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ABSTRACT

A multi-scale simulation framework for ion–solid interactions in plasma-exposed materials provides crucial insight into advancing fusion
energy and space electric propulsion. Leveraging binary-collision approximation (BCA) simulations, the framework uniquely predicts
sputter yields and analyzes material transport within volumetrically complex materials. This approach, grounded in the validated BCA code
TRI3DYN, addresses key limitations in existing models by accurately capturing ion–solid interaction physics. A case study is presented,
highlighting the framework’s ability to replicate experimental sputter yield results, underscoring its reliability and potential for designing
durable materials in harsh plasma environments. Insights into sputtering transport phenomenology mark a significant advancement in
material optimization for improved resilience in plasma-facing applications.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0201758

I. INTRODUCTION

Anticipated breakthroughs in fusion energy and space electric
propulsion (EP) in the coming decades will likely be tied to parallel
advancements in the ability of materials to endure the harsh
plasma-facing conditions that these systems produce.1–4 Finding
materials that are capable of withstanding these environments is
critical for the development of high-power cathodes, such as those
found in Z-pinch fusion reactors, or magnetoplasmadynamic
thrusters, as well as enabling more resilient first-wall materials for
tokamak fusion reactors or plasma-exposed space propulsion
devices.

One of the main erosion mechanisms in EP thrusters and
fusion reactors that limit lifetime is known as physical sputtering.
This process occurs when energetic ions in a plasma collide with a
material, transferring their energy to the surface atoms and dislodg-
ing them into the bulk plasma.5 Most studies on sputtering trans-
port have focused on understanding how flat and featured surfaces
experience erosion, leaving limited research on how complex three-
dimensional structures react to plasma exposure.

A. Volumetrically complex materials

Researchers in the Plasma, Energy, and Space Propulsion Lab
(PESPL) at the University of California, Los Angeles (UCLA) have
developed a new class of materials to directly address the aforemen-
tioned plasma–material interaction challenges. Volumetrically
complex materials (VCMs) are novel open-cell structures that have
been experimentally proven to be up to ten times more robust to
sputtering in harsh plasma environments, with the implied poten-
tial to significantly increase the lifetime of critical fusion and space
propulsion components.6–14 Figure 1 depicts a stochastic foam-like
aluminum VCM experiencing plasma sputtering erosion in the
Plasma Interaction (Pi) Facility at UCLA. While the majority of the
VCM research to date has been related to stochastic foams,
the concept of a VCM extends to intentionally designed and
manufactured complex geometric structures. VCMs exhibit a
“bend-but-don’t-break” advantage by absorbing the energetic
species of the plasma without catastrophic micro-scale cracking
and sputtering, and macro-scale failures that occur in conventional
materials.
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The primary mechanism of sputter-resistance in VCMs under
plasma-facing conditions can be described as follows: While the lig-
aments of a VCM are subject to sputtering, a significant portion of
the dislodged atoms from these ligaments re-adhere to adjacent lig-
aments before they can leave the structure. This phenomenon is
known in the literature as geometric trapping.

While empirical experiments are undeniably valuable, the
intricate design space and multitude of potential applications for
VCMs underscore the need for a robust simulation tool. Such a
tool would not only streamline the testing of these materials for
sputter-resistance but also offer predictive capabilities essential for
the rapid advancement of plasma-exposed materials.

B. Sputtering erosion simulations

VCMs have minimum feature sizes in the range of hundreds
of micrometers, while their unit cell geometries can be on the
order of ten millimeters; any computational tool should be well
equipped to simulate sputtering across these length scales. While
there exist many computational efforts that describe sputter erosion
mechanisms on small scales, using techniques such as molecular
dynamics (MD),15–19 or binary-collision approximation
(BCA),20–23 there is an absence of rigorous studies aimed at devel-
oping simulation tools specifically for the modeling of sputtering
phenomena on macroscopic length-scales. One such exception is a
Monte Carlo ray-tracing algorithm reported by Nadvornick et al.,24

which provides insights into the transport and evolution of struc-
tures under sputtering erosion. However, there exist some assump-
tions that may potentially lead to inaccurate sputter yield
calculations. First, the authors utilize the probability distribution
functions (PDFs) of particle trajectory derived from the ion–solid
interaction code known as transport of ions in matter (TRIM),23

