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Abstract: We employ the 2-D (r-z) code Hall2De to conduct numerical simulations of the
SPT-140, a Hall thruster that operates with an external hollow cathode. The simulations are
informed by direct measurements of the plasma conditions in the acceleration channel that
were obtained using the laser-induced fluorescence technique. We validate our simulation
results with additional plasma measurements, wear test erosion rates, and performance data
as a function of background pressure. The comparisons of the simulation results with thrust
measurements provide insight into the longstanding question of how background pressure
affects Hall thruster performance. We find that in thrusters with an external cathode changes
in the thrust with varying backpressure can be partially explained by changes in the plasma
density near the cathode. We argue that such changes in the density affect the voltage coupling
and, eventually, the thrust. However, accounting for this mechanism alone in the simulations
over-predicts the thrust measured during ground tests for backpressures less than 10 pTorr.
Also, at these backpressures, the measurements showed a higher rate of change of the thrust
compared to the simulations. We propose that one explanation for this discrepancy is that the
acceleration region may be axially shifting downstream with decreasing backpressure.
Though possible, we also recognize that such shifts are not observed in LIF measurements at
the lowest pressures for which such diagnostics are possible. We discuss alternative
explanations in Part Il of this article.

l. Introduction

Hall thrusters with externally mounted cathodes are especially prone to performance changes when the pressure
of the ground facility is varied. This effect has been reported in many investigations [1-7] most of which have been
experimental. Modern Hall thruster designs, such as the H6 [5] or HERMeS [8] feature centrally mounted cathodes,
which have been shown to be less sensitive to background pressure effects than those with externally mounted
cathodes [5]. Since at this moment there is no Hall thruster with a centrally mounted cathode qualified for flight, the
incomplete understanding of the risks associated with performance dependence on facility pressure for Hall thrusters
with externally mounted cathodes potentially puts constraints on the margins for science missions that will use this
technology.

One prime example of this is the Psyche mission [9-10], planned under NASA’s Discovery program to explore
the unique metallic asteroid Psyche. The Psyche mission would be NASA’s first to employ Hall thrusters, provided
as a part of the solar electric propulsion (SEP) chassis from commercial partner Maxar (formerly SSL). The SPT-140
[11-13] is a mid-power class Hall Thruster that is produced by Fakel EDB (Kaliningrad, Russia). It was originally
developed in the 1990’s and qualified for geostationary communication satellite missions. ItS current version was
qualified in 2016. Maxar flew the first two flight sets (8 thrusters) in 2018, completing also a partial electric orbit
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raising and accumulating already several thousand hours of operation. The thrusters proved the stable operation in the
qualified power range from 3.0 to 4.5 kW without any off-nominal operation. Prior to selection of the Psyche mission,
a series of detailed tests were performed to examine the performance, operability, and lifetime of the SPT-140 over a
range of conditions and scenarios applicable to deep-space missions. The first test program investigated the
performance and operation of the Development Model 4 (DM4) thruster at discharge powers of 0.23 kW to 6.0 kW,
and observed stable operation and performance over this range [14]. The second test program repeated many of the
same measurements on the flight-model Qualification Model 2 (QM002) thruster with similar results [15]. Recently,
a study was carried out to examine the effects of facility background pressure on thruster performance [1] with the
aim of predicting thrust in vacuum conditions. This study showed a higher degree of thrust sensitivity with background
pressure at the high power setting of 4.5 kW. This operating condition is of key relevance to the Psyche mission as it
constitutes a large portion of the cruise operations [1].

We present a numerical investigation of the effects of vacuum facility backpressure on the performance and life of
Hall thrusters using the SPT-140 as a benchmark. We employ Hall2De [16-17], a 2-D axisymmetric (r-z) scientific
code that has been used in the past to investigate performance [18-21] and erosion rates [18-24] of multiple Hall
thrusters including the H6 [18, 20, 21, 24], HERMeS [23], and the XR-5 (formerly, the BPT-4000) [19, 22]. Hall2De
was also employed in the development and demonstration of magnetic shielding [19]. The code includes a first-
principles algorithm to model the effect of background neutrals and incorporates sputtering yield models of multiple
materials [21, 24] that can be used to predict erosion of the thruster surfaces. While the code assumes symmetry of
plasma variables around the thruster centerline, it has been used to simulate Hall thrusters with externally mounted
cathodes using geometry-based approximations about the cathode plasma distribution around the thruster. A more
complete description of Hall2De is provided in Section Il and in [16-17]. Section Il also includes a discussion on the
code validation with the assistance of laser-induced fluorescence (LIF) [25, 26] measurements and the models that are
employed to determine the secondary electron emission and sputtering yield of the thruster walls. In Section 111, we
compare the code predictions of thrust as a function of background pressure with experimental results [1]. We also
provide a hypothesis about a mechanism that may be driving the well-observed non-linear variation of thrust with
varying facility background gas at the lowest backpressures. We use the numerical simulations results of this section
to develop a theoretical model of the thrust in our companion article and provide a second hypothesis for the thrust
dependence on backpressure [27]. We argue that either one or both may be acting during pressure changes in ground
testing. In Section 1V, we make use of the extrapolation of Hall2De simulations to vacuum conditions to predict
performance in space. Section V provides concluding remarks.

