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Facility sputtering can obfuscate ground test results for high-powered, long-lifetime
space propulsion systems. This paper reviews the ion-induced sputtering plasma material
interactions (PMI) data for vacuum facility materials such as graphite, stainless steel, and
aluminum for Hall thruster relevant ion energies 100 eV-1600 eV for the change landscape
of propellant options by including xenon, krypton, and argon. A simple facility sputtering
model provides context for the key parameters for ion-induced sputtering erosion and
deposition. For these energies, the most data was found for Xe ion bombardment of
carbon-based materials but with a high level of variance within material types, across
material types, and for difference surface conditions. A relatively small amount of data
for Xe on aluminum and iron (as a surrogate for stainless steel) were found. Similarly,
little data was found for krypton and argon at Hall thruster relevant energies, particularly
at non-zero incidence angles and energies within 1- keV. These results suggests that the
electric propulsion (EP) community needs to continue to develop PMI data and models for
EP-relevant facility effects across propellant and material options

Nomenclature
d = distance from thruster to target [m] J = Current [A]
dA; = differential surface (m) K = incident ion energy [eV]
e = electron charge, 1.6210~°C M = Atomic weight [g/mol]
m = mass per particle [kg] T = Temperature [K]
me = anode mass flow rate (mg/s) Vv = Potential [V]
n = particle count [#] Z = Atomic number [-]
n = particle flow rate [#/s] p = material density [kg/m?]
r = radius from thruster centerline [m] 6, ¢ = angle [radians]
s = erosion depth [m] T refiectea = flux reflected from surface i (1/(m2 s))
$ = erosion rate [m/s] T adsorbed = flux adsorbed by surface i (1/(m2 s))
Yy = total sputtered particles [#] P() = Normalized beam profile function ||
A = Area [m?] Y () = Sputtering yield function [atoms/ion]
E = Ion energy [eV]
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I. Introduction

A high-powered, long-lifetime electric propulsion (EP) system is crucial for space exploration, necessi-
tating ground-based testing to simulate the space environment. One major challenge in these tests is plume
impingement, where ions from the propulsion system interact with vacuum facility surfaces of materials such
as stainless steel and aluminum.!™ Despite the relatively low energy of many of these ions (< 1 keV),
they can still cause substantial erosion of the facility walls over prolonged test duration, which can con-
taminate the thruster undergoing experiment via back sputtering, particle transport, and redeposition on
thruster surfaces. To mitigate these effects, vacuum chambers are often lined with sputter-resistant ma-
terials like graphite to address sputtering issues;® while reduced in comparison to other materials such as
metals, however, graphite can undergo sputtering, transport, and redeposition when bombarded with ions
from the thruster, thus affecting the thruster’s performance.5® Hence, analyzing the interaction of facility
contaminants with the thruster during testing is vital, as these interactions can significantly impact thruster
performance and lifetime estimates.? ! A recent study by Sabiston and Wirz,'? with supporting evidence
from Cowan et al.,'3 shows that the stainless steel facility walls, even if at high plume angles, may contribute
significantly to sputtering/deposition behavior and the related uncertainty for Hall thruster ground testing.
Additionally, as reported by Franz and Wirz,'* the interplay between sputtering of material surfaces and
the implantation/ejection and scattering of incident ions is critical to EP facility effects. These observations
affect the accuracy of analyses related to sputtering/deposition!? 13 and facility backpressure.!5 16

This paper builds on previous experimental and analytical reviews on the sputtering behavior of graphite
when bombarded with Xe ions.!” ™ The topic is expected to continue evolving as new data and methods
become available. Previous literature has led to the understanding that surface topology and grain orienta-
tion play a significant role in the sputtering behavior of materials,2® with pyrolytic graphite offering higher
purity and better crystallinity than synthetic graphite. Additionally, incidence angles and surface roughness
significantly affect sputtering yields.2! 23 Ion implantation also plays a crucial role in sputtering,'4: 2425
and the results of different-sized ions impacting EP facility materials need further examination. Residual
gases like oxygen and nitrogen can also significantly impact sputtering yields,?® suggesting the importance
of using internally mounted Residual Gas Analyzers (RGAs) to monitor species flux from different parts
of the chamber to characterize the beam target environment and improve data repeatability. For graphite,
sp? to sp hybridization occurs during ion bombardment,?” leading to sputtering from those regions. Under-
standing other macroscopic effects, such as local heating and its impact on bond transformation, is crucial
for developing comprehensive models of sputtering behavior.

