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Abstract

When energetic particles impinge on solid surfaces, a multitude of phenomena is

observed. Among them are erosion of material (i.e. sputtering), surface modifica-

tions, reflection or implantation of projectiles, emission of electrons photons, and

other secondary particles, etc. On the one hand the observed phenomena are of

basic interest with respect to questions from fundamental research. On the other

they are also relevant for a multitude of applications such as semi-conductor in-

dustry, for surface analysis tools and for fusion research, as they largely contribute

to the interaction of the fusion plasma with the walls of the surrounding vacuum

vessel.

The international thermonuclear experimental fusion reactor ITER is currently un-

der construction in the south of France. Its aim is to demonstrate the feasibility of

using nuclear fusion as a safe and eco-friendly source for energy production. The

interaction of the hot fusion plasma with the vacuum vessel walls in fact constitu-

tes one of the major challenges in the successful realization of the ITER project. In

this work, various aspects of plasma wall interaction issues relevant for future fusion

devices are studied under controlled laboratory conditions mainly using a highly

sensitive quartz crystal microbalance technique. A special emphasis is put on inve-

stigating the evolution of plasma facingmaterials under energetic particle impact

of species, that will be present in the fusion machine. Experimental investigations

are complimented by a thorough modeling of the observed processes. By this a

unique insight into the dynamics of material mixing and particle retention, as well

as basicmechanisms of erosion phenomena can be gained.Within the framework

of this thesis, all of the three materials, which were originally envisaged as plasma

facing components in ITER are investigated, i.e. carbon, tungsten and beryllium.
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The projectiles used in the studies range from fueling species such as deuterium to

impurity ions such as nitrogen, argon and neon.

In the second part of this thesis, detailed investigations on the emission of elec-

trons from solid surfaces upon impact of highly charged ions will be presented. The

studies aim at amore profound insight into the influence of the electronic structure

of the target material on the neutralization and de-excitation of a highly charged

ion in front, at and below the surface. An almost continuous variation of the sur-

face properties is realized by depositing single layers of C60 films on a clean gold

substrate, in combination with studies on clean gold and a bulk carbon surface

(HOPG). In order to assess and better understand the individual contributions of

electron emitting processes, total electron emission yields are determined for a

wide range of projectile charge states and impact energies.
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Kurzfassung

Die Wechselwirkung energiereicher Teilchen mit Oberflächen ist gekennzeichnet

durch das Auftreten einer Vielfalt verschiedener Phänomene. Unter diesen wä-

ren zum Beispiel der Abtrag von Material (d.h. Zerstäubung), eine Veränderungen

der Oberflächenstruktur und -zusammensetzung, Implantation bzw. Reflektion von

Projektilen, Emission von Elektronen und Photonen bzw. anderer Sekundärteilchen

und viele mehr zu nennen. Einerseits ist das Auftreten solcher Phänomene von fun-

damentalem Interesse für die Grundlagenforschung. Auf der anderen Seite haben

sie eine erhebliche Bedeutung in verschiedensten Anwendungsgebieten, wie zum

Beispiel der Halbleiterindustrie, für Oberflächenanalyseverfahren und nicht zuletzt

auch für die Fusionsforschung, wo sie einen bedeutenden Beitrag zur Wechselwir-

kung des heißen Fusionsplasmas mit den Wänden des umgebenden Vakuumge-

fäßes liefern.

Derzeit wird in Südfrankreich der internationale thermonukleare Fusionsreaktor

ITER gebaut. Er soll wesentliche Erkenntnisse zur Umsetzbarkeit von Fusion als siche-

rer und umweltfreundlicher Energiequelle liefern. Die Wechselwirkung des heißen

Fusionsplasmas mit den Wänden des Vakuumgefäßes stellt jedoch eine der größ-

ten Herausforderungen für das Gelingen des ITER Projektes dar. In der vorliegen-

de Arbeit werden daher verschiedene Aspekte fusionsrelevanter Plasma-Wand

Wechselwirkungsprozesse mit Hilfe einer Quarzkristall Mikrowaage unter kontrol-

lierten Laborbedingungen untersucht. Besonderes Augenmerk wird dabei auf die

Veränderung von Plasmawand-Materialien unter dem Einfluss energiereicher Spe-

zies gelegt, wie sie in einem Fusionsplasma vorhanden sein werden. Experimentell

gewonnene Erkenntnisse werden durch eine ausführliche Modellierung der vorlie-

genden Prozesse ergänzt. Dies eröffnet einen einzigartigen Einblick in das dynami-
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sche Verhalten von Mischmaterialien und Projektil-Rückhalteprozessen, aber dar-

über hinaus auch in grundlegende Erosionsmechanismen. Die vorliegenden Unter-

suchungen umfassen alle drei Wandmaterialien, die ursprünglich zur Verwendung

in ITER vorgesehen waren (Kohlenstoff, Wolfram und Beryllium). Als Projektile wur-

den sowohl der Fusionsbrennstoff Deuterium als auch Verunreinigungs-Ionen wie

Stickstoff, Argon, Neon und Stickstoff gewählt.

