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Kurzfassung

Um den Weg fiir ein zukiinftiges Fusionskraftwerk zu ebnen, ist es nicht nur notwendig,
Netto-Energie zu produzieren, sondern auch entscheidend, eine erste Wand zu haben,
die den hohen Hitzefliissen und energiereichen Teilchenbeschuss lange genug standhal-
ten, kann um den Fusionsreaktor wirtschaftlich zu betreiben. Daher wurde mit Hilfe
einer hochempfindlichen Quarzkristall-Mikrowaagen (QQCM) Technik fusionsrelevante
Plasma-Wand-Wechselwirkungsprozesse unter kontrollierten Laborbedingungen un-
tersucht.

Eine dieser fusionsrelevanten Projektil-Wandmaterial-Kombinationen, die im Rahmen
dieser Arbeit untersucht wurde, ist die Erosion von Wolframnitridschichten (WN)
beim Beschuss mit Deuterium-Ionen. Um den Leistungsfluss zum Divertor in einem
zukiinftigen Fusionsreaktor zu reduzieren, ist die Beigabe strahlender Verunreinigun-
gen in das Plasma erforderlich. Dabei erweist sich Stickstoff (N) als ein sehr wirksames
“Kiihlmittel” im Bereich des Plasmarands, bei dem jedoch in Kombination mit einem
Wolfram-(W)-Divertor, die Bildung von WN Oberflichenschichten beobachtet werden
konnen.

In dieser Arbeit wurde die Erosion von gut vorbereiteten WN- und W-Schichten unter
D-Ionen Beschuss bei 500 und 1000 eV /D untersucht und verglichen. Dabei wurde fiir
W eine konstante Erosionsrate mit zunehmender D-Fluenz gemessen. Hingegen zeigt
WN zu Beginn bei niedrigen Fluenzen eine erhohte Erosionsrate, die sich dann im
stationaren Zustand dem Wert von reinem W annahert. Vergleiche mit SDTrimSP
Simulationen weisen darauf hin, dass diese anfénglich hohere Erosionsrate fiir WN
mit einer erhohten N-Erosion zusammen hangen konnte. Dazu wurde als moglicher
Mechanismus bestrahlungsinduzierte Diffusion in Betracht gezogen.

Eine weitere untersuchte fusionsrelevante Festkorperoberfliche ist Eisen-Wolfram
(FeW). FeW ist ein Modellsystem fiir Stéhle wie EUROFER, die schwere Elemen-
te beinhalten und als mogliches Material fiir abgelegene Bereiche in einem zukiinf-
tigen Fusionsreaktor in Betracht gezogen werden. Dazu wurden an diinnen FeW-
Schichten mit 1.5at% W fluenzabhéngige Zerstdubungsexperiemente unter Beschuss
mit D-Ionen bei 250 und 1000eV /D durchgefiihrt. Fiir den Beschuss bei 250¢V /D
ist zusatzlich der Einfallswinkel des Ionenstrahls gegeniiber der Oberfliche variiert
worden. Weiters wurde die Topographie und die Rauigkeit der Probe vor und nach
der Exposition mit einer Gesamtfluenz von 3 - 10%* D/m? untersucht. Fiir beide ki-
netischen Energien wurde eine abnehmende Zerstdaubungsausbeute mit zunehmen-



der D-Fluenz beobachtet, welche mit einer mit Rutherford-Riickstreu-Spektrometrie
(RBS) gemessenen W-Oberflachenanreicherung korreliert. Die anfénglich starkere Re-
duktion der Erosionsrate fiir schragen Ionenbeschuss verschwindet mit zunehmender
Fluenz und erreicht den Wert fiir normalen Einfall. Dieser Effekt wird mit einer deut-
lichen Erhohung der Oberflachenrauhigkeit und (abhéngig vom Ionenaufprallwinkel)
der Ausbildung von Nanodots oder Rippels in Zusammenhang gebracht.

Zusatzlich zu den Experimenten mit fusionsrelevanten Oberflichen wurde ein neuer
experimenteller Aufbau entwickelt, bei dem eine QCM neben dem Probenhalter als
Auffanger fiir das an der Probe zerstdubtes Material diente. Das neue Setup soll dabei
Beschréinkungen der bestehenden QCM-Technik auf diinne Schichten, welche direkt
auf den Quarz aufgebracht werden miissen, iiberwinden. Nach der Beschreibung wie
die Zerstaubungsrate des Ziels aus dem gemessene (Auffinger-) QCM Signal rekon-
struiert werden kann, werden Messungen mit einer zweiten (Ziel-) QCM anstelle einer
Standard Zerstaubungsprobe durchgefiithrt, um die prinzipielle Machbarkeit dieser
indirekten Zerstaubungsratebestimmung zu beweisen. Die gleichzeitige Verwendung
von zwei QCMs erlaubt es, den Massenverlust an der Ziel-QQCM (verursacht durch
zerstaubte Partikel) und die Massenerhohung an der Auffinger-QCM (aufgrund der
gefangenen Partikel) simultan zu messen und damit die rekonstruierte Zerstaubungs-
rate mit der direkt gemessenen zu vergleichen. Das Ergebnis dieser Messungen zeigte,
dass es moglich ist, mit der neuen Auffanger-Methode absolute Zerstaubungsraten der
Probe zu bestimmen.
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Abstract

To pave the way towards a future fusion power plant it is not only necessary to pro-
duce net energy. It is also crucial to have a first wall that can withstand the high
heat fluxes and energetic particle bombardment long enough to operate the fusion
reactor economically. Therefore fusion relevant plasma-wall-interaction processes are
studied under controlled laboratory conditions using a highly sensitive quartz crystal
microbalance (QCM) technique.

One of the fusion relevant projectile-target combinations, investigated within the
framework of this thesis, is the erosion of tungsten-nitride (WN) by deuterium (D)
ions. In a future fusion device, impurity seeding into the plasma is required to reduce
the power flux to the divertor. Nitrogen (N) seeding is an effective coolant at the
plasma edge. In combination with a tungsten (W) divertor, the formation of WN
surface layers is observed. In this work the erosion of well prepared WN and W (for
comparison) films were studied under D ion bombardment at 500 and 1000eV/D.
For W a constant erosion rate was measured with increasing D fluence, while for
WN an initially enhanced erosion rate was observed, until steady state conditions are
reached where the erosion rate of WN approaches that of pure W. Comparisons to
SDTrimSP simulations indicate that this initially higher erosion rate for WN is linked
to an enhanced N erosion. As a possible mechanism irradiation-induced diffusion was
considered.

Another investigated fusion relevant target surface is iron-tungesten (FeW), because it
is a model system for heavy element containing steels, like EUROFER, which are con-
sidered as possible material for recessed areas in a future fusion reactor. In particular,
fluence dependent sputter experiments were carried out for thin FeW films, containing
1.5at% W, under 250 and 1000 eV /D ion bombardment. The incident angle of the ion
beam was additionally varied for 250 eV and the sample’s topography and roughness
was investigated before and after the exposure to a total fluence of 3 - 103 D/m?.
For both kinetic energies a decreasing sputtering yield with increasing D fluence was
observed, which is correlated to a W surface enrichment measured with Rutherford
backscattering analysis (RBS). The initially more pronounced reduction of the ero-
sion yield for oblique ion impact, vanishes with increasing fluence and reaches the
value for normal incidence. This effect is related to a significant surface roughening
and (depending on ion impact angle) formation of nanodots or nano-ripples.
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In addition to the experiments on fusion relevant surfaces a new experimental setup
was developed, where a QCM is placed beside the target holder acting as a catcher
for material that is sputtered at the target surface. The new setup is supposed to
overcome the limitations of the existing QCM technique to thin film targets directly
deposited on the quartz crystal. After describing how the sputtering yield can be
reconstructed from the measured (catcher-)QCM signal, proof of principle measure-
ments using a second (target-)QCM instead of a regular sputter target were conducted.
The use of two QCMs allows to measure the mass loss at the target-QCM (caused by
sputtered particles) and the mass increase (due to the caught particles) at the catcher-
QCM simultaneously and thus to compare the reconstructed target sputtering yield
with the directly measured. The result obtained by these measurements demonstrate
the feasibility of determining absolute sputtering yield with the new catcher setup.
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]_ Introduction

Sputtering due to ion impact represents a very important topic in the field of ion-
surface interaction with multiple applications, like thin layer deposition, surface etch-
ing or surface analytic techniques. It is also of major concern regarding the erosion of
wall material of nuclear fusion devices, or in space weathering where lunar or plane-
tary surfaces get eroded by solar wind ion impact. When energetic particle hit a solid
surface a variety of effects occur, like erosion (i.e. sputtering), roughening or smooth-
ing of the surface, changing of the surface composition, reflection or implantation of
the projectile, emission of electrons, photons and other secondary particles etc.

Especially with regard to a future fusion power plant the investigation of erosion
processes by energetic particles is of great importance. Carefully selected first wall
materials facing the ultra hot magnetically confined fusion plasma have to withstand
the bombardment with energetic particles in order to be able to operate the reactor
in a save and economic way. A large part of the investigations described in this thesis
focus on fusion relevant projectile-target combinations. These experiments where
carried out under laboratory conditions by the use of a quartz crystal microbalance
(QCM) technique. The target layer of interest is deposited onto one side of the quartz
crystal and bombarded with a well defined ion beam. The mass change of the target
film caused by the ion bombardment is then determined by a measurement of the
resonance frequency change of the QCM. The QCM represents an ideal tool, to study
these ion surface interaction processes in situ and in real time.

In chapter 2 a brief introduction into nuclear fusion is given highlighting the primary
motivation of the research conducted in this thesis, furthermore a short overview on
the physics behind the plasma-wall interaction processes in general and sputtering by
particle bombardment in particular is included. Chapter 3 introduces the experimen-
tal and numerical methods used throughout the thesis and presents a newly developed
quartz crystal microbalance catcher setup. In contrast to the existing QCM technique
where typically a mass loss of the thin target layer due to the ion bombardment is
observed, the QCM in the catcher configuration measures a mass increase. To this
purpose a QCM is placed beside the target holder acting as a catcher for sputtered
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particles. This configuration has the advantage that sputter experiments are no longer
restricted to thin film targets deposited on a QCM. However, data evaluation heav-
ily relies on input from numerical simulations of the sputter process as explained in
section 3.3. The results of this thesis are presented and discussed in chapter 4. In the
first section the results obtained for fusion relevant projectile-surface combinations
are presented while the second section contains the proof of principle measurements,
which demonstrate the feasibility of the QCM catcher method.



2 Background

This chapter gives a brief introduction into nuclear fusion and its current status,
followed by a short resume on plasma-wall interaction and sputtering by particle bom-
bardment, highlighting the main motivation of the research conducted in this thesis.
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2 Background

2.1 Why Fusion Research?

Currently 80% of our energy production is dependent on fast-depleting fossil fuels.
Since the global energy consumption as well as the COy emission is steadily increas-
ing, it is crucial to change this dependency. According to a scenario published by
the International Energy Agency (IEA) in 2014, we are faced with an increase in the
energy demand by 37% until 2040 [1]. In order to satisfy this hunger for energy, re-
newable energy sources and new concepts for energy production are both required.

While the usage and efficiency of renewable energy sources like solar- or wind power is
increasing, there are other new technologies that require further research and develop-
ment. One very promising technique for energy production would be nuclear fusion.
Compared to nuclear fission, where tons of long-lived, highly radioactive waste are
produced and the population is faced with the problem of waste storage, nuclear fu-
sion is free of long-lived, radioactive waste [2]. In addition a nuclear disaster like at
the Fukushima Daiichi Nuclear Power Plant in 2011 in Japan can not happen with
a fusion reactor, since there is no chain reaction involved in a fusion process. The
fusion reaction is achieved by getting the fuel hot (~ 150,000,000 °C) and contained
long enough so that the reaction partners can collide often with each other and fuse.
At these high temperatures, the electrons are separated from nuclei and the fuel is in
an ionized state of matter, a so called plasma. The total amount of fuel needed in
the reactor (only a few grams) is added continuously to the reaction, if there is any
disturbance the reaction stops automatically [2—4].

In order to make nuclear fusion possible, it is necessary to bring the fusing nuclei
sufficiently close (about 107'°m) together so that they can overcome the Coulomb
barrier or tunnel through it and to fuse into a nucleus due to the strong interaction
force. When light nuclei fuse into a heavier nucleus the mass of the resulting nucleus
is smaller than the sum of the initial nuclei. This “mass defect” is transformed into a
large amount of kinetic energy, according to Einstein’s famous energy-mass relation
E = m - ¢®. One way to bring the fusing particles sufficiently close, is to heat them to
very high temperatures!, as already mentioned above. Figure 2.1, shows the reaction
rate for different fusion reactions as a function of the ion temperature. The reaction
with the highest fusion efficiency at low temperatures is the deuterium-tritium (D-T')
reaction:
D+ T — “He +n + 17.6 MeV

where the two heavier hydrogen isotopes D and T fuse to a helium nucleus and a fast
neutron and release a net energy of 17.58 MeV [5].

'For a Maxwellian particle distribution the mean particle energy W is equal to (%kBT ), with the
Boltzmann constant kg. In discussions of fusion reactions it is convenient to speak of tempera-
tures in terms of kilo electron volts (keV). 1keV ~ 1.16 - 107 °C.
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Figure 2.1: Reaction rate coefficient <o - v> as a function of the ion temperature
T; for different fusion reactions. Data taken from [7].

Another great advantage of the D-T reaction for a future nuclear fusion reactor, is the
nearly inexhaustible availability of the fuels. The stable hydrogen isotope D occurs
with a weight fraction of 3.3 - 107° in water [6]. With the water from the oceans
and the current energy consumption, the amount of D available would last for a few
billion years. T itself is not directly available since it is an unstable radioactive isotope
with a half-life of 12.3 years, but T can be produced directly on-site in transmutation
reactions with neutrons from the D-T reaction bombarding a lithium (Li) containing
blanket. Ultimately D and Li will be used as fuel for a fusion reactor, where Li is also
a very abundant and widespread element in the earth’s crust and in the oceans water
(average concentration of 0.15 ppm).

In order to produce net energy by fusing light nuclei three conditions must be fulfilled
(Lawson criteria). (1) A very high plasma temperature 7; to have high energetic
collisions, (2) a sufficient plasma particle density n; to increase the possibility that
collisions occur and (3) a sufficiently long energy confinement time 75 of the plasma in
order to keep the energy losses low [8]. The currently most promising method to ensure
these conditions is magnetically confined fusion, where the fusion plasma (charged
particles) is confined by magnetic fields. Two different concepts for generating the
magnetic fields have been invented in the '50s, and they are still under investigation
worldwide.

The widely-used concept is called tokamak, derived from the Russian words for
toroidal chamber with magnetic field. The concept of a tokamak is shown in fig-
ure 2.2. A toroidal vacuum vessel is surrounded by toroidal field coils generating a
toroidal magnetic field, with a curvature and a gradient in radial direction, resulting in
a vertical drift for ions and electrons in the opposite direction. This charge separation
causes an electric field, which adds an £ x B drift in outward direction to the charged
particles. In order to avoid this charge separation, a twist of the magnetic field lines is
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Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

JGO5537-1¢

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 2.2: Tokamak principle, a helical magnetic field confines the plasma. The
field is generated by a combination of toroidal field coils and a poloidal magnetic
field due to the toroidal plasma current. The plasma current is induced by the
inner poloidal field coils. Figure taken from [3].

necessary by superimposing the toroidal field with an additional poloidal field. This
poloidal field is generated by a toroidal current induced in the plasma by the inner
poloidal field coils of a transformer [9]. This concept is currently the most advanced
and promising one. However, a drawback of this concept is that the tokamak has to
be operated in pulsed mode in order to induce the plasma current.

