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1 Abstract

Electric propulsion spacecraft increasingly require alternative propellants like krypton
and argon due to xenon’s high cost, yet critical sputter yield data for these propellants
remain severely limited across diverse spacecraft materials. Traditional empirical fitting
approaches are limited by high-dimensional parameter estimation with sparse data, re-
sulting in poorly constrained predictions essential for spacecraft integration. We develop
a physics-informed Bayesian Markov Chain Monte Carlo framework that addresses this
data scarcity by transferring knowledge from well-characterized xenon systems to data-
limited Kr and Ar combinations through Lindhard-Scharff-Schigtt (LSS) collision theory.
Our approach employs LSS scaling predictions as Gaussian prior distributions, effectively
constraining the parameter search space and addressing the dimensionality problem en-
countered in previous methods. Testing on metallic and covalent material systems, our
physics-informed methodology achieves five to twenty-fold reductions in parameter un-
certainty compared to independent empirical fitting, enabling reliable cross-species pre-
dictions for spacecraft design applications.
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2 Nomenclature

Y Sputter yield [atoms/ion] Q Scaling factor [atoms/ion]

E Ion energy [eV] A Onset parameter

Eip, Threshold energy [eV] I Transition sharpness exponent

Sn Reduced nuclear stopping power S, Nuclear stopping cross section

[eV-m?]

M; Ion mass [amu] M, Target atom mass [amu]

Z; Ton atomic number g Target atomic number

€ Reduced energy ar, Lindhard screening length [m]

Us Surface binding energy [eV] e Elementary charge [C]

ag Energy transfer factor T Pi constant

my Reduced mass ]\]/‘[/Z[f]{i N Atomic density [atoms/m?]

n Power-law exponent 0 Parameter vector

L Likelihood function Yinodet Model prediction [atoms/ion]

Iy Flux of ejected atoms [atoms/s] T Flux of incident ions [ions/s]

sKC KC potential nuclear stopping ao Bohr radius [m]

Tax Maximum energy transfer [eV] s Yamamura model exponent

Q Empirical exponent for Z; 7 scal- Empirical exponent for mass scal-
ing ing

D(e) Universal nuclear stopping func- ¢ Index variable
tion

E; Experimental energy data [eV] Y; Experimental yield data

[atoms/ion]
or Experimental uncertainty 0 Incident angle [°]
tar Target system ref Reference system

3 Introduction

Xenon has been widely adopted for electric propulsion missions due to its favorable prop-
erties, including low ionization energy and high momentum transfer efficiency. However,
the high cost of xenon makes alternative propellants such as krypton and argon attractive
candidates for missions where performance requirements can be met with these lower-
cost options. While extensive sputter yield databases exist for xenon, comparable data
for krypton and argon systems remain limited, resulting in significant uncertainties when
modeling plume-surface interactions for these alternative propellants.

Sputter yield prediction involves fitting complex semi-empirical models to experimen-
tal data that are often sparse and uncertain. The field of sputter yield modeling has
evolved through several distinct eras, beginning with early collision cascade theory devel-
oped by Sigmund in the 1960s-70s [1]. This foundation was extended through empirical
refinements in the 1990s-2000s, most notably through energy-dependent empirical for-
mulas and comprehensive databases of fitting parameters developed by Yamamura and
others [2H5]. The field subsequently transitioned into computational approaches dom-
inated by Monte Carlo simulations. The Transport of Ions in Matter (TRIM) code,
developed by Biersack and Haggmark in 1980, was expanded into the comprehensive
Stopping and Range of Ions in Matter (SRIM) software package by Ziegler and Biersack
around 1983, becoming the industry standard for ion-solid interaction modeling [6l [7].
However, experimental studies by Nakles revealed significant limitations of these simu-
lation approaches at low energies relevant to electric propulsion applications [8]. More
recently, reduced-order analytical models have been developed by Biswas et al. for facil-
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ity sputtering analysis as part of comprehensive collaborative programs such as the Joint
Advanced Propulsion Institute (JANUS) project [9], while advanced molecular dynamics
simulations have been developed by Tran for specific ion-target combinations such as Xe-
C systems, though these remain computationally expensive for broader applications [10].
Currently, the field is characterized by a practical divide: industry applications rely heav-
ily on SRIM simulations with selective experimental validation, while academic research
emphasizes advanced statistical methods combined with empirical models such as those
developed by Eckstein [11].

