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Abstract

Rocky planets and moons experiencing solar wind sputtering are continuously supplying their enveloping
exosphere with ejected neutral atoms. To understand the quantity and properties of the ejecta, well-established
binary collision approximation Monte Carlo codes like TRIM with default settings are used predominantly.
Improved models such as SDTrimSP have come forward, and together with new experimental data, the underlying
assumptions have been challenged. We introduce a hybrid model, combining the previous surface binding
approach with a new bulk binding model akin to Hofséss & Stegmaier. In addition, we expand the model
implementation by distinguishing between free and bound components sourced from mineral compounds such as
oxides or sulfides. The use of oxides and sulfides also enables the correct setting of the mass densities of minerals,
which was previously limited to the manual setting of individual atomic densities of elements. All of the energies
and densities used are thereby based on tabulated data, so that only minimal user input and no fitting of parameters
are required. We found unprecedented agreement between the newly implemented hybrid model and previously
published sputter yields for incidence angles up to 45° from surface normal. Good agreement is found for the
angular distribution of mass sputtered from enstatite MgSiO; compared to the latest experimental data. Energy
distributions recreate trends of experimental data of oxidized metals. Similar trends are to be expected from future
mineral experimental data. The model thus serves its purpose of widespread applicability and ease of use for
modelers of rocky body exospheres.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Exosphere (499); Mercury (planet) (1024); The

Moon (1692)

1. Introduction

In recent years there were several efforts to better constrain
the erosion of rocky planetary bodies exposed to highly
energetic solar wind ions. This includes investigating the effect
of surface roughness (Biber et al. 2022) and porosity (Szabo
et al. 2022b), performing ion irradiation experiments with mass
yield measurements (e.g., Hijazi et al. 2017; Szabo et al.
2018, 2020a; Biber et al. 2022), and introducing a new surface
and bulk binding energy (BBE) model from theory (Hofsédss &
Stegmaier 2022; Morrissey et al. 2022). In this work, we
discuss the parameter of density and its inclusion in SDTrimSP
(Mutzke et al. 2019), as well as a new hybrid binding energy
model that reliably recreates experimental sputter yields
completely without the requirement to adjust input parameters.
The new approach will be a valuable tool for modeling the ion
sputtering contribution to exospheres (i.e., Pfleger et al. 2015;
Suzuki et al. 2020; Kazakov et al. 2022; Killen et al. 2022).

1.1. Space Weathering of Exposed Rocky Surfaces

Exposed bodies in space are subject to solar wind irradiation.
The main constituents of solar wind, H™ and He2+ thereby bear
kinetic energies of approximately 1keV amu~'—equivalent to
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about 440 kms ™! (Wurz 2005; Gershman et al. 2012; Baker
et al. 2013; Winslow et al. 2013). When hitting a surface,
most ions are neutralized and enter the sample, with some
fraction being reflected as either neutrals or even ions (Lue
et al. 2011; Vorburger et al. 2013). The ions entering the
sample initiate a cascade of collisions with a chance to eject
particles from the near surface at suprathermal energies. This
process is responsible for altering the surface composition
and creating lattice defects, which leads to amorphization
(Betz & Wien 1994; Loeffler et al. 2009; Dukes et al. 2011;
Domingue et al. 2014).

Ion sputtering releases atoms from the surface having typical
velocities that are significantly lower than the impinging
ions (e.g., Thompson 1968), but large enough to form an
extended exosphere with a significant fraction of atoms
exceeding the escape velocity of any small body, including
the Moon (2.4kms™") and Mercury (4.3kms™ ") (e.g., Wurz
et al. 2007, 2010). Such exospheres allow for ground-based
observatories and space probe missions such as LADEE and
LRO at the Moon (Paige et al. 2010; Elphic et al. 2014) and
MESSENGER (Solomon et al. 2001; McNutt et al. 2018)
or the future BepiColombo (Benkhoff et al. 2010; Milillo
et al. 2020; Orsini et al. 2021) at Mercury to detect them.
These observations were used early on to self-consistently
model Mercury’s surface composition based on the four
expected major processes contributing to the exosphere: solar
wind ion sputtering, micrometeroid impact vaporization, photon-
stimulated desorption, and thermal desorption (Madey et al. 2002;
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Mura et al. 2009; Wurz et al. 2010; Gamborino & Wurz 2018;
Wurz et al. 2022).

An important piece of information that is necessary to
distinguish the exospheric species sourced from the surface is
the process-specific energy distribution of the ejected material.
For example, solar wind ion sputtering and micrometeroid
impact vaporization compete in supplying Mercury’s exo-
spheric high-energy particle population with refractory species
(e.g., Ca and Mg), while photon-stimulated desorption
dominates the supply of energetic volatile and moderately
volatile species (i.e., Na, K, and S; Mangano et al. 2007;
Cassidy et al. 2015; Schaible et al. 2020; Grava et al. 2021;
Janches et al. 2021). In the same way that fluxes, or
precipitation rates, of the particles causing these processes are
still in the process of being better constrained (i.e., proton
precipitation for solar wind sputtering at Mercury’s cusps in
Fatemi et al. 2020; Glass et al. 2022; Raines et al. 2022), the
understanding of the underlying physics is still a work in
progress. At the Moon, precipitation rates seem comparably
trivial to compute, but the Moon traveling through Earth’s
magnetotail and localized crustal fields add complexity to the
system (e.g., Lue et al. 2011; Poppe et al. 2018; Nénon &
Poppe 2020).

1.2. Sputter Models

To efficiently model ion-induced sputtering, binary collision
approximation (BCA) models are used. The BCA codes track
particles as they travel through the sample and cause recoils,
which are in turn tracked throughout the sample. There are
many different models available; however, we will focus on the
results of the Monte Carlo—based, most widely used TRIM
code (Biersack & Haggmark 1980) in the SRIM package
(Ziegler et al. 2010) as well as its successor SDTrimSP
(Mutzke et al. 2019), a combined and improved version of the
static TRIM.SP (Biersack & Eckstein 1984), and the dynamic
TRYDIN (Moller & Eckstein 1984).

TRIM has been shown to overestimate the sputter yield
compared to experimental yields for minerals (Szabo et al.
2018). Exosphere modelers need more accurate inputs that are
in line with the latest understanding of sputtering. There have
been several suggestions on how to best recreate experimental
data. Here are the major contributions that set the expectations
and limitations of the current state-of-the-art sputter modeling:

1. Schaible et al. (2017) varied O-binding energies to better
fit early experimental data for sputtering of Al,O; and
SiO, (Ken Knight & Wehner 1967; Roth et al. 1979).
Increasing the O-binding energy decreases the O yield,
but not enough to significantly improve the agreement.

2. Szabo et al. (2020a) suggested that the best agreement
between the mass yield of an irradiated sample and
SDTrimSP is obtained by (a) adjusting atomic densities to
obtain an appropriate sample density, (b) adjusting the
surface binding energy (SBE) of O to 6.5eV, and (c)
setting the SBEs of each element to the averaged SBE of
all elements in the sample, resulting in an SBE that is
highly dependent on the O concentration in the sample
(Appendix). Although we found these parameters to work
reasonably well for all kinds of silicates, the universality
of these modifications is questionable.