The second concept being pursued is called stellarator, the name is derived form the
possibility of harnessing the power source of the sun, a stellar object. Similar to
the tokamak the plasma is also confined in a toroidal vacuum vessel surrounded by
magnetic field coils. But in contrast to the tokamak design the twist in the magnetic
field lines is created by external coils wound around the plasma torus. Also a modular
coil design is possible with complex 3-D shaped coils, as shown in figure 2.3. The
advantage of this design is that there is no induced plasma current necessary to
produce the poloidal magnetic field, with the drawback of a much more complex shape
of the magnetic field coils. The currently, largest and most optimized stellarator
Wendelstein 7-X (W7-X), has recently (2016) been put into operation by the Max
Planck Institute for Plasma Physics (IPP) in Greifswald Germany [10-12].
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Figure 2.3: Modular design of a stellarator (Wendelstein 7-X). The shape of the
plasma (yellow) is governed by an optimized magnetic field, resulting in complex
3-D shaped magnetic coils (blue). Figure taken from [12].

On the way towards a fusion power plant, several experimental fusion reactors are
under operation. Most of them are tokamaks, due to the simplicity in the design
compared to the stellarator. The largest fusion reactor in Europe is the joint European
torus (JET) in Culham, UK. Medium size tokamaks are the axial symmetric divertor
experiment upgrade (ASDEX Upgrade) in Garching, Germany and the tungsten (W)
environment in steady-state tokamak (WEST) in Cadarache, France.

2.1.1 ITER Project

The world’s largest fusion reactor, ITER (cut-away sketch shown in figure 2.4) is
currently being built in the south of France [3] by the international thermonuclear
experimental reactor (ITER) Members? China, the European Union, India, Japan,
Korea, Russia and the United States. The aim of this enormous project is to demon-
strate the potential and the feasibility of nuclear fusion as an energy source.

The world record for energy production from controlled thermonuclear fusion is held
by JET, the currently largest machine operating, with a fusion power of 16 MW,
which corresponds to 62% of the input power (Q = Ppusion/Pinpur = 0.62 [13]). The
plasma volume of ITER will be ten times larger than the plasma volume of JET and
should be capable of producing 500 MW of fusion power from 50 MW of input power
(Q = 10). It is not foreseen that ITER will produce any electrical power, but it will

2representing three continents, over 40 languages, half of the world’s population and 85 percent of
the global gross domestic product [2].
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Figure 2.4: Cut-away sketch of ITER, showing the 29 meters high cryostat (outer
grey structure), the superconducting magnets (blue) and the vacuum vessel (inner
grey structure) with the Be (orange) and W (light brown) first wall. Figure taken
from [2].

be the first nuclear fusion reactor producing net energy. The step after ITER on the
roadmap to a fusion power plant, will be the DEMOnstration power station (DEMO),
which should be the first fusion reactor to produce electrical power to the grid. First
conceptional studies for a future fusion power plant expect a net electrical power out-
put of & 1.5 GW [14]. Depending on the results, achieved by ITER the construction
of DEMO is foreseen to start in the 2030s [2].

The main goals of ITER are,

(a) to show the feasibility of producing energy (@ = 10) for long pulses
(400...600s),

(b) to close the gap between the today’s smaller-scale experiments and a future
fusion power plant,

(c) to test the technologies needed for heating, plasma diagnostics, control, cryo-
genics and remote maintenance,
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Figure 2.5: T inventory in ITER for different first wall materials. The band
width of the different predictions reflects uncertainties in the expected particle
flux. Figure taken form [15].

(d) to achieve a D-T plasma where a large part of the required heating is provided
by the a-particles from the fusion reaction,

(e) to test the efficiency of the tritium breeding in order to produce the fuel needed
on site, (six different breeding concepts will be tested in I[TER),

(f) and to demonstrate the safety characteristics of a fusion device [2,3].

In order to realize this, the selection and design of the plasma facing components
(PFCs) are of major concern. As already mentioned above a fusion plasma with a
temperature of more than 100 million °C (with a particle density of ~ 10%° per m?
and a confinement time of some seconds) is necessary to realize magnetically confined
nuclear fusion [2]. These extreme conditions result in an intense heat and particle
flux to the first wall facing the plasma, since the plasma confinement will never be
perfect. The lifetime of the PFCs will limit the economics and availability of a future
power plant. Therefore it is necessary to avoid high erosion rates or too high heat
loads. In addition the selection of the PFC is also crucial for some safety aspects, like
the formation of explosive dust or the retention of radioactive T [16]. In the initial
design of ITER carbon fiber-reinforced composites (CFC) were a strongly favoured
material as PFC since C based materials show an intrinsic impurity level reducing high
heat loads at the divertor, by radiation cooling. But in order to full-fill safety and
environmental reasons a T limit of 700 g was set for ITER [17], with the consequence
that the initially planned divertor made out of CFC (problem with high T retention
in hydrocarbon layers) had to be replaced by a full W divertor [18]. The predicted T
inventory in ITER for different first wall materials is shown in figure 2.5. It can be
seen that the initially planed material choice CFC+W+Be, would reach the T limit
within 100 — 300 full 400s @ = 10 discharges [15].
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Figure 2.6: left: Cut-away view of the ITER vacuum vessel. Showing the D-T
plasma (orange), the blanket modules with the Be first wall panel (green) and the
W divertor (blue). Figure taken from [2]; The blanket module consisting of two
major components, a plasma facing first wall panel and a shield block. Figure
taken from [21]; The divertor provides the main plasma-surface interaction zone,
consisting of inner and outer target plates, the dome in the centre and the inner
and outer particle reflection plates. Figure taken from [22].

2.2 Plasma Facing Components (PFCs)

In the actual design, the first wall of ITER (facing the hot plasma) will be a full
metallic wall consisting of beryllium in the main chamber and a full tungsten divertor
[18-20]. Since there is only little experience with these first wall materials, the ITER
like wall project at JET for testing the ITER material mix (Be/W) was introduced.
Also ASDEX Upgrade is operating with a full W wall to investigate plasma wall
interaction (PWI) processes and its implications in an all-W divertor tokamak [19].

A cut-away view of the vacuum vessel of ITER is shown in figure 2.6. The 600 m? of the
main chamber is covered with 440 so called blanket modules consisting of two major
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2.2 Plasma Facing Components (PFCs)

components, a plasma facing first wall panel and a shield block, shown in figure 2.6
top right. These blanked modules protect the steel structure and the superconducting
magnets from the heat and the neutrons produced by the fusion reactions. While the
first wall panel has to withstand an incoming heat flux of 1 — 2MW /m? (selected
rows are capable of accommodating up to 5 MW /m? during the plasma start up in
the limiter configuration) it is the main function of the shield blocks to provide a
nuclear shield and to supply the first wall panel with cooling water [23]. Later, in
a future fusion power plant the heat caused by the stopping of the neutrons in the
shield block will be used for the production of electricity.

The divertor, in the bottom of the vacuum vessel provides the main plasma-surface
interaction zone, shown in figure 2.6 bottom right. It will be assembled out of 54
cassettes and is designed to cope with a heat flux of 10 MW /m? for steady state
and up to 20 MW /m? for up to 10s [24]. The main function of the divertor is to
extract the fusion ash (a-particles) produced by the fusion reactions, to minimize
plasma contaminations, and to protect the surrounding walls from the intense heat
and neutron loads. The inner and outer target plates will intersect with the magnetic
field lines and have to withstand an intense particle bombardment. Therefore the
armour of the divertor is made out of W, which is the metal with the highest melting
point (3422°C) and a very low sputtering yield for D and T ions.

In order not the exceed the heat flux that can be managed by the divertor an active
control of the divertor heat flux is necessary. For instance a future fusion reactor will
have to emit radiation of several 100 MW in the plasma edge [25]. This will be achieved
by the controlled injection of radiating impurities (noble gases or N - are considered),
which spread the power flux onto a larger area of the vessel surface [26]. These
impurities emit line radiation while being subsequently ionised to higher charge states.
These seeding impurities should be selected in a way that they only radiate in the
surface near region to remove unwanted high peak power loads, while core radiation
should be avoided in order to have good energy confinement. Figure 2.7 shows the
radiative loss factor for different seeding impurities for typical divertor conditions. It
can be seen from figure 2.7 that N and Ar are closest to C, which is known as an
effective intrinsic coolant in devices with carbon PFCs for T, below 10eV [27,28].
The general behaviour is that low-Z impurities are best suited for radiative cooling at
the plasma edge in the 10eV range, while they are fully ionized in the plasma core.
Heavier species are more efficient seed species for core radiation, since the cause less
fuel dilution [28]. However, excessive core radiation should be generally limited, with
regard to energy confinement. Therefore, low W concentrations in the order of 1075
are required in I'TER, which make high density divertor operation necessary to confine
the impurities in the divertor region [19,29].
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Figure 2.7: Radiative loss factor for different seed impurities for typical diver-
tor conditions. n. - 7 = 0.1 corresponds to typical ASDEX Upgrade conditions,
ne + 7 = 10 to high density reactor divertor conditions. Figure taken from [28].
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Figure 2.8: Thermographic image of the ASDEX Upgrade interior during a
plasma discharge without (left) and with (right) N seeding. Figure taken from [30].

At tokamaks like ASDEX Upgrade or JET with a full metal wall N impurity seeding
was able to reduce the power flux to the divertor and to increase the overall plasma
performance [30]. Figure 2.8 shows a thermographic image of the ASDEX Upgrade
interior during a plasma discharge without (left) and with (right) N seeding. Due to
the radiative cooling (N seeding) a reduction of local hot spots can be observed.

However, the use of N as seeding gas for divertor cooling in combination with a
W divertor will lead to the formation of tungsten nitride (WN) layers. While the
sputtering of W and WN is well investigated and processes like N retention, N co-
deposition or the implantation of N are well described [31-33], little is known about
the interaction of WN with D plasmas. This represents the main motivation for the
performed measurements with D ions bombarding WN films, presented in section
4.1.
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Figure 2.9: Sputtering yield of EUROFER (solid points) and FeW layers with
different W concentrations (open points) as a function of the D fluence (provided by
a D linear plasma column with a bias voltage of —150V). Figure taken from [37].

The first wall selection for DEMO or a future commercial fusion power might be differ-
ent than in ITER or currently operating tokamaks which have to face transient power
loads due to ELMs (edge localised mode) or plasma disruptions [16]. For a future
fusion power reactor a stable and quiescent plasma is presumed, where the lifetime
of the PFCs will be dominated by plasma induced erosion due to sputtering. The
erosion of high-7Z materials is considerably lower than the erosion of low-Z materials
at the expected low ion energies in the near surface region [34]. Therefore the use
of thin W armours as PFCs is foreseen in some DEMO design studies [34,35]. In
addition, the steady-state operation brings new demands to the heat removal from
the PFC. A directly bonding of the armour to the cooled component is necessary
which is expensive and technologically challenging. One attractive alternative to a
full tungsten armour for recessed areas would be the use of W containing steels (e.g.
EUROFER [36]). For EUROFER a strong decrease in the sputtering yield for low
energetic D plasma bombardment is observed with fluence, as shown in figure 2.9.
Also a tungsten surface enrichment is observed due to preferential sputtering of the
lighter elements and correlates with the change of the erosion yield [37,38]. A pro-
found understanding of these W surface enrichment process due to the interaction of
D ions with W-containing steels is hence highly desirable and the motivation for the
investigations under laboratory conditions using a D ion beam and well defined FeW
model films presented in section 4.2.1.

2.2.1 Sputtering

The ejection of target atoms from a surface due to the impact of energetic particles is
called sputtering. The sputtering yield Y is defined as, the mean number of emitted

13



2 Background

107

1072F

Yield (atoms/ion)

1073k

104 i (NNt Lo
10 100 1000 10000

E (eV)
Figure 2.10: Different physical sputtering yields for fusion relevant surfaces under
D ion impact. Figure adapted from [47].

atoms per impinging particle and can be influenced by a large number of parameters
like the kinetic or potential particle energy, the mass of the projectile and the target
atoms, the angle of incidence, the chemical environment or the surface structure
(roughness). Depending on the projectile-target combination, the surface erosion
process can also be dominated by chemical reactions between the impinging particle
and the target surface, called chemical sputtering. Chemical effects can increase
the surface erosion rates, which is for example the case for the erosion of the C
surface by H isotopes. Especially for low ion energies and elevated temperatures,
the erosion is dominated by the formation of CHj radicals and other higher order
hydrocarbons [39-41]. For some materials, typically insulating or semi-conducting
materials, also the charge state of the impinging ion can influence the sputtering yield.
This behaviour is commonly called potential sputtering [42,43]. A multiply charged
ion, which impinges on a surface, is generally neutralized. This neutralization process
starts already before the ion penetrates the target. Target electrons are captured
quasi-resonantly in highly excited projectile states while some inner shells remain
transiently empty. The so-formed hollow atom begins then to decay by a series of
de-excitation processes, whereby a large part of the potential energy is deposited in
a short time (typically 100 fs) within a small area (typically less than 1nm?). The
potential energy of the projectile may be released via electronic excitations of the
target and the ejection of electrons and x rays. For insulating or semi-conducting
targets where such sudden perturbations of the electronic structure cannot be rapidly
accommodated (like in metals) this can lead to the ejection of target atoms [42,44—
46).

For the metallic target materials studied throughout this thesis, the dominant sput-
tering process is physical sputtering. The process of physical sputtering, where kinetic
energy /momentum is transferred from the projectile to the target atom is theoretically

14



2.2 Plasma Facing Components (PFCs)

o
a)
\
[ )
[ )

single knock-on linear cascade thermal spike

Figure 2.11: Different collision regimes depending on the projectiles size and
kinetic energy . Figure taken from [53].

well understood and described [48-51]. The projectile’s momentum is transferred in
a series of elastic collisions to the target atoms in which the projectile is deflected by
the screened Coulomb potential of the target atom. In addition electronic excitations
can be induced by inelastic electronic collisions. The recoiling target atoms collide
with further target atoms transferring energy and angular deflections and creating a
so called collision cascade. An atom close enough to the surface is sputtered if the
energy (actually the component normal to the surface) transferred to it is sufficient to
overcome the surface binding energy sbe. Depending on the ion-target combination a
certain threshold energy Ey, (typically in the range of a few eV up to 400 €V) has to be
reached in order to have a sputtering process. This can be analytically approximated

by [52]:
y [52] R
By, =

n 4m1m2 (m1 — m2)2

sbe (2.1)

where my, mo is the mass of the projectile and the target atom respectively. For
projectile energies below this threshold no sputtering takes place. With increasing
energy the penetration depth of the projectiles as well as the sputter rate increases
until reaching a broad maximum at some 100eV, as shown in figure 2.10 for some
fusion relevant surfaces under D ion impact. At even greater energies, the sputtering
yield and the energy transmitted to the surface decreases in conformity with the cross
section for nuclear collisions.