1. Computational method and comparisons with experimental measurements

A. General description of Hall2De

Hall2De is a 2-D axisymmetric code for the simulation of the plasma discharge in Hall thrusters whose
development began about a decade ago. Its most notable features are described here whilst the interested reader can
find the specifics of the numerical implementation in [16-17]. In Hall2De, a quadrilateral-based computational grid
aligned with the magnetic field is employed. A typical simulation domain comprises the acceleration channel and a
region of the plume that extends several times the length of the channel in the radial and axial directions (Fig. 1).
Cylindrical geometry is assumed, with the axis being the thruster centerline, in a way such that equations of motion
are only solved in the radial and axial directions (r-z). The location of the cathode is captured in the computational
domain (Fig. 1). In the case of thrusters with externally mounted cathodes, such as the SPT-140, the cathode is
approximated as a ring around the thruster’s axis of symmetry whose inner and outer radius are defined by the distance
to the thruster centerline of the inner and outer edges of the keeper orifice of the cathode. This approximation averages
the distributions of the plasma properties in the vicinity of the cathode, which likely depend on z, r, and the azimuthal
component 0, to a distribution with only radial and axial components. In our companion article [27], we introduce the
hypothesis that the described averaging process may be responsible for some of the discrepancies observed between
simulation and experimental results at very low background pressures.

The motion of each of the species in the plasma is solved separately. The density and velocity field of neutral
particles is modeled assuming free-molecular flow, using a view-factor algorithm described in [28]. The presence of
background neutrals is modeled as a half-sided inflow of neutral Xe atoms at the free boundaries of the computational
domain. lons are modeled using multi-fluid hydrodynamics. In [24], we made use of a hybrid hydrodynamics and
particle-in-cell (PIC) approach for tracking the multiple ion populations present in the plasma according to their
energy. The latter approach was motivated by the fact that in [24] the main objective was to determine the sputtering
of the pole covers, which could be produced by a distribution of ions with a wide variety of energy values. However,
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in the simulations presented in this work, we focus on performance and erosion of the channel walls, phenomena that
is largely driven by ions generated inside the acceleration channel. These ions are always modeled using
hydrodynamics equations in Hall2De since, as it was shown in [16-17], ions generated in the channel have sufficiently
long residence time compared to their collision time to warrant a Maxwellian distribution. Our SPT-140 simulations
are then run assuming two fluid populations, with the threshold between populations being 150 V. The second ion
population comprises ions generated in the plume, which have very low velocity compared to the beam ions (i.e., ions
generated inside the acceleration channel) and do not equilibrate with them. Separate continuity and momentum
equations are solved for each fluid population, iF, and each charge state, iC. lons of different iF and iC numbers can
interact with one another through ionization, charge exchange, and elastic collisions.

Electron motion is modeled using a fluid approach where inertia is neglected. This approach results in a vector
form of Ohm’s law that is solved in the directions parallel and perpendicular to the magnetic field lines and enables
computation of the plasma potential when combined with current conservation and the assumption of plasma quasi-
neutrality. Electron temperature is determined as the solution of an energy conservation equation.

Boundary conditions are imposed as follows. The channel walls and pole surfaces are modeled as insulators and
the sheath that develops is computed based on the Hobbs and Wesson solution to the 1-D sheath equations, accounting
for secondary electron emission [29]. There is some variation of the secondary electron emissions models depending
on the grade of boron nitride employed. We discuss the effect of the secondary electron emission model on erosion of
the channel walls and performance in Section Il D. The anode walls and pole covers are modeled as conductors at
fixed voltage. We also specify the neutral flow rate across the injection area of the anode. At the cathode boundary,
we specify electron temperature, plasma potential and mass flow rate of neutrals and ions.

o,
Outer %
pole

Anode Outer
;‘N\\ exit ring

Fig. 1: Hall2De computational domain (top-right) and schematic of the thruster geometry

B. Operating conditions and input parameters

We investigate four operating conditions of the SPT-140 at power levels of 4.5, 2.5 and 1.0 kW. The discharge
voltage is fixed at 300 V. Two conditions at 4.5 kW are considered, with magnet currents of 5.25 A and 6 A. The
magnet current determines the strength of the magnetic field, with a linear correlation existing between the two. The
was used in the long duration (>10,000 h) wear test of the SPT-140. The latter was selected as part of mission profile
of the Psyche mission as it yields a higher thrust to power ratio (see Fig. 8). The results of these simulations are
compared with the results of laser-induced fluorescence measurements of the ion velocity distribution at the centerline
of the channel, performed at multiple background pressures. The mass flow rate in the simulations is adjusted to match
that of the experiment for each background pressure measurement. The exact operating conditions at vacuum (i.e.,
mass flow rate) are not available and we employed the same input parameters of the lowest background pressure
available. The cathode flow rate also mimics the tests. The nominal rate is 5% of the anode flow rate except for the
1.0 kW condition, which uses 9% of the anode flow rate. The conditions at the cathode exit were estimated from
separate simulations of the SPT-140 cathode using the 2-D axisymmetric Orificed Cathode (OrCa2D) code [30-36].
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The plasma potential at the cathode exit makes use of the cathode-to-ground voltage obtained during tests, which
remains largely insensitive to the background pressure.