3. Morrissey et al. (2022) determined SBEs using molecular
dynamics (MD) and suggest lower sputter yield across all
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surface species due to an increase in the single
component’s binding energies. However, the restricted
availability of species-specific SBEs prevents the applic-
ability of the results on a broad range of minerals. This is
also caused by the limited availability of interatomic
potentials for each mineral system of interest.

4. Hofsdss & Stegmaier (2022) proposed completely
neglecting SBEs and instead using only BBEs from
tabulated data. This way, particles leaving the sample do
not have to overcome a surface potential and instead lose
energy with each recoil. Although they solely use
tabulated data to set the BBE and propose a sound
physical constraint on the cutoff energy for the tracing of
the particles, they are still required to make use of an
undisclosed level of implantation to find good agreement
with experimental data.

5. Biber et al. (2022) used the in-house-built ray-tracing
code SPRAY (Cupak et al. 2021) with data from
SDTrimSP and atomic force microscope images to
discuss the effect of surface roughness on the sputter
yield of a powder pellet and a flat, glassy thin film. They
found that a rough pressed pellet surface reduces the
yield, especially at shallow incident angles (above 45°
relative to surface normal). The cause of this reduced
yield was related to surface roughness leading to
shallower local incident angles, shadowing, and redepo-
sition of material. For a detailed overview of rough
surface sputter models see Kiistner et al. (1998) and
Arredondo et al. (2019).

All these models require varying degrees of adjustments of
parameters when it comes to density, binding energies, cutoff
energies, or roughness. To adequately describe the sputtering
process on realistic surfaces, roughness has to be taken into
account. This effect is not considered in this work, as we focus
on the fundamental sputter physics within the sample, which is
agnostic to properties affecting trajectories of impinging ions
and ejecta. For this reason, we compare our results to
experimental thin-film data, which are considered to be flat
surfaces (Biber et al. 2022). We propose a new compound
model for obtaining a realistic initial mineral density, as well as
a hybrid binding energy model to obtain increased binding
energies based on tabulated data that can recreate experimental
results.

2. Methods of Computation
2.1. Model Parameters

Angular-dependent sputter yields for various different
models were calculated with SDTrimSP to compare with a
wide range of experimental data. To obtain good statistics in
SDTrimSP, we modeled between 7.7 x 10° and 31 x 10°
impactors for each of 19 incident angles between 0° and
89° relative to the surface normal (Mutzke et al. 2019). The
step size was set to gradually decrease from an initial 10° for
incidence close to the surface normal to 2° for incidence angles
80°-88°. We collected the information of up to 10° recoils
leaving the sample and performed statistics based on the last
10° recoils. The data contain the species name, end energy,
azimuth angle, and zenith angle. The fits of the data shown in
the figures throughout this manuscript are described in
Section 2.5. The inelastic loss model seven (inel = 7) is used
in all SDTrimSP calculations, which determines the inelastic
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Table 1

Major Rock-forming Minerals Required to Represent an Unknown Planetary Surface, Consisting of Volcanic Minerals

Jaggi et al.

Group Mineral Formula Peompounds Allcompounds Patomic Allatomic
(unit of
(g em™3)  (atoms A’3) (g em ) (atoms A’3) (unit of unity) (g em™3)  (atoms /353) unity)
Plagioclase  Orthoclase KAISi;04 2.56 0.0723 2.67 0.0754 —1% 1.36 0.0384 23%
Albite NaAlSi;Og 2.62 0.0786 2.70 0.0808 —1% 1.43 0.0429 22%
Anorthite CaAl,Si,Og 2.73 0.0768 2.99 0.0840 —3% 1.53 0.0429 21%
Nepheline NaAlSiO4 2.59 0.0747 2.84 0.0820 —3% 1.44 0.0414 22%
Pyroxene Wollastonite ~ CaSiO3 2.93 0.0760 2.91 0.0755 0% 1.45 0.0375 26%
Diopside CaMgSi,Oq 3.40 0.0946 2.97 0.0827 5% 1.46 0.0405 33%
Enstatite Mg,Si,06 3.20 0.0960 3.05 0.0913 2% 1.47 0.0441 30%
Ferrosillite Fe,Si,0¢ 3.95 0.0902 3.82 0.0872 1% 2.15 0.0491 22%
Olivine Forsterite Mg,SiO4 3.27 0.0980 3.21 0.0960 1% 1.46 0.0438 31%
Fayalite Fe,Si0, 4.39 0.0908 4.64 0.0900 0% 2.48 0.0512 21%
Oxides Tlmenite FeTiOs 4.72 0.0937 4.83 0.0959 —1% 2.54 0.0504 23%
Quartz SiO, 2.65 0.0797 2.65 0.0797 0% 1.51 0.0454 21%
Sulfides Troilite FeS 4.61 0.0632 4.61 0.0632 0% 3.89 0.0533 6%
Niningerite MgS 2.68 0.0573 2.68 0.0573 0% 1.91 0.0408 12%
MnS MnS 3.99 0.0552 3.99 0.0552 0% 3.80 0.0526 2%
CrS CrS 4.89 0.0701 4.89 0.0701 0% 3.70 0.0530 10%
TiS TiS 3.85 0.0580 3.85 0.0580 0% 3.07 0.0462 8%
CaS CaS 2.59 0.0432 2.59 0.0432 0% 1.74 0.0290 14%
Accessories  Spinel MgAlL,O4 3.64 0.1078 3.77 0.1115 —1% 1.58 0.0468 32%
Chromite FeCr,04 4.79 0.0902 5.29 0.0996 —3% 2.88 0.0543 18%

Note. Differences in mean free path lengths (u = /f]/ %) are calculated as Ay = 11/ piret — 1. The density short forms are as follows: p..—mass densities and atomic
densities calculated based on typical mineral densities found on webmineral (see also, e.g., Deer et al. 1992); pcompounas—densities calculated based on tabulated oxide
and sulfide data from pure compound properties; paomic—densities calculated based on atomic data included in tables of SDTrimSP that are based on monatomic

solids.

loss in the sample based on the Lindhard—Scharff stopping
power model (Lindhard & Scharff 1961) unless there are
corrections available (e.g., tables for H and He in Ziegler &
Biersack 1985). For a detailed description of SDTrimSP, we
encourage the reader to look into the accompanying literature
(e.g., Mutzke et al. 2019).

The surface composition of irradiated samples show a clear
fluence dependence until an equilibrium is reached. This was
shown by Baretzky et al. (1992) for the oxide Ta,Os and by
Szabo et al. (2020b) in the form of the fluence dependence of
experimental sputter data of minerals. Furthermore, the
experimental sputter yields were best recreated using the
dynamic mode of SDTrimSP (Szabo et al. 2020b). For this
reason, all computations in this manuscript were performed in
dynamic mode of SDTrimSP, and the results are for ejecta from
a surface in equilibrium with the impinging ions. For
irradiation with He, the fluence was set to 750 atoms A73,
whereas H irradiation required fluences of up to
3000 atoms A > (or 3 x 10" atoms cm ) at normal incidence
in some models. The dynamic mode allows the sample to
change with the ion fluence and best simulates the sample
composition reaching an equilibrium with the solar wind ions,
reproducing the fluence dependence of the experimental sputter
yields. In detail, samples in SDTrimSP have an infinite lateral
extent with a finite number of layers vertically. In our case, all
layers have the same composition set initially and a thickness
of 10A. After each fluence step, composed of about 10°
impactors, the layers within the sample are updated according
to the components that were either lost or gained within the
last step.

