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Abstract Investigating the space weathering of the Martian moon Phobos represents an important
step toward understanding the development from its origin to its present-day appearance. Depending on
Phobos’ orbital position, its surface is continuously sputtered by the solar wind and planetary ions that
originate in the Martian atmosphere. Based on Mars Atmosphere and Volatile Evolution measurements,
it has been proposed that sputtering by planetary O* and O," ions dominates in the Martian tail region,
where the planet mostly shadows Phobos from the solar wind. In these models, uncertainties for
sputtering yield inputs still exist due to the lack of sufficient analog experiments. Therefore, sputtering
measurements with OF, 0,", C*, and CO," ions between 1 and 5 keV were performed using augite
samples as Phobos analogs. The experimental results for O" irradiations show smaller mass changes than
predicted by SDTrimSP simulations, which probably can be attributed to O implantation enabled by the
Fe content of the target. Sputtering with O," and CO," in the low keV range shows no deviations in the
sputtering yields attributable to molecular effects. Therefore, CO,* ions will most likely be negligible

for the sputtering of Phobos according to the current understanding of ion fluxes on the Martian moon.
Ultimately, our experiments suggest that the sputtering contribution on Phobos by O ions is about 50%
smaller than previously assumed. This does not change the qualitative outcome from previous modeling
stating that planetary O ions are by far the dominant sputtering contribution on Phobos in the Martian tail
region.

Plain Language Summary The surface of the Martian moon Phobos is continuously
eroded by positively charged ions in a process called sputtering, which has changed the moon's surface
over the past billions of years. Previous calculations suggest that this sputtering is caused by ions from
the solar wind as well as oxygen ions that reach Phobos from the atmosphere of Mars. However, there
exists a significant lack of data on how much sputtering each ion causes. This study presents laboratory
experiments where the erosion of Phobos analog samples is investigated under irradiation with O*, O,*,
C*, and CO," ions. The focus was put on oxygen ions and molecular ions that can be expected to escape
the Martian atmosphere and cause sputtering of the surface of Phobos. In general, erosion rates are found
to be smaller than previously calculated. Additionally, no significant differences in sputtering effects

are observed for atomic versus molecular ions. The presented experimental studies support previous
conclusions about the unique sputtering conditions on Phobos: in the Martian tail regions, where the
planet shadows the solar wind, oxygen ions from the atmosphere of Mars dominate the erosion of the
surface of Phobos.

1. Introduction

In recent years, several research efforts have focused on the Mars moon Phobos to investigate its unique
space weathering environment (Cipriani et al., 2011). While micrometeoroid impacts are assumed to be
negligible for the modification of its surface, Phobos is subject to sputtering by both the solar wind and plan-
etary ions that originate in the Martian atmosphere (Poppe & Curry, 2014). The latter contribution results
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mostly from the interaction of the solar wind with the planet's atmosphere (Ramstad et al., 2017) and the
short distance of Phobos to Mars’ surface, which is approximately 6,000 km in an almost circular orbit. In
the Martian magnetosphere, atmospheric molecules are ionized, and subsequently, the ions are accelerated
in the electromagnetic fields created by the solar wind (Barabash et al., 2007; Dubinin et al., 1993, 2006).
Surface erosion on Phobos over billions of years is thus not only connected to solar activity, but also to the
Martian atmosphere. Therefore, understanding the space weathering on Phobos is key to determine the still
unclear origins of the Martian moons.

So far, observations of the Martian moons have been restricted to remote sensing. For example, near-infra-
red spectrophotometry has uncovered “redder” and “bluer” regions (Rivkin et al., 2002). Simulations of
grain motions due to the orbital eccentricity of Phobos show that blue regions are more likely to feature new
material on the surface (Ballouz et al., 2019). Reddening of optical spectra as a result of space weathering is
a common finding in general (Marchi et al., 2005). This supports the assumption that space weathering is
significantly changing the surface of Phobos.

Sputtering of Phobos has also been investigated as a particle source to form a neutral torus around Mars
(Poppe et al., 2016). With a mean radius of 11 km, Phobos has a negligible gravitational pull and the result-
ing escape velocity is only 11.39 m/s (corresponding to about 7 x 10~ €V/amu). Thus, not even a tenuous
exosphere can be maintained around this small moon. This situation differs from other bodies in the solar
system, where exospheres have been a significant topic of research, including Mercury (Leblanc & John-
son, 2010; Pfleger et al., 2015; Wurz & Lammer, 2003), the Moon (Hurley et al., 2017; Wurz et al., 2007), or
the Jovian moon Europa (Plainaki et al., 2012; Vorburger & Wurz, 2018). Instead, particles released from
the surface of Phobos enter the Martian gravitational field. To better understand and simulate this phenom-
enon, exact knowledge about the release of particles by sputtering from the surface of Phobos is necessary.

Ion escape from the Martian atmosphere has previously been investigated with the Phobos-2 and Mars
Express missions (Verigin et al., 1991). Recently, the Mars Atmosphere and Volatile Evolution (MAVEN)
mission has provided a more detailed look into Mars’ ion environment (Jakosky et al., 2015; Ramstad
et al., 2018). Based on these observations, Nenon et al. (2019) modeled the effect of different sputtering
sources on Phobos. Using measurements from the MAVEN instruments Supra thermal And Thermal Ion
Composition and Solar Wind Ion Analyzer, the fluxes and energies of different ion species reaching the
surface of Phobos were assessed. Over a larger part of Phobos’ orbit around Mars, the surface of Phobos is
mainly irradiated by the solar wind, which mostly consists of H* and He" ions at energies corresponding to
1 keV/amu (Russell et al., 2016). However, the solar wind is shadowed in Mars’ tail, and here the sputtering
by atmospheric O* and O," ions with energies between several 100 and several 1,000 eV was calculated to
be the dominant process (Nenon et al., 2019). Oxygen ions are the primary contribution to atmospheric
ion precipitation on Phobos as O, is the most abundant component of upper atmosphere layers (Carlsson
et al., 2006; Deighan et al., 2015; Mahaffy et al., 2015). As a consequence, sputtering by CO," ions is assumed
to be negligible (Nenon et al., 2019), even though CO, makes up 95% of the Martian bulk atmosphere (Ma-
haffy et al., 2013).

