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Facility effects induced by vacuum chambers in ground-based electric propulsion testing
complicate the extrapolation from ground test results to space performance. The sputter-
ing of facility surfaces by energetic particles and the re-deposition of that material onto
other facility or thruster surfaces is a particularly complicated facility effect that mate-
rializes in different ways. This work implements a reduced order sputtering model that
calculates surface sputter yields, and sputtered particle trajectories into a high fidelity
three dimensional Hall-effect thruster plume code. The implemented sputter model is
verified within the plume code to produce expected sputter yields and sputter particle
trajectories. The newly combined simulation tool is then applied to model a Hall-effect
thruster plume sputtering experiment conducted in Vacuum Test Facility 2 at the Georgia
Institute of Technology. Direct comparisons of the model are made with measurements of
carbon sputtered onto collection arrays from a material test sample. Additional simulations
predict facility-wide carbon sputtering. A variance-based sensitivity analysis is performed
to assess the importance of plume model accuracy for sputtering simulation, and to inform
which plasma diagnostics are most useful for understanding comparisons of experimental
and simulation sputtering results.

Nomenclature

E = Electric field

ϕ = Electric potential

F = Force

q = Particle Charge

Npairs = Total particle pairs to be assessed for collision

NP = Number of macroparticles

n = Number density

σ = Collision cross section

g = Relative velocity

∆t = Timestep

ϵcoll = Collision energy

v = Velocity

e = Elementary charge

p = Pressure
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ν = Collision frequency

m = Mass

T = Temperature

kB = Boltzmann constant

Y = Sputter yield

E = Energy

θ = Polar angle

M = Molar mass

Z = Atomic number

I. Introduction

Electric propulsion (EP) thrusters are a flight proven technology with widespread use on satellites due
to their high specific impulse, longevity, and reliability.1 These characteristics of EP devices in general,
and the high thrust-to-power ratio and relative simplicity of Hall-effect thrusters2 (HETs), in particular,
make HETs a desirable choice for long duration and deep space missions.3 Such missions inherently require
additional testing and qualification. EP devices are typically developed and tested in ground-based vacuum
facilities that imperfectly recreate the space environment. These imperfections, or facility effects, include an
elevated background pressure of neutral gas particles, deposition of sputtered facility surface materials onto
thruster surfaces, and altered electrical pathways due to the presence of conducting facility walls. In partic-
ular, the deposition of sputtered material on thruster surfaces can negatively affect thruster performance.4

Furthermore, this facility backsputter alters the performance and lifetime tests required for long duration
space flight.5 Under spaceflight conditions, trajectories of sputterants differ greatly from those in ground
tests because of different sputter sources and altered plume characteristics such as background pressure and
divergence angle. Moreover, space conditions include more surfaces that are concerned with sputtering and
contamination including but not limited to: solar arrays, delicate sensors or experiments as well as thruster
surfaces.6

Previous work has been done to characterize sputtering in EP test facilities. Some examples of previous
work consists of comparisons of a theoretical sputter deposition model to experimental measurements in mul-
tiple facilities,4 development of novel experimental measurements combined with particle simulations,7 and
investigations of how sputter and deposition rates vary in different regions of the plume.8 These works em-
phasize that accurate modeling of sputtering in ground chambers is an essential supplement to experimental
tests for extrapolating results beyond the experiment and developing mitigation strategies.

With the aid of high-powered EP experiments in vacuum chambers, plume models that account for
facility effects can help bridge the gap between ground and space conditions. In this study, a hybrid kinetic-
continuum model is used to simulate the plume of the magnetically shielded H9 Hall Effect Thruster operating
on krypton in Vacuum Test Facility 2 (VTF-2) at the Georgia Institute of Technology. Comparisons to data
measured using plasma diagnostics and a sputtering experiment in VTF-2 are used to evaluate plume model
and sputtering model accuracy. Simulations are then run to predict facility-wide surface sputtering and
deposition rates. Additionally, a variance based sensitivity analysis of sputtered particle deposition rate to
several simulation parameters is performed. The paper ends with a discussion of conclusions and future
work.