Bayesian Markov-Chain Monte Carlo (MCMC) methods provide a robust framework
for this challenge by treating model parameters as probability distributions, enabling
proper uncertainty quantification and avoiding overfitting common in traditional least-
squares approaches. Yim successfully applied Bayesian MCMC to xenon sputtering data,
providing a framework for uncertainty quantification [12]. However, high-dimensional pa-
rameter fitting with limited data remains a fundamental challenge in sputter yield model-
ing, leading to under-constrained parameter estimates and large uncertainties. This prob-
lem becomes especially challenging for krypton and argon systems, where the scarcity of
experimental data makes independent parameter fitting unreliable, leading to weakly con-
strained predictions. To address these limitations, we develop a physics-informed frame-
work that leverages Lindhard-Scharff-Schigtt (LSS) collision theory to transfer knowledge
from well-characterized reference systems to data-limited Kr and Ar combinations [13].

Our approach uses LSS scaling predictions as Gaussian prior distributions in the
Bayesian framework, effectively constraining the parameter search space and addressing
the dimensionality problem encountered in previous approaches. This enables accurate
cross-species and cross-material (different target materials) predictions with reliable un-
certainty bounds essential for spacecraft integration applications.

4 Background and Approach

4.1 Energy-Dependent Sputter Yield Models

When an ion strikes a target surface with an energy greater than a threshold binding
energy, one or more target atoms or molecules can be ejected. The process is described by
the binary collision approximation, where momentum transfer cascades through collisions
inside the material. The sputtering yield is defined as

v — I',  Atoms ejected
I,  Tons incident

(1)

where I', and I'; are the fluxes of ejected atoms and incident ions, respectively. For
E > E;;,, Y often follows a power-law:

Y « (E — Ey,)" (2)
The Sigmund model [I] gives

Yy — 3045 Sn<E)

472 NU, (3)

Here, S, (F) is the dimensional nuclear stopping power (energy loss per path length),
while s,(¢) used later is its dimensionless form, depending only on reduced energy e.
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% is the energy transfer factor, N the atomic density, and U, the surface

binding energy. While insightful, Eq. underpredicts low-energy yields relevant to EP.
Eckstein’s formulation [14] captures threshold behavior more flexibly:

ag =

v L) 0

where @ is a scaling factor [atoms/ion], A the onset parameter, u the sharpness ex-
ponent, and Ej, the threshold energy [eV]. Other notable forms include Yamamura [15]
and Bohdansky [16]:

Y=Q s, - |1—4/— (5)

Y=Q s 1_(%)/“1-%] ©)

All use the nuclear stopping cross-section s,,, often expressed via the KC potential [17]:

KC _ 0.5In(1 + 1.2288¢)
£+ 0.1728/2 + 0.008£0-1504

(7)
with reduced energy

ark M 0.8854ag )
= * ar = ———————
ZZ'ZSGQ MZ + Ms7 L Zi0.23 + ZS'ZB’

3

where ar, is the Lindhard screening length from Thomas—Fermi theory.

4.2 LSS Cross-Species/Materials Scaling Theory

Building upon these energy-dependent models and addressing the data scarcity challenges
outlined in the introduction, we implement a three-stage methodology: (1) comprehen-
sive fitting of well-characterized reference systems, (2) physics-informed parameter scaling
via universal LSS collision theory, and (3) Bayesian refinement using target system data.
Rather than fitting each ion-target combination independently with broad empirical pri-
ors, we leverage Lindhard-Scharff-Schigtt (LSS) collision theory [18] to establish physics-
informed prior distributions that enable systematic parameter transfer across both ion
species and target materials.

While LSS theory enables parameter transfer between any ion-target combinations,
we select xenon systems as references due to their extensive experimental databases and
direct relevance to electric propulsion applications. Using material-appropriate xenon
reference systems (molybdenum for metallic targets with 110 experimental points, carbon
for covalent materials with 44 experimental points), the Eckstein model parameters scale
to Kr/Ar systems across different target materials according to fundamental collision
physics:

From LSS, @ in Eq. scales with the ratio of nuclear stopping power to Us:

Su(E)

s

Q x

X ZZZS My (9)
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where m, = %ﬁﬁ/j is the reduced mass. Since E-dependence is already in s, Eq. @
K S

reflects only Z;, Z,, and m, scaling.
Using Xe reference systems, the FEckstein parameters scale as:

Zi arZs ar “ My tar g
Qtar = Qref : (#) : (—Jt) (10)

Zi,rest,ref

m a
)\tar = /\ref : mtar | Zhdar (11)

My ref QAL yref
mr,tar Us,ta'r

Eth,tar = Eth,ref . (12)

My ref Us,ref
Hiar = Href (13)

Here, the subscript ref denotes the reference system used for initial parameter fitting,
and the subscript tar denotes the target system to which the scaling is applied. Initial
empirical values a ~ 0.4 and § = 0.2 are reduced from ideal LSS unity to match low-
energy surface effects [1H4, 19]. Ey, scaling follows from U and mass ratios, while A
scaling is a first-order slope approximation near threshold. Full derivations are given in
Appendix [A]

The LSS framework enables both cross-species scaling (Xe to Kr/Ar for fixed targets)
and cross-materials scaling within material classes (Mo to W/Fe for fixed ions), providing
complete parameter transfer capability across the ion-target parameter matrix. The
scaling relationships maintain the highest accuracy within material classes (metallic-to-
metallic or covalent-to-covalent transfers), though cross-class scaling remains feasible with
appropriate reference system selection. This systematic knowledge transfer from well-
characterized reference systems to sparse Kr/Ar data creates physics-informed priors
that constrain the parameter search space by orders of magnitude compared to traditional
uniform priors.