Moreover, examining the sputtering behavior of Kr and Ar ions is essential with the increasing use
of cheaper propellant alternatives as depicted in Table 1. In addition, the sputtering behavior of other
vacuum facility materials, such as steel and aluminum, when bombarded by Xe, Ar, and Kr ions at various
energies, incidence angles, surface roughness, fluence, and other parameters must be considered to develop a
comprehensive knowledge of sputtering behavior induced by EP propellants on vacuum testing facilities. By
identifying gaps in current understanding, extending the analysis to different materials, and documenting
discrepancies, the goal is to develop a robust framework to understand facility interactions during ground-
based Hall Effect Thruster (HET) testing.

Table 1: Comparison of Different EP Noble Gas Propellant Options

Propellant (‘;trm’) E; (eV) M/E;  Price, €/L Deg“/ity’ €/kg c(lfs‘;lzzvzr T,
Xe 1313 12.13 10.82 25 5.89 4240 1905  165.03K
Kr 83.8 14.00 5.98 3 3.75 800 359 119.93K
Ar 39.9 15.81 2.53 0.0036 1.78 2.23 1 87.35K
Ne 202 21.64 0.93 0.504 0.9 560 251 27.15K
He 40 24.59 0.16 0.0061 0.18 37.8 17 425K

For consistency, the recent H9 test campaign conducted within the VTF-2 facility at the High Power
Electric Propulsion Laboratory at Georgia Institute of Technology as part of the JANUS (Joint Advanced
Propulsion Institute) is used as a reference experiment. The facility materials include stainless steel 304

2
The 38th International Electric Propulsion Conference, P. Baudis Convention Center, Toulouse, France, June 23-28, 202}
Copyright 2024 by the Electric Rocket Propulsion Society. All rights reserved.



and polycrystalline graphite located at various positions and incident angles relative to the krypton-fed H9
thruster. A reduced order model is presented to predict the erosion and deposition rates of materials used
in the vacuum facility and to highlight the importance of specific experimental parameters to sputtering
calculations. This model provides a theoretical prediction for the experimental observations obtained from
sputtering data of Kr ions on stainless steel and graphite at different angles and exposure durations.?®

Overall, this paper aims to enhance the accuracy and reliability of sputtering predictions and cite missing
or sparse data within the community, thereby improving the testing conditions and performance assessment
of Hall thrusters.

II. Methodology

A. Approach

Understanding material response to ion bombardment is crucial for erosion and deposition analysis. Notably,
we need to know how sputtering affects the performance of thrusters and how it can lead to redeposition of
sputtered material on the thruster surfaces.!? To achieve this, we must study the sputtering yield of vacuum
facility materials caused by EP-relevant propellants. To fill the gap in existing research on the sputtering
of vacuum chamber materials, we conducted a comprehensive literature survey on sputtering yields using
alternative propellants like krypton and argon and compare them with existing literature on xenon with the
goals of summarizing previous studies, identifying critical parameters, and pinpointing gaps in knowledge
about the sputtering of carbon, stainless steel, and aluminum when bombarded by xenon, krypton, and
argon ions within the 1 keV range. We then compared the sputtering yields from the literature for various
facility surfaces and analyze the trends for each material. We also performed a first-order estimate of the
JANUS test campaign in terms of erosion and deposition of facility materials of VTF-2 using the reduced
order model in the following section.

B. Reduced Order Model for Sputtering

Multiple variations of analytical sputtering and deposition models have been published. One recent compre-
hensive example was presented by Lobbia et al. in 2019,% which leveraged yield measurements conducted
by Williams et al. previously.?? As with most such efforts, the analytical model generally uses thruster
operating parameters to determine the energy, fluence, and beam profile for the given domain, then applies
integration of an experimentally-derived PDF over the specific target surface or segment in question to gen-
erate sputterant yields. These are then projected back to the deposition surface using a view factor model
of particle transport.

