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Abstract

Rocky bodies in space without a protective atmosphere or magnetic field experience
numerous effects. Some of these lead to the liberation of particles from their surface
and, subsequently, to the formation of a tenuous so-called exosphere. The composition
of this exosphere highly depends on the planet’s or moon’s surface composition and
properties and thus provides a possibility for remote surface analysis. Quantitative
models on exosphere formation exist, however especially the sputtering contribution
is not yet flawlessly described by computational methods. Therefore, this thesis aims
to provide experimental data to validate these codes.

Using an advanced Quartz Crystal Microbalance (QCM) setup, the sputtering be-
haviour of relevant analogue materials is compared between two sample configura-
tions: vitreous films on the one hand and pellets from ground mineral powder on the
other. While the thin films are easy to handle and their sputter yields can be studied
precisely in situ and in real time, the pellets provide a more realistic representation
of regolith material, maintaining surface properties like roughness, grain sizes and
crystallinity. Two different minerals serve as samples: wollastonite (CaSiO3) and en-
statite (MgSiO3). The presented setup was improved during the course of this thesis
to allow for automation of major steps of the experiment. Additionally, prepara-
tion routines were adapted to allow for reproducible quantification of experimental
results.
For irradiations using a 2 keV Ar+ beam, a main parameter in the description of

sputtering of the different sample types is identified as surface roughness. The dif-
ferences in sputter yield are well modelled using a code based on available Binary
Collision Approximation (BCA) simulations, additionally taking the sample surface
geometry into account. Sputter yields for the pellet samples are obtained through
comparison of the angular distribution of ejecta with the thin film results.
Using 4 keV He+ ions, on the other hand, the identification of roughness as a single

descriptor of the pellet’s sputtering behaviour is not as straight forward as for Ar
projectiles. A working hypothesis is proposed, according to which roughness effects
depend on the size scales of surface features and the typical length scales of ions
inside the material. Moreover, roughness effects could be superimposed with crys-
tallinity effects. Further research will be necessary for a clearer untangling of these
two contributions. Additional measurements will also give more precise data on pel-
let sputter yields and lastly, will serve to test the above hypothesis.
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Kurzfassung

Gesteinskörper imWeltraum ohne schützende Atmosphäre oderMagnetfeld erfahren
eine Vielzahl von Effekten, die zur Freisetzung von Teilchen aus der Oberfläche und
in weiterer Folge zur Bildung einer dünnen sogenannten Exosphäre führen können.
Die Zusammensetzung dieser Exosphäre hängt in hohem Maße von den Eigenschaf-
ten der Oberfläche des Planeten oder Mondes ab und bietet somit die Möglichkeit
einer Analyse ebenjener. Quantitative Modelle zur Exosphärenbildung existieren, je-
doch ist insbesondere der Beitrag der Zerstäubung durch den Sonnenwind noch nicht
einwandfrei durch Computersimulationen beschrieben. Diese Arbeit zielt darauf ab,
experimentelle Ergebnisse bereitzustellen, um die Simulationsmethoden zu validie-
ren.

Mithilfe eines Quarzkristall-Mikrowaagen-Aufbaus (QCM)wird das Zerstäubungs-
verhalten relevanter Analogmaterialien zwischen zwei Probentypen verglichen: glas-
artige Filme einerseits und Pellets aus gemahlenemMineralpulver andererseits. Wäh-
rend die dünnen Filme einfach handzuhaben sind und ihre Zerstäubungsausbeute
präzise in situ und in Echtzeit untersucht werden kann, bieten die Pellets ein realisti-
scheres Analog des Regolithmaterials, wobei Oberflächeneigenschaften wie Rauheit,
Korngrößen und Kristallinität erhalten bleiben. Zwei verschiedene Minerale dienen
als Proben: Wollastonit (CaSiO3) und Enstatit (MgSiO3). Der vorgestellte Aufbau
wurde im Laufe dieser Arbeit verbessert, sodass die wichtigsten Schritte des Experi-
ments automatisiert werden konnten.

Für die Bestrahlung mit 2 keV Ar+ Ionen wurde als Hauptparameter für die Be-
schreibung des Zerstäubungsverhaltens der verschiedenen Probentypen die Oberflä-
chenrauigkeit identifiziert. Die Unterschiede in der Zerstäubungsausbeute werden
mit einem Code gut modelliert, der auf verfügbaren BCA-Simulationen (Binary Col-
lision Approximation) basiert und zusätzlich die Oberflächengeometrie der Proben
berücksichtigt. Die Zerstäubungsausbeute für die Pelletproben wird durch den Ver-
gleich der Winkelverteilung der herausgeschlagenen Teilchen mit den Ergebnissen
für den Dünnfilm ermittelt.

Bei der Verwendung von 4keV He+ Ionen ist die Identifizierung der Rauigkeit als
einzig relevanter Parameter für die Beschreibung des Zerstäubungsverhaltens der
Pellets nicht ohne weiteres möglich. Es wird eine Hypothese vorgeschlagen, nach
der Rauigkeitseffekte von den Größenordnungen der Rauheitsmerkmale und den ty-
pischen Längenskalen der Ionen im Festkörper abhängen. Darüber hinaus könnten
Rauigkeitseffekte mit Kristallinitätseffekten überlagert sein. Weitere Forschungsar-
beit ist erforderlich, um diese beiden Beiträge klarer voneinander zu trennen. Zu-
sätzliche Messungen werden genauere Daten über die Pellet-Zerstäubungsausbeute
liefern und schließlich dazu dienen, die obige Hypothese zu testen.
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1 Introduction

1.1 Space Weathering and the Solar Wind

In the harsh conditions of space, rocky bodies especially without protective atmo-
spheres experience a variety of influences. These include (micro-) meteoroid im-
pact [1], photon simulated desorption [2] and ion bombardment [3]. Along with their
effects of surface erosion and alteration, they are usually summarised under the term
space weathering [3]. For the Moon, space weathering has an obvious extent: its sur-
face is dotted with craters. Apart from this macroscopic effect, also darkening and
reddening of reflectance spectra have been observed [4]. Interaction with ions has
been suggested as a mechanism to explain these changes in optical properties [5].

Another consequence of space weathering is the formation of a tenuous so-called
exosphere [6]. Particles liberated from a planet or moon undergo ballistic trajectories
and, depending on their energies, might escape the body’s gravitational field. As the
composition of the exosphere is tightly interconnected with the underlying surface
properties, its analysis provides an opportunity for surface characterisation beyond
spectroscopic measurements. This is especially interesting for planets like Mercury,
where sample return missions have not yet been performed. In spacecraft flyby mis-
sions, the chance arises to investigate an exosphere without the complex and fault-
prone task of landing. Such missions have already been carried out, e.g. by the
MESSENGER spacecraft [7]. The BepiColombo mission [8], a collaboration between
the European and Japanese space agencies ESA and JAXA, is currently on its way and
plans investigations on the interaction between the Sun and Mercury [9]. It has very
recently achieved a first gravity assisted flyby of Mercury as a major milestone [10].
So far, the lunar exosphere has been observed to contain the volatile species He, Ar,
K and Na [11], while for Mercury H, He, O, Na and K have been detected [12]. As
less volatile elements, making up a large fraction of the Hermean mass through rock
formation, mainly Ca and Mg have been reported. The erosion of these is argued to
be caused mostly due to ion irradiation [12].

On the moon, the main source of ion precipitation is the solar wind. The solar wind
is a stream of highly energetic particles originating from the solar corona and ejected
through high temperatures and the solar magnetic field [13]. It is generally said to
consist of twomain constituents: a slow component (≈ 400 km/s) at mid-heliographic
latitudes and a fast one (≈ 750 km/s) at high latitudes [14]. In terms of elements,
the main species are H and He, which have energies per nucleon in the range of
≈ 1 keV/amu and make up more than 99% of its particle flux [15]. Nonetheless, the
influence of heavier minor ions, e.g. C4+–6+, N5+–7+, O6+–8+, Ne7+–9+ among oth-
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ers [16], on the weathering of airless bodies cannot be neglected. Due to their higher
masses, their kinetic sputtering contributions are expected to make up roughly 10%
of sputtered particle flux [17]. Additionally, their higher charge states can lead to
further enhancement of sputtering due to potential sputtering effects [18].

On Mercury, the situation is slightly different. Although it does not possess a pro-
tective atmosphere [19], solar wind ions impact mainly at the poles due to the deflec-
tion they experience in the Hermean magnetic field [20]. An additional contribution
to ion sputtering on the planet’s night side comes from plasma precipitation with
origins in Mercury’s magnetosphere [21].

Taking all these origins of ion solid interaction, among the other particle release
mechanisms, into account, the formation of an exosphere can be simulated. Par-
ticularly, this has been done for the Moon [22] and Mercury [6, 23]. However, the
underlying data for the sputtering contributions in the above cases were taken from
the SRIM simulation code [24] and their validity is questionable. For example, in
[25] it has been shown that this code does not reproduce experimental data well
and other software like SDTrimSP [26] is a better choice to model these interactions.
Nonetheless, also in this better suited code, one might need to adapt parameters like
the surface binding energy to achieve agreement with the experiment [18, 27]. Even
then, a general shortcoming of the binary collision approximation is the disregard
of some properties of real planetary regolith material like roughness or crystallinity.
In conclusion, attempts to quantitatively model exosphere formation require experi-
mental data.

This thesis aims to provide such benchmarks for two types of samples from two
different minerals. Using the Quartz Crystal Microbalance (QCM) technique, precise
sputter yields can be obtained in real time and in situ [28]. In an upgrade of the
setup, the so-called catcher configuration (see section 2.2), also the angular distribu-
tion of ejecta can be probed [29]. In this adaptation, a second QCM called catcher
collects sputtered particle flux from the irradiated samples. Thin amorphous films
deposited on quartz resonators represent the mineral stoichiometry well and allow
the direct determination of sputter yields [18]. Pellets pressed from ground powder
material better represent properties like surface roughness and (poly-) crystallinity,
are however more difficult in handling and only give information on the spatial dis-
tribution of ejecta. Comparison of the catcher signals between the two sample types
can allow to evaluate sputter yields for this type of specimen, too.

1.2 Sputtering Phenomena

The term sputtering denotes the removal of particles from a solid’s surface upon bom-
bardment by projectiles with energies ranging from several eV to MeV, thus leading
to erosion and henceforth modification of surface morphology and composition [30].
As sputtering depends on many parameters and covers a wide array of physical pro-
cesses, the following sections shall give a brief overview over the facets relevant for
the experiments conducted during this thesis.
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Figure 1.1: Simulation of a collision cascade using the SDTrimSP code. The black
solid line traces the trajectory of the projectile, while red and blue repres-
ent recoil particles of the first and second generation, respectively. Image
taken from [26].

1.2.1 Kinetic and Potential Sputtering

A first extensive explanation of kinetic sputtering was given by Sigmund in [31].
There, the sputtering process is viewed as caused by a series of collisions. An ion
entering a solid will at some point collide with a target atom, transferring some of
its energy to this very particle. While the recoil is set in motion, the projectile is
deflected from its original trajectory and traverses through the solid with less than
its original energy. Both collision partners will scatter and lose further energy until
they are effectively stopped, forming a so-called collision cascade. An example is
depicted in figure 1.1, where the black line symbolises the path of the projectile ion
along its way through the solid. Recoils of the first and second generation are shown
using red and blue markers, respectively.

