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Abstract: A sputtering model is implemented into a hybrid particle-fluid code to describe
erosion behavior on a cathode keeper in a Hall thruster. Coefficients of semi-empirical fits to
sputtering yields of graphite from xenon ion bombardment at normal and various incidence
angles are determined. Incident species energy distributions and fluxes, and mean erosion
rates as a function of location on the keeper are calculated from the particle-in-cell method.
Plasma properties simulated by the model are compared to experimental data and show good
agreements. Changing the plasma potential at the cathode boundary improves the agreement
for plasma potential in the cathode plume, and alters the erosion profile, implying that the
cathode condition plays an important role in the near-field plume structure.

Nomenclature
A, B = normal incidence sputtering yield fitting coefficients
Co,C1,C; = angular dependent sputtering yield fitting coefficients
C = ionization rate coefficient, m3s~?!
Dy = mean thruster channel diameter, m
e = electron charge, 1.6 X 10719 C
Euy, = threshold energy for sputtering, eV
E = electric field, Vm™!
7 = current density, 4 m™2
kg = Boltzmann constant, 1.38 x 10723 J K1
m, = electron mass
M = heavy species mass
N, = electron number density, m~3
n, = neutral number density, m™3
T, = electron temperature, K or eV
Us = surface binding energy of target atom, eV
v = velocity, m/s
Y = sputter yield, atoms/ion or mm?3/C
y = energy transfer factor
€; = ionization energy, eV
6 incidence angle
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K = thermal conductivity, W (K m)~!
collision frequency, s~*

plasma conductivity, S m~
OcEx = charge-exchange collision cross section, m?
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1) = plasma potential, V
P = electron velocity stream function, m=2 s~1
® = velocity temperature exponent

I. Introduction

OLLOW cathodes are a key component of electric propulsion systems such as Hall-effect thrusters (HETs) and

ion thrusters. In HETSs, a centrally or externally mounted cathode emits electrons to both ionize the propellant in
the discharge chamber and neutralize the ion beam downstream of the thruster. The detailed physics of plasma
processes, such as the erosion mechanism due to impacts of high-energy ions on the cathode and anomalous electron
transport, are not yet well understood. In order to better understand fundamental physical processes in a HET, it is
necessary to develop a reliable numerical model that can capture the collision and plasma physics accurately, validated
with experimental data.

One of the main life-limiting factors in conventional HETs has been the erosion process of the discharge channel
walls due to ion bombardment. In the state-of-the art magnetically shielded thrusters, this erosion has effectively been
eliminated as a failure mechanism by shaping magnetic field lines such that the discharge channel walls are shielded
from ion bombardment by achieving ideal equipotentialization of the lines of force near the walls.! The next potential
failure mode in a magnetically shielded Hall thruster is the erosion of the cathode and surface of the magnetic-field
pole-pieces.>* Although studies to achieve long cathode life have been conducted in the past,® it is necessary to
investigate the cathode life in a magnetically shielded thruster to identify solutions to eliminate possible wear
mechanism as life-limiting factors of the thruster.

This study is concerned with developing an accurate physics-based model to simulate the near-field plume,
including the cathode plume, of a Hall thruster. In this paper, a sputtering model is implemented into a 2-D
axisymmetric hybrid particle-fluid code called MPIC as a tool to describe the steady state erosion behavior of the
cathode keeper in a 6-kW laboratory Hall thruster (H6). The sputtering model can also be used to simulate the erosion
profile on the thruster pole-pieces in magnetically shielded thrusters in the future.

Section II of this paper reviews the details of the numerical model and boundary conditions. Section III presents a
series of simulation results and a comparison of the results with experimental data. Finally, Section IV summarizes
concluding remarks and future work.

II. Numerical Model

The numerical simulation tool utilized in this study is a two-dimensional axi-symmetric hybrid particle-fluid code
MONACO-PIC (MPIC)” which is capable of simulating non-equilibrium, rarefied flows. The particle-in-cell (PIC)
module simulates the transport of all heavy species including the effects of electrostatic fields on the ions by
calculating charge density at the nodes in the mesh. The direct simulation Monte-Carlo (DSMC) module handles
collisions between heavy species, i.e., neutrals and ions. The electrons are simulated as a fluid by solving conservation
laws.

