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The surfaces of airless planetary bodies are subject to a barrage of charged particles, photons, and meteoroids.
This high-energy space environment alters the surfaces and creates a tenuous atmosphere of ejected particles
surrounding the celestial bodies. Experiments with well characterized analogue materials under controlled
laboratory conditions are needed to interpret the observations of these atmospheres and improve composition
models of such bodies. This study presents methods to create and analyze mineral powder pellets for ion irra-
diation experiments relevant for rocky planetary bodies including the Moon and Mercury. These include the
pyroxenes diopside and enstatite, the plagioclase labradorite and the non-analogue pyroxenoid wollastonite.
First ion irradiation experiments with diopside, enstatite and wollastonite pellets were performed under UHV
with 4 keV He™ at fluences of several 102'ions m~2 (~100 and ~1000 years for Mercury and the Moon,
respectively). The pellet’s thermal IR reflectance properties were compared before and after irradiation showing
monotonously shifting IR spectral features between 7 — 14 pm towards higher wavelengths. For all irradiated
pellets, Reststrahlen bands shifted by ~0.03 pm. Surface abrasion was found to remove the sputter effect, which
is restricted to the top few tens of nm of the surface. Additionally, ion irradiation experiments were performed in
a quartz crystal microbalance catcher setup, where the mass sputtered from pellets was monitored. This proves,
that the presented sample preparation method allows the study of irradiation induced sputtering and surface
alteration on the surfaces of rocky planets under laboratory conditions.

1. Introduction particularly for planets without sample return such as Mercury (Rothery
et al., 2020; Hiesinger et al., 2020; Alnussirat et al., 2018; Mura, 2012;
Wurz et al., 2010). To bridge the gap between surface/exosphere models

and space observations/sample return, planetary surface analogues are

Surfaces of atmosphere-free planetary bodies are constantly exposed
to space weathering. Ongoing processes include micrometeorite im-

pacts, thermal and photon-stimulated desorption, and solar wind
induced sputtering (Plainaki et al., 2016; Bennett et al., 2013; Wurz and
Lammer, 2003). These processes alter primarily the surface, but also
create a collision-free exosphere, which is detectable with particle in-
struments onboard space probes such as LADEE, LRO, MESSENGER or
the ongoing BepiColombo mission (Orsini et al., 2020; Milillo et al.,
2020; Elphic et al., 2014; Paige et al., 2010; Solomon et al., 2001). The
exosphere generated by space weathering is directly coupled to the
planet surface and its chemical and mineralogical composition. Thus
models of coupled systems are of interest to explain exosphere obser-
vations and interpret remote sensing data of the altered surface,
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exposed to artificial space weathering and consecutively analysed.

The rocky surface of the Moon and Mercury are widely covered by an
unconsolidated layer of solids, composed of fractured bedrock, referred
to as regolith. The components range from single crystal and impact
agglutinates to rock breccias and whole rock components (i.e., Heiken
et al., 1991). To keep the sample parameters simple enough to under-
stand the effects of irradiation experiments, these were performed on
single minerals or derivatives thereof. The selection of analogue mate-
rial for the Moon therefore includes minerals found in various mare and
highland compositions known through sample return missions (e.g.,
Heiken et al., 1991, Table 1). For the surface of Mercury, the mineralogy
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Table 1
Lunar and Hermean surface mineral analogues based on literature data. The
most prominent mineral groups are highlighted in bold.

For Moon
(Heiken et al., 1991)

For Mercury
(McCoy et al., 2018)

Pyroxene group

Enstatite Ferrosilite
(Mg28i206) ((Fe, Mg)25i206)
Diopside Augite
(CaMgSi>06) ((Ca, Mg, Fe, Al, Ti)2(Si, A)206)

Plagioclase group

NayCaj xAly ,Siz;xOg

Labradorite to bytownite
(x~05-0.2)

Bytownite to anorthite
(x~02-0)

Olivine group
Mg, Fe; ,SiO4

Forsterite Forsterite to fayalite
x=2) (x=1.6 -1.0)
Oxide group
Ilmenite
(FeTiO3))
Sulfide group
Niningerite
(MgS)

fWhile augite is a chemically extensive term, it is used specifically for (Fe,Ca,
Mg)-pyroxene. With Al;O3 and TiO contents below 1 wt%, augites are repre-
sentative of lunar highland pyroxenes, whereas mare basalt augites contain 2-3
wt% Al,O3 and TiO, (Heiken et al., 1991).

is inferred from remote sensing.

The data synopsis from MESSENGER’s X-ray, gamma-ray and
neutron spectrometer revealed fairly robust element ratios for provinces
in the northern hemisphere of Mercury (Nittler et al., 2011). Based on
this the estimated mineralogy for Mercury is dominated by pyroxene
and plagioclase with minor olivine, and is thus similar to the Moon
(McCoy et al., 2018; E. Vander Kaaden et al., 2017; Heiken et al., 1991).
The prominent difference is the very low Fe-content of Mercury’s sili-
cates with <0.8 wt% FeO (Zolotov et al., 2013). In Table 1, a compila-
tion of possible analogue materials for the Moon and Mercury is
presented. The major rock forming minerals of Earth contain varying
concentrations of Fe, which poses a challenge for the selection of min-
erals relevant for the low-Fe surface of Mercury. An example of an
ideally Fe-free mineral is diopside from Zermatt, Switzerland, with ~2
wt% FeO, which was used in this study. To cover a FeO free end member
next to diopside and enstatite, wollastonite is included, even though it is
not an analogue for neither Moon nor Mercury. Further variations in
composition among adequate analogues is not the focus of this study,
but add an often neglected complexity.