In order for a particle to leave the solid, it must acquire sufficient energy to over-
come its binding energy to the surface. This necessary energy is associated with a
component of momentum perpendicular to the surface, p⊥, via E = p2⊥/(2m) where m
stands for the particle’s mass. This p⊥ is achieved through a series of collisions, every
one of which is capable of changing the incident ion momentum vector, such that
finally, it is directed outside the surface. It is evident from the need to overcome the
surface binding energy (SBE) that sputtering can only occur for projectiles of energies
greater than some threshold, usually in the range of some ten electron volts [32]. So
far, only the transfer of kinetic energy has been considered. Therefore, it is intuitive
that the involved masses of both target and projectile are important to describe the
sputtering process as they define how much of the original projectile energy can be
transferred in a collision.
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Besides these purely kinetic considerations, the ejection of particles from a surface
can also be aided by the potential energy of the impinging ion. In this case, one talks
about potential sputtering [33], whose principle is briefly described. The term poten-
tial refers to the energy stored through the removal of electrons from an atom, i.e. it
is correlated to a high charge state. As a slow highly charged ion (HCI) approaches
the surface, it is further accelerated by its image charge. Before the ion hits the tar-
get, resonant neutralisation processes, where electrons are captured in highly excited
Rydberg states, lead to partial neutralisation of the ion. The more tightly bound inner
states remain empty and a so-called hollow atom is formed [34]. Despite the following
deexcitation through processes including X-ray and electron emission, some of its po-
tential energy is still available and transferred to the target surface. Here, sputtering
is enhanced compared to purely kinetic mechanisms; the origin of this enhancement
is currently discussed to be defect mediated desorption [35]. Moreover, nanostructuring
of the surface is observed [36, 37]. To keep this potential contribution to the sput-
tering processes as small as possible, all experiments described in this thesis were
conducted using singly charged ions.

1.2.2 Sputter Yield

One key quantity to describe sputtering processes is the sputter yield Y . It gives
the average information of how many particles are liberated from the target surface
normalised per incident ion. It can therefore be defined as

Y =
number of sputtered particles

number of incoming ions
. (1.1)

Besides the aforementioned dependencies on target and projectile mass as well as
the surface binding energy, the sputter yield is also a function of other parameters,
most notably the ion beam energy and the incidence angle with respect to the surface
normal. The typical dependence of the sputter yield on these two variables is given
in figure 1.2. First, the logarithmic plot in figure 1.2a gives the behaviour over the
incidence ion energy. The threshold energy is clearly visible. As discussed above,
this stems from a need to overcome the surface binding energy. As an incoming
ion is most unlikely to transfer its total energy in a single collision to liberate a tar-
get surface atom, the sputtering threshold is usually higher than the actual SBE. A
maximum of the Y (E) curve is located at about 10 keV. Above this value, the incid-
ent ions experience a decrease in the nuclear interaction cross section and therefore
stopping power, thus the sputter yield decreases again. Figure 1.2b shows the sput-
ter yield as a function of the ion incidence angle, where 0° means normal incidence
and higher angles represent grazing incidence. The plot is normalised to the sputter
yield of 0° incidence. A steady increase is observed with increasing incidence angle
and a maximum is located at grazing incidences of about 60° to 70° degrees. Two
explanations for this behaviour can be given. First, the component of momentum
perpendicular to the surface, p⊥, that needs to be transversed, decreases with in-
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creasing incidence angle. Therefore, fewer collisions are necessary until ejection of
particles is achieved. Additionally, the whole collision cascade becomes skewed un-
der grazing incidence and processes take place in more surface near regions of the
target material. For even bigger angles, more ions are reflected and the sputter yield
decreases sharply.

1.2.3 Sputtering of Complex Solids

So far, the considerations about sputtering processes were very general. They shall
now be expanded to consider features of realistic targets such as surface morphology
and composition of more than one element species. The former comes with a range
of effects.

First, depending on where the ion hits the surface, it impinges under an angle αloc
that is locally different than the global impact angle. As discussed, the sputter yield
is a function of the incidence angle with a pronounced behaviour, thus a broad distri-
bution of local surface inclination angles is expected to significantly change the sput-
tering behaviour compared to a flat surface. The sputter yield at every impact point
follows from Y (αloc) rather than depending solely on the nominal incidence angle.
Similarly, the impact under a local incidence angle also defines the angular emission
characteristic of ejecta. Moreover, ions might get deflected. As they usually maintain
sufficient energy, reflected projectiles might cause sputtering a second time, should
they hit protrusions on the surface once more. Additionally, also sputtered particles
can hit mountains. Due to the low energies with which they are emitted [39], these
ejecta do not cause further sputtering and are likely to be redeposited, thus decreas-
ing the net mass flux away from the surface. These effects are shown in figure 1.3,
where red and blue arrows denote the ion and particle flux, respectively. The points
where ion reflection and ejecta redeposition occur are labelled accordingly. The local
incidence angle (here called Θ) is evidently different from the original normal inci-
dence. Finally, there might be areas on the surface that are shadowed from the ion
beam such that they never experience ion bombardment.

For composite targets, the different constituent species have different masses and
most likely differ in their SBE. Therefore, energy transfer by the same incidence
ion beam is unequal between target atom species and one might be more readily
sputtered than the other. This effect is called preferential sputtering. In fact, these
two reasons (different mass fit, SBE) are attributed to be the main drivers behind
preferential sputtering, they can however not solely explain the processes quanti-
tatively [42]. It is noteworthy that with one species more volatile than the other, a
fluence dependent change in surface composition takes place. The faster depletion of
one constituent leads to enrichment of the less volatile species in the surface region.
Eventually, a steady state is reached and sputtering happens according to the original
bulk stoichiometry.

As alreadymentioned, the SBE is an important parameter in the sputtering process,
and the lack of knowledge about it is a limiting factor both in the analytic descrip-
tion [31] and the numerical simulation [43]. To complicate things further, the SBE
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(a)

(b)

Figure 1.2: (a): Sputter Yield as a function of incidence ion energy. Visible is the need
to overcome a threshold energy for sputtering to occur and a maximum of
the sputter yield. At higher energies, the nuclear interaction cross section
decreases, and along with it the sputter yield.
(b): Dependence of the sputter yield of the ion incidence angle with re-
spect to the surface normal. A peak is observed for grazing incidence due
to more surface near interactions and a small momentum component that
has to be flipped. For higher angles still, ion reflection becomes dominant
and Y drops. Images taken from [38], the data are cited therein.
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Figure 1.3: Roughness effects on sputtering. Image taken from [40] after [41].

of a given element might not even be the same for mono-elemental and composite
samples. It depends on stoichiometry and chemical properties such as coordination
to neighbouring atoms and therefore also crystal structure. Often the sublimation
enthalpy is used as a first guess [30], however this sometimes does not yield suffi-
ciently precise results. A recent study using molecular dynamics simulations found
that for Na, the SBE can vary by up to a factor of ≈ 8, depending on Na concentra-
tion in a crystal [44]. In complex minerals, where a single species can have different
coordination numbers in building blocks of the unit cell, it might not even be useful
to speak of single surface binding energy per element. In fact, current approaches in
simulating the sputtering process (see section 1.2.5 below) try to treat silicate min-
erals as composed of different oxides and assign different SBEs to each. It is hence
emphasised that knowledge of the sputtering process is fundamentally limited by the
lack of more precise knowledge about surface binding energies.

In single crystalline targets, crystal direction can also play a role. Depending on
specific directions and target crystal structure, channels where almost no atoms sit
can be formed. If the incident ion beam is directed along such a channel, the ions
are scattered almost exclusively with small scattering angles. Thus, their penetration
depthmight increase and the sputter yield decrease [45]. On the other hand, the pres-
ence of many crystal directions has recently been shown to increase the sputter yield
compared to amorphous samples due to the presence of linear collision cascades [46].

1.2.4 Energy and Angular Distributions

The yield Y is not the only quantity of interest in the description of the sputtering
process. Especially for the experiments with a catching quartz crystal microbalance,
knowledge of the energy and angular distributions of ejecta and ions is important for
the interpretation of the results.
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Figure 1.4 gives the energy distribution of ejected particles showcased for the bom-
bardment of Ca with 4 keV Ar+ ions under normal incidence. The majority of ejecta
are sputteredwith energies below10 eV, which is lower than typical sputter thresholds
[32]. They therefore do not cause sputtering on the catcher QCM. As discussed pre-
viously, the surface binding energy is a highly unknown parameter. The solid line
in figure 1.4 was therefore evaluated using the SBE as a fitting parameter and the
obtained value of 1.5 eV is labelled U and given in the legend. An analytic expres-
sion for the energy distribution of ejecta was found by Thompson [47]. It predicts
a peak at about half of the surface binding energy and a drop off proportional to
E−2 for energies much higher than the SBE. This behaviour can very well be seen in
figure 1.4.

The energy distributions of reflected Ar+ ions with an original energy of 2 keV
impinging on the mineral wollastonite (CaSiO3) is shown in figure 1.5. The orange
and blue lines compare incidence under 60° and 80° with respect to the surface nor-
mal, respectively. This choice of target and projectile is relevant for experiments in
this thesis. The data have been compiled using SDTrimSP simulations (see section
1.2.5). While for the smaller angle most ions are reflected with low energies, there
is still a considerable amount above the sputtering threshold. The situation is more
extreme for the more oblique angle. Here, the energy distribution peaks just under
2 keV, meaning that a significant amount of ions are reflected with almost no en-
ergy loss. This corresponds also to the sharp decrease in the sputter yield seen in
figure 1.2b. The drop off before 2 keV is due to the fact that for reflection to take
place, at least one collision with a target surface atom has to occur and some amount
of energy is always deposited in the target. The ions reflected with energies close to
their original energy are also spatially concentrated in the region that corresponds
to classical reflection [48]. Therefore, depending on the impact angle on the target,
ions can be reflected with energies high enough to cause sputtering at a catcher QCM.
The catcher will thus record not only mass accumulation due to sticking of sputtered
particles, but the signal will be combined with mass depletion due to sputtering. This
effect is expected to be especially prominent with grazing ion impact and at catcher
positions that correspond to forward sputtering.

According to [39], under the assumptions of isotropic ion flux under normal in-
cidence and an amorphous target, a cosϑ spatial distribution of ejecta particle flux is
expected. Here, ϑ is the angle of emission with respect to the surface normal. This
behaviour is not always observed experimentally, however. Due to the highly ideal-
ised conditions for which it was derived, deviations occur. Therefore, one often uses a
cosy ϑ law to describe the emission characteristic, where y is a fitting parameter, often
greater than 1. There are however indications that spatial and energetic distributions
are not decoupled and interdepend on each other. Also, under incidence different
from 0°, these analytic predictions do not hold anymore. It is therefore desirable to
have experimental capacities to probe the angular distribution. One such possibility
is given by the catcher QCM configuration described in section 2.2.
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Figure 1.4: Energy distribution of particles ejected by sputtering. Visible is the peak
below the SBE (that is also given as a fitting parameter for the theory
curve) and the fall off for higher energies. Almost no particles are emitted
with energies greater than 10 eV. Taken from [39].
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Figure 1.5: Energy distribution of reflected Ar ions after impact on a simulated wol-
lastonite sample for two different incidence angles.
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1.2.5 Computer Simulation of Sputtering

For computer simulation of sputtering processes, two main approaches are avail-
able. The description below follows the one in [43]. While molecular dynamics (MD)
simulations calculate the time evolution of a simulation cell by means of classical
equations of motion, binary collision approximation (BCA) codes process individual
collisions between two atoms sequentially and independently.