Table I. Input parameters for SPT-140 simulations

Discharge  Maanet  Discharge Electron Plasma Cathode flow
g 9 9 Anode mass flow rate (mg/s) temperature potential rate (% of
power current voltage K d T hod hod de fl
(KW) (A) V) (Background pressure (uTorr)) at c:at ode at cgt ode anode flow
exit (eV) exit (V) rate)
1497 1500 14.95 1495
45 6.0 300 4.0 204 5
G0 (15 (9 ()
*145 1458 1450 1448 14.48
45 5.25 300 4.0 17.0 5
(592) (30) (15 (9) (0)
9.1 9.1 9.1
25 4.0 300 4.0 19.9 5
(30) (6) (0)
3.9 427 427
1.0 2.75 300 4.0 26.0 9
(30) 29 (0

*Conditions of long duration life test. No LIF measurement at this background pressure. Mass flow rate from long
duration life test data

C. Numerical simulation results

A first-principles closure model for the anomalous transport of electrons across magnetic field lines in Hall
thrusters remains elusive today. Thus, in Hall2De closure is achieved through an anomalous collision frequency that
is derived empirically. Its spatial profile in the r-z domain is for a given operating condition based on experimental
measurements. These include global metrics such as discharge current as well as spatially-resolved local plasma
parameters including electron temperature and ion velocity. For this study, we adopted the spatial evolution of this
latter parameter, the ion drift velocity along channel centerline, as the primary experimental measurements for
informing the anomalous collision frequency in Hall2De. We employed a non-resonant laser induced fluorescence
diagnostic to characterize this plasma property [25-26]. In brief, this non-resonant LIF scheme relies on inducing a
transition in a metastable state of Xe Il singly charged ions with injected light from a tunable diode laser. By scanning
the laser wavelength across this metastable transition and monitoring the intensity of the fluoresced signal, it is
possible to infer the Doppler broadening in this transition state that is the result of ion motion. This in turn leads to
an assessment of the local ion velocity distribution function (IVDF). The system we employed for this work yielded
IVDFs with a spatial resolution of 2 mm. The values for ion velocity reported here were found by taking the first
moments of the measured IVDFs.
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Fig. 2: Comparison between ion velocity at the channel centerline from simulations and LIF measurements for
all operating conditions and background pressures for which LIF measurements were available. Anomalous
collision frequency distribution employed is predicted in the simulation in dashed lines.

Figure 2 depicts a direct comparison of the ion velocity between the simulations and the LIF measurements at the
channel centerline. L is the acceleration channel length, with z/L=0 and z/L=1 at the anode and channel exit,
respectively. We also present the anomalous collision frequency profiles that were employed in the simulations. These
profiles were modified iteratively for each specific simulation (operating condition at a given background pressure)
until the numerical solutions agreed well with the LIF measurements. We discuss here some important conclusions
that can be extracted from the comparisons in Fig. 2. First, one leading argument to explain the degradation in thrust
at lower background pressures is that the acceleration region moves downstream (away from the anode). While we
observe some downstream motion of the acceleration region at lower background pressure (most clearly for the 1.0
kW and 4.5 kW — 5.25 A magnet current conditions), this shift is very small (less than 5% of the acceleration channel
length). That is, the largest shifts appear to occur at the higher pressures and diminish as the pressured is lowered. It
is possible that the downstream motion only occurs for extremely small background pressures but the reasons such
behavior would occur is unclear. Also, measurements in this range of pressures were not possible. We also notice that
changes in the anomalous collision frequency profile as a function of background pressure are extremely small,
especially under the light of the results presented in [37], which suggested that large changes in the anomalous collision
frequency in the interior of the acceleration region only result in variations of the plasma parameters that are within
the uncertainty of the experimental measurements. The second conclusion is that the ion velocity downstream of the
acceleration region increases at higher background pressures. The latter means that the beam is subject to a larger
electric field at higher background pressure, which in turn leads to higher thrust due to an increased voltage utilization



efficiency. This mechanism can explain part of the thrust dependency on background pressure and will be discussed
in more detail in Subection 111 B.

We conclude this subsection, by providing additional comparisons between the simulations and laboratory data.
In Fig. 3, we depict the LIF measurements at the edges of the beam obtained for the 4.5 kW — 6 A magnet current
operating condition at 30 uTorr superimposed with ion velocity vectors extracted from the corresponding simulation.
The scale used for the vector magnitude is the same for both sets of data. We observe that the agreement in both
direction and magnitude is excellent. We found that the simulation results at other operating conditions display similar
levels of agreement with the measurements.