A. Collision Dynamics

To simulate collisions between heavy species, i.e., Xe, Xe", and Xe?*, the DSMC method is utilized, where a
macroparticle represents a large number of real particles. Momentum exchange (MEX) and charge exchange (CEX)
collisions are two basic classes of important collision mechanisms in the plume of a Hall thruster. Collision
mechanisms implemented in the current model are the MEX collision between neutral-neutral and neutral-ion pairs,
and the CEX collision between neutral-ion pairs. In the DSMC module, a list of colliding particle pairs in each cell
are selected at random, regardless of their relative positions and velocities, to perform binary collisions. The collision
probability of each pair is calculated at each time step, and is proportional to the product of the relative velocity
between the colliding particles and the total cross-section. For the neutral-neutral collisions, the variable hard sphere
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(VHS)? model is employed. The MEX cross-section for neutral-ion elastic collisions is equivalent to the CEX cross
section, as demonstrated by Boyd and Dressler? The CEX cross-section between neutral and ion was measured by
Miller et al.'® and parameterized as follows:

O-CEx(Xe,Xe+) = 10_20(87.3 —13.6 loglo(E)) mz (1)
ocpx(Xe,Xe?™) = 1072°(45.7 — 8.91og,,(E)) m? )

where E is collision energy in eV. Once the collision probability is calculated, it is compared with a random number
to determine whether a collision occurs or not. If a collision happens, the post-collision velocity and scattering angles
are calculated using conservation of linear momentum and the differential cross-section, respectively. Post-collision
velocities for a MEX collision are assumed to follow isotropic scattering. For CEX of neutral-ion collisions, a
differential cross-section is used due to a strong forward-scattering tendency. The CEX differential cross-section
employed in this study was described in Ref. [10] for a Hall thruster plume.

B. Plasma Dynamics

The PIC module tracks the motion of all heavy particles, including the effects of electrostatic fields on the ions.
The charge density at each node is calculated from the distribution of the charges. The charge density is used to
compute the potential at each node using a fluid electron model. Then, the electric field is calculated by spatially
differentiating the electric potential. The electric field is converted into the electrostatic force, which causes
acceleration on the charged particles. Quasi-neutrality is assumed to obtain the electron density from the ion number
density.

The simplest fluid electron model is the Boltzmann relation, which is one of the most widely used electron models
in plasma simulation:

¢ = ¢, +T,In (Z—) 3)

where ¢ is electric potential, T, is electron temperature in eV, n, is electron density, and the subscript r indicates a
reference state. The Boltzmann relation is obtained from the electron momentum equation using strong assumptions,
such as that the electron fluid flow is isothermal, electron pressure obeys the ideal gas law, and magnetic fields are
neglected. These assumptions are not accurate, especially in the near-field plume of a Hall thruster.

In order to increase the level of physics as compared to the Boltzmann relation, a detailed fluid electron model was
proposed.!! The detailed model solves the continuity, momentum, and energy conservation equations that describe the
electron fluid at steady state, and is capable of representing more detailed descriptions for electron temperature,
velocities, and plasma potential. By introducing a stream-function, 1, such that Vi) = n, 7, = J,/e, and manipulating
the equations into convenient forms for numerical solution, the following Poisson-type equations are solved:

Vzlp = NNy (; 4)

k
V- (oVg) = ?B [6V2T, + 0T, V?In(n,) + oVIn(n,) - VT,]
5)
k (
+ ?B [T.Vo - VIn(n,) + Vo - VT,]

17 .. 3
V2T, = —VIn(k,) - VT, + — |- B + >n, (3, -V)kBTe]
Ke 2
Liom, ©)

m
+K_e 3 M, Vo kg (T, — Ty) + nennCiei]

From Egs. (4)-(6), more detailed distributions of three fundamental plasma parameters, ¥,, ¢, and T, respectively,
are computed using a generalized finite element solver.’
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C. Sputtering Model

The erosion rate can be calculated as the product of incident flux on the walls and the sputter yield. The incident
flux is recorded whenever particles cross the wall boundary from an inner cell, using the PIC algorithm. The sputter
yield, Y, is determined by fitting functions for energy dependent yield at normal incidence, Y (E), and for angle-
dependent yield, Y (8):

Y =Y(E)Y(6) (7

The energy dependent yield for ions impacting the wall at normal incidence can be calculated from'>!3:

B

Y(E) =AVE(| 1 —j% (®)

where E is the total energy of the projectile atom impacting the wall, Ey;, is the threshold energy below which
sputtering does not occur, and A and B are coefficients fit to experimental data. Traditionally, B for a carbon target is
2.5, but we are using it as a free parameter to best fit experimental data. Although sheath is not resolved in the model,
the total energy of an ion is the sum of its direct kinetic energy and the sheath potential energy since ions must
transverse a sheath before striking the wall. Assuming there is no secondary electron emission, the sheath potential is:

N =

¢, = ole in (o) ©)

e 2mm,

where M is the mass of the ion and m,, is the electron mass.