Depending on the primary ion energy and the mass ratio between the target and
the projectile three different types of collision cascades are formed, shown in figure
2.11. The single knock-on regime (figure 2.11, a) occurs when light or low energetic
projectiles hit the target. The energy transferred is too low to initiate a collision
cascade. Single collisions between two collision partners can lead to the sputtering of
a near surface atoms. The sputtering rate in the single knock-on regime is proportional
to the impact cross-section.

The linear collision cascade (figure 2.11, b) takes place at moderate ion energies from
eV up to MeV. The energy transferred is high enough to produce higher order recoils.
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Figure 2.12: (left) SDTrimSP simulation of the Au sputtering yield under 2 keV
Ar ion impact for different impact angles o (counted from the surface normal).
(right) Polar distribution of the sputtered Au atoms, simulated with SDTrimSP.
The red arrow indicates the incidence direction (o = 60°) of the 2keV Ar ion
beam.

The collision cascade can be understood as a series of binary collisions (two body
collisions). Some of the atoms near to the surface which have received sufficient
energy to overcome the surface binding energy can leave the target. The sputtering
rate is proportional to the energy deposition per depth unit.

Non-linear collision cascades (thermal spike) (figure 2.11, ¢) occur with the impact
of molecules, clusters and swift heavy ions. The collision cascade here is so tight
that all the atoms within a certain volume are set in motion. The sputtering rate is
proportional to the energy deposition per unit volume.

For projectile energies in the MeV range additional electronic sputtering contributes to
surface erosion. A large part of the impinging ions energy is transferred to the electrons
along the ion track. Coupling between the electrons and the phonons result in a large
local heating in a cylindrical volume. This leads to temperatures exceeding the melting
temperature and surface atoms can be removed by evaporation of material.

2.2.2 Angular Dependence and Surface Roughness

Generally, in a nuclear fusion device the particles will not hit the surface under nor-
mal incidence, since the ions full fill a gyromotion around the magnetic field lines
intersecting with the first wall at small angles. In addition the plasma facing com-
ponents of the first wall of a fusion device are technically rough surfaces due to their
manufacturing process and the plasma exposure.
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Experimental and theoretical analysis of the sputtering process show a dependence of
the sputtering yield, with the angle of incidence « (counted from the target surface
normal) [48,54]. This angular dependency is more pronounced for flat (polished)
surfaces than for rough ones where generally a higher sputtering yield is measured
at normal incidence. For impact angles of about 45° approximately the same value
is measured for rough and flat surfaces [55,56]. For small impact angles and flat
surfaces this angular dependency can be described by a cos™ o behaviour, where f
is a function of the ratio between the target and projectile mass. Also the sputtering
yields and angular distributions of the sputtered and reflected particles simulated
with programs like SDTrimSP are in a good agreement with the experimental data
obtained for well polished surfaces.

In figure 2.12 the results obtained with the simulation program SDTrimSP for 2keV Ar
ions hitting a polycrystalline Au target are presented. The left figure shows the angular
dependence of the sputtering yield. For low impact angles a cos™ o behaviour of the
sputtering yield can be seen up to a maximum where the repulsive action of the surface
atoms becomes strong enough to prevent the ions from penetrating into the target,
resulting in a decreasing sputtering yield which approaches zero for « = 90° [48]. The
polar distribution of sputtered Au particles is shown in the right figure, for a 2keV Ar
beam (red arrow) hitting the surface under a = 60°. While the distribution of the
sputtered particles for normal incidence (for amorphous and polycrystalline materials)
can be described in a first approximation by a cosine distribution [57], the distribution
for oblique ion impact often peaks at or near the specular direction [58].

However, with increasing surface roughness the experimental and simulated results
differ increasingly. In addition the roughness of a surface is in general not constant
during ion bombardment and will change with the ion fluence depending on the ion
species, kinetic energy and the angle of incidence until a steady state condition is
reached. Investigations by Kiistner et al. showed that the distribution of the local
angle of incidence is of major concern in order to describe the sputtering of rough
surfaces [55,56]. Figure 2.13 (left) shows the sputter geometry of a rough target
surface. For a rough target surface, the local impact angle o (angle between the local
surface normal and the ion beam), generally differs from the nominal angle of ion
incidence « (angle between the target normal and the ion beam). This results in a
distribution of local impact angles which influences the total sputtering yield of the
target.

It can also be seen that shadowing effects may occur for a # 0°, resulting in some
areas which are not hit at all by the ion beam. The second effect that has to be taken
into account for rough surfaces is the redeposition of sputtered particles, schemati-
cally shown in figure 2.13 (right). The sputtered target atoms are emitted in a first
approximation in form of a cosine distribution at the point P and leave the surface in
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Figure 2.13: (left) The ion beam hits the target under the nominal angle of
incidence «, the local angle of incidence ¢ usually differs from « for a rough surface.
(right) sputtered target atoms emitted in a (cosine) distribution at the point P leave
the surface. Depending on the local geometry, some of the sputtered atoms are
redeposited on the surface nearby. The dashed line under the angle n between P
and the edge cuts off a segment of the distribution which cannot leave the surface
directly. Figure inspired by [55].

straight lines [48,52]. Depending on the local geometry, some trajectories of sputtered
particles intersect with the surface nearby. The dashed line under the angle n between
the point P and the edge cuts off a segment of the distribution which cannot leave
the surface directly. The volume of this segment of the distribution divided by the
volume of the whole distribution gives the redeposition fraction R(c). The particles
intersecting with the surface stick there with a sticking probability C;, which is for
example for Au approximately 1 [59,60]. While sputtering by reflected particles has to
be taken into account, further sputtering by sputtered particles can be neglected due
to their low kinetic energy for certain projectile-target combinations [48,55,56,61].

2.2.3 Mixed Material Layers

For targets consisting of two ore more atomic species sputtering can become more
complex, since the momentum transferred to the respective target species is different.
This is not only the case for target materials which originally consist of several compo-
nents, but also for pure elemental targets where projectiles are implanted and trapped.
Also the surface binding energy for the individual target components as well as for
the mixed material can be different from the pure elements. The different momentum
transfer as well as the difference in the surface binding energy leads to preferential
sputtering of a certain target component. Resulting in a change of the elemental
target composition within the projectile range and a change in the partial sputtering
yields Y; and reflection coefficient with the ion fluence. Due to preferential sputtering
typically one target species is depleted with increasing ion fluence until a steady state
condition is reached where the target is sputtered stoichiometrically [57].
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3 Methods

This chapter introduces the experimental and numerical methods used throughout the
thesis. Parts of the experimental setup designed for the irradiation of the fusion
relevant surfaces have been published in [62] while parts of the newly developed quartz
crystal microbalance catcher configuration have been published in [63].
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Table 3.1: Materials constants for the used SD-cut quartz crystal, taken from
references [67, 68]

’ symbol \ value \ description
n 1 number of overtone
C1 3.7 [fF] motional capacitance for C-mode [68]
€92 3.98 - 107! [Fm™'] | dielectric constant for SC-quartz [68]
kp? 0.0024 piezo electric coupling factor for C-mode [68]
do 0.302 - 1073 [m] quartz thickness [67]
00 2649 [kg/m?] quartz mass density [68]

3.1 Quartz Crystal Microbalance (QCM) Technique

Since the bombardment of a target with energetic particles is usually accompanied
with small mass changes a quartz crystal microbalance (QCM) is an ideal tool to
measure this in situ and in real time. In particular, a QCM technique, developed and
optimised at the TU Wien [64-66], is used to determine the small mass change due
to sputtered particles and/or implanted projectiles when the target layer is hit with
energetic ions. A 6 MHz SC-cut plano-convex (r = 300 mm) quartz crystal with a
diameter of 14 mm is used. The quartz crystal is available from KVG Quartz Crystal
Technology GmbH, Germany [67]. The material constants of the used quartz crystal
are listed in table 3.1. The use of a stress compensated (SC) quartz crystal instead
of the commonly used AT-cut has the advantage that the resonance frequency of the
SC-cut quartz crystal is less sensitive to radial stress, caused by the ion bombardment
or by mounting the quartz in the sample holder. Figure 3.1 shows the schematics of
the QCM technique.

ion beam (D*, DI, Ar¢t...)

G o target layer
- - 'l--'; (FeW, W, WN; ...)

gold electrode

QCM —

. driven oscillation
electronics -— e4—— quartz crystal

Figure 3.1: Schematics of the QCM technique. A thin target layer is directly deposited
onto a gold electrode of the quartz crystal, which is then irradiated with ions. The
quartz crystal is connected to the QCM electronics via the gold electrodes and operated
in a driven thickness shear mode.
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The quartz crystal is connected via the (140nm thick) gold electrodes to the QCM
electronics, which operates the quartz crystal in a driven thickness shear mode. This
thickness shear mode represents a standing transversal wave. In the fundamental
oscillation, the thickness of quartz dg is equal to half a wavelength and the resulting
eigenfrequency can be written as [69]:

f= (3.1)

where vy, is the phase velocity of the transversal wave. The target layer of interest is
deposited on top of one of the gold electrodes, shown as black target layer in figure 3.1.
If the foreign layer applied to the quartz is sufficiently thin, the resonance frequency
of the quartz crystal is affected in the same way as a quartz layer of the same mass
would. Assuming that the thickness/mass change of the target layer is homogeneous
due to the ion bombardment. The relation between a relative mass change Amg/mg
and a relative frequency change Af/f of the QCM can be described by using the
Sauerbrey equation [69]:

Sl S SMe (3.2)

By measuring the relative frequency change Af/f, the mass change per unit area of
the QCM can be determined directly by using the Sauerbrey equation 3.2:

_pe - do Af

S (3.3)

Amg [amu/cm?] =

with m,, being the atomic mass unit and pg the mass density of the quartz crystal.
With knowledge of the incident ion current per unit area [/A (measured with a
Faraday cup with aperture opening area A) integrated over a measuring time At, the
average mass change per impinging ion can be calculated as follows [64]:

, “dgey g A A
y [amu/ion| = me 9 0[ qf AJ; (3.4)

with ey being the electron charge, ¢ the charge state of the impacting ions. The total
sputtering yield Y in sputtered atoms per impinging ion is then the average mass
change per ion divided by the sputtered target particle mass my:
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Y [atoms/ion] = ﬂzt (3.5)

The QCM technique always determines the total mass change and does not give any
information about the sputtered species. This means that the use of equation 3.5
implies that the mass increase due to the implantation of ions hitting the target layer
can be neglected. Or a steady state condition is reached, where an equilibrium between
re-sputtered and freshly implanted projectiles is realized. The fluence necessary for
reaching steady state depends on the kinetic energy of the projectile as well as on the
projectile target combination [64]. For targets consisting of several components, the
ion bombardment may lead to a change in stoichiometry and the actual sputtered-
target particle mass m; is unknown. In this case, instead of the sputtering yield Y in
atoms per impinging ion the mass removal rate y (equation 3.4) is used.

3.1.1 QCM Target Holder

To mount the QCM inside an ultra high vacuum chamber a specially designed QCM
target holder is used. The concept of the target holder is based on an existing one [70],
with some improvements to make angular dependent sputtering experiments possible.
The target holder is now modularly constructed and consists of a Faraday cup for
ion current density measurements and a quartz crystal holder, shown in figure 3.2. In
order to be easily mounted inside the vacuum chamber the existing dovetail connection
to the manipulator rod is used. The manipulator allows a positioning of the target
holder in the spatial directions x, y, z and a rotation ¢ of the manipulator rod. To
allow sputtering experiments under oblique ion impact (up to 70° from the surface
normal) without having any shadowing problems, the quartz crystal is positioned
directly behind the front plate of the quartz crystal holder. In addition, the quartz
crystal is located on the rotation axis of the target holder which simplifies angle-
resolved measurements. The exploded view in figure 3.2 shows the quartz crystal
holder in detail. The quartz crystal (figure 3.2 (3)) is clamped between the sample
holder main part (figure 3.2 (1)) and a tungsten spring (figure 3.2(4) ). A thin gold ring

(figure 3.2 (2)) between the quartz and the sample holder main part is used to reduce
mechanical stress caused by the clamping. In addition, to control the temperature of
the QCM, the sample holder main part is equipped with a coaxial heating wire, red
part in figure 3.2. For measuring the temperature a K-type thermocouple is used. The
thermocouple is directly clamped with one of the screws used for fixing the quartz
crystal holder at the target holder.
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connection to
manipulator with
dovetail

Faraday cup
with
Suppressor

quartz crystal holder

Figure 3.2: CAD model of the modular constructed QCM target holder, consisting
of a Faraday cup and a quartz crystal holder. The exploded view shows the quartz
crystal holder including the main part (1), the gold ring (2), the quartz crystal (3)
and the tungsten spring (4) in detail.
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Figure 3.3: Frequency over temperature behaviour of the QCM. The ideal work-
ing point, where small temperature changes hardly affect the resonance frequency,
is marked with a red dot.

3.1.2 Temperature Dependence and Sensitivity of the QCM

The resonance frequency of the quartz depends not only on the layer thickness, but
also on the quartz temperature. The frequency-temperature behaviour of the used SC-
cut quartz can be described with a 3rd order parabola [67] with a minimum between
180°C and 190°C. Figure 3.3 shows the measured temperature dependence of the
quartz crystal. To minimise the influence of temperature variations on the resonance
frequency (e.g. caused by the energy of the impinging ions), the QCM can be operated
at a working point at the minimum of the frequency-temperature curve. At this
point, a temperature change caused by the ion bombardment is typically below any
detectable limit and can be neglected. To keep the temperature stable (£ 0.1°C) at
the desired working point it proved to be sufficient to operate the coaxial heater with
a constant current source.

As mentioned in section 3.1, the use of the Sauerbrey equation 3.2 presupposes a
homogeneous mass change of the target layer. If the mass change of the foreign
layer does not cover the entire oscillating surface of the crystal then the occurring
frequency change is smaller than by equation 3.2 described [69]. In order to ensure a
homogeneous mass change of the target layer, the ion beam is scanned by using two
sets of scanning plates. These scanning plates are operated with two different zigzag
voltages at 50 Hz and 1.6 kHz and scan the ion beam over the whole oscillating quartz
crystal area. Thereby it is assured that the variation of the ion current density is kept
below &~ 10% across the oscillating surface of the quartz crystal, by adjusting the
scanning voltage. The actual size of the irradiated area and the incident ion current
density is determined with the Faraday cup also located at the QCM target holder. In
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Figure 3.4: Ratio between the sputtering yield of a reduced beam diameter
(Y(Dpeam)) and the sputtering yield obtained with an ion beam hitting the en-
tire quartz surface (Y(0q)).

order to measure the ion current profile the Faraday cup is moved step-wise through
the scanned beam in both transverse directions.