This study focuses on space weathering by solar wind irradiation
with typical ion energies of keV/nuc energies. This process is also
referred to as sputtering and is initiated by energetic ions impacting a
surface. The ions then lose all their energy through collisions with atoms
and electrons in the rock- and regolith surface. (Nastasi et al., 1996;
Sigmund, 1969). For Mercury and the Moon, the impinging ions are
mainly solar wind H* and He?" with contributions from heavier ele-
ments such as 0, 0%F and O7* (Russell et al., 2016; von Steiger et al.,
2000; Bame et al., 1975). Solar wind ions are the major contributor to
space weathering on the Moon and Mercury. Furthermore the solar wind
ion fluxes are constrained by MESSENGER measurements, opposed to
micrometeorite fluxes, that are solely based on model calculations (e.g.,
Borin et al., 2009; Cintala, 1992). The penetration depth is a function of
the ion energy and species, the impact angle, and the surface composi-
tion of the target. Defect formation by collision and the accumulation
thereof gradually leads to amorphization and is capable of creating
nanophase iron (npFe?), as observed in the rims of lunar mineral grains
(Pieters and Noble, 2016; Pieters et al., 2000; Keller and McKay, 1997).
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The state of the art of sputter experiments is the irradiation of min-
eral thin films (Szabo et al., 2020; Szabo et al., 2018; Hijazi et al., 2017).
To produce films suitable as planetary analogs, whole natural minerals
are used as resource. The required size of the mineral used in the pro-
duction of a thin film by Pulsed Laser Deposition (PLD) often exceeds
that of naturally grown crystals and is thereby an important limiting
factor. Using mineral pellets gives more flexibility in choosing samples
for ion irradiation.

Another issue with PLD thin films made from silicates is the high
solidus temperature of the minerals. Evaporation and consecutive
deposition causes quenching and leads to glassy films (i.e., Hijazi et al.,
2017). For this reason, potentially relevant aspects of sputtering, such as
the influence of crystallinity and porosity, can only be studied with
mineral powders or pellets representative of the physical, morpholog-
ical, and mineralogical properties of planetary surfaces. Known behav-
iours of impacting ions on single crystals include channeling, which is
the alignment of ions to the mineral lattice (Onderdelinden, 1966;
Lindhard, 1965). Furthermore it is expected, that the material ejected by
sputtering is decreasing with increasing porosity (Rodriguez-Nieva
et al., 2011). How polycrystalline surfaces such as the regolith of Moon
and Mercury behave is still unclear. For polycrystalline nonamorphizing
materials such as bulk elemental metals it was shown however, that they
behave different to single crystal samples and yields can be almost one
order of magnitude larger (Schlueter et al., 2020). Apart from the ex-
pected differences caused by crystallinity and porosity, the use of min-
eral pellets in this regard takes into account that (1) minerals are the
major components of Lunar soil samples, with an average of ~80 vol%
(McKay et al., 1991, 2) mineral powders conserve stoichiometry, unlike
thin-films produced with PLD, (Hijazi et al., 2017, 3) minerals and their
powders have a long-range order and might show reduced formation of
self-trapped excitons as suggested by Shluger and Stefanovich (1990),
which are thought to be essential for sputter behavior caused by
multiply charged ions Aumayr and Winter, 2004; Sporn et al., 1997).
The use of mineral pellets is therefore of utmost interest when investi-
gating sputter yields of planetary surfaces.

Surface properties and composition define the visual and infrared
signal emitted by a planetary surface (i.e., Brunetto et al., 2020; Morlok
etal., 2019; Pieters and Noble, 2016, and references therein). This study
uses mid-infrared (MIR, 2.5-15 pm) reflectance spectra to investigate
the effect that solar wind irradiation has on a pressed mineral pellet. The
IR remote sensing data obtained by missions such as MESSENGER and
the upcoming data from BepiColombo’s MERTIS is, however, in the form
of thermal emission infrared (TIR) (Morlok et al., 2019; Martin, 2018;
Solomon et al., 2001). The conversion of emission to reflectance is
described by Kirchhoff’s law: Emission = 1 - Reflectance. The MIR
spectra acquisition mode used in this study does, however, not allow a
direct implementation of the law - to do so a hemispherical reflectance
measurement would be necessary (Hapke, 2012; Thomson and Salis-
bury, 1993; Salisbury et al., 1994). Quantitative comparisons to TIR
spectra are therefore not possible, however, the qualitative implications
for IR features altered by irradiation is discussed and compared to pre-
vious studies using reflectance spectra.

Both reflectance and emission IR signals in the mid infrared are
affected by a range of surface properties. These include high porosity
being linked to grain size, causing reduced spectral contrast (Young
et al., 2019; Salisbury and Wald, 1992), thermal alteration lowering
reflectivity (Maturilli et al., 2017), large phase angles causing variations
in the spectral shape (Maturilli et al., 2016; Varatharajan et al., 2019), a
simulated lunar environment strongly changing feature locations (Lucey
et al., 2017; Donaldson Hanna et al., 2017), solar wind irradiation
strongly shifting features of meteorite-based powders (Lantz et al.,
2017), and simulated micrometeorite impacts decreasing reflectance
and slightly shifting features (Weber et al., 2020).

This study extends this list of parameters that influence IR spectra by
acquiring reflectance MIR spectra for pellets exposed to solar wind He ™.
The ions thereby have equivalent kinetic energy to their solar wind
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counterpart He?>". The reasoning behind this is to omit the increased
yield caused by potential sputtering, which is not well understood, and
was shown to exceed simulated levels from purely kinetic SDTrimSP
codes (Szabo et al., 2020; Szabo et al., 2018; Hijazi et al., 2017; Mutzke
etal., 2019; von Toussaint et al., 2017; Mutzke et al., 2013). The effect of
irradiation on MIR reflectance spectra are then compared to results of
previous space weathering experiments as well as TIR spectra of Lunar
soils (e.g., Brunetto et al., 2020; Weber et al., 2020; Lantz et al., 2017;
Salisbury et al., 1997). The results contribute to the understanding of the
combined effects of thermal alteration, grain size, phase angle, the
measurement environment, micrometeorite impacts, and ion irradiation
on the Lunar and Hermean surface TIR signal. The observations are
furthermore discussed in the light of the interaction dept. of solar wind
in mineral powders using SDTrimSP.

This study also presents methods for creating analogue samples for
space weathering experiments with the use of minerals that can serve as
reasonable analogues, representing the composition of planetary sur-
faces. The creation of very stable pressed mineral pellets is necessary
because the exposure to simulated space weathering effects (such as
irradiation, temperature cycles etc.) and the full characterization of the
samples before and after these processes implies extensive handling and
transport between different laboratory facilities. The alternative of using
whole minerals is rejected, as pure end members are rare and generally
too small to be used in a sputter setup similar to the one used for the thin
film samples, and because a pellet has more in common with regolith
than a single crystal. In the conclusions and outlook the future of mineral
pellets, their use for determining representative MIR spectra and their
potential to determine sputter yields through ion irradiation experi-
ments is presented.

