion [35-37]. Researchers quantifying 

sputtering for Hall thruster wall materials typically report sputtering rate (or yield) as the measured 

ejected surface material volume per time-integrated incident ion current, resulting in dimensions of 

volume per electric charge [35,38-40]. However, in other fields, the sputter rate is often given as the 

average number of surface atoms ejected per incident ion [32,33]. 

The transport model provides a satisfactory conceptual picture of the mechanism by which 

sputtering takes place. Transport theory holds that sputtering happens in three main stages: (1) 

incident energetic particles transfer energy to material atoms through collisions, (2) impacted 

material atoms transfer energy to other material atoms in a collision cascade, and (3) some atoms near 

the material surface gain sufficient velocity in a direction pointing away from the surface to leave the 

material altogether [32,33]. Figure 5 illustrates the transport theory sputtering mechanism. 

 

Figure 5. Sputtering mechanism according to the transport model [33]. An incident ion (blue) transfers 

energy to atoms (grey) and the resulting collision cascade propels an atom away from the surface. 

Application of the transport model results in a simple relation for the sputter yield that can be 

corrected for many different materials exposed to a variety of plasma species. The model is 

fundamentally limited, however, because it assumes the material is a homogenous continuum and 

relies on adjustable parameters for fitting to experimental data. Sputtering is a far more complex 

process than what is implied by the transport theory. The sputtered material may have heterogeneous 

structure, sufficiently high temperatures can cause material sublimation, incident particles may not 

immediately collide with surface atoms due to ion and energy channeling, and adatom-vacancy pairs 

and surface island nucleation may form due to energetic atoms not leaving the material surface. These 

shortcomings may be overcome by individually computing particle trajectories with molecular 

dynamics simulations [32,33,41]. 

Figure 5. Sputtering mechanism according to the transport model [33]. An incident ion (blue) transfers
energy to atoms (grey) and the resulting collision cascade propels an atom away from the surface.

Application of the transport model results in a simple relation for the sputter yield that can
be corrected for many different materials exposed to a variety of plasma species. The model is
fundamentally limited, however, because it assumes the material is a homogenous continuum and
relies on adjustable parameters for fitting to experimental data. Sputtering is a far more complex
process than what is implied by the transport theory. The sputtered material may have heterogeneous
structure, sufficiently high temperatures can cause material sublimation, incident particles may not
immediately collide with surface atoms due to ion and energy channeling, and adatom-vacancy pairs
and surface island nucleation may form due to energetic atoms not leaving the material surface.
These shortcomings may be overcome by individually computing particle trajectories with molecular
dynamics simulations [32,33,41].

Propulsion engineers must accurately model Hall thruster wall sputtering to predict Hall thruster
wall erosion rates and determine the resultant thruster lifetime. This task is challenging because the
sputtering rate is highly sensitive to surface properties, such as temperature, roughness, contamination,
and charge, and near-wall plasma properties, such as ion density, energy, and incidence angle [32,33].
To make matters even more complicated, sputtering of the Hall thruster wall changes the surface
composition and secondary electron yield. These changes, in turn, alter both the material and plasma
properties [22,23,39,42,43]. The result is a coupled feedback loop, whereby sputtering of the thruster
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wall changes the sputtering rate. Experimental and computational work in the field over the last few
decades has been driven by the need to understand both the wall material and plasma to enable an
accurate description of how these two entities interact.

3. Experimental Investigations of Hall Thruster Erosion

Experimental investigations of Hall thruster erosion can be broadly grouped into two categories:
thruster tests and material surface investigations. Thruster tests provide overall erosion and
performance characteristics, whereas material surface investigations study sputtering yield and
the impact of sputtering on surface structure. This section highlights important results found in both
investigation types.