Direct comparisons between SRIM and SDTrimSP calcula-
tions were performed for mass yield (amu jon"!). In SRIM
(Ziegler et al. 2010) we modeled 10° impinging H and He ions
for static sputter yield results to obtain good statistics. We used
the “Monolayer Collision Steps/Surface Sputtering” damage
model. The mineral density was set to its default density, as
calculated by SRIM from the atomic density value of each
element component (comparable to p,omic from tabulated data
in SDTrimSP given in Table 1).

We will now introduce a few select parameter settings that
are required to model sputtering of minerals. These comprise
the dynamic mode of SDTrimSP, the different ways of
introducing binding energies, including our new addition, and
a new way for correcting sample density.

2.2. Binding Energy

The efficiency at which particles can be removed from a
surface, the sputter yield, is in one part a function of the total
binding energy of the system. The two common binding
energies provided to a BCA model are the SBE and the BBE.
The former is in the shape of a surface potential that has to be
overcome to leave the sample. The latter is an energy that is
subtracted from each recoil and simulates the interaction
between neighboring atoms in the otherwise mineral-lattice-
agnostic model that is SDTrimSP. It is possible to obtain a
constant yield while keeping the sum of the binding energies
constant (Moller & Posselt 2001). We now quickly introduce
three different binding energy models, two of which are already
established (pure SBE or BBE models) and one model that
combines the two (SBE 4+ BBE). The models are summarized
in Table 2.
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Table 2
The Different Energy and Density Models and Their Parameters

SDTrimSP Model Presets

Manually Set Models

SB SB-C BB BB-C HB-C BBy" HB*
SBE AHgyp AHgyp 0 0 AHgyp 0 AHgyp
BBE{ 0 0 AHg, 0 0 AH,,, + CBE CBE
BBE,’ 0 AHg,, + CBE CBE
Dt atomic atomic atomic atomic atomic atomic atomic
Do e compound s compound compound e e
Ecutoft <AHsub <AHsub AI'Isub/3 AI'Isub/3 <AI—Isub AIisub/3 <AHsuh
isbv 1 1 8 8 4 1 1

Notes. Short forms: SBE—surface binding energy; BBE—bulk binding energy; f—"“free,” unbound atom; b—compound-bound atom; CBE—chemical binding
energy: AHy/(m + n), where m and n are the number of cations and anions in a compound, respectively; Eqyoe—cutoff energy; AHg,—enthalpy of sublimation;
AH—enthalpy of formation of binary compound; isbv—model number in SDTrimSP input files.

% Each component is considered unbound with regard to its density and bound with regard to the BBE (CBE assigned). The BB, model is the original Hofsiss &
Stegmaier (2022) model. The HB model is only used to demonstrate the effect of density independent of the hybrid binding energy model.

® For O, AHg,;, is neglected and only CBE is used as a BBE, if any.

2.2.1. SB: Surface Binding Model

The surface binding (SB) model is the default calculation
model for TRIM and SDTrimSP. In this approach, a particle
may leave the sample only if its kinetic energy exceeds the
SBE. Energy loss within the sample occurs through elastic
energy transfer during collisions and inelastic electronic losses.

Although the SBE is an energy determined by the attractive
forces of neighboring atoms (Sigmund 1969; Gades &
Urbassek 1992), it is common practice to approximate the
SBE as the atomic enthalpy of sublimation (AHg). The
exception are gases where the SBEs are based on the enthalpy
of dissociation. For example, pure O does not form a solid, and
therefore the dissociation enthalpy of oxygen AHg(O,) is
used instead of the sublimation enthalpy. Hobler and Morrissey
showed for Si and Na that the atomic enthalpy of sublimation
can severely underestimate the energy necessary to remove an
atom from their crystalline structure (Hobler 2013; Morrissey
et al. 2022). This was determined by the means of MD
calculations, which take into account the bonds between atoms.
The results have so far only been tentatively confirmed for
nepheline (NaAISiO,4; Martinez et al. 2017) where the sputtered
secondary Na™ ions express a peak in their energy distribution
around 2.4 eV, which was attributed to an SBE of Na of 4.8 eV
(Morrissey et al. 2022). This exceeds the tabulated value of
1.1eV by a factor of 4.3. Interestingly, the secondary K ion
results of Martinez et al. (2017) would suggest K SBEs of 4 eV,
also exceeding the tabulated value of 0.93eV by the same
factor. Morrissey et al. (2022) also found that within
plagioclase—the primary Na-bearing mineral on a planetary
surface—the SBE is increased to 7.9 eV in the Na end member
albite (NaAlSi;Oyg), which would result in a reduction of the Na
sputter yield from albite by a factor of 15. The MD results
therefore show a positive correlation between SBE and Na
coordination number (amount of neighboring atoms).

How the SBE of a damaged surface or, as outlined by
Hofsdss & Stegmaier (2022), a nonnormal orientation of a
mineral unit cell would differ from the ideal conditions chosen
in MD simulations is unclear. Furthermore, the energy
distributions of secondary ions do not necessarily represent
their neutral counterparts, as neutralization of ejected particles
is energy dependent, which can cause a significant offset of the
ion distribution toward lower energies (Benninghoven et al.
1987; Van der Heide 2014). Another example that adds to the

uncertainty of the link between neutral and ion energy
distributions is from Betz (1987), who showed that ground-
state Ba sputtered from a continuously oxidized Ba surface
coincides with metastable Ba (originating from the decay of
short-lived, excited-state Ba) and Ba ions from a nonoxidized
surface. Ground-state Ba from a nonoxidized surface expresses
a significantly lower peak energy that can be related to the
AHj. The energy distributions of ions, metastable atoms, and
ground-state atoms coincide with each other and exceed AHj.
The larger energy of ions and metastable atoms are interpreted
to be caused by matrix-dependent ionization processes (e.g.,
Dukes & Baragiola 2015), whereas the increased energy of the
sputtered ground-state atoms from an oxidized sample is so far
not well understood and depends on the procedure including a
single initial oxidation or, as in Betz (1987), a continuous
oxidation. What is certain is that the displacement and removal
of atoms that would lead to changes in bonds within the sample
alters coordination numbers and therefore the binding energy
that has to be overcome for their removal. The interatomic
potentials between the atoms in the sample would end up far
from equilibrium, which is commonly neglected in MD
simulations owing to computational load (Behrisch & Eckstein
2007). Lastly, Hobler (2013) compared MD and BCA results
and concluded that the enthalpy of sublimation approximation
works well in BCA to reproduce experimental data, even when
the crystalline structure of the mineral is not taken into account.
The reasoning behind this is that in MD simulations an increase
of yield is tied to an increase in defect creation, which
ultimately negates the effect of the higher SBEs in the MD
simulation. The increased SBEs suggested by MD models are
to be taken with caution, but it is established that an overall
increase in energy loss within the sample is necessary to best fit
experimental data.