The keeper in the H6 thruster is made of graphite.> Most published theoretical work!'>!* predict a threshold energy
higher than 130 eV for xenon ions bombarding a carbon target, but more recent experiments'>!® show that sputtering
does occur at or below 50 eV. Although there is no accurate threshold energy data for graphite, Ref. [17] reports that
modeling results better match experimental data if the accumulation of xenon in graphite is accounted for. This means
that some fraction of the projectiles are carbon as well as that some fraction of the target atoms are xenon. Including
this effect, a modified threshold energy can be calculated as 36.5 eV using the equation below!”:

Epn  1+5.7(My/M,)

M, <M 10
; v <M, (10)
where U is the surface binding energy of the target solid in eV, y is an energy transfer factor in the elastic collision,
and M; and M, are the masses of the projectile and target atom, respectively. The threshold energy of 36.5 eV is used
in the current sputtering model in MPIC, since it is in good agreement with the experimental results.'>!®

The angular dependent yield relative to the normal incidence is'*:

Y(0) =1+ ¢y[1 — cos(c,0)]° (11)

where 0 is the angle relative to the wall normal and c, ¢;, and ¢, are coefficients to be fit to experimental data.

Experimental measurements of the sputtering yields of various forms of carbon and graphite from xenon ion
bombardment at normal incidence!>!%!8-20 are plotted in Fig. 1a. Based on these data, coefficients to the fitting function
in Eq. (8) are determined as A =0.013 and B = 3. Experimental measurement of sputtering yields at various incidence
angle?! are normalized and shown in Fig. 1b with its fitting function. The coefficients for Eq. (11) are determined as
co =091, ¢; =2.5614, and ¢, =1.91.

The sputtering model is activated when the simulation starts sampling for macroscopic parameters after steady
state has been reached. During the sampling period, the energies and fluxes of the incident particles onto the wall
surfaces are recorded to calculate the erosion rate each time step. The erosion rate is summed up during the sampling
period and divided by the number of sampling time steps at the end of simulation to determine the mean erosion rate.
The resulting mean erosion rate is obtained as a function of position along the keeper surface. Although the
implemented model can be applied to calculate sputtering and erosion rates on any walls, only keeper erosion is
calculated in this study.
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Figure 1. Experimental data and fitting functions of: a) sputter yield at normal angle incidence'>'%!820 ysing

coefficients A = 0.013,B = 3, and E;, = 36.5 eV to Eq. (8), and b) normalized sputter yield at various incident
angles with incident ion energy of 600 eV and 1000 eV?! using coefficients ¢, = 0.91,¢; = 2.5614, and ¢, =
1.91 to Eq. (11).

D. Computation Domain and Boundary Conditions

The plume of the 6-kW laboratory Hall thruster, including the center-mounted cathode plume, is simulated. A
computational grid and a schematic of the boundary conditions of the simulation domain are shown in Fig. 2a and b,
respectively. The computation domain extends to Z/Dy, = 3.1 along the axis of symmetry from the thruster exit plane
and to R/Dy, = 1.5 radially from the centerline of the cathode. The keeper wall in the current study corresponds to only
the wall at the exit plane of the thruster, as shown in Fig. 2b. The curved channel inflow surface, initially proposed by
Huismann,? is chosen to avoid magnetic field effect which is the strongest inside and in the near-field plume of the
discharge channel and diminishes rapidly as distance away from the thruster exit plane increases. Utilizing this inflow
shape showed improved results in previous simulation.?®

Boundary conditions must be specified at each inflow boundary (i.e., cathode exit and discharge channel exit),
along the outer edges of, and along all walls in the computational domain. Specifically, the plasma potential, electron
temperature, and electron current density for the electron model, and the number density, velocity, and temperature
for each of the heavy species are required. Since no experimental data are available to provide all these requirements,
available internal plasma simulation results of a hollow cathode and the discharge chamber were utilized to provide
inflow boundary conditions, as described in Ref. [23]. The conditions at the cathode exit plane were extracted from
results provided by Jet Propulsion Laboratory’s hollow cathode code OrCa2D?** and the conditions at the discharge
channel inflow boundary were provided by HPHall simulation??.