MD simulations can be as accurate as the physical input (i.e. the assumed inter-
action potentials), they are however limited by a rather small number of simulated
particles before they become too computationally expensive. Therefore, BCA codes
like the readily available SRIM [24] or SDTrimSP [26] are more widely used. Key
assumptions in these are that the collision cascade can be modelled as a series of
independent elastic binary collisions. In each of these, the scattering angle is calcu-
lated using an effective interaction potential which enters the simulation as an input
parameter. Projectile and recoil trajectories are approximated by their asymptotes
and particles are tracked until they collide with a different partner. This algorithm
is repeated until the particle energy falls under a threshold and it is considered to
be stopped. In the special case of Monte Carlo BCA (MC-BCA) codes (as are the two
above mentioned), the parameters for each collision (path length between collisions,
impact parameter, azimuthal angle) are chosen randomly. Besides the already men-
tioned interaction potential, other input data are a model for inelastic energy loss
between collisions due to electronic stopping, the chosen method of numerical in-
tegration and of course the surface binding energy. As discussed above in section
1.2.3, the SBE is amongst the most unknown parameters and can greatly vary for a
single element, especially in composite targets or targets where different coordination
of this species occurs. This parameter therefore often needs adaptation to achieve
agreement with experimental findings, as was done, e.g. in [18] or [27]. Dynamic
codes update the target stoichiometry to account for preferential sputtering and ion
implantation. For these, a wide range of output information can be gained as a func-
tion of ion fluence. This includes, but is not limited to, sputter yields, trajectories of
sputtered particles and reflected ions, their respective energy distributions and depth
profiles of damages caused by the ion beam.

For the simulation of sputtering of rough realistic surface (in contrast to the flat
surfaces of, e.g. SDTrimSP), special versions of simulation codes exist, for example
TRI3DYN [49] and SDTrimSP-3D [50]. However, these either require intensive com-
putation infrastructure (recent studies had to be carried out using the Vienna Sci-
entific Cluster), have huge shortcomings in terms of usability or both. As a work-
around, a geometric simulation code making use of ray tracing algorithms called
SPRAY has been developed [29]. It relies on previous studies using conventional
MC-BCA codes for a given target-projectile system. Sputter yields, particle trajec-
tories and energy distributions have to be known and provided as input. Using mi-
croscopy images of real surfaces (usually by means of atomic force microscopy), a
series of random impact point on the surface is chosen. For each one, αloc is cal-
culated and sputtering is assumed to happen according the previously calculated
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input data for this angle. Both ejecta and reflected projectile trajectories are chosen
using a Monte Carlo approach, and they are traced geometrically until they either
reach free space or hit another point on the surface. At this second site of impact,
sputtered particles are assume to stick, reducing the net sputter yield. Reflected ions
are evaluated according to their energy on whether they can cause secondary sput-
tering. For a multi-component system, the individual target species are assumed to
be independent from another and this process is carried out for each species. The
results are then weighted and summed. First results using this approach to describe
sputtering of the wollastonite mineral as relevant Hermean regolith analogue were
reported in [51].

From the construction of the SPRAY code, its limitations arise naturally: As a lot of
input parameters already enter the BCA simulations going into SPRAY, its results can
only be as accurate as its input data. Furthermore, SPRAY does not simulate collision
cascades at all. Therefore, roughness of the input microscopy images must be on
scales where individual mountain flanks can physically be considered flat surfaces
for which the input data hold. SPRAY is a purely geometric code, meaning that it
does not take into account the length scales on which the ion surface interaction takes
place. This could potentially limit the accuracy of results, especially when roughness
and the expected size of the collision cascades are of the same order of magnitude.
The big advantage of this approach, however, is that there are no limitations in the
size of the surface microscopy images. Especially for larger areas, this saves a lot of
computation time.

1.3 Outline

This chapter introduced the motivation for and the physical concepts necessary to
understand the experiments presented in this thesis. The following chapter 2 will
present the main experimental methods, focussing on the quartz crystal microbal-
ance measurement technique, which allows precise determination of sputter yields
in real time and in situ, and the catcher configuration, that provides a means to probe
the angular distribution of sputtered particles. Chapter 3 shall describe the realisa-
tion of these techniques in the AUGUSTIN ion beam facility of the Institute of Ap-
plied Physics (IAP) at TU Wien. Sample preparation (both creation and cleaning) is
described in chapter 4 while experimental findings and their discussion are reported
in chapter 5. Finally, chapter 6 provides a summary of the results and a brief outlook
to future measurements.
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2 Experimental Methods

2.1 Quartz Crystal Microbalance Technique

The Quartz Crystal Microbalance (QCM) technique is a precise method to measure
mass changes on a quartz resonator in real time and in situ [52]. Over the past
years, it has been used extensively at the Institute of Applied Physics (IAP) at the
TU Wien [28]. Its working principle is described below.

The QCM is irradiated with an ion beam under an angle of incidence α with re-
spect to the surface normal. This causes the implantation of ions into the sample as
well as sputtering of target atoms, both leading to a net mass change. It is possible to
resolve this mass change by making use of the quartz’s piezoelectric properties: The
resonator is coated with two thin Au films that serve as electrodes. An AC voltage
is applied to the QCM and a thickness-shearmode oscillation is driven. The cor-
responding eigenfrequency is tracked using specialised electronics. For small mass
changes compared to the initial quartz mass, there exists a linear relation between
the resonator mass and its resonance frequency, the Sauerbrey equation [52]:

Δm
mQ

= −Δf
fQ

(2.1)

Here,mQ and fQ give the original mass and resonance frequency of the QCM, respect-
ively, whereas Δm and Δf denote their changes as a function of time. By introducing
the quartz density and its thickness as ρQ and dQ, respectively, it is possible to define
a mass change per unit area:

ΔmA �
Δm
AQ

= −Δf
f

ρQdQ (2.2)

Here, AQ stands for the QCM area. It should be noted that the quartz is not equally
sensitive over its whole area. Much rather, its sensitivity decreases radially with in-
creasing distance to the quartz centre and is given by a Gaussian function [52]. In the
past, a focussed ion beam has been used at TUWien to determine the free parameters
of the radial sensitivity function [48]. A pair of scanning plates is used to homogen-
eously irradiate the whole area of non-vanishing sensitivity, which is necessary for
equation 2.1 to hold.

According to Sauerbrey, these considerations remain valid also for thin films of a
material different than quartz [52]. The above relation 2.2 therefore also holds for
a target film under the substitution ρQ ↔ ρ and dQ ↔ d, where ρ and d denote the
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total density and thickness of the whole system (quartz and thin film), respectively.
During data evaluation, however, the film thickness and mass can be neglected as
they are orders of magnitude smaller than the ones of the quartz alone. Typical film
thicknesses are in the range of ≈100nm whereas the quartz resonators in use have a
thickness of about 300µm.

For experiments in which the target is a compound material, the QCM technique
cannot distinguish between the individual contributions of the different target spe-
cies. Much rather, the absolute mass change per unit area is resolved. To arrive at a
mass removal per impinging ion, y, one has to take into account the incidence beam
current density j . If it is constant in time and homogeneous over the whole sensitive
quartz area, the number of ions Ni hitting the surface during a time Δt is given by

Ni =
jΔtAQ

qe0
, (2.3)

where q is the ion charge state and e0 denotes the elementary charge. Therefore, one
can find an expression for y as follows:

y � −Δm
Ni

=
ΔfQ
f

m · qe0
AQjΔt

(2.4)

The sign is chosen in analogy with the definition of the sputter yield, such that a
negative mass change (and therefore positive frequency change) gives a positive mass
removal y. Substituting with 2.2 finally yields

y =
Δf

f
ρQdQ · qe0jΔt

=
Δf

Δt
· 1
j
· ρQdQqe0

fQ
. (2.5)

Therefore, the expression for y decomposes into a product of three factors: First,
Δf
Δt gives the slope of the frequency over time curve and can be determined from
experiments. The second part is merely the incident ion beam current density, which
is measured using a Faraday Cup (FC) both before and after each experiment and is
therefore known. The final constituent is comprised of constants regarding the QCM
itself and is again known.

Due to the high precision, resolution and frequency stability of the setup developed
at TUWien, the QCM technique can be used during sputtering experiments to meas-
ure the mass change per incidence ion for mass depletion, whereas commercially
available setups are usually used during deposition processes [28]. However, when
investigations are carried out using materials as targets that cannot be deposited as
thin films onto a quartz resonator, a different approach is used. This upgrade to the
QCM setup is described in the following section.
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2.2 Catcher-QCM Configuration

As mentioned above, the setup using a single QCM faces restrictions concerning the
usable target materials. While it may be suitable for mono-elemental samples, speci-
mens that are comprised of more than a single species might be difficult to reproduce
stoichiometrically as a thin film. Additionally, even if the correct composition can
be achieved, effects like surface structuring, roughness or crystallinity might be lost
or altered during material transfer onto a target QCM. Therefore, a second QCM is
placed next to the existing setup, facing the sample to be investigated. If an ion
beam hits a target and causes sputtering, particles are liberated. Due to their rather
low energies in the range of up to about 50 eV [39], sticking can occur. The purpose
of the second QCM is to catch these ejected particles, hence the name Catcher-QCM
(C-QCM).

In addition to mass increase on the C-QCM due to the deposition of sputtered
target material, other effects have to be considered as well. The incident ion beam
might also be reflected from the irradiated sample. Depending on their energy and
angle of incidence on the catcher, these reflected ions might sputter material from
the C-QCM, leading to a mass decrease. Also, depending on the ion species, and
therefore their penetration depth into a given target material, reflected ions might be
implanted into the catcher. This would then correspond to amass increase. Moreover,
implanted projectiles might leave the catcher again by outgassing, reducing the res-
onator’s mass. Thus, in a steady state regime, the signal recorded by the C-QCM is
a combination of the above mentioned processes. By means of a microbalance alone,
their individual contributions cannot be untangled and the resulting frequency over
time curve only gives information about the total mass change on the catcher quartz.

In analogy to equation 2.5, a catcher yield yC can be defined using similar reason-
ings. It is however important to point out that ejecta contribute to the catcher signal
regardless of where on the sample they have been sputtered from. There is no more
sensitive area on the irradiated specimen. In contrast to a simple QCM, it is therefore
necessary to know the total current hitting the target rather than merely the current
density.

Similarly to equation 2.3, the total number ions hitting the target can be defined as

N total
i =

jAbΔt

qe0
. (2.6)

Here, the sensitive quartz area AQ has been replaced by Ab, which stands for the
total area of the ion beam. It is noted that in the experiment it is ensured that the
whole beam hits the target, therefore this area is independent of the ion incidence
angle; projection of the ion beam cross section onto the target does not play a role.
This is realised by scanning the beam to an area small enough that under no angle
of incidence, material other than the sample is hit. Not only is this necessary for
the evaluation of the catcher yield to hold, but it also ensures that no material of
the target holder is sputtered as this would distort the catcher signal. Similar to the
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adaptations to equation 2.3, the mass change per unit area 2.2 is changed to

Δm = −Δf
f
· ρQdQAQ . (2.7)

Equation 2.7 now gives the total mass change of the catcher QCM as a consequence
of the Sauerbrey equation. Just as discussed for a simple QCM, AQ is the area over
which the catcher quartz resonator is sensitive to mass changes. In analogy to 2.5, a
catcher yield yC can be defined by dividing the expression for the total mass change
on the catcher 2.7 by the number of ions impinging on the sample 2.6, giving

yC =
Δm

N total
i

=
Δf

f
· ρQdQAQ · qe0

jAbΔt
=
Δf

Δt
· 1
I
·AQ ·C . (2.8)

Of course, this definition still includes and scales linearly with the sensitive area of
the catcher quartz. Therefore, a normalisation per solid angle covered by the catcher
QCM is introduced and the catcher yield per incoming ion and per steradian is there-
fore defined as

yC,Ω =
yC
Ω

=
Δf

Δt
· 1
I
· r2 ·C . (2.9)

Here, r denotes the distance between the catcher and target centres, respectively. For
the herein described experimental setup, the catcher QCM has a sensitive radius of
7mm outside of which no more mass changes are resolved [48, 53] and r = 17mm.
Therefore, the solid angle covered by the catcher is Ω ≈ 0.13 sr.