2.2.2. BB: Bulk Binding Model

The bulk binding (BB) model was recently suggested by
Hofsdss & Stegmaier (2022). It sets the SBE to zero, while
setting a BBE for each component that has to be overcome for a
component to be freed from their sample and that is lost during
each recoil. The authors used the enthalpy of sublimation (E;)
for single-species samples (i.e., the tabulated values used as
SBE:s in the SB model). For binary compounds, such as oxides
and sulfides in minerals, the enthalpy of formation (AH)) has to
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be overcome before the enthalpy of sublimation of each
component, thereby increasing the energy loss in the sample (as
suggested earlier by Dullni 1984).

In SDTrimSP, the implementation of the BB model is similar
but slightly different. The sublimation enthalpy of species that
form gases under standard conditions is neglected when
determining E; (Table 2). This is based on the assumption
that, e.g., O from breaking up SiO, will already be in its
gaseous state and thus will not be required to be sublimated,
unlike Si. As an example, Ey, (or BBEs) for the elements in
the binary compound SiO, are, as implemented in SDTrimSP,

. ) AH;(Si0y)
Epux (S1) = E¢(Si) + ————
m-+n
= 4.664 eV + M =17.701 eV
AH:(Si0»)
Ep(0) = ——2
m-+n
:9“‘1% — 3.147 eV, (1)

with m and n being the number of components Si and O in the
compound (Si,,0,)). In SDTrimSP, this model is implemented
as the SB model eight (isbv = 8), which is only available when
using the new density model introduced in Section 2.4.2.

A side effect of setting the SBE to zero and only using a BBE
is a lack of a planar attraction potential, and therefore no
refraction of sputtered particles toward larger emission angles
occurs (Jackson 1975; Roth et al. 1983; Gades & Urbassek 1992;
Hofsidss & Stegmaier 2022). When a surface potential has to be
overcome, the extent of the refraction acting on a particle leaving
the surface of a sample is proportional to the ratio of the energy
of the particle in relation to the potential that has to be overcome
(Thompson 1968; Sigmund 1969):

sin(0) = |— 20
0 — Lisbe

sin(6y), 2)

with the incident energy E|, the SBE Ej,, the angle of the atom
crossing the surface barrier 6, and the initial incident angle of
the atom 6. Instead, in the BB model, any released particle
inside the compound can travel freely through the surface,
independent of its energy.

In BCA computations, a cutoff energy (E.uofr) for each
species is set that determines when a recoil is considered to be
“at rest” and no longer causes collisions. In the SB model,
E.of 18 chosen to be 0.1 eV below the lowest, nonzero E; of
all species within the sample. Choosing a lower E.¢ would
increase computation times owing to the impactor traveling
deeper into the sample before it is considered at rest. In the
context of this work, longer impactor paths are irrelevant
because recoils that are below E s do not contribute to the
sputter yield. Any recoil from within the sample needs to
exceed the SBE to leave the compound with an energy Ejecia OF

Eejecta = Erecoil — SBE. (3)
This explains why the E., ¢ should not be chosen to exceed

the SBE of any given component. A recoil of a relatively heavy
species that is too slow to overcome the SBE is still capable of
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causing recoils of lighter species with kinetic energies
exceeding their SBE.

For the BB model, however, the BBE is subtracted at each
collision, after which recoils can leave the sample without
further change of their energy. This energy can therefore be
arbitrarily small and has to be limited by the cutoff energy for
convergence. With the cutoff, Egjc., cannot be inferior to the
cutoff energy Ecyoft

Eejecta P Eculoff' (4)

The suggested approach by Hofsidss & Stegmaier (2022) to
obtain the best results to reproduce experimental data is to set a
cutoff energy (E.uwof) in the BB model that lies between 1/2 and
1/8.5 of the atomic E; (the authors thereby favor a factor of 1/3,
which is also the default set for BB models in SDTrimSP). The
effect of the absence of an SBE and the use of a BBE and E_ s
on the energy distribution of the sputtered particles is evident, as
the lower energetic tail of sputtered atoms is cut off at the given
E.utof, and no Thompson distribution (Thompson 1968) is seen
(Figure 1). For the example of SiO,, we obtain

=0.861eV

E,(O
Ecutoff(o) = :()) )

E;(Si)

Ecuiort (S1) = =1.555¢eV. 5)

2.3. HB: New Hybrid Binding Energy Model

The planar potential on the surface is an issue, as its strength
needs to exceed atomic enthalpies of sublimation to properly
reproduce experimental data. The presence of such a surface
potential is, however, supported by previous energy distribution
measurements (Betz & Wien 1994; Samartsev & Wucher 20006,
Martinez et al. 2017). Furthermore, metals covered by a layer of
O, express energy peak broadening and a slight shift to larger
energies (Dullni 1984; Wucher & Oechsner 1986, 1988). The
energy distribution of the BB model is thus only fitting to
sputtering of binary metal compounds where monotonously
decreasing energy distributions were observed with peak energies
close to zero (Szymoriski 1981). In oxide-bearing minerals we
would thus expect a behavior where the energy distribution is
affected proportionally with the amount of available O. Neither
the SB nor the BB model is capable of taking this into account,
which demands a new model.

We introduce a hybrid binding energy model (HB) that uses the
element enthalpy of sublimation as SBE and the enthalpy of
formation for compounds as BBE. The energies thus represent a
surface potential that has to be overcome and the bonds within the
sample, which have to first be broken up before an atom is
mobilized. The model is based purely on tabulated data, just like
the BB model of Hofsiss & Stegmaier (2022) but without the need
of a specific E.yfr to best reproduce sputter yields and energy
distributions. It therefore poses a promising alternative to the
previous approaches for obtaining increased binding energies.
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Figure 1. Model comparison for angular distributions of total sputtered mass yield (left) and energy distribution of sputtered O (right) from irradiated enstatite
(MgSi0;) for impinging He ions at an incident angle of 45° and energy of 4 keV. The BB model (black line) is based on the pure BBE assumption, where a lack of an
SBE prevents scattering of the particles toward the surface, resulting in ejecta being preferentially emitted toward the surface normal. The energy distribution of the
BB model does not express the characteristic Thompson distribution but instead shows a monotonously decreasing distribution, starting at the element-specific cutoff
energy of AH,/3. The SB model (light-blue line) shown for comparison is calculated with an SBE instead of the BBE. The experimental data are from thin-film
irradiation (Biber et al. 2022) and normalized to y,,, = 1 with an error of one standard deviation.

As an example, the SBE and BBE for the binary compound
SiO, result in
Equf(Si) = E;(Si) = 4.664 eV
AH;(Si0,)
m—+n
_9441eV

Epu (Si) =

=3.147eV

AI{diss (02)

Esurf(o) = =2.582¢eV

AH;(Si0;)

m-—+n
. 9.441 eV

Epuk (0) =

= 3.147 eV. ()

The BBEs that are determined from binary compounds only
hold as long as we assume that each element remains bound
over the course of irradiation. This is naturally not the case and
led in consequence to the implementation of a more
sophisticated compound model.