II. Experimental Overview

The Facility Interpolation Test 1 (FIT1) was a comprehensive experimental test campaign that was a
collaboration of several universities as a part of the NASA-funded Joint Advanced Propulsion Institute
(JANUS). Experiments of the FIT1 were all conducted in VTF-2 at Georgia Institute of Technology. VTF-2
is a cylindrical vacuum chamber 9.2 meters in length and 4.6 meters in diameter. VTF-2 employs ten liquid
nitrogen-cooled PHPK TM1200i cryopumps which can keep operating pressure below 6× 10−6 Torr-Kr.9

One part of the FIT1 campaign was an experiment to track isolated sputtered carbon in the far field
plume from a designated sputtering target to collection arrays. A detailed overview of the experiment is

The 39th International Electric Propulsion Conference, Imperial College London

London, United Kingdom 14–19 September 2025

Copyright 2025 by the Electric Rocket Propulsion Society. All rights reserved.

Page 2



provided in Ref. 10. Carbon-13, an isotope with about one percent natural abundance, was used as the
sputter target to measure deposition rate on the collection arrays specifically from the target. The carbon-
13 deposition rate on the collection arrays was measured using a combination of the following techniques
outlined in Ref. 10: optical surface profilometry, X-ray photoelectron spectroscopy, X-ray reflectometry, and
time-of-flight secondary ion mass spectrometry. The computational mesh used to simulate VTF-2, and a
sketch of the sputter experimental set-up are provided in Fig. 1.

The experiment used the H9 HET operating on krypton gas. The H9 is a magnetically shielded HET
with a center mounted cathode; more information on the H9 can be found in Ref. 11. An overview of the
operating conditions during the sputtering experiment is shown in Table 1.

Table 1: H9 operating conditions in VTF-2.

Propellant Krypton

Discharge Voltage 600 V

Discharge Current 15 A

Flow Rate 201.16 sccm

Background Pressure 5.6 µTorr

(a) (b)

Figure 1: (a) Three dimensional computational mesh of VTF-2 used in MPIC. (b) Sketch outlining set-up
of sputtering experiment performed in VTF-2.

III. Methods

The hybrid particle-fluid simulation code MPIC12 is used to simulate the plasma plume in the vacuum
chamber. Near-field plume properties generated by the 2D axisymmetric multi-fluid Hall thruster code,
Hall2De,13 are used as input conditions for MPIC. Hall2De was originally developed at the Jet Propulsion
Laboratory, but a version maintained by the University of Michigan is used in this work. A detailed de-
scription of Hall2De is available in the literature.13,14 Hall2De thruster simulations are coupled to MPIC
plume simulations using a weak coupling scheme developed in Ref. 15. Following this coupling scheme,
species number densities, velocities, and temperatures are coupled from Hall2De to MPIC through fifty-two
spatially varying inlets; the computational mesh of these inlets is shown in Fig. 2. In this version of Hall2De,
each ion species, Kr+, Kr++ and Kr+++, has two separately tracked populations, one for ions born above
240 V and one for ions born below 240 V. These separate ion populations are input to MPIC as separate
populations with unique number densities, velocities, and temperatures at each inlet. Plots of number den-
sity, velocity, and temperature profiles across the thruster-plume interface for Kr and Kr+ are provided in
Figs. 3-5, and plots of the Kr++ and Kr+++ current fraction profiles across the thruster-plume interface are
shown in Fig. 6. Ion number density plots are total number density of both populations of ions, and velocity
and temperature plots are averaged between the two populations weighted by population number density.
To simulate surface material sputtering, a reduced order carbon sputter model is implemented into MPIC
that is based on material multi-scale simulations.16 The model informs sputter yields, sputtered particle
angles and energies, and re-deposition.
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(a) (b) (c)

Figure 2: (a) Front and (b) and side views of the interface between Hall2De and MPIC. The cross-sectional
view (c) shows the magnetic field line interface with labeled inlet numbers used to define spatially varying
boundary conditions.

(a) (b)

Figure 3: Profiles of (a) Kr and (b) Kr+ number densities across the thruster-plume interface.

(a) (b)

Figure 4: Profiles of (a) Kr and (b) Kr+ velocities across the thruster-plume interface.
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(a) (b)

Figure 5: Profiles of (a) Kr and (b) Kr+ temperatures across the thruster-plume interface.

(a) (b)

Figure 6: Profiles of (a) Kr++ and (b) Kr+++ current fraction across the thruster-plume interface.