3.1. Thruster Tests

The Fakel SPT-70 and SPT-100 Hall thrusters successfully operated on Soviet Union satellites in the
1970s and 1980s, but interest in lifetime tests was renewed in the early 1990s as the life of geostationary
spacecraft improved and thruster life requirements grew from 700–2000 h to 4000–6000 h [12].
Early available data on thruster erosion therefore comes from workers in the United States and the
former Soviet Union states attempting to qualify the 1.35 kW SPT-100 for longer-term operation with
xenon propellent.

The SPT-100 discharge chamber has a length of 2.5 cm, inner radius of 3.5 cm, and outer radius of
5 cm, resulting in a total discharge chamber volume of approximately 100 cm3 [7]. The initial thicknesses
of the inner and outer annulus walls are approximately 11 mm and 5.5 mm, respectively [14,15].
Erosion rates were reported as the loss of thickness or volume per unit time and were determined
by periodically measuring changes in either the wall thickness or mass. Four notable results were
garnered from these tests. First, erosion was most prominent in the 10 mm closest to the thruster exit
plane (where ionization and ion acceleration are most prevalent). Second, the erosion rate decreased
exponentially with time from ~10 µm/h to ~1 µm/h. Third, the outer wall eroded more rapidly than
the inner wall. Fourth, thrust and specific impulse decreased by 5–8% over the first few hundred hours
of thruster operation, and discharge electrical oscillations were not consistent throughout thruster
life [14,15,44].

Later tests of the Keldysh Research Centre 1.3 kW T-100 [45] and KM-series thrusters [19],
Snecma 1.3 kW [16,17] and 2.5 kW [20] variants of the PPS-1350, Pratt & Whitney 10 kW T-220 [46],
NASA 50 kW T-400M [47], and Aerojet Rocketdyne 4.5 kW BPT-4000 [18] found similar trends in
erosion rate and performance loss but did not universally observe more rapid erosion of the outer
wall. The T-220 campaign reported variation of erosion rate with azimuthal position, and the BPT-4000
test campaign measured no erosion after 5600 h of operation. The BPT-4000 result was explained as a
“magnetic shielding” effect and led to the development of the Zero-Erosion™ thruster line [48].

Hall thrusters are typically operated and characterized with xenon propellent. Assessment of the
impact of alternative propellants on the SITAEL 5 kW HT5k performance found that use of krypton and
krypton-xenon mixtures, compared to pure xenon, resulted in higher wall erosion rate [49]. Other efforts
have quantified wall erosion in thrusters operating with krypton propellent, but more work is required
to compare krypton and xenon erosion trends and to understand the erosion characteristics of other
alternative propellants, such as argon and iodine [47,50].

Other notable work to experimentally characterize plasma-induced erosion in Hall thrusters
includes that of Peterson et al. [51], who tested the relative erosion rates of Hall thruster channels
constructed from various grades of BN composites, and Bugrova et al. [52], who found erosion rate
increases with discharge voltage. The importance of pressure facility effects on erosion rate was recently
examined by Zhang et al. [53] and Ortega et al. [54]. In parallel, other researchers [46,55–64] have
developed in-situ erosion rate measurement techniques, such as telemicroscopy and spectroscopy.

The most surprising erosion result from thruster life tests is the formation of mm-scale sawtooth
erosion patterns in both the inner and outer annulus walls. First reported in the literature by Arhipov
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et al. [65], so-called anomalous erosion ridges are a ubiquitous presence in Hall thruster walls and can
be detected after fewer than 100 h of operation [13]. Erosion ridges are clearly discernable in Figure 6,
for example, which shows the BPT-4000 [18], PPS-1350 [66], and SPT-100 [15] after life tests. The cause
of erosion ridges is not known, but work has attempted to link their formation to both plasma and
material instabilities [67–69].
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Figure 6. Erosion ridges in the Aerojet Rocketdyne BPT-4000, Snecma PPS-1350, and Fakel SPT-100
walls. Images reprinted with permission from [18], Aerojet Rocketdyne, 2010; with permission from [66],
Snecma, 2019; and with permission from [15], American Institute of Aeronautics and Astronautics, 1995.