approximating a cosine distribution. TRIM has been proven to
provide highly inaccurate probability distribution functions of
ejected sputtered particles that remain largely cosine in behavior,
independent of ion energy and incidence angle due to unre-
solved computational issues in the code itself.25–28 Other studies
that utilize more advanced BCA codes show much more

asymmetric PDFs across a wide range of incidence angles and
ion energies, which agree with the experiment.25,29 Additionally,
it appears as though analytical functions have been invoked to
calculate sputter yield; however, these functions result in non-
integer sputter yield values, which cannot be realized in a dis-
crete ray-tracing environment. Therefore, there exists a need for
a computational framework that addresses these issues and, fur-
thermore, provides an environment in which sputter-reducing
candidate geometries can be rapidly generated, simulated, iter-
ated upon, and optimized.

C. Study objective

The lack of sputtering simulation tools for large-scale geome-
tries is primarily due to the fact that the computational expense
required to complete MD or BCA simulations for structures on the
scale of centimeters is prohibitive. Therefore, a reduced-order
model that captures the relevant physics with a manageable com-
putational overhead is required. The goal of this study is to develop
multi-scale modeling that utilizes BCA-informed sputtering
dynamics, and performs particle tracking of sputtered species to
enable characterization of VCM behavior and performance. The
simulation environment has been constructed with optimization in
mind, as candidate geometries can be parametrically constructed
and gradient-based methods can be used to search the broad
design space to achieve minimal sputtering designs for volumetri-
cally complex materials. The authors seek to provide deeper
insights into ion–surface interactions and sputterant transport, ulti-
mately leading to more accurate material design predictions to
enhance the performance and longevity of plasma-facing materials.

II. ION–SOLID INTERACTION THEORY AND
SIMULATION

The field of study known as ion–solid interaction examines
the interplay of projectiles with solid or gas target structures based
on quantum-mechanical arguments, at energies ranging from a few
eV to greater than 1MeV.30,31 Incident particles (usually singly
charged ions) cause a host of damage phenomena in targets, such
as recoil atoms (primary, secondary, etc.), vacancies, and sputtered
atoms (Fig. 2, left). The governing forces for these motions are
derived from interaction potentials between atomic nuclei, while
accounting for the effects of electron excitation. Shown in Fig. 2
(right), scattering integrals are constructed based on the choice of
interaction potential, incident projectile energy, and binding energy
of the target atom, among other factors.

A. Oblique incidence yield dependence

A well-known behavior of ion–solid interactions is the marked
increase in sputtering as the angle of incidence is increased from
normal (defined as 0�) to grazing; this behavior is generally inde-
pendent of projectile–target combination.32 This is due to the pro-
jectile being able to more readily deposit its energy into the initial
layers of the target, rather than into deeper layers, which have little
contribution to sputtering. Increases of twofold are common, with
some material combinations and projectile energies surpassing five-
fold. The peak of sputter yield has been found to typically be

FIG. 1. Plasma interacting with aluminum stochastic foam VCM in the Plasma
Interaction (Pi) Facility at UCLA.
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around 70� incidence angle and falls off precipitously with higher
grazing angles as the projectiles are conversely less able to effec-
tively transfer energy to the surface atoms beyond a certain thresh-
old (see Fig. 3). Through experimental evidence, it is generally
observed that the structure of a surface determines the glancing
angle at which the surface atoms’ repulsive force becomes powerful
enough to impede the penetration of ions into the target.33

B. Probability distribution functions

The trajectories of sputtered atoms after leaving the target
surface are of high importance as this information can help predict
preferential directions in which sputtered particles are likely to

accumulate. At low energies (100–500 eV) and normal incidence, a
characteristic symmetric under-cosine, or “butterfly” PDF pattern
emerges, with the majority of sputtered atoms being ejected to the
sides, with a minimum arising in the center.35 As shown in Fig. 4,
this is due to the fact that the surface binding energy that sputtered
particles must overcome to leave the bulk is subtracted from the
particle’s kinetic energy in the direction normal to the target
surface, leading to a behavior similar to that of refraction.