A. Plume Model

MPIC is a hybrid particle-fluid simulation code that computes time-averaged steady state results in three
dimensional unstructured computational meshes. Neutral particle dynamics, collisions, and ion particle
collisions are simulated using the direct simulation Monte Carlo (DSMC) method.17 Ion particle dynamics
are informed by the particle-in-cell (PIC) method.18 To avoid the small time steps required to accurately
simulate electrons as simulation particles, electrons are modeled as a fluid.

1. DSMC-PIC Model

The plume model uses the electrostatic assumption that allows the electric field to be defined in terms of a
scalar electric potential:

E = −∇ϕ (1)

where E is the electric field and ϕ is the electric potential. MPIC ignores the effects of magnetic fields so
the PIC method moves particles according to the electric component of the Lorentz force:

F = q(E) (2)

where F is the force on a particle, and q is the charge of the species. The electric field is calculated at nodal
locations on a computational grid and is interpolated to particle positions when updating their velocities.

Collisions are performed stochastically. The No-Time-Counter scheme17 is used to calculate the total
number of potential collision pairs:
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Npairs =
1

2
NPn(σg)max∆t (3)

where NP is the number of macroparticles, n is the number density, ∆t is the timestep, and (σg)max is
an estimate of the maximum value of the product of the collisional cross section and the relative speed of
the colliding particles within the computational cell. Whether or not a given pair collides is decided by
comparing the collision probability with a random number. The collision probability is calculated as the
ratio of σg to (σg)max. MPIC utilizes the variable hard-sphere model19 to obtain momentum exchange
(MEX) collision cross sections for collisions between neutral atoms. In this model, the cross section is a
function of the relative speed:

σcoll = σref

(
gref
g

)2ν

(4)

where the power law exponent, ν, is a viscosity fitting parameter. MPIC can also model charge exchange
(CEX) collisions. Atom-ion MEX and CEX collision cross sections are modeled using measured data20 which
yields the following semi-empirical formula:

σCEX(Kr,Kr+) = 10−20 (A−B log10(ϵcoll)) (5)

where A and B are fitting parameters and ϵcoll is the collision energy in eV. Fitting parameters for krypton
single and double charge exchange were empirically derived in Ref. 21. Additionally, MPIC assumes that all
charged heavy species are neutralized by any wall interactions.

2. Fluid Electron Model

The electron model employed in this work is the Boltzmann Electron Model. This model begins with the
electron momentum equation. The steady electron momentum equation, neglecting the advection term and
magnetic field effects, is:

0 = −neeE−∇pe +mene(vi − ve)νei (6)

where e is the elementary charge, pe is the electron pressure, me is the electron mass, vi is the ion velocity,
ve is the electron velocity, and νei is the electron-ion collision rate. The Boltzmann relation is obtained by
making the following assumptions: the electrons respond instantaneously to any disturbance, the electron
fluid is isothermal and collisionless, and the electron pressure obeys the ideal gas law. The result is:

ϕ = ϕref +
kBTe

e
ln

(
ne

nref

)
(7)

where ϕref is a reference potential, ne is the electron number density, nref is a reference electron number
density, kB is Boltzmann’s constant, and Te is the constant electron temperature. The additional assumption
of quasineutrality in each computational cell allows the electron number density in Eqn. 6 for ϕ to be replaced
with the total ion number density which is tracked by MPIC’s kinetic models. Plots of the electric potential
and electron temperature profiles across the entire thruster-plume interface are shown in Fig. 7. However, the
reference potential, reference number density, and electron temperature are set to the potential condition,
electron number density, and electron temperature predicted by Hall2De at the centerline near-field coupling
interface between Hall2De and MPIC - inlet number fifty-two. The reference conditions are shown in Table.
2.

Table 2: Simulation Boltzmann Electron Model Reference Conditions.

Number Density, m−3 Potential, V Temperature, eV

1.603× 1017 -16.6 2.51

The 39th International Electric Propulsion Conference, Imperial College London

London, United Kingdom 14–19 September 2025

Copyright 2025 by the Electric Rocket Propulsion Society. All rights reserved.

Page 6



(a) (b)

Figure 7: Profiles of (a) electric potential, and (b) electron temperature across the thruster-plume interface.

