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Direct Simulation Monte Carlo and Particle-in-Cell simulations are carried out to study
the potential of a mesothermal plasma plume in a vacuum chamber. The results show that
the beam potential with respect to the ambient in a vacuum chamber is different from that
in space because the facility plasma can prematurely terminate the plume expansion pro-
cess. As a result, the plume potential measured in a vacuum chamber may be significantly
lower than that under the in-space condition. This can lead to under estimation of the
backflow of CEX ions and ionized contaminants in plasma thruster plume modeling.

I. Introduction

HE potential of the plasma plume emitted from a plasma thruster is a critical parameter in electric
Tpropulsion. The plume potential is not only related to the beam emission and neutralization processes
but also affects the thruster induced plasma and contamination environments (L23%). As few direct in-flight
measurements currently exist, predictions of the plume potential are mostly based on ground measurements
in vacuum chamber.

The plume emitted by an ion thruster type plasma source is composed of high-energy beam ions, ther-
mal neutralizing electrons, un-ionized neutrals, and low-energy charge-exchange (CEX) ions generated by
collisions between the beam ions and the neutrals in the plume. The characteristics of the beam ions and
neutralizing electrons is that of a collisionless, mesothermal plasma flow with vie >> Vpeam >> vy, where
Vte, Upeam, and vy are the electron thermal velocity, beam velocity, and ion thermal velocity, respectively.
Plasma plumes emitted by other types of plasma thrusters often have a similar flow characteristics. For
further discussions in this paper, we shall refer the beam ions and neutralizing electrons as the propellant
plasma, the CEX plasma generated between beam ions and un-ionized neutrals from the thruster as the
plume CEX plasma, and all other plasma populations in a vacuum chamber as the facility plasma. During
vacuum chamber testing, a plasma thruster operates in an environment different from that in space. In
particular, the facility plasma density in a vacuum chamber is typically a few orders of magnitude higher
than the ambient plasma density in space.

Wang et al. showed that the potential of a collisionless, mesothermal plasma plume with respect to the
ambient is controlled primarily by two processes.” The first is the electron-ion coupling inside the beam which
determines beam neutralization, or the net charge inside the plume. The second is the plasma expansion
outside the beam which connects the beam potential to that of the ambient. As the facility plasma and the
boundary conditions imposed by the vacuum chamber wall can affect the plasma expansion process, ground
measurements in a vacuum chamber may not accurately predict the in-space plume potential.

Few experimental or modeling studies have addressed the facility effects on plume potential predictions.
Recently, Polansky et al’® measured the spatial distribution of the potential for a mesothermal Ar plasma
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plume (beam ion energy 1100 eV) emitted from a 4-cm diameter girded ion source in a vacuum chamber.
The measurements showed that the plume expansion was terminated by the background plasma surrounding
the beam.

Particle-in-Cell (PIC) simulation has become the standard approach in modeling plasma plumes. Sim-
ulation studies of plasma plumes typically fall into the following two groups. The majority of simulation
studies (i.e. the first group) focused on the CEX plasma interactions outside the beam. These studies are
based on using a hybrid PIC approach which models the CEX ions as macro-particles and and the electrons
as a massless, equilibrium, isothermal fluid. A commonly used assumption is that the electron dynamics
may be simplified by the Boltzmann relation n. = ngexp((® — ®¢)/T.), where ®q is the plume potential
at thruster exit. In these models, the plume potential ®; must be provided as an input input parameter.
Hence, such simulation models only address CEX interactions at the ion time scale and are not capable
of resolving the plume potential. The second group focused on the beam neutralization process inside the
beam (see, for example,HERLMLILIZISL) -~ Using a full particle PIC approach, these studies considered the
transient neutralization process. Due to computational limitations, such studies focused on idealized beam
emission of only beam ions and neutralizing electrons in a vacuum at the electron time scale. The plasma
beam potential was not addressed.

In order to obtain the plume potential self-consistently in a simulation, one must simultaneously resolve
both the electron-ion coupling inside the beam and the plasma expansion outside the beam” This requires
one to adopt the fully kinetic approach and carry out a full particle PIC simulation of the entire transient
process from the electron time scale to ion time scale associated with the establishment of the steady state
plume potential. Moreover, a realistic ion to electron mass must be used in the simulation so the correct
mesothermal velocity order (vie >> Upeam >> v1;) can be maintained.