~

Fig. 3: lon velocity vectors at the edges of the beam extracted from LIF measurements (red) and superimposed
to velocity vector field obtained from Hall2De simulation (plotted at each computational cell) of the SPT-140
at 4.5 kW — 6 A magnet current and 30 pTorr.

D. Sputtering yield model for boron nitride channel walls

The erosion model in Hall2De is described in detail in [24]. Succinctly, we compute at each time-step of the simulation
the erosion produced by each ion population (iF, iC) as a function of the ion current density and velocity vector near
the walls. The total erosion rate at each location is computed as the aggregate of the contributions to the erosion of all
the ion populations divided by the simulation time. The sputtering yield is modeled as the product of the angular yield
(i.e., the effect of the angle of incidence for fixed kinetic energy) and the energy yield, which depends only on the ion
kinetic energy. Because ions must traverse a sheath before striking the wall, the total impact energy is the sum of the
kinetic energy ions have acquired in the plasma upon entrance to the sheath, and the sheath potential energy. For the
latter, we make use of the potential energy, transformed to ion kinetic energy as the plasma ions accelerate inside the
sheath towards the solid material [29]. The angular dependence implemented in Hall2De is described in [24].
Variations of the angular yield within the uncertainty of the measurements for the incidence angles found in the
channel do not have a significant effect on the predicted erosion. The energy yield follows Bohdansky equation [38]
A Er\2 Er\a
frct = £(1-2)'(1- (3)') 8
Ina previous article [21], we argued that the values of the coefficients A and Er in (1) have a large degree of uncertainty
due to the lack of measurements below 100 V [39]. We estimated in [21] that 20<E7<50 V, a value that can also vary
with the grade of boron nitride employed. As will be shown in Fig. 6, the values for “Model 2” in Table II, which
result in a close agreement to the experimental data of Yalin et al. [39] (Fig. 4) produce a reasonably good agreement
with the erosion rates at beginning of life extracted from the long duration wear test. However, even better agreement
with the erosion rates are achieved if “Model 17 is employed. Model 1 predicts slightly lower erosion rates than
“Model 1” for ion energy values above 80 V. Note that the value of Et in “Model 1” is within the uncertainty range
estimated in [21].



Table 11. Coefficients in Bohdansky equation for sputtering yield models 1 and 2
A Er
Model  \\meic)  (ev)
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Fig. 4. Left: Sputtering yield for perpendicular xenon ion bombardment on boron nitride (BN). Comparison
between Models 1 and 2 (Eqg. (1) and Table I1) and experimental data [39].

The secondary electron yield model of boron nitride also affects the erosion rate as it determines the sheath
potential, which accelerates ions beyond their pre-sheath velocity. As implemented in Hall2De, the secondary electron
yield takes the expression
Yegs = min (0.983, Yy +2(1—Y,) Z—j) @)
where 0.983 is Hobbs and Wesson’s limit for an electron repelling sheath [29] and Y, and E;: are coefficients that
represent the limit of the secondary electron yield at zero temperature and half Maxwellian cross-over, respectively.
The sheath potential is computed as a function of Y sege using the polynomial fit described in [40]. We include in our
discussion two different set of values for the coefficients in Ysge. “Model 1” has been used in Hall2De since 2011 and
was calibrated with data from the BPT-4000 thruster [19]. “Model 2” is based on a fit to the data published by Raitses
et al. [41] for the boron nitride in the SPT-140 at high temperature. A graphic comparison between the two models in
shown in Fig. 5
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Fig. 5: Secondary electron emission (left) and sheath potential (right) for boron nitride as a function of electron
temperature (eV) for models 1 and 2.

Table I11. Values of Yoand Eiused in sputtering yield models 1 and 2

Model Yo E; (eV)
1 0.54 40
2 0.35 80

We make use of the SPT-140 wear test results at beginning of life to determine how erosion rates computed from
simulations using the two models presented above compare with experimental data. The measured erosion rates are
derived from the comparison between the geometry of the channel rings after 190 and 529 h of test with respect to the
initial geometry. The data at 190 h is less reliable than that for 529 h as the former shows no erosion for some large
portions of the inner ring between z/L=0.9 and z/L=1, which can likely be attributed to initial carbon deposition on
this surface. Our simulations show that it is impossible to achieve a zero-erosion state at that particular location of the
thruster. The numerical simulations make use of the operating conditions described in Table I. However, we must note
that no LIF measurements were available at the exact background pressure of the wear test facility. To circumvent
this difficulty, we employed the anomalous collision frequency distribution for the simulation at 30 pTorr, making the
assumption that the acceleration region will not move significantly between 30 and 59.2 pTorr. We have a high degree
of confidence that this assumption is not far from reality as the thrust predicted by the simulation at 59.2 uTorr is in
close agreement to its experimental value as is the simulation at 30 puTorr (see Fig. 8).

