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Carbon contamination of the electric propulsion (EP) facility through back sputtering is a
well-known problem in EP testing, especially for high power EP devices. Specifically,
sputtering of graphitic coatings on the testing chamber walls, followed by redeposition of these
sputter contaminates on critical surfaces such as the chamber and thruster of EP engines can
significantly influence ground-based EP thruster lifetime and performance predictions, since
these carbon contaminates are not present in space environment. Here, we conduct large-
scale, massively-parallel molecular dynamics (MD) simulations to quantify the sputtering rate
of graphitic structures, while accounting for surface morphology effects, under Xe ion
bombardment. We demonstrate that surface roughness significantly reduces the sputtering
rate at ion incidence angles. By accounting for surface roughness effects, our MD predictions
of the sputtering yield are in very good agreement with prior experiments.

I. Introduction

The need for an efficient, high-thrust space propulsion system to augment or replace traditional chemical
propulsion systems is of great national importance, and is paramount to advancing space supremacy of the United
States. One of the candidate propulsion system for NASA’s Artemis program and human space flight missions on
Mars is the Hall Thruster, which is a high power electric propulsion (EP) system. Even though EP has been an integral
part of space exploration since the late 1990s, high power EP (>100 kW), such as Nuclear Electric Propulsion, remains
largely an engineering concept due to insufficient correlation between ground-test results versus in-flight performance
and wear. Because of the interaction between ground-based EP test facilities and thruster operations, the ground-based
test measurements cannot adequately represent thruster operations under in-space environments, leading to significant
uncertainties in performance and lifetime predictions. One major challenge is the presence of contaminants orignating
from facility walls which interact with the thruster through back-sputtering, contaminant transport and redeposition
[1]. To reduce these effects of facility back-sputtering, graphitic structures have traditionally been used to line the
walls of the testing chamber. Nevertheless, at high ion energies (high eV), even pyrolytic graphite undergoes
significant sputtering. The dispersion of these back-sputtered carbon species throughout the facility, and subsequent
deposition on the carbon pole covers, center-mounted cathode, anode, and on boron nitride channels, leads to
significant uncertainties in EP thrusters’ lifetime and performance assessments.

Particle-In-Cell (PIC) models simulating the plasma environment can be used to elucidate the effects of carbon
deposition on critical EP surfaces. These PIC models, however, require detailed information on the sputtering yield
of a given graphitic structure as a function of the incident ion type (Xe, Ar, Kr), energy, and angle, as well as surface
temperature and morphology [2,3]. The non-linear dependence of each of these parameters can be quite complex and
contributes to a range of direct, binary, or collision cascade mechanisms that influence the sputtering rate. Semi-
analytical theories have been proposed by Yamamura and others to estimate sputter yields for ion-elemental targets
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Fig. 1: Comparison between DFT (VASP) calculations and ZBL for potential vs atomic distance
between: (a) Single Xenon and Carbon for various ionization of Xenon (b) Xe?* with various
configurations of carbon, inset: Schematics of carbon configurations (c) Xe deposition onto graphite
surface at 70 eV (d) Xe?* deposition onto graphite surface at 60 eV

(typically metallic alloys). However, these analytical formulations tend to underpredict experimental sputter yield [4—
7], especially under the low ion energy values (100-1000 eV) expected in EP environments. In addition, these semi-
empirical models cannot adequately capture the sputtering rates in covalently-bonded structures such as graphite,
which undergo amorphization under ion bombardment. The reported sputtering rates for pyrolytic graphite are also
found to be inconsistent among experimental studies in the literature, which have been alluded to the contributions of
surface roughness effects at a higher length-scale [8,9].

In this work, we conduct large-scale, massively-parallel molecular dynamics (MD) simulations to predict the
sputtering yield of graphitic structures under Xe ion bombardment. We quantify the sputtering mechanisms, type of
sputterants, and the sputtering rate and energy, as a function of ion incidence angle. These MD results in turn are used
to construct an analytical model to account for the added contributions of surface roughness at a higher scale. Our
predictions are also compared against existing experiments in the literature.

