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Abstract: The lifetime of electric space propulsion systems is controlled by the sputtering
of critical plasma-facing components by noble gas ion bombardment, since ion-induced
sputtering causes surface erosion, reshapes the surface topography unexpectedly, and
degrades the electric propulsion system. Elucidating the erosion rate of these critical
components requires an accurate assessment of the sputtering yield. In this work, we utilize
molecular dynamics (MD) simulations to obtain sputtering yield data for iron (Fe), Zirconium
(Zr), Aluminum (Al), and Silver (Ag). We also propose a two-parameter sputtering yield
model that requires two sputtering datapoints — the sputtering threshold energy and the
saturated ion energy — to predict the evolution of sputtering yield versus ion energy for the
different ion/target combinations. We conclude that our MD simulation results and reduced-
order sputtering yield model show good agreement with available experimental results.
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1. Introduction

Ion thrusters have been designed for miscellaneous space missions. The ion thruster is a type of electric propulsion
system that generates thrust by ionizing neutral gas (typically Xenon) and then accelerating the resulting positive
ions to extremely high speeds using electric or magnetic fields. The advantage of ion thrusters is that they have high
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specific impulses (the ratio of thrust to the rate of propellant consumption), meaning less propellant is needed for a
given mission. lon thrusters basically consist of a neutralizer, cathode, accelerator grid, and a plasma generator
(discharge chamber) [1]. The cathode emits the electrons, and the electrons collide with the neutral propellant atoms
within a discharge chamber. The positive ions are directed towards the accelerator grids, and the neutralizer provides
electrons to balance the charge in the thruster. Energetic ion bombardments on the acceleration grid can lead to system
failure since they damage the grid surfaces by removing materials from the grid structure and enlarging holes. This
phenomenon is called sputtering, which causes erosion, degradation, a reduction in operational lifespan, and structural
failures.

The phenomenon of sputtering has been well-studied for over several decades, but much of the data for sputtering
has been limited to high-energy (> 1 keV) sputtering. The ion energies associated with ion thruster erosion are much
lower (< 1 keV). However, experimental measurements at such low ion energies are challenging because of the low
sputter yield, leading to large uncertainties in the data. In addition, current semi-empirical sputtering yield models
developed by Sigmund [2], Bohdansky [3], Yamamura [4], and Eckstein [5] typically have phenomenological
parameters that are fitted to experimental data. Since these phenomenological parameters, to a large extent are not
well-grounded in physics, it remains a challenge to extrapolate these semi-empirical models to different ion/target
combinations

In this work, we conduct massively-parallel molecular dynamics (MD) simulations to obtain the sputtering yield
data for the bombardment of Xe ions on Iron (Fe), Zirconium (Zr), Aluminum (Al), and Silver (Ag) substrates, under
anormal ion incidence angle. We also propose a two-parameter sputtering yield model capable of predicting the entire
sputtering yield versus ion energy response for different ion/target combinations. We further compare our MD
simulation results and two-parameter model against existing experimental data in the literature.

I1. Methodology

Molecular dynamics (MD) simulations

The classical MD simulation code, Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS), was
used to model the particles and their interactions at the atomistic scale. We simulate the repeated bombardment of
Xenon (Xe) ions on Iron (Fe), Zirconium (Zr), Aluminum (Al), and Silver (Ag) substrates; each substrate is modeled
to have crystalline lattice dimensions of (20a;,; X 20a;,; X 60a;,,) in the (x X y X z) directions, with periodic
boundary conditions assigned in the in-plane (x, y) directions. Figure 1 shows a snapshot of a sputtered Fe atom under
the bombardment of Xe ions, with the incoming Xe ion marked as orange and the sputtered Fe atom marked as blue.
The substrate consists of fixed layers, damping layers, heat bath layers, and free layers. These respective layers are
responsible for providing structural stability, absorbing the collision effects, keeping the substrate at a constant
temperature before and after each bombardment, and serving as a designated region for sputtering. The interactions
between the incoming ions and the incoming ions and substrate atoms were modeled using the Ziegler-Biersack-
Littmark (ZBL) potential [6], which is suitable for modeling high-energy collisions. The interactions between the
substrate atoms were modeled using the Embedded Atom Method (EAM) potentials [7] from the references. For each
bombardment, a single Xenon ion was deposited 5a,;,; above the substrate surface at normal incidence (6 = 0°), with
varying energy levels. Before the bombardment begins, the entire substrate is maintained at a target temperature of
400 K for 30 ps. The bombardment is initiated for 1 ps after the thermostat in the free layer is turned off, with a time
step of 0.1 fs. Then the system is allowed to equilibrate on its own for the next 20 ps with a timestep of 1 fs. For the
last step, the thermostat in the heat-bath layer is activated for the next 20 ps to quench the system, with a designated
timestep of 1 fs. After each bombardment, we count the number of sputtered atoms by tracking the locations of the
sputtered atoms. The above process is repeated iteratively until a total of 400 Xe ion bombardments are reached. We
then obtain the sputtering yield, which is defined as the ratio of the number of sputtered atoms to the number of
incoming ions. Figure 2 shows the number of sputtered atoms versus the number of bombarded ions for the Xe ion
bombardment of Fe substrates following the procedure outlined here, for various ion energies. The near linearity of
each slope suggests that steady-state sputtering yield is attained very soon after the initial few (< 10) ion
bombardments. Each slope provides the sputtering yield of Xe ions on Fe, which is summarized in Table 1.
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Figure 1. Snapshot of the sputtering of an iron atom under a Xe ion bombardment (a) and the modeled
structure of the Iron substrate in MD simulation (b).
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Figure 2. Number of sputtered (Iron) atoms versus total number of bombarded Xe ions and the derived
sputtering yield.

