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Abstract

Unlike Earth, most celestial bodies like moons, planets and asteroids do not feature
a protecting atmosphere. As a consequence, their surfaces are subject to continuous
particle bombardment primarily by solar wind ions among others. Under these harsh
conditions, surface atoms are constantly ejected into space forming a tenuous layer of
a collisionless gas, which is referred to as an exosphere. A detailed analysis of this cos-
mic dust may provide deeper insight into the composition and properties of the body’s
surface. Multiple models that predict the formation of these exospheres already exist.
However, more precise input about the individual ejection processes are needed to
be able to interpret numerical results in comparison with data gathered during space
missions. This thesis aims to experimentally acquire data as input for the sputtering
contribution to exosphere formation models.

Therefore, the angular distribution of sputtered enstatite (MgSiO3) was investi-
gated using the quartz crystal microbalance (QCM) technique. The target consists
of a gold coated quartz on which a thin layer of enstatite was deposited via pulsed
laser deposition (PLD). A pellet made from ground and compressed enstatite was
also irradiated due to its more realistic properties when it comes to surface roughness
and crystallinity. This demands the introduction of a catcher QCM with the ability to
perform circular movements around the target holder to collect the sputtered particles.

Past sputtering yield measurements of this kind indicated that the sticking coeffi-
cients of the ejecta to the catcher surface are not constant throughout a measurement
cycle, but depend on the fluence that is applied. Several adaptations to the exper-
imental setup were made in an effort to eliminate the fluence dependency of these
sticking probabilities. Experiments were carried out using a 2 keV Ar" ion beam to
confirm the success of these changes. Additional irradiations using a 4 keV He™ ion
beam were performed to obtain more relevant sputtering data. It is assumed that the
improvements made on the setup as well as the experience gained during this project
will constitute the basis for future He™ irradiations at the Institute of Applied Physics
of the TU Wien.
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1 Introduction

1.1 Motivation

Most celestial bodies do not possess a protective atmosphere and are therefore subject
to external influences leading to alterations in their surface structure and composi-
tion, generally referred to as space weathering [1]. These changes can be attributed
to (micro-) meteoroid impacts, interaction with electromagnetic radiation, thermal
desorption and bombardment with solar wind ions. One can trace back the Moon’s
dark rims on regolith grains in Lunar soil |2, |3] and the reddened absorption bands in
mercury’s reflectance spectrum [1] primarily to solar wind ion irradiation and micro
meteoroid impacts on their surfaces. Not only does space weathering cause changes
in surface appearance, but it also leads to the ejection of surface atoms. Those par-
ticles with less energy than required for escaping the body’s gravitational field will
eventually follow a ballistic trajectory and form a tenuous layer of collisionless gas.
If a steady state between incoming and sputtered particles is reached, the escaping
particles will also contribute to the formation of this layer, which is referred to as the
exosphere [4]. Since the composition of the exosphere heavily depends on the surface
properties, a detailed analysis of this tenuous gas may yield valuable information re-
garding the surface characteristics of the celestial object. One way to acquire such data
is to perform flyby missions like the MESSENGER mission to Mercury by NASA in
2004-15 [5]. The BepiColombo spacecraft was launched in 2018 by ESA and JAXA to
further investigate Mercury’s surface composition among other properties of interest
[6]. Flyby missions in general represent a very feasible kind of sampling since they do
not require landing on the object of interest at the risk of crashing the spacecraft.

The main source of ion precipitation on the Moon is the solar wind. It is a con-
tinuous stream of plasma that escapes the sun’s corona due to the high temperatures
and the sun’s magnetic field. Protons (H') and alpha particles (*He*") account for
up to 99% of the solar wind flux with energies of approximately 1 keV/amu.[7]. Es-
pecially in the polar regions of Mercury, solar wind ions combine with ions of its own
magnetosphere and contribute to exosphere formation [8].

All experiments described in this thesis were conducted on enstatite (MgSiOj),
which serves as an analogue material for hermean surface regolith. It is part of the
pyroxene group, which includes terrestrial and extra-terrestrial rock-forming mate-
rials [9]. Hence, its composition and structure resemble those of moons and other
celestial objects where pyroxenes are expected to be rather prominent [10]. Similar
experiments as the ones described were already carried out and analysed in, e.g. |11

13).

This thesis aims to give a detailed overview of the recent adjustments made to the
experimenting apparatus by comparing data obtained by different measurement cycles.
To perform these experiments, the quartz crystal microbalance (QCM) technique was
used, which allows for very precise measurements of mass changes in real time and in
situ. Enstatite was used for the production of two target types that were irradiated



during the experiments described in this thesis. A quartz coated with a thin mineral
film via the pulsed laser deposition (PLD) technique was investigated as well as a
pellet consisting of ground and compressed enstatite. A second QCM is used for
collecting the sputtered particles and is therefore referred to as the catcher QCM.
The sputtering yields of Ar" and He" ions were measured for both targets so that
the QCM irradiations served as a reference for the pellet measurements. During the
experimental process, the beamline underwent multiple technological improvements,
which eventually enabled the measurements with helium ions.

1.2 Sputtering

The term sputtering describes the removal of particles from a solid’s surface due to
bombardment by ions with energies in the range from eV to MeV [14]. When an
incoming ion hits the target, it scatters multiple times at target atoms on its way
through the material. With each collision, it transfers a part of its momentum and
energy onto the respective target particle. If enough momentum pointing out of the
surface is transferred to one such particle, its binding energy to the surface is overcome
and it leaves the solid permanently [15]. A fully detailed description of sputtering can
be found in [16].

When it comes to evaluating experimental data, a key quantity is the so-called
sputtering yield Y. It is defined by:

v _ number of sputtered particles

(1)

The sputtering yield is a statistical quantity that gives information on how many
target particles are sputtered, on average, per incident ion. It depends heavily on
both target and projectile properties. These include, but are not limited to, projectile
energy, mass and angle of incidence as well as the mass of the target atoms and their
binding energies to the surface [14]. Figure [I|shows a typical dependency of the sput-
tering yield on the impact angle for a flat sample. The angular values are typically
measured with respect to the surface normal of the target so that an angle of incidence
a = 0° describes normal incidence. When bombarding the target at low angles, a large
fraction of the incoming ion momentum is directed into the surface, where a collision
cascade is initiated. The probability of target atoms colliding in such a way that their
momentum is reversed is comparatively small and as a result, less sputtering occurs.
When the angle of incidence is increased, the incoming particles possess a momentum
component parallel to the surface. As a consequence, the collision cascade evolves
closer to the surface and target atoms are more likely to get ejected from the target
material, thus the sputtering yield increases. When the angle of incidence grows even
bigger, a larger proportion of the projectiles will be reflected by the surface until the
point where no sputtering occurs. The sputter yield usually reaches its maximum at
an angle of around 60°-70° with respect to the surface normal.

number of incoming ions

Usually, the dominant means of sputtering is kinetic sputtering, where an incoming
ion collides with multiple target atoms, to which some of the projectile’s momentum
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Simulation of 2 keV Ar* on Enstatite
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Figure 1: Typical angular dependency of the sputtering yield. The blue curve follows a simulation of a
smooth surface by SDTrimSP, whereas the orange dots represent the surface of an enstatite
(MgSiOs) pellet. These data points are calculated by a code that considers geometric
aspects of the sample . Image taken from .
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Figure 2: An example of a collision-cascade as simulated by the binary collision approximation soft-
ware SDTrimSP for 2 keV He™ atoms impinging perpendicular on a Ni target. The black
lines represent the trajectory of the He atoms whereas the red and the blue dots represent
Ni recoils of the first and second generation, respectively. Image taken from [15]

is transferred. Subsequently, these atoms themselves set in motion further recoils in
the material and thus a so-called collision cascade is formed. Figure 2] shows such a
collision-cascade as simulated by the binary collision approximation (BCA) software
SDTrimSP. It is important to note that only after several collisions a target particle
will receive enough momentum pointing out of the surface to overcome its surface
binding energy. This suggests that a minimum kinetic energy is needed for an ion to
eject a target particle out of a solid’s surface. Besides these purely kinematic consid-
erations, there exist also other kinds of sputtering effects.