As the energy of the incident particle increases, however, this
phenomenon is reduced, as the sputtered particles have more than
enough energy to be liberated from the target surface, and the dis-
tribution takes on a more characteristic cosine or Lambertian
shape. Additionally, at low energies, if the incidence angle is
increased from normal to grazing, the PDF becomes more
“forward-scattered,” leaning preferentially along the incident parti-
cle’s trajectory. At certain angles, single-knock-on (SKO) peaks
begin to arise; these are superimposed sharp peaks on top of the
forward-scattered PDF, often close to the angle of specular reflec-
tance of the incident projectile. The term “single-knock-on” refers
to the fact that the ejected particle has received only a single colli-
sion or interaction with the incident ion, as opposed to multiple
interactions that could lead to more complex energy distributions
and PDFs. Beyond 1 keV, the directionality of the incident ion
matters less, and the PDFs again take on a more Lambertian shape.
These aforementioned PDF characteristics can be seen in Fig. 5.

C. Binary-collision approximation modeling

MD simulations excel in modeling ion–solid interactions near
the sputtering threshold, where many-body effects are crucial, but
they are computationally costly for large systems of atoms.36 The
“gold standard” for rapid modeling of low (100 eV) to high
(100 keV) energy ion–solid interactions is through binary-collision
approximation Monte Carlo simulations.30 The premise revolves

FIG. 2. Left: Straight line collision cascade caused by an incident ion striking amorphous target material, and the varying species of recoil atoms that are generated. Right:
Scattering geometry for a projectile/recoil atom pair, with important collision parameters included for reference.

FIG. 3. Sputter yield increasing as a function of the ion incidence angle, gener-
ated from ion–solid interaction simulation TRI3DYN of 300 eV xenon impacting
tungsten. Yamamura semi-analytical function is also plotted, showing general
trend agreement.34
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around computing scattering integrals for interactions between pro-
jectile–target pairs as they propagate through the bulk, modeling
the transport of the initial projectile, recoil atoms, and sputtered
particles. This process is completed for many instances of projec-
tiles, allowing statistical distributions of sputter yield and sputterant
trajectory to be formed.

Recent advancements in BCA codes have spawned versions
that can simulate this process in three dimensions and can model
the time-dependent evolution of the target material, thereby includ-
ing compositional changes, such as surface morphology, ion
implantation, and dislocations.21,22 BCA simulations are often in
better agreement with experimental results than analytical func-
tions as they are well-positioned to capture phenomena that arise
due to certain pairings of atomic species, rely less on rigid empiri-
cal frameworks, and include simulation parameters that can be
altered to create models that align with experimental results.

D. Available BCA solvers

There are a multitude of BCA software packages available to
researchers, written in many different programming languages,
each with their strengths and weaknesses. While there are a few
BCA solvers that can simulate crystalline structures (e.g.,
MARLOWE37), most simulate amorphous targets.

1. Transport of ions in matter (TRIM)

TRIM, or the transport of ions in matter, is a ubiquitous BCA
package that has received over 15 000 citations.23 It has proven its
utility in applications such as nuclear physics, plasma manufactur-
ing, and semiconductor doping.38–40 While it is easy to use, it has a
number of drawbacks. The Ziegler–Biersack–Littmark interaction
potential that TRIM employs has been found to be inadequate
when modeling low-energy interactions and can provide sputter
yields and sputterant PDFs that deviate substantially from experi-
mental results.25 Additionally, there are a number of programming
issues embedded in the source-code of TRIM; namely, sputter yield
is over-predicted at high angles of ion incidence, erroneous sputter-
ant PDF profiles are produced for low Z targets (Z � 14), over-
cosine PDFs are produced for high Z targets, and forward-directed
distributions for grazing incidence projectiles are not
reproduced.25–28 Evidence of these computational shortcoming can
be found in the Nadvornik et al. study,24 wherein the characteristic
cosine or Lambertian distribution was produced by TRIM, even at
low energies and high ion incidence angles.

2. TRI3DYN

A more appropriate BCA solver designed to focus on accurate
calculation of low-energy collisions and sputtering is known as
TRIDYN.41 It is a dynamic BCA algorithm that uses the Krypton–
Carbon interaction potential42 and includes changes to target stoi-
chiometry due to embedded projectile atoms, atomic mixing, and
preferential sputtering. A variant of TRIDYN that is able to model

FIG. 4. The surface binding energy of a material dictates the sputter yield and
influences the PDFs of sputtered particles to become under-cosine at low ion
energies. At higher kinetic energies, the refraction effect becomes diminished,
and PDFs become more Lambertian.