The erosion rates predicted by the combination of the four models described below, compared with the wear test
results, are shown in Fig. 6. All the models are within a factor of two of the measured values between z/L=0.9 and
z/L=1. However, the sputtering yield “model 1" produces more accurate results due to its lower coefficient A. The
main difference between models occurs at predicting the erosion rates upstream of z/L=0.9. “Model 1 for the
sputtering yield also produces a better agreement with the experimental measurements due to its lower Er coefficient.
Er represents the sputtering threshold, such that ions with energy values below Et produce negligible erosion. Since
the energy of the ions increases as they move along the acceleration channel, a lower Er will move upstream the
location at which the erosion of the channel starts. This location moves even more upstream when “Model 2” for the
secondary electron emission is employed. The latter is because, at a given temperature, “Model 2” predicts a larger
sheath potential and thus ions gain additional kinetic energy as they traverse the sheath. Error analysis with respect to
the experimental measurements reveals that the combination of “Model 17 for the sputtering yield and “Model 2” for
the secondary electron emission lead to the most accurate erosion rate predictions. These two models will be used in
all the simulations presented hereinafter. We note that thruster performance for the four simulations presented here
was the same, with the thrust varying at most by 1 mN between simulations.
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Fig. 6: Comparison of predicted erosion rates (Hall2De) and wear test results for the sputtering yield (SpY)
and secondary electron emission (SEE) models described in Tables Il and Ill. Operating conditions are

beginning of life, 4.5 kW, 5.25 A magnet current and background pressure of 59.2 pTorr.

We have shown that our simulation results compare well with the measured erosion rates of the life test at the
beginning of life within the uncertainty range of the boron nitride models for secondary emission and sputtering rate.
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We conduct additional validation of our numerical solution and boron nitride models by computing a new geometry
for the channel at the same time intervals reported in the wear test. The eroded geometry (extracted by integration of
the erosion rate values over time) is employed in a new simulation with equal initial parameters to the beginning-of-
life simulation (Table I). This iterative process, carried out to replicate the state of the thruster after 190, 529, 1253,
and 1630 h of operation during the wear test, is depicted in Fig. 7 and allows us to compare the thruster geometry
during the life test with its numerical replica. We observe that our estimates of the exit rings geometry as a function
of time are in excellent agreement with the measured geometry.

Inner Exit Ring Outer Exit Ring

3 5
G oh g 0h
o Exp-190 h a Exp-190h
g Exp - 529 h 2 Exp - 529 h
g ---Exp-1253h g ---Exp - 1253 h
---Exp-1630h ---Exp-1630h
Sim-190 h Sim - 190 h
Sim -529 h Sim-529 h
—Sim - 1253h —Sim - 1253 h
—Sim - 1630h —Sim-1630 h
Radial Position Radial Position

Fig. 7: Comparison of predicted erosion as a function of time (Hall2De) and wear test results. Progressive
erosion of the channel rings in the simulations closely matches the erosion profiles observed in the long duration
wear test.

I11.  Performance trends with background pressure

A. Thrust dependence on background pressure

In this section we discuss our findings from the numerical simulations of the SPT-140 performance and its
dependence on the facility backpressure. Figure 8 shows a comparison between the thrust values obtained with
Hall2De and those of performance tests for the operating conditions outlined in Table I. Thrust due to charged species
in Hall2De is computed by integration along each magnetic field line of the momentum flux

Tgin,ion = Mxe XjoqgcBin LiF 2ic Mic,iFUzicirWicir " TyA), (3)

where jeqq is an edge that conforms the magnetic field line, 7 is the normal vector to the edge surface, A;is the area

of the edge (considering it as an element of revolution around the thruster centerline), mx. is the mass of a xenon atom,
and for each fluid iF and charge number iC, n, u, and u, represent, respectively, the density, the velocity vector, and
the velocity component in the axial direction. We also account for the contribution of charge exchange neutrals to the
thrust. This is done by accounting for the momentum transferred from ions to neutrals through charge exchange at a
rate nicgy at each cell (with volume V;) upstream of a given magnetic field line

Tin,cEx = Mxe X jooy—upstream of Bin MiF 2ic T'cEx,ic,iFUzic,iF V- (4)

The total thrust Tgy,, = Tginion + Taimcex IS €valuated at each magnetic field line and the maximum value T =
maxg, Tgim 1S reported as the computed thrust in the simulation.