When performing irradiation experiments with multiply charged ions, potential
sputtering effects can become apparent. These are mainly observed in semiconduct-
ing or insulating materials [19]. When a higher charged ion approaches the target, it
is accelerated towards the surface due to its own image charge. Additionally, target
electrons will be ejected from the surface towards the incoming ion in order to com-
pensate for its charge, which leads to the formation of a highly excited hollow atom.
This is a multiply-excited neutral atom, which carries a vast proportion of its electrons
in higher than usual energy levels so that the inner shells remain mostly empty [20].
These so-called Rydberg states then decay by emission of electrons and photons, which
are able to interact with the surface causing additional sputtering effects among other
processes. The resulting sputtering yields strongly depend on the ion’s charge state.
This enables sputtering to take place even at impact energies well below the kinetic en-
ergy threshold [19]. All experiments described in this thesis were conducted with singly
charged ions so that potential sputtering effects could be neglected for data evaluation.

The irradiation of a solid’s surface with energetic particles causes a variety of par-
ticles to be ejected. For multi-component targets, the different particle types are not
distributed stoichiometrically during the initial phase of the bombardment. It was
observed in past experiments that lighter particles are more likely to be emitted from
the surface than heavier ones, which leads to a disproportionate amount of heavy com-
ponents in the solid [21]. This effect is known as preferential sputtering and causes
the distribution of the sputtered particles to differ from the original surface compo-
sition. For projectiles with energies in the vicinity of keV and a fluence of around
7 x 10" ions cm ™2 it takes less than 1000 s until a steady state is reached. After this
time period, the emitted particle lux was found to be identical to the solid’s bulk
composition [21].

Channelling is observed when an ion penetrates a crystalline medium under a low
angle of incidence with respect to certain lattice directions. If this is the case, the im-
pinging ion is partially constrained to move in the open spaces of the crystal’s lattice.
This reduces the likelihood of the ion colliding with crystal atoms in such a way that a
collision cascade is initiated. As a consequence, the structural damage on the crystal
is significantly reduced, while a sharp increase in the average penetration depth of the
ions is observed in these directions. To a certain extent, this is also the case with the
experiments conducted on the mineral bulk sample. The critical angle under which
channelling occurs grows with a reduction in ion energy and is very sensitive to the
charge state of the projectiles and the substrate atoms [22]. Channelling influences the
penetration depth distribution of the incoming ions and the number of displacements
per atom, which has to be accounted for during experiments.

Conducting experiments on any kind of sample with a non-ideally flat surface
causes a variety of phenomena to occur. In general, the sputter yield mainly depends
on the location where the ion collides with the target and it is only weakly correlated
to the global angle of incidence. Instead, one has to average over the whole target area
since the roughness of the sample is statistically distributed. As is shown in figure



the local angle of incidence changes drastically with the local roughness features of the
surface (A) [23]. Shadowing takes place when an area on the surface is protected from
ions with a certain angle of incidence due to the roughness of the surrounding area (B).
Depending on the local angle of incidence ions can also get reflected by the surface and
in some cases cause little to no sputtering at all. An atom can also be ejected from
the surface under such an angle that it hits the target at a different location, where
it causes secondary sputtering. This usually occurs at higher angles of incidence and
is not limited to rough surfaces only (C). However, the majority of ejected particles
do not possess the energies necessary and can become re-deposited in the material
instead, therefore not contributing to the total sputtering yield (D) [24]. As a result,
the theoretical description of sputtering becomes rather complex.

Arl*

O ¢

Figure 3: Depiction of the different sputtering effects that are observed in correlation with surface
roughness for ions impinging on a solid under the angle of incidence ¢ to the surface normal;
A: Local angle of incidence deviates from ¢; B: Shadowing; C: Reflection of the projectile;
D: Re-deposition of sputtered particle. Image taken from [25].



2 Methods

2.1 Quartz Crystal Microbalance (QCM) Technique

The quartz crystal microbalance (QCM) technique is a well-established experimental
method at the Institute of Applied Physics (IAP) [26] since it has proven to be a
reliable tool for determining small mass changes in the order of pg/s. These measure-
ments are performed in real time and in situ.

In order to perform measurements using the QCM technique, a SC-cut quartz is
covered with gold electrodes. Applying an AC voltage excites the quartz to a shear
mode thickness oscillation in its so-called eigenfrequency, which can be measured with
great precision. When irradiating the quartz with an ion beam, two major effects
are observed. On the one hand, a portion of the incoming ions is implanted into
the resonator. On the other hand, sputtering of surface atoms takes place. Both of
these phenomena lead to changes in the quartz’s overall mass, which carries over to its
resonance frequency. By monitoring this frequency during experiments, it is possible
to calculate this mass change according to the Sauerbrey equation [27]

=== )

where mg and f represent the quartz’s initial mass and frequency, respectively. Am
and Af describe the changes therein per time span At. It is useful to employ the
Sauerbrey equation to express the difference in mass in terms of mass change per unit
area Am 4 as

Am _ Ame _ AdeQ (3)
A foAq fo

with Ag being the surface area of the quartz, dg its thickness and pg its density.

AmA = -

This expression alone is not sufficient to determine the sputtering yield Y, which is
defined as the average number of sputtered target atoms per impinging particle on the
target. To calculate this property, it is necessary to know the number of projectiles
hitting the target per unit area during the time span At. Provided that the beam
current density, denoted as j, remains constant during measurement, one can express
this number by

jAL
_ I8 4
o (4)

where ¢ represents the charge state of the ion and eg the elementary charge, respec-
tively. To obtain the mass change per impinging ion one has to divide the mass
change per unit area Amy4 by the number of incoming particles N;, which is shown in
the following equation:

N;

= Ama _ Afpedq gqeo _ Af 1 padggeo (5)
N; fa JAt At g fa




This equation can be separated into three major parts. The first expression % de-
notes the slope of the recorded frequency curve over time, which can be extracted
from the frequency data. For calculating the second term 2 it is necessary to know the
beam current density. This is achieved by measuring the ion current before and after
each measurement using a Faraday cup (FC). The last term in consists solely of
constants, which can be taken either from literature or are known through the man-
ufacturer of the QCM. Hence, it is possible to obtain the mass change per impinging
ion by experiment.

One important fact when using a quartz crystal microbalance is that the quartz’s
sensitivity is not distributed evenly across its surface area [27]. As has been shown at
the IAP, its sensitivity distribution is best approximated by a Gaussian function whose
free parameters have been determined in past experiments 28|, 29]. Since the Sauerbrey
equation only remains valid for homogeneous mass removal across the quartz’s surface
area, one has to ensure that the ion beam is distributed evenly before hitting the target.
This is achieved by the use of scanning plates at the entrance of the experimentation
chamber to which a triangular AC voltage of 52 Hz and 1.6 kHz is applied in y- and
z-direction, respectively [30]. By varying the amplitude of these voltages the beam’s
cross-section can be modified.