To assess the impact of various parameters on erosion depth for a given material, we use an analytical
sputtering model. This model was used for witness and target plate positioning during the recent JANUS
Hall Effect Thruster Experiment at the HPEPL VTF-2 Facility at Georgia Tech.?®

For a given number of ions n; of equal energy K; incident on a region of interest at angle 6;, sputtering
yield in particles is therefore:

If the region is normal to the incoming ions and has area A, the average particle yield per unit area is:

n;
Yavg = Aiy(ouKl) (2)

S

If the regional density of the sputtered surface is ps and mass per particle is mg, we can determine the
average erosion depth over the region s,vg as:

MeN;
= =y (0, K;
Savg = (0i, Ki) (3)

Taking the time derivative of both sides, the average rate of erosion for the region is:

. mshi
Savg = my(%ffz) (4)

In predicting erosion rates, the four values ps, n;, As, and Y (6;, K;) become the quantities of interest.
3
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Significant research effort has been made in determining Y (6;, K;) for various combinations of incident
ions and surface materials. For reduced order calculations, we seek to simplify the impact of both the incident
angle and the ion energy; luckily, reasonable approximations for both can be made.

For any surface of finite area with a local surface roughness that is significantly larger than the atomic
diameter of the incident ion, local surface geometry will mitigate the effects of incident angle on the resulting
yield. As such, a reasonable approximation of total yield can be made by assuming normal incidence
(6; = 0deg) regardless of the angle to the thruster.!?!% For thruster test facilities, local surface roughness
is generally reported by manufacturers on the order of microns, while the atomic radii of propellant ions are
on the order of nanometers or less; thus, the normal incidence approximation should hold.

Polk recently conducted a thorough analysis of the effects of multiply charged ion species on true vs calculated
yield rates.!” For singly-charged ion energies in the range used for thruster testing (generally 300 eV or
higher), yields generally increase linearly with ion charge:

Y (0;, Kiy) ~ 2Yo(K4), Y (0i, Ky 14) ~ 3Yo(K4) (6)

For a beam composed of singly-, doubly-, and triply-charged ions, the particle flow rate can be summarized
as:

i = (it + Migy + Mg t4) (7)
In terms of yield:
Yi = 1Yo (K;) = (i Yo(Kit) + g4 Yo (K4 ) + Mg+ Yo (Kip14)) (8)
Ui = (i Yo (Ki+) + 2044 Yo (Ki+) + 3044+ Yo (Ki+)) (9)
For electron charge e = 1.6210719C:
1 . . .
gi = _Yo(Kit)(eniy + 2eiirs + 3eniy i) (10)

Current per species J;, is defined as the particle flow rate times the charge per particle. Therefore, we can
state yield rate in terms of currents:

. 1
Yi = gYO(Kz+)(Jz+ + Ji++ + Ji+++) (11)

We can approximate the yield rate based on the total ion current to the surface and the normal yield for a

singly-charged ion. ;
gi = —Yo(Kit) (12)

For K, a reasonable value is to use the accelerating potential for the thruster, V,. Thus we end with yield
and erosion rates of:

i

Yi = YO(V(L) (13)

e
. ms Ji
Savg =
7 epsAs

While the beam current itself must be measured experimentally, HET mass flow is often adjusted slightly
during experimental testing to achieve a target beam current. Thus, the use of current in this reduced-order
model is preferable to using flow rate.

Most presented beam profiles are two dimensional: current (either cumulative or instantaneous) as a
function of an angle from the thruster axis. The profile may be left in raw measurements of current,
normalized for the total current in the linear sample or normalized to the total beam current measured
from the thruster. Conversion from a two-dimensional beam profile to a three-dimensional profile (current
as a function of two angles or, alternatively, as a function of a solid angle in steradians or degrees squared)
requires interpretation of the specific profile provided, which can vary widely depending on the source and
method of generation. For the purposes of reduced order sputtering calculations, we assume a measurement

Yo(Va) (14)
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Figure 1: To determine the incident ions for a specific region (shaded blue), we project a circle of radius
rs and circumference angle 65 a distance of d; from the thruster face, with the finite region area given the
angular dimensions of Af and Adg.

taken at a location that can be described by a local area A; and an angle from thruster centerline 0 as
shown in Figure 1. If the angular span of the surface is small — that is, if A# is on the order of one degree
or less — then the total current to the surface can be calculated directly from the beam profile. If the beam
profile is given as normalized to the total beam current and as a function P,(fs) = [rad—?], then the incident
current to the surface is calculated as:

Ji = JyPy(0,) A0AG (15)
The area of the surface can be approximated as:
A A A
As = dgsin(0s)A¢ * (dssin(fs + 79) — dssin(fs — 79) = 2dtrssin(79)A6 (16)