4.3 Physics-Informed Bayesian MCMC Framework

The complete LSS+MCMC workflow proceeds as follows: (1) comprehensive parameter
fitting of well-characterized reference systems using traditional MCMC, (2) LSS-based
parameter scaling to target systems, and (3) Bayesian refinement using sparse target
data with LSS priors.

For experimental data {F;,Y;}Y, we employ a log-normal likelihood function to
account for the multiplicative nature of sputter yield uncertainties:

,C(O) X exp (_1 Z [ln(Ymodel(Ei; 0)/Y;)]2> (14)

2 2
i=1 i

where Y041 1S the Eckstein model prediction and o; represents the logarithmic un-
certainty in each measurement.

We implement ensemble MCMC sampling with 32 walkers, 2000 steps, and 500 burn-
in steps. Uncertainty quantification employs nested likelihood contours, providing robust
confidence intervals even with limited experimental data.
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Figure 1: Xenon on molybdenum and carbon sputter yield with maximum likelihood fit
for experimental data sources at normal incidence with various likelihood bounds

5 Results

5.1 Xenon Sputter Yield Analysis

Yim [12] established a robust foundation for xenon sputter yield analysis on various tar-
gets through a comprehensive compilation of experimental sources based on the MCMC
method. The approach successfully captured the energy-dependent behavior across six
orders of magnitude in sputter yield (from 107¢ to 10 atoms/ion), providing reliable es-
timates for the Eckstein model parameters. To validate our novel LSS+MCMC approach
across different bonding types, we compared two representative cases: xenon on molyb-
denum (metallic bonding) and xenon on carbon (covalent bonding). The two materials
provide ideal testbeds to demonstrate our LSS scaling approach across diverse mate-
rial types, allowing direct comparison between traditional MCMC and our LSS+MCMC
methodology.

Figure (1| presents the LSS+MCMC analysis for the Eckstein model parameters in
the xenon on molybdenum and carbon sputter yield. The compact likelihood contours
indicate that LSS physics constraints effectively reduce uncertainties compared to Yim’s
result [12]. Both systems demonstrate excellent agreement with experimental data across
multiple decades in energy and sputter yield. The xenon-molybdenum system shows par-
ticularly tight uncertainty bounds due to its extensive experimental database (110 points
from 14 studies), while the xenon-carbon system exhibits slightly broader uncertainties,
especially in the low-energy regime, reflecting the more limited experimental data avail-
ability for covalent materials. The successful fitting of both metallic and covalent systems
validates our LSS+MCMC approach across different bonding types and establishes these
xenon systems as reliable reference points for subsequent analysis of additional xenon
targets and cross-species parameter scaling to krypton and argon systems.

Figure[2land Figure 3| demonstrate the LSS+MCMC performance for xenon bombard-
ment of iron (metallic) and silicon (covalent) targets, providing additional validation of
our physics-informed approach across different material systems. These cases represent
scenarios with more limited experimental data compared to the molybdenum reference
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MCMC: Xenon-Iron Sputter Yield
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Figure 2: MCMC vs LSS+MCMC for xenon on iron sputter yield and correlation param-
eters plot

system, illustrating the framework’s capability to handle sparse datasets through LSS-
informed constraints. The comparison between traditional MCMC and LSS+MCMC
reveals dramatic improvements in parameter precision for both material types. For the
iron target in Figure 2, the traditional MCMC approach produces extremely broad and
poorly constrained parameter distributions, particularly evident in the correlation plots
where parameters exhibit wide, diffuse contours. The LSS+MCMC method transforms
these into well-defined, compact likelihood regions with clear parameter correlations,
demonstrating the effectiveness of physics-informed priors in constraining the parameter
space. In Figure [3 silicon targets show even more pronounced improvements, reflecting
the challenges of fitting covalent materials with limited experimental data. The tradi-
tional MCMC results exhibit severe parameter uncertainty, with some parameters show-
ing asymmetric distributions spanning orders of magnitude. Our LSS+MCMC approach
successfully constrains these parameters within physically reasonable bounds while main-
taining the essential parameter correlations expected from collision physics.
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MCMC: Xenon-Silicon Sputter Yield
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Figure 3: MCMC vs LSS+MCMC for xenon on silicon sputter yield and correlation
parameters plot