2.2 Catcher QCM Configuration

As described in the previous section the QCM technique enables measurements of
mass changes on an atomic scale. However, not every material is suited to be applied
to a quartz as a coating. Especially with compound materials like enstatite (MgSiO3)
there are certain technological limitations when it comes to reproducing the material’s
roughness and crystallinity as a thin film. To circumvent this particular problem, the
so-called catcher QCM setup was developed. A second QCM is introduced, which
serves the purpose of collecting the sputtered target particles during measurements.
These particles are deposited on its surface and increase its overall mass. As is the case
for the primary QCM, these changes in mass affect its resonance frequency. This new
setup does not allow for direct measurements of the sputtering yield, but it enables
its calculation through the changes in mass of the catcher QCM. It also enables more
flexibility when choosing the target material, since the catcher is indepent from the
irradiated target.

The catcher QCM is installed in a radially symmetric position relative to the target,
which is outlined in figure 4] This ensures that the distance between the target and
centre of the catcher QCM remains constant at all times independent of the catcher’s
position. This is important since the flux density of the sputtered particles decreases
radially proportional to T% A servo motor enables the catcher to perform circular
movements around the centre axis of the target holder. The whole process is mostly
automated so that the catcher can be moved to different angles during measurements
to provide information about the angular distribution of sputtered particles at each
particular location relative to the target. An outline of the catcher QCM setup is

shown in figure [d All catcher angles are defined with respect to the target surface
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normal so that they can be easily compared when analysing data from different angles
of incidence. During measurements, particles will be ejected from the target’s surface
area where they might collide with the catcher QCM. The typical energies of sputtered
particles lie below 50 eV, which prevents them from inducing sputtering on the catcher
QCM themselves and instead allows some of the particles to remain stuck to the
catcher’s coating [31].

catcher QCM

4 reflected
£ ons

ion beam

target

Figure 4: Overview of the catcher QCM setup. The ion beam impinges on the target under an angle
of incidence o with respect to the surface normal. The light red and light blue areas
represent the angular distributions of the reflected projectiles and the sputtered particles,
respectively. The catcher holder is located at an angle of 5 and can perform circular motion
around the centre of the target. Image adapted from [32]

It is important to note that introducing a second quartz crystal microbalance to
the setup also demands more cautious data evaluation. First of all, the sticking coeffi-
cients to the catcher QCM are not constant over time since the gradual accumulation
of particles alters its coating during experiments. Secondly, ions might be reflected
from the target’s surface directly to the catcher where they can either be implanted or
cause sputtering to occur. Lastly, the QCM’s sensitivity is not distributed uniformly
across its surface as was already mentioned. In addition to that, the catcher signal is
usually about ten times lower than the corresponding signal measured on the target
[28].

The signal of the primary QCM is not affected if material of the target holder is
sputtered during an experiment. This is not the case for the catcher QCM, however.
Since it can not distinguish between different materials it is necessary to confine the
ion beam to a certain area on the samples so that it does not hit the target holder. As
a consequence, every single ion contributes to the catcher signal and therefore the total
number of ions needs to be determined. Hence, equation needs to be modified.
The number of incoming ions per unit area has to be replaced by the total number of
impinging ions. The same applies to the mass change per unit area. One is now left
with
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Nitotal — (6)
q€o
and the catcher mass change per ion corresponding to
Am Af 1 pedgqeoiq

yc'_W_ T T ) (7)
Here the ion current density j is replaced by the total ion current /, while the area
of the catcher QCM is denoted by Ag. Since a bigger catcher area would result in an
increase of the overall signal while the number of sputtered particles from the target
does not change it is reasonable to define the mass change on the catcher per ion and
solid angle yc o as follows:

e LR B L padeaeode 17 A 1 podages” g
vea =l g T AL T fo Ag AT fo

Here, r describes the distance between target and catcher. Note that this equation
does not depend on the quartz’s area anymore. Thus, data resulting from different
setups can be compared more easily. Given that the distance r = 17 mm and the

diameter of the quartz dg = 7 mm |28] for the presented setup one can calculate €2 to
be

_ 4o

Qe 5~ 0.133sr. (9)

r

It seems at first sight that equations and have opposite signs. This is com-
pensated by the fact that i—{ is positive for the target quartz since mass is lost during
irradiation and it is negative for the catcher due to its increase in total mass. Hence
this is a more convenient notation to compare the two properties.
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3 Experimental Setup

3.1 Beamline

All experiments described in this thesis were conducted with an ion beam produced
by a 14.5 GHz electron cyclotron resonance (ECR) ion source named SOPHIE at the
Institute of Applied Physics (IAP) at the TU Wien. In such an ion source a plasma is
confined by a superposition of two magnetic fields. The axial magnetic mirror field is
produced by a permanent magnet, whereas the radial field is generated by a permanent
magnet hexapole. Electrons are excited to perform cyclotron motion via microwave
radiation, whose frequency corresponds to the gyromotion frequency of the electrons.
This causes the electrons to collide with the of particles of the working gas, resulting
in electron impact ionisation and the ignition of a plasma. Multiply charged ions are
predominantly produced via sequential electron impact ionization [33]. The ions can
then be extracted from the plasma and are accelerated by applying a potential of up to
6 kV, which is sufficient for solar wind energies of 1 keV /amu for hydrogen and helium,
the elements most prominent in the solar wind [7]. A more detailed description of the
ion source can be found in [33] and [34].

After extraction, the ions pass two separate quadrupole magnets, which are used
to focus the ion beam. A sector magnet ensures that only ions with the desired mass
over charge ratio make their way into the beamline. An aperture and a Faraday cup
(FC) are installed at the entrance of the beamline, which allows for current measure-
ments right after the sector magnet. To gain an overview of what species the ion
beam consists of, a spectrum can be taken by measuring the ion current in the FC
while continuously increasing the magnetic field strength of the sector magnet. To
maximise the current into the FC the strength of both quadrupole magnets and the
sector magnet needs to be adjusted repeatedly. Once the optimal settings for a given
m/q ratio are found the Faraday cup is removed. A first set of deflection plates is
located directly after the FC. If turned on, a voltage is applied to the plates. This
causes the ion beam to bend sharply, thus preventing it from entering the experi-
mentation chamber. This mechanism enables remote control of the ion beam and is
frequently used both during sample preparation and the measurement process itself.
In case the deflection plates are switched off, the ion beam passes through two sets of
ion optics, each consisting of two pairs of electrostatic deflection plates and an einzel
lens. Between those two sets, another aperture is installed which is connected to a
picoamperemeter. When measuring the ion current on the apertures one can adjust
the beam’s trajectory through the deflection plates so that a minimal proportion of
the ions hit the aperture. This ensures that the beam is focused sharply and also
provides information about its intensity. When the beam enters the experimentation
chamber, it passes through a set of scanning plates whose purpose it is to widen the
beam profile. By applying saw-tooth voltages, the beam is scanned over a rectangular
area. This scanning area can easily be modified by altering the voltage amplitudes
applied to each pair. An overview of the beamline setup is shown in figure [f

12
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Figure 5: Basic scheme of the beamline which was used to conduct the experiments described in this
thesis. After exiting the ECR ion source the beam passes two quadrupole magnets as well
as a sector magnet. After the right m/q ratio has been selected the ion current travels
through two sets of ion optics until it passes the final scanning plates at the entrance of
the experimentation chamber. Figure adapted from [35].