We comment first on the background pressure range for which LIF measurements exist. At 4.5 kW, this range is
from 9 to 30 pTorr. For the 6-A magnet current operating condition, the simulation results are within the experimental
uncertainty of the measurements. It is worth noting that that simulations at 9 and 15 pTorr (and also the simulations
at lower background pressures) assume no axial displacement of the anomalous collision frequency profile (Fig. 2)
because the LIF measurements at these two pressures revealed negligible axial differences between the ion velocity
fields along the channel centerline. Under this assumption we found that the relationship between thrust and
background pressure is linear. At 30 pTorr, the anomalous collision frequency informed by LIF, as seen in Fig. 2, is
larger than at lower background pressures immediately upstream of the acceleration region. It was shown in [17] that
such higher values of the anomalous collision frequency in the channel lead to lower thrust for a given background
pressure. Thus, the increase in thrust due to a larger background pressure is partially canceled by the changes in the
anomalous collision frequency. To confirm this last result, we performed a numerical experiment (not shown here) in
which we used the anomalous frequency model of the 15 pTorr case with a background pressure of 30 puTorr. The
latter simulation yielded a higher thrust, the value of which correlated with the linear relationship established by the
simulations for pressures <15 pTorr (see Fig. 8). In the next subsection and in our companion article [27], we discuss
the physical mechanisms that affect thrust during changes in the background pressure. We also note that the computed
thrust at very low background pressures (<9 pTorr) is higher than the measurements. We find two possible
explanations for this discrepancy: the first is that the acceleration zone is axially displaced at very low background
pressures and will be investigated in Section 1V. The second is that there are non-axisymmetric effects in the vicinity
of the cathode that are not captured in a 2-D axisymmetric code. We report on the latter mechanism in detail in our
companion article [27]. We mention here as a summary that the azimuthal distribution of plasma and neutral density
in the plume of the cathode becomes more relevant as the background pressure becomes negligible with respect to the
cathode flow of neutrals. This can lead to additional changes in the plasma potential in the plume. The implications
of plume potential changes on the thrust are discussed in more detail in the next subsection.
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Fig. 8: Thrust vs background pressure curves for operating conditions in Table I. Comparison with
experimental measurements from [1]

For the 5.25-A magnet current case, the comparisons between results and simulations are similar to those of the 6-
A magnet current case. Here, we include the result of the simulation that matches the conditions of the wear test (59
pTorr) and that was described in detail in the previous section. The measurements denoted as “Experiment (L3)” in
Fig. 8 were taken in a different facility than that of the wear test (“Experiment (wear test)”’) and the rest of
measurements shown in Fig. 8. The SPT-140 thruster employed in each of the tests had also slightly different levels
of wear. It is worth noting that the thrust at this operating condition decays in a steeper fashion than in the 6-A
condition. This effect is discussed in detail in Section 111 C.

At 2.5 kW our simulations are within the experimental uncertainty. In this case, we only have LIF measurements
at two background pressures, making it harder to predict the trend in thrust between 6 and 30 uTorr. However, the
axial position of the ion velocity profiles from the LIF measurements at these two operating conditions (Fig. 2) was
almost identical, from which we can infer that axial displacements of the anomalous collision frequency profiles are
not likely. The linear trend of thrust as a function of background pressure from 0 to 30 pTorr in the simulations is
consistent to what was found in the 4.5 kW — 6 A magnet current simulations because, similarly to the latter case, we
made no significant modifications in the anomalous collision frequency between the low and high background
pressures. The measurements however show a steeper decay of the thrust at lower background pressures. It is worth
noting here that the change in the measured thrust at 2.5 kW is much smaller than at 4.5 kW (6 mN vs 13 mN between
6 and 30 uTorr). We have found that changes in the axial displacements of the anomalous collision frequency for
z/L<1 that are small enough to keep the discrepancy between computed and measured ion velocities within the
uncertainty of the LIF diagnostics can lead to changes of up to 3 mN in the computed thrust. Hence, since the
anomalous frequency is empirically derived there is an experiment-based uncertainty in the numerical simulations of
+3 mN. We also found that such small changes affect negligibly the computed erosion profiles along the rings.
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Finally, the 1.0-kW case does not exhibit a decay in thrust with background pressure. We note that, for this
operating condition, the comparison is against the closest operating conditions for which thrust measurements were
available (0.9 kwW). The evolution of the plasma conditions with background pressure at 1.0 kW is not significantly
different to what was observed in other operating conditions. Thus, the discussion in the next subsections is still largely
valid at 1.0 kW. However, it was reported in Table | that at 1.0 kW, there was a 10% increase in the anode mass flow
rate (an input in Hall2De) between 30 and 3 uTorr. We found that this was enough to compensate for the degradation
in thrust with pressure since more propellant is introduced in the thruster. For all the other operating conditions, the
mass flow rate was kept approximately constant as a function of background pressure (Table I).

B. Discussion on mechanisms that contribute to the thrust variation at low background pressure

One of the long-sought goals of the electric propulsion community has been to have the ability to predict thruster
performance in space based on measurements made in vacuum facilities. This objective can only be achieved with a
physics-based model of the thrust that accounts for all background pressure-related effects. Here, we present a
summary of the most relevant changes in plasma parameters that we observed in our simulations at different
background pressures at the 4.5 kW, 6 A magnet current operating condition. The conclusions of this subsection are
also applicable to the other operating conditions. The insight gained from the simulations has been used to support the
development of a theoretical model of the thrust in Hall thrusters and is presented in our companion article [27]. The
model in [27] is then used to expand the findings from the simulations on the mechanisms that may be driving the
observed dependence of thrust on facility backpressure.