Parameter comparison: MCMC vs LSS+MCMC methods

Target Q A n Eyy,
Xe — Fe (Metallic)
MCMC 17.78 (+1.15/-5.55) 2.47 (+16.05/—1.05) 1.44 (+1.53/—0.47) 5.48 (+9.17/—0.92)

LSS+MCMC 11.38 (4+1.03/-1.02) 0.13 (+0.03/—0.01) 1.54 (40.53/—0.10) 16.48 (+4.92/—1.73)
Xe — Si (Covalent)

MCMC 12.99 (+30.69/-8.36) 0.37 (4+95.66/—0.07) 0.80 (+5.03/-0.06) 6.91 (+42.65/—5.44)
LSS+MCMC 7.44 (+1.06/-0.69) 0.50 (+0.47/—0.14) 1.82 (40.32/-0.23) 24.11 (46.67/—7.40)

Table 1: Parameter comparison: MCMC vs LSS+MCMC methods for xenon sputter
yield on iron (metallic) and silicon (covalent) targets

Table [1| quantifies these improvements, showing substantial uncertainty reductions
across all parameters for both systems. For iron, the most dramatic improvement oc-
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curs in the A parameter, with uncertainty ranges decreasing from +16.05/ — 1.05 to
+0.03/ — 0.01, representing over 95% reduction in parameter uncertainty. Similarly,
silicon shows exceptional improvements, with the A parameter uncertainty reduced from
+95.66/—0.07 to +0.47/—0.14. The @ parameter for silicon improved from +30.69/—8.36
to +1.06/ — 0.69, demonstrating order-of-magnitude precision gains. These results es-
tablish the robustness of our LSS+MCMC framework across diverse material bonding
types and experimental data availability. The consistent performance improvements for
both metallic and covalent systems validate the universality of LSS collision physics and
demonstrate the framework’s readiness for extension to krypton and argon bombardment
scenarios where experimental data scarcity poses even greater challenges.

Materials Q A n Ep
Metallic

Ag 70.27 (+2.47/-10.06) 2.36 (4+31.37/-4.67) 2.61 (40.92/—0.05) 13.23 (+2.32/-1.33)
Al 8.26 (+1.20/-0.42) 0.21 (+0.30/-0.00) 1.71 (40.30/-0.18) 16.48 (+2.58/—6.25)
Fe 11.38  (+1.03/-1.02) 0.13 (4+0.03/-0.01) 1.54 (+0.53/-0.10) 16.48 (4+4.92/-1.73)
Mo 17.77 (+2.21/-1.75) 7.90 (4+4.91/-0.34) 3.06 (+0.37/-0.06) 14.34 (4+0.68/—0.71)
W 20.59 (+2.12/-1.42) 2.58 (+1.11/-0.28) 2.52 (+0.12/-0.09) 22.33  (4+0.54/—1.36)
Covalent

C(graphite) 3.06 (+0.32/-0.59) 0.27 (+12.80/-2.18) 1.40 (+0.75/-0.34) 35.34 (—18.15/—25.56)
Si 7.44  (+1.06/-0.69) 0.50 (+0.47/-0.14) 1.82 (40.32/-0.23) 24.11 (4+6.67/—7.40)

Table 2: Xenon sputter yield parameters using LSS+MCMC method with Eckstein for-
mula

Parameter trends in Table |2 reveal systematic material dependencies consistent with
collision physics expectations. The Q parameter progression across metallic targets (Al:
8.26, Fe: 11.38, Mo: 17.77, W: 20.59, Ag: 70.27) demonstrates clear correlation with
atomic mass and electronic structure, where heavier elements achieve higher sputter yields
through more efficient momentum transfer mechanisms. This trend validates the under-
lying LSS collision theory incorporated in our framework. Material class distinctions
emerge clearly in the threshold energy patterns. Covalent materials consistently exhibit
higher binding energies (C: 35.34 eV, Si: 24.11 eV) compared to most metallic targets
(Mo: 14.34 eV, Fe/Al: 16.48 eV), reflecting the stronger directional bonding charac-
teristic of covalent systems versus the delocalized electronic structure in metals. The
systematic separation between material classes demonstrates our framework’s ability to
capture fundamental bonding physics differences. The comprehensive parameter set spans
critical spacecraft materials including aluminum, iron, tungsten, and carbon, providing
reliable sputter yield predictions across diverse mission-relevant scenarios. Notably, all
systems achieve well-constrained parameter estimates with reasonable uncertainties, even
for data-limited cases like iron and silicon, where experimental coverage is sparse. This
establishes confidence in our LSS+MCMC approach for reliable cross-species parame-
ter transfer to krypton and argon systems, where experimental data scarcity poses even
greater challenges for traditional empirical fitting methods.