As an approximated input for their model, Nenon et al. (2019) applied sputtering yields for O ions on
monoatomic Ni samples to estimate the total flux of sputtered atoms. They state that experimental investi-
gations on sputtering of planetary analogs are still “limited”. Existing data on sputtering of planetary analog
samples give “an uncertainty of roughly a factor of 2” in comparison to their used input values. However,
the few existing experiments with analog samples focused on H* sputtering or the contribution by multiply
charged solar wind ions (see e.g., Barghouty et al., 2011; Hijazi et al., 2017; Szabo et al., 2020a). Here addi-
tional potential sputtering effects will occur (Aumayr & Winter 2004). These effects will not play a role for
Martian atmospheric ions, where only singly charged ions have been reported (Carlsson et al., 2006).

Additionally, sputtering yields will depend on the sample's chemical composition (Sigmund, 1969) and
no clear consensus exists if further effects, such as chemical sputtering, are to be expected when Martian
planetary ions interact with the surface of Phobos. Due to missing experimental investigations, it is also still
unclear whether molecular effects influence the sputtering by O, and CO," ions. Such possible deviations
in sputtering behavior would affect how O," ions have to be considered and if CO," ions can be neglected
for space weathering on Phobos.
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These open questions call for laboratory experiments irradiating Phobos analog samples to obtain quantita-
tive data for the sputtering of its surface. We performed sputtering experiments with O*, 0,", C*, and CO,"
using thin augite films deposited on a quartz crystal microbalance (QCM). The elemental composition of
these films deposited from pyroxene mineral is similar to current estimations for the surface composition
of Phobos (see Section 2.2, Cipriani et al., 2011). Pyroxenes are probably not abundant on the surface of
Phobos as no pyroxene absorption lines have been found in infrared investigations of its surface (Fraeman
et al., 2014), but a similar elemental composition will still give good insights into sputtering yields. In any
case, amorphization of the sample within the ion penetration depth can be expected as a result of space
weathering (Carrez et al., 2002).

Ton energies between 1 and 5 keV were used for irradiation to reflect a significant part of the energy spec-
trum of the ions that reach Phobos. This energy range corresponds to about 50% of the calculated total
sputtered flux on Phobos due to O irradiation (Nenon et al., 2019). Comparison with established sputtering
simulations using SDTrimSP and Stopping and Range of Ions in Matter (SRIM) will allow extrapolating our
conclusions to the remaining relevant energies (Mutzke et al., 2019; Ziegler et al., 2010). These experimental
results will thus allow a more accurate modeling of the space weathering effects that occur on Phobos in
the Martian tail region.

2. Methods
2.1. Experimental Setup

The sputtering experiments were performed at the electron cyclotron resonance (ECR) ion source setup at
TU Wien (Galutschek et al., 2007), which was described in previous publications (see e.g., Szabo et al., 2018).

In this setup, gas is ionized by microwave-driven electron ionization. After extracting the ions from the ECR
source and focusing the beam with a quadrupole magnet, the mass-over-charge state ratio m/q is selected
with a sector magnetic field. This allows separating specific ions at the desired charge state and ensures a
clean ion beam. In the target chamber, the ion beam is scanned uniformly across the sample using a set of
electrostatic deflection plates. Samples are mounted on a rotating sample holder that includes a Faraday
cup for measurements of the beam current density. Ion beam profiles were obtained before and after each
irradiation, while the current was monitored additionally at an aperture in the ion beam optics to check its
stability. All experiments were performed at room temperature under ultrahigh vacuum conditions, with
base pressures on the order of 10™° mbar.

2.2. Quartz Crystal Microbalance Samples

Thin films of augite (Ca, Mg, Fe),Si,Os were deposited on QCMs by pulsed laser deposition (PLD). The
QCM technique allows in situ, real-time measurements of mass changes of a thin film as a result of, for
example, ion irradiation (Hayderer et al., 1999). Here the thickness oscillation of the quartz is driven elec-
tronically and the resonance frequency of this oscillation is measured. Its relative change is proportional
to the relative mass change of the sample (Sauerbrey, 1959). When the thin film of sample material on the
top of the quartz is sputtered, the rate of the frequency change is thus related to the sputtered flux. Total
sputtering yields expressed as amu/ion can be calculated when the ion beam current density is considered
(Hayderer et al., 1999).

QCM sputtering measurements have been performed by multiple research groups for the investigation of
a wide range of space weathering effects, for example, Galli et al. (2017, 2018a, 2018b) investigated the
sputtering of ice films under irradiation of different ion species as well as electrons. Potential sputtering
yields by multiply charged He and Ar ions were obtained with thin films of anorthite (Hijazi et al., 2014,
2017) and wollastonite (CaSiO;) (Szabo et al., 2018, 2020a). Additionally, Biber et al. (2020) analyzed the
implantation behavior of solar wind He in pyroxene samples from the same deposition batch as the samples
used in the present study. For the investigation of bulk samples such as mineral pellets, a QCM can also be
used in a catcher configuration, where it is placed next to the irradiated sample. Then the mass increase by
sputtered atoms sticking to the catcher QCM can be measured (Berger et al., 2017). Such a setup can also
give insights into the angular distribution of sputtered particles (see Li et al. [2017] for measurements with
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Table 1
Comparison of the Composition of the Thin Film Samples Used in This Study and Current Estimations About the
Surface of Phobos

Ca Mg Fe Si (6} H @ Al Na
Augite® 1.8+£01 89%+03 6.0+£02 205+05 603+09 14x01 11=+0.1 - -
Phobos” 0.1 14 9 11 64 - - 1.5 0.5
Wollastonite® 18.4 = = 19.2 59.4 2.0 1.0 = =

Note. All values represent concentrations in atomic percent.
Abbreviation: ToF-ERDA, time-of-flight elastic recoil detection analysis.

“Results from ToF-ERDA analysis (Biber et al. 2020). Poppe and Curry (2014). ‘Results from ToF-ERDA analysis
(Szabo et al. 2020a).

structured molybdenum surfaces, and Stadlmayr et al. [2020] for experiments with highly porous tungsten
fuzz structures).