Note that for the case of the C-QCM, a different sign convention has been chosen.
Because the mass decrease on an irradiated primary QCM corresponds to a mass
increase on the catcher, equation 2.8 does not have a leading minus sign. Instead of
the ion current density, the total current I hitting the sample appears.

The experimental realisation of the catcher configuration is sketched in figure 2.1.
an ion beam hits a target under an angle of incidence α and causes sputtering of
sample material. This angle α can be varied to study the dependence of the sput-
ter yield on the incidence angle. As opposed to preliminary studies using a QCM
to collect sputtered particles [54, 55], the current catcher maintains a fixed distance
r from its centre to the centre of the irradiated sample. It can be moved in an arc
around the target, thereby varying the angle αC which is defined as the relative angle
between the target and catcher surface normals. This geometric variation to previous
experiments has an innate advantage: it takes into account the radial symmetry of
the experiment. As the flux of sputtered particles through a spherical area with ra-
dius r follows an 1/r2 law, keeping this r constant allows to meaningfully probe the
angular distribution of the ejecta. Before the current setup, only one parameter in
a cartesian coordinate system could be varied. Therefore, at every catcher position
a different distance to the centre of particle ejection was realised. This changed the
recorded signal in addition to the changes expected from a non-isotropic emission
characteristic, making the interpretation of results difficult [51, 54].
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ion beam

target / QCM

catcher QCM
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r

Figure 2.1: A sketch of the catcher setup. A target (depicted is a QCM, it can also be
a mineral pellet) is bombarded with an ion beam under an impact angle
α. The sputtered particles are collected by a catcher QCM. The angle
between the sample and catcher surface normals is given by αC and the
distance between the target and catcher centres is called r. Adapted from
[54].
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3 Experimental Setup

The experiments described in this thesis were carried out at the AUGUSTIN ion beam
facility of the Institute of Applied Physics (IAP) at TU Wien. The following section
shall trace the path of ions, from their creation in the ion source SOPHIE through the
Beam Line 3 (BL3) and finally into the experimentation chamber. The layout of the
chamber as well as the components of the experiments are described.

3.1 ECR Ion Source “SOPHIE”

The heart of the AUGUSTIN laboratory (spatially, at least) is an Electron Cyclotron
Resonance Ion Source (ECR Ion Source or ECRIS, for short) nicknamed SOPHIE
(SOurce for Production of Highly charged Ions using ECR). In such an ion source,
a plasma is heated using microwave radiation and confined using magnetic fields
in a so-called minimum-B field configuration [56, 57]. This is achieved through su-
perposition of an axial magnetic mirror filed and a radial multipole field. In the
case of SOPHIE, the multipole field comes from a permanent sextupole magnet. The
electrons resonantly absorb the heating radiation in a region where their gyromo-
tion frequency coincides with the microwave frequency. Through collisions with the
working gas, atoms thereof are ionised. Additionally, if plasma confinement is good
enough, electrons can collide with gas atoms often enough such that subsequent step-
wise ionisation to higher charge states is possible.

The microwave signal is produced by an oscillator capable of operation in the
range of 6-18 GHz. It is however limited to frequencies of 12.75-14.5 GHz, as this is
the acceptable range for the subsequent microwave amplifier. The wave propagates
through a rectangular and a cylindrical waveguide, the transition into the vacuum
chamber of SOPHIE is provided through a PTFE mirror. To keep reflected power be-
low 20W (the upper limit the amplifier can withstand), a circulator and an air-cooled
dummy load are installed.

Extraction of the ions is realised through an accel-decel system consisting of three
cylindrically concentric electrodes. This is a system of three electrodes; in addition
to the plasma electrode and the extraction electrode held at ground potential, a so-
called suppressor electrode is installed between these two. In the plasma extraction
region, electrons can be freed either by ionisation of the residual gas or through colli-
sions of the ion beam with the chamber wall metal. These electrons are necessary for
space charge compensation in order to reduce ion beam divergence. They are how-
ever accelerated towards the plasma and away from the extraction region; therefore,
the suppressor is held at a negative potential to repel electrons and thwart them from
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Figure 3.1: A sketch of BL3. Visible are the SOPHIE ECRIS described in section 3.1
along with the subsequent quadrupole magnets and the sector magnet
for beam focussing and deflection, respectively. After passing through
the bending magnet into the BL3, the ion beam is further shaped using
apertures, deflection plates and einzel lenses. The current on aperture
L1 can be measured and these data are used to optimally guide the beam
into the experimentation chamber. Upon entrance, the ion beam can be
scanned to facilitate uniform irradiation over a well-defined sample area.
Image adapted from [58].

entering the plasma region. Due to the rather low energies at which the electrons are
typically liberated (some ten eV), a potential of -100 V is usually sufficient to achieve
this [56]. Ion beam extraction at SOPHIE is possible with acceleration voltages in
the range of 1-10 kV, while up to 2 kV can be applied between the suppressor and
ground.

3.2 Beam Line 3 (BL3)

Once extracted, the ions are guided through the Beam Line 3 (BL3) of the AUGUSTIN
lab. The design of the beam line is briefly described and sketched in figure 3.1. First,
the ion beam undergoes focussing in a set of two quadrupole magnets. In such a
magnet, two north and two south poles create a magnetic field perpendicular to the
ion beam path. Because of the Lorentz force exerted on the ions by this specific B
field configuration, focussing is achieved along one plane. In the direction normal
to both this plane and the ion beam trajectory, however, the beam is defocussed. To
achieve a net focussing effect nonetheless, two quadrupole magnets are placed right
after each other, with the second one rotated 90° with respect to the first one.

As a next step, the ion beam passes through a constant vertical magnetic field of a
sector magnet. In this field, charged particles are forced to perform circular motion
in the horizontal plane around these vertical field lines. The radius of curvature
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for these trajectories depends on the ions’ charge state and mass, their acceleration
voltage and the B field itself. Using a simple balance of forces in which the centripetal
force is given by the Lorentz force, this radius can be expressed as a function of the
ion velocity. By means of an energy balance, the velocity is found to depend only on
the ions charge state, mass and acceleration voltage. The above findings considered,
a relation can be established in which the mass over charge ratio, m/q, is linearly
dependent on the squared magnetic field. Thus, by varying the B field, a mass over
charge selection takes place. This is used to deflect ions of a desired m/q ratio into
the correct beam line. Moreover, unwanted charge states or ion species (e.g. from
contaminations, residual or mixing gases inside the SOPHIE vacuum chamber) are
separated from the beam with which experiments are carried out. In fact, in [59] a
brief analysis of thism/q ∝ B2 behaviour was carried out using data from the previous
years of experiments and excellent agreement to this simple relation was found.

After deflection into BL3 by the sector magnet, the ion beam current can be meas-
ured by means of a Faraday Cup that is pneumatically movable into and out of the
beam path. It is used to pre-adjust the beam and for taking mass over charge spectra.
A pair of deflection plates is mounted at this position in order to allow for electronic
switching between “beam on” and “beam off”. Afterwards, the beam passes two sets
of ion beam optics, each one consisting of one aperture, two pairs of deflection plates
and one einzel lens. While the apertures are used to shape the ion beam based on
purely geometric effects, both the deflection plates and the einzel lenses work by ex-
erting a Lorentz force on the ions. In a pair of deflection plates, a constant voltage
is applied to the two parallel plates such that a homogeneous electric field arises.
The ions undergo parabolic trajectories in this field, which results in a deflection of
the ion beam. Using a pair of such plates, the beam can be steered in the plane per-
pendicular to its original velocity vector. An einzel lens is a set of three concentric
cylinders in which a voltage is applied to the middle one while the other two are
held at ground potential. Due to the radial potential gradient, ions travelling closer
to the cylindrical centre axis experience a different force than the ones farther off-
centre and a net focussing effect is achieved. In the BL3 setup, one of the apertures
(labelled L1 in figure 3.1) is connected to a picoammeter. It is used in navigating the
ion beam into the experimentation chamber. While no beam optics devices are active,
an operating point of the quadrupole magnets is found to maximise current on this
L1 aperture. Subsequently, the first set of deflection plates and the first lens are used
such that the now focussed beam passes through L1. The second set of beam optics
is then utilised to maximise ion current in a Faraday Cup inside the experimentation
chamber. At the very entrance to this chamber, the focussed beam is scanned over the
target by means of a pair of scanning plates. Sawtooth voltages of 1.6 kHz and 52Hz
are applied to the two pairs, respectively, to ensure homogeneous irradiation over a
well-defined sample area [53].

19



3.3 Experimentation Chamber

The central part of the experimentation chamber is the sample holder, which is shown
in figure 3.2. It is mounted to a manipulator that can be moved along three planes
of motion and rotated around its centre axis. All of these degrees of freedom can
be accessed by means of stepper motors such that automation of measurements is
possible. Consisting of three compartments, the following objects are mounted to the
sample holder:

1. Faraday Cup (FC): A Faraday Cup is used for current measurements of the ion
beam. A suppressor held at -56 V is used to repel electrons that are liberated
from the FCwall through ion impact so as not to alter the current measurement.
Through the motorisation of the manipulator, the FC can be moved along a
cross in the plane perpendicular to the ion beam. This is used to gauge the
geometry of the ion beam and to determine the total ion current impinging on
the samples.

2. QCM: A quartz crystal microbalance with a thin film of a sample material de-
posited onto it. This QCM is used to investigate yields of these thin films
through direct irradiation. Additionally, it is also bombarded during catcher
measurements to compare the angular distribution of ejecta between amorph-
ous films and pressed pellets. Moreover, as primary data is directly accessible
through this QCM, it can be used to check whether any unexpected distur-
bances caused the ion beam current density to change over the course of the
irradiation. Such data is not available from exclusive pellet irradiations.

3. A pellet pressed from material representative for the surface of Mercury. With
its polycrystalline structure it resembles amore realistic analogue than amorph-
ous thin films and can be used to find possible differences between both systems
upon ion beam irradiation.

The QCM and the pellet are both equipped with a K type thermocouple and heat-
ing wires. These are relevant for multiple use cases. From a scientific viewpoint,
measuring temperature dependent effects might be interesting and has already been
carried out with this setup [60]. On a purely technical side, heating the samples can
be required during preparation (see, e.g. section 4.4), or a controller can be used to
operate the QCM at a working point where its eigenfrequency as a function of tem-
perature is minimal [28].

Flanged onto the experimentation chamber from underneath is another xyzϕ ma-
nipulator. It is, however, only equipped with a single stepper motor responsible for
automation of the rotation around its centre axis. The manipulator houses the holder
for the catcher QCM and, as an extension of the central rod, a mandrel. The sleeve
counter piece is mounted to the bottom of the primary sample holder such that the
mandrel can be inserted into the sleeve. When connected, this construction limits
the possible motion of both manipulators to vertical translation and rotation along
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their centre axes. This ensures a constant distance between the midpoint of the ir-
radiated sample and the centre of the catcher QCM. Therefore, the same geometry
between measurement cycles is assured while the ability to vary the catcher angle
αC is maintained. To facilitate smooth motion between the two components, they are
lubricated usingMoS2 powder which retains its lubricating properties also in vacuum
[61]. Contrary to the pellet and primary QCM, neither thermocouple nor heating
wires are currently installed with the catcher holder. While a holder with a heating
facility exists, it was redesigned and rebuilt during the time span of this thesis. By
removing the heating wires, space was gained to slim down the holder. Due to an
asymmetric design and a frame as thin as possible to safely hold the quartz, a smaller
minimal angle with respect to the incoming ion beam is achieved before shadowing
the scanned beam. Therefore, a larger solid angle can be probed. The original holder
is still available and can be installed with little effort, should heating of the catcher
become a requirement. The technical drawings for the adapted holder are given in
the appendix. A CAD render of the both sample and catcher holder illustrating the
sleeve and mandrel guiding mechanism is given in figure 3.2. Shown is still the sym-
metric catcher holder design with heating wires.