Table 1. Selected ion energy levels and corresponding sputtering yield of Iron acquired from MD simulations.

Xe (eV) Sputtering Yield (atom/ion)
300 eV 0.71563
500 eV 1.3594
1,500 eV 2.8309
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III. Case study: Xenon bombardment on Iron (Fe), Zirconium (Zr), Aluminum (Al), and Silver (Ag)

A. MD simulation results

Figure 3 shows the damage zones formed by the bombardment of a single Xe ion on Al targets after 1 ps across a
wide range of ion energies. A Common Neighbor Analysis (CNA) was performed to investigate the crystal structure
of the substrate. The sky-blue colored atoms denote the FCC structure, and the red colored atoms indicate the displaced
atoms by the incident ions. As the ion energy increases, the penetration depth increases, and the damage zone is created
deep in the substrate. Also, as the ion fluence increases, more atoms are displaced from their initial positions, and
more atoms in the free layer that are close to the surface become susceptible to sputtering.

Figure 4 shows the obtained MD data as a function of ion energy under the bombardment of Xenon ions on a log
scale. The MD simulation results show good agreement with the experimental results from Rosenberg [8], Tartz [9],
Tondu [10], Weijsenfeld [11], and Williams [12]. It is noticeable in the sputtering yield curve that above a certain
energy level E., the sputtering yield converges to a certain sputtering yield Y. This is because the high-energy ions
knocked out the target atoms towards the bottom of the substrate at a deeper location, making the displaced atoms
difficult to sputter.

B. Proposed Sputtering Yield Models

Following our MD data, we propose two sputtering yield models that can predict the sputtering yield of various
ion/target combinations, based on our ability to quantify two anchoring datapoints. The first anchoring point is
designated at the start of the sputtering yield curve, i.e., at the threshold energy. Because of the difficulty of obtaining
the actual threshold energy from MD simulations, we operationally define the threshold energy E,;, at the sputter yield
of 10™*. We define the second anchoring (saturation) point as the critical ion energy E, when the saturation in the
sputtering yield Y, was attained, i.e., the datapoint where both the first and second derivative of the sputtering yield
Y =0 is achieved.

The following are the two possible analytical models.

Y-y _ ( Ec—E )3 ()
Ye—10"% Ec—Etp
InY.— _ 3
nYc—-lny ( InE; lnE) (2)
InY,~In10=% = \InE.-InEgp,

Figure 4 shows the curve-fitted results using these two models on a log scale. The Xe/Al, Xe/Zr, and Xe/Fe data
tend to follow the log third-order polynomial model, while the Xe/Ag data comply with the third-order polynomial
model. The first anchoring point (E.,, 10™*) is denoted as a yellow-green star and the second anchoring point
(E., Y,) is marked as a red star for each ion/target combination.

The 39" International Electric Propulsion Conference, Imperial College London,
London, United Kingdom 14-19 September 2025 Page 4

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

[EPC 20

—— LONDON ——




lon fluence

100 eV
Ee
300 eV
i
1 keV
S| 2kev
Q
] ‘
. 5
S
3 keV
3
4 keV
i
V5 kev
i

Figure 3. Formation of damage zones under Xe ion bombardment on Al targets for various ion energies, as colored by the centro-
symmetry parameter: sky-blue color atoms: FCC structure, red color atoms: displaced atoms.
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Figure 4. Sputtering yield versus ion energy from MD simulations
(cross symbols), experiments (other symbols), and our two-parameter
analytical models (lines).

IV. Conclusions and Future Works

In conclusion, we have obtained the MD data for the Xe ion bombardment of four different substrate materials.
The number of sputtered atoms versus the incoming Xe ions exhibits a near-linear relationship, suggesting that the
steady-state sputtering yield is attained almost immediately under very low fluence. More interestingly, the sputtering
yield tends to saturate once the ion energy reaches a critical limit. Based on the obtained MD data, we proposed a
(log) third-order polynomial model that can successfully predict the sputtering yield response of various ion/target
combinations. For future work, we are planning to simulate additional noble gas ion (Xe, Kr, Ar, Ne)/target (BCC,
FCC) combinations to test and verify our sputtering yield model and derive an analytic expression of E, using the ion
and target material properties by applying symbolic regression.
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