The mechanism behind the observed exponential decrease in erosion rate is also not completely
understood. Erosion causes the walls to recede and thereby increases the volume of the discharge
chamber; the larger volume may increase the probability that energetic ions collide with other particles
and lose energy before striking the wall [70]. Changes to the ion incidence angle due to the surface
response to sputtering may also act to reduce the erosion rate [71].

The decrease in performance over the first 1000 h of operation has been linked to multiple
causes. The increase in discharge chamber volume may decrease the ion density or increase the plume
divergence sufficiently to reduce thrust [37]. Sputtered wall material can also coat the anode and enter
the plume, which may impact discharge electrical characteristics [72–74]. Shagaida et al. [19] proposed
that erosion can lead to an increased proportion of non-propellant neutral particles in the discharge
chamber and that this decreases thruster performance by lowering propellant utilization efficiency.

3.2. Surface Investigations

The presence of unexplained erosion features prompted Zidar and Rovey [22] and Burton et al. [23]
to investigate the microstructure of eroded laboratory Hall thruster walls. These studies found the
presence of striations on the order of the electron gyroradius and surface damage in the form of
delamination and microcracking. Though they observed opposite trends in relative sputtering rates of
BN and SiO2 in BN-SiO2, both studies found that original compound atomic ratios were not maintained
in highly eroded regions; the ratio of B to N atoms was not 1:1, and the ratio of Si to O atoms was not
1:2. These results indicate that sputtering occurs on an atomic, rather than molecular, level in the Hall
thruster wall.

Figure 7 shows an SEM image of grade M26 BN-SiO2 after exposure to plasma, taken without the
application of a conductive surface coating. Microcracks and striations are observable in the image,
and BN delamination prevents discernment of BN grain boundaries.
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Recent work has used controlled experiments to investigate sputtering mechanisms and isolate
the impact of specific factors on sputtering characteristics. Duan et al. [75] found that sintering pressure
can impact BN erosion characteristics and that BN sputtering results in the breaking of B–N bonds and
delamination of BN layers. Surface composition analysis showed that boron sputters more quickly
than nitrogen when BN is exposed to xenon plasma. Satonik et al. [76] exposed pristine and Hall
thruster-eroded BN and BN-SiO2 samples to xenon magnetron plasma and found that previously
eroded samples sputtered up to 90% faster than pristine samples. Their work found conflicting results
regarding the relative sputtering rates of BN and SiO2 in BN-SiO2 but confirmed that compound atomic
ratios were not maintained. Schinder et al. [69] attempted to explain the formation of anomalous
erosion ridges in BN-SiO2 with surface instabilities driven by hoop stresses, but experimental results
failed to support this hypothesis. Experimental evidence for the role of electrons in the Hall thruster
erosion process was provided by Sarrailh et al. [77], who exposed BN-SiO2 and BN to both electron and
ion beams. Brown et al. [42] demonstrated that microcracks observed in BN-SiO2 thruster walls were
caused by thermal shock induced by thruster on/off cycling but did not find that cracking influenced
erosion characteristics. X-ray photoelectron spectroscopy data and SEM images from their work
supported the notion that SiO2 is sputtered more quickly than BN.

An important subset of surface investigations has attempted to quantify the low-energy sputtering
yields of Hall thruster wall materials. Sputtering rates of BN and BN-SiO2 at ion energies relevant
to Hall thruster erosion (<500 eV) are vital for erosion models, so the Hall thruster community has
attempted to measure these values in controlled experiments. Garnier et al. [38,39] determined
angle-dependent sputtering rates of these materials by measuring sample mass loss after exposure
to xenon plasma with mean ion energies of 350 eV, 500 eV, and 1000 eV. Their work found BN-SiO2