FIG. 5. PDFs for xenon ions impacting carbon and tungsten at varying ion incidence angles, collected from binary-collision approximation code, TRI3DYN. Note the
prominent single-knock-on (SKO) peaks in the 60� incidence PDFs.
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BCA processes for complex 3D geometries, called TRI3DYN, was
used in this study, as it has been widely validated across experimen-
tal studies in the field of nuclear fusion, in low to medium-energy
sputtering regimes.21,43–45 Figure 6 shows time steps of a dynamic
BCA simulation in TRI3DYN of a focused ion beam carving out a
pocket in a target.

III. METHODS

A. Extracting sputter yield and PDF data

While it is possible to simulate large geometries in TRI3DYN,
it is more computationally efficient to extract the relevant physics
and create a faster, more extensible simulation environment for
modeling plasma-exposed VCMs. Therefore, this section presents
the process of using TRI3DYN to determine the relevant sputter
characteristics of xenon ions impinging on carbon and tungsten.
The datasets of sputter yield and PDF, as a function of energy and
incidence angle, are extracted and processed; these metrics will be
used to inform the governing equations of a simplified, particle-
tracking simulation tool.

The precision of BCA solutions as a method of informing the
governing particle dynamics is preferred over analytical functions,
such as those popularized by Yamamura and Matsunami,34 due to
their ability to capture additional physics related to specific
projectile-target material combinations, as well as higher order
sputtering effects.

Figure 5 depicts the PDFs of flat, stochastically roughened
amorphous carbon and tungsten—both low sputter yield materi-
als that have seen use in fusion and space propulsion applications.
Note that while the two materials produce slightly different PDF
shapes, the same general features and trends can be seen. Namely,
the shift from the under-cosine, butterfly distribution at 300 eV,
moving toward a more uniform, cosine shape with higher ener-
gies, at normal incidence. Also, the forward-scattered distribu-
tions are clearly seen at 30� and 60� incidence, which become less
distinct with increasing projectile energy. Lastly, SKO peaks can
be seen at 60� incidence, becoming less prominent and shifting in
location at higher incidence energies. In order to generate the
PDFs from the raw data, hundreds of millions of entries of sput-
terant trajectory data are scraped, transformed, smoothed, and
binned into a polar histogram. An example PDF in three-
dimensions for a 30� incident, 300 eV xenon ion is shown in
Fig. 7. The PDFs calculated from TRI3DYN show good agreement
with experimental studies.29

The relationship between ion incidence angle, ion energy, and
sputter yield for xenon impacting tungsten is shown in Fig. 8. The
sensitive simulation parameter of surface binding energy was cali-
brated in order to produce sputter yields that compare well with
experimental results. Note the peak in sputter yield occurs around
60�–70�, regardless of ion energy. Additionally, the sputter yield
naturally increases with increasing ion energy, across all incidence
angles.

These datasets of sputter yield and PDF can be substantially
compressed compared to the raw data that was used to create them,
allowing the conversion to smooth, interpolated functions for
reduced-order VCM computational modeling tools.

B. Particle tracking computational model

A computational model based on particle-tracking was devel-
oped, enabling rapid simulation and iteration of three-dimensional
VCM designs. Statistical distributions of PDF and sputter yield are

FIG. 6. 3D renderings of TRI3DYN simulation, using 20 keV xenon ions to
perform a 20� 20 Å focused ion beam (FIB) cut into a block of aluminum.
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gathered from TRI3DYN BCA data to accurately simulate transport
mechanisms through a Monte Carlo approach. This model has
been implemented in the COMSOL particle-tracking computa-
tional environment, due to its ability to efficiently process large
simulations. There is no inherent length scale to the simulation, as
the ions and sputtered particles are treated as point particles, and
the velocity of the particles is arbitrary; this allows simulation
results to be valid across a range of geometric scales.

C. Model description and sputtering physics

VCM geometries are generated in the computational domain,
and impinging ions are directed normal to the structure at a single
value of ion energy. Ions are introduced over an area equivalent to
the size of one unit cell of the VCM under bombardment in order
to reduce any effects of a non-infinite structure in the transverse
directions. Upon interaction of ions with the structure, two separate
calculations are performed. First, a weighted probability function is
called that randomly determines the number of sputtered particles
to be ejected from that impact event. This is due to the fact that,
while the average sputter yield is a non-integer, only discrete
numbers of particles are able to be simulated. Weighted probability
distributions of sputter yield for all angles of ion incidence are
stored in a database to be drawn upon. Figure 9 illustrates the stat-
istical nature of the sputter yield function. These sputtered particles
are then created and projected out from the surface to pass through
the structure. The second computation that is performed is the
determination of exit vectors for the sputtered particles, corre-
sponding to a statistical distribution of the PDF, given the initial
ion’s incidence angle.