Figure 3.4 shows the ratio of the determined sputtering yield for a reduced ion beam
diameter Y(Opeqm) compared to the yield Y(@q) obtained with an ion beam hitting
the entire quartz surface. The red data points were determined by cutting the scanned
ion beam with a set different apertures (0= 2, 3, 4 and 7mm). To calculate the
sensitivity of the QCM (figure 3.4, blue curve) the amplitude function a(zx,y) for a
unloaded planoconvex quartz crystal is used [71]:

a(z,y) = e~ ont® 2o =Bny?/2 (3.6)

where x and y are in-plane coordinates of the quartz crystal and «,, and [, constants
depending on elastic and geometric properties of the quartz as-well as on the number
of overtone n. The formula for the motional capacitance of a planoconvex quartz
crystal with full size electrodes is used to determine «,, and f,, [71]:

32622 . k‘p2

nrwdgv/ o - B

with C'1 being the motional capacitance, the dielectric constant e;; and the piezo
electric coupling factor kp?. With this, the material parameter from table 3.1 and the
ratio of av, /5, =~ 0.8 (taken from reference [72], figure 3), the amplitude a(z,y) of the
quartz crystal can be calculated. The sensitivity s(z,y) is then proportional to the
square of the vibrational amplitude a(z,y) [73]. This relation allows the QCM also
to be used as a catcher for sputtered material where the mass change is not uniform,
described in section 3.3. It can be seen in figure 3.4, that the experimentally obtained

Cl= (3.7)

25



3 Methods

sensitivity is in a very good agreement with the calculated data. For an ion beam
diameter @ > 7mm, no change in the sensitivity is visible, which makes it sufficient
to scan the ion beam 7 x 7mm to fulfil the Sauerbrey equation and to calculate the
sputtering yield by the use of equation 3.4 respectively 3.5. Additionally it shows that
the clamping of the quartz at its edge does not affect the resonance frequency.

3.1.3 Measurement Procedure

To determine the sputtering yield by using the QCM technique, first the ion current
density is measured as described in section 3.1.2. Since the ion current cannot be
measured simultaneously during the irradiation of the QCM target layer, it is impor-
tant that the ion source supplies a constant current. In order to compensate small ion
current fluctuations of the source, a second beam profile is measured after the irradia-
tion of the QCM. The averaged ion current density of the two measured beam profiles
is then used to calculate the sputtering yield. A typical QCM measurement is shown
in figure 3.5. The measurement starts with a beam off phase where the ion beam is
interrupted with a shutter in the beam path. During this beam off phase the correct
operation of the QCM and the frequency drift of the quartz crystal is measured. This
is followed by a homogeneous ion bombardment of the QCM target layer. At the end
of the measurement the drift and the correct operation of the QCM is measured again.
For measurements with a rather low total ion fluence, the target layer thickness can
be considered as constant and the resulting constant frequency change is linearly fit-
ted. The mass change per impinging ion is then evaluated by taking equation 3.4, the
slope Af/At of the linear fit and the measured ion current density. Additionally to
increase the accuracy of the QCM method the averaged quartz drift measured during
the beam off phases can be subtracted from the frequency change during the ion irra-
diation. This method is only applicable for target surfaces which are not subjected to
mass changes after the ion bombardment, like surface oxidation or outgassing of im-
planted projectiles. For measurements where the mass change is not constant during
the measurement the derivative df /dt of the frequency vs time curve is used instead
of the slope Af/At of the linear fit. Since the measured frequency curve is noisy, a
smoothing of the curve with a Savitzky-Golay filter is necessary before calculating
the derivative.

3.1.4 Accuracy and Limits

The accuracy of a mass change obtained by using the QCM technique depends on
two crucial measured quantities, the ion current density and the frequency change.
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Figure 3.5: QCM measurement of an Fe coated quartz crystal irradiated with
Ar™ ions at 1keV. During the beam off phases, the ion beam is interrupted with a
shutter. The slope of the frequency curve during the irradiation (beam on phase)
gives information about the mass change of the sample, while the slopes during
the beam off phases can be used to evaluate any quartz frequency drift.

In order to minimise uncertainties of the ion current density a stable ion source and
a precise measurement of the beam profile and the Faraday cup area is needed. The
parameters of the ion source and ion optics (containing also the scanning plates) are
optimised until a desired homogeneous beam profile with fluctuations < 10% are
reached. The smallest measurable frequency change of the QCM is limited by the
quartz drift & 2mHz/min and the noise of the electronics ~ 5mHz. Since the quartz
crystal is oscillating at 6 MHz a relative frequency stability of 9 orders of magnitude
can be achieved. By this, a mass change as small as 107'' g/s (corresponding to
10~* W monolayers/s ) can be detected [64,65].

3.1.5 Sample Preparation

The target layers investigated during this thesis were prepared by different collabora-
tion partners. In the following section the used deposition technique and the resulting
layer system are described:

WN and W target layers: 360nm thick WN films were prepared at the Jozef
Stefan Institute in Ljubljana by using a Balzers Sputron triode sputter apparatus
(base pressure 7 - 10~%mbar). To improve the adhesion between the gold electrode
and the WN layer a 20 nm chromium and a 10 nm tungsten interlayer were used. The
elemental composition of the WN film was analysed by time-of-flight elastic recoil
detection analysis (TOF-ERDA) using a '*T beam at 20 MeV, showing a W/N ratio
of 1/1 with ~ 5at.% of O and 3at.% of Ar impurities [74]. In addition to do
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comparison measurements, 300 nm thick pure W films were prepared at the Institute
of Solid State Physics (TU Wien) by using a sputter deposition technique.

FeW and Fe target layer: 675nm thick FeW films with a W concentration of
1.5at% and 400 nm thick pure iron (Fe) films were prepared at the IPP in Garching.
For the deposition a magnetron-sputter device with argon as working gas and multiple
targets (Leybold, UNIVEX 450B) were used. By adjusting the input power for each
target (Fe, W) the W concentration during the deposition was controlled. RBS with
a 3MeV *Het beam as a probe confirmed the W concentration of 1.5 at% and showed
that the layer contains O impurities of 1.5 at% and was oxidised at the surface, the Ar
impurities stayed below detection limit. Additional information about the deposition
can be found in reference [38].

Au target layer: 450 nm thick gold (Au) films were deposited onto one of the gold
electrodes of the quartz crystal by using a vapour deposition technique at the Institute
of Solid State Physics (TU Wien).

3.1.6 Ion Sources

Two different ion sources were used to irradiate the samples. Depending on the flux
or the total fluence needed, either a 14.5 GHz electron cyclotron resonance (ECR)
ion source or a sputter gun is used for the production of ions. The two different
experimental setups are described in the following section.

Electron Cyclotron Resonance (ECR) Ion Source

The ECR ions source is part of the ion beam facility AUGUSTIN at TU Wien and
provides the ions for up to three different experiments. A sketch of the ion source
and the beamline quipped with the QCM is shown in figure 3.6. The plasma inside
the ECR ion source is confined by a minimum magnetic field configuration, generated
by a combination of an axial magnetic mirror field and a radial hexapole field. The
injected 14.5 GHz microwave is absorbed by electrons with a gyromotion at a matching
frequency and heats the plasma. Via (sequential) electron impact ionisation processes
single and multiple charged ions up to e.g. Ar'**t can be produced. A parallel and
intense ion beam can then be extracted out of the positively biased source by the
use of an “Accel-Decel” extraction system consisting of three electrodes [75,76]. The
extracted ion beam is then focused by a quadrupole focusing magnet (QP magnet)
and mass over charge selected and directed into the relevant beamline by the sector
magnet. Entering the beamline the ion beam passes two sets of aperture (0 = 5mm
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Figure 3.6: Schematics of the ECR ion source and the beamline equipped with
the QCM. The ions generated in the ECR ion source are extracted and focused
with the quadrupole focusing (QP) magnet and then mass over charge selected
by the sector magnet. Entering the beamline the ion beam passes two sets of
aperture (= 5mm and @= 3mm), deflection plates and einzel lens. Before
hitting the target holder the ion beam passes the scanning plates used for achieving
a homogeneous ion beam profile.

and @ = 3mm), deflection plates and an einzel lens. To achieve a homogeneous
ion beam profile at the target holder an additional set of deflection plates at the
end of the ion optics can be used as scanning plates. The ion source is operated
at a typical pressure of 107° mbar and pumped by a turbo molecular pump. By
differentially pumping with a second turbo molecular pump at the sector magnet and
two ion pumps at the beamline a low 107! mbar pressure can be achieved in the
target chamber.

For the case of deuterium as working gas for the ion source a D3 beam (scanned over
the active area of the QCM) with a typical flux of 10 D/m?/s and a kinetic energy
of 1 to 3keV /D can be realized. However, the flux provided by the ECR ion source is
too low to investigate transient erosions effects of WN and FeW under D ion impact
in a reasonable time period (see details and results in section 4). Therefore another
experimental setup with a sputter gun as ion source was designed.

Sputter Gun Ion Source

The schematics of the experimental setup is shown in figure 3.7. Singly charged
ions are produced inside a Perkin Elmer, PHI Model 04-161 Sputter Ion Gun and
extracted with voltages between 500V and 2000V in steps of 500 V. The ion beam is
then focused with an einzel lens and selected according to their mass by a Colutron
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Figure 3.7: Schematics of the sputter gun setup. lons are produced inside the
Perkin Elmer sputter gun and selected according to their mass (velocity) in a Wien
filter. To avoid neutrals hitting the target, the ion beam is bent by operating the
scanning plates with an additional constant offset. To increase the ion flux this
setup is sometimes also operated without the Wien filter, details see text.

Velocity Filter Model 600. In order to avoid neutral projectiles hitting the target, the
ion beam is bent by applying an additional constant offset voltage at the scanning
plates which are also used for the homogeneous irradiation of the target. The working
gas pressure of the sputter gun is measured with a Balzers IKR 020 Penning gauge
and controlled with a Balzers thermomechanical UDV 135 gas regulating valve. For
deuterium as working gas a typical D flux at the target in the order of 10! D/m?/s
can be achieved. By removing the Wien velocity filter the ion flux at the target
increases roughly by a factor of 10 due to the reduced distance between the sputter
gun and the target, with the drawback of having an unfiltered ion beam. Therefore the
ion beam is first characterized using the Wien filter which is then removed to increase
the ion flux. The characterization with the velocity filter shows that the sputter gun
operated with deuterium almost exclusively produces D (94.5%) ions and a small
amount of DT (1.7%) and D3 (2.6 %). Since the Wien filter is not bakeable and can
not be pumped as well as a setup without the filter also a small amount of impurities
H,OT (0.7%) and N3 (0.5 %) is visible in the spectra. By removing the velocity filter
and backing the chamber the background pressure can be reduced by one order of
magnitude to a low 10~ mbar value. Resulting in a reduced amount of impurities, in
detail HoO" (0.11%), N3 (0.02%) and < 0.01% others, checked with a quadrupole
mass spectrometer mounted at the target chamber.

The influence on the sputtering yield of W/WN and Fe/FeW targets by treating the
unfiltered ion beam as a pure D beam is estimated to be below 5%, by using the
composition of the ion beam with the respective kinetic energy for each projectile.
With the sputtering yield SPY; taken form literature [57] for the certain particle the
resulting sputtering SPY is calculated as follows,

SPY =3 SPY; - ¢ (3.8)

with ¢; being the quantity of each projectile in %. A comparison of the sputtering
yield of the unfiltered beam to the sputtering vield obtained with a pure D beam
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results then in an error below 5 % for the used extraction voltages of 500V for FeW
/Fe and 1000 and 2000V for W/WN .

3.2 Simulation Code - SDTrimSP

To simulate the interaction of ions bombarding a target, different Monte Carlo sim-
ulation programs are established. The most popular codes are “transport of ions in
matter” (TRIM) [77], its dynamic version (TRIDYN) [78,79], “stopping and range of
ions in matter” (SRIM) [80], and SDTrimSP [81].  SD stands for static/dynamic and
SP for sequential/parallel processing. SDTrimSP is a further development of TRIM
and TRIDYN and combines the possibilities of both of them. All these simulation
codes have different strengths and weaknesses. SRIM contains a huge database on
experimental stopping powers and a comfortable user interface and convinces with the
simulation of ion ranges, energy loss and damage profiles. However, a drawback of
SRIM is the only rudimentary implemented sputtering of the target. The strength of
SDTrimSP is the quantitative good agreement with experimental data in calculating
the sputtering yield, as well as the respective angular distributions of the sputtered
and reflected species. A detailed comparison of the simulation programs highlighting
their strengths and weaknesses can be found in reference [82].

Since the work of this thesis focuses on sputtering, SDTrimSP is used for simulating
the interaction of projectiles with a target. The basic physics of the Monte Carlo
program SDTrimSP is the same as in the previous ones (TRIM, TRIDYN) and is well
described in reference [52]. The name “Monte-Carlo” derives form the fact that the
next collision partner is not deterministically resulting from the previous impact, but
is chosen randomly. This approach restricts the program to the modelling of amor-
phous materials with randomly distributed atom positions. In SDTrimSP the nuclear
collisions (collision cascade) generated by the impinging projectile is approximated by
a sequence of independent elastic binary collisions described by an interaction poten-
tial. The trajectory of the projectile and the recoils are followed until their kinetic
energy reaches a certain cut-off energy of a few eV. As interaction potential, differ-
ent screened coulomb potentials can be selected in SDTrimSP. Reference [81] lists
the supported interaction potentials and compares the impact on the results (default
interaction potential - KrC [83]).

As mentioned above SDTrimSP is capable of performing dynamic and static simula-
tions. While for the static mode the target does not change due to the particle impact,
in the dynamic mode the target will change dynamically. To this purpose the target
is divided into ¢ = 1...ny layers of thickness Az; with the fractional composition g;;
of all j = 1...n, elements in the system. The so defined target is bombarded with
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Ny particles, each carrying a fraction A¢ = ¢o/Ny of the total simulated fluence ¢y.
Due to implantation and/or sputtering the number of particles of the element j in
the layer ¢ is changed by An;;. The resulting partial areal density v;; can then be
calculated as follows:

where n; is total density in each layer ¢. The change in partial areal density v;; due
to the bombardment with the fractional fluence A¢ leads to a new concentration
distribution ¢;; and to a change in the layer thickness Ax;. The new fractional com-
position g;; of the element j and the new thickness Ax; of the layer 7 is then calculated
according to [79]:

_ Vi
- n
chzl Vik

qij
(3.10)

where Y7;°, ¢ = 1 and Ny ; is the density of the pure elements. Prior to the start
of a new bombarded with Ny particles, the grid is converted into an equidistant one
with the original thickens Az by interpolation.
An atom at the surface is considered to be sputtered if its momentum p; normal to
the surface is larger than the binding strength of the atom to the surface (surface
binding energy sbe):

P2 /2m > sbe (3.11)

The surface binding energy sbe of atoms in a target is therefore an important input
parameter for the simulation and for pure elements this value is usually approximated
by the heat of sublimation. For mixed materials SDTrimSP provides different models.
In the following a composition dependent surface binding energy model is used for
multi component systems, where Fy is the atomic surface binding energy for each
species and ¢ the atomic fraction. For the case of WN the surface binding energy sbe
of N and W in WN is calculated as follows:

sbew =cn - 0.5(Egqw + Esy) + cw - Esw

(3.12)
sbeny =cw + 0.5(Eqw + Esy) + oy + Esy
Using literature data for the atomic surface binding energy of W [84] and N [85,86]

Egy =8.8¢eV

(3.13)
EsN =4.6eV
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Table 3.2: Input parameters that were used in the presented SDTrimSP simula-
tions. The input parameters are derived from [84]!, [85]%, [36] 3.

target surface || element atomic surface binding
& density [at./A®] | energy [eV]
W 0.06306 8.8!
W N 0.15750 1,677
Fe 0.084917 1,281
Felv W 0.06306 8.8
Au Au 0.059077 379

the binding energy varies for N from 5.65eV (in W/N = 1/1) to 6.7¢eV (in pure W)
and for W from 7.75eV (in W/N = 1/1) to 8.8¢eV (in pure W). Table 3.2 lists the
input parameters used for the performed SDTrimSP simulations.