Il. Methodology

A. Atomistic simulations of pyrolytic graphite
MD simulations with well-calibrated interatomic potentials are well-suited to capture the detailed sputtering
mechanisms, as well as to provide quantitative insights into the effects of incident angle and ion energy distributions
on the sputtering rate. Our MD simulations will be performed using the classical MD simulator, LAMMPS. The
interatomic interactions between Carbon and Carbon species a Xenon b
will be governed by an Adaptive Intermolecular Reactive ign /I
Empirical Bond Order (AIREBO) Potential, while the f
Ziegler-Biersack-Littmark (ZBL) potential governs the
interaction between Xe inert gas ions as well as between Xe
ions and carbon atoms [10,11]. This ZBL potential can only
account for screened nuclear repulsion associated with high-
energy collision between atoms and is deemed suitable when
the nucleus interaction trumps over electron cloud !
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interactions, which is expected at ion energies of 25 to 1000 .
eV [10]. Using Density Functional Theory (DFT) )
calculations with VASP, we have performed a series of ¢  damp
validation studies demonstrating that this simple ZBL . iy

potential accurately captures the repulsive interaction and
cut-off radius between Carbon and Xenon pair atom  Fjg. 2: (a) Schematic of the energetic
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configurations of carbon (inset in Fig. 1b). We remark the  graphene (b) Initial atomic configuration of
presence of a small, additional attractive potential between 22 graphene layers for Xe bombardment at

carbon and positively-charged Xe ions (particularly Xe?*). At 700 eV.



low ion energies of 20 — 70 eV, this additional attractive interaction when incorporated in our MD simulations
contributes to increased sticking of Xe ions on graphitic surfaces, as shown in Fig. 1d. In the absence of this attractive
component, the Xe atoms instead bounces off the graphitic surface (Fig. 1c).

In our MD simulations, we conduct Xe ion bombardment of multilayer graphene with ABA stacking oriented
normal to the vertical (z) axis (Fig. 2a). The simulation box is periodic in the in-plane (x-y) directions with the
dimensions of 51.12 x 49.19 nm2. In our simulation box (Fig. 2a), we fix the bottom graphene layer throughout our
simulations and designate the next two layers above as the damping layer, followed by four heat bath layers.
Depending on the Xe ion incidence energy and angle, we include multiple graphene layers (22 in the case of Xe ion
energy of 700 eV in Fig. 2b) above to ensure that the incident Xe ion remains trapped within the active graphene layers
above this heat bath region.

Prior to initiating the bombardment sequence, we subject the multilayer graphene system to an NVT ensemble
maintained at a temperature of 400 K by a Berendsen thermostat for 30 ps, which is a typical surface temperature from
a beam dump experiment [12,13]. For each simulation step, we deposit one Xe ion randomly above the graphitic
surface with a time step of 0.1 fs; each Xe ion has initial velocity in the -z, +x, +y direction corresponding to the
kinetic energy of 25 — 1000 eV and an incidence angle of between 0° and 75°. After initiating this deposition process,
we equilibrate the entire system without a thermostat for the first 1 ps to resolve the initial impact dynamics.
Thereafter, we switch on the thermostat in the heat-bath region and set it to the target temperature of 400 K for the
next 20 ps, before quenching the surface layer to 400 K for a further 20 ps. The equilibration and the quenching process
have time step of 1 fs. After each bombardment cycle, we capture the
species (either Xe or C) that escape the simulation box, noting the species
type, energy, and trajectory. The entire bombardment sequence is then
repeated until the sputtering yield, as defined by the ratio of sputtered C
atoms versus incoming Xe ions, has attained a steady-state.

B. Analytical Model

The time-accelerated MD simulations are computationally expensive
and require high performance computing (HPC) facilities. Therefore, only
a finite number of atoms can realistically be modeled, restricting our
simulation box dimensions to several tens of nanometers. Comparatively,
the surface roughness have length-scales on the order of microns. To bridge
these length-scales, we represent the surface morphology by a cosine
function of amplitude H /2 and wavelength A

h(x) = gcos (27‘[ %) + g

1)

For simplicity, we assume that both H and A remain constant during the
bombardment process. Because of shadowing effect, a region (x; < x < x,
in Fig. 3b) of the surface will not be exposed to the incoming ion. In the ¢
exposed region, the emission of sputterants follows a probability density H
function (pdf), p, (6, x) computed from MD simulations. Depending on the
morphology, only a proportion of the sputterants (shaded region in Fig. 3c)
can escape the calculation domain, as characterized by a multiplier K (x)
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The effective yield, Y., can be expressed as: 0 (‘)

with 0 < K(x) < 1 obtained from MD simulations; the limits K(x) =0 =
and 1 denotes the full redeposition and emission of all sputtered atoms.
A
X
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Yers (}: 9) =2 Jy K)Y(6,0))U (x)dx ) Fig. 3: Surface morphology defined
by h(x) = ¥ cos (an) +2
U(x) = stp(—x — xg) + stp(x — x,) (3) 2 i e
p s e (a) the parameters definition (b)