B. Facility Pressure Model

MPIC accounts for the background neutral population present in ground-based vacuum chamber tests by
using an accurate three dimensional facility geometry represented in the computational mesh and sticking
coefficients assigned to facility pump surfaces. The sticking coefficient is a boundary condition assigned to
each computational surface; it determines the fraction of particle interactions with that surface that result
in the particle sticking to the surface, and therefore being removed from the simulation domain. Previous
work has been done to infer sticking coefficients for the PHPK-TM1200i re-entrant vacuum pumps in the
University of Michigan’s Alec D. Gallimore Large Vacuum Test Facility (LVTF) with the H9 HET operating
on xenon.22 The same sticking coefficient inferred in Ref. 22, 0.26, is assumed to be the nominal sticking
coefficient for the pumps in VTF-2 because the cryopumps in VTF-2 are the same model PHPK-TM1200i
re-entrant vacuum pumps.

C. Sputtering Model

Surface sputter yields are calculated using an equation based on the Eckstein model.23 The calculated sputter
yield is compared against a random number to determine how many sputtered particles will be generated for
each individual particle-sputtering surface interaction. The sputter yield equation is calculated as follows:

Y (Ei, θ) = QSn

(
Ei

ETh
− 1

)µ

λ
w +

(
Ei

ETh
− 1

)µ (cos (θci ))
−f

exp
(
b
(
1− (cos (θci ))

−1
))

(8)

where Y is the total sputter yield, Ei is the energy of the incident particle in eV , and θi is the polar angle
with respect to the surface of the incident particle in degrees. Q,λ, µ,Eth, f, c, and b are fitting parameters;
an example fit for xenon sputtering of carbon is provided in the supplementary material of Ref. 16. Sn, the
nuclear stopping, is calculated as follows:

Sn =
0.5 ln(1 + 1.2288ϵ)

ϵ+ 0.1728
√
ϵ+ 0.008ϵ0.1504

(9)

where the reduced energy, ϵ, is:

ϵ =
aL
ZiZs

4πϵ0
e2vc

Ms

Mi +Ms
Ei (10)

where ϵ0 is the vacuum permittivity constant in C2eV −1 Å
−1

, evc is the electron charge in C, Mi and
Ms are the molar mass in g/mol of the incident and sputtered material respectively, Zi and Zs are the
atomic number of the incident and sputtered material respectively, and the Lindhard screening length, aL,
is calculated as follows:
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aL =

(
9π2

128

) 1
3

a0

(
Z

2
3
i + Z

2
3
s

)− 1
2

(11)

where a0 is the Bohr radius in Å.
Sputter angle is sampled from two coupled distributions for the polar and azimuthal angles with respect

to the sputtering surface. The polar angle distribution is a linear combination of two Gaussians:

f(θs) =
A

σ1

√
2π

e
− 1

2

(
θs−µ1

σ1

)2

+
1−A

σ2

√
2π

e
− 1

2

(
θs−µ2

σ2

)2

(12)

where θs is the polar angle of the sputtered particle in degrees, A is the relative contribution of the forward
(j = 1) and backward (j = 2) sputterants, µj is the peak sputtered angle, and σj is the spread due to inelastic
collisions. In MPIC these fitting parameters are bi-linearly interpolated between the incident particle angle
and energy from the steady-state tables provided in the supplementary material of Ref. 16. The tables are
fit using the Markov Chain Monte Carlo with Delay Rejection Adaptive Method. The azimuthal angle is
sampled from a quasi uniform distribution based on the sampled polar angle. If the polar angle is between
0 and 90 degrees then the azimuthal angle is uniformly sampled between -90 and 90 degrees, and if the
polar angle is between 0 and -90 degrees then the azimuthal angle is uniformly sampled between 90 and 270
degrees. This quasi-uniform distribution is used to translate the two dimensional angular distribution from
Ref. 16 into a full three dimensional angular model in MPIC.

The energy of the sputtered particle is sampled from a log normal function form:

g(Es) =
1

Esσs

√
2π

e−
1
2 (

ln(Es)−µs
σs

)
2

(13)

where Es is the energy of the sputtered particle, and µs and σs are fitting parameters. In MPIC these
fitting parameters are bi-linearly interpolated between the incident particle angle and energy from the tables
provided in the supplementary material of Ref. 16. These fitting parameter tables are populated by an
algorithm using maximum likelihood estimation.