While irradiation of a thin film on a QCM with an ion beam does not pose a prob-
lem as far as charging up of the sample is concerned (as was demonstrated in [62]),
this is very well the case for thick insulating pellets. Therefore, an electron flood gun
is installed to provide low energy electrons which counteract the accumulation of
positive charge on the sample due to the impinging ions. This could lead to deflection
of the beam such that sputtering of the sample holder might occur, thus altering the
catcher signal and contaminating the pellet with foreign material. Moreover, making
use of the effect of electron stimulated desorption, the flood gun is also used when
samples are to be cleaned without the possibility of sputtering. Communication with
the flood gun controller is carried out via the Modbus TCP protocol as implemen-
ted by the pyModbusTCP library [63]. A program was developed to enable remote
controlling of the flood gun. In addition to switching the operation on or off, the op-
eration parameters can be set and are periodically saved to a log file. In case the gun
fails, a reset is attempted and a pre-defined experimenter is notified via e-mail.

A similar attempt inmeasurement remote control and automation wasmade by de-
veloping by a graphical user interface (GUI) with which all the beam optics devices
discussed in section 3.2 can be controlled. It acts as a central panel from which the
beam can be shaped and the relevant current measurements (L1 aperture, see fig-
ure 3.1, and the FC on the sample holder) are plotted in real time. Additionally, the
ion beam shape can be investigated using pre-defined programs to measure beam
profiles. All settings can be saved and loaded such that easy recreation of previ-
ous mesaurement conditions is achieved. The details of implementation and a user
manual can be found in [64].

The vacuum chamber is pumped by two ion getter pumps and, if necessary, a tur-
bomolecular pump. Base pressures are typically in the medium to high 10−10 mbar
range and therefore, ultra-high vacuum (UHV) conditions are achieved. If desired, a
titanium sublimation pump can also be fired to aid the other pumps.
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Figure 3.2: A render of the sample holder and catcher QCM in the vacuum cham-
ber. The manipulators can be connected to each other via insertion of a
mandrel into a (MoS2 lubricated) sleeve, fixing the experimentation geo-
metry. When inserted, only rotation remains as a degree of freedom for
both manipulators. The sample holder houses three compartments, from
top to bottom: a Faraday Cup, a QCM with a deposited sample film and a
mineral pellet.
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3.3.1 QCM Electronics and Controlling

As discussed in section 2.1, sputter yield information in a QCM setup is gained
through precise tracking of the quartz resonance frequency. For this purpose, two
possibilities are available at the BL3 experiment, both of which rely on a feedback
voltage generated by a so-called phasebox. It is mounted outside the vacuum cham-
ber and connected to the quartz via a feedthrough. A sine wave voltage is fed into
the phasebox while a voltage controlled amplifier is used to maintain a constant cur-
rent through the quartz. The phasebox output signal now depends on the difference
between the input frequency and the quartz’ series resonance frequency and is es-
tablished through a phase comparison between current and voltage. If in resonance,
this phase shift is zero and leads a zero voltage output. Otherwise, the output is a
non-vanishing DC voltage and controllers lock onto this zero crossing of the output.
By means of a differential setup and a dummy cable of the same length as the actual
QCM signal cable, its capacitance is compensated for. The precise electronics are
described in [65] while repair and suitable replacement parts are discussed in [62].

To record the QCM resonance frequency, a setup using a function generator equipped
with an oven-controlled crystal oscillator reference frequency can be used. The phase-
box output is fed into a personal computer (PC) by means of a fast analog-digital-
converter (ADC). A proportional-integral-derivative (PID) controller written in the
Python programming language [66] is then used to derive the needed function ge-
nerator output. This setup (as described in [67]) has the advantages that it does not
require a frequency counter and that overtone oscillations can be excited quasi si-
multaneously. However, using the setting of [67], a single data point is recorded
only every five seconds. Moreover, noise was usually in the range of about 10 mHz.
This combination of a bad time resolution and a rather noisy signal is not ideal for
the catcher configuration, where signals are inherently much smaller compared to
frequency curves of quartzes that are directly irradiated. That is why this means of
controlling is used to record the eigenfrequency of the primary sample QCM.

On the other hand, a well-tried approach as described in [28] and [65] is applied
to measure the catcher resonance frequency. A low noise LC oscillator is used. Its
frequency is tunable between 59 and 61MHz and is fed both into a frequency counter
and a Johnson counter. While the former is used to log the frequency, the latter
divides the signal by 10 for driving the QCM series resonance. In previous implemen-
tations of this approach, the frequency counter was controlled using a LabView [68]
program, taking one data point every second with a measurement time of 10 ms.
LabView is commercial software and requires internet connection to communicate
with a licensing server upon startup. However, due to security concerns, the PC
was taken off the internet and therefore, a different solution had to be established.
Preliminary attempts with this transition from proprietary software to home-made
tools based on the freely available programming language Python had failed due to
poor and simplistic construction of these first command line based tools. Again, a
graphical user interface was developed. Its function follows an event based paradigm
allowing to circumvent the limitations of the initial controlling attempts. The most
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notable of these shortcomings was that no proper termination of device communi-
cation was carried out, leaving the frequency counter in a state unable to accept new
data reading prompts. The resulting software also provides experimental benefits:
A measurement time of one second is set at the frequency counter, and a new data
point is recorded as soon as the last one is processed, giving again a sample rate of
roughly one data point per second. This is an improvement of a factor of 5 compared
to the above described setup using a function generator, and due to the prolonged
integration time also compared to the LabView version. Now, signals usually carry
noise in the 2-3mHz range in contrast to the 10mHz described above. This low noise
is especially important for naturally small signals on the catcher QCM and the better
time resolution is imperative for experiments where only low fluence can be applied
to specimens. The new controlling software is described in detail in [64].
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4 Sample Preparation and Data
Evaluation

4.1 Choice of Analogue Materials

The surfaces of celestial bodies is covered by so-called regolith, a loose layer of frac-
tured bedrock, whole rocks and single crystal agglutinates [69]. While composition
of lunar regolith can be analysed throughmaterial brought back to earth from sample
return missions, the Hermean mineralogy can be estimated by means of remote sens-
ing. In both cases, pyroxene and plagioclase minerals seem to appear on the re-
spective surfaces [70, 71]. As a member of the pyroxene family, the mineral enstatite
(MgSiO3) has been chosen. Additionally, experiments were carried out with samples
of the pyroxenoid wollastonite (CaSiO3). Even though not directly an analogue ma-
terial for neither the Moon nor Mercury, it is ideally free of Fe and thus serves to
represent Hermean silicates with low iron content [72].

4.2 Creation of Thin Films

The thin films investigated during this thesis were deposited onto quartz resonators
by means of Pulsed Laser Deposition (PLD). PLD is considered to be a suitable tech-
nique for the stoichiometric formation of films from composite materials [73]. In this
method, energy in the form of laser pulses is deposited in a sample, leading to the
ablation of material and a plasma plume above the irradiated sample. This plume
hits a substrate, e.g. a QCM, and a thin film is formed. The samples for the presented
experiments were prepared by A. Nenning of the Institute of Chemical Technologies
and Analytics at TU Wien.

The wollastonite films were prepared using a 248 nm KrF excimer laser. Typical
PLD parameters were 5-10Hz pulse frequency and a fluence of 1-3 Jcm−2 per pulse
under an atmosphere of 4 × 10−2mbar O2. The sample was heated to 270 °C and
the depositions were carried out for a time span between 30 and 60 minutes. The re-
sulting films were analysed for thickness and composition using ion beam analytics at
Uppsala University. Donor material was a wollastonite crystal provided by the Uni-
versity of Bern. Rutherford Backscattering Spectrometry found thicknesses varying
between 30nm and 700nm, depending on PLD parameters. Time of Flight - Elastic
Recoil Detection Analysis (ToF-ERDA) and X-ray Photoelectron Spectroscopy found
stoichiometry of the original wollastonite material to be well reproduced, despite
some C contaminations that resulted from transportation of the samples on air [18].
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The same PLD setup was used for the deposition of enstatite films. However, the
focus spot size of the laser was reduced, resulting in a fluence of about 3 Jcm−2 per
pulse. This was done in order to achieve a more even film growth with less meso-
scopic particles on the QCM. Deposition times ranged between 15 and 30 minutes.
All other parameters were kept the same as for the wollastonite samples. In contrast
to the above described wollastonite, no suitable single piece of enstatite mineral was
available for the use in PLD. Therefore, deposition was carried out using a pressed
enstatite pellet as donor (see section 4.3 below).

Figure 4.1 gives an overview of the resulting films. Figures 4.1a and 4.1b show
Atomic Force Microscopy (AFM) images of the wollastonite and enstatite films, re-
spectively. Visible are also some mesoscopic chunks that appear on the samples due
to the PLD process. The formation of these bigger particles has also been reported by
other investigators [74]. Nonetheless, past investigations in the Atomic and Plasma
Physics (APP) group concluded using X-ray Diffraction and ToF-ERDA that besides
these chunks, also a coherent and amorphous sample film covering the Au electrode
on the quartz is formed [18, 48]. Given in figure 4.1c is a photo of one resulting
sample, in this particular case of a CaSiO3 film. It is thin and translucent enough that
the underlying electrode can be seen. Finally, figure 4.1 shows an analysis of the Sur-
face Inclination Angle Distribution (SIAD) for both sample films. This distribution
gives information on howmuch local surface normals deviate from the global surface
normal. Its mean value has recently been observed to be an important predictor on
how much sputter yields change for a rough surface compared to a perfectly flat one
[29]. The plotted distributions have been normalised with respect to their maximum
value. For both sample minerals, the SIADs peak at about 10° and most inclination
angles are below 20°. It is therefore concluded that both CaSiO3 and MgSiO3 give
comparably smooth films using PLD sample preparation.
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Figure 4.1: (a): AFM image of a wollastonite film.
(b): AFM of image of an enstatite film.
(c): photo of a wollastonite film deposited on a QCM.
(d): SIAD of mineral films of the both investigated sample minerals
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Wollastonite Enstatite
SiO2 52.22 ± 2.37 55.47 ± 3.91
Al2O3 b.d. 0.70 ± 0.50
FeO b.d. 5.22 ± 0.65
MgO b.d. 38.61 ± 3.25
CaO 47.78 ± 1.37 b.d.

Table 4.1: Composition of minerals used in pellet pressing. All values in wt%, oxide
contents below detection limits are labelled as “b.d.”. Data taken from [69].

4.3 Creation of Mineral Pellets

As a second type of sample, pressed mineral pellets were prepared at the University
of Bern. The preparation process is described in [69] and briefly sketched. Wollas-
tonite and enstatite were ground in an agate disk mill. The resulting powder was
investigated for grain size and subsequently filtered. In a first attempt, about 0.3 g
of the mortared material were pressed between two pistons by applying 239 MPa of
pressure for 5 minutes. The result was then glued onto a stainless steel holder by
means of a UHV and high temperature safe carbon-based paste. This approach was
sufficient to produce a mechanically stable pellet of wollastonite. For enstatite how-
ever, the resulting sample was delicate and broke easily. To counteract this problem,
a reduced amount of material (≈ 0.03 g) was pressed directly into the steel holder. To
improve cohesion, a base of wollastonite was first produced upon which the enstatite
was pressed.