3.2 Experimentation Chamber

The experimentation chamber hosts the target holder, the catcher QCM and an elec-
tron floodgun. The target holder is mounted on an xyz¢-manipulator and is divided
into three main compartments. The topmost device is a Faraday cup which is used
to measure the ion current beam density before and after each measurement. The
middle part holds the target QCM, also referred to as primary QCM. It is fixed to the
stainless steel target holder via a tungsten spring and it is coated with a thin film of
enstatite. Gold electrodes provide the electrical connections necessary for the quartz
to be excited in its resonance frequency. Beneath the quartz, an enstatite pellet is in-
stalled. Both the pellet and the quartz are equipped with heating wires and a K-type
thermocouple to be able to conduct measurements at different temperatures and for
heating as a part of sample preparation. A 3D rendering of the target and catcher
holder is displayed in figure[6, As was already described in section [2.2] a catcher QCM
setup is necessary to measure the mass removal per incoming ion for the pellet since
there is no inherent frequency data available.

The purpose of the floodgun is to avoid the accumulation of positive charge on the
targets during measurements. This is especially necessary for pellet irradiations as it
is an insulating mineral bulk. By emitting low-energy electrons into the chamber from
a filament the pellet can be kept charge neutral. Without the floodgun, a positive
charge would build up on the pellet, which would cause incoming ions to be repelled.
This would lead to deceleration and deflection of the projectiles and cause them to hit
the target holder instead of the samples. As a result, the target holder material would
be sputtered instead of the desired target material. However, this process was shown
to be unnecessary for QCM irradiations [13]. On a thin film of wollastonite (CaSiOs3)
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only a voltage of up to some 10 V was estimated to build up, which is negligible com-
pared to the kinetic energies of the incoming ions, which lie in the vicinity of several
keV. Since the thicknesses of wollastonite and enstatite films are roughly the same
this relation holds also for the experiments performed in this thesis.

Figure 6: 3D model of target and catcher holder. A Faraday cup (FC), the primary QCM and the
pellet are mounted on the sample holder from top to bottom. The heating wires of the
samples are represented in red. The insertion tube as well as the catcher holder’s rod can
be seen at the bottom of the constellation.

The target holder is mounted on an xyz¢-manipulator which is connected to servo
motors. This enables the target to move in all spatial directions as well as to rotate
around its centre axis, which determines the angle of incidence when performing mea-
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surements. The setup also allows for automated switching between pellet and QCM
position. This is achieved by moving the target holder up and down during measure-
ments while the catcher remains in the same position. The catcher holder is located
beneath the targets and contains only one QCM. When there is no measurement in
progress, the catcher usually rests in a parking position at the very bottom of the
chamber to avoid collisions between catcher and target holders. It is mounted on an
xyz¢-manipulator too. Unlike the target holder, movements of the catcher in the z,
y and z directions are currently not remote controlled and its alignment has to be
adjusted manually. Only its angular position is set by a stepper motor. This is nec-
essary to achieve a high degree of automation during measurements. To investigate
the angular distribution of sputtered particles for different angles «, as is indicated in
figure [4] the catcher is automatically rotated to the desired angle § set by the exper-
imenter between the irradiations. The catcher holder itself is mounted on a stainless
steel rod, which has to be inserted carefully into the target holder’s tube before each
measurement. In an effort to minimise geometric uncertainties, the insertion tube of
the target holder was prolonged and its diameter reduced to decrease the leeway of the
catcher rod inside the tube. Also, powdered MoS, was used as a lubricant to reduce
friction between tube and rod. Figure [7]shows both catcher and target holder during a
typical catcher QCM cleaning procedure as described in section [4.2] where no insertion
of the rod into the tube is needed.

It is of importance that the radial symmetry between catcher and target holder
persists throughout each measurement to ensure that the acquired data are compara-
ble to past or future measurements. This has been an issue in the past, which was
already addressed in a project report [36]. In former experiments, there have been
significant discrepancies between catcher QCM signals of different measurement se-
ries. These variations were attributed to the geometry of the setup. Since then, many
adjustments were undertaken in an effort to solve this problem, none of which resolved
the issue. However, as a part of this thesis, the setup has been improved further not
only by modifying its geometry, but also because of the introduction of a new catcher
preparation method, which is discribed in section [4.3]
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Figure 7: Picture of the target and catcher holder inside the experimentation chamber. The Faraday
cup is located at the topmost position on the target holder. The primary quartz is installed
beneath. The compartment on the bottom holds the enstatite pellet. The catcher is located
to the right of the target holder. Catcher rod and insertion tube can both be seen at the
bottom of the image.
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3.3 Controlling of the Catcher Eigenfrequency

In the past, the catcher QCM used to be controlled by a Python script that excited its
first and third eigenfrequency mode quasi-simultaneously. This was achieved by alter-
nating between the frequency measurements of each mode, which resulted in reduced
accuracy. To improve the frequency resolution the catcher ground mode oscillation
was driven using an analog oscillator whose output was monitored using a frequency
counter and a LabVIEW program [37]. Frequency measurements were taken once per
second, with an integration time of 10 ms. Since LabVIEW is a commercial software it
requires an active internet connection upon startup to verify the licence. However, the
personal computer (PC) was not connected to the internet to eliminate the risk of pos-
sible interruptions due to maintenance or updates of the operating system. Because of
the aforementioned reasons, a transition from LabVIEW to a home-made controlling
tool was desired. As a part of this thesis, a graphical user interface (GUI) was intro-
duced using the Python programming language [38]. The GUI receives the frequency
values of the catcher QCM directly from the Tektronix Frequency Counter FCA3100,
processes the data and displays it in a user-friendly manner. This led to a five times
better time resolution of the QCM’s signal compared to the initial Python controlling
script. Additionally, the noise of the frequency signal could be reduced from around
10 mHz to less than 2-3 mHz. This improvement is particularly important since the
signal of the catcher QCM is inherently small compared to the primary QCM [32].

Another feature of the GUI is the newly introduced spike filter. When measuring
the frequency of the quartz nonphysical data points are observed on a regular basis.
Since these signals oftentimes deviate from the usually measured frequencies by an
order of magnitude they lead to a distortion of the visualisation. To solve this issue
the Python code was adapted to filter these so-called spikes and simply replace them
with the previous frequency value. The filtered frequencies are stored in a separate
output file so that no information is lost in the process. The exact locations of these
replacements are displayed as red dots on the graph for the user to see. This modifica-
tion improved the program greatly since it became much easier to depict the changes
in frequency visually, thus saving time and effort for the user. Figure [§|shows the basic
structure of the spike filter.

The program starts off by reading the frequency data from the Tektronix frequency
counter (FCA3100) and initialising two arrays, f and s. f stores all the data points
for plotting (A), whilst s is used as a so-called spike-array to save the nonphysical data
points (B). Once the program reads in a frequency f;, it is compared to the previous
value f;_1 (C), given that there is one. In the next step, it is reviewed whether the
difference between the two values exceeds a certain threshold z (D). This threshold
dictates the maximum frequency step size tolerated by the program. If this limit is not
exceeded, the latest frequency value f; is stored in a data array for plotting f and it
moves on to the next data point (E). This is the simplest case in which nothing special
happens. However, if the threshold is exceeded, the code investigates whether the two
previous frequency data points f;_; and f;_, are identical (F). If they are the program
knows that they were replaced in the previous cycle. If not, the most recent frequency

17



./

Measurement
o off (E)

.