Together, the polar angle, azimuthal angle, and energy sampled for each sputtered particle specify the
initial velocity vector for each particle. The sputtered particle is born in the simulation at the location where
the incident particle impacted the surface, and the once incident particle is then diffusely reflected from the
surface at the specified surface temperature.

Sputter particles are transported through the simulation domain using the DSMC method as appropriate.
Ref. 16 offers angle and energy-dependent sticking coefficients for carbon-carbon interactions. Because this
sticking coefficient is often close to unity and for simplicity, sputtered particles in MPIC are automatically
assigned a sticking coefficient of 1.0; this means that all particles born from a sputter interaction (not
including the diffusely reflected once incident particle) will stick to any surface they are subsequently incident
on regardless of any other wall assigned sticking coefficient.

To increase sputter particle resolution relative to plume and background particle resolutions, MPIC
has the capability to scale the particle weight of sputtered particles relative to the particle weight of all
other particles. Several sputtered particles are uniquely sampled from the appropriate distributions for each
sputtering event until the relative weighting is satisfied. For example, if the simulation particle weight is
(10)12, the relative sputter particle weighting is 10 and a sputtering interaction occurs, MPIC will generate
and uniquely sample 10 sputter particles with a particle weight of (10)11. Due to this variable particle
weighting scheme VHS collisions for sputtered carbon particles have not yet been implemented. However,
the minimum mean free path of carbon-13 in the simulations is calculated to be on the order ten meters,
and the length scale of interest, the distance between sputter source and sputter target, is only about ten
centimeters. Therefore, ignoring collisions for carbon-13 will not greatly impact results. Moreover, all of
the fitting parameters for the sputter yield, sputter angle, and sputter energy equations from Ref. 16 are
for xenon-carbon interactions. The experiments and simulations presented in this paper use krypton as a
propellant. However, the xenon-carbon fitting parameters are used under the approximation that the mass
ratio of the incident particle to sputtered particle dominates the sputtering interaction and both xenon and
krypton are significantly heavier than carbon.
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D. Sensitivity Analysis

To quantify the sensitivity of the sputter deposition results to key aspects of the plume model, a formal
sensitivity analysis is performed. Select input variables to MPIC are varied across a conservative yet realistic
parameter space and several high fidelity simulations run in order to inform a surrogate model mapping the
varied parameters to the quantity of interest: sputter particle deposition rate on the specified collection
arrays. A summary of the varied parameters and the domain over which they are varied is provided in Table
3. Typical bounds for sticking coefficient are reported in Ref. 24. Experimental current density measurements
taken of similar class HETs from Refs. 25,26 are used to inform bounds for beam current fraction and beam
divergence half angle. Nominal ion and electron temperatures are taken from Hall2De simulation and both
are bounded from half of nominal to double the nominal based on previous modeling efforts.27

For simplicity in generating simulation inputs for several varied parameters, a simplified zero-dimensional
HET model is used. In this model neutral krypton is assumed to exit the thruster at the speed of sound
with a temperature of 773 K. The ratio of double and triple charged ions is set by the nominal Hall2De
simulation. All ions are assumed to accelerate through the full 600 V discharge potential. The ion current,
divergence angle, and single charged ion temperature are assigned from the varied beam current, divergence
angle, and ion temperature parameters respectively. Using the previously mentioned parameters and the
experimentally reported mass flow rate,9 species number densities and velocities at the thruster exit are
determined by conservation of mass and charge. This approach guarantees that the flow properties are
consistent with experimental measurements while avoiding the need for expensive, high-fidelity thruster
simulations or geometries of complicated coupling schemes.

The varied parameter space is populated using Latin Hypercube Sampling (LHS).28 MPIC high fidelity
simulations are fit to a surrogate model using a Bayesian Optimization of a Gaussian Process Regression
(GPR) following Ref. 29. A similar approach, with limited high fidelity samples, was effective in a computa-
tional fluid dynamics context.30 Individual parameter sensitivities are calculated via variance based Sobol’
indices31,32 by executing many evaluations of the surrogate model. The surrogate model is evaluated using
Monte Carlo samples and the number of surrogate model evaluations is determined such that the residual of
each first-order, and each total-effect Sobol’ index from the previous set of evaluations drops below 1×10−4.