2. Methods
2.1. Samples and pre-irradiation characterization

To cover the better part of Lunar and Hermean mineralogy, the main
focus of this study lies on the pyroxenes, i.e., enstatite and diopside, and
the mid-Na and Ca plagioclase labradorite. Wollastonite, although not
expected to be present on Mercury, serves as an ideal, Fe-free, Ca-silicate
pyroxenoid for Mercury and was already studied by Szabo et al. (2020,
2018). In pellet form it is most resilient to handling and therefore poses
the largest number of MIR spectra obtained in this study. The mineral
samples are centimeter-sized, monocrystalline enstatite and labradorite,
whereas diopside and wollastonite are decimeter sized and poly-
crystalline. Whole mineral element compositions were determined at
the thin section scale and are listed in Table 2. For this purpose, electron
backscatter imaging and X-ray mapping with energy dispersive spec-
trometry (EDS) was carried out using a ZEISS EVO 50 scanning electron

Table 2
Pellet pressing method used to press mineral pellets and scanning electron mi-
croscopy chemical analysis of whole minerals.

Wollastonite Diopside Enstatite Labradorite*

Method’ 1,2 1,2 1,2 2

Oxides wt% wt% wt% wt%

SiO, 52.22 + 2.37 54.16 + 0.18 55.47 +£ 3.91 53.3

Al,O3 b.d. b.d. 0.70 £+ 0.50 30.0

FeO b.d. 2.25 £ 0.52 5.22 £ 0.65 0.6

MgO b.d. 20.55 + 1.65 38.61 + 3.25 b.d.

CaO 47.78 £1.37 23.04 +1.12 b.d. 12.6

Na,O b.d. b.d. b.d. 3.6

K0 b.d. b.d. b.d. b.d.

T Pellet creation method necessary for a successful pellet. Either (1) pellet glued
onto holder or (2) pellet pressed directly into holder.

¥ Results from electron probe micro analysis from Wenk et al. (1965) with <1 %
relative error.

Oxide contents below detection limits are labeled as such (b.d.). Labradorite
from Surtsey with composition from Wenk et al. (1965).
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microscope at the Institute of Geological Sciences of the University of
Bern. An acceleration voltage of 20 kV and a beam current of 1.5-3 nA
was used and the EDS data was corrected with the ZAF procedure using
the software TEAMS version 2 from EDAX. EDS was only used prior to
irradiation, as it is not suitable for determining non-isochemical surface
alteration on the spatial scale of the ion irradiation penetration depth.
The interaction volume of the electron beam is several pm deep, whereas
alterations caused by irradiation only change the top few nm of the
sample significantly.

2.2. Preparation of pellets

Because every sample was handled multiple times for measurements
in Bern before and after the irradiation experiments were performed in
Vienna, they had to be mechanically more robust than fluffy, planetary
regolith. Pellets are not a perfect analogue to regolith, but they offer the
best compromise between the required stability and planetary surfaces.
The compressed property of the pellet is expected to influence solar wind
irradiation results as the surface porosity of a pellet, analogous to
regolith surface porosity, effectively reduces the sputter yield (Cassidy
and Johnson, 2005).

Wollastonite, enstatite, diopside, and labradorite minerals were
ground in a RETSCH agate disk mill to the point where the powder
started to agglomerate. Extensive grinding of wollastonite was pro-
hibited by needle formation and alignment in the disk-mill, due to well-
developed cleavage. Similarly, minerals like labradorite with a hardness
matching that of agate had to be crushed first. This was achieved using a
tungsten carbide disk mill for a few seconds. In the case of wollastonite
this was followed by manual milling in an agate mortar.

Grain size determination of powders was conducted in a particle size
analyzer (Malvern Mastersizer 2000), with a small volume wet sample
dispersion unit (Hydro 2000S). Small representative fractions of all
mineral powders were dispersed in distilled water and irradiated by a
laser. The dimensional information was derived from the resulting
diffraction pattern. Size fractions of wollastonite, diopside, and enstatite
were generated by wet sieving. The fractions for wollastonite were 150
— 60 pm, 60 — 30 pm, and <30 pm. For diopside and enstatite, the
powder fractions were 60 — 30 pm and <30 pm. The large grain size
fractions are representative of the coarse grained Lunar regolith whereas
the finest grain size fraction are expected to represent Mercury’s surface
(Heiken et al., 1991).

Two methods for pressing pellets were employed. In the first method,
pellets were pressed between two pistons and were extracted from the
pellet press die (PD) mantle interior. For one pellet, ~0.3 g of material
was used, and a pressure of 239 MPa was applied for >5 min. Using this
method, wollastonite and diopside pellets could be pressed reliably.
Enstatite and labradorite, however, remained delicate and broke easily
when handled. In order to increase the stability of all successfully pro-
duced pellets, they were subsequently glued onto custom manufactured
stainless steel back plates (Fig. 1(b)). An ultra-high vacuum (UHV) and
high temperature secure carbon-based paste obtained from Plano GmbH
was used. All pellets included in the post-irradiation MIR study are the
products of this first method. (Method 1 in Table 2).

The first method turned out to be insufficient for the production of
high stability pellets of enstatite and labradorite as well as large grain
size fractions of Diopside due to their weak adhesion (Section 3.3). To
achieve more stable pellets, a second method of pressing powder directly
into holders was developed. For one pellet, ~0.03g of material was used
instead, reducing the amount of required material by over an order of
magnitude. The pellets were pressed into holders without the use of a
binder or glue by taking advantage of the intrinsic adhesion of the
mineral powders (Fig. 1¢). To counteract the low cohesion of mineral
powders such as large grain size fractions of diopside, ~0.02g of fine-
grained wollastonite was pressed in the holder as a base, upon which
~0.01g of the desired material was pressed. The pressure applied was
reduced to 80 MPa to avoid sample holder deformation. This procedure
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Fig. 1. (a) the custom pellet die in the press; (b) a pellet glued into its stainless steel holder by the means of vacuum secure glue and (c) a pellet pressed directly into a

holder. Pellet diameters are 10 mm.

facilitates pellet extraction and minimizes pellet handling during crea-
tion. Powder fraction pellets of diopside used in the grain size reflec-
tance MIR study are the products of this second method (Sections 3.4 &
3.5). In both methods, pellets were pressed in a custom made 10 mm
diameter EXTRAMET EMT-210 alloy' PD and a 30 t hydraulic press
(Fig. 1(a)).