Since Poisson-type equations are solved for the electron model, Egs. (4-6), either Dirichlet or Neumann conditions
are required at each boundary. The mean values of plasma potential with respect to the facility ground and electron
temperature at the cathode inflow boundary are 5.5 V and 3.1 eV, respectively. The gradients of electron temperature
and plasma potential normal to the boundary at the symmetry line are set to zero. The electron temperature and
potential at outflow boundaries are set to constant values. At the wall boundaries, the gradients of plasma potential
and electron temperature normal to the surfaces are set to zero. The temperatures of the keeper and pole-pieces are
assumed as 773 K and 300 K, respectively. Any ions colliding with the walls are neutralized, and diffuse reflection is
assumed.
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Figure 2. Computational grid for 2-D axi-symmetric modeling of a 6-kW laboratory Hall thruster plume (left).
A schematic of boundaries including the symmetry line, outflow, walls, and inflow boundaries (right).

III. Simulation Results

The hybrid particle-fluid plume model, MPIC, described in Section II is utilized to simulate the plume of the H6
Hall thruster. The domain consists of 2,016 triangular cells, and approximately 5.1 million particles are employed.
The time step size is 4.2 X 1078 seconds. The plume simulation runs for 180,000 time steps to reach a steady state,
and then for another 100,000 steps to sample plasma and flow data. The simulation is run in parallel on the FLUX
cluster at the University of Michigan Center for Advanced Computing. The cases reported here are run utilizing 24
cores with a computational wall time of approximately 29.3 hours.

In this section, a series of simulation results are presented, accompanied by comparisons made with measurements
taken by Jameson? and Reid?® for the H6 thruster operated at the following nominal conditions: discharge voltage of
300 V, discharge current of 20 A, anode flow rate of 20 mg/s of xenon, and cathode flow rate measuring 7% of the
anode flow. Then, the results of sputtering model is presented, followed by the sensitivity study of cathode boundary
condition on simulation results.

A. Plasma Properties and Comparison with Experimental Data

Comparisons are made between the numerical simulation results and available experimental data.?>?¢ For the data
measured by Jameson,? the background pressure during the thruster operation was 1.7 X 10™> Torr. The plasma
potential was measured with an emissive probe, with uncertainty of +1 V. Ion current density measurements were
performed by Reid?® using two Faraday cup probes. The experimental data by Reid had approximately the same
background chamber pressure during the thruster operation as Jameson. The uncertainty associated with Reid’s near-
field probe measurements is +10%, whereas the far-field probe measurements have +0 — 50% on the integrated
beam current. Simulation using MPIC is performed at the same background gas pressures as the experiments.

In Fig. 3, contours of a) plasma potential, and b) electron temperature are shown. Both the potential and electron
temperature gradually decrease away from the thruster channel. A quantitative comparison of plasma potential is made
with the measurements in Figs. 4 and 5. As shown in Fig. 4, the model reproduces reasonably well the measured
plasma potential profile along the cathode centerline, predicting a slightly higher value than the measurements by 6 V
at the cathode inlet (Z/Dw = 0) and by 4 V at Z/Dy, = 1.38.
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Figure 3. Contour plots of a) plasma potential, and b) electron temperature, from MPIC simulation.
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Figure 4. Comparison of axial profiles of plasma potential with respect to a facility ground.

The radial profiles of plasma potential in the near-field and far-field plume are shown in Fig. 5a and b, respectively.
Here, the simulation profiles show reasonably good agreement with and similar shape as the measurements away from
the cathode centerline. A shift radially outward of the peak potential around the channel centerline (R/Dy = 0.5) is
observed in Fig. 5a. This shift may be due to the boundary condition imposed at the discharge channel inflow which
was extracted from an HPHall simulation result.

Contour plots of ion current density from the experimental measurement®® and numerical simulation are compared
on the top and bottom, respectively, in Fig. 6. While the magnitude and shape of the contours look similar, the high
current density measured in the cathode plume is not predicted by the model. The model shows a slight rise in current

density along the centerline at about Z/Dy, = 2, although its magnitude is lower than the measured value.
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Figure 6. Contour plots of ion current density: experimental data?’ (top), and numerical simulation (bottom).