Again, chemical composition was analysed, this time using scanning electron mi-
croscopy. The relevant results are given in table 4.1. It is apparent that the wollas-
tonite base material did in fact not contain Fe, as was desired. Thus it can act as
an ideal Ca-silicate pyroxenoid to simulate Hermean regolith, even though it is not
expected to be abundant on Mercury. The enstatite on the other hand does contain
a considerable amount of iron in terms of weight percent. However, as it is heavier
than Si and Mg (atomic mass of ≈ 56 compared to ≈ 28 and ≈ 34, respectively), the
Fe contamination given in atomic percent is deemed acceptable. Moreover, despite
the investigations concerning sputter yields and angular distributions of ejecta, this
minor Fe content provides the possibility to study other space weathering phenom-
ena such as the the formation of iron nanoparticles and the preferential implantation
of solar wind ions therein [75].

A characterisation of the pellet samples is given in figure 4.2. Subfigures (a) and
(b) show AFM images of the wollastonite and enstatite pellets, respectively. Figure
4.2c is a photo of a resulting pellet with a diameter of 1mm inside the custom made
stainless steel holder. Finally, figure 4.2d depicts the SIADs of the pressed pellets
for both minerals. While the orange curve (wollastonite pellet) is almost identical to
the inclination angle distribution of the corresponding thin film (figure 4.1), a de-
viating SIAD is observed for enstatite. Jäggi et al. reported in [69] that during the
grinding of base material, needle-like structures formed in the wollastonite powder
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due to it being a rather brittle material and due to well-developed cleavage. This
provides a possible explanation for why the wollastonite pellets were smoother than
the enstatite specimens. Due to the different roughnesses, a difference in sputtering
behaviour can be expected when comparing the two enstatite sample configurations.
Conversely, when only surface roughness effects are considered, no significant devi-
ations in sputter yield and ejecta angular distribution are expected between the two
wollastonite sample types.

4.4 Sample and Catcher Cleaning

Before every experiment, all samples were cleaned. Depending on the type of sample,
a different procedure was used. However, most of the time sample preparation was
carried out using sputtering by an ion beam. By means of the scanning electronics
described in section 3.2, a suitable beam profile can be achieved. In preparation
and experiment cycles, ion beams were used in three different geometries: focussed,
scanned over a more narrow area of about 4 × 4mm2 and scanned over a wide area
of roughly 8× 8mm2. Beam geometry was probed using the Faraday Cup (see figure
3.2). It should however be kept in mind that the resulting profile is a convolution of
the beam geometry and the FC aperture size. Therefore, to minimise the influence of
this convolution effect, the wide beam profile was used to integrate the ion current
density over the irradiated area. Figure 4.3 shows typical beam profiles (in this case
of 4 keV He+) in three geometries. Note that both the wide and narrow profile have
been scaled by a factor of ten for the sake of visibility.

In order to clean the primary QCM, it was irradiated under an angle of incidence of
60°. Scanning was chosen to be wide in order to ensure homogeneous sputtering over
the whole quartz area. The quartz resonance frequency was tracked and monitored.
The sample was considered clean when a steady state sputter yield was reached. The
transition from a dirty to a clean sample can be clearly observed due to the weak
binding of physisorbed and chemisorbed adsorbates and contaminations. As long as
these are present, sputter yields are typically heightened because the contaminations
get sputtered more easily than actual sample material. The time necessary to achieve
steady state sputtering was tracked.

Cleaning of the pellet sample was carried out in a similar fashion. However, no
primary information on when the sputter yield has stabilised is available for this
sample type. Therefore, the following assumption was made: Because both pellet
and thin film were exposed to pollutants for the same amount of time and have the
same stoichiometry, they are expected to be similarly contaminated. This is valid
if both samples had been previously cleaned and were stored in UHV conditions.
Therefore, the same fluence is necessary. Pellets were irradiated using a narrowly
scanned beam profile in order to avoid sputtering of the sample holder, which could
lead to contaminations with holder material on the pellet. As a result, the ion flux
density was increased and therefore, irradiation time was reduced compared to the
QCM cleaning to achieve the same fluence. Additionally, to counteract charging up of
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Figure 4.2: (a): AFM image of a wollastonite pellet.
(b): AFM image of an enstatite pellet.
(c): Photo of a mineral pellet pressed into a stainless steel holder.
(d): SIADs of pellets from both investigated sample minerals.
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Figure 4.3: Various beam profiles achieved with scanning electronics and used for
both sample preparation and sputtering experiments. Measured with the
FC whose aperture size is 0.6mm2. Note the scaling by a factor of ten for
the narrow and wide beam profiles.
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the pellet, the electron flood source was active, providing 300µA of 10 eV electrons.
This sputtering approach however produces ion beam damages like amorphisation

in the topmost sample layers. While this is no problem for the thin films that show no
crystal structure anyway, it might hinder investigations where fluence dependent ef-
fects of crystallinity are themain focus. Therefore, a secondmethod of pellet cleaning
was applied. The pellet was heated to roughly 330 °C and kept at this temperature
for 6000 s to facilitate the desorption of contaminants. Moreover, 20 eV electrons
were supplied to the sample. It has been reported that low energy electrons (≤ 20eV)
can lead to the desorption of adsorbates via so-called Electron Stimulated Desorption
(ESD), more specifically through dissociative attachment mechanisms [76]. Because
no direct information on the cleanliness of the pellet is available, this procedure was
tested on a QCMwhere a steady state sputter yield indicates a clean surface. After the
above described heat ramp and irradiation with low energetic electrons, indeed stable
sputtering was found. It can therefore be concluded that cleaning through heating
and ESD provides a feasible method of sample preparation for future measurements
investigating crystallinity effects.

Due to the geometry of the setup, the catcher can only be cleaned under normal
ion beam incidence. This is the only position on its arc where it is in the ion beam
trajectory. Again, its resonance frequency was tracked and the catcher was considered
clean when a steady state sputter yield was reached.

Sputter cleaning was carried out most of the time with a 2 keV Ar+ ion beam for
all samples. The only exception to this are measurements using a 4 keV He+ ion
beam. Samples for these specific experiments had also been cleaned with Ar after
their initial installation into the vacuum chamber. However, once the ion species was
switched to He, the chamber was not opened again and the only source of contamina-
tion was residual gas rather than air. It was therefore deemed sufficient to prepare the
samples using the same He beam with which the experiments were conducted, also
for time reasons. Changing the beam to Ar for cleaning and subsequently back to He
would have taken one half up to a whole day and therefore, the specimens would have
faced residual gas pressure for a significant amount of time. Operation of SOPHIE
using a mixed gas plasma is possible and would have reduced beam switching times,
but leads also to a decrease in available current for each ion species which in turn
reduces the signal to noise ratio on the catcher.

4.5 Towards Quantifiable Systems Using Pellet Edge
pre-Coating

As was reported in [77], a problem that was encountered in the past using this setup
was that catcher signals varied by up to a factor of two between experiments under
otherwise same conditions. Scaled results between measurement cycles, however,
still showed qualitatively same behaviour.
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3.57 mm

Figure 4.4: Geometry of the PEPC procedure. The semicircle represents the upper
half of the pellet as is shown by the transparent photo background. The
focussed ion beam hits the pellet 3.5mm above its centre, away from the
area usually irradiated during experiments and far enough from the edges
so that no sputtering of the target holder occurs.

A first point of investigation concerned experimental geometry as the cacher con-
figuration is very sensitive to changes in the target-catcher distance r (see figure 2.1).
However, considering the 1/r2 behaviour of particle flux intensity, r would have to
vary by

√
2 to explain the fluctuations by a factor of 2. At the nominal r = 17mm,

this would mean geometric variations by ≈ 3mm. Such large uncertainties in the
experimental geometry are impossible due to the interconnected target and catcher
holders. Additionally, experiments were carried out varying r by up to 1mm. This
value was chosen as an upper limit to estimate possible geometrical variations. Devi-
ations were found between individual irradiations, however not by the amount that
was to be explained. Geometry of the setup was therefore ruled out as a cause for
these fluctuations.

Another possible explanation for this undesired behaviour were fluence depen-
dent sticking probabilities on the catcher QCM. Therefore, a procedure was derived
called Pellet Edge pre-Coating (PEPC, pronounced like the soft drink) and added to
the catcher preparation cycle. The goal was to deposit sufficient material onto the
catcher such that a steady state composition is achieved and no more fluence depen-
dent sticking changes occur. The focussed beam is directed onto a spot near the
pellet edge where no irradiation takes place during actual measurements. This spot is
located 3.5mm above the pellet centre. In the same direction, the irradiated rectangle
stops at 2mm above pellet centre. The geometry is sketched in figure 4.4. The red
circle represents the ion with a radius of 1mm where it decays to zero. This radius
was estimated using the blue beam profile in figure 4.3. However, at this distance
the convolution of both beam and FC geometry vanishes. It provides therefore an
upper limit for the actual beam radius. Thus, a spot is found where it is ensured that
neither the investigated area nor the sample holder are irradiated during PEPC. Also
under incidences with α > 0°, where the red circle in figure 4.4 becomes an ellipse,
this condition is maintained due to sufficient space on the sides of the beam spot.
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In the pre-coating procedure, multiple irradiations under the same conditions (in-
cidence angle α = 45°, catcher angle αC = 25°) are carried out. The resulting slopes
of the catcher resonance frequency curves are plotted in figure 4.5 for two differ-
ent catcher materials. The blue dots denote signals that were recorded using an Au
coated QCM as catcher. Previously, a catcher that was coated with the same material
as the samples to be investigated had been used. The intention thereof was to use a
system which had similar stoichiometry compared to the particle flux to be caught.
This did not mitigate however the deviation of absolute catcher signals. Therefore,
a mono-elemental catcher appeared to be a step towards a more simple system. The
resulting Au catcher slopes, however, scatter a lot. In fact, almost no material stuck
to the catcher at all such that no difference in steepness could be observed. The given
data points are the result of a drift compensation process in which the slope during an
irradiation is corrected by subtracting the average slope of the quartz frequency drift
immediately before and after the beam-on phase. For the Au catcher, slopes could not
be distinguished from time spans where no irradiation took place and therefore, drift
compensation proved useless; especially the negative data points are unphysical. The
attempt in using a gold coated catcher QCM was thus considered failed.

On the other hand, the use of Fe as a single-component catcher coating seems more
promising. Such iron coated QCMs were used in past investigations in the context
of nuclear fusion research. A resonator with an already deposited Fe film like the
ones used in [40] was therefore readily available. Again, PEPC was carried out and
the resulting signals are given in figure 4.5 by the orange symbols. Both PEPC pro-
cedures with Au and Fe were conducted with similar current densities, therefore no
normalisation per incident current was necessary for the direct comparison between
the different coatings. With iron, an increase in slope is observed for the first three
irradiations. For further irradiations, signals do not scatter significantly any more.
To illustrate this, the average signal was calculated, taking only irradiations labelled
3-9 into account where signals were mostly stable. This average is plotted using the
dashed line and the interval ±10% is shaded in light-orange. It is apparent that after
the initial phase, where fluence dependence of the catcher signal is observed, no more
significant variation of the data occurs as every data point lies within the 10% interval
around this average. As other uncertainties in the setup (e.g. current uncertainties)
are in a similar range, these fluctuations are deemed acceptable. More importantly,
PEPC cycles were performed across multiple experimentation days and results were
not only qualitatively, but also quantitatively comparable and well within their error
bars. It is therefore concluded that through the use of an Fe coated QCM as catcher,
the experimental setup is now under control to an extent that allows for quantifiable
results using the evaluation approach described in section 2.2.
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Figure 4.5: Comparison of two different materials for thin films on the catcher QCM.
While gold shows a behaviour that is unusable for experiments because of
very low sticking, the iron coated QCM presented stable enough slopes to
be able to reproduce experiments.
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4.6 Data evaluation

non-linear
behaviour

Figure 4.6: A screenshot of the newly developed data evaluation program. The depic-
ted data show the necessity to adapt fitting parameters individually (see
the annotated curves at the beginning and end of the fit plotted in red).
This can be done by the sliders on the bottom left.