2.3. Analysis methods before and after irradiation

Mid- to far-infrared micro reflectance measurements from 1.6 —
25 pm, covering the IR range of MERTIS, were done on pellets before
and after irradiation using a Bruker Hyperion 2000 microscope attached
to a Bruker Tensor FTIR spectrometer, at the Institute of Geological
Sciences, University of Bern under ambient conditions. The FTIR is
equipped with a Globar® infrared source, a liquid nitrogen-cooled
mercury-cadmium-telluride detector, and a wire-grid polarizer. Back-
grounds were regularly measured on a gold-coated slide, which has a
reflectivity of about 100% for the selected wavelength range.

Reflectance spectra were collected with a total of 32 scans per
measurement at a spectral resolution of 4 cm ™. The locations of spectral
features were reliably reproducible with an uncertainty of approxi-
mately 0.01 pm, therefore the position of spectral features are reported
here to two decimal places. Background measurements through air were
taken at 30 min intervals. Regular dry air purges of the chamber ensured
low atmospheric contamination. MIR results were produced by taking

1 From Manufacturer: 89.0% W, 10.0% Co, 1.0% other carbides.

spectra across the mineral pellet according to a predefined sampling
map.

The predefined map covers the pellet in a cross from side to side with
additional measuring points around the pellet center. The pellet holder
was marked to maintain the same orientation and thus approximate
location of the measurements following irradiation. The presented
spectra are the average of the ten innermost data points located at and
around the pellet center since this is the most homogeneously pressed
and subsequently sputtered area. The spatial resolution of each point is
~25 pm; optical convolution effects are negligible (Ni and Zhang,
2008).

The extrema of each spectrum were determined using a python
routine. The mean intensity of the ten measurements before and after
irradiation is plotted and the variation in intensity is shown as a shaded
area representing two standard deviations (2SD, Figs. 4 & 5). The dif-
ference of the extrema of each measured point before irradiation was
compared to its equivalent after irradiation, averaged to a single shift.
The mean and SD of an extrema location is reported together with the
mean of all shifts at the given wavelength. The mean shift of a feature
thereby often coincides in extent to one SD of the pre-irradiation feature
position. A paired sample t-test was applied to compare the pre- and
post-irradiation populations, finding p-values of <0.01 for all reported
shifts, making them significant.

The choice of the MIR spectra range presented focuses on the loca-
tion of the Christiansen feature (CF) around 8.5 pm, the Reststrahlen
bands (RBs) between 8.5 — 12 pm and the transparency feature (TF)
usually around 11 — 13 pm. The CF is an IR reflectance minimum,
which is caused by the mineral refracting index matching the refracting



N. Jaggi et al.

index of the surrounding medium. RBs result from fundamental mo-
lecular vibrations caused by stretching of Si—O bonds (e.g., Salisbury,
1993). The TF is a wavelength range in which the mineral becomes
optically thin as a result of a low absorption coefficient, with higher
peaks in reflectance for samples with smaller grain-size (Donaldson
Hanna et al., 2012; Salisbury and Wald, 1992). Mid-infrared spectros-
copy of planetary analogs has shown that the TF is easily observed for
powders with grain sizes < 25 pum therefore its observation is only
expected for small grain size fractions of diopside and wollastonite
(Morlok et al., 2019; Donaldson Hanna et al., 2012). Under a simulated
lunar environment only the TF of olivine was detectable, being the most
apparent of all mineral TF in the 11 — 13 pm range (Donaldson Hanna
et al., 2012). Variance in reflectance intensity and changes in MIR fea-
tures are used for interpretation of pellet properties affecting spectra.
This study focuses on RB shifts as a measure of alteration while trying to
reproduce physical property-dependent changes in RB contrast, as
shown in other studies. The MIR reflectance measurements are shown
and discussed within the wavelength range of MERTIS 7 — 14 pm
although they cannot be directly compared with TIR spectra of future
BepiColombo or of the lunar soils analysed by Salisbury et al. (1997).
Direct comparisons are, however, possible with MIR data from Brunetto
et al. (2020) who simulated solar wind irradiation using He™, but with
an order of magnitude higher energy.

2.4. Irradiation experiments

Ion irradiation under vacuum conditions was performed at the ion
beam facility at TU Wien (TUW). In a first step, it was necessary to verify
that the method of powder sample preparation is appropriate for irra-
diation in the ion beam facility. To this end, several pellet samples were
transported to TUW and irradiated with a 4 keV He beam with a typical
flux of 10'® — 10"7ions m 2 s~ ! and fluences of several 10! ions m’z,
representative for sputter experiments. The energy chosen reflects
typical slow solar wind speeds of ~400 km s~! and lies one order of
magnitude below the extreme case scenario investigated by Lantz et al.
(2017). For the fluxes of solar wind on the Moon and Mercury the flu-
ence would correspond to an exposure of ~1000 and ~100 years (for
fluxes see, e.g., Kallio et al., 2019; Winslow et al., 2017; McComas et al.,
2009). This is applicable for the irradiation fluence used on the
wollastonite and diopside pellets. During He irradiation of the enstatite
pellet, the holder was partially sputtered as well, reducing the maximum
fluence reached. Three wollastonite (WA1, WA2, WA3), one diopside
and one enstatite pellet were irradiated. The samples were then sent
back to University of Bern for MIR analysis.

The same facility was used for sputter experiments with PLD-
produced films (Biber et al., 2020; Szabo et al., 2020; Szabo et al.,
2018). In the case of the PLD method, the sample film was deposited on a
quartz crystal microbalance (QCM), which directly measures the mass
changes as the sample film is being irradiated. If a thick powder sample
or pellet is used for sputter yield determination, the QCM must be
mounted opposite of the sample to catch the ejecta from the irradiated
sample (Fig. 2, Berger et al., 2017). The catcher QCM has a sensitive
inner diameter of 7 mm, where a homogeneous deposition of material is
assumed (Sauerbrey, 1959). The resulting area was used for calculating
the total mass increase due to sputtered atoms sticking to the QCM. This
technique demonstrably allows for measuring sputter yields as well as
the angular distribution of sputtered particles (Stadlmayr et al., 2020).
However, in order to avoid charging up of the insulating pellet samples,
they have to be simultaneously irradiated with an electron flood source,
which is installed in the setup at TUW.