Table IV summarizes the thrust as a function of background pressure and the contribution of each species (ions
and neutrals) to it. The most relevant result is that the contribution of ions to the thrust appears to be constant while
the contribution of neutrals increases with background pressure. The increase in thrust with background pressure due
to the additional neutrals produced by charge-exchange (CEX) collisions with ions is linear, resulting in the thrust
trend reported in the previous section. We term this contribution in Table IV as “CEX thrust”. The observed linear
trend can lead to the simplistic argument that the increase in thrust is only due to the presence of more CEX neutrals
in the thruster plume as the background pressure increases. However, the bulk of neutrals that contribute to the thrust
is made of ions that were generated in the channel, accelerated by the electric field, and only became neutrals due to
CEX collisions in the downstream plume. Thus, the physical explanation to the thrust dependence on background
pressure must be found by examining the conditions immediately downstream of the acceleration region.

Table IV. Thrust values and contribution to ions and charge-exchange neutrals to thrust as a function of
background pressure for the 4.5 KW — 6 A magnet current operating condition.

preBsiil;%r&lfp:rr) Thrust (mN) lon thrust (mN) CEX thrust (mN) CEXtC;{?l?slltotal
15 295.5 278.2 17.3 59
9 290.8 278.4 12.4 4.3
0 282.6 278.5 4.1 1.5

In Fig. 9, we depict the radial distribution of plasma potential and density for a radial profile downstream of the
acceleration region for the simulations in vacuum and at 30 pTorr. The plasma density at the channel centerline
(r/Rc=1) is the same in both cases. The plasma density at the channel centerline is largely driven by the conditions
inside the channel, which are not affected by the background pressure. At r/R¢>1, the plasma density decreases more
steeply in vacuum. This is a consequence of the lower background pressure, which in turn drives down the number
density of plume ions. Since the cathode in the SPT-140 is externally located, we find that the difference in plasma
potential between the cathode exit and the beam is driven by the change in plasma density along the magnetic field
line that links the cathode to the beam, according to Boltzmann’s law

¢ — 1 = Tlog (), (5)
where ¢, Te, and n are the plasma potential, electron temperature, and plasma density, respectively. The indexes denote
two different locations and we have assumed that the magnetic field lines are isothermal (an assumption based on the
results of our simulations). While the radial profile in Fig. 9 is not completely aligned with a magnetic field line and
thus is not isothermal, we can argue that if we follow such a line from the r/R:>1 to the r/Rc;=1-regions, the plasma
density gradient will be larger at low background pressures. Since the potential at the cathode remains approximately
constant with background pressure, the consequence is that the plasma potential in vacuum at the channel centerline
is higher as the background pressure decreases. Thus, the ions are accelerated to a lower potential differential at low
background pressures, which leads to decreased voltage utilization efficiency and thrust. Equation (5) actually holds
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along the radial profile of Fig. 9 when using an electron temperature of 5.5 eV, which is approximately the average
temperature along the radial profile. The significance of Eq. (5) on thrust and its dependence on backpressure is
discussed further in [27]. Finally, it is worth noting here that the LIF measurements also showed lower ion velocity in
the near-plume region at low background pressures (Fig. 2).
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Fig. 9: Plasma density and potential distribution of a radial profile at z/L=1.7 at high (30 uTorr) and low
(vacuum) background pressures. Rc is the distance between the centerline of the acceleration channel and the
thruster centerline.

We conclude this section by noting that our thrust predictions are higher than the measured values at the lowest
backpressures. Thus, the explanation given in this subsection related to Eq. (5) only partially captures the observed
thrust variation at low background pressures. It appears therefore that additional processes must be are at play. We
discuss two such processes, one in Section IV and one in [27], either or a combination of which could explain the
observed trends.

C. Thrust degradation at different magnetic field strengths

In this subsection, we explain the causes for the steeper degradation of thrust at low background pressures observed
for the 4.5-kW, 5.25-A magnet current operating condition with respect to the same power setting at higher magnet
current. Figure 10 shows the location of the acceleration region for both 4.5-kW operating conditions at high and low
background pressures (30 and 9 puTorr). We observe that for a given background pressure the acceleration region at
5.25 A of coil current is always downstream of that at 6 A. In addition, the downstream shift in location between 30
MTorrand 9 pTorr is larger at 5.25 A. Our simulations show that the more downstream the location of the acceleration
region is with respect to the channel exit the lower the thrust is due to the higher beam divergence losses. Thus, in the
case of the 5.25-A magnet current operating condition, we need to add the decrease in thrust due to a larger downstream
shift in the acceleration region to the phenomena reported in the previous subsection. Figure 11 shows the contour
plots of the ion density at 30 pTorr and 9 puTorr, which highlight changes in divergence angle due to the location of
the acceleration region. We must emphasize that the physical mechanisms that dictate the location of the acceleration
region are closely linked to the anomalous transport physics which remain elusive today [42, 43 and references therein]
and, are therefore beyond the scope of this article.
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current) at background pressure of 9 and 30 pTorr.