A more quantitative comparison is made by plotting ion current density along the plume axis in Fig. 7. The
minimum value occurs at Z/Dg, = 0.5 in both the experimental data and simulation result. There is a large difference
between the measurement and numerical simulation near the cathode centerline as previously seen in contour
comparison in Fig. 6. However, the simulation predicts ion current density quite well further downstream. A similar
observation is made from the radial ion current density profiles in Fig. 8 in both a) near-field, and b) far-field plume.
There is approximately a 210 mA/cm? difference between the measurement and simulation results at the cathode
centerline in the near-field, and a 30 mA/cm? difference in the far-field. The simulation predicts the same magnitudes
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as the experimental measurement at radii greater than 0.2 away from the cathode centerline. In the near-field plume,
there is a shift in the peak current density at the channel exit at R/Dg = 0.5, which was also observed in the plasma
potential in Fig. Sa.
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Figure 7. Comparison of axial profiles of ion current density.
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Figure 8. Comparison of radial ion current density profiles: a) at Z/Dw = 0.19, and b) Z/Dw = 1.06.
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B. Sputtering Results

The sputtering model described in the previous section is utilized to simulate the erosion behavior on the exit plane
of the keeper wall. The keeper wall consists of six computational cells, and the results are shown with normalized
radial displacements from 0O to 1. When a particle hits the keeper surface, its energy and incident flux are recorded on
each surface element to calculate the sputter yield and erosion rate.

In Fig. 9, the incident energy distributions of xenon neutrals, single-charged and double-charged ions are plotted.
Cell 1 corresponds to the radially inner-most cell and cell 6 corresponds to the cell located furthest away from the
cathode centerline. The energy distributions in y-axes are in arbitrary unit. Figure 9a shows that the majority of the
neutrals have low energy, and very few of them have high-enough energy to contribute to the sputtering of the wall.
The neutrals hit the keeper uniformly on each cell. Figure 10a shows that the neutral flux on keeper is almost about
one to two orders of magnitudes higher than Xe* and Xe?* ions.

Xe energy distribution
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Figure 9. Incident species energy distributions on the keeper wall: a) Xe neutrals, b) Xe " ions, ¢) Xe?" ions, and
d) all ion species.
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Normalized Radial Position on Keeper Wall

The energy distributions of Xe* ions on the keeper walls are shown in Fig. 9b. Not all of the Xe" ions have energy
greater than the threshold energy of 36.5 eV. According to the small shifts observed in the first two highest peaks in
the lower energy range (<50 eV), the ions hitting the cells located at lower radii have lower energies than the ions
hitting the cells at larger radii. These low-energy ions gain energy through the sheath potential that is proportional to
electron temperature, as in Eq. (9). According to the electron temperature profile on the wall shown in Fig. 10b, ions
accelerate through a slightly greater sheath potential for cells at larger radii than the cells at smaller radii because T,
is slightly greater at larger radii. In Fig. 10a, the flux of Xe" ions hitting cell 1 is the highest due to having the lowest
plasma potential and its location. A similar trend is observed for double-charged ions, as the energy peak for the lower
energy range is shifted slightly to the right for cells at larger radii, as shown in Fig. 9c. Almost all of the Xe*" ions
hitting the keeper can contribute to sputtering of the surface.

The total ion energy distributions (i.e., Xe* and Xe?") are shown in Fig. 9d, where multiple peaks occur as a result
of multiple charge-exchange collisions. This study shows that the ions in the lower energy range are mainly due to the
energy gained through the sheath potential drop, as a function of electron temperature, while the ions at higher energy
range are more affected by the wall potential.
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Figure 10. a) Incident species flux, and b) plasma potential and electron temperature on the keeper wall as a
function of normalized radial positions

Figure 11 shows the mean erosion rates as a function of radial location of the keeper for all species. The erosion
of the keeper mainly arises from Xe?" ions. Although their flux is much lower than Xe neutrals and Xe" ions, shown
in Fig. 9a, their incident energy is much greater than the threshold energy unlike most of the neutrals and single-
charged ions. Since the potential profile along the keeper (Fig. 10b) decreases from the cells at larger radii to the cells
at smaller radii, the cells at smaller radii, especially cell 1, attract a larger flux of each charged species. However,
particles go through more collisions—both MEX and CEX—near the cathode due to the higher neutral flux in that
region, so the incident species energies at cell 1 are not necessarily the largest.