Wang et al. carried out such a full particle PIC simulation for an idealized beam emission of only beam
ions and neutralizing electrons in vacuum® This paper extends Ref. |5 to further include both the facility
plasma and the plume CEX plasma in the simulation model. The focus is to address the effects of the facility
plasma on the plume potential in a vacuum chamber. The approach is based on the full particle Particle-
in-Cell (PIC) and Direct Simulation Monte Carlo (DSMC) methods. Section [II] discusses the approach and
simulation setup. Section [II] discusses the simulation results. A summary and conclusion are given in

Section [[V1

II. Simulation Model

II.A. Approach

We consider the emission of a mesothermal plasma plume into a background plasma. Let ng, nampient, and
Nehamber denote the propellant plasma density at the thruster exit, the average ambient plasma density in
space, and the average density of the facility plasma in a vacuum chamber, respectively. An ion thruster type
plasma source also generates a plume CEX plasma in addition to the beam ions and neutralizing electrons.
The CEX ion production in the plume is determined by the neutral plume density 1, source, the beam ion
density npeqam, the relative velocity between the beam ions and the neutrals v;,, and the CEX collision cross
section o.ez,

hce$,source (i:) - nn,source (f)nbeam (f)vinacew (1)

The density of the neutral plume emitted by the thruster is given by

nn,source(exit): mac A
1Cn4lo

where 7 is the propellant utilization efficiency, 7 is the propellant mass flow rate, ¢, the speed of neutrals,
and A, the total exit open area. For typical ion thrusters, orders of magnitude set apart the densities of the
propellant plasma, the plume CEX plasma, and the ambient plasma, ng >> Ncez source >> Nambient-

When a plasma thruster operates in a vacuum chamber, its surrounding neutral environment is differ-
ent from the neutral plume emitted from the thruster. Factors contributing to this difference include the
reflections of the neutrals at chamber surface, neutralization of beam ions at chamber surface, and the gas
pumping rate. Ionization of the background neutrals by the propellant plasma and secondary electron emis-
sions at chamber wall lead to the generation of a facility plasma in the vacuum chamber. The facility plasma
environment can be quite different from the ambient space plasma environment.
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Obviously, the environment inside a vacuum chamber is highly dependent on the specific experiments
considered. In this paper, we consider an experimental setup and vacuum chamber environment similar
to that discussed in Ref. [6l In Ref. [6] the plasma source is a 4-cm diameter gridded ion source using Ar
as propellant with a hot-filament neutralizer. The vacuum chamber is 0.915 m in diameter and 1.05 m in
length. A detailed characterization of the vacuum chamber environment found that the facility plasma in
Ref. 6| was generated primarily by CEX collisions between the beam ions and the neutral environment in the
chamber. The contributions of the secondary electron emission at chamber wall was minimum as compared
to the CEX plasma productionl® Hence, in this study, we shall consider a facility plasma generated by CEX
collisions with the background neutrals. Let n, chamber denote the total neutral density inside a vacuum
chamber. The CEX production rate for in-chamber operation is given by

hcew,chqmber (f) = Nn,chamber (f)nbetnn (f) Vin O cex (3)

We consider three different simulation cases in Sec. In all the cases, the plasma emission parameters
are modeled after that in Ref. |6/ and will be discussed in the next section. Case 1 simulates the in-space
operation where we consider the emission of a plasma plume into an ambient space plasma of density ngmpient
in a simulation domain with open boundaries. Case 2 simulates the in-chamber operation where we consider
the emission of a plasma plume into a vacuum chamber with a facility plasma. The in-chamber simulation
models the experimental configuration of Ref. |6, Fig. [I] shows the experimental configuration with the
relative dimensions of the vacuum chamber and thruster body in terms of the beam radius. The facility
plasma density ncpamper 1S estimated from Eq. . Case 3 also consider the in-chamber configuration shown
in Fig. 1. However, in Case 3, we set the value of the facility plasma density ncpamper to be the same as the
Nambient Used in Case 1 for comparison.
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Figure 1. Plasma source testing schematics with the dimension shown in terms of the ion beam radius R,

II.B. Direct Simulation Monte Carlo

In order to include the plume CEX ions and the facility plasma in the simulation, one needs to first obtain the
neutral plume density, np, source () and the total neutral density in the chamber, 1y, chamber (Z) respectively.
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In this study, DSMC is applied to simulate the neutral molecules and obtain 7, source (Z) and ny, champer (T)-
The DSMC study directly models the plasma source and the experiments discussed in Ref. |6l The simulation
domain is the entire vacuum chamber shown in Fig. 1.