2.4. New Compound Model

We propose a simple model for sample compositions that
serves two purposes. It allows discrimination between
chemically bound atoms and “free” atoms (not chemically
bound), and it allows us to use data of compounds (i.e., oxides
and sulfides) to adequately approximate realistic mass densities
of minerals. The simulation names using this compound model
to differentiate between bound and unbound atoms, as well as
density, are labeled by “-C” (HB-C, for the combination of
compound and hybrid model; Table 2).

2.4.1. Discriminate between Bound and Free Atoms

Instead of using single atoms, the starting condition
considers each atom to be bound to its respective compound

—for example, Si and O are bound in SiO,. If a recoil occurs
with sufficient energy to overcome the BBE, the bound atom is
unbound. The atomic species produced by breaking up
compounds no longer have a chemical binding energy
(BBE = 0; Table 2). If the remaining energy after the collision
is large enough, the target atom can move through the sample.
The atom then either comes to a halt and attempts to re-form a
bond or is ejected. To prevent a major accumulation of atomic
species, free atoms react to form the initially set compounds
again whenever possible. In the current SDTrimSP implemen-
tation, the compound with the highest formation enthalpy is
prioritized to re-form given the available O. This has the
desired effect that oxygen is unlikely to ever exist as a free
atom. In SDTrimSP, the compound hybrid model is imple-
mented as the SB model four (isbv =4). In the noncompound
models BB and HB, each component within the sample has a
fixed BBE owing to the atomic model not being capable of
differentiating bound from free components (Table 2). They
therefore do not behave identically to their compound
counterparts (BB-C and HB-C), which causes major differ-
ences especially between the HB and HB-C energy and angular
distributions (Section 3).

2.4.2. Set Atomic Density with Compounds

It was found that the best-fitting models to sputter yields for
mineral require not only an increase in binding energy (as
already hinted at in, e.g., Dullni 1984) but also an accurate
model that reflects realistic material properties, including the
atomic density (e.g., Szabo et al. 2020a). The default way of
determining densities in SDTrimSP and TRIM is by using
tabulated data of atomic species. In Szabo et al. (2020a), the
authors follow Moller & Posselt (2001) and calculate a density
for wollastonite (CaSiO3) based on tabulated atomic densities,
which results in 0.0376 atoms A, Increasing the density of
oxygen po to 0.7 atoms A~ (from an initial 0.04 A~>) leads to
a bulk density more akin to the wollastonite density of
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0.07412 atoms A3, corresponding to 2.86 gcm . This value
for po exceeds the typical atomic density by over an order of
magnitude. Therefore, in dynamical modeling removal of
oxygen causes disproportionate changes to the surface density
of the compound compared to removing any other element. To
prevent this, we propose calculating mineral densities based on
the tabulated atomic densities of compounds, which are
simplified building blocks of minerals.

In SDTrimSP, the density of each layer of the sample is
calculated based on the density of its components with

" -1
p=(2&) , )

1 Pan

where p is the density of the sample, X,, the atomic fraction, and
p, the density of the nth component.

The atomic densities and atomic fractions define the bulk
density, and therefore the mean free path between two atoms in
the sample. The mean free path y is formulated in SDTrimSP
as

= pIs ®)

In BCA simulations such as SDTrimSP, an ion traveling
through the sample will gradually lose its energy through
nuclear and electronic interactions, which influence its motion
(e.g., Eckstein 1991). After the impinging ion has traveled the
distance u, a collision occurs (Eckstein 1991; Mutzke et al.
2019). High-density samples have small y, and more energy is
conserved between two collisions as the effect of electronic
stopping is reduced.

Another effect of density is the distance between the atoms,
and therefore it has an influence on the transferable energy
during a collision. This energy is inversely proportional to the
distance between the projectile and the center of the particle at
rest. The farthest distance at which a collision occurs is the
maximal impact parameter, where energy transfer is at its
minimum

Pmax=H(2m) 712, )

With smaller p, the minimum transferable energy becomes
larger as the spacing between the atoms, and therefore the mean
impact parameter, decreases. Higher densities therefore reduce
the amount of low-energetic sputtered particles through recoils
and lower the number of recoils as the energy is lost more
quickly.

Mineral densities and calculated mean free paths of relevant
rock-forming minerals are shown in Table 1. As an example,
for enstatite (pEn~3.20gcm73), the default atomic model
would result in

-1
XM Xsi | Xo

Prn =|—— + ==+ =
Pmg Psi Po

2 2 6 \!
pEn=( 0 + 0 + 06 ) at A3
0.0431  0.0499  0.0429

= 0.0442 atA3
=1.47 gem 3, (10)
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whereas the compound model, using tabulated data for
elements, results in

-1
X Xsi

Pen = MgO + Si02
Pmgo Psio2

_( 05 05 )latA3
Pen =\ 01070 © 0.0797

=0.0913 atA3
=3.05 gcm 3. (11)

This example and the results in Table 1 demonstrate how
using compound data recreates realistic mineral densities and,
as a result, the mean free path within a sample well. Table 1
also shows that densities can be approximated without any
manual adjustments compared to the default atomic model.
Together with the hybrid binding energy model, it poses the
first step in properly approximating oxides and oxide-derived
minerals in Monte Carlo BCA codes such as SDTrimSP.

2.5. Fitting the Simulated Data

The modeled sputter yield by element and mass is fitted
using an Eckstein fit based on the Yamamura et al. (1983)
formula (Eckstein & Preuss 2003):

ramvole|(5)])
S (S ()

with the fitting parameters b, ¢, and f and the angle of incidence
. The value for oy is chosen as 7/2 instead of being calculated

by
1 T
Qg = T — arccos |[—— > —, (13)
1 + EO/Esp 2

because the projectile binding energy E, would be required or
assumed, and for the typical solar wind energies E, in keV
range with Eg, in the eV range, this would cause only minor
deviations from o =7/2.

For the angular distribution of sputtered particles, the data
are fitted using an adapted cosine fit function after Hofsdss &
Stegmaier (2022) to take the nonsymmetrical nature of
sputtered particles into account. The system of equations is

as follows:
A cos™ E(M — 1) (’b g ¢Lilt
2\ + 204

f () 2 (14)
7 I .
A cos (2(1 — 2%11)) ¢ = by

with the scaling factor A, the tilt angle ¢y, the exponents m
and n, and the angle ¢.

The energy distribution data are fitted using a Thompson
distribution (Thompson 1968),

E

E)=S§——"
1) (E + Ep)’

5)
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Figure 2. The agreement of the initial approach used to fit the experimental
data (Szabo et al. 2020a) with the HB-C model is shown, including TRIM
model results (Biersack & Eckstein 1984). The abbreviations are as follows:
HB—surface binding energy (SBE) based on heat of sublimation and BBE on
enthalpy of formation; C—densities calculated based on compound densities
and differentiation between unbound and bound species. Szabo et al. (2020a)
used an averaged SBE of all components after increasing the Oggg to 6.5 eV.
To reach the proper wollastonite density, they increased the O atomic density
accordingly.

with a scaling factor S, the energy removed from the sputtered
atom before it escapes the surface E, (approximately SBE,
when considering a pure SB model) and the energy of the
sputtered atom E. The energy peak is located at E ~ Ey/2.