sputtered at a greater rate than BN but that the relative sputtering rate of BN was larger than SiO2 in
BN-SiO2. Curiously, their work also found that the atomic ratios of B to N and Si to O remained 1:1 and
1:2, respectively, in contrast to the results of later thruster and controlled sputtering tests performed
by other authors [22,23,42,75,76]. Kim et al. [78] found that krypton plasma sputtered BN-SiO2 at a
30–50% lower rate than xenon plasma at mean ion energies ranging from 100 to 400 eV. Rubin et al. [35]
used quartz crystal microbalance and weight loss measurements to determine the angle-dependent
sputter yields of different grades of BN with mean xenon ion energies ranging from 60 to 500 eV.
Ranjan et al. [40] provided similar measurements for both BN and BN-SiO2.

Due to difficulties associated with the determination of low-energy sputtering yields, substantial
variation exists among sputtering yield datasets. More work is therefore needed to provide accurate
quantification of atomic sputtering yields at low ion energies. Success in this endeavor will require



Appl. Sci. 2020, 10, 3775 9 of 18

the development of higher fidelity sputtering yield measurement tools, stable low ion energy plasma
sources, and methods to accurately simulate the Hall thruster discharge in a controlled laboratory setting.

4. Hall Thruster Erosion Modeling

Predictive Hall thruster erosion modeling is a formidable challenge that promises to enable
researchers to accurately and rapidly assess the lifetime of thruster prototypes without the need for
expensive and time-consuming life tests. However, predictive modeling requires a precise description
of the discharge plasma, wall material, and plasma-wall interaction, as well as the ability to simulate the
impact of microsecond-scale events over the course of thousands of hours. Experimental uncertainties
in available experimental data and limitations in computing power have thus far prevented the
development of truly predictive models. Though they can accurately reproduce the decaying erosion
rate trend observed in Hall thruster life tests, most contemporary models are highly sensitive to
tunable parameters that must be adjusted to match preexisting thruster erosion data. They are also
unable to reproduce experimentally observed surface evolution features, such as anomalous erosion
ridges, microcracking, and atomic-level changes in surface composition. This section reviews erosion
modeling and highlights important results.

Early efforts [79,80] circumnavigated the need for detailed plasma and sputtering models by
simply curve-fitting preliminary SPT-100 erosion data to extrapolate erosion trends and thereby predict
thruster life without complete life test data. Though recent work [81] has improved upon this technique
by employing machine learning across multiple thruster life test datasets, life test data extrapolation is
a fundamentally limited approach. It requires a thruster be constructed and operated before any life
prediction is made and therefore does not enable rapid assessment of multiple thruster prototypes in
early design stages.

More sophisticated models introduced by Komurasaki et al. [82] and Clauss et al. [83] in the late
1990s used fluid equations to describe the plasma discharge and determine the ion flux to the wall.
The ion wall flux, coupled with a simplified sputtering rate model, gave a first-order calculation of
erosion rate. The sputtering rate model used by these authors is given in Equation (1), where Y is the
sputtering rate, Ji is the ion current density to the wall, and S is a sputtering factor that incorporates
dependence on ion energy and angle of incidence.

Y = JiS (1)

Later efforts [70,84–91] accounted for plasma–wall interactions and implemented increasingly
sophisticated discharge plasma and semiempirical sputter yield models tethered to experimental data.
Many authors fit variations of the Yamamura and Tawara [92] sputtering rate law for monoatomic
solids to the sputtering rate data of Garnier et al. [38,39] or Rubin et al. [35]. The general Yamamura
and Tawara model is given in Equation (2), where F is a function that describes the dependence of
sputtering rate on wall material and ion properties, E is ion energy, Eth is the threshold sputtering
energy of the wall, and b is an adjustable parameter.

Y = F(. . .)

1−
√

Eth

E

b (2)

Threshold sputtering energy is typically assumed to lie between 30 and 70 eV. The form of
Equation (2) and the values of the associated fit parameters vary as a function of the chosen model,
fitted experimental data, and assumed threshold sputtering energy.