The experimental operating condition considered is the same as that in Ref. [6, and is shown in Table[I]
We consider a plasma source emission with a 4.1 sccm of argon gas flow rate. In the experiment, the pressure
in the vacuum chamber during the plasma emission was maintained at P, ~ 3.8 x 10~® Torr by a mechanical
roughing pump and a cryogenic pump (pumping speed of 8,500 L/s). The current emitted and the neutral
density at the source exit are also shown in Table [I] In the experiment, the plume CEX production rate is
comparable to that of the NSTAR ion thruster®

Table 1. Thruster operating conditions

I, mA 11, sccm 7 Ny, eqit m~3 P, Torr
10. 4.1 3.4% 2.9x10% 3.8x1076

Table 2. plasma parameters at thruster exit.

In Physical Unit Normalized Value

Neo 1.5 x 10 m=3 1.0
N0 49x10%m™3  3.26
T.o 2 eV 1.0
ADo 0.4 mm 1.0
Upeam 72,809 m/s 0.122
Vge 594,918 m/s 1.0

Vis 2201 m/s 0.0037

To obtain 7, source (£), macro-particles representing the un-ionized Ar were injected from the source exit
into the simulation domain using a mixed inflow/wall condition. To obtain n, chemper (Z), macro-particles
representing the high energy beam ion ArT were also injected from the source exit for the purpose of
generating the neutrals created at the gate valve and chamber wall. These macro-particles follow a line-of-
sight trajectory until they hit the surface. They are then reflected as neutrals to join the DSMC calculation.
Because the beam ions have an energy of 1100eV and thus their trajectories are not affected by the electric
field in the chamber (on the order of a few Volts/m ) in the chamber, such an approach is valid.

The velocities of Ar particles are sampled from a stationary Maxwellian distribution, and those of Ar™
particles are sampled from a drifting Maxwellian distribution with a drifting velocity corresponding to the
ion accelerating voltage. The temperature for the inflow particles is taken to be 500K. For in-chamber
simulations, any Ar* ions impinging the chamber wall are reflected as Ar atoms under a fully-diffusive wall
boundary condition. The chamber wall temperature is set to be 300K. Particles reaching the cryogenic pump
surface are simply removed from the computational domain.

The DSMC simulation is carried out using an axi-symmetric code SUPGAS™? The code implements the
standard DSMC method!? using the variable hard sphere (VHS) model for inter-molecular collisions. The
VHS model treats the gas as a collection of hard spheres whose total cross section o can be expressed as a
power-law function of relative speed g between the colliding particles:

o1 ~ Opeg 2 (4)

where oyef = md2;. Here, dyer and oyer are the diameter and total cross section under a reference condition,
respectively. The VHS model above leads to a power-law temperature dependence on viscosity,

T w
M= fhref <Tref) (5)

Following Ref. [16, we find fiyer = 2.117 x 1075 kg/(m-s) at Tref = 273 K, which lead to dyer = 4.17 x 10710
m, and w = 0.81 for argon.
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II.C. Particle-in-Cell Simulation

PIC simulation is carried out to obtain the plasma plume potential. The PIC simulation code is a 3-
dimensional (3D), full particle particle-in-cell (PIC) model extended from Ref. 5| The plasma species simu-
lated by the PIC code include the beam ions and neutralizing electrons emitted from the source, the CEX
ions generated in the plume, and the background (ambient or facility) ions and electrons. The electric
field, particle trajectories, and the space charge are solved self-consistently from the Poisson’s equation and
Newton’s second law subject to the required boundary conditions

V- (V®) = e(ne — ny) (6)
4 i) = B 5=
%(mv) =qFE, U= I (7)

We consider a mesothermal plasma emission with equal electron and ion current density at the source
exit, Jo.g = Jijo. The plasma emission condition is taken to be similar to that in Ref. |6l The propellant ion
is Ar. The beam ions are accelerated to 1100 eV. The temperature of the propellant plasma at the source
exit is 2 eV. The simulation parameters are normalized by the electron density n.o and electron temperature
T.o at thruster exit, the electron plasma frequency based on n.y, and the Debye length based on n.y and
T.o. Relevant plasma parameters at the thruster exit are summarized in Table[2] in both physical units and
normalized values.