Table 3: Summary of varied input parameters to MPIC.

Parameter Units Domain

Sticking Coefficient - [0.2, 0.6]

Beam Current Fraction - [0.65, 0.95]

Beam Divergence Half Angle Degrees [20, 35]

Ion Temperature eV [4.275, 17.1]

Electron Temperature eV [1.25, 5]

IV. Results

A. Sputter Model Verification

To verify that the Eckstein based sputter model is correctly implemented into MPIC, several test cases are
designed so that mono-energetic ions impact a sputterable surface at a specified angle. These test cases are
full MPIC simulations in very simple geometric domains with hundreds of computational cells (compared to
hundreds of thousands of computational cells in vacuum chamber simulations). The simulations output an
average sputter yield of the sputterable surface, a polar angle distribution of the sputtered carbon particles
as they are born into the simulation, and an energy distribution of carbon particles as they are born into
the simulation. Average sputter yield is then compared to an expected yield calculated from Eq. 8, and
the angle and energy distributions are compared to expected distributions calculated by Eqs. 12 and 13.
Comparisons of simulation sputter yield to expected sputter yield, and the route mean squared (RMS) error
of energy and polar angle distributions for three test cases are summarized in Table 4. The simulation polar
angle and energy distributions are compared to expected distributions for the three cases: the 500 eV and
normal incidence case is shown in Fig. 8, the 750 eV and 45 degree incidence case in Fig. 9, and the 1000
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eV and 75 degree incidence case in Fig. 10. Good agreement is found in all three cases for average sputter
yield, carbon polar angle distribution, and carbon energy distribution.

Table 4: Comparing expected and simulated sputter yields and particle angle and energy distributions for
test cases.

Incident Energy,
eV

Incident Angle,
Degrees

Sputter Yield
Percent Difference

Energy RMS Error,
eV

Polar Angle RMS Error,
Degrees

500 0 0.086% 6.28× 10−5 1.02× 10−4

750 45 0.094% 1.97× 10−4 6.62× 10−5

1000 75 0.019% 5.49× 10−4 3.41× 10−5

(a) (b)

Figure 8: Comparisons of (a) simulated carbon polar angle distribution to expected distribution and (b)
simulated carbon energy distribution to expected distribution for 500 eV normal incident xenon.

(a) (b)

Figure 9: Comparisons of (a) simulated carbon polar angle distribution to expected distribution and (b)
simulated carbon energy distribution to expected distribution for 750 eV 45 degree incident xenon.
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(a) (b)

Figure 10: Comparisons of (a) simulated carbon polar angle distribution to expected distribution and (b)
simulated carbon energy distribution to expected distribution for 1000 eV 75 degree incident xenon.

B. Sputtering Simulations

High fidelity vacuum chamber simulations of VTF-2 with a physically accurate model of the sputtering ex-
perimental set-up described above are run in MPIC. Graphics of the computational mesh used to represent
the sputtering experiments are shown in Fig. 11. The mesh cells of the collection arrays are specifically
designed so that one square cell corresponds to one of the sixteen collection array substrates from the exper-
iment; therefore the deposition rate on each computational cell can be individually sampled and compared
to the experiment. Krypton particles are run to steady state over three seconds of physical time, then the
sputtering model is turned on and the carbon deposition rate on the collection arrays reaches steady state
after an additional one and a half seconds of physical time. Simulation statistics are then sampled every
iteration for an additional 150,000 iterations. A comparison between the simulated and experimental current
density traces is shown in Fig. 12. The simulation current density over-predicts the experimental current
density over the first ten degrees from the centerline, then under-predicts until about thirty degrees, and has
good agreement at high angles. Contour plots of singly charged krypton number density and axial velocity
are shown in Fig. 13. The effect of the sputtering experiment, in particular the heat shield, can be seen by
significant decreases in both number density and velocity plots around five thruster diameters downstream
from the thruster exit. Plots of the distribution of incident angles and energies of all particles that cause a
sputter event are shown in Fig. 14. The most probable incident angle is about seven degrees whereas the
most probable energy is around 570 eV. The high angle tail of the polar angle distribution is due to particles
glancing against the side of the cylindrical carbon-13 target.