Analysis of the original material shows the existence of several phases with varying Ca concentration. How-
ever, we focus on characterizing the deposited films on the QCM samples. For the augite samples used
in the present study, the same sample preparation and analysis procedures were applied as described by
Biber et al. (2020). PLD was performed with a 248 nm KrF excimer laser at 5 Hz and 1 J™* cm™ pulse™ for
60 min with a sample temperature of about 300°C. Under the polarization microscope, the augite films were
found to be amorphous. This is expected due to the low deposition temperature. Amorphous layers were
also observed previously in x-ray diffraction analysis of films deposited from wollastonite with PLD (Szabo
et al., 2018). However, sputtering of amorphous and polycrystalline samples behaves similarly and thus
the measured sputtering yields are expected to be representative of the sputtering yields for mineral targets
(Sigmund, 1969). During prolonged ion bombardment, amorphization of the near-surface region will be
anyway expected in a space weathering environment (Carrez et al., 2002).

The thickness and composition of the films were analyzed at Uppsala University with Rutherford backscat-
tering spectrometry (RBS) with 2 MeV He* and time-of-flight elastic recoil detection analysis (ToF-ERDA)
with 36 MeV I** (Moro et al., 2019). Film thicknesses of about 150 nm as well as sample compositions close
to the stoichiometric pyroxene composition were found. While the Ca, Mg, and Fe concentrations are not
fixed by the augite denomination, the pyroxene-characteristic 20% Si and 60% O content of the nominal
mineral composition are very well represented in the deposited films. Table 1 gives an overview of the ob-
served atomic concentrations of the analyzed sample from ToF-ERDA as presented in Biber et al. (2020),
including H and C contaminations. The values are averaged over the whole film, but very uniform film
compositions were measured with ToF-ERDA.

Table 1 also shows a comparison to the Phobos surface composition used in the modeling by Poppe and
Curry (2014) and Poppe et al. (2016), originally proposed by Vernazza et al. (2010) and Cipriani et al. (2011).
It was derived from asteroid compositions, whose infrared spectra were found to agree well with Phobos.
Therefore, still significant uncertainties exist about the actual composition of Phobos. The current consen-
sus on the surface composition of Phobos is, however, well reflected in the element abundances of the used
augite sample. General experimental observations with augite samples should thus be representative for
the space weathering of Phobos. This is underlined by similar results for SDTrimSP simulations with both
compositions (see Section 2.3).

Section 3.2 includes comparison measurements with samples deposited from wollastonite (CaSiO3). Sam-
ples from the same deposition batches were analyzed with RBS and ToF-ERDA in previous sputtering ex-
periments (Szabo et al., 2020a). The composition of the films was found to be very close to stoichiometric
(see Table 1).

2.3. Sputtering Simulation Codes

To compare the experimental results with established simulation codes, sputtering calculations were per-
formed with SRIM-2013 and SDTrimSP 6.01 (Mutzke et al., 2019; Ziegler et al., 2010). Both codes are based
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on simulating the collision cascade during ion-solid interaction with the

Table 2
Comparison of SDTrimSP Simulation Results (Static Mode) of the binary collision approximation. In planetary science, SRIM results are of-
Sputtering Yields for the Augite Composition and the Assumed Phobos ten used as the reference for sputtering input. However, discrepancies be-

Composition

tween SRIM's results and experimental findings have been found in pre-

Sputtering yield Sputtering yield Difference of ~ Vvious work (Hofsiss et al., 2014; Schaible et al., 2017; Szabo et al., 2018,
(augite composition)  (Phobos composition)  the Phobos 2020a). In nuclear fusion research, SDTrimSP is more commonly used as
(atoms/ion) (atoms/ion) composition jt a]50 allows performing dynamic simulations. Simulations in the static
1keVH 0.013 0.015 +15% mode give the same functionality as SRIM simulations, where sputtering
4 keV He 0.087 0.092 +6% yields are calculated, but changes to the target are not included. In the
2 keV O it 0761 7% dynamic mode, however, .1t is poss1b’le to calc'ulate hovs.z the comP051t1on
changes due to preferential sputtering. Ion implantation can either be

16 keV O 0.605 0.642 +6%

completely disregarded (corresponding to an immediate outgassing of
projectile ions), allowed up to a user-defined maximum concentration or
simulated more realistically with several diffusion effects. Finding suita-
ble values for input parameters such as surface binding energies and diffusion coefficients requires, howev-
er, careful comparison with experimental data (Schmitz et al., 2019).

In our previous studies, we have adapted the surface binding energies in SDTrimSP to consistently repro-
duce wollastonite sputtering yields under He* and Ar* bombardment based on simulations in the static
mode (Szabo et al., 2020a). Biber et al. (2020) applied the same set of parameters for the augite films and also
found precise agreement with measured He* and Ar™ sputtering yields. SDTrimSP simulations presented in
this article are therefore also performed with the parameters derived by Szabo et al. (2020a). For the augite
samples, the ToF-ERDA analysis results were used as the input for the sample composition.

When SDTrimSP simulations that were performed in the static mode for augite and the assumed Phobos
composition (see Section 2.2) are compared, similar results can be found. Total sputtering yields are slightly
higher for the assumed Phobos composition, which was tested for normal incidence irradiations with 1 keV
H ions, 4 keV He ions, 2 keV O ions, and 16 keV O ions (see Table 2). The observed small differences in the
simulated sputtering yields further indicate that the augite samples give representative results for sputtering
of the surface of Phobos. Such a behavior is expected as the composition differences are small. The observed
variations are mostly caused by the Phobos composition being richer in Mg and poorer in Si. SDTrimSP uses
a lower surface binding energy for Mg (1.51 eV for Mg and 4.72 eV for Si), and mass transfer to the some-
what lighter Mg atoms is more effective for light projectile ions such as H, He, and O. Both of these aspects
favor the sputtering of a material with more Mg and less Si, which explains the differences between augite
and the assumed Phobos composition in the simulation.

3. Results
3.1. O* Measurements on Augite

Augite samples that were freshly inserted into the vacuum chamber were first irradiated with 2 keV Ar*
at fluences of several 10'° ions/m” to clean the sample from surface contamination. Following irradiations
with O" ions showed a significant fluence dependence of the sputtering yield. Figure 1a presents an exam-
ple measurement with 2 keV O* under normal incidence. The experiments give sputtering yields in amu/
ion. Sputter yields in atoms/ion are calculated by dividing by the average atomic mass from the ToF-ERDA
composition (21.77 amu). The measured sputtering yield starts close to the SDTrimSP prediction (static sim-
ulation, dashed line), but then decreases significantly before increasing again and reaching a stable value at
a fluence of several 10* ions/m>. After prolonged Ar sputtering, this fluence dependence could be observed
again and thus is not caused by insufficient sample cleaning.