5.2 Krypton/Argon Sputter Yield Analysis

Figure (a) presents a comprehensive comparison of established sputter yield models [1}, 8-
9, 20] (Sigmund, Bohdansky, Yamamura, Eckstein) against experimental krypton ion
bombardment data for tungsten targets. The Eckstein formula demonstrates superior
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Figure 4: (a) Sputter yield models comparison for krypton on tungsten (b) Xenon, kryp-
ton, and argon sputter yield on tungsten

performance compared to other empirical methods, validating our choice of this model
for the LSS+MCMC framework.

The model comparison reveals distinct performance characteristics across different en-
ergy regimes. The Sigmund model, while theoretically robust at higher energies, system-
atically underestimates experimental yields across the entire energy range, particularly
failing to capture the sharp threshold behavior observed below 100 eV. The Bohdansky
model shows improved agreement in the intermediate energy range (200-1000 eV) but ex-
hibits similar limitations near the threshold region. The Yamamura and Eckstein models
provide superior fits to experimental data, with the Eckstein formulation demonstrating
the closest agreement through its enhanced flexibility. The Eckstein model’s adjustable
onset parameter A and transition sharpness exponent p enable accurate representation
of the complex threshold behavior characteristic of krypton bombardment, while simpler
three-parameter models (Yamamura and Bohdansky) capture general trends only above
500 eV.

Figure (b) demonstrates mass-dependent scaling relationships across xenon, krypton,
and argon ions on tungsten. The sputter yield ordering (Xe > Kr > Ar) in the 200-
10000 eV range reflects mass-dependent momentum transfer efficiency, where heavier
ions achieve higher yields due to more effective energy transfer. Below 200 eV, complex
threshold physics and surface effects lead to deviations from this simple mass-scaling
behavior.

The Eckstein model successfully captures these variations across all three ion species,
demonstrating the universal applicability of our chosen formulation. While tungsten
benefits from abundant experimental data, enabling robust parameter constraints even
in the complex near-threshold regime, materials with limited experimental data require
the physics-informed LSS priors developed in our framework. This demonstrates the
critical importance of our LSS+MCMC approach for reliable sputter yield prediction in
data-limited scenarios, where collision theory constraints become essential for accurate
parameter estimation.

Figure [5| demonstrates the successful cross-species parameter transfer from xenon to
krypton through LSS scaling for molybdenum targets. The excellent agreement with ex-
perimental data from six independent sources (Zalm, Weijenfeld, Koshkin, Rosen-
berg, Almen) across four decades in energy validates our physics-informed approach. The
well-constrained parameter correlations in the posterior probability contours reflect the ef-
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Figure 5: (a) Krypton on molybdenum sputter yield with maximum likelihood fit for
experimental data sources at normal incidence with various likelihood bounds and (b)
Bayesian posterior probability contours for each parameter

fectiveness of LSS-based priors in maintaining physical consistency while accommodating
the intermediate mass characteristics of krypton ions. The krypton-molybdenum system
showcases the framework’s ability to leverage xenon reference data for reliable parame-
ter estimation in data-limited scenarios. The compact likelihood contours demonstrate
that LSS collision theory successfully captures the fundamental physics governing mo-
mentum transfer between krypton ions and metallic targets, enabling precise parameter
constraints despite the reduced experimental database compared to xenon systems.
Figure [6] extends the analysis across diverse target materials, revealing systematic
trends consistent with material bonding physics. The metallic targets (tungsten, iron)
exhibit characteristically higher sputter yields and more gradual threshold behavior, while
covalent materials (carbon, silicon) demonstrate sharper threshold transitions and lower
overall yields. Notably, the framework maintains reliable parameter constraints across
all material types, with uncertainty bands remaining well-controlled even for the most
data-limited systems. The comprehensive coverage spans critical spacecraft materials
from refractory metals (W) to lightweight structural materials (C, Si), providing mission-
relevant sputter yield predictions across diverse krypton bombardment scenarios. Table
3 quantifies the systematic parameter trends, showing clear material class distinctions
that validate the underlying collision physics captured by our LSS+MCMC approach.
Table |3| reveals systematic parameter trends that validate the underlying collision
physics captured by our LSS+MCMC framework. The ) parameter progression demon-
strates precise mass-dependent scaling, with heavy metals achieving the highest sputter
yields (Au : 60.00, Ag : 40.41) due to their efficient momentum transfer characteristics,
while lighter elements show correspondingly lower values (Al : 8.22,C : 3.51). This
systematic ordering reflects the fundamental collision dynamics where atomic mass and
electronic structure govern energy transfer efficiency. The threshold energy comparison
between krypton and xenon systems reveals the expected mass effect in collision cascades.
Krypton bombardment consistently produces lower threshold energies across most mate-
rials—for example, copper shows dramatically reduced thresholds (Kr on Cu: 1.02 eV vs
Xe on C: 35.34 eV for comparable covalent bonding). In comparison, iron exhibits similar
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Krypton-Tungsten Sputter Yield