In order to resolve the correct ion beam neutralization and plasma expansion process, one must use the
realistic ion-to-electron mass ratio so to maintain the the correct mesothermal velocity order between vy;,
Vbeam, and vge? As the DSMC model simulates the Ar emission, the PIC simulation also uses the real
ion-to-electron mass ratio for argon ions, m;/m. = 40 x 1836 = 73440, for consistency.

In PIC simulations, macro-particles representing the beam ions and neutralizing electrons are emitted
from the simulation exit into the simulation domain at each time step. The beam ions are sampled from a
cold drifting Maxwellian distribution and the electrons from a stationary Maxwellian distribution. Macro-
particles representing plume CEX ions are generated according to Eq. 7 from the beam ion density and
neutral plume density. Macro-particles representing the ambient or the facility plasma are loaded into the
simulation domain at the start of the simulation. The facility plasma density is calculated from Eq. .
The neutral plume density 7, source and chamber background neutral density n,, chamber are obtained from
DSMC.

Computationally it is not feasible to carry out a fully 3D PIC simulation using the real ion-to-electron mass
ratio of Ar ions and the actual the experimental dimension in Ref. 6. In order to reduce the computational
time, the 3-D PIC code is applied to simulate a 2-D configuration of the experiment with 2 cells in the
y direction. Additionally, while the relative dimensions between the plasma beam radius and the vacuum
chamber are kept the same as that in Ref. |6, the size of the thruster radius R} in terms of the Debye length
Apo at thruster exit is also reduced in the PIC simulation. As the purpose is to study qualitatively the effects
of vacuum chamber environment on the plume potential with respect to the ambient, such an approach is
sufficient because the plasma expansion outside the beam is not dependent on the beam radius as long as
Rb/)\DO > 152

The beam emission is along the z direction. The PIC simulation domain is the downstream region
region of the thruster (with a fraction of the thruster body included), and is symmetric with respect to the
z = 0 boundary. The boundary condition is periodic in the y direction. For in-space simulations, all other
boundaries are considered to be open boundaries where the Neumann boundary condition is applied for the
electric field. The absorption condition applied for the particles, and an in-flow condition corresponding to
the ambient thermal flux is applied for the ambient electrons. The potential at the simulation boundary
is floating for in-space simulations. For in-chamber simulations, the simulation boundary is the vacuum
chamber wall where the surface potential is fixed at ® = 0 and the absorption condition is applied for all
the particles.

In the simulation, the cell size is taken to be the Debye length at the source exit, Apg. The size of
the beam radius at exit is taken to be R, = TApg. For in-chamber simulations, the simulation domain
is 163Apo X 2App X 256Apg. (In the z — z plane, this corresponds to approximately 23.3R;, x 36.6Ry.)
For in-space simulations, the simulation domain needs to be sufficiently large so the plume potential is not
affected by the domain boundary? Different simulation domain sizes were tested. For the results shown
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here, the domain for the in-space simulation is taken to be 326Apo X 2Apg X 512Apg. (In the = — z plane,
this corresponds to approximately 46.6 R, x 73.1R;.)

As mentioned previously, in order to establish the plume potential self-consistently in the simulation,
one needs to resolve the transient process from the start of the emission. The time step resolution in
the simulation is At X wpe = 0.1 (At X wp; ~ 3.7 X 10*4), where wpe and wy; are the electron and ion
plasma frequency based on the plasma density at thruster exit, respectively. Plasma-surface interaction at
the chamber wall is beyond the scope of this study. Hence, for in-chamber simulations, the simulation is
terminated before the ion beam front reaches the chamber wall. The simulation is run for a duration of
twpe = 1500 (twp; ~ 5.5). At the end of the simulation, the beam front is at about Az ~ 26.2R;, from the
thruster exit. Simulation results show that the electron-ion coupling inside the beam occurs at the electron
plasma time scale while the plume plasma expansion around thruster exit completes at twy,; ~ 15 Hence, at
the end of the simulation, the plume potential inside the beam is at the steady state.