To test the possibility of performing sputter yield measurements with
mineral pellets in a catcher QCM-setup, a < 30 pm fraction wollas-
tonite pellet was irradiated by 2 keV Ar'. Atomic force microscope
images were taken to qualitatively compare the pellet surface roughness
to glassy thin films. Mineral pellets thereby show an increased surface
roughness (see appendix Fig. 8). To minimize stoichiometry changes on
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catcher - QCM

ion beam

Fig. 2. Sputter setup with mineral pellet sample and quartz crystal microbal-
ance (QCM) catcher. The mass change of the catcher QCM is a superposition of
mass increase due to sticking of material ejected from the sample (blue arrow)
and sputtering of the QCM itself due to reflected ions (red arrow). The distance
d is measured from the target center and the catcher QCM. The angle of
measured ejecta « is controlled by the offset Ax, describing the relative location
of the catcher QCM to the sputtered target.For reference measurements, the
target holder is replaced with a mineral coated QCM (Figure adapted from
Berger et al., 2017). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

the catcher surface, a wollastonite coated QCM was used when irradi-
ating the wollastonite pellet.

3. Results
3.1. Chemical and physical properties

The weighted mean of the mineral powder grain diameters range
from 23 — 28 um for diopside, enstatite and labradorite, and about
34 pm for wollastonite. The maxima in the grain size distributions lie
below the weighted mean diameter, except for wollastonite, with a
second, local maximum around 400 pm representing mineral needles
still present after milling (Table 3).

3.2. First sputter yield results

Preliminary sputter experiments with 2 keV Ar™ ions were performed
in a catcher QCM setup (Sec. 2.4.). The sample was irradiated under an
angle of incidence of 60° and at a distance d of 13 mm. The position Ax
that coincides with a larger angle of the catching QCM relative to the
target normal was varied to measure the material ejected in different
directions (Fig. 2).

The mass increase of the catcher QCM per incident ion is shown in
Fig. 3. A significant mass increase was resolved for all collection angles,
which will allow the future determination of the total sputter yield.

Table 3
Grain sizes of mineral powders used.
Wo Di En Lab
d 34.20 25.85 23.32 28.27
d(0.1) 1.73 1.73 1.64 2.10
d(0.5) 12.65 16.47 15.68 19.06
d(0.9) 77.35 60.55 60.71 68.8

Alongside the weighted mean grain diameter d, characteristic grain sizes for
three sample fractions are given in the form of diameter d larger or equal to 10%,
50%, and 90% of sample as d(0.1), d(0.5), and d(0.9), respectively.
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Fig. 3. Mass increase at the catcher QCM for various Ax positions when irra-
diating a wollastonite pellet with 2 keV Ar™ ions under an angle of incidence of
60°. The distance was constant at d = 13 mm. The large uncertainties given
originate from the small signal to background ratio.

However, the mass increase per ion is highest at small Ax, when catcher
angles are close to the center of the ejecta distribution. Furthermore, the
signal intensity is small compared to the background, leading to large
uncertainties on the reported mass changes.

3.3. Pellet mechanical stability

The pellet stability shows large variations between the materials
used. The pellet stabilities are presented in order of increasing Mohs
hardness for unsieved and sieved powder pellets. Wollastonite powder
resulted in the most durable pellets at any grain size. Enstatite had the
tendency of creating faults during depressurization whereas slightly
harder diopside showed comparable cohesion to wollastonite. Labra-
dorite, the hardest mineral used, showed slightly worse adhesion than
diopside, which could be connected to its intermediate CaO content
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compared to diopside and enstatite (Table 2).

When using grain fractions, the < 30 pm fractions showed the
highest cohesion for all minerals, as expected. The 30 — 60 pm fractions
of diopside, enstatite, and labradorite exhibit strongly reduced adhesion.
The trend of reduced adhesion coincides with the increasing mineral
hardness. Generally, the lowest fractions of mineral powders do not
allow for stable pellets apart from wollastonite and diopside.

3.4. IR spectra of blank and grain size fraction pellets

The effect of transportation on the MIR results was controlled using
an un-irradiated wollastonite pellet blank (see appendix Fig. 6). The MIR
spectra after transportation showed no statistically relevant alteration in
terms of the position of features or reflectance loss, but a slightly higher
variance on the reflectance measurements. There is, however, no TF or
change thereof identifiable. Notable deviations between pre- and post-
irradiation pellets were observed for the wollastonite pellet WA1 and
the enstatite pellet. The former did suffer transport damage in the form
of abrasion, whereas the latter was contaminated by pellet holder rim
sputtering and deposition onto the pellet. The results of handling-
affected pellets are presented and serve as an insight into indirect
alteration processes such as abrasion and deposition of sputter ejecta.

The wollastonite and diopside pellets from powder fractions show a
strong dependence on grain size (Fig. 4). In general, large grain size
fractions resulted in a reduced spectral contrast, and large variance in
reflectance. Loss in reflectance occurs at the high grain size spectra for
diopside and the low grain size spectra of wollastonite. The wollastonite
RBs at 8.92, 9.72 and 10.86 pm nearly disappear for the lowest grain
size fraction of <30 pm, as expected. The reflectance loss also results in
RB broadening, as seen next to the 9.72 and 10.32 pm RB. On the
contrary for diopside band broadening is observed at large wavelengths
for the <30 pm grain size fraction. The TF cannot be identified, how-
ever, the intensity of the TF region is increasing slightly as expected for
smaller grain sizes.