An important contribution was made by Manzella et al. [70], who recovered the exponentially
decaying erosion rate observed in life tests by updating the thruster discharge size with wall erosion.
Increased discharge volume caused by decreased wall thickness provided ions with greater opportunity
to collide and lose energy before striking the wall, thereby decreasing the sputtering rate. The model
of Sommier et al. [37] reproduced the decrease in thrust observed in the first few hundred hours
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of thruster operation and provided evidence to support the notion that low-energy ions (and not
neutrals or electrons) are responsible for the majority of wall erosion. Recognizing the limitations
of simple sputtering yield models employed by most authors, Yim et al. [87,88] utilized a molecular
dynamics simulation to more accurately model sputtering, and Schinder et al. [90] constructed a
three-dimensional surface mesh in an effort to recover observed sputtering-induced changes to the
Hall thruster wall microstructure.

Further plasma discharge model fidelity was attained with the advent of particle-in-cell (PIC) models
that solve the equations of motion for super particles representing groups of individual particles. Like fluid
modelers, most authors [37,93–98] implementing PIC models for erosion calculation relied on simple
theoretical fits of experimental data to determine sputtering yield. However, Cheng et al. [99] developed
a variation of the Yamamura and Tawara model based on physical considerations, and Cao et al. [100]
utilized the Huygens wavelet method to predict surface evolution.

Although the advent of predictive modeling will require more accurate experimental surface
sputtering and near-wall plasma measurements, it will also require higher fidelity modeling approaches.
Apart from the exceptions noted above, most efforts have applied increasingly mature plasma models
to simple sputtering yield relations. Recovering sputtering-induced changes to surface microstructure
and concomitant alterations to near-wall plasma properties will require the application of similarly
sophisticated material models. Such an improvement would enable more accurate simulation of the
coupled plasma–material sputtering mechanism.

5. Hall Thruster Erosion Reduction Concepts

Experimental and modeling efforts have shown that Hall thruster erosion rate increases with ion
energy and ion flux to the wall. Attempts to reduce erosion have therefore centered on the development
of Hall thruster variants that utilize different electric and magnetic field configurations to shield
thruster walls from higher energy ions.

A prominent example, with origins that can be traced back to the 1960s, is the thruster with
anode layer (TAL). This variant uses metallic walls, features a shorter discharge chamber, and employs
metallic guard rings to provide a voltage bias that reduces electron wall losses. The bulk of the
ionization and ion acceleration regions, where the most wall erosion occurs in an SPT, is pushed beyond
the thruster exit plane. The TAL has extensive laboratory test and flight heritage in Russia but has not
gained widespread acceptance as a flight thruster in the United States and Europe [3,101–103].

As noted above, the BPT-4000 extended life test reported an undetectably low wall erosion rate
after 5600 h of operation [18]. Reduction in wall thickness caused by erosion early in thruster life
changed the wall surface location relative to the magnetic field. This, in turn, altered the electric
field near the wall and resulted in near-wall plasma conditions that more closely resembled those
in the bulk of the discharge. The effect of this so-called “magnetic shielding” was to reduce the
magnitude of the potential gradient in the sheath and to shift the electric field direction at the wall
from pointing towards the wall to pointing along the wall [48,104–107]. The baseline technology of the
BPT-4000 was licensed from Busek, and the BPT abbreviation represents “Busek-Primex Thruster.”
Aerojet Rocketdyne performed the qualification test that demonstrated low wall erosion, and NASA
performed the extended lifetime test and much of the simulation and analysis work to provide the
theoretical basis for magnetic shielding.