Although there are no keeper erosion measurements for the H6 thruster available, the calculated mean erosion
rate is compared with the published erosion rate of the discharge channel wall, also known as the insulator ring, from
Ref. [2], shown in Table 1. The estimated mean erosion rate of the keeper wall is approximately 0.1 wm/h which is
approximately five time higher than the measured erosion rate of the inner channel wall of the magnetically shielded
(H6MS) thruster, and about two orders of magnitude lower than the erosion rates of both the inner and outer rings of
the unshielded (H6US) thruster.
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Table 1. Summary of measured erosion rates of the discharge channel walls of the H6US and H6MS thrusters.?

Axial Position (Z/Lcn) Erosion Rate (um/h)
Unshielded - outer ring 0.973 15.0
Unshielded - inner ring 0.973 19.7
Magnetically shielded - outer ring 0.947 0.0
Magnetically shielded - inner ring 0.947 0.02

C. Effect of Cathode Exit Condition

Overall, the simulation can predict the experimental measurement quite well, except in the cathode plume which
may be a key region in keeper erosion modeling. Since the measured plasma potential at the cathode is closer to 0 V2*
rather than 5.5 V, the cathode potential boundary condition is changed from 5.5 V to 0 V to test how sensitive the
plume structure is to this condition. In Fig. 12a, the simulation profile for plasma potential obtained with ¢ 4¢hoge =
0 V shows improved agreement with the experimental measurement near the cathode. The simulated plasma potential
merges to the same value further downstream in both cases. A similar observation is made for the ion current density
comparison in Fig. 12b that current density is slightly increase in the near-field plume but does not affect the far-field
plume.

The effect of cathode potential on the plasma potential and mean erosion rates along the keeper wall is shown in
Fig. 13. While electron temperature (not shown) is unchanged, a lower potential on the wall using ¢.4thoqe = 0 V
attracts a higher ion flux to bombard the surface, resulting in approximately 1.7 times greater mean erosion rates than
the rate predicted by using a cathode exit potential of 5.5 V.

Applying a 0 V potential at the cathode inlet does not change the results in the far-field but improves the plasma
potential profile in the near-field plume, implying that the cathode condition plays an important role in the near-field
plume structure and erosion behavior on the keeper. The OrCa2D simulation result used as the inflow boundary
condition at the cathode did not include the magnetic field effects which may contribute to the poor agreement in the
cathode plume. In addition, the predicted erosion profile may change with implementation of the magnetic fields in
the electron fluid module in MPIC.
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Figure 12. Comparison of simulation results along the plume axis obtained with two different potentials at the
cathode boundary: a) plasma potential, and b) ion current density.
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Figure 13. Effect of the assumed cathode potential on keeper wall properties as a function of normalized radial

position: a) plasma potential, and b) mean erosion rate.
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IV. Conclusion

As an effort to develop an accurate, physics-based numerical tool to simulate fundamental physical processes in a
Hall thruster plume and its cathode, a sputtering model was implemented in MPIC which is a 2-D axis-symmetric
hybrid particle-fluid plume code. This study determined the profiles of mean erosion rate on the wall at the exit plane
of the cathode keeper in order to quantify the potential failure mechanism due to erosion. The calculated mean erosion
rate of the keeper is comparable with that for erosion of the discharge channel in a 6-kW magnetically shielded Hall
thruster,? although it may depend on the operating conditions on the thruster. The sputtering model implemented into
MPIC can be utilized to describe the erosion behavior of other walls, such as the thruster pole pieces in magnetically
shielded thrusters in the future. Such work requires improving the electron fluid module to account for the magnetic
field to account for the differences in the designs of the magnetically shielded and unshielded thrusters. In addition,
the predicted erosion profile may change with implementation of the magnetic fields.

In order to assess the model, plasma potential and ion current density were compared with experimental data. The
simulation results showed good agreement with the measurements, except near the centerline of the cathode. Changing
potential boundary condition at the cathode inlet showed slightly better agreement in plasma potential in the cathode
plume, implying that the cathode boundary condition plays an important role in the cathode plume. The erosion profile
on the keeper is also sensitive to the cathode exit boundary condition.
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