Fig. 11. Plasma potential contours for 4.5-kW, 5.25-A magnet current operating condition at 9 and 30 pTorr.
The acceleration region at 5.25 A is axially located downstream of that at 6 A which leads to higher beam
divergence losses and lower thrust in the former magnetic current condition.

IV.  Extrapolation of results to vacuum conditions

Because performance and wear predictions in space are mission critical, we revisit in this section our simulations
in vacuum. The results shown in Fig. 8 at vacuum were obtained with the same anomalous collision frequency
distribution as the lowest background pressure for which LIF measurements were available. In other words, it was
assumed that no axial displacement of the acceleration region occurred from these pressures to vacuum. However, as
discussed briefly in Section 111 A, the computed thrust trend at 4.5 kW exceeds the measured thrust at the lowest
background pressure for which measurements are available, which implies that our thrust prediction for vacuum also
overestimates the (unknown) true value. In this subsection, we investigate the hypothesis that the change in thrust in
vacuum (and background pressures below 9 pTorr) is due to additional downstream motion of the acceleration region.
We must note however that no change in the acceleration region location was observed in the LIF measurements
between 9 and 15 pTorr. Therefore, albeit possible, if such movement occurred at the lower pressures the reasons for
it are presently unclear. An alternative explanation to the one given here for the discrepancy in thrust is found in our
companion article [27]. We performed an additional simulation (termed “low thrust” in Figs. 8 and 12) in which a
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downstream displacement of the acceleration region by Az/L= 0.06 was achieved by a similar axial shift in the
anomalous collision frequency profile. The location of acceleration region in this new simulation is still reasonable
for two reasons. First, the downstream shift in the “low thrust” simulation is comparable to the shift observed between
30 and 15 uTorr in the 4.5 kW — 6 A magnet current operating condition. Second, the new location is comparable to
the furthest downstream location found in the LIF measurements for any operating condition, which occurs for the 4.5
kW - 5.25 A magnet current condition (shown in Fig. 12 for reference). The thrust of the new simulation is 8 mN
lower vyielding a trend of the thrust that is in closer agreement with the measurements at very low background
pressures. The comparison between the erosion rates at the channel walls produced by the original simulation and the
new one are depicted in Fig. 13. We observe that the two predictions are within a factor of two in the downstream
portion of the channel. As the acceleration region moves downstream in the “low thrust” simulation, the location at
which significant erosion begins also moves downstream (from z/L~0.73 to z/L~0.79). The erosion rates from the
wear test are also included in Fig. 13 to provide a visual cue to highlight that the erosion at 6-A of magnet current in

vacuum is similar to the wear test results, which were performed with a magnet current of 5.25 A and background
pressure of 59.2 pTorr.
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Fig. 12. lon velocity profile along the channel centerline at 4.5 kW, 6 A magnet current from the simulation
without axial shift in the acceleration region between vacuum and 9 puTorr and the “low thrust” simulation in

which the acceleration region in vacuum was shifted downstream. The LIF measurements at 9 pTorr for the
5.25-A and 6-A magnet current conditions are also included for reference.
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Fig. 13. Erosion rates at the inner and outer rings predicted at vacuum from the original simulation (LIF-
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informed) and the “low thrust” simulation. The erosion rates at beginning of life from the wear test (note
magnet current of 5.25 A) are included for reference.

V. Conclusion

We employed the 2-D axisymmetric code Hall2De to conduct numerical simulations of the SPT-140, a Hall
thruster that operates with an external cathode. The numerical simulations were informed by direct measurements of
the plasma conditions in the acceleration channel that were obtained using LIF diagnostics. These measurements
allowed us to define in the simulations the location of the acceleration region as a function of operating condition and
background pressure. We validated our simulation results with additional measurements of the plasma properties,
erosion rates from ground wear tests, and of the performance as a function of background pressure.

The comparisons of the simulation results with thrust measurements provided insight into the longstanding
question of how background pressure affects Hall thruster performance. We found that in thrusters with an external
cathode, when the location of the acceleration region is fixed, changes in the thrust with varying backpressure are, in
part, due to the changes in the plasma density near the cathode. By invoking Boltzmann’s law for the plasma potential,
we argued that such changes in the density affect the voltage coupling and, eventually, the thrust. However, this
mechanism alone was not enough to explain all the features observed in the computed and measured trends, a topic
that is discussed in more detail in our companion article [27]. Of critical importance to our ability to predict thruster
behavior during spaceflight have been the trends at the lowest facility backpressures. Here our simulations over-
predicted the thrust measured during ground tests. Also, the measurements showed a higher rate of change of the thrust
at these pressures compared to the simulations. We proposed that one explanation for this discrepancy is that the
acceleration region may be axially shifting downstream with decreasing backpressure. Though possible, we also
recognized however that since such shifts were not observed in LIF measurements at the lowest pressures (for which
such diagnostics were possible), the mechanism(s) that would cause such movements in vacuum was/were not clear.
As such we proposed alternative explanations that are the topic of our companion article [27].
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