3. Results

The validity of any new suggested model can ultimately only
be verified through experimental data focusing on speciation of
the sputtered material, as well as its angular and energy
distribution. For now, we can only compare experimental
sputter yield data in mass per impinging ion (amu/ion) and
their angular distribution with model outputs. The composition
of the modeled yield is stoichiometric. Lighter species are
initially sputtered in an overstoichiometric way. With fluence
and decreasing abundance of light species, the sputter yield
composition approaches the initial sample stoichiometry, which
evidently will not correspond to the sample surface composi-
tion in equilibrium. We know that the laboratory data
correspond to fluences where this irradiation equilibrium is
reached. For the scope of this work, we assume that the
laboratory yield composition is indeed stoichiometric.

3.1. HB-C Model and Experimental Data

We first present the capabilities of the newly implemented
hybrid binding energy model, which includes the compound
model (HB-C). The results of the Szabo et al. (2020a) approach
and the HB-C model are thereby largely identical when it
comes to mass yields and recreate the experimental data
reasonably well (Figure 2). The largest discrepancies lie in both
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the angular and energy distributions. A high SBE increases the
refraction that occurs on the surface and therefore increases the
spread of the angular distribution. We show this behavior in
Figure 3, where the Szabo et al. (2020a) approach—with the
highest SBEs of all model results shown in this work—Ileads to
the largest tilt angle (27° at an angle of incidence of 45°) with
the broadest angular distribution of all models (exponents
m=49 and n=14 for He™ on wollastonite). The homo-
geneous, atom-insensitive energy distribution of the Szabo
et al. (2020a) approach is the consequence of using an identical
SBE for each species (Figure 3).

3.2. All Model Comparison

In Figure 4 we compare the HB-C model with other models
in relation to the experimental sputter yield data of wollastonite
and enstatite. It is apparent that we find the experimental data
lying between the HB-C model and the HB model. The latter
thereby does not differentiate between bound and unbound
species in the sample. Most relevant is that the experimental
data are recreated using the HB-C model at normal incidence
and close to normal incidence (<45°).

3.2.1. Angular Distributions

We compare to experimental angular distributions of Biber
et al. (2022) with modeled data of enstatite in Figure 5. The
largest agreement with experimental data is with the HB model,
which expresses the strongest degree of forward sputtering
(largest tilt angle) owing to the high binding energy of each
species in the sample. The cases with lower or no BBE—this
includes the unbound species within the HB-C model—clearly
show a drastically reduced degree of forward sputtering
compared to the HB model. Angular distribution data of TRIM
are not shown, as it expresses distributions even narrower than
the BB model (Figure 1 Hofsédss & Stegmaier 2022).

3.2.2. Energy Distributions

Although no experimental data exist for the irradiated
enstatite, we present the modeled energy distributions of the
sputter ejecta in Figure 6. The SB and SB-C models show a
nearly identical energy distribution, while the HB and HB-C
models express a smaller amount of low-energy particles and
thus broader peaks. The more prominent, high-energy tail of
sputtered particles in the HB model is due to the species
experiencing large BBEs at any degree of applied fluence. In
comparison, the compound model (HB-C) can build up free
Mg that are consecutively sputtered without having to
overcome a BBE. This in return increases the number of
low-energy Mg in the energy distribution, which lies closer to
the SB-C model. This is manifested in the Mg energy
distribution peaking at 0.9 eV in the HB-C model compared
to the 0.6 eV in the SB models and the 1.8 eV in the HB model.

4. Discussion
4.1. Sputter Yield

We were able to confirm that it is of utmost importance to
properly set the density of the irradiated sample. It is evident in
Figure 4 that under normal incidence the HB-C model that
recreates the mineral density adequately fits the experimental
data best for both H* and He™" irradiation results.
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Figure 3. Modeled angular distribution of total sputter yield (data in gray, fit in orange) and energy distributions of sputter ejecta. The energy in the legend
corresponds to the peak energy of the Thompson fit function, from wollastonite irradiated by 4 keV He™. Szabo et al. (2020a) increased the O surface binding energy
(SBE) to 6.5 eV, averaged SBEs for all elements, and increased O density to reach initial wollastonite density. The large surface binding energy causes a high degree
of surface scattering of the ejected particles, whereas the averaging of the binding energies leads to an identical energy distribution for all species. The HB-C model
uses both SBE and bulk binding energy to achieve an increase in binding energy while reliably reproducing mineral densities based on oxide compound data and

differentiating between compound-bound and unbound atoms.

The experimental data of the H-irradiated wollastonite thin
film express a significant deviation from SDTrimSP predictions
for the flat surface sputter behavior. This could so far not be
explained (Szabo et al. 2018). Nevertheless, all the exper-
imental data in Figure 4 show good agreement with the HB-C
model close to normal incidence and up to at least 45°. This is
relevant for approximating irradiation of realistic, rough
surfaces because yield enhancements between a flat and rough
surface are generally small for incidence angles below 45°
(Kiistner et al. 1998; Biber et al. 2022). This is not due to
impacts realistically occurring at normal incidence in nature,
but due to surface roughness leading to locally reduced
incidence angles for shallow impinging ions and therefore
flattened mass yield distributions. This is discussed in Biber
et al. (2022) for enstatite irradiation experiments and was
previously shown for rough Bo and Be surfaces (Gauthier et al.
1990; Roth et al. 1991; Kiistner et al. 1999).

4.2. Angular Distribution

We observed that no model can completely recreate the large
polar tilt angle seen in experimental data (Figure 5). The model
that comes closest is the HB model, which boasts large BBEs,
subsequently leading to a rapid loss of energy with each recoil.
The increased binding energy thus negatively affects the
collision kinematics of long collision cascades and gives
primary-knock-on collisions (i.e., Figure 2.6 in Behrisch &
Wittmaack 1991) a higher significance in the angular
distribution of sputtered material. More random ejecta from
long collision cascades that would lead to ejecta distributions
close to normal are reduced. As a consequence, the tilt of the
angular distribution increases. This behavior has also been
observed on binary alloys, both experimentally and through
MD simulations. There, atoms sputtered from the second
atomic layer form angular distributions toward the surface
normal, whereas first-layer-emitted atoms have a broad
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Figure 4. SDTrimSP model results compared to TRIM model results (red dashed—dotted line; Biersack & Eckstein 1984) and experimental data by Szabo et al. (2018;
H™" on wollastonite), Szabo et al. (2020a; He™ on wollastonite) and Biber et al. (2022; He " on enstatite). Near-ideal mineral densities are obtained in models taking
compounds (-C) into account, whereas the atomic cases represent lower densities, about a factor two below compound derived densities. Abbreviations and line styles
are as follows: SB—dashed lines, tabulated enthalpy of sublimation as element surface binding energies; BB—dotted lines, tabulated enthalpy of sublimation as
element bulk binding energies; HB—solid lines, tabulated enthalpy of formation as bulk binding energy and enthalpy of sublimation as surface binding energies; C—
densities calculated based on compound densities and differentiation between compound-bound and unbound atoms.

distribution (Schwebel et al. 1987, Whitaker et al. 1993;
Gnaser 1999). In all but the HB and HB-C models, components
with low BBEs (if any) exist at the irradiation equilibrium.
Energy loss within the sample is therefore less significant,
which reduces the contribution of first-layer-emitted atoms and
causes a near-circular plume of ejecta closer to the surface
normal.