. . . . L . non-expose surface to the incoming
where stp(x) is a unit step function, 6 is the ion incident angle measuring  jon indicates in the region where

from the normal vector at x = 1/2, 6,(x) is the local ion incident angle x, <x<x, (c) geometric factor
with respect to the normal vector of an infinitesimal surface locates at x  geocounts  for sputtering  atom
(Fig. 1a), and YC(Gl(x)) is the principle yield. For a perfectly smooth  (irection



surface, i.e. % = 0, we obtain Y,sf = Y.. For. % > 0, we solve (2) numerically by discretizing the domain 0 <x < 4

into elements, i, each of size, Ax?, with a constant incoming ion flux within each Ax*.
a
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Fig. 4: MD Simulation snapshot of the first initial Xenon bombardment process with incidence
energy of 700 eV as Xenon moving into the multilayered graphene (from left to right) at
(@)@ =0°(b)® =30°(c) = 45°

I11. Case study: Xenon bombardment at 700 eV incidence energy

A. MD simulations result

Figure 4 shows snapshots of the initial
penetration sequence of a Xe ion into
multi-layer graphene with an incidence
energy of 700 eV and at three incidence |
angles: 0°,30°,45°. Inall three cases, the
penetration of Xe ions causes some
disruption to the atomic arrangement of
C atoms in its path, and the Xe ion
eventually remains trapped within the C
layers, albeit at different penetration
depths depending on the ion incidence
angles. The process results in the

Fig. 5: Carbon structure transformation under Xenon
bombardment at 700eV and @ = 30°.



emission of a sputtered C atom in the case of Fig. 4c. With increasing
fluence, graphitic structure becomes more amorphous and porous (Fig. 5).
Due to the high percentage of weaker sp rather than stronger sp2 type
bonding, the sputtering yield inceases (Fig. 6), until the structure is
completely amorphized allowing the sputtering yield to reach its steady-
state.

B. Effect of surface morphology on sputtering yield

Our MD simulations above are used to quantify the steady-state
sputtering yield of amorphous graphite under Xe ion bombardment at 700
eV across four different incident angles 0°,30°,45°, 60° to compute Y, (6)
and K (x) in (2). We consistently observe steady state sputtering at fluence
of 105 ion/cm? across these four ion incidence angles. Figure 7a shows the
sputtering count evolution as a function of Xe flux, and we summarize the
steady-state sputtering yield from our simulations in Table 1. Our
simulations show good agreement with predictions from TRIM models
across all four ion incidence angles. Interestingly, our MD predictions are
also in good agreement with experimental results at low incidence angles
(0°,30°) but tend to overestimate the sputtering yield at high incidence
angles (45°, 60°). These discrepancies can be attributed to surface roughness
effects. Figure 7b shows the evolution of the steady state sputtering rate as a

function of the roughness amplitude % based on (2). Observe that for % <

0.1, the sputtering yield decreases by nearly two-fold at an ion incidence
angle of 60°, but slightly increases at lower incidence angles of 0°,30°, 45°.

For 0.1 < % < 0.5, the sputtering yield increases slightly at incidence ion
angle of 0° but decreases for other angles. Our sputtering yield predictions
are in very good agreement with prior experiments (see Table 1), at% =0.2

to 0.25, which is representative of the morphology of graphitic surfaces as
quantified by atomic force microscopy experiments .

IVV. Conclusion and Future Works

In conclusion, we have obtained a first-order estimate of the sputtering
yield of carbon from a graphitic surface subjected to Xe ion bombardment,
where we account for surface roughness effects. We demonstrate that the
presence of surface roughness significantly reduces the sputtering rate at
high ion incidence angles. By accounting for surface roughness effects, our
predictions of the sputtering yield are in almost perfect agreement with prior
experiments. Future extensions of this model can include the effects of
surface evolution resulting from the sputtering and re-deposition of carbon
species.

Fig. 6: Representative sputtering
mechanism once the graphitic
structure has fully transformed
into amorphous carbon

Table 1: Sputtering yield comparing the experiments with four different H/2

A?O?Ie William [14] | Tartz [9] g — 0 (MD) ; —0.1 g ~0.2 ; ~0.25
0 0.196 0.25 0.118 0.190 0.226 0.235
30 0.366 0.39 0.358 0.391 0.382 0.343
45 0.394 0.52 0.674 0.748 0.505 0.387
60 0.421 0.68 1.630 1.094 0.642 0.496
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Fig. 7: (a) Carbon sputtered evolution with incoming Xenon flux (b) Sputtered yield changes as a
function of H/4 across four different angles
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