High contrast RBs of wollastonite show minor shifts as the grain size
is reduced from 60 to 150 pm to the <30 pm fraction. The 9.38 +
0.01 pm RB and the pre-irradiation global maximum at 10.32 +
0.01 pm both shift by 0.01 pm to higher wavelengths. In both cases the
shift is similar to the 2SD reported on the RB location. Major shifts of
~0.03 pm are found for minor RBs, strongly affected by the increase in

Diopside grain size effect
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Fig. 4. Dependence of pellet reflectivity on grain size for pre-irradiation (a) wollastonite and (b) diopside. The largest grain size fraction resulted in the highest
contrast between RBs, but also in the largest variations in TIR reflectivity (shaded area = 2SD). RB shifts are small or erratic towards lower and higher wavelengths

for wollastonite and diopside.
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spectral contrast such as the 9.73 + 0.01, and 10.86 + 0.01 pm RBs in
Fig. 4. As those RBs are not persistent over all grain size spectra, they are
not used to examine the effect of irradiation on the pellet spectra. The
shift of the RBs at 8.93 £+ 0.02 pm and 10.60 £ 0.01 pm, only visible in
the 60 — 150 pm and <30 pm fraction spectra, respectively, are not
reported due to the lack of distinguishable RBs in the spectra of other
grain size fractions.

For diopside, the RBs have a low spectral contrast and show varying
degrees of spectral shift when compared to the 30 — 60 pm grain size
fraction spectra. The 9.18 + 0.01 pm and the 9.99 + 0.01 pm RB shift to
higher wavelengths by 0.02 pm and 0.03 pm respectively. The 10.36 +
0.01 pm RB, however, shifts to lower wavelengths by 0.03 pm, as does
the global maxima at 10.86 4+ 0.01 pm, which shows the smallest shift
of 0.01 pm.
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3.5. IR spectra of blank and irradiated pellets

Irradiated wollastonite, diopside and enstatite pellets show monot-
onous RB shifts towards higher wavelengths. An exception is the sput-
tered wollastonite pellet WA1, which had its top layers abraded during
transport. Its MIR spectra strongly differ from the spectra of sputtered
WA2 and WA3. The only RB shifts observed for WA1 are the 0.01 pm at
the previous 9.234 + 0.01 pm RB and the 0.02 pm at the global
maximum 10.32 + 0.01 pm, both towards higher wavelengths. The CF
was located at 8.57 & 0.01 pm and shifted 0.01 pm.

Both WA2 and WA3 show large shifts at all RBs after irradiation. The
largest shifts of 0.05 pm and 0.03 pm were observed at the global
maximum at 10.32 £+ 0.01 pm and 10.32 + 0.01 pm, respectively
(Fig. 5(a)). Low contrast RBs with a high uncertainty on their position
are not suited for comparison with pre-irradiation pellets but show
similar or larger shifts than the high contrast RBs. The CF of WA2 does
not shift within uncertainty 8.57 + 0.01 pm, whereas for WA3 the shift
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Fig. 5. Reststrahlen bands (RBs) of (a) wollastonite (WA2), (b) diopside, and (c) enstatite MIR reflectance data before and after irradiation. The wavelengths at which
the largest and most notable shifts of RBs occur are highlighted by arrows and discussed in the text. All mineral pellets show a weak reflectance loss at the pre-
irradiation global maximum. Enstatite further shows an increase in reflectance variance. All spectra show RB shifts towards higher wavelengths after irradiation.
Filled areas show two standard deviations. A closeup of the diopside RBs is shown in (d), emphasizing the minor shifts caused by solar wind irradiation.
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is 8.57 £ 0.02 pm + 0.02 pm.

On the irradiated diopside pellet the high contrast RBs shift by 0.02
— 0.04 pm to higher wavelengths (Fig. 5(b)). The largest shift of
0.04 pm was observed at the 10.34 4+ 0.01 pm RB. Similar in extent is
the 0.03 pm shift of the pre-irradiation global maximum, situated at
10.84 pm. The CF shifted from 8.49 + 0.02 pm by 0.02 pm towards
higher wavelengths.

Irradiation of enstatite result in the smallest shifts of high contrast
RBs by 0.01 — 0.03 pm towards higher wavelengths (Fig. 5(c)). The
increase of reflectance variation among the measurements is attributed
to the sample holder being sputtered, resulting in deposits on the outer
rim of the pellet surface. In terms of shifts, the pellet behaves similarly to
wollastonite and diopside in that the major shift is 0.03 pm at the 9.25
+ 0.02 pm RB. The pre-irradiation maxima experienced the largest shift
of 0.03 pm, however being a wide RB resulted in a large uncertainty on
its location at 10.49 £ 0.01 pm. The CF shift by 0.01 pm from 8.44 +
0.01 pm, similar in magnitude to the CF shift of the WA3 pellet.

The TF is not identifiable for any of the irradiated pellets, however,
the TF region just slightly increases for wollastonite and diopside pellets
after irradiation (Fig. 5(a) & (b)), suggesting a minute increase in the
amount of fine grain material at the pellet surface. A similar behavior
would be expected for enstatite, however the large variations in reflec-
tance measurements do not allow for such a statement (Fig. 5(c)). Unlike
spectra from pellets that stayed intact, the WA1 spectra shows signifi-
cant reflectance loss. The TF region behaves, however, similarly to the
irradiated wollastonite pellets, as it decreases less strongly relative to the
RBs (Appendix, Fig. 7).

4. Discussion

Pellet properties such as composition, overall stability and grain size
as well as the effect of solar wind irradiation are discussed in the light of
IR results. The combined effects and their implications are then
compared to previous Lunar focused studies.

4.1. Effect of composition

The composition of the irradiated pellets did not affect the extent of
feature shifts in MIR spectra. This is seen in FeO-free wollastonite pellets
with RB shifts analogue to FeO-bearing enstatite (for composition see
Table 2). This indicates that intensity loss and major RB displacements
in MIR spectra of diopside and enstatite are not connected to formation
of nanophase iron, as it would be the case in NIR (e.g. Yang et al., 2017;
Pieters and Noble, 2016; Kuhlman et al., 2015; Loeffler et al., 2009;
Salisbury et al., 1997). The effect on the MIR spectra by solar wind
irradiation is therefore likely caused by comminution and vitrification,
altering the physical properties of the sample (Pieters and Noble, 2016;
Nakamura et al., 2012; Salisbury et al., 1997). Pellet darkening was not
visually observed on the irradiated pellets, with an exception of the
experiment with the enstatite pellet, where the pellet holder was
partially irradiated, depositing holder material onto the pellet rims. The
consequences were (1) local darkening on the pellet rims, as seen in the
large standard deviation on reflectance of the spectra after irradiation,
and (2) a lower flux reaching the surface, which might have resulted in
comparably low RB shifts.