Sputtering yields were obtained from this steady state for different angles of incidence, which are shown
in Figure 1b. Experimental results (dots) for 1 keV (green), 2 keV (blue), and 5 keV (orange) are plotted
over the angle of incidence in respect to the surface normal. The comparison to SDTrimSP (dashed lines)
shows a consistently lower experimental sputtering yield than in the simulations. This difference represents
a discrepancy to the findings for He* and Ar* on augite, where experimental yields were found to agree
precisely with SDTrimSP (Biber et al., 2020). Instead, the differences between experiment and SDTrimSP
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Table 3

Overview of the observed differences of the experimental sputtering yields
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Figure 1. (a) An example of the measured fluence dependence of the sputtering yield of augite during continuous
irradiation with 2 keV O" under normal incidence. (b) The angular dependence of the sputtering yield in the steady
state for 1 keV (green), 2 keV (blue), and 5 keV (orange) O* ions. Experimental values (dots) are compared to
simulations with SDTrimSP (static mode, dashed lines) and SRIM (dotted lines). SRIM, Stopping and Range of Ions in
Matter.

simulation are close to constant, as is shown in Table 3. Sputtering values simulated by SRIM (dotted lines)
overestimate the yield by a factor of 2 and do not accurately represent the measured sputtering yields. This
observation is in agreement with previous comparisons between SDTrimSP and SRIM for oxides, where the
sputtering yields predicted by SRIM are too high (Schaible et al., 2017).

3.2. O* Measurements on Wollastonite

To investigate a possible universal deviation for O" ions between SDTrimSP and experiments, wollastonite
(CaSiO;) samples were irradiated with 2 and 5 keV O" ions. For this purpose, QCMs from the same batches
as in Szabo et al. (2020a) were irradiated (see Table 1 for results of the composition analysis). The resulting
angular dependence is shown in Figure 2a. Experimental values for 2 keV (blue) and 5 keV (orange) are
compared to SDTrimSP simulations (static mode, dashed lines) and SRIM simulations (dotted lines). Con-
sistent with previous findings for wollastonite, SDTrimSP predicts the measured sputtering yields very well.
SRIM calculations significantly overestimate the absolute values of the measured yields by a factor of about
2, as similarly observed for augite.

This good agreement of SDTrimSP simulations and experiments with wollastonite samples represents a
discrepancy to the measurements with augite samples as it is shown in Figure 2b. The ratio between experi-
mental and SDTrimSP-simulated sputtering yields are plotted for wollastonite in blue and augite in red. For
He, O, and Ar projectiles, data for different angles and energies are used (including data taken from Szabo
et al. [2018, 2020a] and Biber et al. [2020]). For wollastonite, all measurements show a generally good agree-
ment with the calculation within the shaded area representing a +20% difference. For augite, this holds for
He and Ar, but measured O yields are systematically lower.

3.3. 0," Measurements

As reported by Nenon et al. (2019), the sputtering contribution by O,"
ions at Phobos might even be higher than by atomic O ions. To investi-
gate possible molecular effects, we therefore measured sputtering yields

compared to SDTrimSP simulations in the static mode for 1, 2, and 5 keV’ of augite under irradiation with O,* ions at normal incidence and under

O" on augite

60°. Figure 3 shows a comparison of the measured sputtering yields per O

Observed difference (absolute) (amu/ion)

atom between atomic (blue) and molecular (red) ions at the same kinetic

1keVO™"
2keV O*
5keVO"

energy per O atom (i.e., for identical impact velocities). All experimen-

—8.54 + 2, > o . o o

8.54 %271 tal findings agree within their error bars and no significant deviations
—6.46 +2.49 for molecular ions can be reported for the measured energies of 1 and
—6.70 + 3.24 2 keV/O.
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Figure 2. (a) The angular dependence of wollastonite sputtering yields under O irradiation. Experimental values
(dots) for 2 keV (blue) and 5 keV (orange) are shown with results from SDTrimSP (static mode, dashed lines) and SRIM
(dotted lines). (b) The ratio of experimental and simulated sputtering yields (from SDTrimSP) for augite (red) and
wollastonite (blue). This figure includes data from Szabo et al. (2018, 2020a) and Biber et al. (2020). SRIM, Stopping and
Range of Ions in Matter.

3.4. C* and CO," Measurements

To test for possible molecular effects of augite sputtering under CO, ion bombardment, sputtering by C* and
CO," irradiation was performed. Augite sputtering yields for C* are shown in Figure 4a. The experimental
results for 2 keV (blue dots) and 5 keV (orange dots) behave similar to the O sputtering yields reported in
Section 3.1. SDTrimSP (static mode, dashed lines) fits the experimental trend much better than SRIM (dot-
ted lines). For normal incidence, experimental sputtering yields are lower than in the simulation. For 60°,
the agreement is good, but the absolute error is also larger.

Results for 2 keV CO," irradiations are presented in Figure 4b (dots) together with an SDTrimSP calcu-
lation (static mode, dashed line). To obtain the simulation, an immediate dissociation upon impact and
subsequent independent collision cascades for the three atoms making up the CO, molecule were assumed.
Thus, simulations for 545 eV C and two 727 eV O atoms, which make up 2 keV CO,, were performed and
the results were summed up. The comparison between experiment and calculation in Figure 4b shows that,
in general, the absolute values are similar.

4. Discussion
4.1. Sputtering Behavior of Augite

The experimental sputtering yields of augite under O* bombardment all

60° & 2

i show lower values than static simulations with SDTrimSP. They represent
a notable difference compared to noble gas measurements and O* irradi-
ations on CaSiOs, which can be consistently described by SDTrimSP with
identical simulation parameters. This is emphasized in Figure 5a, where a

# 4 ] comparison between measured and simulated sputtering yields for the ir-

radiation of augite (red) and wollastonite (blue) with 2 keV O* is present-

? A O ed. SDTrimSP predicts practically identical sputtering yields for the two

0° ® Oy materials as their differences in composition are small. As already shown

1000 0000 in Figure 2, wollastonite results agree very well with SDTrimSP simula-
Kinetic Energy £, [¢V/O] tions, while experimental results from augite are consistently smaller.