For the sake of completeness, it should be mentioned that besides the simulation pro-
grams described above, others like molecular dynamics simulation programs are also
used to describe sputtering. Molecular dynamics simulation are based on the simple
strategy of following the particles and solving the Newton’s equations of motion. A
big disadvantage of these programs is the huge amount of computer power needed
(they are four to five orders of magnitude slower than calculations based on binary
collision approximations).

3.3 Quartz Crystal Microbalance Catcher Configuration

So far, sputtering experiments have been performed at the Institute of Applied Physics
using the self-built and optimised highly sensitive QCM technique (described in sec-
tion 3.1). However, the use of the existing QCM technique limits the possible sputter
targets to materials which can be deployed as a thin film on top of the QCM. Fur-
thermore the use of the coated quartz crystals as sputter target makes it difficult to
vary parameters like the surface roughness or the target temperature, which would be
of interest for example, for studies on fusion reactor wall materials.

To overcome these limitations for the existing QCM technique, a new setup was
designed where a QCM placed next to the sputter target acts as a catcher for the
sputtered material. The goal of this catcher setup is the determination of sputter
yields without direct measurements at the target. It benefits from the precision of the
QCM technique and the possibility of using almost any target. To realize this, it is
necessary to know the setup geometry and the angular distributions of the sputtered
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Figure 3.8: Schematics of the catcher setup. A sputter target (target-QCM) is
hit under the angle a by the ion beam (red arrow). The shaded areas indicate
the angular distributions of the sputtered target particles (blue) and reflected pro-
jectiles (red). A QCM placed next to the target, at a distance d parallel to the
ion beam direction (with displacement Ax), acts as a catcher for the sputtered
material (catcher-QCM). Figure adapted from [63].

and reflected particles, in order to reconstruct the sputtering yield of the target with
the measured signal of the catcher-QCM [63].

3.3.1 Experimental Setup

The schematics of the catcher-QCM setup built during this thesis is shown in figure
3.8. A sputter target mounted on the x, y, z, ¢ manipulator is hit under an angle
a with respect to the surface normal by the ion beam (red arrow). The ion beam is
provided by the ECR ion source (described in section 3.1.6). Due to the ion impact
at the target two angular distributions of sputtered particles (blue) and reflected
projectiles (red) are emitted from the surface, indicated by the shaded areas in figure
3.8. A fraction of the sputtered target material is collected by a catcher-QCM mounted
parallel to the ion beam at the distance d. Such a catcher-QCM has been added to the
existing beamline equipped with the QCM described in section 3.1.6. The distance d
between the centre of the ion beam and the catcher quartz surface can be adjusted
by a linear manipulator. The angle of incidence « or the distance Az between the
centre of the catcher-QCM (selected to be the x-coordinate origin) and the central
strike point of the ion beam can be modified with the 4-axis manipulator on which
the (QCM) target holder is mounted. As target either a second (target-) QCM or any
solid or even liquid material can be used. In contrast to direct QCM measurements
where typically the frequency increases due to a mass decrease, now the resonance
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Figure 3.9: Typical frequency response of the target-QCM and the catcher-QCM
to a 1keV Ar™ ion beam hitting the Fe target layer. The measurement starts with
a beam-off period to check the frequency drift of the QCMs, followed by a beam
on period, where the target-QCM is irradiated. During the beam-on period the
target-QCM shows an increase of the resonance frequency due to sputtering (mass
decrease), while the catcher-QCM shows a decrease of the resonance frequency due
to collected particles (mass increase).

frequency of the catcher-QCM decreases due to the mass increase by the collected
sputtered material.

Figure 3.9 shows the typical frequency response of such a configuration with two
QCMs. The measurement starts with a beam off period where the ion beam is in-
terrupted by a shutter to check the frequency drift and the correct operation of the
QCMs. This is followed by a beam on period where a target layer (deposited onto the
target-QCM) is homogeneously irradiated with an ion beam. In the current case, a Fe
target layer is hit by a 1keV Art ion beam with a current density of j = 185 pA/mm?.
During this period, the target-QCM shows an increase of its resonance frequency due
to the mass loss from sputtering, while the catcher-QCM shows a decrease of its
resonance frequency due to the mass increase from collected sputtered material. At
the end of the measurement the ion beam is again interrupted and the quartz drift

checked.

In order to evaluate the signal obtained by the catcher-QCM, the knowledge of the
total ion current hitting the target is necessary. Therefore the scanned ion beam
is controlled with a set of multiple apertures (& 2, 3, 4, 7mm) that can be moved
into the beam’s path directly in front of the target layer, shown in figure 3.10. The
aperture with the ) = 7mm is also equipped with additional electrodes for secondary
electron suppression and can be used as a real-time ion beam monitor, a detailed
description of the design of the beam monitor is given in reference [87]. Figure 3.10
(right), shows an image of the catcher-QCM and the set of apertures with the wiring
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beam monitor - aperture

Figure 3.10: (left) CAD model of the QCM catcher configuration. To control the
scanned ion beam a set of multiple apertures () 2, 3, 4, 7mm) can be moved into
the beam’s path directly in front of the target layer. (right) Image of the catcher-
QCM together with the set of apertures mounted on a CF-160 flange. Both can
be positioned with the respective linear manipulator.

and current feedtroughs needed mounted on a CF-160 flange. The whole setup is so
designed that it can easily be attached to the existing QCM setup with the CF-160
flange.

3.3.2 Data Evaluation

In contrast to the target-QCM, where the mass change rate (sputtering yield) is
directly determined by equation 3.4, as describes in section 3.1, the evaluation of
the sputtering yield from the catcher-QCM signal is less straightforward. The yield
obtained by the catcher-QCM is not only dependent on the sputtering yield of the
target, but also on the angular distributions of the sputtered and reflected particles
and some geometric parameters determining the solid angle covered by the catcher.
Due to the incomplete collection of sputtered material, the frequency change of the
catcher-QCM is roughly by a factor of 10 smaller than the frequency change of the
target-QCM.

In order to describe the measured catcher yield, two contributions have to be taken
into account. Firstly, the contribution Y., of atoms sputtered from the target that
will hit the catcher-QCM and stick to its surface. Secondly, the contribution Y.,
of projectiles reflected by the target surface hitting and eroding the catcher surface.
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The erosion of the catcher surface by sputtered particles will be neglected due to
their comparably low kinetic energy [48,88]. The resulting measured yield Y. at the
catcher-QCM is thus the difference of the mass increase due to collected sputtered
particles and the mass decrease due to erosion caused by reflected projectiles:

Y. = ch,sp - Y'c,r (314)

The yield of collected atoms is proportional to the target sputtering yield Y;,., the
probability that sputtered material reaching the catcher surface sticks there C; and
a parameter gg,:

}/c,sp = Ost " Gsp }/tar (315>

The parameter gy, comprises the (in section 3.1.2 described) quartz crystal’s local
sensitivity to a mass change s(z,y), the spatial distribution of the sputtered target
material f,(£2) (with 2 being the solid angle), the ion current density profile j(z¢, y:)
hitting the target and the relative position of the catcher and the target characterised
by the parameters a, Az and d. In order to specify the parameter g,,, we first take a
point shaped ion beam hitting the target and creating an angular distribution f;,(€2)
of sputtered atoms with:

/2 fal®) =1 (3.16)

The number of atoms hitting the catcher is then given by the integration of Y., - fsp
over all the angles that represent directions intersecting with the catcher quartz sur-
face. In order to determine the contribution of the integrand to the measured signal,
the spatial distribution fs, has to be weighted with the sensitivity s(z.(€2),y.(€2)) of
the quartz to a mass change. With the local coordinates x. and y. in the plane of
the catcher surface dependent on the polar angle § and the azimuthal angle ¢. The
position and orientation of the surface results from the position of the catcher and
therefore, all the necessary information is included in x. and y.. The limited size of
the active area of the quartz crystal is included in the sensitivity s(z.(Q2),y.(€2)) and
for this reason, the integration can be performed over all angles.

For a finite ion beam the sputtered atoms do not originate at the same point, but
across the area of the beam cross section, represented by the current density j(x, y;)
with:

/Aj(:vt, y)dA =1 (3.17)

were x; and y; are the in plane coordinates of the target surface and I the total
ion current hitting the target. The spatial distribution of sputtered particles for an
expanded ion beam hitting the target can then be written as:

}/Aj(ﬂ%yt) ) fsp(antayt) dA (3'18>
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with f,, (€, 2, y:) being the spatial distribution created by a point shaped ion beam
originating at the point (z,v;). As a result, the parameter gy, can then be written
as:

G = 7 [ ] i@y - @iy - (@), pl) d2dA (3.19)

Similarly, the yield Y., of the projectiles reflected at the target, eroding the catcher
surface can be described with the parameter g, and the reflection probability P, of
the incoming ions at the target:

}/c,r =0r Pr (320)

Equivalent to fs,, f, is used to describe the distribution of the ions reflected at the
target. But in contrast to before, the number of atoms sputtered from the catcher
surface by the reflected projectiles is of importance, which depends both on the energy
and angular distribution f,.(€Q, E) of the reflected projectiles. For this reason the
sputtering yield Y (a,., ) dependent on the reflected projectiles’ angle of incidence
a,. on the catcher surface and their energy E is required. Taking these aspects into
account, an adaptation of equation 3.19 gives the parameter for the reflected ions:

9r = }-/A/OOO /27rj($tayt) (L E s y) - Y, E) - s(2.(Q),9.(Q)) dQdEdA
(3.21)

The ratio g between the yield at the catcher Y. and the yield at the target Y, can
then be described:

n:}/(:,sp_yvc,’r: st'gsp'}/ta’r‘_gr'Pr

P, (3.22)
= (Csp " Gsp — Gr - Y) Y;far =g Y;far
tar
P,
= g= Cst " Gsp — Gr ? (323)

This combined parameter represents a possibility of comparison between experimental
and theoretical results. On one hand, both Y, and Y},, can be measured simultaneously
by using a QCM target. On the other hand, the sputtering yield Y., the reflection
probability of the projectile ions’ P, as well as their respective angular distributions
fsp and f, can be calculated in SDTrimSP simulations. With these parameters, the
quartz’s sensitivity s, the measured current density 7 and the sticking coefficient Cl;,
the ratio g can be calculated.
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3.3 Quartz Crystal Microbalance Catcher Configuration

As a result, it is possible to reconstruct the target yield Y;,, using the experimen-
tally determined catcher yield Y, and the calculated parameter g. The feasibility of
determining sputtering yields by the catcher-QCM method, is shown with proof of
principle measurements with the well-known projectile-target combination Ar™ on Au
and Ar™ on Fe in section 4.3.
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4: Results

The following chapter presents the results obtained for the fusion relevant surfaces [62,
89] and shows the proof of principle measurements which demonstrate the feasibility

of the QCM catcher method [65].
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4 Results

4.1 Erosion of WN layers by D lons

In today’s tokamaks like ASDEX Upgrade and JET or a future fusion power plant
with a full metal first wall, impurity seeding into the plasma is required to reduce
the power flux to the divertor and to increase the overall plasma performance [30,
90,91]. E.g. Ny seeding with feedback control is now a standard operational scenario
at ASDEX Upgrade and being an effective coolant at the plasma edge in the 10eV
temperature range [27,28]. Studies on the erosion of W by N showed that the use of
N in combination with W surfaces leads to the formation of tungsten-nitride (WN)
surface layers within the ions penetration depth. The interaction of N with W and
WN is now well investigated and processes like N retention, N co-deposition or the
implantation of N are well described [31-33]. However, little is known about the
interaction of WN with D.

Recently, the D retention and N removal as well as the penetration of D in WN
surfaces was investigated under deuterium plasma exposure [92]. But still questions
remain such as: “How does N change the erosion behaviour of W under D expo-
sure?” To address these questions, the erosion of well prepared WN films by impact
of mono-energetic deuterium projectiles is studied in this thesis under laboratory con-
ditions.

The results presented in this section have been published in [62] and parts of this
section are excerpts from this publication.

4.1.1 Experimental Results

Erosion rates of WN layers under D ion bombardment are investigated under con-
trolled laboratory conditions using the QCM setup that was introduced in section
3.1. To operate the QCM under the best conditions the whole QCM target holder is
heated to the frequency over temperature minimum of the quartz crystal at typically
465 K. The temperature of the QCM is measured and monitored during the whole
measurement using a K-type thermocouple. As target layers, 360 nm thick WN films
(prepared at the Jozef Stefan Institute) and 300 nm thick pure W films (prepared at
the Institute of Solid State Physics, TU Wien) deposited onto the QCM were used (cf.
section 3.1.5). Analysis of the elemental composition of the WN films showed a W/N
ratio of 1/1 with = 5at.% of O and 3at.% of Ar impurities [74]. To irradiate the tar-
get layers a DJ ion beam produced by a Perkin Elmer sputter gun with a typical flux
of 10 m~2s~! and kinetic energies between 500 — 1000eV/D was used. A detailed
description of the ion source is given in section 3.1.6. The total mass change of the
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Figure 4.1: Evolution of the mass removal rate (mrr) of WN and W films as a
function of the applied D fluence. For both kinetic energies, a transient enhance-
ment in the mass removal rate is seen. Steady state conditions are obtained at flu-
ences of about 0.2 - 102> D/m? and 0.6 - 10> D/m? for 500eV /D and 1000eV /D
bombardment, respectively. Figure published in [62].

target film is determined from the change of the quartz crystal’s resonance frequency
according to equation 3.2. In order to investigate the transient erosion behaviour of
the target layer, it is continuously bombarded with the ion beam and the resonance
frequency of the QCM is recorded. As described in section 3.1.3 the derivative df /dt of
the recorded frequency vs time curve is used to calculate the mass change of the target
film. Thereby only the total mass change per impinging projectile can be determined
in amu/ion and no information on the actually sputtered species is given.

Experimental results for Dj ions bombarding freshly prepared WN and W layers un-
der normal incidence at 500eV /D and 1000eV /D are shown in figure 4.1. For both
kinetic energies, the measured mass removal rate for WN is higher for low fluences
than for pure W. This enhancement decreases with increasing fluence, finally reaching
(within the experimental uncertainties) the steady state value of pure W erosion. For
the 1000 eV /D bombardment a fluence of about 0.6 - 10** D/m? is necessary to reach
steady state conditions while for the 500 eV /D bombardment steady state conditions
are reached at a fluence of about 0.2 - 102 D/m?. For the pure W targets the mea-
sured mass removal rates stay constant within the applied ion bombardment and do
not change with fluence, for both energies.