—

Save f;to
array f

®

No

®

@ Yes array f array s
containing all containing all

® frequency values  spike values

Save fj to array s No

Copy value fi; to f; fo A O for

save f; to array f ;1 f,*

2 fo*
ves @ I

* o sa

Copy value f* to fi 4 ?‘2 fi*

. Remove f* from s if'] fi*
{ Save fj to array f o " J

Figure 8: Flowchart of the code section, which is responsible for filtering nonphysical data points
during frequency measurements of the catcher QCM. The two arrays located to the right of
the image are used to store the regular frequency data (A), as well as the frequency values
of the replaced spikes (B).

value f; is stored in a spike array s and the last element f;_; of the frequency array f
is duplicated to fill the vacant spot (G). This way it is guaranteed that the frequency
curve continues smoothly. Afterwards, the program investigates the next data point
and starts comparing again.

The aforementioned program performs very well when it is asked to remove one
spike at a time. Oftentimes, when the catcher is rotated, however, there is a one-time
shift in resonance frequency. Usually, this shift exceeds the threshold and has to be
accounted for by the program. Such a shift can be regarded as many spikes that
occur in sequence. As already mentioned, a reliable way for the program to identify
consecutive spikes is to check whether the last two frequency values f;_; and f; o are
identical, before saving f;. Since the usual resonance frequencies of the catcher QCM
lie in the vicinity of around 6 MHz, it is highly improbable that two consecutive fre-
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quency measurements result in the exact same value. In addition, the program only
detects two floats as truly identical if they have been set to the same numerical value.
If a shift is observed, the previously copied frequency value f;_; in f is replaced by the
"spike” value f, which is then removed from s (H). This way the at first substituted
spike is restored and the program continues a new loop. Complicated though step H
may seem, it is necessary to handle frequency jumps properly such that they are not
unintentionally filtered away. Figure [J] shows a screenshot of the resulting global and
local plot windows as displayed by the interface. A more detailed description of the
GUI can be found in [39)].
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Figure 9: Screenshot of the FCA3100 control GUI. A global frequency curve is displayed on the left
display, whilst the right part of the interface shows only the last 500 seconds of measurement.
A red dot is displayed in the local plot at the location where a spike was filtered.
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4 Sample Preparation

4.1 Production Process of the Samples

The thin layer of enstatite was applied to the surface of the quartz crystal microbal-
ance via pulsed laser deposition (PLD) at the Institute of Chemical Technologies and
Analytics at TU Wien. This is achieved by the use of a 248 nm KrF excimer laser with
a pulse frequency of 5 Hz and a pulse energy of 400 mJ/pulse while maintaining a tar-
get temperature of 250°C [36]. The wollastonite samples used in former experiments
also followed the same production process |11} |12}, 40]. The produced layers under-
went detailed analysis by Rutherford Backscattering Spectrometry (RBS) as well as
Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA) [12]. These procedures
revealed the depth-dependent composition of the layers as well as their thickness. It
was concluded that indeed a layer of enstatite stoichiometry had formed. It is impor-
tant to note, however, that this film is amorphous and has a smooth surface. Due to
its lack of crystallinity, it is not well suited for providing realistic sputter yield data in
the context of the erosion of planetary surfaces.

To observe the influence of roughness and crystallinity on sputtering behaviour it
is necessary to perform irradiation experiments on a mineral pellet, which represents a
more accurate approximation of planetary surfaces. The enstatite pellets, which were
used in the experiments of this thesis, possess a polycrystalline structure and were
provided by the University of Bern. A special production process was necessary to
manufacture these pellets with sufficient stability. Wollastonite (CaSiO3) and enstatite
are first ground in a RETSCH agate disk mill until the powder begins to agglomerate.
Subsequently, a thin film of wollastonite is pressed onto the steel back plates as a
base upon which the enstatite can be applied by using a pressure of 80 MPa. This
procedure exploits the intrinsic adhesion of the mineral powders to the steel surface
so that no glue or binder is necessary. A careful analysis of the pellet showed that
both powder composition and the crystallinity of its grains were maintained during
the manufacturing process. Additional information about the production and analysis
of the pellet can be found in [41].

4.2 Cleaning of Target and Catcher

The most used method for cleaning samples during this thesis was sputter cleaning.
A 2 keV ArT beam is used to remove adsorbates and contaminants. The target QCM
was cleaned under an angle of incidence o = 60° with respect to the surface normal
while the catcher remained in parking position. For cleaning of the catcher QCM the
target holder is rotated and moved out of the way (see figure [7| for the positioning of
the target holder) so that the ion beam could pass through the chamber unhindered.
Meanwhile, the catcher is moved to the height of the ion beam and rotated such that
it faces the beam. In both cases, the ion beam is scanned over the total sample area.
By measuring the resonance frequencies of catcher and target QCM the sputtering
yields can be monitored during cleaning. Typically, a high sputter yield is observed
in the initial phases of the cleaning procedure. This can be explained by the fact that
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adsorbates are only weakly bound to the QCM’s surface and are therefore sputtered
more easily. Once the sputter yield has stabilised the cleaning procedure is completed
and the beam is turned off.

When it comes to cleaning the pellet, on the other hand, the sputtering yield can-
not be measured. Instead, it is assumed that for similar contamination of pellet and
QCM the same fluence is required for cleaning. As is the case for the primary QCM,
the pellet is also cleaned under an angle of & = 60°. Narrow scanning is used to guar-
antee that no material is sputtered from the target holder. The resulting surplus in
flux is accounted for by a shorter irradiation time. The floodgun is activated to avoid
the accumulation of positive charge on the pellet, as described in section [3.2]

An alternative cleaning procedure was investigated to minimise changes to the sur-
face morphology and structure. Firstly, the target is heated through heating wires.
The current through these wires was slowly ramped up to 4 A and was maintained
constant for 6000 s before it was ramped down again. Through this heating cycle, a
change of the primary QCM’s resonance frequency of almost 20 Hz could be achieved,
which suggests that material must have been ejected from its surface. Secondly, the
floodgun was activated to irradiate the target QCM with 20 eV electrons to achieve
even better cleaning results via ESD (Electron Stimulated Desorption) [42]. Finally,
the target QCM was irradiated with ions afterwards. Almost immediately after start-
ing the irradiation, the recorded sputter yield was constant, suggesting the almost
total absence of contaminants. It is assumed that the pellet (for which no such direct
confirmations exist) can be cleaned in the same manner, should ion bombardment not

be desired.

4.3 PEP-C Procedure

As was discussed in previous projects the signal on the catcher QCM has been sub-
ject to transient effects like time dependencies of frequency data within and between
measurements carried out at different points in time [36]. In the past, the setup was
optimised in several ways, including fixing the geometry of the experiment and adap-
tations in the controlling of the involved QQCMs. However, none of these approaches
led to a solution of the issue.