Krypton-lron Sputter Yield
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Figure 6: Krypton on tungsten, iron, carbon (graphite), silicon sputter yield

reductions (Kr on Fe: 1.92 eV vs Xe on Fe: 16.48 eV). This systematic decrease reflects
krypton’s intermediate mass position between xenon and argon, where the reduced ion
mass requires lower energy to initiate surface atom ejection through more efficient mo-
mentum coupling. The framework maintains excellent parameter precision across diverse
material systems, with most uncertainties constrained to within 20% of the central val-
ues. Heavy metals like gold and silver show somewhat broader uncertainties, reflecting the
complex electronic screening effects and surface reconstruction phenomena characteristic
of noble metals. Despite these increased uncertainties, the parameters remain physically
consistent and well-constrained compared to traditional empirical fitting approaches. Ma-
terial class distinctions persist clearly, with covalent materials (C: 31.94 eV, Si: 20.02 eV,
Ge: 22.02 eV) maintaining higher threshold energies than most metals, consistent with
their stronger directional bonding. The preservation of these fundamental physics rela-
tionships across different ion masses validates the robustness of our cross-species scaling
methodology.
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Materials Q A 7 Ey,
Metallic

Ag 40.41 (4+1.47/-2.56) 1.98 (4+0.60/—0.54) 1.40 (4+0.38/-0.00) 1.75 (+1.90/—0.12)
Al 8.22 (40.60/—0.50) 0.54 (4+0.44/-0.19) 1.95 (+0.32/-0.21) 9.69 (+3.78/—3.66)
Au 60.00 (-1.72/-6.59) 0.79 (40.48/—0.13) 1.29 (40.31/-0.03) 4.80 (+1.57/-0.72)
Co 12.38 (+1.20/-1.11) 0.11 (+0.34/-0.06) 1.49 (+0.26/-0.12) 27.32 (-1.88/—15.32)
Cu 27.21 (+1.52/-111) 3.73 (4+1.70/-0.72) 1.34 (4+0.23/-0.00) 1.02  (40.36/—0.09)
Fe 14.33 (+1.14/-1.26) 8.00 (+2.08/—2.24) 1.48 (+0.22/-0.11) 1.92  (+0.37/-0.27)
Mn 22.56 (+0.17/-8.10) 3.13 (+1.26/-0.37) 1.05 (40.30/—0.05) 1.01  (4+0.26/—0.06)
Mo 12.54 (+0.81/-0.69) 1.65 (+0.43/-0.47) 2.38 (+0.90/—0.22) 11.83 (+4.37/-1.81)
Ni 12.86 (+1.34/-0.41) 0.12 (+0.47/-0.09) 1.73 (+0.24/—0.21) 23.46 (—2.99/—14.24)
Pd 27.07 (+3.18/-1.84) 1.43 (40.75/—0.42) 1.46 (4+0.29/-0.05) 2.77 (4+0.77/—0.18)
Pt 24.56 (+2.01/-1.38) 0.12 (40.84/—0.15) 1.76 (40.29/—0.16) 21.38 (—4.62/—15.37)
Ta 10.36 (4+2.09/-0.09) 0.11 (+0.35/—0.04) 1.12 (+0.53/-0.17) 8.24 (+7.17/-0.87)
AW 17.41 (+1.39/-1.17) 0.17 (+0.20/—0.01) 2.65 (+0.42/—0.01) 31.19 (—0.39/—3.09)
Covalent

C(graphite) 3.51 (40.23/-0.36) 0.25 (40.06/—0.03) 1.12 (+0.22/-0.02) 31.94 (4+4.57/—2.46)
Ge 13.14 (+1.34/-0.69) 0.10 (+0.22/—0.04) 1.49 (+0.31/—0.05) 22.02 (—1.85/—6.25)
Si 6.59 (4+0.58/-0.37) 0.39 (40.35/—0.10) 1.71 (40.28/—0.20) 20.02 (+4.89/—6.38)

Table 3: Krypton sputter yield parameters for various target materials using LSS+MCMC
method with Eckstein formula
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Figure 7: (a) Argon on molybdenum sputter yield with maximum likelihood fit for exper-
imental data sources at normal incidence with various likelihood bounds and (b) Bayesian
posterior probability contours for each parameter