Figure 4.2 shows the measured steady state mass removal rates for W and WN (full
symbols) as a function of the D energy. In order to compare the measured data to
literature values, the mass removal rate (in amu/D atom) was converted to a sput-
tering yield (right y axis) assuming erosion of pure W (184 amu/D atom is equivalent
to 1 W atom/D atom). The open symbols in figure 4.2 are W sputtering yields mea-
sured by Sugiyama et al. [93] with Rutherford backscattering analysis (RBS) and
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Figure 4.2: Measured mass removal rates for W and WN after reaching steady
state conditions as a function of the D energy. In order to compare the measured
data to literature data on W sputtering [66,93] the sputtering yield (right y axis)
is scaled to the mass removal rate of pure W. The red curve follows a SDTrimSP
simulation for pure W under D bombardment. Figure published in [62].

weight loss (WL) technique and earlier QCM results by Golczewski et al. [66]. The
red curve represents a SDTrimSP simulation for W under D bombardment. The lit-
erature data as well as the SDTrimSP calculation are in a good agreement with the
obtained results.

4.1.2 Simulations and Discussion

The experimental results were simulated using the Monte Carlo code SDTrimSP in-
troduced in section 3.2 [79,81]. SDTrimSP can be used to simulate collision effects in
(amorphous) solids like (preferential) sputtering, range profiles of implanted ions and
dynamically changing composition profiles of the target using a binary-collision ap-
proximation. Since WN is a multi component system a composition dependent surface
binding energy model is used were the N and W surface binding energies change with
N concentration based on surface binding energy values taken from the literature; i.e.
for N from 5.65¢V (in W/N = 1/1) to 6.7¢V (in pure W) [85,94] and for W from
7.75eV (in W/N = 1/1) to 8.8¢eV (in pure W) [84] (cf. section 3.2).

The evolution of the simulated N surface concentration with increasing D fluence for

a WN target with an initial composition of 50% N and 50% W is shown in figure
4.3. Comparing the trend of the simulated N surface concentration in figure 4.3 with
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Figure 4.3: N surface concentration as a function of D fluence as calculated with
SDTrimSP for a WN target with an initial composition of 50 % N and 50 % W. For
1000eV /D the simulated N surface concentration reaches a steady state value at
about 10 %, for 500eV /D the N surface concentration drops to 1% — 2 %. Figure
published in [62].

the trend of the measured mass removal rate for WN from figure, 4.1, it seems likely
that the decrease of the mass removal rate with increasing fluence is caused by the
decreasing N surface concentration. In particular, for 1000 eV /D impact the surface
concentration of N reaches a steady state value (10% — 11%) at a very similar fluence
(0.6 - 102 D/m?) as the corresponding mass removal rate.

Measuring the same steady state mass removal rate for WN and W can be explained
as follows. During the transient initial phase N is preferentially sputtered and a
N depleted surface layer is produced. This N depleted surface layer is maintained
during further sputtering, because N is removed from the layer at the same rate as
W is sputtered (steady state conditions). Due to the large difference in the mass of
N (14amu) and W (184 amu) the contribution of N to the measured mass removal
rate is only ~ 7% (exactly 14/(184 +14)). Under the circumstance that the measured
mass removal rate for WN is reaching the same value as the mass removal rate for W,
it seems likely that the W sputtering yield for WN should actually be slightly lower.
However, considering the experimental uncertainties this difference cannot be clearly
shown.

Despite the qualitative agreement of the simulated surface concentration and the
experimentally observed fluence dependence, the mass loss rates shown in figure 4.1 are
not completely reproduced by SDTrimSP. In particular, the transient enhancement
of the erosion yield at low fluences is suppressed in the simulation. This discrepancy
could be fixed by an adjustment of the surface binding energy values to 4.7 eV for N and
6.75 eV for W in the SDTrimSP simulation, but such low values seem rather unphysical
and don’t agree with surface binding energy values in the literature. A more likely
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Figure 4.4: Comparison of the experimentally observed mass removal rate of WN
(blue) as a function of the applied D fluence with the in SDTrimSP calculated
partial W mass removal rate (green) for WN. Assuming that the later one is
correct, the grey area represents the amount of nitrogen that needs to be removed
in order to get perfect agreement between SDTrimSP simulation and experimental
results. Figure published in [62].

explanation is that nitrogen diffusion, in particular irradiation-induced diffusion [95]
of nitrogen, which is not yet implemented in the SDTrimSP code, increases the N
loss and leads to the enhanced erosion yield at low fluences. Indications that such
irradiation-induced N diffusion occurs, were already reported in [32]. In particular,
an unexpected difference in the N content was observed when N is implanted before
the W target is heated compared to a N implantation into the heated sample.

To determine the N amount that needs to be eroded in order to obtain a perfect agree-
ment between experiment and simulation, figure 4.4 compares the experimentally mea-
sured WN mass removal rate with the partial tungsten mass removal rate simulated
by SDTrimSP. Under the assumption that the partial tungsten yield is approximately
correctly described by SDTrimSP, the difference between the two curves (grey area)
represents the amount of N that was removed in the experiment. For a D impact en-
ergy of 10006V /D, the grey area corresponds to ~ 1.4 - 10> N atoms/m? equivalent
to a 100% N removal over 12nm. For 500eV/D a N loss of 5.9 - 10?* N atoms/m?
would fit to the grey area which is equivalent to a 100% N removal over 5 nm assuming
a density of 0.11 atoms/A3 for WN.

Figure 4.5 shows the simulated nitrogen depth distribution for different D fluences
and a kinetic projectile energy of 1000eV/D. In the simulation the N depletion in the
near surface region is not only caused by sputtering of N atoms but is also due to a
N concentration increase in deeper layers. This concentration increase has nothing to
do with N diffusion (not included in the SDTrimSP code), but with implantation of
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Figure 4.5: Calculated N depth distributions for different D fluences (flc) and an
impact energy of 1000eV/D. The dash-dotted line shows an assumed N concen-
tration profile, which would be consistent with the experimental results shown in
figure 4.1. Figure published in [62].
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Figure 4.6: Simulated (SDTrimSP) range distribution for D bombarding W, at
500eV/D (blue) and 1000eV /D (red).
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recoiling N atoms into deeper layers of the bulk. In order not to reach an unphys-
ical high N concentration, an artificially N limit of 60% was set in SDTrimSP. N
atoms exceeding this pre-set limit are removed from the calculation by the code and
contribute to the sputtering yield. However, in order to be consistent with the ex-
perimentally obtained results, an amount of nitrogen would have to be removed that
corresponds to the dash-dotted depth profile in figure 4.5. Taking into account the
range distribution of D projectiles in W, shown in figure 4.6, it is in principle possible
that irradiation-induced diffusion assists the N loss within the ions penetration depth.
Another possible explanation for the experimentally observed enhanced mass removal
rate would be chemical erosion, e.g. by the formation of ammonia [86], but since
NDj3 will probably not be very mobile in W, this explanation would again require the
diffusion of a comparable amount of N to the surface.

4.1.3 Summary

The erosion of well prepared WN and W films was studied under 500eV/D and
1000eV/D ion bombardment. The experiments were conducted under laboratory
conditions using a highly sensitive QCM technique to determine the mass change in
situ and in real time. As ion source a sputter gun was used providing a well pre-
characterised molecular D ion beam with a typical flux of 10¥m=2s7!. For W a
constant mass removal rate was measured, while for WN an enhanced mass removal
rate was observed up to a fluence of 0.2 - 10** D/m? for 500 eV /D and 0.6 - 10** D/m?
for 1000 eV /D. Under steady state conditions the mass removal rate of WN approaches
that of pure W, within the experimental uncertainties.

Comparing the QCM results to SDTrimSP simulations indicate, that the N surface
concentration follows the same trend with D fluence as the experimentally observed
mass removal rate for WN. But simulations on the erosion rate for WN differ from
the experimental data, indicating that not enough N is removed from the surface near
regions. By comparing the experimental data with the simulated partial W yield,
the amount of N was estimated that has to be eroded. In order to get a perfect
agreement between experiment and simulation. In order to explain that enhanced N
erosion, irradiation-induced diffusion was considered as a possible mechanism. This
seems to be quite possible if one considers the range distribution of D in W.
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4.2 Erosion of FeW Model System upon D Ion Irradiation

For future tokamaks like ITER the selection of plasma facing materials is complicated
due to anticipated transient power loads caused by ELMs (edge localised mode) or
plasma disruptions [16]. However, when one moves to a future power plant or DEMO,
a stable and quiescent plasma is presumed, where the lifetime of the PFCs will be
dominated by plasma induced erosion due to sputtering.

The erosion yield of high-Z materials like W is considerably lower than the erosion
of low-Z materials or mid-Z materials like Fe, at the expected low ion energies in the
near surface region [34]. Figure 4.7 shows the D sputtering yields for a pure W and Fe
target as a function of the projectile energy. For projectile energies below ~ 230¢eV /D
no W is sputtered, while for Fe, projectile energies larger than 40eV /D are sufficient
to trigger a sputter event [57]. Using a tungsten containing steel for recessed areas in
a future fusion reactor, it is expected that preferential sputtering of medium-7 steel
elements reduces the erosion yield and increases the lifetime considerably. Thereby
tungsten containing steels (e.g. EUROFER [36]) could be an attractive alternative -
both technologically and economically - to a full tungsten armour [34,35] at least in
less exposed areas.

Recent investigations by Roth et al [37] showed that the erosion rate of EUROFER
decreases roughly by 1 — 2 orders of magnitude under high flux low energy D plasma
bombardment. Additional RBS investigations of the exposed surfaces showed a W
surface enrichment correlating with the yield reduction (cf. section 2.2). Further
investigations by Sugiyama et. al [38] using FeW model films with different W con-
centrations and a mass selected D beam between 200 and 1000 eV /D confirmed this
expected reduction of the erosion yield with D fluence and also found a strong surface
enrichment of W with increasing fluence due to preferential sputtering of Fe. While
these experiments indicate, that there is a strong correlation between the erosion
yield and the W surface enrichment, there is still a quantitative discrepancy between
experimental observations and simulation remaining [38]. In particular, SDTrimSP
calculations predict a significantly higher W enrichment, than those found in the RBS
measurements. This discrepancy could be explained by both experimental and sim-
ulation uncertainties. For the low energy D irradiation, the W accumulation takes
place in a very thin layer, which is probably thinner than the resolution of the used
depth profiling methods. In this case, the apparent W concentration at the surface
is lower than the real W concentration at the top. Another possibility could be the
presence of a nano scale surface roughness after the ion bombardment, since roughness
generally broadens the by RBS measured W profile, resulting in an underestimation
of the W concentration [38].
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Figure 4.7: Comparison between W and Fe sputtering yields as a function of the D
projectile energy. The full symbols (dots) are experimentally determined sputtering
yields using the QCM technique, the open symbols are data from literature [93]
using a weight loss (WL) and a Rutherford backscattering technique (RBS). The
solid line is a SDTrimSP simulation.

In order to gain a profound understanding of this W surface enrichment process due
to the interaction of D ions with W containing steels, experiments were carried out
using a well-defined FeW model system (containing 1.5 at% W) instead of EUROFER

or other reduced-activation ferritic martensitic steels.

The results presented in this section have been published in Nuclear Materials and
Energy [89] and parts of this section are excerpts from this manuscript.

4.2.1 Experimental Results and Discussion

The evolution of the erosion yield of FeW (1.5at% W) model films and pure Fe films
with increasing D fluence is measured in-situ for impact of 1000eV /D ions under
normal incidence and for 250 €V /D ions under three different impact angles o = 0°,
45° and 60° with respect to the surface normal. Similar to the experiments on WN
the QCM technique (cf. section 3.1) is used to determine the erosion rates, with
the consequence that the target holder is heated to 465 K. As target 675nm thick
iron-tungesten (FeW) films with a W concentration 1.5at% W and pure iron (Fe)
films for comparisons were used. After preparing the films at the IPP in Garching,
RBS analysis confirmed the 1.5at% W for the FeW films and showed an impurity
content of 1.5at% O and an oxide layer at the surface, the Ar impurities stayed below
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Figure 4.8: Evolution of the mass removal rate (mrr) of FeW (1.5at% W) and
pure Fe films as a function of the applied D fluence for irradiation with 1000eV /D
(left) and 250eV /D (right) under normal impact (o« = 0°). For low fluences the
mass removal rate for FeW is close to the value of pure Fe. With increasing fluence
a significant reduction of the FeW mrr is observed. This decrease continues to high
fluences without any sign for saturation. Data already published in [89].

detection limit (cf. section 3.1.5). To irradiate the targets the Perkin Elmer sputter
gun producing a D3 ion beam with a typical flux of 10*¥ m~2s~! was used. For a
detailed description of the ion source see section 3.1.6.

Experimental results for irradiation under normal incidence (o = 0°) at 250eV /D
and 1000eV /D are shown in figure 4.8. For both measured energies, at the lowest
D fluences the mass removal rate for FeW (blue curve) is comparable to the mass
removal rate of pure Fe (red curve). With increasing fluence the mass removal rate
for pure Fe (only measured at 250 eV /D as a function of the D fluence) does not change,
but a significant reduction of the mass removal rate with fluence can be observed for
FeW. The discontinuities notable in the curves correspond to scheduled interruptions,
e.g. for monitoring the ion current, performing other check measurements and/or
pausing the measurements during night. The observed reduction of the erosion yield
is also consistent with results reported by Sugiyama et al. for the same FeW model
films [38], where even at 1000eV /D a clearly visible reduction of the sputtering yield
was observed.

RBS analysis (performed by Oberkofler at the IPP in Garching) [96] of the samples
before and after the ion bombarded with 1000eV /D are in agreement with [38] and
also show that the W surface concentration increases with the applied D fluence due
to preferential sputtering of Fe.

Since in a fusion reactor normally the ions do not hit a surface under normal incidence,
further measurements were performed at 250eV /D for oblique incident ion impact
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Figure 4.9: (a) and (b) are the mean slope of the mass removal rate (mrr)-
curve measured at 250eV /D for 3 different impact angles (0°, 45° and 60°) at
fluences between 0 and 1 - 1023 D/m? (a) and at fluences between 2 - 102 D/m?
and 3 - 102 D/m? (b). Data already published in [89].

(v = 45° and 60°). The influence of the incidence angle on the reduction of the
erosion yield can be seen in figure 4.9, were the mean slope of the mass removal
rate (mrr)-curve measured for fluences between 0 and 1 - 10%* D/m? (a) and fluences
between 2 and 3 - 102 D/m? (b) is shown for the respective impact angle. For the
fluence interval between 0 and 1 - 10 D/m? (a) the mean (negative) slope of the
mrr-curve (i.e. its derivative) increases with incidence angle. This means that in this
fluence range the reduction of the mass removal rate is more pronounced for oo = 45°
and o = 60° as compared to o = 0°.

This behaviour can be explained by the general trend in sputtering, that yields tend
to increase with ion angle of incidence up to a certain maximum (typically at around
60° — 85° depending on impact energy and surface flatness). This increase in (Fe)
sputtering yield in turn accelerates the development of a W enriched surface. For
rough surfaces, however, the dependence of the sputtering yield on ion impact angle
is considerably reduced, since the yield has to be averaged over a distribution of local
impact angles [55,56]. For higher fluences between 2 and 3 - 10** D/m? the mean
slopes of the mrr-curves become nearly equal for the three different impact angles,
shown in figure 4.9 (b).