Sputtered particles then propagate throughout the VCM
geometry until they reach another geometric feature. Once a
feature is reached, they deposit and “stick” to the surface, as the
sticking coefficient of sputtered particles in the literature has gener-
ally been found to be on the order of unity.46,47 If large enough
numbers of initial ions are generated, then the Monte Carlo nature
of the model will produce final results for total sputtered particles
and their locations that approach similar values across simulations.
This model has been extensively validated and has been shown to
produce identical PDFs and sputter yields that agree with the BCA
data that inform the model.

The flexible framework and computational robustness of the
particle-tracking environment is conducive to iterative refinement

FIG. 7. 3D PDF of a 300 eV xenon ion impacting tungsten at 30�, pictured from side (left) and isometric (right) perspectives; note the strong forward bias of the sputtered
particles. Surface color is plotted as probability magnitude and is calculated as the L2-norm from impact origin.

FIG. 8. Surface plot relating ion incidence angle, energy, and sputter yield of
xenon impacting tungsten.
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as it allows for rapid parametric optimization and analysis of
potential sputter-resistant geometries. “Collectors” strategically
placed on grouped surfaces within the model effectively aggregate
essential statistics related to sputter yield, overall sputterant produc-
tion, and ion transport mechanisms, streamlining the process of
calculating objective functions and constraints.

IV. RESULTS

In this section, a representative example of a candidate VCM
geometry undergoing bombardment in a plasma-facing regime is
presented. This case study showcases the ability of the particle-
tracking simulation to model transport and sputtering physics in
VCMs, providing insight into the mechanisms of erosion and
self-healing.

A. Representing stochastic VCM structures with Kelvin
cells

To model existing stochastic foam VCM structures that have
demonstrated reduced sputter yield by Li and Wirz,6 arrays of
Kelvin cells are simulated in the particle-tracking environment.
Kelvin cells, shown in Fig. 10, are minimal-energy structures that
approximate the average unit cell of stochastic metal foams.48

A Kelvin cell structure composed of tungsten, with geometry
similar to that found in the Li and Wirz study was simulated;
namely, 10 pores per inch (PPI), 8% density, as well as a higher
density structure, 30%, for comparison. These targets are bom-
barded by xenon ions at 300 eV. While the VCM tested in the Li
and Wirz experiment was aluminum bombarded by 300 eV argon
ions, the PDFs of both material combinations are similar in charac-
ter such that the results can be reasonably compared. Additionally,
the relative sputter yields, Yrel (defined as the ratio of VCM sputter

yield, Y , to flat sputter yield, Y0) are compared to eliminate differ-
ences that exist between sputter yield magnitudes of Ar–Al and
Xe–W. As a note, in this context, Y refers to the ratio of sputtered
particles that exit the upper surface of the VCM (i.e., the plasma-
facing surface) to the number of incident ions.

The structures are rotated 7� to eliminate ion transparency,
removing unrealistic symmetry planes through which sputtered
particles can channel through the structure unimpeded (see
Fig. 11). The number of particles released into the structure was
chosen to reduce the run-to-run difference in sputter yield to 1%;
10 000 particles were found to be adequate for the geometries in
this study.

Table I summarizes the results of the particle-tracking simula-
tion runs and the experimental data from Li and Wirz. In the simu-
lation environment, the analogue geometry that is the closest to the
Li and Wirz experiment (8% density), produces a Yrel ¼ 0:447,

FIG. 9. A weighted probability function of angle-dependent sputter yield for
300 eV xenon impacting tungsten. Rather than utilizing the closest integer to the
average sputter yield for a given incidence angle and ion energy, the simulation
performs a random weighted selection from the yield histogram.

FIG. 10. Kelvin cells, 8% density (left) and 30% density (right). These struc-
tures are also known as tetrakaidecahedrons.

FIG. 11. Variation of VCM transparency as a function of rotation angle. At 8%
VCM density, essentially all transparency is eliminated by 7� of rotation.
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whereas the higher density structure produced a slightly higher
Yrel ¼ 0:636. Snapshots of these simulations are shown in Figs. 12
and 13. This increased value of Yrel is due to the thicker ligaments
on the upper layers projecting more sputtered particles out of the
top surface of the VCM. The simulation results largely fall within
the experimental findings, supporting the validity of the model.