Figure 5b shows a similar comparison for the irradiation of augite and

Figure 3. A comparison between measured sputtering yields under
atomic (blue) and molecular (red) O ion irradiation for 0° and 60°
incidences. Kinetic energy and sputtering yields are denoted per O atom to
compare if a molecular ion can be treated as two independent atomic ions
at the same velocity.

wollastonite with 2 keV Ar* ions (wollastonite data taken from Szabo
et al. [2018]). SDTrimSP again calculates close to identical sputtering
yields for both materials, which is well reflected in the experimental find-
ings over the whole range of investigated angles of incidence.
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Figure 4. (a) Experimental sputtering yields (dots) for C* on augite are compared to SDTrimSP (static mode, dashed
lines) and SRIM (dotted lines) for 2 keV (blue) and 5 keV (orange). (b) Results of measurements with 2 keV CO,*
ions (blue dots). The SDTrimSP curve (static mode, dashed blue line) is the sum of simulated sputtering yields under
irradiation with atomic ions of the same velocity as 2 keV CO,. SRIM, Stopping and Range of Ions in Matter.
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Figure 5. (a) Compilation for the measured sputtering yields under 2 keV O* bombardment for augite (red) and
wollastonite (blue). Experimental values (dots) are compared to static SDTrimSP simulations (dashed lines). For augite,
a calculation of the mass change from dynamic SDTrimSP simulations with an O concentration limit of 67% is included
(red dotted line). (b) Comparison of the sputtering yields of augite and wollastonite from experiments and static
SDTrimSP simulations for 2 keV Ar* (same symbols and colors as in Figure 5a). (c) Fluence-dependent mass depletion
per ion for 2 keV O*. The experimental results (red) are compared to a SDTrimSP simulation with an O concentration
limit of 67%. The simulated mass changes from sputtering and O implantation (blue dashed line) reproduce parts of
the experimental behavior well. The mass changes from sputtering, with ignored implantation, remain constant (green

line).
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The differences in elemental composition between augite and wollastonite thus seem rather small to plau-
sibly explain a different sputtering behavior. As a consequence, implantation of O ions is the more robust
assumption as the QCM technique only allows the measurement of absolute mass changes. Then a superpo-
sition of a mass decrease due to sputtering and a mass increase due to implanted projectiles that stay bound
in the sample would be observed for augite.

Implantation of O ions could also explain the observed fluence dependence of the measured mass chang-
es as shown in Figure 1a. In the experiment, an initial sputtering yield decrease followed by an increase
was measured. Figure 5c shows the same fluence dependence, but interpreted more generally as a mass
depletion per ion. The experimental results are compared to an SDTrimSP simulation, where O implanta-
tion is included. In this simulation, the maximum local O concentration is limited to 0.67, which results
in the simulated mass depletion per ion shown as the blue dashed line. The simulation strongly deviates
at the beginning of the irradiation, where all stopped O ions are implanted. Here the mass decrease by
sputtering and the mass increase by ion implantation are almost equivalent, even a net mass increase
is calculated. However, when local saturation starts to occur (after a fluence of about 10% ions/m?), the
calculated mass change shows a similar tendency as observed in the experiment. The mass changes from
sputtering alone are constant in the same simulation (green line), due to the low relative concentration
changes at the sample surface. The observed mass change behavior is thus caused entirely by implanta-
tion of O projectiles.

Biber et al. (2020) performed similar simulations for the implantation of He ions into augite samples. They
found that the steady-state fluence and the sputtering yields in the steady state agreed well with the meas-
urement. However, in their experiments, the phase of net mass increase at low fluences was less extreme
and changes to net sputtering are more continuous than in their SDTrimSP simulations. A similar behavior
can be expected for the presented irradiation with O ions. Still, this cannot explain the fluence dependence
in our experiment up to about 10*° ions/m?, which indicates an increased sputtering.

In the steady state, a dynamic equilibrium forms where the same amount of O ions is sputtered as implant-
ed. This results in slightly lower mass changes than when no implantation occurs, as is shown by the red
dotted line in Figure 5a. Here the steady state results from dynamic simulations for 2 keV O* irradiations
under different angles of incidence for a fluence of 5 x 10* O/m” are shown, leading to a better agreement
for all measured values. In such dynamic simulations, the concentration changes are small and therefore
the sputtering yields remain mostly constant (green line in Figure 5c). However, to reproduce the actual
measured mass changes, implantation effects have to be considered.

Taking into account the results with CaSiO; samples, the presence of Ca, Si, and O in the sample alone does
not seem to be responsible for the excess O* ion implantation. Similar behavior should be expected for Mg
as both Mg and Ca are alkaline earth metals. Future in situ composition analyses of planetary analog sam-
ples after O irradiation should be aimed for to get more insight into these effects.

Oxygen implantation by bonding to the Fe atoms in augite is thus a possible explanation for the observed
lower mass changes. Nanophase Fe formation under solar wind ion bombardment has been found to co-
incide with a local reduction (Kuhlman et al., 2015; Loeffler et al., 2009), implantation of O ions could be
connected to a reverse process. For example, the assumed O saturation concentration of 67% could roughly
be attributed to the 9% Fe atoms in the augite target changing from FeO to Fe,Os. Some near-infrared spec-
tral features of Phobos may be attributed to nanophase Fe that has formed as a result of the interaction
with the solar wind (Fraeman et al., 2014); therefore, such effects could also be relevant for Phobos’ surface.
The Fe content of planetary regolith plays a special role for space weathering research, as the formation of
nanophase Fe is seen as an important contribution to the reddened spectra of space-weathered surfaces
(Hapke, 2001; Vernazza et al., 2009).