Past experiments using an enstatite coated catcher suggest that its sticking coef-
ficients might depend on the duration of the sputter cleaning procedure before each
measurement. This explains why an individual coating forms before different exper-
iments. It was also observed that catcher’s signal strength varies greatly during one
irradiation cycle which results in an unwanted time-dependency of the sputtering data
[36]. To investigate this problem, a new approach was applied. To keep the setup as
simple as possible, the enstatite-coated catcher QCM was replaced by a QCM with
a film of only a single element. By focusing the ion beam on a pellet area that is
not irradiated during experiments material can deposited on the catcher QCM with-
out interfering with the actual investigations. The idea was to prepare the catcher in
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a steady state such that potential fluence-dependencies of ejecta sticking coefficients
are eliminated prior to measurements. For this purpose, the catcher was rotated to
8 = 25°, where the most signal is expected, whilst the target was positioned in such
a way that the Ar™ ion beam impinges under an angle o = 45° relative to the surface
normal. At this angle, a higher sputter yield is expected than at o = 0°, but not as
much geometrical distortion of the beam as at & = 60°. Due to the beam’s finite size, it
is also important to limit its geometrical distortion to prevent steel of the target holder
from being sputtered. The beam was therefore aimed at the topmost part of the pellet,
3.5 mm above its centre. Figure [10[shows a 2D outline of the pellet and its geometric
dimensions. The red cross indicates the spot, which is used for focused sputtering.
Since the topmost section is not irradiated during experiments, high fluences can be
applied as possible changes in surface structure and morphology do not interfere with
actual measurements. By dividing the beamtime during the coating procedure into
shorter intervals, the coating process of the catcher QCM and the establishment of
a steady state can be observed more conveniently. Additionally, potential drifts in
resonance frequency can be compensated more easily for each point of measurement.

d=10 mm

z=3.5mm

X-axis

------------------------ X

Figure 10: Outline of the pellet with a diameter of d=10 mm. The shaded area denoted as A is used
for irradiation experiments when scanning is active. It was adjusted to fit the geometric
distortion due to an incident angle of 45°. The red spot represents the point of focused
irradiation to coat the catcher QCM before each measurement. It is calculated to be
at z=3.5 mm above the center of the pellet so that only the unused pellet area is being
irradiated.

During the development of this procedure, two different catcher QCM materials
were investigated. Figure|ll|shows the frequency slopes measured during a pre-coating
procedure for two different materials of the catcher. The signals are calculated by sub-
tracting the average slope of the two drifts before and after the irradiation from the
measured frequency slope measured during ion bombardment. At first, an Au-Catcher
was introduced into the system. Its signal, which is represented by the blue dots, was
overshadowed by a factor of up to 5 by the thermal drift caused mainly by the flood-
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gun. It is represented in the graph by the blue dots which scatter around zero with
some of them being negative, which is unphysical. In a second attempt, a Fe-Catcher
was tested since it was available at the laboratory at that moment. The following
irradiations produced sufficiently high QCM signals which stabilised after only a few
irradiations. The signals of the Fe-catcher are represented as orange dots. The dotted
line shows the mean slope that was calculated for all irradiation slopes except for the
first one. The shaded area marks a deviation of £10% from this average, which is
in the range of the otherwise expected experimental errors anyway. Following this
measurement, the method was considered a success and it was subsequently given the
name of Pellet Edge Pre-Coating (PEP-C) procedure. Measurements can now be per-
formed under equal circumstances. After the experiment has finished the catcher QCM
is cleaned until the sputtering yield is constant again. This state can easily be veri-
fied since the typical sputtering yield for iron is well known due to former research [43].
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Figure 11: Comparison of the frequency slopes observed on both catcher QCMs during pre-coating.
The blue dots represent the signal of the PEP-C procedure for the Au-Catcher whereas
the orange dots show the frequency changes for the Fe-Catcher. The Au-Catcher produced
very weak signals, which are overshadowed by thermal drift during the activation of the
floodgun. The Fe-Catcher, on the other hand, maintained rather constant sticking coefli-
cients throughout the irradiations. Both procedures were carried out using a 2 keV Ar™
ion beam under o = 45° with respect to the surface normal. The catcher was positioned
at g = 25°.
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5 Measurements Process

5.1 Workflow

Before and after each measurement the profile of the ion beam was analysed to ob-
tain information about the number of ions impinging on the target per time interval.
Additionally, the quality of the beam’s geometry can be reviewed. This presented
a useful tool to determine whether the current had fluctuated since the start of the
measurement. To create a beam profile the sample holder was positioned so that the
beam is funnelled into the Faraday cup. The y- and z-position of the FC is then
varied in 0.5 mm or 1 mm increments for narrow or wide scanning, respectively. The
ion current is measured at each position. By interpolating through the data points an
approximation of the beam’s three-dimensional profile can be obtained, which is then
used to calculate the integral ion current impinging on the sample [44].

In previous years there has been a clear tendency in the Atomic and Plasma Physics
(APP) research group towards automating experimental procedures to maximise ef-
ficiency while simultaneously reducing the risk of human error. All measurements
described in this thesis consisted of irradiating the targets in a certain order and mov-
ing the catcher automatically to the next position. The electron floodgun was active
for each irradiation cycle where the pellet was targeted to ensure that no charge could
accumulate. The aim of the experiment was to investigate the angular distribution of
sputtered particles. To cover the the widest possible angular range, the catcher was
moved to several different positions during experiments, usually in 10° increments as
illustrated in figure [4 The collection of movements in one angular direction is called a
sweep. The beam time was adjusted when using He™ ions to apply roughly the same
fluence on both targets as was the case for the Ar' irradiations. For every angular
position [ of the catcher, the following steps were performed:

1. Turning off the beam and waiting for the drifts to stabilise. Due to the high
sensitivity of the quartz frequencies, every movement of either catcher or tar-
get results in a signal disturbance which makes rapid measurements impossible.
Since the electrons are emitted by the floodgun in a focused beam, the thermal
drift also depends on the angular position of the catcher QCM. By default, a
waiting period at each position is implemented to allow the system to reach a
steady state until the desired irradiation is carried out.

2. First QCM irradiation. The beam is turned on and the QCM is irradiated to
gather sputtering data which can be compared to the signal of the pellet.

3. Waiting - drive target holder to pellet position - waiting. At the beginning of
this step, the beam is turned off again until irradiation starts.

4. Pellet irradiation. The beam is automatically switched on for irradiation and
turned off afterwards.
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5. Waiting - drive target holder to QCM position - waiting. The beam is again
turned off until the measurement starts.

6. Second QCM irradiation. This second measurement was performed to monitor
differences in QCM signals between short time periods and therefore gain insight
into potential discrepancies.

7. Waiting - drive catcher to next angular position - waiting. The catcher is auto-
matically rotated to the next angular position and the whole process is repeated.
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Figure 12: Typical frequency curve for one angular position of the catcher QCM for Ar™ ions with a
kinetic energy of 2 keV under an angle of incidence aw = 60°. The numbers in the graph
indicate the corresponding section of the irradiation process as described in the above list.
The parts of the measurements where the ion beam was switched on are indicated by an
orange shading.

The two QCM irradiations were included in the experimental workflow to serve
as a reference both before and after the irradiation of the pellet, and also to allow
signal comparisons between different measurement cycles. The number of sweeps as
well as the number of angles within one sweep was adjusted for each measurement
depending on the working gas and the total fluence that was considered acceptable for
the targets. In general, the beam times for both pellet and QCM were limited to no
more than 350 s to minimise the risk of applying too much fluence on the targets since
argon measurements were performed as proof-of-principle measurements and also to
verify the validity of the PEP-C procedure. For He™ ions, however, the number of
sweeps was increased to gather more data about the sputtering effects. Figure
represents a typical frequency curve of the catcher QCM at a fixed angular position.
The average slope of one irradiation can be calculated by fitting this curve linearly in
the desired time intervals. However, in hindsight, the shortened irradiation lengths in
combination with the increased ion fluxes for helium led to frequency curves that were
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more complicated to interpret properly. Thus, automatically fitting through the whole
time span of irradiation was not an appropriate tool for data evaluation anymore. To
aide the evaluation process, a new graphical user interface was developed.