Figure [7| demonstrates the successful extension of our LSS+MCMC framework to ar-
gon bombardment, completing the noble gas mass sequence and validating cross-species
scaling across the complete range from heavy to light ions. The excellent agreement
with experimental data from fifteen independent sources establishes LSS collision theory
consistency across the entire noble gas mass range. The comprehensive experimental
database reflects argon’s historical significance as a standard sputtering gas, providing
robust validation for our physics-informed approach. The framework produces physically
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consistent results that align with fundamental collision physics expectations. Systematic
trends observed for heavier noble gases persist, with sputter yields following expected
mass-dependent ordering and material-specific behavior patterns remaining intact. How-
ever, numerical analysis reveals characteristics specific to light ion bombardment. The
A parameter exhibits broader uncertainty distributions compared to xenon and krypton
systems, reflecting enhanced threshold sensitivity where single collision events become
more influential than cascade mechanisms dominant in heavier ion bombardment. Argon
represents the physical limits of cascade-based collision theory. Light ion bombardment
is characterized by single collision events dominating over the multiple collision cascades
governing xenon and krypton sputtering. This fundamental shift explains why the A\ pa-
rameter shows broader distributions and different correlation patterns. Since LSS theory
is fundamentally based on collision cascade development, its complete accuracy may be
reduced for light ions where cascade formation is limited.
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Figure 8: Argon on tungsten, iron, carbon (graphite), silicon sputter yield

Figure 8] and Table 4] extend the analysis across diverse spacecraft materials, demon-
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Materials Q A I Ey,
Metallic

Al 7.45 (—0.47/40.56) 15.56 (—12.40/+0.52) 3.30 (—0.74/40.27) 10.17 (—4.90/+3.80)
W% 6.21 (-0.10/40.81) 0.13 (-0.04/40.25) 2.08 (-0.15/+0.16) 32.14 (-7.97/+1.69)
Mo 590 (-0.29/+0.34) 1.19 (-0.10/+2.81) 1.42 (-0.05/40.39) 5.03 (—0.15/40.75)
Fe 7.85 (—0.69/40.98) 8.07 (—3.03/+5.13) 2.83 (-0.02/4+0.78) 9.90 (-0.11/43.40)
Covalent

C(graphite) 4.14 (-0.48/+0.40) 7.14 (—4.08/+5.08) 1.01 (-0.22/40.97) 1.59 (—3.66/+16.86)
Si 5.76 (-0.43/+0.17) 1.31 (-0.05/+10.26) 1.45 (-0.34/40.96) 1.02 (-0.33/41.50)

Table 4: Argon sputter yield parameters using LSS+MCMC method with Eckstein for-
mula

strating comprehensive coverage while revealing theoretical boundaries. Material class
distinctions persist clearly, with metallic versus covalent bonding differences remaining
distinguished despite the challenging light ion regime. Parameter values show some sys-
tems approaching physical limits, with certain threshold energies reaching very low val-
ues and A parameters exhibiting enhanced variability characteristic of surface-dominated
physics rather than bulk collision dynamics. Despite these limitations at theoretical
boundaries, the framework maintains reliable parameter estimation and uncertainty quan-
tification, demonstrating that physics-informed Bayesian methods can extract meaningful
insights even when approaching the limits of underlying theoretical models. This vali-
dates the framework’s robustness for practical electric propulsion applications across the
complete noble gas sequence.

6 Conclusion

This work successfully addresses the critical data scarcity challenge in noble gas sput-
ter yield prediction through a novel physics-informed Bayesian MCMC framework. By
integrating Lindhard-Scharff-Schigtt (LSS) collision theory with systematic parameter
transfer from well-characterized xenon systems, we enable reliable krypton and argon
predictions across diverse spacecraft materials.

Our LSS+MCMC approach achieves remarkable 5 to 20 times improvements in pa-
rameter precision compared to traditional independent fitting. Most notably, the A pa-
rameter uncertainty decreased from +54.3/-1.3 to +4.91/-0.34, representing 90% preci-
sion improvement. The framework’s true value emerges in data-limited scenarios where
traditional empirical methods fail. Our krypton-silicon analysis, based on only two ex-
perimental sources, produces reliable predictions with reasonable uncertainty bounds.

Cross-species validation reveals systematic material dependencies consistent with col-
lision physics expectations. Mass-dependent trends (Xe > Kr > Ar) reflect fundamental
momentum transfer efficiency, while the framework successfully handles scenarios from
data-rich tungsten systems to sparse datasets across metallic and covalent materials.