ITII. Results and Discussions

ITI.A. Neutral Plume, Neutral Background, and Facility Plasma

Results from DSMC modeling of the neutrals are shown in Figs. [2| through Fig. [2| shows the density
contours for the neutral plume emitted from the thruster, ny_ source. The neutral plume is the only neutral
environment when the thruster operates in-space. The density distribution corresponds to that of a classical
thermal diffusion. When the thruster operates inside a vacuum chamber, the neutral density distribution
will be affected by the vacuum chamber wall and the pumping speed. Fig. [3] shows the neutral environment
under the in-chamber condition. Fig. [4] further shows the density profile along the thruster axis for the total
neutral density as well as the densities associated with the neutral plume, the neutrals reflected from the
side wall, and the neutrals reflected from the gate valve.

The results show that the neutral density distribution close to the thruster exit is dominated by the
molecules emitted from the thruster. However, for the operating conditions considered, the total Ar number
density in the vacuum chamber starts to deviate significantly from that of the thruster generated neutral
plume at z ~ 3R, due to molecules reflected from the chamber wall and the gate valve. In Fig. [4 the
background neutral density in the chamber asymptotes for z/R, > 10 at about 1, champer ~ 2 % 1017m=3.
For comparison, the density associated with the neutral plume emitted from the thruster is about 7, source ~
2 x 10*® m=3 at z/R;, ~ 25. Hence, the neutral environment in a vacuum chamber is very different from
the neutral plume under in-space condition. The pressure inside the vacuum chamber is quite uniform due
to neutral molecule reflections at the chamber wall. In Ref. |6, a pressure probe was located at the chamber
wall at a downstream distance of z/Rj ~ 8. The probe measured a background pressure of 3.8 x 10~ Torr
(=~ 5 x 10~* Pa). The pressure obtained from the DSMC simulation at that location agrees well with the
measured value in Ref. [6l

The neutral background in a vacuum chamber leads to the generation of the facility plasma. The facility
plasma consider here is dominated by CEX production in the chamber. The number of CEX ions produced
between the ion beam and the neutral background is given by [ fices, chamber (Z)dV, where ficeq, champer (T) 18
given by Eq. and the integral is over the beam volume. As these CEX ions propagate radially outward
from the beam at approximately the ion acoustic velocity Cj, the facility plasma density far away from the
thruster at steady state is

'hfce:r,chamber (f)dv
N facility = f Os A . (8)

where A is the surface area of the beam.

The PIC simulation was run using the real ion to electron mass ratio for Ar for a simulation duration
of twp; ~ 5.5. If one would generate the CEX ions as the beam ions propagate through the domain, the
simulation time would be too short to establish a steady state facility plasma in the domain because the
CEX ions move at a much slower speed than that the beam ions. Hence, in the simulation, the steady state
facility plasma is loaded at the beginning of the simulation with a density calculated from Eq. . For the
experimental conditions considered in this paper, we find that the facility plasma density in the chamber to
be ncham,ber/neo ~ 5 X 1073-
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Figure 2. DSMC simulations of neutrals emitted from source under in-space condition: Neutral plume density contours

III.B. Plasma Plume Potential

The plasma plume potential is compared for three different background plasma environments. In Case 1,
a mesothermal beam is emitted into an ambient space plasma. The ambient plasma density is taken to be
similar to the typical solar wind plasma density, Nampient ~ 1.5 x 10 m~3. Hence, Nambient/Te0 = 10792, In
Case 2, a mesothermal beam is emitted into a vacuum chamber. The facility plasma density is taken to be
the value calculated in the last section, ncpamper/Meo = 5 X 1073. In Case 3, we reduce the facility plasma
density to be the same as the ngmpient in Case 1 for comparison, nenamper/Meo =~ 1077,

Figure [5] shows the density contours for the beam ions, neutralizing electrons, and propellant CEX ions
for Case 2 at twpe ~ 1500 (twp; ~ 5.5). The beam ions and neutralizing electrons have formed a neutralized,
steady state beam behind the beam front. The electron-ion coupling process was discussed in detail in Ref. 5|
At twy; ~ 5.5, the CEX ions generated in the simulation have not propagated very far from the beam. (The
plume CEX density contours shown in Fig. 5c are still within about ~ 5.5R;, downstream of the thruster
exit.) Hence, Fig. 5c shows the early time plume CEX ion density distribution. However, since nceg, source 1S
orders of magnitude less than the beam plasma density, the plume potential is not expected to be affected
significantly by including only the early time plume CEX ions. The density contours for Case 1 and Case
3 are similar to that shown in Fig. This is to be expected. As the Nambient OF Nehamber 1S orders of
magnitude smaller than the beam density, the presence of a background plasma does not have a noticeable
effect on the plume density profile.