5.2 Data Evaluation

(...)JV_He_+_pellet_irradiation.xlsx (...Jer_QCM_data_pellet_irradiation

(...)11217_13-54 targetangle_45.txt 45° -

offset driftl start offset driftl end 2
—_— —_— Irradiation 60 of 84 - QCM_40 at 60deg
0 0
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Drift after: 2.51e-05
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: : Average drift: 1.58e-05
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Measurement quality is insufficient Disregard drift before _Outg_ésing_o_ccur_red:_F.'_a\se -
Previous Irradiation Next Irradiation Save output file

Figure 13: Example of a 4 keV He+ irradiation under a@ = 45° with respect to the target surface
normal. Due to a non-linear irradiation slope the quality of the linear fit is impaired. The
accuracy of the fit can be improved by changing the start and end times of the fit. The
graphical display is updated immediately, thus enabling the user to assess the quality of
the fits more conveniently.

When evaluating measurements it is sometimes the case that the catcher QCM’s res-
onance frequency does not change linearly. However, the standard automated fitting
procedure does not take this into account and applies the linear fit regardless. As
a consequence, the resulting fits may not be representative of the actual slope be-
fore, during or after an irradiation. Figure shows a sample of such a frequency
curve. Note that the initially steep irradiation slope flattens off as ion bombardment
progresses. The red line represents the linear approximation generated automatically,
which differs significantly from the actual curve. In this case, the impact of the shorter
irradiation times becomes visible. The program used for evaluation at the time calcu-
lated the linear fits only by analysing the frequency values at the beginning and end
time stamp of each curve fit. As a consequence, a vast proportion of these fits were
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determined to be of insufficient quality. Instead of manually adjusting the start and
end times of the linear fits by changing sections of the existing code it was decided
that this procedure needed to be replaced by a more sophisticated graphical user in-
terface. This newly introduced GUI allows the user to directly change the drift and
slope settings for each subsequent irradiation of a catcher sweep while simultaneously
portraying and updating the corresponding graphs in real time. The quality of the
linear fits for the drifts before and after an irradiation as well as the irradiation slope
itself can now be adjusted easily by modifying the start and end times which are im-
mediately passed on to the fit calculation. When applying this evaluation method the
accuracy of the linear fits improved to the extent that the resulting data could be used
for further evaluation. This proved especially helpful when analysing the measure-
ments conducted with helium ions, which are described in more detail in section |6.2
When exiting the program all the information is stored in a separate output file for
each investigated target, which can then be conveniently used to graphically represent
the obtained data. It is reasonable to assume that this newly developed analysing
tool will render preceding evaluation methods obsolete due to its convenience and the
quality of the generated output.

27



6 Results and Discussion

6.1 Ar' on Enstatite (MgSiO;)

Experiments were carried out by using Ar" ions with kinetic energies of 2 keV im-
pinging on enstatite targets under an angle of incidence of 45° and 60° with respect to
the target surface normal. The catcher position was usually varied in 10° increments
between § = —10° and § = 60° for each sweep. Beam times for pellet and QCM varied
between 150 and 350 seconds depending on target condition and ion current for each
measurement.
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Figure 14: Results for 2 keV Ar' irradiations. (a) shows the catcher signal for QCM and pellet
irradiations under o = 45°. (b) represents the corresponding measurement under o =
60°. Pellet data points are coloured blue for the first measurement series and orange for
the second one. The colour of the QCM signals is green and purple, depending on the
measurement cycle.
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The Art experiments presented in this thesis were performed as proof-of-principle
measurements and consisted of two sweeps with one QCM-Pellet-QCM irradiation at
each angular position of the catcher. This measurement process aimed to provide ad-
ditional reference points for the frequency data obtained from the pellet irradiations
and also to quantify the fluence-dependency of the obtained data, if these effects were
observed at all. Figure [14] represents the resulting data of these experiments.

Figures and show the measured catcher yields for angles of incidence of 45°
and 60°, respectively. The data points of measurements that were conducted under
the same impingement angle were plotted on the same diagram to enable easier com-
parison between them. The r-axis describes the mass deposition on the catcher QCM
in amu per incoming ion and solid angle €2, at each angular position. When analysing
the signals observed on the catcher QCM for both angles of incidence, a clear increase
in sputtered target mass can be seen when changing the angle of incidence from 45°
to 60°. At a relative catcher angle of around 30°, irradiations of pellet and thin film
resulted in the biggest mass removal, which followed expectations [14]. In general,
irradiations of the pellet resulted in sputter yields about half as high as the ones
observed on the primary QCM. Considering the effects discussed in figure [1} this re-
duction in sputter yield could be attributed to the pellet’s increased surface roughness.
To investigate this further and to disentangle roughness effects from other differences
between the sample types, simulations have been carried out in a recent manuscript
[18, |45]. In these, a ray-tracing approach was applied to account for the geometry of
the pellet surfaces. The simulation approach is sketched in [17]. Moreover, the mean
of the local inclination angle distribution has been found to be a reliable descriptor
for the quantification of roughness effects on the sputter yield |17, 46]. Indeed, sur-
face topography was identified to be the driving factor of this reduction in sputter yield.

It is important to note that each graph of figure shows measurement data of
experiments that were performed 14 days apart from one another. When comparing
the absolute signals of both pellet and QCM for the different angles the data lie well
within the respective error bars. It is therefore concluded that future measurements
will be reproducible thanks to the improved preparation process described in section
and can be compared quantitatively to one another, thus improving the data evalu-
ation process.

6.2 He™ on Enstatite (MgSiO;)

To better simulate solar wind flux, a second set of experiments was carried out using
He' ions with energies of 4 keV impinging on enstatite under an angle of incidence
a = 45°. Each measurement consisted of several QCM-Pellet-QCM irradiations dis-
tributed over relative catcher angles of -10° to 60°. Figure [15| represents the acquired
frequency data of the catcher QCM of two measurements that were carried out one
week apart from one another.
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Figure 15: Results of two separate He™ irradiations with a kinetic energy of 4 keV under an angle of
incidence of 45°. The blue data points represent the change in catcher frequency observed
when irradiating the pellet whereas the catcher signal for primary QCM irradiations is
displayed in orange.

The data points produced during the first irradiation cycle differ significantly from
those of the second cycle. Concerning the data points obtained during the first mea-
surement, pellet and QCM irradiations resulted in similar signals. However, no clear
relationship between the signals obtained during pellet and QCM measurements is
evident in the second cycle. The weak signals for smaller values of beta result in larger
uncertainties of the respective slopes, which manifest themselves by bigger error bars
in this region of the graph. Also, the distribution of the data points within pellet and
QCM irradiations does not conform to the expected pattern, which usually reaches
a maximum at a catcher angle of around 40° relative to the target surface normal.
Note that the catcher yield of helium is around 10 times lower than the yield observed
with Ar" ions under the same impact angle. Since the momentum of any particle is
described by p = vV2Em, this can be explained in part by the different kinetic ener-
gies and masses of the two projectile types. During the experiments described in this
thesis, He' ions possessed higher kinetic energies than Ar* ions. However, their indi-
vidual mass is about an order of magnitude smaller. This difference in atomic weight
prevailed over the surplus in kinetic energy and resulted in a reduced momentum of
the helium particles. As was already described in section [1.2] the momentum of the
projectiles influences the resulting sputtering yield.