The width of the angular distribution, quantified in the cosine
fit exponents (m and n; Figure 5), is also tied to the SBE. In all
modeling approaches but the ones from Szabo et al. (2020a)
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and Hofsédss & Stegmaier (2022) the used SBEs are identical,
and therefore the exponents are comparable. The BB model is
narrowest (no surface potential, no refraction) and results in the
lowest tilt angle with a visible forward-sputter contribution that
is not able to significantly affect the tilt of the distribution. Both
the HB-C model and especially the HB model lead to a larger
tilt due to preventing randomly distributed, low-energy
particles from leaving the surface and thus favoring forward-
facing ejecta, which are observed as a peak around —60°.
Toward increasing incident angles relative to the surface
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Figure 5. Polar angular distributions of total sputter yields from enstatite irradiated with 4 keV He™ at an angle of 45° based on different model assumptions. The
larger density prescribed by the compound model leads to a slightly more narrow angular distribution—seen in the smaller m fit exponents of 2.9 and 3.9 of the cosine
fit—when compared to the atomic model m exponents of 3.1 and 4.3, respectively. If elements become unbound with irradiation (HB-C model), the effect of a BBE on
the tilt angle is small compared to the SB model (4273). If elements remain bound and experience a constant BBE and SBE (HB model), forward sputtering is more
prominent (SB model tilt +672). Abbreviations: SB—tabulated enthalpy of sublimation as element surface binding energies; HB—tabulated enthalpy of formation as
BBE and enthalpy of sublimation as surface binding energies; C—densities calculated based on compound densities and differentiation between compound-bound and
unbound atoms. Experimental data from thin-film irradiation (Biber et al. 2022) are normalized to y,,, =1 with an error of one standard deviation.

normal (>45° not shown), the number of single knock-on
recoils increases independent of the chosen model, enhancing
the peak size of the forward-aligned ejecta. Local shallow
incident angles are unlikely to contribute to sputtering of a
realistic, rough and/or porous sample. This is motivated by the
strong sputter yield decrease observed at shallow incidence,
which is related to processes of shadowing and redeposition
(Kiistner et al. 1999; Cupak et al. 2021; Szabo et al. 2022a;
Biber et al. 2022). For this reason, the forward-facing peak at
shallow incidence angles is not expected to be present for
sputtering of regolith. Furthermore, the contribution to the total
sputtered particles is negligible for nonshallow incident angles.
The sample roughness could in theory be another cause for
the discrepancy between model and experimental data. The
surface of the enstatite glassy thin film was analyzed using an
atomic force microscope, and its roughness was deemed
negligible (Biber et al. 2022). Furthermore, when compared to
the angular distribution of a rougher surface, the thin-film
angular distribution is nearly identical when normalized
(Figures 2 and 3 in Biber et al. 2022). Roughness is therefore
unlikely to account for the discrepancy seen in Figure 5.
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4.3. Energy Distribution

Energy distributions of particles from SB models follow
Thompson distributions with peak energies close to 1/2 of the
SBEs used. The HB model, however, reaches peak energies
that are approximately equal to the SBEs used (E,(Mg)=1.5,
E(0)=2.6, and E(Si)=4.7), and the HB-C model shows
elevated energies that are closer to SBE/2. At constant SBEs,
the peaks of the energy distribution are widened with
increasing BBEs (Figure 6). Models that include a BBE
experience a shift toward larger energies with a broadening of
the energy distribution, as low-energy particles are not reflected
back into the sample. This behavior follows the O,-covered
metal irradiation experiments performed by Dullni (1984),
Wucher & Oechsner (1986), and Wucher & Oechsner (1988).
Therefore, the peak energies of the energy distributions, fitted
by Thompson distributions, do not correspond to the enthalpy
of sublimation AH; of the atomic species, but rather the
combination of enthalpy of formation AH, of the oxide present
with AH; (Figure 3 in Dullni 1984). The expected energy
distribution broadening in a system where O, is present is thus
recreated by both the HB and HB-C models with the same
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Figure 6. Energy distributions of sputtered elements from enstatite irradiated with 4 keV He™ at an angle of 45° based on different model assumptions. The energy in
the legend corresponds to the peak energy of the Thompson fit function. Abbreviations: SBE—tabulated enthalpy of sublimation as element SBEs; HB—tabulated
enthalpy of formation as BBE and enthalpy of sublimation as SBEs; C—densities calculated based on compound densities and differentiation between compound-

bound and unbound atoms.

underlying assumptions, making it a valuable addition to the
SB and BB models, which, on the contrary, cannot recreate the
broadening. The results are also reminiscent of the broadening
observed by increasing SBEs as in Morrissey et al. (2022), and
the conclusion is the same. Larger total binding energies lead to
a larger high-energy fraction of the sputtered particles while
reducing the number of ejected particles. In exospheres around
solar-wind-exposed surfaces, less abundant but more energetic
particles would then be detectable farther from the surface.

4.3.1. Inclusion of Intermediary Compounds

It becomes evident from Figure 6 that larger peak energies
can be achieved if the atomic species remain in a bound
condition. In the scope of this work we did not explore
the formation of possible intermediates. The current
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implementation will always break up the compound, and one
of the products will continue to travel through the sample. If
there are enough free elements available, only the original
oxide can form, and therefore the model—for the example of
SiO,—is limited to

Si0, = Si + 0 + O. (16)

A more sophisticated model would need to include the
following reactions:

Si0, = Si + O, (17)
Si0, = Si0 + O (18)
SiO=3Si+ 0 (19)
0,=0+0 (20)
Si, = Si + Si, Q1)
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Table 3
Effect of an Increased Sodium Surface Binding Energy on Total Yield and
Angular Distribution from Simulating 1 keV H" Irradiation on Albite

(NaAlSi;Og)
Ev(Na) YNa ¢lilt(450) m, n
eV) (10’3%) (deg) (unit of unity)

M22¢ 7.9 0.41

SB 7.9 0.79 344 5.1, 1.5
SB 1.1 1.08 16.1 3.0,20
HB-C 1.1 1.10 18.9 39,23
Notes.

% Computed in static mode; Yy,—sodium sputter yield; E,(Na)—SBE of
sodium; ¢y;;(45°)—angular distribution tilt angle at an ion incidence angle of
45° relative to surface normal; m, n—cosine fit exponents.

References. M22: Morrissey et al. (2022).

which would reduce the number of unbound atoms in the
sample. The resulting energy distribution would thus lie closer
to the hybrid model (HB), where atomic species are considered
to remain bound in their compounds. To fully simulate the
process of amorphization, we would need to know what drives
the stability of the different products within a mineral in
irradiation equilibrium.