To check, whether this is due to a change in surface topography (e. g. roughening/
smoothening, ripple formation) the angular dependence of the sputtering yield was
measured after certain fluence steps (1, 2 and 3 - 10?* D/m?) applied at the respec-
tive nominal impact angle a. Furthermore investigation of the surface topography
of the FeW films were done before and after irradiation using an atomic force mi-
croscope (AFM). Figure 4.10 shows the influence of the irradiated fluence on the
angular dependence of the sputtering yield. For all three impact angles the angular
dependence is very low, while SDTrimSP (assuming a perfectly flat surface) shows a
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Figure 4.10: Angular dependence of the D sputtering yield for 250eV/D mea-
sured after the FeW target was irradiated with certain fluence (flc) steps (1, 2
and 3 - 1023D/m?) at the respective nominal impact angles o = 0°, 45° and
60° (counted from the surface normal). The blue curve shows the simulated
(SDTrimSP) angular dependence after a flc of 3 - 1023 D/m?.
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Figure 4.11: AFM images of the surface topography of FeW (1.5at% W) films,
(a) as deposited, (b)-(d) eroded with ~ 3 - 10%* D/m? at 250V /D ions at different
angles of incidence (0°, 45°, 60°). The arrow indicates the beam direction. Figure
published in [89].

clear enhancement of the sputtering yield with a maximum around 70°. Neverthe-
less for the highest applied fluence (3 - 10?* D/m?, green curve) one can see that the
minimum of the angle dependence is reached for the nominal irradiation angle.

Investigations of the surface topography were done with a Cypher atomic force mi-
croscope (AFM) from Asylum Research in tapping mode under ambient conditions.
As probes, silicon nanosensors SSS-FMR with a resonance frequency of 75kHZ and
a spring constant of 2.8 N/m were used. With a tip radius < 5nm these super sharp
tips are well able to resolve nanoscale features.

Typical AFM images of the FeW model films are displayed in figure 4.11. A freshly
prepared FeW film (figure 4.11 (a)) shows a grain-like structure with a grain length of
typically 150 —200 nm and a grain height of 10— 15nm. A root mean square roughness
of typically 3.2 nm can be derived (using Gwyddion [97]) from the AFM measurements
(c.f. table 4.1). The images in figure 4.11 (b) — (d) are obtained after irradiating the
FeW films at 2506V /D with a total D fluence of 3 - 10?* D/m? under the respective
impact angle. The surface topography after normal incidence irradiation is shown in
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4.2 Erosion of FeW Model System upon D Ion Irradiation

Table 4.1: Root mean square roughness (RMS) of the corresponding AFM image
in figure 4.11. Determined with Gwyddion 2.45 [97]

’ \ as deposited \ a=0°| a=45°| a=60°
| RMS roughness [ 32nm | 8.6nm | 6.4nm | 10.5nm |

figure 4.11 (b). The surface still vaguely resembles the original grain-like structure, but
the initially continuous grains are now broken up into individual nanodots and the root
mean square roughness has more than doubled (c.f. table 4.1). For 45° impact angle
(figure 4.11 (c)) the nanodots are slightly elongated in the direction of the incident ion
beam and arranged quasi-periodically, while for 60° impact angle (figure 4.11 (d)) a
ripple-like surface morphology develops. A comparison with relevant literature shows
that in this case so-called perpendicular mode ripples (PeMR) are formed, where the
ripples are oriented parallel to the ion beam direction, i.e. the wave vector of the
ripples is perpendicular to the ion beam [98]. The formation mechanism of ripples
and nanodots relies on a natural self-organization mechanism that occurs during the
erosion of surfaces, which is based on the interplay between roughening induced by
ion sputtering and smoothing due to surface diffusion (for details see e.g. [99-102]).
All irradiated films (including the film irradiated under normal impact) show a root
mean square roughness 2 to 3 times as high as the roughness of the originally prepared
film. This nano-scale roughness, however, might have been too small to be resolvable
in the SEM measurements presented in [38], which led to the conclusion, that no
significant development of the surface topography takes place with fluence. Since
surface roughening effects are not yet included in SDTrimSP simulations, this could

at least in part explain the discrepancy between experiment and simulation reported
in [38].

With the findings from the AFM investigations and recent SDTrimSP-2D! [103] sim-
ulations by von Toussaint et al. which have shown that the W surface distribution
has a decisive influence on the sputter yield reduction as well as on the surface struc-
ture [104], a speculative explanation for nearly equal mrr-curve slopes for high fluence
(c.f. figure 4.9 (b)) can be given. In the simulations it could be shown that for an ini-
tially flat target with a homogeneous W distribution (simulated with tungsten blocks
of size 5 x 5 A embedded in a Fe matrix) a flat surface layer with increased W concen-
tration is formed, while for tungsten blocks with a size of 30 x 30 A a strong built-up
of surface morphology with increasing fluence is shown. The surface obtained by the
simulation is very similar to the nanodot structure observed under normal ion impact.
The individual dots are covered by tungsten layers and the gaps in between show a

!New program version based on SDTrimSP, were the target is resolved in two dimensions
(SDTrimSP-2D), allowing to account for effects of roughness on the scattering and sputtering
and to model dynamical morphological changes
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significantly lower W surface concentration [104]. Considering that those parts of the
surface are also preferably eroded, where the local impact angles were close to the
maximum of the angular dependence of the sputtering yield, a surface can build up
where these dots become elongated or form the observed ripple structures depending
on the impact angle. After the structure of the surface morphology has been com-
pleted, the enrichment proceeds then at the same rate for the three different nominal
impact angles. With the consequence that for all impact angles almost the same
mrr-curve slope is measured at high fluences.

4.2.2 Summary

Erosion studies on FeW models systems (containing 1.5 at% W) for steels like
EUROFER containing high-Z elements such as W, were performed under well defined
conditions using a molecular D ion beam. For both, projectile energies of 1000 eV /D
and 250V /D fluence dependent sputter experiments were carried out. While for the
first one only normal impact angles were studied, the angle of incidence was varied
(av = 0°, 45° and 60°) for 250V /D. The evolution of the erosion yield with D fluence
was monitored by a quartz crystal microbalance up to a total fluence of 3 - 10?3 D/m?.
In addition the samples topography and roughness before and after irradiation were
studied by using an AFM.

In conjunction with the findings reported in references [38] and [104] the following
picture emerges. Prolonged irradiation changes the surface composition of the FeW
targets due to preferential sputtering of Fe and leads to W enrichment at the surface.
The W enrichment shown in [38] could be confirmed by the RBS analysis [96] of our
target which was irradiated at 1000eV/D. It can be correlated with the decreasing
sputtering yield (mass removal rate) for increasing D fluence observed by the in-situ
erosion monitoring during irradiation. For the 250eV /D irradiation under oblique
impact angles the reduction of the mass removal rate is initially more pronounced as
compared to normal incidence, but the differences vanish for fluences > 2 - 10?3 D/m?.
Looking for an explanation for this effect high resolution AFM images showed that
also the surface morphology changes a lot during prolonged ion irradiation resulting
in a significant surface roughening and (depending on ion impact angle) formation
of nanodots or nano-ripples. This gives the conclusion that after the change of the
surface morphology has been completed the W enrichment proceeds at the same rate
for all impact angles.

o6



4.3 Characterising the QCM Catcher Setup

4.3 Characterising the QCM Catcher Setup

So far, sputter experiments using the QCM technique have been carried out with thin
target layers directly deposited onto the quartz crystal [62,64—66, 105]. However, the
use of thin layers limits the possible experiments, as some target materials cannot
easily be deployed in such a form. For example, the stoichiometry of component tar-
gets may change when deposited as a thin layer by sputter deposition or evaporation.
Also the surface roughness or the crystalline structure of the target layers can hardly
be controlled. In order to overcome these limitations and to open the possibility of
using any solid material or even liquids as a sputter target, a new experimental setup
was designed and presented in section 3.3, in which the QCM acts as a catcher for
sputtered material. The new QCM catcher setup benefits from the precision and
experience of the QCM technique and the versatility of using almost any target.

As described in detail in section 3.3.2, the relation between the target yield Y, and the
experimentally determined catcher yield Y. can be expressed by the ratio g. The ratio
g contains on the one hand the information about the setup geometry (characterised by
the parameters o, Ax and d), the quartz’s sensitivity s to a mass change, the impinging
ion current density j, the sticking coefficient Cy; of the sputtered particles at the
catcher as well as the angular distributions of the sputtered f,, and reflected particles
fr- While the former are known, assumptions about the angular distributions have to
be made, one possibility to obtain them is to use the simulation code SDTrimSP. The
sputtering yields and angular distributions simulated with SDTrimSP are in general
in a very good quantitative agreement with experimental data [81,82]. Nevertheless it
should be noted that SDTrimSP assumes an amorphous, perfectly flat target, which
however, does not generally agree with the actual experimental conditions.

In order to test the catcher-QCM configuration and the possibility of reconstructing
the sputter yield by using the simulated angular distributions, proof of principle mea-
surements were performed using a second QCM (target-QCM) instead of a regular
sputter target. The use of two QCMs allows to measure the mass loss at the target
and the mass increase at the catcher simultaneously and thus to compare the mea-
sured with the simulated ratio g. For this purpose, a well known projectile target
combination Ar™ on Au and Art on Fe was used, since for both combinations a large
number of literature data is available.

The results presented in this section for Au have been published in [63] and parts of
this section are excerpts from this publication.
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4.3.1 Experimental Conditions

In order to carry out the proof of principle measurements, a quartz crystal coated
with an Au or Fe layer was used for the catcher- as well as for the target-QCM in
order to ensure consistent sticking conditions during the measurement. The 450 nm
thick Au layers were prepared at the Institute of Solid State Physics (TU Wien) using
a vapor deposition technique, while the 400 nm thick Fe layers were prepared at the
IPP in Garching using a magnetron-sputter device (c.f. section 3.1.5). The ion beam
for irradiating the target-QCM is produced in a 14.5 GHz all permanent magnet ECR
ion source [75] and then mass over charge selected by a sector magnet. Deflection
plates and lenses focus and guide the ion beam into the target chamber, where it is
scanned over the quartz crystal’s active area using two pairs of deflection plates (for
details see section 3.1.6 and references [64,65]). Additionally, in order to determine
the total number of incoming ions the scanned ion beam is controlled with a set of
multiple apertures (0 2, 3, 4, 7mm) that can be moved into the beam’s path, directly
in front of the target layer. The ion current is then measured using a Faraday cup at
the target’s position (c.f. section 3.3) before and after the irradiation of the target.
Similar to the previous QCM experiments with one QCM, the measurements start
with a beam off phase to check the correct function of the QCM followed by a beam
on phase where the slopes are determined and ends again with a beam off phase.

4.3.2 Sputtering Au by Ar* Ions

The first experiments where conducted with 2keV Ar™ ions, irradiating an Au tar-
get. For 2keV Ar' impact under normal incidence on a polycrystalline Au sur-
face a large compilation of literature data gives a sputtering yield of approximately
5 £ 2atoms/ion [57], which is consistent with previous measurements using the stan-
dard QCM technique [65,106]. For impact angles close to 60°, the sputtering yield
increases approximately by a factor of 1.5 [48,107]. The sputter threshold for self-
sputtering of Au is close to 10eV. Since the kinetic energy of the sputtered particles is
well below 10 eV, with a maximum probability around 1eV [48,61,88], self-sputtering
of sputtered particles from the target at the catcher can be neglected. At this low
kinetic impact energy (= 1eV) at the catcher the sticking coefficient for Au atoms on
a Au surface is very close to 1 [59,60]. For this reason in the analysis no self-sputtering
and a sticking coefficient of 1 can be assumed.

Figure 4.12 (a) — (c¢) shows the measured and simulated ratio g = Y./Y},, for a variety
of different catcher positions (characterised by Az and d) and ion impact angles «
(c.f. figure 3.8). Figure 4.12 (d) — (f) compares the sputtering yield directly measured
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Figure 4.12: Au target-catcher yield comparison for 2keV Ar™ ions: The sim-
ulated (blue) and measured (red) ratio g (a~c) and the measured (Yi,r) and re-
constructed (Yo, = Y./g) target sputtering yield (d, e) is shown for a variety of
different catcher positions (characterised by Az and d) and ion impact angles .
Figure published in [63].
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with the target-QCM (using equation 3.5) with the sputtering yield reconstructed
from the data of the catcher-QCM using the simulated ratio g.

Figure 4.12 (a) shows the behaviour of the ratio g for different angles of incidence «
on the target. In general, the total sputtering yield increases with the impact angle up
to a maximum between 60° and 80°, since more energy is deposited in the vicinity of
the surface. Thereby, the angular distribution of sputtered atoms shows a maximum
in a cone at 45° to 60° [58], which is also reproduced by SDTrimSP simulations. As
a result, hardly any particles are sputtered in the direction of the catcher at small
incidence angles a0 (0° —15°). This results in a large uncertainty for the reconstructed
target sputtering yield presented in figure 4.12 (d). In figure 4.12 (b) the distance d
between the catcher and the ion beam is varied. With increasing distances d the ratio g
decreases steadily, since the catcher-QCM registers sputtered particles from a smaller
solid angle, because it is further away from the target. This leads to an increasing
error of the reconstructed yield for distances larger than 20 mm since less material
is collected (see figure 4.12 (e)). In addition, for small distances (lower than 10 mm)
a modest deviation between the simulated and measured values can be observed.
Possible reasons for this behaviour are surface roughness or inhomogeneities in the
ion current profile influencing the angular distributions of sputtered and reflected
particles. The ratio g and the reconstructed target sputtering yield Y;,, for a variation
of the target position Az is shown in figure 4.12 (c¢) and (f), here for a wide range
a good agreement between the simulation and the experiment can be seen. If the
displacement Ax between catcher and target becomes larger more sputtered atoms
miss the catcher resulting in a smaller signal, because the catcher-QCM is moved away
from the maximum of the sputtered particle distribution.

Given that there is no free fitting parameter involved in this comparison, the agree-
ment between the simulated and experimental data can be considered as excellent.
For future measurements figure 4.12 provides the basis to optimise the ideal parameter
combination of the catcher distance d, the displacement Ax and the angle of incidence
a, where d = 15mm, Ax close to 0 and o = 60° have been found to be a very good
choice.

4.3.3 Sputtering Fe by Ar™ Ions

Similar experiments as shown in section 4.3.2 were also carried out with Fe films, which
were irradiated with 1keV Ar™ ions. For 1keV Ar' impact under normal ion impact
literature data give a sputtering yield of approximately 1 — 1.5 atoms/ion [57]. This is
consistent with sputtering yield measurements conducted within this thesis (see figure
4.14) using the standard QCM technique. For oblique ion impact SDTrimSP and
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Figure 4.13: Fe target-catcher yield comparison for 1keV Ar™ ions: The simulated
(blue) and measured (red) ratio g (a-c) and the measured (Y;4,) and reconstructed
(Yiar = Y./ g) target sputtering yield (d, e) is shown for a variety of different catcher
positions (characterised by Az and d) and ion impact angles «.
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Figure 4.14: Measured and simulated (SDTrimSP) angular dependent sputtering
yield for Au and Fe under 2 respectively 1keV Ar™ ion impact. The SDTrimSP
values are rescaled to fit to the sputtering yields measured using the QCM tech-
nique.

experiments show an increase of the sputtering yield by a factor of approximately 2 at
impact angles close to 60° [48]. Similar to Au, the sputter threshold for self-sputtering
of Fe is close to 10 eV. Considering the kinetic energy of the sputtered particles around
1eV [48], self-sputtering can be neglected. Since Fe has a metallic surface similar to
Au, the sticking coefficient is assumed to be 1 for Fe atoms on a Fe surface.