Figure shows rather peculiar and steep jumps between measurements points.
Indeed, a new phenomenon was observed when the operating gas was switched from
argon to helium. At certain angular positions of the catcher the QCM’s frequency
curve showed non-linear behaviour. In most cases, a waiting period of approximately
200 s was sufficient for a stable drift to emerge. Nevertheless, this complicated the data
evaluation process since the irradiation times were limited to 350 s to avoid applying
too much fluence on the targets. The analysis tool used up until this point in time read
in the frequency values at the beginning and end time stamp of each curve section and
calculated a linear fit according to the least squares function approximation. However,
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the curves that the program was analysing did not follow linear behaviour anymore.
Hence, when this algorithm was used for the evaluation of helium irradiations, it pro-
duced inaccurate linear fits that were only a poor approximation of the actual curve.
This complicated the data evaluation process and demanded the introduction of the
new graphical user interface which was already described in section [5.2]

Non-linear behaviour was mainly encountered when the catcher was positioned in
forward direction with respect to the ion beam. The same phenomenon was already
observed and investigated in [8] using a helium ion beam. It might therefore be
considered to be caused by the implantation and outgassing of helium ions during and
after the respective irradiations or by the stress caused due to the impinging ions. At
positions where § &~ «, the catcher is not only exposed to sputtered target material
but also to ions that are reflected by the target. This poses two major problems:
On the one hand, the frequency slopes during these irradiations usually start with a
steep decline and flatten off as ion bombardment progresses, which makes it difficult to
evaluate how big of a change in frequency was induced by sputtered particles. Secondly,
a significant increase in resonance frequency is observed directly after the ion beam
is switched off. Figure shows a typical frequency curve of the catcher QCM at
which a non-linear behaviour was encountered. Note that the slope of the frequency
curve flattens off towards the end of the irradiation, where an increase in resonance
frequency occurs. After around 200 s the drift after the irradiation stabilises.

—— Catcher QCM Signal

—— Linear Fit
0.005

0.000 i '\_‘

-0.005

Af [Hz]

-0.010 '
|

-0.015 |

0 250 500 750 1000 1250 1500 1750 2000
time [s]

Figure 16: Frequency curve of the catcher QCM during a pellet irradiation under o = 45° with 4 keV
He'. The catcher was positioned at 3 = 20°. The red line represents the linear fit which is
calculated automatically by the evaluation tool. A significant increase in frequency occurs
after irradiation has ended which is attributed to the outgassing of implanted ions.
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(b)

Figure 17: Different fitting methods for frequency curves where outgassing is observed. The blue
and red lines represents the linear fits for the frequency drifts and the irradiation slope,
respectively. (a) shows the regular evaluation process. In (b) the outgassing procedure
is used to compensate the irradiation slope by the change in frequency induced by the
implantation of helium ions. Note the vast difference in absolute signal between the two
methods.

An attempt was made to modify the evaluation GUI in such a way that it auto-
matically compensates the slope depending on the frequency increase directly after
the irradiation. This calculation was mainly based on geometrical considerations and
aimed to remove the changes in resonance frequency that were caused by implanted
ions from the final data. This was done by subtracting the frequency increase during
the outgassing of ions from the overall slope. Ideally, in the case where no non-linear
slopes occur and the drifts before and after the irradiation are identical, this procedure
should have no effect on the output. Figure [18 shows two frequency plots of the same
irradiation. In figure the linear fit is calculated by the usual algorithm, whereas
the outgassing compensation method is used in figure [I7b] Note the clear difference
between the two linear fits for the irradiation slope, which are represented by the red
lines. To assess the influence of the slope compensation on the final output, the com-
plete helium measurement of the first cycle was evaluated twice. The results of this
comparison are shown in figure Note how many of the data points between figures
and differ greatly from one another. On the one hand, this is a consequence

32



of the slope compensation, which reduces the frequency slopes in forward direction.
On the other hand, the data points for small catcher angles between -10° and 20° seem
to increase in signal strength when using the outgassing tool. However, this is also
a consequence of individual adjustment of the fits since it is impossible for an indi-
vidual to completely replicate a whole data evaluation process. This aforementioned
sensitivity of the data points to the user input in combination with the inconsistent
results generated by the outgassing tool finally lead to the abolishment of this feature.
Despite these efforts, no consistent results were achieved using He™ ions as projectiles
in combination with irradiation times in the range of 300 s. In the future, prolonging
the timespans of irradiation might lead to the formation of a constant slope of the
catcher resonance frequency. This comes at a cost, however: Applying higher fluences
leads to subsequent ion beam damages, potentially amorphising the pellet. Therefore,
it might not be possible to investigate crystallinity effects simultaneously with the
steady state ejecta angular distribution.
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Figure 18: Difference between data sets resulting from the first helium measurement with 4 keV He™
ions under aw = 45°. The data points in (a) were created by analysing the frequency curves
without the slope correcting procedure. (b) shows the output of the same measurement
where the outgassing procedure was used.
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7 Conclusion and Outlook

The catcher QCM setup was used to irradiate a target under a = 45° and o« = 60° with
respect to its surface normal. Proof-of-principle measurements were performed using
2 keV Ar" ions to verify whether the modifications made to the setup including the
pre-coating process of the catcher QCM yielded the desired results. These improve-
ments on the apparatus were then used to investigate sputtering behaviour of 4 keV
He™ ions on enstatite in an attempt to gather new data about the effect of solar wind
sputtering of mineral samples as realistic proxies for surfaces of rocky bodies in space.
During irradiations the sputtered particles were caught by the catcher QCM where
mass deposition could be measured by analysing the quartz’s eigenfrequency. The
distance between target and catcher remained constant throughout all experiments at
r = 17 mm. Sputtering behaviour was mainly investigated for a pellet made out of
ground and pressed MgSiO5; mineral powder to act as a hermean regolith analogue due
to its composition, roughness and crystallinity. An enstatite-coated QCM was used to
obtain sputter yields and the angular distribution of ejected particles for an amorphous
and smooth MgSiO; target. These data act as a reference and can subsequently be
compared to the ones obtained from the pellets.

The primary QCM was irradiated before and after each of the pellet irradiations
to provide additional information about possible fluence dependencies of the measure-
ment data. After modifying the setup multiple times and introducing the PEP-C
procedure a vast improvement in the consistency of the acquired data was observed.
The newly installed Fe-catcher can be sputter cleaned after each irradiation cycle, thus
removing the layer that accumulated during experiments. This guarantees the same
initial conditions between experiments. By irradiating a pellet area unused during the
actual experiments with a focused beam a new homogeneous coating can be applied
to its surface before each measurement. This allows for the establishment of a steady
state in the catcher QCM’s signal before the start of the irradiations.

New effects have to be taken into account when performing irradiation experiments
with He" ions. One key phenomenon, which occurred frequently at larger catcher an-
gles, was non-linear behaviour of the catcher resonance frequency, possibly due to the
implantation of reflected projectile ions into the catcher QCM. It led to anomalies in
the frequency signals and complicated the linear fitting of the data. Hence, a new
data evaluation GUI was introduced, which allowed manual adjustment of the fitting
parameters to improve the quality of the data acquired from the linear regression.
However, evaluating frequency curves where outgassing occurred has proven to be a
complex task that will require further investigation. During the course of this thesis,
it was decided to apply as little fluence as possible on both targets to limit erosion of
the film and avoid amorphisation of the pellet. However, longer irradiation times may
result in stable frequency changes on the catcher QCM and minimise the uncertainty
induced by outgassing effects. Due to the improvements made to the setup and the
newly introduced PEP-C procedure it is now possible to perform measurements, which
can be compared among one another independent of the time at which they were car-
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ried out. This will enable more detailed data analysis between future experiments and
will likely provide the basis for upcoming He™ ion irradiations.

The IAP is scheduled to carry out first irradiation experiments on real lunar re-
golith samples later in the year. 2.4 g of lunar material were collected during the Apollo
16 mission and are at the moment of writing located at the University of Bern. These
upcoming irradiation experiments on real lunar rock will provide information about
the validity of the experiments performed on analogue materials and also give fur-
ther insights into the formation of the moon’s exosphere and the sputtering processes
involved.
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