(a) (b)

Figure 11: (a) Computational mesh of thruster, thrust stand, floor supports, and sputtering experimental
set-up in VTF-2 with chamber walls removed for clarity. (b) Zoomed in view of sputtering experiment mesh
heat shield, collection arrays, and carbon-13 target.
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Figure 12: Comparison of simulation and experimental current density trace 1.0 m from the thruster exit.

(a) (b)

Figure 13: 2D slices of 3D solutions of Kr+ (a) number density contours, and (b) axial velocity contours.

The most probable incident angle and energy from the incident distributions in Fig. 14 are used in Eqs. 12
and 13 to determine expected distributions of the carbon angle and energy born from the carbon-13 target.
These expected distributions are plotted against the simulated distributions from MPIC in Fig. 15. The
two Gaussian peaks of the simulation angular distribution are more even than the most probable incident
angle predicts; this could be due to the high angle tail of incident particles. The most probable incident
energy predicts the carbon sputter energy very closely. Figure 16 shows a comparison of MPIC’s predicted
deposition rate of sputtered carbon-13 and the experimental measurement. There is very good agreement
between simulation and experiment for Array-2, the closer array, but about a factor of two over-prediction
of the deposition rate on Array-1. The simulation results have an additional dependence on polar angle
(arrays one and two are at different polar angles relative to the carbon source) whereas the experimental
data appear to vary primarily with radial distance from the target.
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(a) (b)

Figure 14: Distributions of (a) incident polar angle and (b) energy of all particles that cause sputter event
on the carbon-13 target.

(a) (b)

Figure 15: Distributions of sputtered carbon particle (a) polar angle and (b) energy compared to expected
distributions based on most probable incident angle and energy.

An additional simulation is run with the graphite beam dump in VTF-2 allowed to sputter carbon-12 to
approximate facility-wide sputtering. In this simulation the flux of carbon-12 is measured through an area
fifteen centimeters directly downstream of the thruster face. This flux is used as a means to determine when
the sputtered particles have reached steady state, and to provide a predicted carbon flux into the thruster.
The measured region is downstream of the thruster exit plane because the interface between the thruster
code and plume code extends into the near field plume, so the domain of the plume code only extends
about fifteen centimeters from the thruster face. The steady state mass flux of carbon-12 to this region is
simulated to be 4.768× 10−9 kg/m2 s. Figure 17 shows number density contours in a two-dimensional slice
of the three dimensional solution of carbon-13 near the thruster and sputtering experimental set-up, and
carbon-12 throughout the whole facility.
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Figure 16: Comparison of predicted and experimentally measured sputtered carbon-13 deposition rate onto
each collection substrate.

(a) (b)

Figure 17: Number density contours in 2D slices of 3D solutions of (a) carbon-13 near thruster and sputtering
experimental set-up, and (b) of carbon-12 throughout VTF-2.

C. Sensitivity Analysis

Fifty high fidelity MPIC simulations are run across an LHS parameter space. Figure 18 shows the span of
current densities and collection array deposition rates represented by the fifty high fidelity runs. Pressure
contours near the thruster and sputtering experiment for the minimum and maximum pressure cases of the
fifty runs are shown in Fig. 19. The five varied parameters summarized in Table 3 are then used to train a
Bayesian optimized GPR on the response of average collection array carbon-13 deposition rate. The GPR
has a cross-validated coefficient of determination, R2, of 0.98 indicating strong agreement between surrogate
model predictions and high fidelity simulation results. A plot of the surrogate validation response and the high
fidelity response against ion temperature is shown in Fig. 20. To perform the Sobol’ variance based sensitivity
analysis, the GPR is evaluated 227, unique times. With this surrogate data set, the calculated Sobol’ indices
residual falls below 1×10−4 and the resulting first-order and total-effect Sobol’ indices are plotted in Fig. 21.
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The total-effect Sobol’ indices are approximately equal to the first-order Sobol’ indices indicating that the
variance in target deposition rate is dominated by the direct effects of individual parameters rather than
interaction effects of the parameters. The Sobol’ index for sticking coefficient is virtually zero indicating
that the pump sticking coefficient in the vacuum chamber has very little effect on the quantity of interest,
sputtered particle deposition rate on the collection arrays. Electron temperature has a Sobol’ index of about
0.06. Therefore, uncertainty in the electron temperature does not contribute very much uncertainty in the
final quantity of interest, and using the Boltzmann electron model which assumes isothermal electrons is not
a large detriment. The beam current fraction and beam divergence half angle have Sobol’ indices of 0.15 and
0.21, respectively, suggesting that they each have a moderate effect on carbon deposition rate. Therefore,
having an accurate simulated current density trace is an important step in ensuring accurate sputtering
simulation. Above all other varied parameters, however, variances in ion temperature tend to create the
largest variances in carbon deposition rate with ion temperature having a Sobol’ index of about 0.57. It
is thus critical to compare ion energy distribution functions between simulation and experiment to ensure
accurate simulation ion temperatures.