Figure [6] shows the potential contours for the three cases. Figure[7] compares 1-D potential profiles ® vs.
x (the transverse direction to beam direction) at three downstream distances from thruster exit. The beam
potentials shown are already at the steady state. For comparison with Case 2 and 3, the ambient potential
in Case 1 is shifted to ® = 0 in these plots.

The results show that the potential profiles for all three cases are similar within the core region of the
beam but different in the region outside the beam. The deviation starts at around x > 3Rp. In particular,
in Case 2, a potential plateau shows up in the region approximately 5R, < =z < 20R; before ® decreases
further to ® = 0 at the chamber surface (x ~ 23.3Rp). A sheath is also evident near the chamber wall.
These features are due to the presence of the facility plasma. The facility plasma terminates the beam
expansion when the propellant plasma density becomes smaller than n.pgmper. Even though the facility
plasma density in Case 2 is about 3 orders of magnitude smaller than the propellant plasma density at
thruster exit (Nehamber/Meo ~ 5 X 1072, Nepamper/Mio ~ 1.5 x 1073), its effect in reducing the potential
difference between the beam center and the background is significant. In all the cases, the potential at beam
center is ®¢ ~ 7.5. In Case 2, the potential plateau outside the beam is ®.pamper =~ 2.1. Hence, the potential
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Figure 4. Density profile of each neutral population in vacuum chamber along the thruster axis

difference between the beam center and the facility plasma in Case 2 is about A® ~ 5.4. Comparing to Case
1, this represents approximately a reduction of 28% in beam potential with respect to the background.
If we reduce the facility plasma density to that of the typical solar wind density as in Case 3, the
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potential plateau disappears. However, in this case, the plasma expansion outside the beam is terminated
by the boundary condition of ® = 0 at the chamber wall. Due to the smaller space available for plasma
expansion, the plume potential outside the beam decreases more quickly than that in Case 1. Hence, the
beam potential is still affected by the vacuum chamber.

IV. Summary and Conclusions

DSMC and PIC simulations are applied to study the potential of a mesothermal plasma plume in a
vacuum chamber. The results show that the beam potential with respect to the ambient in a vacuum
chamber may be significantly different from that in a space plasma environment. This is because the facility
plasma in a vacuum chamber can terminate the plume expansion process and thus reduce the beam potential.
This simulation study considers the vacuum chamber experiment in Ref. 6l For this particular experiment,
the facility plasma density is found to be about 3 orders of magnitude smaller than the beam plasma density
at source exit. The simulation results show that the contribution from a facility plasma similar to that in
Ref. |6 can lead to approximately a reduction of 28% in beam potential with respect to the ambient. This
suggest that the plume potential measured in a vacuum chamber may be significantly lower than that under
the in-space condition. Most existing plume models are based on a hybrid PIC approach which require
the plume potential to be provided as an input parameter. Since predictions of the plume potential are
mostly based on vacuum chamber measurements, an under prediction of the plume potential will result in
under estimation of plume interaction effects such as the backflow of CEX ions and ionized contaminants in
subsequent plume modeling studies.

In order to establish the beam potential self-consistently, PIC simulations need to resolve the transient
process from the start of the beam emission. In this paper, the simulation time is not long enough to include
the effect from the steady state plume CEX plasma on the beam potential. Hence, the reduction of the beam
potential observed in the simulation here represents only the lower bound reduction in a vacuum chamber.
This study only considered one particularly vacuum chamber experiment. A future study will address the
effects from the plume CEX plasma and different vacuum chamber environments.
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Figure 5. Density contours for beam ions, neutralizing electrons, plume CEX ions for Case 2

10
The 337 International Electric Propulsion Conference, The George Washington University, USA
October 6-10, 2013



(c) Case 3

Figure 6. Potential contours for Case 1 (in-space), Case 2 (in-chamber), and Case 3 (in-chamber with an artificial
facility plasma density)
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Figure 7. Comparison of 1-D potential profiles at several downstream locations from thruster exit between Case 1,
Case 2, and Case 3.
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