As discussed in section 2, the directly measured quantity of interest is the reso-
nance frequency over time f (t) of a quartz resonator. Its slope during time spans of
irradiation can be obtained by means of a simple linear fit due to the linear nature of
the Sauerbrey equation 2.1 and the expected constant mass change rate. For most of
the measurements, this can be be automated by feeding the frequency data, starting
time and end time of the irradiation into an analysis script. Uncertainties are mainly
dominated by drifts in the quartz resonance frequency and changes in the ion beam
current density. Both of these quantities enter equation 2.8 multiplicatively. The
frequency drift can be averaged from the stints before and after a measurement and
is subsequently subtracted from the slope. The average drift relative to the corrected
slope and the relative deviation in ion beam current density are therefore considered
in the error bars when the results are discussed in section 5. Both sources of errors
can again be estimated automatically for each measurement cycle.

However, this approach was not applicable for all irradiation scenarios. Often, the
slopes were not linear in the beginning (see figure 4.6), which might be related to
implantation of reflected projectiles. A steady state was typically reached after about
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200 s. These cases also showed an increase in f (t) after the beam was turned off,
indicating outgassing of the remaining ions. Nonetheless, this time varied at every
investigated position αC and therefore, automated evaluation could not be carried
out. Measurements where this behaviour occurred are reported in section 5.3.

A tool was developed to sequentially show measurement points of the catcher res-
onance frequency and allow for individual adaptation of the fitting parameters. A
screenshot with a representative frequency curve is given in figure 4.6. In the upper
half, measurement data are plotted, while in the lower half sliders allow to shift the
starting and end points of the linear fits. The plot and the information in the text box
on the right-hand side are updated in real time. Moreover, a tagging of data points is
possible to sort out measurements of insufficient quality. The output is then a list of
slopes and, additionally, estimations of errors both due to resonance frequency drift
and ion beam current uncertainties. It has to be kept in mind, however, that the res-
ulting slopes are caused by absolute mass changes; not only by sputtering, but also
by implantation and outgassing of ions themselves [78].

37



5 Results and Discussion

5.1 Ar+ on Wollastonite (CaSiO3)

Measurements with wollastonite were the first experiments performed since the setup
was upgraded from the linear catcher geometry described in [54] to the herein de-
scribed circular one. The sputtering behaviour of primary wollastonite coated QCMs
was already extensively studied in, e.g. [18, 25, 79]. It was therefore considered a
reasonable choice to test the capabilities of the system. The first measurements us-
ing an Ar+ ion beam and their results were reported in [80]. However, data showed
significant fluctuations of up to a factor of two between experiments performed on
different days without PEPC as discussed in section 4.5. Thus, quantification of their
results as sketched in section 2.2 did not yield consistent values. While these de-
viations between experimental cycles incited the investigations on how to simplify
the setup and obtain reproducible results, the data still allows to draw qualitative
conclusions using a slightly different approach in data evaluation.

Section 4.5 showed that some amount of material needs to be deposited onto the
catcher QCM such that a steady state is reached. Wollastonite measurements were
carried out before the introduction of PEPC, however. Catcher preparation con-
sisted only of sputter cleaning the C-QCM. Moreover, a quartz resonator coated in
wollastonite as opposed to a simple mono-elemental system was used as catcher.
The freshly cleaned catcher surface seems to have demonstrated different sticking
probabilities across experimentation cycles, and therefore catcher signals fluctuated.
These sticking probabilities could be a stochastic quality of the QCM or, more likely,
may have resulted from cleaning procedures where sputtering was interrupted too
soon, caused by impatient experimenters. A more detailed investigation of the old
data revealed that individual irradiations of samples during a single measurement run
were kept short enough that the given sticking probabilities did not appear to have
changed significantly. This allowed not only for qualitative comparison of data once
they were appropriately scaled, but also to determine sputter yields of the pellet.
These can be evaluated by comparing the pellet and QCM signals, as will be dis-
cussed in the next section 5.2.

The catcher’s change in resonance frequency was not only normalised per incoming
ion. Rather, sets of data obtained from pellet and QCM irradiations performed in the
same measurement cycle were additionally scaled to each other using a single scalar
value. In other words, it was examined how the angular distribution of particles
sputtered from the mineral pellet behaved relative to the one of ejecta from the thin
film on the primary QCM. This is possible because sputtering of CaSiO3 films is
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well-studied and excellent agreement in description of the sputter yield had already
been established between experiments and SDTrimSP simulations [25]. Using this
approach, the resulting signals were well comparable.

For irradiations under 45° incidence, a maximum of the angular emission char-
acteristic was found around 40° ± 10° for both the amorphous film and the pellet as
samples. Moreover, the relative intensities of their respective emission characteristics
are well within the errors of each other. The match of both form and height indicates
the same sputtering behaviour between the two sample configurations. This find-
ing is supported by the measurements of Ar+ impinging on wollastonite under 60°
incidence. Again, both angular distribution and relative intensities between sample
types match. As discussed in [29], the mean of the distribution of local surface in-
clination angles (SIAD) is a robust single parameter to describe the role of surface
roughness in sputtering of real and stochastically rough surfaces. The SIADs of both
types of wollastonite samples are almost identical (compare figures 4.1d and 4.2d). It
is thus concluded that the geometric effects of their respective surfaces are enough to
describe their coinciding sputtering behaviour. No additional parameters are neces-
sary, indicating that for this set of samples, no influence from the polycrystallinity of
the ground pellet is observable. It is therefore deduced that previous studies using
the amorphous CaSiO3 film as a model system for celestial body regolith material are
validated. The vitreous films are in fact feasible specimens for this material and no
additional information is gained when the pellets are used.

5.2 Ar+ on Enstatite (MgSiO3)

For measurements with enstatite, efforts were made to eliminate the above described
deficiencies and therefore to allow direct quantification of results. PEPC was em-
ployed and an iron coated resonator was used as catcher, as described in section 4.5.
Resulting data for a 2 keV Ar+ beam under 60° incidence are shown in figure 5.1.
These data were taken 14 days apart from each other. In the polar plot, the radial
coordinate gives the mass deposited onto the catcher QCM normalised per incoming
ion and per solid angle. The angle αC is defined as the relative angle between the tar-
get and catcher surface normals as depicted in figure 2.1. Positive values denote the
forward direction and therefore, the incoming ion beam is marked as coming from
the left at -60°.

It is evident from the plot that for both measurement cycles, the reported catcher
yield values yC,Ω between the different days are well within the error bars of each
other for both sample configurations, pellet and thin film. This is considered a suc-
cess of the improved setup and catcher preparation and is explicitly shown here to
show the reproducibility of the experiments.

Qualitatively, the smoother PLD film on the QCM shows a pronounced angular
characteristic in forward direction with a maximum located at around αC = 30° re-
lative to the target surface normal. For this catcher angle, about 27 amu stick to
the catcher per incident ion and steradian. When irradiating the pellet, a different
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Figure 5.1: Angular distributions of ejecta sputtered by 2 keV Ar+ ions from ensta-
tite. Agreement between measurements performed on different days can
be seen. A pronounced peak in forward direction is observed for bom-
bardment of the thin film, whereas the distribution of the pellet is both
dampened and exhibits less dependence on the catcher angle αC.

40



situation is found. Not only is the signal reduced to about 10 amu ion−1 sr−1, but
also the angular characteristic is smeared out. Almost constant values are reported
for αC in the range from 20° up to about 50° and only for even bigger angles a de-
crease in the catcher yield is resolved. This is very well within the expectation and
can be attributed to roughness effects. It has been shown that for rough surfaces,
the sputter yield as a function of ion beam incidence angle is increased for smaller
angles while it is lowered for larger ones (e.g. the here investigated 60°), depending
on the roughness regime [41]. Therefore, its maximum is flattened. Because the pel-
let is significantly rougher than the glassy film as characterised by their respective
local inclination angle distribution (see figures 4.2d and 4.1d), this decrease in mass
deposited onto the catcher can be ascribed to their different surface roughness. Ad-
ditionally, the angular distribution of ejecta is averaged over due to a rough surface
showing facets oriented in multiple directions. This effect is observed in the dampen-
ing of the peak in the forward direction.

This argument is also consistent with the results found for irradiation under 45°
depicted in figure 5.2. Here, a similar angular characteristic is seen for irradiation
of the film sample as was observed under 60° impingement. However, the maximum
is reduced to about 16 amu ion−1 sr−1, qualitatively corresponding to the expected
decrease in sputter yield of a flat surface when the incidence angle is reduced from
60° to 45° (see, e.g. the solid line in figure 5.3).

An attempt in quantifying the total sputter yield from the pellet is made by com-
paring the catcher signals for the different sample configurations, such that

YPellet = r ·YQCM . (5.1)

Here, Y denotes the total sputter yield and r gives the relative proportion between
the yields of the respective sample types. Because YQCM is known from direct thin
film irradiations, YPellet can be obtained for an experimentally evaluated r. It can be
interpreted as a weighted average of the data points using

r =
1�

j yC,QCM,j

�
i

✘✘✘✘✘yC,QCM,i
yC,Pellet,i

✘✘✘✘✘yC,QCM,i
=
�

i yC,Pellet,i�
i yC,QCM,i

. (5.2)

In the sum over i, the rightmost term gives the relative intensity of a single data point
obtained from pellet irradiation compared to thin film irradiation. This fraction is
then weighted with the corresponding data for the film irradiation such that data
points for higher mass deposition contribute more to the average. Finally, the sum
over j is there to normalise this weighted average. Of course, inside the summation
over i, the QCM data points just cancel such that r can be obtained as the ratio of
summed data points for the different sample types. This works if for both sample
configurations, the same catcher angles αC were probed in the same steps along the
catcher arc. This also corresponds to a discretised integration and the ratio of the
areas under these angular distributions.
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Figure 5.2: Catcher yield yC,Ω for 2 keV Ar+ → MgSiO3 as a function of the catcher
angle αC. The curve for the thin film has a similar qualitative behaviour
as for irradiation under 60° incidence, is however decreased in terms of
absolute numbers. Results for pellet irradiation remain almost the same
under this reduction of incidence angle.
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Figure 5.3: A summary of the sputter yields obtained for 2 keV Ar+ irradiation of
enstatite. Shown are the expected results for a simulated flat surface and
the experimental results for both the pellet and thin film sample type.

The evaluated sputter yields for the pellet specimen are depicted in figure 5.3 in
combination with their counterparts directly measured from (flat) vitreous film ir-
radiation. Also shown are the SDTrimSP simulation for a perfectly flat surface and
SPRAY simulation results for the pellet. SPRAY was not performed for the thin film
samples as their roughness is small enough that only minor differences compared to
artificial flat surfaces are to be expected [29].