4.2. Effect of grain size and surface roughness

It was shown by Salisbury and Wald (1992) that particle size and
porosity are critically linked, which leads to the question how grain size
affects MIR spectra. Small particle size leads to lowered spectral
contrast, while reaching a high packing density restores RB contrast. As
expected, lower pellet grain sizes negatively affected reflectance and
spectral contrast in MIR, but RB positions are intrinsic to the material
and not shifted (Salisbury and Wald, 1992; Lyon, 1965). The compres-
sion of powders is likely responsible for the less drastic reflectance
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differences in the grain size MIR spectra comparisons as shown in Fig. 4.
The loss in spectral contrast is however seen in the merging of the
wollastonite RBs near 10.86 pm at smaller grain size (Fig. 5). This
merging of exactly two RBs could be an effect of mineral orientation,
which changes when compressing very fine-grained wollastonite due to
its good cleavage and its elongated fibrous crystal habit. This was shown
for singly crystal olivine and is likely to occur when powders are used
(Stojic et al., 2021; Reynard, 1991). It would be expected however, that
averaging measuring points counteracts such orientation effects. No
such strong effect was observed for diopside, likely due to the less pro-
nounced cleavage that leads to more granular powder during grinding.

An unexpected observation was made in the grain size fraction
measurements of diopside pellets, which do not follow the expected
increase in spectral contrast with larger grain size. This might be con-
nected to the destruction of diopside grains during pellet creation. The
TF region being lower at large grain sizes however would suggest that
the grain size is indeed larger. For irradiated pellets, the TF cannot be
identified. Nevertheless, the TF region suggests a decrease in grain size
for irradiated pellets, even for the abraded WAL pellet. This could be tied
to the transport process loosening weakly bond grains on the surface. No
conclusive statement can be drawn, as the differences of the TF are
marginal and could be caused by the small shifts of RBs.

Mean Lunar regolith grain-size lying between 40 and 100pm are
significantly larger compared to the pellets used in this study (Heiken
et al., 1991). The surface roughness is, however, still larger than glassy
thin films used in prior sputter yield determination experiments. This is
visible in AFM images (see appendix Fig. 8).

4.3. Effect of irradiation

The reported shifts of RBs and CFs are an order of magnitude below
the 0.4 pm shifts reported in Brunetto et al. (2020). This can likely be
explained by the ion beam penetration dept. The penetration depths of
the 40 keV He™ ion beam from Brunetto et al. (2020) under an angle of
0° are 278, 286, 349, and 380 nm for enstatite, diopside, wollastonite
and labradorite, respectively, as calculated by SDTrimSP. The 4 keV
beam from this study penetrates only about 22 nm into a diopside or
enstatite crystal under an angle of 45°. The penetration in wollastonite
and labradorite are slightly higher with 27 and 30 nm, respectively. The
penetration dept. of ions in the minerals is thereby inversely propor-
tional to the mineral density given in atoms per A%. The penetration
depth of IR, however, is similar to that of a microprobe, which means
>1 pm for 7 — 14 pm (Grzechnik et al., 1996).

Given this large interaction depth for IR, the shifts presented are
interpreted to originate from a mixing of pristine material below an
irradiated upper layer, as was proposed by Weber et al. (2020). The
irradiation damage is reaching saturation in terms of damage per atom
(dpa), which could add displacement of oxygen atoms to the proposed
causes of irradiation-related CF shifts, together with vitrification and
composition changes (e.g., Shluger and Stefanovich, 1990; Pieters and
Noble, 2016). Furthermore, the irradiation damage of solar wind satu-
rates under the given fluence. Therefore, the solar wind irradiation ef-
fect of He™ on an IR spectrum will not exceed the shifts of 0.02 um
found in this study, which supports the proposition of Salisbury et al.
(1997), that shifts <0.04 pm, as seen in the Apollo 16 soils samples, can
be attributed to exposition to space weathering.

In relation to this, the extent of changes in CF position are expected
to follow RB displacements as observed by Brunetto et al. (2020). In the
present study, only some irradiated pellets show CF shifts of around
0.02 pm similar to the RB shifts. This is tentatively attributed to the
lower interaction depth and a detection limit and not to an actual
physical process.

Nash and Salisbury (1991) stated that vitrification does not cause
shifts, or intensity loss, but loss of contrast. This latter coincides with the
results of the present study, as in all pellets, the most intense RB lowered
in intensity after irradiation, but the overall reflectance remained
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constant. Fitting the data of the CF positions in the Nash and Salisbury
(1991) comparison plot of chemically identical crystalline powder and
glass shows, however, that the CF does shift slightly. In Nash and Sal-
isbury (1991), the Na-rich plagioclase end member albite shows a shift
of ~0.04 pm towards lower wavelengths. This might be an indication of
preferential sputtering of moderately volatile elements like Na, but it is
unclear how this applies to minerals composed of refractory elements.
This possibility of preferential sputtering will be further investigated
once spectra of irradiated labradorite pellets become available.

An intense loss of MIR spectral contrast and strong shifts of features
as shown in grain-size comparisons or shifts towards lower wavelengths
were observed only to a minor extent on irradiated mineral pellets. This
contradicts results from other studies where micrometeorite impacts
were simulated using a pulsed laser, suggested to cause comminution
and decompaction (Jiang et al., 2019; Weber et al., 2020). Note that the
precision and representativeness of micrometeorite simulation by laser
is limited by two major factors: (1) the fluxes of micrometeorites are not
well known, nor is their chemical composition—the latter is generally
disregarded when using a laser (i.e., Domingue et al., 2014, 2) realistic
simulations of micrometeorite impacts require large dust accelerators
which are sophisticated and rare instruments (i.e, Thomas et al., 2017).

4.4. Speculative effect of porosity and compression

For irradiation experiments, the behavior of pellets compared to
loose powder is difficult to foretell, as the grains are comparably large
and the porosity low compared to data available from tungsten fuzz
irradiation experiments (Stadlmayr et al., 2020). For the MIR results, a
larger porosity connected to unconsolidated powder would decrease
spectral contrast. For the understanding of irradiation effects on spectral
features, mineral pellets are the most valuable samples. They provide
clear MIR spectral features, enable easy handling, and can be used in the
same irradiation setup as designed for thin-films. The use of pellets is
thus necessary for a step towards representative analogues and for direct
comparisons with thin-film irradiation experiments.