4.2. Sputtering Yields by Atomic and Molecular Ions From the Martian Atmosphere

Based on the measurements in Section 3.3, we conclude that the sputtering yields of O,* and two sep-
arate O jons are equivalent for the same kinetic energy per O atom within experimental uncertainty.
Similarly, no significant molecular effects could be observed for the irradiation of augite with CO," ions
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Figure 6. Sputtering yields under normal incidence for C* (red), O*
(blue), CO* (magenta), O," (green), and CO," ions (orange). The dots show

(see Section 3.4). These findings agree with previous studies on the
comparison between sputtering by atomic and molecular ions at ki-
netic energies in the keV range. Molecular sputtering effects have been
reported for two energy regimes (Andersen & Bay, 1974, 1975; Dobes
et al., 2011; Yao et al., 1998). For slow molecular ions with energies
below about 1 keV/atom, it cannot be assumed that the molecule im-
mediately dissociates upon impact. Higher momentum transfers than
for atomic ions are possible, leading to increased sputtering yields, but
only of about 25% (Dobes et al., 2011). For higher energies of several

Kinetic Energy E,;, [eV]

tens of keV, the collision cascades overlap and nonlinear effects can
increase the sputtering yields. This high-energy effect should not play
a significant role for Phobos as the ion fluxes in the Martian plasma
environment at these high energies do not significantly contribute to

results from SDTrimSP simulations in the static mode and the lines denote  the sputtering of its surface. Sputtering is instead dominated by ions

a fit to these results using the Eckstein fitting formula. For the sputtering below 10 keV, as it was calculated by Nenon et al. (2019).
yields by molecular ions at specific energies, the sum of simulation results
with individual atomic ions at the same velocity was taken. Based on these observations and the reasonable agreement between ex-

perimental data and SDTrimSP simulations, sputtering yields for atmos-

pheric ions impacting the surface of Phobos can be estimated. Figure 6

shows a compilation of SDTrimSP sputtering yield results from simula-
tions in the static mode on an augite sample (dots) irradiated with C* (red), O* (blue), CO* (magenta), O,"
(green), and CO,* (orange) under normal incidence at different energies. Molecular effects were disregard-
ed for these simulations and the results for molecular ions were derived by summing up simulated yields
for the respective atomic ions at the same impact velocity (i.e., the same specific energy Ey;,/m). Figure 6
also includes fits to the simulation results with the fitting formula proposed by Eckstein and Preuss (2003),
which describes the data very well (for more details on the fitting formula and tabulated fitting parameters,
see the Appendix).

At the same kinetic energy, sputtering by molecular ions is mostly higher and the sputtering yield peak is
shifted to higher energies. This is caused by the assumption that the molecular ion behaves the same as two
atomic ions at the same velocity. For example, a 4 keV O," ion would be equivalent to two 2 keV O™ ions
and its sputtering yield is twice as high as for 2 keV O*. O," sputtering yields can then be up to a factor of
3 larger than O™ yields at the same kinetic energy. Significant increases can also be observed for CO* and
CO," ions. Nevertheless, Nenon et al. (2019) mention that MAVEN measurements of CO," ion fluxes were
found to be significantly lower than those of O* and O,*. In the context of these observations, the derived
sputtering yields presented in Figure 6 suggest that it is a reasonable assumption to neglect sputtering by
molecular ions apart from O,™.

4.3. Consequences for Sputtering on Phobos

In the context of the space weathering of Phobos, the results from the presented sputtering experiments give
a more accurate reflection of the erosion rates of Phobos’ surface than previously assumed sputtering input
data. Specifically, we want to investigate how these new results influence the role of sputtering by planetary
O ions in the Martian tail region. Its contribution should be compared to the solar wind sputtering by H and
He ions.

For the solar wind H" irradiation at 1 keV, we performed additional measurements with augite samples
under normal incidence and found a precise agreement with SDTrimSP. Similar agreement has been found
for He* at the solar wind energy of 4 keV by Biber et al. (2020). For planetary O ions, we also use SDTrim-
SP for calculating expected sputtering yields. As discussed in Section 4.1, we assume that the observed
mass change discrepancies between experiment and SDTrimSP simulation are caused by projectile im-
plantation. In order to calculate the sputtering effects on Phobos, SDTrimSP simulations were performed
with the assumed Phobos composition shown in Table 1. Concentration changes due to O implantation
are not taken into account, as SDTrimSP predicts them to be too small to cause significant changes in
the sputtering yields (see Section 4.1). Following the above-presented experimental findings, the general
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Table 4

A compilation of the calculated Phobos sputtering yields from the present study compared to the inputs used by Nenon
et al. (2019), as well as the scaling factor, which is calculated from the ratio of the two datasets

Sputtering yield Sputtering yield used by
derived from this work Nenon et al. (2019) (atoms/ Scaling

(atoms/ion) ion) factor
1keVH 0.015 0.015 1.0
4 keV He 0.092 0.14 0.657
SW, He/H 2.9% 0.01717 0.01852 0.927
16 keV O 0.642 1.3 0.494
Ratio 16 keV O sputtering yield/SW sputtering yield 37.4 70.2 0.533

Note. For the data used by Nenon et al. (2019), only the values in italics are stated explicitly in their publication. The
remaining values were calculated following their description to allow a comparison with sputtering yields based on

experimental data for augite.
Abbreviation: SW, solar wind.

assumptions by Nenon et al. (2019) to only take into account O* and O," ions and to disregard molecular

effects are still valid.

Nenon et al. (2019) used sputtering inputs based on Ni sputtering yields published by Biersack and Eck-
stein (1984) for their calculation. Corresponding energy dependences are shown in Figure 1 in Poppe and
Curry (2014). Concretely, they state following sputtering yields (see Table 3): 0.015 atoms/ion for 1 keV H
(SDTrimSP with Phobos composition also gives 0.015 atoms/ion), 0.14 atoms/ion for 4 keV He (SDTrimSP:
0.092 atoms/ion), and 1.3 atoms/ion for 16 keV O (SDTrimSP: 0.64 atoms/ion). While the yield for H agrees
precisely with our SDTrimSP simulation, our results indicate lower sputtering yields for He and O ions.
Schaible et al. (2017) have also performed SDTrimSP simulations for the space weathering of SiO, and Al,0;
by H and He ions, reporting sputtering yields that are somewhat higher than ours. This can most probably
be explained by the adapted input parameters we used to better describe our experimental findings (see
Section 2.3 and Szabo et al. [2020a]).
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Figure 7. An evaluation of the ratio between O sputtering and solar

wind sputtering based on the presented experimental findings. The black
dashed line shows the results from Nenon et al. (2019) over different
Mars-Solar-Orbital longitudes. The red line represents a rescaling based on
the measured sputtering yields, and the blue dashed line gives the result
of rescaling when a 43% increase of solar wind sputtering due to potential
sputtering is considered (see Section 4.4). A reduction can be seen, but

the conclusion is supported that sputtering by planetary O ions is by far
the biggest contribution to space weathering on Phobos in the Martian
downstream region.