(a) (b)

Figure 18: (a) Current density traces for all 50 high fidelity simulations in sensitivity analysis compared to
experimental current density trace across range of angles of sputtering experimental set-up. (b) Sputtered
carbon-13 deposition rate onto each collection substrate for all 50 high fidelity simulations in sensitivity
analysis compared to experimental measurement.

(a) (b)

Figure 19: Pressure (torr) contours in 2D slices of 3D solutions near sputtering experimental set-up of
sensitivity analysis for (a) minimum pressure case and (b) maximum pressure case.
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Figure 20: Surrogate model response of target deposition rate compared to high fidelity prediction of target
deposition rate as a function of assumed thruster exit ion temperature.

(a) (b)

Figure 21: (a) First-order Sobol’ indices from sensitivity analysis. (b) Total-effect Sobol’ indices from
sensitivity analysis.

V. Conclusions and Future Work

A reduced order sputter model was implemented into the three dimensional hybrid particle-fluid plume
simulation code MPIC. The sputter model predicts surface sputter yields, sputtered particle angles, and
sputtered particle energies. The particle methods in MPIC then transport sputtered material throughout
the computational domain. The reduced order sputter yields, and sputter angle and energy profiles were
verified to be producing expected results within MPIC simulations. Simulations were then run to mimic
an experimental set-up that tracked isotopically unique carbon sputtering from a specific sputter source to
specific collection arrays. Comparisons between simulated carbon deposition rate on the collection arrays and
experimental results showed good agreement on one of the collection arrays and a factor of two disagreement
on the other. This inconsistency indicates that there may be missing physics in the plume model and/or
the sputtering model. To elucidate the importance of plume model accuracy in the prediction of sputter
tracking, a sensitivity analysis was performed in which fifty high fidelity simulation results were used to
inform a GPR surrogate model. That surrogate model was then evaluated using a Monte Carlo method to
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gauge the sensitivity of carbon deposition rate on the collection arrays to simulation sticking coefficient, beam
current, beam divergence angle, ion temperature, and electron temperature. The variance in deposition rate
was mostly explained by variance in the ion temperature. Beam current and beam divergence angle variances
had a modest effect on the deposition rate, and electron temperature and sticking coefficient had very little
effect. Going forward, any sputtering comparisons between simulations and experiments should also compare
simulated ion energy distribution functions to experimental distributions collected from a retarding potential
analyzer.

Although one could surmise that one or perhaps several of the simulations from the sensitivity analysis
perfectly match the experimental deposition rate based on Fig. 18 (b), an investigation into the results of
individual simulations showed a global dependence of the predicted carbon-13 deposition rate on the angle
from carbon source to destination. Many of the sensitivity analysis simulations do predict the average
carbon-13 deposition rate better than the nominal case. In fact, seventeen of the simulations have less than
a 10% difference in sputter deposition rate averaged over both collection arrays, compared to 54% in the
nominal case. However, inspection of these cases consistently shows over-prediction for Array-1 balanced out
by under-prediction for Array-2. Both the nominal case predicting average deposition rate worse than many
sensitivity analysis cases, and the inconsistent trend with angle from target to destination for simulation and
experiment highlight the need for accurate plume characterization and an improved sputter model.

Future work will explore implementing alternate sputtering models and using experimental sputter fits.
Despite the insensitivity of sputtered particle deposition rate to electron temperature, the effect of an electron
model that does not assume isothermal or collisionless electrons will also be explored with the goal of
improving the agreement between simulation and experimental current density measurements. If these
additions to the modeling improve agreement between simulations and experiments, further extrapolations
of facility wide sputtering and in-space sputtering should also be more accurate.
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