Der zweite Teil dieser Arbeit befasst sich mit genauen Untersuchungen zur Emis-

sion von Elektronen beim Einfall hoch geladener Ionen auf Oberflächen. Die hier

präsentierten Messungen sollen einen tieferen Einblick gewähren auf den Einfluss,

den die Elektronenstruktur eines Festkörpers auf die Neutralisation und Abregung

eines hoch geladenen Ions bei der Annäherung, dem Auftreffen und dem Eindrin-

gen in die Oberfläche hat. Um die Oberflächeneigenschaften beinahe kontinuier-

lich variieren zu können, werden einzelneMonolagenC60 auf ein Goldsubstrat auf-

gebracht und mit Messungen auf reinem Gold und einer Kohlenstoff Oberfläche

(HOPG) verglichen. Elektronenemissionsusbeuten werden für eine große Auswahl

an Projektil Ladungszuständen und Auftreffenergien bestimmt, um den Einfluss der

beteiligten Prozesse besser beurteilen und verstehen zu können.
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Chapter

1
Introduction

When energetic particles impinge on solid surfaces, a multitude of phenomena is

observed. Among them are erosion of material (i.e. sputtering), surface modifica-

tions, reflection or implantation of projectiles, emission of electrons and photons,

and other secondary particles, etc. The observed interaction processes are gov-

erned by a variety of properties of both the target material as well as of the projec-

tile. These include on the one hand the surface topography (e.g. its roughness),

its chemical composition, its electronic structure, and target material parameters

such as the work function or transport properties. On the other hand the nature of

the observed phenomena will also depend on the kinetic and potential (i.e. inter-

nal) energy, which is introduced into the surface by the impinging particle as well

as e.g. its reactivity with the target atoms.

The motivation of studying the interaction of ions with solid surfaces arises from

a rather ample field of applications. Investigating the physical processes involved

is e.g. of genuine interest for plasma physics, as they largely contribute to plasma

wall interaction. Additionally ion beams can also be used to structure surfaces on

a nano-scale, which can be interesting e.g. in semiconductor technology or for

various surfaces analysis methods. Apart from this, understanding the processes

governing the interaction of an ion with a solid surface is also of basic interest with

respect to questions from fundamental research.

A large part of the results presented in this thesis (cf. chapter 4) focuses on various

aspects of plasmawall interaction issues for future fusion devices. Detailed labora-

tory investigations of the interaction of different fusion relevant surface - projectile

combinations were conducted and will be presented. Beforehand an outline on
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fusion research and some significant plasma material interaction phenomena for

future fusion machines will be given (see chapter 2, sections 2.1 and 2.2).

Additionally, this work also covers some detailed investigations on the emission

of electrons upon surface impact of highly charged ions (cf. chapter 5) and its

dependency on target and projectile properties. A brief description of some ba-

sic concepts for the interaction of highly charged ions with surfaces and particle

induced electron emission phenomena will be given in chapter 2, section 2.3.

Finally the experimental methods that were used in the presented investigations

will be introduced in chapter 3.
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2
Underlying Concepts of Plasma

Wall Interaction & Ion-Surface

Collision Processes

2.1 Fusion Research

In the 21st century humankind is confronted with the unprecedented challenge

of covering its rapidly growing need for energy. The recent world energy outlook

of the International Energy Agency (IEA) re-affirms that both the global energy

demand as well as the CO2 emissions continue to rise ever higher [1]. Providing

sufficient electricity is crucial in guaranteeing the economic and social well-being

of the worlds population. It is projected that by 2100 the global energy demand

might have risen by a factor of two or even four [2].

Fossil fuels are still the dominant energy source worldwide with gas, oil and coal

contributing 81% to the global energy mix [1]. Moreover it is not expected that this

will substantially change in the near future. If governments realized all measures

that are being currently considered to reduce energy consumption and green

house gas emissions (as projected within the so-called 'new policies scenario' of

the IEA), the demand for electricity would still increase by 70% until 2035 (cf. figure

2.1). This would be accompanied by a long-term average temperature increase

by 3.6° C, imposing a serious impact on the climate system.

Moreover, the oil resources are probably only sufficient until 2030 (so-called

'peak oil') [1] and their abundance is concentrated to regions that are - at least

in part - politically relatively unstable. Maintaining energy security additionally in-

creases the public awareness for the need of a transition to more secure and car-

bon free sources for energy production.
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Figure 2.1: Total global energy demand as projected within the world energy out-

look for two different prediction scenarios [1].