4.4. Effect of Increased SBE

To demonstrate the effect of an increased SBE, we compared
the standard SB model and the newly implemented HB-C
model with the results of Morrissey et al. (2022). As of now,
there are only SBEs available for Na in Na silicates with
increasing coordination numbers (number of O atoms being a
neighbor to Na). Therefore, we only compare the results for
albite NaAlSi;Oyg irradiated by 1keV H" (Table 3). For a static
computation in SDTRimSP of albite with increased Na binding
energies of E((Na)=7.9eV Morrissey reported a yield of
4.12 x 10~* Na/ion at normal incidence. If SDTrimSP is run in
dynamic mode, the yield at the irradiation equilibrium is
increased by a factor of two, to 7.90 x 107" Na/ion. If
compared to the yields of the SB model (1.08 x 10~ Na/ion)
and the HB-C model (1.10 x 1072), the dynamic Na yields
with Ei(Na) =7.9 eV differ by 30%. This similarity in SB and
HB-C equilibrium yield is due to free Na atoms in the HB-C
model behaving identically to the Na in the BB model. Na,O
having the lowest enthalpy of formation and therefore bound
Na in the HB-C model is not prioritized in forming bonds with
free O, causing an accumulation of Na in the surface layer at
irradiation equilibrium as a result. The increase in density and
BBE that is imbued in the HB-C model therefore does not
apply to Na at the irradiation equilibrium, as no surface Na,O
exists. The energy peak of the Morrissey approach
(E,(Na)=17.9 eV) is, as expected, around 4eV (approx.
SBE/2 =7.8/2) with the tilt angle exceeding the results of
both the SB and HB-C models by a factor of two and
expressing a wide distribution as given by the large fit
exponents (rm and n). In conclusion, the effect of increasing
the SBE of Na is apparent not only in actual yields (—30%) but
also in the angular and energy energy distributions.

4.5. Experiments Needed for Evaluation

Both the angular and energy distribution data of sputtered
minerals depend on the chosen surface and BBEs. Extensive
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experiments to properly discriminate between different sput-
tered species, as well as obtaining the species’ energy
distribution, would be highly valuable for constraining surface
and BBEs. Obtaining energy distributions would give a needed
insight on the energy peak broadening effect occurring on
minerals. If this was available, further restrictions on realistic
binding energies could be enforced, whereas SBEs define the
energy peak position and width and BBEs act as a “broadening
agent” for further enhancing energy peak widths. As a side
effect, the increasing and/or shifting of binding energies
between SBE and BBE could achieve the desired forward tilt of
the sputtered material while not degrading the agreement in
total mass yields.

It would be pleasing, although unlikely, if experimental data
of energy and angular distributions could be recreated based on
solely tabulated thermodynamic data. Nevertheless, we expect
SBE:s to be larger than tabulated, as demonstrated for an ideal,
intact crystal lattice in MD by Morrissey et al. (2022). Using
one single SBE might not be appropriate to describe an altered
sample, however. SBEs at various degrees of alteration would
be necessary to understand the evolution of the SBE with
increasing levels of amorphization. The correlation of SBE
with coordination number shown by Morrissey is reminiscent
of the SBE dependence on the degree of amorphization, and a
similar behavior is expected for the surfaces of irradiated
samples (Loeffler et al. 2009; Biber et al. 2022). One should,
however, refrain from adjusting the SBE like a fit parameter to
best reproduce experimental data. For now we propose the use
of the HB-C model for recreating experimental mass changes,
with the enthalpy of sublimation as SBE and the enthalpy of
formation of the mineral-forming compounds as BBE.

5. Conclusions

We introduced a hybrid binding energy model in the BCA
code SDTrimSP with an underlying compound model that
combines tabulated data for SBEs, BBEs, and densities for
mineral samples while differentiating between free and
compound-bound components. With regard to previous
modeling approaches, we offer an alternative that minimizes
the number of free parameters further and well reproduces
experimental data. The new compound hybrid model (HB-C)
merges the pure SB and BB models while reproducing mineral
properties. This includes proper mineral densities through
tabulated compound data, but also combining surface and
BBEs, which leads to increased energy loss within the collision
cascade, causing energy peak broadening as expected in a
O-dominated system (e.g., Dullni 1984).

Although the differences between the SB model and the HB-
C model seem minor, the model infrastructure allows for
further inclusions that are reasonable in terms of mineralogy
and physics. Furthermore, comparisons with experimental
sputter yields result in unprecedented agreement between 0°
(normal incidence) and 45°, a range that is especially of interest
for modelers that require sputter yields as inputs. The HB-C
model thus convinces on the following points: (1) good
agreement with existing experimental data in parameter spaces
relevant to exosphere modelers; (2) corrects for underestima-
tion of the default sample density computation based on atomic
densities by using tabulated densities of compounds instead;
(3)sets SBEs and BBEs based on tabulated enthalpy of
sublimation and enthalpy of formation of compounds,
respectively, which allows for a universal application to
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minerals; (4) does not require setting parameters such as SBE,
BBE, density, and cutoff energy (SB model four, isbv =4, in
SDTrimSP), therefore greatly increasing the ease of use. For
the time being, the HB-C model does an exemplary job in
recreating experimental sputter data while producing reason-
able energy and angular distributions of ejecta.

Financial support has been provided by the Swiss National
Science Foundation Fund (200021L_182771/1), the Austrian
Science Fund FWF (project No. I 4101-N36), and KKKO
(Commission for the Coordination of Fusion research in
Austria at the Austrian Academy of Sciences OAW). The
authors gratefully acknowledge support from NASA’s solar
system Exploration Research Virtual Institute (SSERVI) via the
LEADER team, grant No. 80NSSC20M0060.

Software: SDTrimSP (Mutzke et al. 2019), TRIM (in SRIM
package) (Biersack & Eckstein 1984; Ziegler et al. 2010).

Appendix
Averaging the Surface Binding Energies

If we assume, like in Szabo et al. (2020a), that the binding
energy that has to be overcome is solely dependent on the
number of bonds with O, called the coordination number, the
SBE of any component would be a function of the O content in
the sample. A way to simulate this effect of the coordination
number of atoms is to assume an averaged binding energy,
which is a mass balance over all species present in the
compound. In SDTrimSP, this is implemented as the SB model
two (isbv =2, Mutzke et al. 2019):

SBE = ) ¢,Es;. (A1)
where ¢; is the concentration and Es; is the SBE of component
i. This results in a single SBE for all components and therefore
the compound. This was applied in Szabo et al. (2020a) in
addition to the density correction to best fit wollastonite
(CaSiO3) data. To illustrate this effect, let us assume an
increased Esp of 6.5 eV (Szabo et al. 2020a) and compare it to
the default Esq of 2.58247 eV. For nepheline, (NaAlSiO,) this
would result in an average Es of 5.03 eV for all species instead
of 2.79 eV with

dNa =9qa1 = qsi = 1/7

q4o=14/17
Esna =1.11eV
Esyy=341eV
ESSi =4.66eV

Eso=2.58¢eV = Esyy = 2.79eV

Eso =6.50eV = Es,yy = 5.03 eV. (A2)

On first glance, this seems to work, as the suggested SBE for
Na in a pristine, crystalline mineral is about 4.8 eV based on
MD simulations (Morrissey et al. 2022). In the case of the
major rock-forming mineral albite (NaAlSi;Og; Esy, = 8.4 ¢eV;
Morrissey et al. 2022), the isbv=2 approximation with
Esp=6.5¢V nets an average SBE of 5.4 eV, which does not
reproduce the high binding energies of Na suggested by MD.
This suggests that adjusting SBEs based on a single component
has its limits when it comes to simulating bond strengths of
complex mineral structures.
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