4.5. Speculative effect of mechanical abrasion and pellet creation

The solar wind irradiation effect is likely to be lost by removing the
layers affected by irradiation, not only due to transport damage, but also
by surface altering effects on the Moon and Mercury. The MIR spectra of
the WA1 pellet demonstrates the former, whereas all but two RBs did not
show any significant shifts (Appendix Fig. 7). The dataset is, however,
not sufficient to prove this statement as the shifts in MIR might not be
genuine.

Effects of pellet creation on MIR spectra are less evident, although
the creation of pellets from grain fractions suggests that grains that are
>30 pm are preferentially lost in a pellet as they exhibit poor adhesion.
Any mineral with high rigidity seems to experience less grain defor-
mation, or cold welding, causing pellet instability. The large variance in
pre-irradiation MIR reflectance of measurements taken on high hardness
mineral pellets could represent this lack of homogeneous compression,
as a lower packing density causes intensity loss (Salisbury and Wald,
1992).

4.6. Comparison to previous Lunar focused studies

For the pellets irradiated in this study, shifts in RBs are monotonous
towards higher wavelengths and lie around 0.03 pm of displacement,
similar to the CF shift reported in lunar soils (Salisbury et al., 1997).
Furthermore, it was shown for LRO Diviner data, that the CF seems to
have little sensitivity concerning physical and composition changes, but
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the RBs strongly alter between differently mature Lunar soils (Lucey
et al., 2017). This is similar to the observed behavior of irradiated
mineral pellets.

A difference is however the strong loss in reflectance, which is
reminiscent of results from pulsed lasers used to simulate micromete-
orite impacts (Weber et al., 2020). It is thus expected that the effect of
micrometeorite impacts and contamination by other lithologies could
override the effect of solar wind irradiation, however, more sophisti-
cated experimental data would be necessary for alteration caused by
micrometeorite impacts. Also, the timescales of the two studies are
highly different. Weber et al. (2020) deposited a nominal energy of
~15 kJ/m? which translates to 300 Ma of micrometeorite impacts,
which is five and six orders of magnitude larger respectively compared
to the irradiation exposure time for Mercury and the Moon in this study.

4.7. Sputter yield results

First indirect measurements of sputter yields for a pressed wollas-
tonite pellet using a QCM as catcher showed a similar trend in the
angular distribution as was observed for flat, polycrystalline tungsten by
Stadlmayr et al. (2020). A more detailed investigation with a direct
measurement of angular dependence is necessary to use such sputter
data for exosphere models, also in respect to the sample surface
roughness (Kiistner et al., 1999). Stadlmayr et al. (2020) also compared
their flat samples with so-called tungsten fuzz, a tungsten structure with
micrometer-size porosity. Using combined sputter measurements and
simulations, they observed a drastic decrease in sputtering in contrast to
the reference sample. However, Rodriguez-Nieva et al. (2011) did not
observe a significant effect of nano-size porosity on the sputter yield in a
molecular dynamic study, indicating, that the scale where porosity ex-
ists is crucial for sputter results. It is unclear in regard to the MIR results
how this would affect the observed shifts. Locally, within one grain the
penetration depth is not affected by increased porosity, however it is
unclear which effects could either increase or decrease penetration
depth and therefore the extent of shifts caused by the mix of sampled
material in MIR.

5. Conclusions and outlook

The method of high-stability pellet creation presented here is
appropriate for the entire sequence of pre- and post-analysis, irradiation
and sputter yield experiments, and sample transport. This study further
demonstrates the ability to use the produced pellets in UHV irradiation
experiment chambers to obtain sputter yields using a catcher setup, and
to investigate the resulting surface alteration in the context of space
weathering. Resilient wollastonite, enstatite and diopside pellets are
successfully irradiated, whereas more fragile labradorite pellets can only
be produced with the second pellet creation method. Labradorite irra-
diation results were therefore excluded from MIR analysis.

Overall, a change in grain sizes causes only minor shifts in MIR
spectra RB positions, whereas irradiation experiments lead to RB shifts
of up to 0.04 pm similar to increasingly mature lunar regolith (Salisbury
et al., 1997). The intensity of the observed shifts can be linked to the
sputter agent energy in comparison with Brunetto et al. (2020); Lantz
et al. (2017). Slow, 4 keV solar wind He" irradiation saturates within
1000 and 100 a exposure for the Moon and Mercury, respectively, which
limits the irradiation effect on regolith and motivates the applied fluence
for future studies. How multiply charged impacting ions with slow and
fast solar wind energy would affect IR spectra is still unknown and is of
interest for a future study.

First QCM catcher measurements were obtained. The observed
general trend of mass increase on the catcher QCM as a function of ejecta
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angle agrees well with previous data for flat, polycrystalline tungsten
samples (Stadlmayr et al., 2020). For the evaluation of sputter yields in a
future study, an analysis of various parameters, including quartz prop-
erties and geometry of the system is necessary (as in Stadlmayr et al.,
2020). Especially, the significant roughness of the mineral pellet, which
can be seen in seen in AFM images, although better representing un-
consolidated regolith, must not be neglected (Kiistner et al., 1999) (see
appendix Fig. 8).

This study demonstrates that mineral powder samples are very
suitable for irradiation experiments. From the irradiation of these
samples, it was found that solar wind could be responsible for the shift of
IR features up to 0.04 pm. The next goal is to obtain effective sputter
yields, to determined yield angle dependency, and to evaluate implan-
tation behavior of impinging ions for the mineral groups most repre-
sentative for the surfaces of the Moon and Mercury.
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Appendix B. Abrasion effect MIR spectra
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Fig. 7. MIR spectra of irradiated wollastonite showing a major decrease in reflectance variance after the top layer was abraded during transportation. Notable shifts
of about 0.01 pm are only seen at the highlighted positions.

Appendix C. AFM images

(b)

Fig. 8. AFM images of (a) irradiated wollastonite pellet with grain size <30 pm and of (b) a glassy wollastonite thin film as used in, e.g., Szabo et al. (2018).
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