In figure 5.3, the blue solid line gives the simulated sputter yield of 2 keV Ar+

on enstatite as obtained by SDTrimSP simulations. It is important to note that in-
put parameters, especially the surface binding energy of O, have been adapted to
the same values as described in [18]. There is a slight underestimation of the ex-
perimentally found values shown by the red boxes. On the other hand, without this
adjustment, the simulation would overestimate the measured data. As the changes in
surface binding energy were fitted to match wollastonite [18], it is likely that para-
meters can be found to achieve better agreement for the here presented enstatite
data. It is however not the goal of this thesis to find yet another fitted binding energy.
Simulation of the sputtering of minerals is currently under active investigations and
better systematic ways of description might emerge soon [44, 81].
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Also, experimentally obtained r ratios (see equation 5.1) for pellet irradiation de-
viate by about 23% from the ones given by SPRAY simulations. The relative overes-
timation of the SPRAY code is the same for both investigated incidence angles. This
coincidence of relative discrepancies could indicate some systematic shortcomings
in the simulation code in the sense that some physical aspect of the sample-ion in-
teraction is not featured. These include the negligence of ion implantation or the
lack of consideration of expected ion penetration depths. However, as the penetra-
tion depth of 2 keV Ar+ on enstatite is about 3 nm (see figure 5.4b), these effects are
not considered limiting in the presented case study for Ar on MgSiO3. It is more
likely that the matching deviation of 23% in the obtained r ratios is coincidental and
differences between experiment and SPRAY simulation stem from experimental un-
certainties. Moreover, AFM images that serve as input for SPRAY cover surfaces of
roughly some µm2 whereas the irradiated area on the samples is in the order of mm2.
Of course, several spots have been measured, simulated and averaged over. Nonethe-
less, at this stage biassing might have occurred. Factors limiting the accuracy of the
experimental setup are the rather coarse scanning of catcher angles due to the finite
size of the catcher QCM or the incomplete coverage of solid angle by the catcher due
to shadowing of the ion beam in the negative αC range. Moreover, with the exper-
imental setup only a slice in the plane spanned by the incidence beam and sample
surface normal is taken out of the 4π solid angle. SPRAY simulations, on the other
hand, consider the particles sputtered in all directions. This effect is also encountered
when irradiating the vitreous thin film instead of the pellet. However with rougher
samples, that smear out the angular emission characteristic, it is more pronounced.
Therefore, for pellet specimens especially, this poses another point to consider when
directly comparing experiments with SPRAY data.

Sputter yield ratios for the two sample types at each incidence angle deviate between
experiment and simulation. However, when computing absolute pellet sputter yields
rather than ratios according to equations 5.1 and 5.2, different YQCM are assumed:
either directly measured for the experimental values or simulated from SDTrimSP.
While SDTrimSP underestimates primary sputter yields when using the adaptations
from [18], SPRAY overestimates the r ratios compared to the experiment. The total
Y SPRAY
Pellet (purple circles in figure 5.3) as a multiplication of both therefore matches

quite well with the purely experimental results (orange squares in the same figure).
It is emphasised that this match happens most likely by chance and the almost excel-
lent agreement between simulated and measured values is not systematic. To high-
light this, another data set is shown and annotated in figure 5.3. The grey circles
represent the r values obtained by SPRAY, but scaled with the experimentally meas-
ured primary yields for the film on the QCM rather than the simulated ones. This
highlights the deviations between experiment and simulation in order to not just
show possibly deceitful and coincidental agreement.

Nonetheless, the trend of the experimentally obtained values is reproduced by the
simulation taking into account only geometric effects of the sample surface rough-
ness. Moreover, the displacements per atom (dpa) that the Ar beam causes extend
into the bulk in the range of about the penetration depth (see figure 5.4c). Therefore,
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Figure 5.4: (a): Sputter yield as a function of incidence angle for both Ar and He on
enstatite.
(b): Implantation depths for both species given by the number of stopped
ions over target depth as a percentage of the total number of simulated
ions.
(c): Number of displacements per atom (dpa) for Ar and He on enstatite.
All data obtained from SDTrimSP. Figures (b) and (c) were simulated for
normal incidence, figure (c) depicts damages as caused by a fluence of
0.5× 1020 ionsm−2.
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amorphisation is caused deeper in the bulk than the top surface where a significant
fraction of sputtered material comes from [81]. Crystallinity thus does not seem to
affect the measurements presented in this section and sample roughness alone is a
robust predictor of the sputtering behaviour.

5.3 He+ on Enstatite (MgSiO3)
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Figure 5.5: Catcher yield yC,Ω for 4 keV He+→MgSiO3. Curves for both the vitreous
film on a QCM and mineral pellet are mostly within the (large) error bars
of each other. As opposed to the Ar measurements, signals for pellet ir-
radiation are higher than for the film. In the forward direction at about
αC ≈ 45°, signals cannot be attributed to merely ejecta deposition any-
more. Rather, implantation of reflected ions has to be considered.

When switching the ion beam from 2keV Ar+ for proof of principle measure-
ments to solar wind relevant ions and energies (4 keV He+), some further hardships
emerged. Especially in the forward directionwhere the catcher angle roughly equalled
the ion beam incidence angle (αC ≈ α, see figure 2.1), slopes of the catcher resonance
frequency were not linear. About 200 s were necessary until steady state behaviour
and linear slopes were recovered in most instances. As this behaviour however de-
pended on the catcher position αC, every time span of irradiation in the catcher res-
onance frequency had to be evaluated individually in order to find starting and end
points for which a linear fit was feasible. This was done in accordance with the de-
scription in section 4.6.
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This effect occurred mainly with catcher angles in forward direction, αC ≥ 45°. In
this angular regime, a faster than linear decrease of the catcher resonance frequency
was observed in the beginning of an irradiation as well as an increase of f (t) when
the beam was switched off. This can be seen in the screenshot in figure 4.6 where
the corresponding points are annotated by the arrows. The same behaviour using
a He beam was discussed and studied in [18, 78]. It is therefore ascribed to the
implantation and outgassing of reflected He ions at the beginning and ending of the
irradiation time span, respectively.

Keeping these effects in mind, results from first He on MgSiO3 measurements are
shown in figure 5.5. Due to time constraints and the above described initial compli-
cations when working with He, only one usable data set could be obtained so far.
Note that the scale of the radial axis is reduced by factor of about 10 compared to
the Ar measurements in the previous section 5.2 with the same ion impact angle of
45°. This reduced sputter yield can be ascribed mostly to the lighter projectile mass
and therefore the reduced momentum and energy transfer to the target atoms. A
comparison of simulated sputter yields between 2keV Ar+ and 4keV He+ is given in
figure 5.4a.

Another difference from Ar irradiations is given by how close the signals from
pellet and thin film samples are to each other. In fact, more mass was deposited onto
the catcher from pellet irradiations. However, error bars are rather large due to high
ion current uncertainties during this particular measurement. Due to these large
uncertainties, no clear statement can be made whether the pellet gives truly higher
signals, but a reduction as was observed for Ar can most likely be excluded. This
point will be investigated in the near future when more data with better statistics are
available. For now, the reported mass depositions are considered roughly equal for
both sample types.

A possible explanation for this behaviour is proposed as the following working hy-
pothesis: Due to the larger penetration depth of the He ions compared to Ar (see
figure 5.4b), size scales of the collisional cascade inside the solid are bigger for this
ion species. Therefore, the size of the rough features on the pellet surface relative
to this cascade are reduced. Effectively, it could be that the incident beam cannot
resolve the surface roughness of pellet with such high resolution as the Ar projectiles
and thus, it could appear smoother to the He ions. To check whether this is the case,
simulation results of SPRAY (purely geometric and neglects collision cascades) could
be compared to codes like SDTrimSP-3D. These are not restricted solely to surface
geometry, but truly take the interaction of ions with the whole surface and bulk un-
derneath into account. So far, this comparison has not been done and further research
is still necessary.

Not discussed so far are effects on the sputter yield by the polycrystallinity of the
mineral pellets. As can be seen in figure 5.4c, the ion beam damages caused by He
irradiation in the form of displacements per atom extend much farther into the bulk
compared to Ar. However, they are not as numerous in the upper sample layers.
Therefore, amorphisation of the sputtered surface area cannot be assumed as easily
as was done for Ar irradiations in section 5.2. As long as not a sufficient amount
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of damages has occurred to amorphise the enstatite, a fluence dependent effect of
crystallinity, grain sizes or orientation of grains could be observed in addition to geo-
metrical surface roughness influences. In the literature, a threshold value of an ion
fluence of (1 − 5) × 1020 ionsm−2 is given until the surface layer of olivine, a mag-
nesium iron silicate, is totally amorphised due to 4 keV He+ ion irradiation [82]. In
the laboratory using the SOPHIE ion source, this fluence is reached already after one
or two measurement cycles, depending on the amount of catcher position per cycle
and taking into consideration the longer irradiation times necessary until a steady
state on the catcher is reached. Therefore, an amorphous surface layer is expected on
the pellet in a timescale that is short enough to thwart simultaneous investigation of
both the ejecta angular distribution and crystallinity effects.

A similar situation is found in space. On the Moon, craters of about 8 cm diameter
are turned over, on average, in about 106 − 107 years, whereas depths of 0.1mm are
turned over about five times in 104 years [83]. The Apollo 15 mission reported 4He
fluxes in the range of 1010m−2 s−1 [84]. This means that the above mentioned fluence
is reached for the smaller grain size in roughly 300 years. Therefore, a grain of lunar
regolith will have a completely amorphous surface before it is excavated and a still
crystalline facet faces the solar wind. In the context of space weathering it is thus suf-
ficient to probe the angular distribution of ejecta in order to determine sputter yields
for the pellet samples. This can also be done with an already amorphous sample, for
which measurements can be repeated to achieve better statistics.

Once suitable and stable experimental settings are found through these experi-
ments, it is conceivable that crystallinity effects are investigated in the future. This
would have to happen with a single fixed αC, however. A virgin pellet that has not
been exposed to any ion beam fluence is to be used, making the preparation proce-
dures derived in this thesis (pellet cleaning without sputtering and PEPC, see sections
4.4 and 4.5, respectively) all the more important.
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6 Conclusion and Outlook

In this work, an advanced QCM measurement technique was employed to shed light
on the contribution of solar wind sputtering to the formation of exospheres around
rocky bodies in space without protective atmospheres. Not only can sputter yields of
thin films deposited on a QCM be determined in situ and in real time, but by means
of second microbalance information about bulk targets made of compressed mineral
powder was obtained. A direct comparison of sputtering behaviour of thin vitreous
films and mineral pellets was therefore possible. While the films allow more straight
forward evaluation of sputter yields, the pellets are a more realistic representation
of Lunar or Hermean surface regolith. Wollastonite (CaSiO3) and enstatite (MgSiO3),
two silicate minerals, served as analogue materials. They belong to the pyroxenoid
and pyroxene families, respectively, which are expected to make up a large fraction
of rocky material on both Mercury and the Moon.

With the focus on enstatite, an existing catcher QCM setup was improved to not
only allow for qualitative, but also quantitative results. During the course of this
optimisation process, several software tools were developed, giving rise to a high de-
gree of automation and therefore fast working routines. Especially the graphical user
interface for data evaluation was a crucial element due to the large number of data
points and the necessary individual fitting. Using a preparation process in which suf-
ficient amounts of samplematerial are deposited onto the catcher QCM, a steady state
with no more fluence dependence of the catcher sticking probabilities was reached.
The reproducibility of experiments was shown with 2 keV Ar+ as a projectile. An ex-
planation for the sputter yields was discussed to be possible from geometric consid-
erations alone, taking into account different roughness scales characterised by their
mean local inclination angle.

For experiments with a more solar wind relevant ion species, 4 keV He+, additional
hardships had to be overcome, thus limiting the amount of data available for discus-
sion in this thesis. Nonetheless, first results are reported. A working hypothesis of
ion species dependent effective roughness was put forth. However, an interplay of
surface roughness and possible crystallinity could not be excluded. Amorphisation
timescales were estimated to be in the same order of magnitude that is necessary
to probe angular emission characteristics. More prolonged irradiations could make
clear whether this assumption holds, and by relinquishing the probing of angular
distributions, the unravelling of crystallinity and roughness could become possible.

In the near future, experiments with He will continue so as to obtain more precise
data and to further investigate the abovementioned hypothesis. These measurements
are of special interest as they are the most relevant in the context of space weathering
so far. This is due to the combination of target material and ion species. They will
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however be outperformed in their relevance by experiments with real Lunar rego-
lith as a target material. Recently, 2.4 g of Lunar soil from the Apollo 16 mission
were provided by NASA. These samples currently reside with collaborators from the
University of Bern. There, first trials are currently being made to press them into
pellets. Measurements with real Lunar regolith are expected to commence in the late
upcoming spring or early summer of this year.
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