Analogue to figure 4.12, figure 4.13 shows the measured and simulated ratio g and
the directly measured with the reconstructed sputtering yield for the Fe films. The
varied parameters are the catcher position (characterised by Az and d) and the ion
impact angle a.

Figure 4.13 (a) and (d) shows the ratio g and the reconstructed target sputtering
yield Y, for different angles of incidence v on the target. While for Au the agree-
ment between the simulated and experimental measured ratio g was excellent, for Fe
a deviation between these two data sets is observed at impact angles below 50°. Ex-
perimentally more material is caught by the catcher than predicted by the simulation.
Nevertheless, the simulated ratio ¢ is still within the error bars of the experimental
values. The distance d between the catcher and the ion beam is varied in figure 4.13
(b) and (e). Here, the experimental data agree nicely with the simulation. The ratio
g follows a ~ C'/d? behaviour. Similar to the Au results, the error bars of the recon-
structed target sputtering yield Y, increases with distance d, since less material is
collected by the catcher-QCM. For different target positions Az the ratio g and the
reconstructed target sputtering yield Y, is shown in figure 4.12 (c¢) and (f) . While
the experiments with the Au film show a good agreement between the simulation and
the experiment, a significant difference is visible for the Fe film. The measured ratio
g is clearly above the simulated values for target positions Az below &~ —4 or above
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40 nm

Figure 4.15: AFM images of the surface topography of the freshly prepared Au
(left) and Fe (right) films.

~ bmm. This means that more particles are actually caught by the catcher than
expected by the simulated distributions. A possible interpretation of the described
behaviour is that the angular distributions of the sputtered and reflected particles are
in fact broader then in the simulation. A higher surface roughness in the experiment
is likely the reason since SDTrimSP simulates a perfectly flat surface.

4.3.4 Discussion

When comparing the results for Au and Fe it is striking that the agreement between
the simulations and the experimental data is excellent for Au, whereas for Fe devia-
tions are found. To discuss this in more detail, figure 4.14 shows the measured and
simulated angular dependence of the sputtering yield for Au and Fe under Ar™ ion
bombardment. For Au a quantitative agreement is given over the whole measured an-
gular range. For Fe the measured sputtering yield is below the simulated one between
15° and 45°. A possible explanation for the observation could be a rougher surface
topography of the Fe film.

AFM investigations of the surface topography of the Au and Fe films were done with
a Cypher atomic force microscope (AFM) from Asylum Research in tapping mode.
The vapour deposited Au surface, figure 4.15 (left), shows an island growth structure
where the diameter of the certain islands is between 20 — 50nm. The root mean
square (RMS) roughness of the in figure 4.15 shown Au surface is 2.9 nm, determined
with Gwyddion [97]. The surface topography of the sputter deposited Fe film is shown
in figure 4.15 (right). Similar to the FeW films (c.f. section 4.2), a grain like structure
with a typical grain length of 150—200 nm and a grain height of 10—15nm is observed.
As RMS roughness of the Fe film shown in figure 4.15 (right) a value of 5.2nm was
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evaluated, which is 1.8 times larger than the RMS roughness obtained for the gold
film. This, however, represents a huge difference on surface structure.

Combining the angular dependent sputter yields (figure 4.14) and the AFM images
(figure 4.15), the hypothesis is supported, that the observed difference in the ratio g for
the Fe target is caused by the surface roughness. SDTrimSP simulates the sputtering
yield as well as the angular distributions of sputtered and reflected particles for a
perfectly flat surface. In the experiment, however, the target surface has a certain
roughness which can lead to deviations from the simulated values. As discussed in
section 2.2.2 both, the sputtering yield and the angular distribution of sputtered
particles are influenced by the surface topography. The local angle of incidence can
deviate from the nominal one and shadowing and redeposition can occur. The surface
topography of the investigated Au target in not only flatter but also shows very
different structure than the Fe film. The Au film is sufficiently flat to achieve a good
agreement between the experiment and simulation, whereas the Fe surface is rather
rough with the result that the observed deviations between experiment and simulation
occur.

4.3.5 Summary

In section 3.3 a new experimental setup for the indirect determination of sputter
yields was presented. In this setup a QCM is placed beside the sputter target acting
as a catcher for sputtered material. In order to determine the target sputtering
yield indirectly with the measured catcher yield, the actual geometry and all relevant
processes have been taken into account. Thereby knowledge about the energy and
angular distributions of sputtered and reflected particles are necessary which can be
derived from the Monte Carlo code SDTrimSP. To validate this approach proof of
principle measurements with the projectile-target combination Ar™ on Au and Fe were
performed, in which a second QCM with a Au/Fe layer on top acting as a target allows
an independent measurement of the sputtering yield. The experiments with the two
different targets proved the ability of the new setup to provide absolute sputtering
yields. For the smooth Au surface the consistency with the simulations is excellent.
Depending on surface roughness differences between experiment and simulation can
occur as seen in the experiment with the Fe film. Here, a larger value g is measured
for small impact angles a and larger displacements for the target position Az, which
is explained by broader angular distributions of the sputtered and reflected particles,
caused by a higher surface roughness. Nevertheless, for the rough Fe surface still a
good agreement with the simulation is given for impact angles o > 50° and target
positions Az between —2 and 3 mm.
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Future sputter yield measurements at the Institute of Applied Physics will therefore
no longer be limited to thin layer targets pre-deposited on a QCM [64]. Experiments
with a wide variety of targets (single crystals, compounds and alloys, even liquids) un-
der a range of experimental conditions (effect of temperature or surface morphology)
not possible so far. The erosion of wall material for nuclear fusion devices or space
weathering effects on lunar or planetary surfaces by ions typical for the solar wind
can now be studied on real samples instead of model systems. Also the topography
of the surface can be taken into account with SDTrimSP-2D simulations considering
the experimental surface topography, which should improve the agreement for rough
targets. When indirectly measuring the sputtering yield, knowledge of the angular
distribution of the sputtered material is necessary to reconstruct the absolute sput-
tering yield. Compared to other methods used for determining sputtering yields like
Rutherford backscattering analysis (RBS) or a weighing technique, the new method
is not limited to thin layer targets and can obtain the sputtering yield in situ and in
real time.
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When energetic particles impinge on surfaces a variety of interaction phenomena,
like erosion (i.e. sputtering), roughening or smoothing of the surface, changing of the
surface composition, reflection or implantation of the projectile, emission of electrons,
photons and other secondary particles etc., occur. Sputtering of surfaces due to ion
impact is not only important for multiple applications, like thin layer deposition,
surface etching or surface analytic techniques. It is also of major concern regarding
the erosion of wall material of nuclear fusion devices, or in space weathering where
lunar or planetary surfaces get eroded by solar wind ion impact.

With regard to a future fusion power plant, the investigation of erosion processes by
energetic particles is of great importance to realise a first wall, which can withstand
particle bombardment long enough to operate such a fusion reactor economically [16].
Plasma-wall-interaction processes of fusion relevant projectile target combinations
have therefore been studied under controlled laboratory conditions using a highly
sensitive quartz crystal microbalance (QCM) technique. A film of fusion relevant
target material is applied to one side of the QCM and bombarded with well defined
projectiles. The mass change, caused by the ion impinging at the target layer, was
determined by measuring the quartz crystal’s resonance frequency in situ and in real
time.

In a future fusion reactor impurity seeding into the plasma edge is required in order
not the exceed the heat flux that can be managed by the divertor. The seeded impu-
rities emit line radiation while being subsequently ionised, spreading the power flux
onto a larger area of the vessel surface [26]. N seeding with feedback control is now a
standard operational scenario at ASDEX Upgrade and being an effective coolant at
the plasma edge in the 10eV rage [27,28]. However, for the use of N in combination
with a W divertor, the formation of WN surface layers is observed. While the interac-
tion between N and W surfaces is well investigated [31-33], little is known about the
interaction of WN with D plasmas. Therefore, the erosion of well prepared WN and
W (for comparison) films was studied under D ion bombardment with a typical flux
of 10" m™2s~! at 500 and 1000eV/D. For both kinetic energies, the erosion rate for
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WN was initially higher than for pure W. This enhancement decreased with increas-
ing fluence, reaching the steady state erosion yield of pure W, which does not change
with fluence. For 1000eV /D bombardment, steady state conditions are reached at a
fluence of about 0.6 - 10% D/m?. For the 500eV/D bombardment, 0.2 - 10** D/m?
were sufficient to reach steady state conditions. Comparisons to SDTrimSP simula-
tions [81] showed that the measured mass removal rate for WN follows the same trend
as the N surface concentration with D fluence. However, the transient enhanced ero-
sion rate for WN could not be completely reproduced by simulation, indicating that
not enough N is removed from the surface near regions in the simulation. As possible
mechanism for the enhanced N loss in the experiment, irradiation-induced diffusion
was suggested.

In future fusion power plants, a stable and quiescent plasma is assumed, where the
lifetime of the plasma facing components (PFCs) is dominated by plasma induced
erosion due to sputtering. The erosion yield of high-Z materials like W is considerable
lower than the erosion yield of low- or mid-Z materials like Fe, at the expected reactor
conditions [34]. W containing steel e.g. EUROFER [36], make use of this difference in
the sputtering yield, because preferential sputtering leads to a W surface enrichment
[38]. This surface enrichment is accompanied by a reduction of the erosion yield [37],
which makes these steels a (technologically and economically) promising alternatives
to a full W armour for recessed areas in a future fusion reactor [34,35]. This behaviour
was demonstrated in recent erosion studies on heavy element containing steels and
iron-tungesten (FeW) model films with different W concentrations, where the erosion
rate decreased roughly by 1 — 2 orders of magnitude with increasing fluence [37,38].
While these experiments showed a strong correlation between erosion yield and W
surface enrichment, there is still a quantitative discrepancy between experimental
observations and simulation remaining, where a significantly higher W enrichment is
predicted than found in RBS measurements. A possible explanation are experimental
and simulation uncertainties [38]. To gain a better understanding of this W surface
enrichment process, fluence dependent sputter experiments were carried out using
well-defined FeW films containing 1.5at% W, as model system for EUROFER and
Fe films for comparison. The erosion yield of these films was measured for D ion
impact with a typical flux of 10® m~?s~!  at 1000 eV /D under normal incidence and
250eV /D for three different impact angles o = 0°, 45° and 60° with respect to the
surface normal. The evolution of the erosion yield with D fluence was monitored by
a QCM up to a total fluence of 3 - 10 D/m?. In addition, the samples topography
and roughness of the FeW films bombarded at 250V /D were studied before and
after irradiation by an AFM. For both kinetic energies a decreasing sputtering yield
with increasing D fluence was observed, which can be correlated to a W surface
enrichment measured with Rutherford backscattering analysis (RBS). For the FeW
films irradiated at 250eV /D, an initially more pronounced reduction of the erosion
yield was measured for oblique ion impact a = 45° and 60°. But the differences
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vanished for fluences > 2 - 10> D/m? reaching the value for normal incidence. To
explain this effect high resolution AFM images were recorded, which showed that also
the surface morphology changed due to the ion irradiation resulting in a significant
surface roughening and depending on ion impact angle, formation of nanodots or nano-
ripples. This gives the conclusion that when the change of the surface morphology has
been completed, the W enrichment proceeds at the same rate for all impact angles. In
order to disentangle the effect of surface roughness / ripple formation on the dynamic
erosion behaviour and the effect of W surface enrichment follow up measurements are
planned using pure Fe films deposited on super-polished SC cut quartz crystals. The
comparison between the Fe and FeW investigations should then clarify the influence
of the surface topography on the erosion yield.

In addition to the studies on fusion-relevant surfaces, a new experimental setup based
on a QCM for indirect determination of sputter yields was developed. In the new setup
a QCM is placed beside the target holder acting as a catcher for material sputtered
from the target surface. In the existing QCM method [64, 65], the material to be
examined has to be applied to the QCM in form of a thin layer. Thereby, the use of
thin films limits the possible experiments, as some target materials cannot easily be
deployed in such a form. The new setup is supposed to overcome the restrictions of
the existing QCM technique, while benefiting from the precision of the QCM and the
possibility to determine erosion yields in situ and in real time. All relevant processes
and parameters to determine the target sputtering yield indirectly with the measured
catcher yield were taken into account and expressed with the ratio g = Y./ Y}, between
the measured catcher yield and the target yield. The ratio g contains on the one hand
all the informations about the experimental setup (geometry and QCM) as well as the
angular distributions of the sputtered and reflected particles. While the informations
about the experimental setup are known, assumptions about the angular distributions
of sputtered and reflected particles have to be made. One possibility to obtain them
is to use the simulation code SDTrimSP. In order to validate the new catcher-QCM
configuration and the possibility of indirectly measuring absolute sputter yields by
using simulated angular distributions, proof of principle measurements were performed
using a second QCM (target-QCM) instead of a regular sputter target. The use of two
QCMs allowed a direct comparison between the reconstructed sputtering yield using
the signal form the catcher-QCM and the directly at the target-QCM measured sputter
yield. The result obtained by these measurements using a well known projectile
target combination Art on Au and Art on Fe could demonstrate the feasibility of
determining absolute sputtering yield with the new catcher-QCM setup.

From now on sputter yield measurements at the Institute of Applied Physics will
therefore no longer be limited to thin layer targets pre-deposited on a QCM [64],
making a variety of new targets available. Currently new experiments using Mercury
and Moon analogues as target are planed, to enhance the understanding of surface
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5 Conclusions and Outlook

sputtering by solar wind ions. This will be used to improve theoretical models of the
Mercury’s and Moon’s exosphere formation so that more insight about their surface
composition can be obtained.
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Acronyms

AFM atomic force microscope
ASDEX Upgrade axial symmetric divertor experiment upgrade

AUGUSTIN Atom- und Grenzflichenphysikalische Untersuchungen bei ST68en mit
Tonen und Neutralteilchen; laboratory at the TU Wien

CFC carbon fiber-reinforced composites
DEMO DEMOnstration power station

ECR electron cyclotron resonance

ELM edge localised mode

FeW iron-tungesten

flc fluence

IEA International Energy Agency

IPP Max Planck Institute for Plasma Physics

ITER A large tokamak constructed in Cadarache, France. Former abbrivation for:
international thermonuclear experimental reactor , now just the Latin word for
‘the way’ (to fusion)

JET joint European torus
mrr mass removal rate
PeMR perpendicular mode ripples

PFC plasma facing component
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Acronyms

PWI plasma wall interaction

QCM quartz crystal microbalance

RBS Rutherford backscattering analysis
RMS root mean square

SC stress compensated

SDTrimSP further development of TRIM and TRIDYN where SD stands for
static/dynamic and SP for sequential /parallel processing

SRIM stopping and range of ions in matter

stellarator derived form the possibility of harnessing the power source of the sun, a
stellar object

TRIDYN on TRIM based dynamic version

TRIM transport of ions in matter

TOF-ERDA time-of-flight elastic recoil detection analysis

tokamak derived from the Russian words for toroidal chamber with magnetic field
W7-X Wendelstein 7-X , an experimental stellarator built in Greifswald, Germany
WEST tungsten (W) environment in steady-state tokamak

WN tungsten-nitride
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