The last quantity of interest is the density of the surface material, ps. This is generally a property of
the material of the surface, though certain materials may amorphized to higher densities under sufficient
fluence.'* 3% Returning to our modified equation:

Savg = Y0 (Va) (17)

The first term isolates the constants of the system. In the most convenient form, the second term equates

as:
Ji  WP(0)A0AS  2J,P(0,) 5 LB(0,)

= = ~ 18

As 2dtrssm(%)A9 thrs SZ’I’L(%) thrs ( )
s B 95

eéa'ug = m MYO(VG.) (19)

€Ps dtrs

This ROM considered four key parameters for sputtering calculations: an angularly resolved beam profile,
surface material density, surface area, and the yield function. The first three parameters are generally
well-characterized or inputs as part of a given experimental effort; the final parameter, the yield function,
contains the largest uncertainty in terms of known quantities and application to specific experimental studies.
Coupling these observations with the DSMC modeling by Sabiston and Wirz'? and Franz and Wirz,'# we note
sputtering behavior is highly dependent on local incident angle, distance from the ion source, and angle with
respect to the ion source. Additionally, the 3-dimensional PDF sputtering profile is required to accurately
determine the deposition rates of sputtered material on the thruster and facility surfaces. These observations
strongly motivate the need for accurate sputtering data, models, and analyses for EP propellants and facility
material options.
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ITI. Results and Discussion

Sputtering yield for vacuum facility-relevant materials as a function of ion incident energy is surveyed
and plotted for EP-propellants like Xe, Kr, and Ar. To estimate repeatable sputter yield data, three of the
important parameters need to be calibrated for an ion source - ion energy, ion incidence angle, and flux
(current density). In the following section, we will focus on the first two parameters.

A. Normal Incidence

Sputtering yield for vacuum facility-relevant materials as a function of ion incident energy within 1000 eV is
surveyed and plotted for EP-propellants like Xe, Kr, and Ar in Figs. 2, 4, and 5. Fig. 2 highlights the need
for more stainless steel data with Xe bombardment. Although relevant literature exists on iron sputtering
induced by noble gases, it only partially represents stainless steel, which comprises approximately 70% iron.
Additionally, there is a noticeable scarcity of aluminum sputtering data within the energy domain relevant to
Hall effect thruster regimes, typically below 1000 eV. This domain is critical for space propulsion applications
where understanding material erosion rates is vital for longevity and performance. Contrastingly, the heavily
researched area of ion-induced sputtering of carbon-based materials as depicted in Fig. 3 reveals systemic
errors due to variations in testing conditions, indicating a need for better characterization and standardized
methodologies.

The detailed analysis of sputtering yields further emphasizes the significant structural differences among
carbon-based materials. Hechtl’s?? work reveals that pyrolytic graphite’s sputtering yield is higher for grains
parallel to the net plane than those perpendicular. Williams’ work on PVD infiltrated and pyro-coated C-C
composites exhibits similar sputtering behavior to pyrolytic graphite, suggesting consistency across different
preparation methods. Deltschew’s?' study observed that direct exposure of carbon fibers to ion beams,
where ions strike cylindrical fiber surfaces at various angles, produces higher sputter yields than graphite.
This observation differs from Williams’?® findings on PVD infiltrated pyro-coated C-C composites, which
show more similar sputtering behavior with graphite. Kolasinski’s>? amorphous carbon data presents notable
differences, likely due to the unique structure and testing methods, which include sensitive in situ mass loss
measurements using quartz crystal microbalances. Polk’s work!” also highlights various systemic errors in
sputtering yield measurements stemming from differences in experimental setups, ion beam sources, and
material properties. For instance, half of the experimental setups used plasma sources while others used ion
beam sources, each with advantages and disadvantages, such as high fluxes versus lower fluxes and variable
incidence angles. Additionally, the methods for measuring the amount of sputtered material, whether by mass
loss or quartz crystal microbalances, introduce variability and potential biases. These findings underscore
the complexity and variability in sputtering behavior among different materials and highlight the need for
comprehensive studies to inform material selection and usage in space propulsion systems.