Aerojet Rocketdyne captured the use of the low-erosion magnetic field topology in its
Zero-Erosion™Hall thruster line, and NASA utilized the concept to develop its own set of magnetically-
shielded thrusters. The combined efforts of Aerojet Rocketdyne and NASA resulted in the 12.5 kW Hall
Effect Rocket with Magnetic Shielding (HERMeS) that will serve as the Advanced Electric Propulsion
System (AEPS) thruster for the Lunar Gateway in the Artemis program. Extensive qualification testing
shows the expected lifetime of the thruster exceeds 50,000 h and that its performance is comparable
to that of a standard SPT [11]. Thruster life is expected to be limited by magnetic pole, rather than
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discharge chamber wall, erosion [108,109]. Figure 8 shows an image of the AEPS Engineering Test
Unit 1.
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Less technologically mature concepts include the cusped-field plasma thruster, the cylindrical
Hall thruster, the wall-less Hall thruster, and the external discharge plasma thruster. These designs
utilize unique magnetic field configurations to reduce ion flux to the wall. The cusped-field plasma
thruster discharge chamber can be conical or cylindrical (as opposed to annular) and utilizes magnets
in the chamber wall along the thruster axis to form magnetic cusps that limit electron diffusion to the
anode [110]. The cylindrical Hall thruster features a cylindrical discharge chamber and places magnets
near the thruster anode and in the thruster wall [111,112]. Removal of the inner wall in both the
cusped-field plasma thruster and cylindrical Hall thruster causes these designs to have inherently lower
wall surface-to-volume ratio compared to the SPT, which may explain their reduced wall erosion rates.
The wall-less Hall thruster and external discharge plasma thruster utilize magnetic field configurations
that push the discharge plasma away from thruster walls. The wall-less Hall thruster resembles an
SPT, except that the anode is moved from the thruster base to the thruster exit plane. Ionization and
ion acceleration occur outside the thruster exit plane [113,114]. The external discharge plasma thruster
removes the SPT walls altogether and places magnets in the thruster baseplate [115]. The resulting
electric and magnetic field configuration is similar to that generated by a circular planar magnetron [34].

Thruster erosion may also be reduced by substituting the BN or BN-SiO2 in the SPT walls with a
material of lower sputtering yield. Efforts have attempted to use diamond [116], BN-SiO2 reinforced
with SiA1ON [117], and BN reinforced with Al2O3-SiO2 [118]. There is also interest in replacing the
Hall thruster wall material with nanomaterials that could be engineered to have low sputter yield,
self-healing properties, or even the capability to influence the thruster discharge in a way that shields
the walls from ion impact [119]. The use of novel materials in thruster walls requires more development
and testing.

6. Conclusions

Hall thruster erosion is a complex plasma-material interaction with important ramifications for
device performance and life. Experimental work has measured wall erosion rate and demonstrated
that erosion degrades thruster performance and ultimately ends thruster life. Detailed surface
investigations have revealed the formation of anomalous erosion ridges, changes in surface composition,
and microstructural surface feature development. Computational efforts have successfully reproduced
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general erosion rate trends, but models are not yet predictive or capable of producing experimentally
observed surface features.

More experimental work is required to accurately quantify the low ion energy sputtering rate
of Hall thruster wall materials and to isolate the causes and impact of anomalous erosion ridges and
microstructural surface features. It is known that erosion alters the wall surface, but more work is
required to determine precisely how the material changes and what impact these changes have on
the plasma. Though headway has been made in understanding the cause of exponentially decaying
erosion rates and erosion-induced degradation of thruster performance, these topics are still not
completely understood.

Predictive modeling of Hall thruster erosion is uniquely challenging and has not yet been achieved.
Experimental uncertainties notwithstanding, predictive modeling requires an accurate representation
of the coupled interaction between the plasma and the wall. High-fidelity plasma models have yet to
be integrated with sophisticated material and sputtering models, so more effort is required in this area.

Finally, contemporary erosion mitigation concepts have yielded promising preliminary results.
Magnetic shielding, in particular, may substantially increase thruster life without compromising
performance. However, more work is required to flight-qualify low-erosion concepts and determine
the efficacy of their low- and high-power variants.
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