Inter-VCM yield, defined as the ratio of the total number of
final sputtered particles to incident ions (regardless of if they exit the

top surface of the VCM or remain in the structure), was also calcu-
lated, also shown in Table I. In both geometries, the VCMs have a
inter-VCM yield greater than one, indicating that the ions produce
substantial “damage” to the structure, but the majority of the sput-
tered particles that are created become geometrically trapped in the
VCM. Altering the angle of the VCM in the simulation produced
sputter yields that varied roughly 5% from the presented values, as
long as the transparency of the VCM was still zero.

B. Ion transport phenomenology

In plasma-facing conditions, where ions sputter only from
the top of VCM ligaments, the shape of the ligament’s upper
surface determines the overall transport of sputtered particles. By
examining an amalgamation of PDFs across curved surfaces, it
can be found that circular ligaments give rise to fewer sputtered
particles that exit the VCM compared to a flat surface; although
more sputtered particles are created overall, the edges of the circu-
lar ligament produce amalgamated sputterant PDFs that are
directed downward into the VCM. Examples of amalgamated

TABLE I. Comparison of sputter yields of the Li and Wirz VCM experiments and
the particle-tracking model. The additional metric of inter-VCM yield highlights the
enhanced production and subsequent deposition of sputtered material within the
VCM.

Relative yield
[Y/Y0]

Inter-VCM yield
[Final ptcls./Initial ptcls.]

6 0.4–0.6 …
8% Density 0.447 1.13
30% Density 0.636 1.19

FIG. 12. Side view of the 8% density Kelvin cell structure, illustrating time evolution of sputtered particles transport throughout the geometry. Red particles indicate
sputtered particles that have left the VCM, while blue indicate geometrically trapped particles.
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PDFs of a single, circular, plasma-facing ligament is shown in
Fig. 14. Note that the large forward sputtered lobes on either side
of the ligament are primarily due to increased sputter yield at
grazing incidence angles.

The pronounced downward transport shown by the amalgam-
ated PDFs is at the core of the ability of VCMs to resist sputtering
erosion. By sending material from upper layers to lower layers, the
material that would be lost to the plasma in the case of flat surfaces
can recombine with lower areas of the VCM, eventually sputtering

again at a later point in the VCM’s evolution. Additionally, sput-
tered particles that are projected in an upward direction can be cap-
tured on the underside of the ligaments above them, increasing
ligament diameter and thereby contributing to the self-healing of
structures that are eroded from the plasma-facing side. This opens
up the opportunity to explore ligament shapes with varying surface
topography to more precisely control the transport of sputtered
particles. Indeed, across the virtually unbounded design space of
VCM parameters, there likely exist geometries that can be designed
to recirculate material throughout the VCM more efficiently than
those shown in this study.

V. CONCLUSION

Multi-scale modeling informed by BCA data and implemented
in a particle-tracking environment has provided insightful charac-
terization of VCMs in plasma-facing conditions. The particle track-
ing simulation results showcased that a sputter yield reduction is in
close agreement with experimental studies, reaffirming the robust-
ness of the simulation model. Furthermore, our exploration of the
phenomenology of ion transport revealed key insights into how
VCM geometries could be optimized for better sputtering resis-
tance. The role of ligament shapes in determining sputterant
behavior was found to be particularly influential, highlighting an
additional avenue for material design optimization. Future research
will incorporate time-dependent sputter yields, self-sputtering, and
back-scattered ions. Additional parameters such as the pore size,
ligament size and shape, material composition, and gradients of
these parameters as a function of layer number will also be probed
to determine their influence on sputter minimization efforts. This
study is intended to serve as a fundamental contribution to
ongoing efforts in optimizing material systems for plasma exposure,
with the objective of advancing the fields of fusion energy and
space propulsion systems.

FIG. 13. Isometric view of sputtered particles in 8% density Kelvin cell. Left: Pictured with mesh outline. Right: Without mesh outline.

FIG. 14. Amalgamated ligament PDFs for a single circular tungsten ligament,
impacted by xenon ions at various energies. PDFs are normalized to one
another for clarity of presentation; in reality, higher energy ions produce amal-
gamated PDFs with larger areas.
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