Figures 4 and 5 show that the sputtering yield increases with ion incident energy for both Kr and Ar ions
across various materials, including aluminum, iron, and carbon-based materials. Aluminum exhibits a nearly
linear increase in yield with ion energy for both Kr and Ar, with Kr yielding slightly higher values due to its
greater mass and momentum transfer efficiency. Iron shows a similar trend, with higher sputtering yields for
Kr than Ar, as seen in the datasets from Weijsenfeld®® and Rosenberg.?* The lack of comprehensive stainless
steel data remains a pressing issue, mainly because many vacuum chamber testing facilities utilize stainless
steel, emphasizing the need for further studies in this area. The systematic differences in yields highlight
the influence of ion mass and experimental conditions on sputtering behavior. Moreover, Oyarzabal’s3® work
reveals that as the mass of the incident ions increases, the sputtering process for carbon-based materials tends
more towards cluster preferential erosion, and carbon clusters are ejected more frequently than individual
atoms, which is not preferred for lower mass ions like that of Ar and individual carbon atoms are ejected.
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Figure 3: Xenon ion bombardment at normal incidence as a function of ion energy for only C-based materials.
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Figure 5: Argon ion bombardment at normal incidence as a function of ion energy.
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B. Angular Incidence

Figures 6 and 7 show that sputtering yields for Xe and Kr ions increase with the angle of incidence, peaking
at oblique angles due to a balance between energy deposition and recoil atom depth travel, as explained
by Wei (2008).26:37 Notably, no data exists for Ar ion bombardment except for diamond. The angular
dependence of preferential sputtering also affects the composition of Al-Cu thin films, emphasizing the need
for detailed studies to optimize material performance under ion bombardment.
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Figure 6: Xe ion bombardment at angular incidence as a function of ion energy.
031

@ Tran and Clark (2024) C-13

0.25

0.15-

0.1

Sputtering Yield (atoms/ion)

0.05

0 ! ! !
20 30 40 50 60 70 80

Angle of Incidence (degrees)

Figure 7: Kr ion bombardment at angular incidence as a function of ion energy.
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IV. Conclusion

The following matrix, 8, provides a summary of available data on sputtering yields for xenon, krypton,
and argon incident upon carbon, stainless steel, and aluminum. It shows that the most extensive data is
available for xenon on carbon, particularly at a 0° angle of incidence, with additional data available for
various angles and different types of carbon materials. Limited data is available for krypton, especially at
angles other than 0°. Sputtering of argon on carbon has been well-studied at normal incidence but has
sparse data for angular dependence. The literature shows a significant gap in sputtering data for stainless
steel across all propellants. As for aluminum, there is limited data for xenon, minimal data for krypton at
0° and none at other angles, and well-studied sputtering of argon at normal incidence, but lacking data for
energies below 1 keV. The primary conclusion from our discussion of the reduced order model for sputtering
is that sputtering profiles for a wide range of angular incidence is paramount to understanding intersurface
sputtering and deposition behavior.

Material —> . -
l Carbon Stainless Steel Aluminum
Propellant
*Most data at 0° (normal incidence)
*Some data at angles No Sputtering .. . .
. . L . Limited sputt dat labl.
Xe *Multiple C material types with different Data available. tted sputiering data avariable
results.
* 6 = 0°: Limited sputtering data available
K * 6 = 0°: Limited data No Sputtering * 0 # 0°: No sputtering data available.
r * 0 # 0° Very limited data Data available. Scientific studies have been done on crystal
formation.
$0=0% V:/ell EieHEoieeS * 6 = 0°: Well-studied in science community
°°mm}}m Y . No Sputtering * 6 # 0°: No Al data within 1 keV. Scientific
Ar ¢ 0 # 0°: Data on diamond. Else, very . . .
. . Data available. studies have been done on crystal formation
sparse data on sputtering yield due to
e . or Cu-Al alloys
angular incidence of ions

Figure 8: Summary of EP-relevant sputtering for a range of propellants and facility surfaces.

Overall, this analysis highlights the need for more research, via data and models, for EP-relevant facility
surface sputtering and deposition. Angular dependence of sputtering yields and sputtering profiles for all
relevant materials are needed, as well as the sputtering of deposited materials. Stainless steel sputtering is
a particularly unexplored area of research, though all materials need additional studies to fill data gaps or
to provide adequate certainty. We encourage any researcher with unpublished or limitedly available data to
please make these data available to the community. We note that methods such as Residual Gas Analyzers
(RGAs) to monitor species flux from different parts of the chamber will help improve the understanding of
the facility material sputtering environment. Lastly, as discussed by Crandall and Wirz3® and many other
groups, alternative propellants are becoming increasingly attractive for new EP applications and should thus
be part of an expanding conversation of EP PMI that is beyond the scope of this current work.
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