With the solar wind composition from MAVEN measurements, a mean
solar wind kinetic sputtering yield of 0.017 can be derived from the sim-
ulation values (He/H energy flux peak ratio of 2.9% [Nenon et al., 2019]).
The yield inputs used by Nenon et al. (2019) result in a mean solar wind
sputtering yield of 0.019. Therefore, their estimation of solar wind sput-
tering on Phobos agrees well with our calculation with a difference of
about 10%. For O sputtering, the energy dependence from Poppe and
Curry (2014) can be well reproduced by rescaling the SDTrimSP simu-
lations with a constant factor. However, the simulation results are by a
factor of 2.02 smaller (—50.6%) than the O sputtering yields assumed by
Nenon et al. (2019). Table 4 gives an overview over the different sputter-
ing yields.

Combining these inputs, the ratio of O sputtering and solar wind sputter-
ing can be calculated. Based on the augite experiments, this ratio is by a
factor of 1.88 lower (—46.7%) than the previously used values by Nenon
et al. (2019). If this calculation is performed with the slightly different au-
gite composition from TOF-ERDA instead of the assumed Phobos com-
position, it gives a reduction by a factor of 1.79 (—44.1%). This shows that
the outcome is not sensitive to the exact element concentrations, which is
important due to existing uncertainties about actual surface composition
of Phobos.
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The experimental results do not show a significant deviation from the previously estimated sputtering
yield uncertainty of 2 (Nenon et al., 2019). The conclusion that planetary O ions can cause more sput-
tering on Phobos in the Martian tail region is thus not affected by our results. This is illustrated in Fig-
ure 7 where the ratio between the sputtering fluxes resulting from planetary O irradiation and solar
wind irradiation is plotted over Mars-Solar-Orbital longitude. The result of the calculation from Nenon
et al. (2019) shows a clear maximum in the Martian tail around longitudes of 180° (black dotted line).
With a rescaling based on the presented experimental findings, the contribution by planetary O ions is
still dominant in the tail by a factor of up to 10 and the longitudes where the ratio is above 1 are barely
affected (red line). Averaged over a full Phobos orbit, the contribution from O sputtering to the total
sputtering of Phobos’ surface decreases from 22% to 13% compared to the calculation results by Nenon
et al. (2019). This value was calculated for the whole surface of Phobos and does not take into account its
tidal locking. The Mars-facing area of Phobos’ surface will thus be much more affected by O sputtering
from planetary ions.

4.4. Estimation of Potential Sputtering

Potential sputtering by multiply charged ions will not affect sputtering by Martian O ions on the surface of
Phobos, but it will increase the solar wind sputtering by He* ions. Figure 7 includes a rescaling with an
added estimation of the potential sputtering (blue dashed line). Szabo et al. (2020a) calculated a significant
increase for the total solar wind sputtering of wollastonite due to potential sputtering. O atoms have been
found to be preferentially sputtered by the potential energy of the ions (Sporn et al., 1997), which leads to a
significant O depletion of the surface. The increase of the sputtering yield depends on the fluence. Based on
the measurements of the potential sputtering by He** ions on wollastonite, the average sputtering yield of
all solar wind ions was calculated to be a factor of about 2 higher for a fresh mineral surface than for only
kinetic sputtering. The increase compared to only kinetic sputtering then reaches 1.43 in the steady state
after prolonged ion bombardment, when normal incidence is considered (Szabo et al., 2020a). Similar sput-
tering yields are derived by Barghouty et al. (2011) for the lunar analog KREEP and by Hijazi et al. (2017)
for anorthite. The fluence dependence of potential sputtering is caused by a decrease of the O content at
the surface as the ions’ potential energy only causes additional sputtering of O atoms. The calculation of
potential sputtering on wollastonite predicts a decrease of the surface O concentration from 60% to about
30% due to solar wind sputtering (Szabo et al., 2020a). So far, no potential sputtering data exists for augite
samples, but the differences in potential sputtering behavior between wollastonite and augite are expected
to be small due to their similar composition.

The fluence needed to reach this steady state corresponds to several hundred years of solar wind ir-
radiation. A steady state on the exposed surface can be assumed as recent calculations estimate the
timescales for surface refreshing to be 10>~10° years (Ballouz et al., 2019). An uncertainty for the total
effect of multiply charged ions is introduced by the potential sputtering increase being constant for all
investigated angles of incidence (Szabo et al., 2020a). The relative increase will be smaller under shallow
angles of incidence, which is relevant for rough and porous surfaces (Cassidy & Johnson, 2005; Kiistner
et al., 1998). For the consideration of a realistic scenario, a more detailed treatment would be needed to
quantify the effects of potential sputtering. Nevertheless, an increase of solar wind sputtering and a de-
crease of the O concentration at the surface can also be expected on Phobos due to the He** component
of the solar wind.

The blue dashed line in Figure 7 shows a rescaling with a 43% increase of the total solar wind sputtering,
as an approximation for the effects of potential sputtering. This increase of 43% corresponds to the calcu-
lated steady-state increase under normal incidence from Szabo et al. (2020a). The ratio of O sputtering and
solar wind sputtering is again somewhat lower, but O sputtering still significantly dominates at longitudes
around 180°. Averaged over the orbit of Phobos, O sputtering then contributes 10% to the total sputtering
of the surface of Phobos.

The experimental data presented in this study support the results that atmospheric O ions are the dominat-
ing contribution to the sputtering of Phobos’ surface in the Martian tail region, as previously calculated by
Nenon et al. (2019) and Poppe and Curry (2014). This even holds when uncertainties in surface composition
and potential sputtering effects are considered.
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5. Summary and Conclusion

Sputtering experiments under OF, 0,*, C*, and CO," irradiation were performed with augite samples
on a QCM as a laboratory analog for the surface of Phobos. Measured sputter yields by O* bombard-
ment are consistently lower than SDTrimSP simulations that otherwise precisely agree with He and Ar
sputtering yields. Experiments on wollastonite sputtered by O ions reveal that this behavior does not
universally occur for mineral samples. Instead, it could be linked to O implantation, possibly through
bonding to Fe atoms in the augite sample. Dynamic SDTrimSP simulations, which include O implan-
tation until a local O concentration of 67% is reached, lead to a much improved agreement with the ex-
perimental values. Further investigation and quantification of the amount of implanted O ions should
be a goal for future analysis. In situ methods that would allow distinguishing between the original O
content of the sample and the implanted O atoms could give important insights into the modification
of planetary surfaces.