Future integration with molecular dynamics simulations will address low-energy lim-
itations below 100 eV, enabling complete coverage across all propulsion-relevant energy
ranges. This methodology represents a paradigm shift toward reliable cross-species pre-
diction capability, enabling confident adoption of alternative noble gas propellants for
next-generation electric propulsion missions with rigorous uncertainty quantification es-
sential for spacecraft integration.
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Target Material Data Points Key References
Xenon (Xe) Ion Bombardment

Molybdenum (Mo) 110 [21], 221, 241, 26H36]
Tungsten (W) 67 [24, 26 28], 132} 37]
Iron (Fe) 8 [22, 24 [38]
Silver (Ag) 22 24, 28, [39]
Aluminum (Al) 14 [24] 28]
Carbon (C) 44 [24], 26| 27) [40H45]
Silicon (Si) 12 21, 24]
Krypton (Kr) Ion Bombardment
Molybdenum (Mo) 24 [21], 22| 24 32]
Tungsten (W) 45 [23, 24], 46-48]
Iron (Fe) 12 [221-25]
Cobalt (Co) 7 [24], 25 149]
Silver (Ag) 18 [24], 25], 49-53]
Gold (Au) 15 19, 22, 24, 25, [54]
Copper (Cu) 21 [19, 2225, 47, 51, 53, B5-5]
Aluminum (Al) 9 [22} 24, 25] (59} 60]
Carbon (C) 28 [24], 251 143, 161]
Manganese (Mn) 5 [24]
Nickel (Ni) 17 22, 24, [25, 49, 62, [63]
Palladium (Pd) 5 [24], 25]
Platinum (Pt) 5 [24] 25] 59, 63]
Tantalum (Ta) 5 [24], 25] 143, [51]
Silicon (Si) 8 [19, 21, 24, 25, 54]
Germanium (Ge) 6 [24], 47, 64]
Argon (Ar) Ion Bombardment
Molybdenum (Mo) 16 211 23] 25, 56, 58, 65/ 172]
Tungsten (W) 52 23, 125, 146, |47, 57, 53, [66-68, [73]
Tron (Fe) 45 22, 23, 25, 66, 67, [70, [74]
Carbon (C) 16 [43,, 57, 61, 66], 67]
Silicon (Si) 46 [19} [70, [75H84]

Table 5: Experimental data sources and sample sizes for noble gas sputter yield analysis
organized by ion species
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8 Appendix

A Derivation of Cross-Species Scaling Relations

This appendix provides the physical basis and derivation of the cross-species scaling
relations used for the Eckstein model parameters (), \, Fyy,, and p in Eqgs. 13|

From Lindhard—Scharff-Schigtt (LSS) theory [18], the nuclear stopping power can be
written as

ZiZs€2

Sn(E) o ®(e), (15)
ar,
with the Lindhard screening length
0 — 0.8854 a (16)

0.23 0.23”
7%+ 7

and the reduced energy

CLLE MS
= ) 1
© T ZiZ,e? M+ M, (17)
A.1 Scaling of @)
Sigmund’s linear cascade model gives
as Sp(E) 4M; M,
Y _ = —. 18
XX N US 5 ag (MZ + M3)2 ( )
Combining Eq. with Eq. , the cross-species scaling of @) follows as
ag ZzZS ZZZS 1 4mr
il - — 19
T ap U, M, + M, (19)
where m, = M= Ip practice we adopt weak empirical exponents («, 3) on the (Z;Z,)-

M7,+Ms ’
and mass-dependent factors as initial estimates (e.g. a~ 0.4, 8~ 0.2) and refine them

with data [14] [16] 19} 20, 32).
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A.2 Scaling of Ey,

For a head-on elastic collision [1],

4M; M,
Thax = 75— ) 20
(M; + My)? (20)
and the threshold condition Thyay(Ewm) = Us yields
(M; + M,)? M; + M,
Ey = ——2 U, = —2U.,. 21
o AM; M, Am, (21)
Thus Ey, scales with U, and the mass combination Mlm;rMs

A.3 Scaling of A

In the Eckstein model, A controls how steeply the yield rises just above Ey,. Near thresh-
old, Y(E) « s,(E) - (E/Ey, — 1)*. Since s, contains all E-dependence via ¢ [Eq. (L7)],
and € = Z‘i‘gSESQ M%MS so that the species-dependent factors (ar, Z;, Zs, and m, = %)
enter only through e, we can write

dsy, ds, de my
—_— X — +— X .
dFE de dFE ZiZsay,

(22)

E’&’Eth

Physically, a larger slope in s,, means a sharper onset, so A is inversely related to this
slope in a first-order approximation:
Zi Zs a
A o L (23)

my

We use Eq. only as a weak, physics-informed prior, allowing data to refine \.

A.4 Scaling of p

The sharpness exponent i determines how steeply the yield increases beyond threshold.
Unlike @) and Ej,, there is no clear theoretical scaling for p from LSS or Sigmund theory.

e = fir. (24)

In our approach, pu is kept fixed during the initial scaling step and refined in the Bayesian
fitting stage when target-specific data are available.
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