The possibility of increased sputtering yields due to molecular effects was investigated for O, and CO, ions.
In accordance with previous publications, no evidence was found for such effects in the low keV range,
which has the biggest contribution to sputtering on the surface of Phobos. Previous assumptions that treat-
ed O, ions as equivalent to two atomic ions at the same velocity could thus be validated. Some additional
molecular effects might occur at lower energies, but they are expected to be small. Additionally, CO, ions
can be assumed to only play a small role in sputtering of Phobos’ surface as O," and O* ion fluxes from the
upper Martian atmosphere layers represent the dominant contributions to ion precipitation on Phobos.
Should the need arise to take more atmospheric species into account, sputtering yields based on SDTrimSP
simulations are given in Figure 6 for several atomic and molecular ions over a broad energy range. These
sputter yields are of superior accuracy compared to simple SRIM simulations with no experimental refer-
ence. SRIM calculations can be off by a factor of more than 2 as our experiments have shown. The values
shown in Figure 6 should be well suited to calculate the sputtering of materials similar to the assumed
Phobos composition. For larger deviations in elemental concentrations, SDTrimSP simulations with the
respective surface composition will give better results.

For the general assessment of space weathering on Phobos, sputtering yields by atmospheric O ions as
well as by solar wind ions were compared based on the new, more precise experimental input data. The
measured sputtering yields suggest that O ions are less dominant for sputtering on Phobos than assumed
in previous modeling efforts by Poppe and Curry (2014) as well as (Nenon et al., 2019), but their quali-
tative results are not affected by this rescaling. Our experiments support the concept that atmospheric
O ions are the most important cause of sputtering on Phobos in the Martian tail region. This underlines
the unique space weathering scenario on Phobos, which is alternatingly sputtered by the solar wind and
by atmospheric ions. In total, solar wind ions are still dominant for sputtering. Our calculations suggest
that atmospheric O ions contribute between about 10% and 15% to the total sputtering of Phobos’ surface
averaged over one orbit. Due to the tidal locking of Phobos, the sputtering by O ions will be dominant on
its Mars-facing hemisphere.

The results of this study also emphasize the importance of sputtering experiments with planetary analogs
to provide accurate sputtering yield inputs. Relying on simulated values without previous knowledge on
the relevant system or using sputtering yields from completely different samples will result in additional
uncertainties. As modeling approaches are becoming more sophisticated and accurate, the requirements
for sputtering inputs will also increase. Additionally, effects that are not included in the present simulations
should be investigated such as potential sputtering or ion implantation. This also holds for future research
about Phobos. The role of potential sputtering on Phobos should be investigated more precisely concerning
its fluence dependence and sputtering of rough surfaces. It should especially be evaluated if the increased
O flux on Phobos affects the fluence dependence of potential sputtering in an interplay with the solar wind
H* and He?".

Concerning implantation effects, implanted solar wind H could play a role in formation of Fe-bearing
nanophases on Phobos (Fraeman et al., 2014). For remote observation of Phobos and similar bodies, it
would be important to determine if this is relevant. Biber et al. (2020) also found He implantation of up
to 10 at% at room temperature in the same pyroxene samples as used in the present study. The observed
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Table Al

temperature of 530 K that is necessary for He removal, which has also been similarly determined for other
minerals (Lord, 1968), will not be reached on Phobos (Lynch et al., 2007). Therefore, the surface regolith
of Phobos could have a higher He content than expected for Moon or Mercury. Solar wind ion implanta-
tion is also of importance for the second Martian moon Deimos. It is significantly further away from Mars
than Phobos, and space weathering will be dominated by the solar wind. It thus remains an important
goal that more information about the chemical and mineralogical composition of Phobos and Deimos be-
comes available and to further analyze such effects. This would allow for a better understanding of their
space weathering and hence a better understanding of the development of the Martian moons.

Appendix

Eckstein and Preuss (2003) propose the following fitting formula for the energy dependence of the sputter-
ing yield with fitting parameters g, A, u and Ey,:

2]
Y(Ey) = sk (e) Lo
n E n
A+ [0 - 1]
Ep
Here E, describes the ion's kinetic energy and s,“"“(¢) denotes the nuclear stopping power from the KrC
potential:

0.5 1n(1 + 1.22889)
£ +0.1728Ve + 0.008% 15

In this scope, the reduced energy

M, a
0 M, + M, 7,7,¢*

as well as the Lindhard screening length a; are defined for an atomic ion hitting a mono-elemental target
with atomic numbers Z,, Z,, and atomic masses M;, M,. This differs from the presented case, where atomic
and molecular ions sputter a composite target.

For this purpose, we use the following expression for the reduced energy and introduce a fifth fitting param-
eter ¢, following the notation by Eckstein and Preuss (2003):

e=Eye.

This formula was applied to individually fit the energy dependence of
the SDTrimSP simulated sputtering yields by bombardment with C*, O™,
CO*, 0,%, and CO," ions. The results are shown as the full lines in Fig-
ure 6 in Section 4.2 and describe the simulated sputtering yields very well

Results for the Fitting Parameters that Describe the Energy Dependence of over the whole energy range. Table Al gives an overview of the obtained

the Sputtering Yield Under Irradiation with C*, O*, CO™, 0,*, and CO,*

Tons at Normal Incidence

values for the fitting parameters.

Q A M Ewn EL ilabili
c* 1.43484 13.4059 1.45022 22.7426  1.26802 % 107* Data Availabi lty Statement
o+ 1.89964 203068  1.50222 2882  755614x10-°  1he data presented in this manuscript is available at Figshare (Szabo
o 330419 692758 15104 212016  4.57931% 10=° et al., 2020b). The computational results presented have been achieved us-
ing the Vienna Scientific Cluster (VSC). The authors are grateful to Michael
;" 381371 335877 164781 120068  3.7848x10° Schmid (Institute of Applied Physics, TU Wien) for his continued support
Co,* 5.27316 41.0917 1.4027 39.2853  2.89859 X 107> with the QCM electronics.
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