Today renewable energyproduction (suchas hydro-power, wind, photovoltaics,

geothermal, bioenergy and others) constitutes approximately 20% of the global

electricity generation. The share of renewables will probably rise to 31% by 2035 [2,

3]. At the same time the amount of power generated by nuclear fission, which is

in principle climate friendly, will most likely be damped, due to a lack in public

acceptance of fission power plants, especially in the light of the recent nuclear

accidents in Fukushima Daiichi. Alternative concepts for electricity generation are

hence urgently needed to cover the electricity base load on a larger scale. In this

context, nuclear fusion could fill the gap in the availability of the present mix of

sustainable and secure energy sources, at least on a medium time scale.

The principle concept of nuclear fusion is based on the fact that it is energeti-

cally favorable for light nuclei to fuse into a heavier element. At the lower end

of the periodic table, the strong interaction, which holds all the constituents of an

atomic nucleus together, is not saturated and the binding energy per nucleon in-

creases with atomic number. If the long-ranging repulsive Coulomb interaction

between two nuclei (which are both positively charged) can be overcome and

the distance between themcanbe reduced to below 10-15m for the short-ranging

strong nuclear force to become effective, they will join together to form a heavier

nucleus. In this reaction the cumulative mass of the reactants is partially trans-
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formed into kinetic energy of the end products (mass defect). This is essentially the

same process that also powers our sun.

To initiate fusion on earth, the fusing nuclei will have to be heated to extremely

high temperatures, in order to provide them with enough kinetic energy to over-

come or at least tunnel through the Coulomb barrier so that the fusion reaction

can occur. The highest fusion efficiency at the lowest possible energy is found for

the two heavier hydrogen isotopes deuterium (D) and tritium (T) (cf. figure 2.2),

which fuse to form a helium nucleus and a fast neutron. The net energy release in

this reaction is 17.58 MeV.

Figure 2.2: The reaction rate for different fusion reactions as a function of the

plasma temperature. Picture taken from [4].

Due to the relatively high practicability of this fusion reaction, a possible fusion

power plant will be powered by these two isotopes. T is however radioactive,

decaying with a half life of 12.3 years. To minimize the need of handling T, it would

need to be bred on site in a transmutation reaction by neutron bombardment of

a lithium containing blanket within the fusion reactor.

An average fusion power plant could produce 1-1.5 GW of electrical power [5]

by only consuming approximately 20 g of T and 13 g of D per operation hour [5,6].

The materials installed in a fusion reactor site will inherently exhibit comparably low

levels of radioactivity [7]. Although first wall and structural materials of a power

plant will be activated by fast neutron bombardment and the incorporation of T,
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most or perhaps even all of the material can be regarded as non-radioactive or

at least recyclable at the shut-down of the machine. The necessity for repository

disposal will be restricted to less than 100 years after the decommissioning of a

power plant.

Overall, thermonuclear fusion could potentially become a very attractive way

of safe, clean and abundantly available energy generation for future generations.

2.1.1 ITER

The international experimental fusion reactor ITER1 is currently being built in the

south of France (cf. figure 2.3). Within the ITER collaboration, parties from all over

the world are united. Conjointly the ITER partners represent over half of the world's

population. The aim of the project is to demonstrate the feasibility of using nuclear

fusion for electrical power generation [8]. The scientific goal is to deliver ten times

the power that is needed as auxiliary heating power in order to sustain the fusion

reaction (i.e. a fusion power gain of Q ∼ 10) and to produce a total fusion power

of 500 MW. In ITER a large part of the required plasma heating shall be provided

by the 𝛼 -particles that emerge from the fusion reaction. ITER will be the first fusion

machine to ever produce net energy. To this day the world record for energy

production from controlled thermonuclear fusion is held by the largest currently

available experimental fusion reactor JET (Joint European Torus), where scientist

managed to produce 16 MW of fusion power output (which corresponded to Q ∼

0.62) [9].

According to the so-called Lawson criterion [11], there are three critical pa-

rameters which determine whether a fusion reaction becomes self-sustaining: the

fuel density ni, the plasma temperature Ti and the so-called energy confinement

time 𝜏E, which is a measure of the insulation, for an energy loss of the system to

its environment. In achieving conditions for fusion here on earth, there are several

approaches, which concentrate on realizing different aspects of the Lawson crite-

rion. Inertial fusion aims at initializing the fusion reaction by effectively heating and

compressing the reactants, using high energy beams of LASER light [12]. In inertial

confinement fusion both the temperature and the density of the fusing particles

is driven above values typical for stellar conditions, but these conditions are only

sustained for very short time intervals.

Magnetic confinement fusion on the other hand seeks to prolong the time for

the fusion reaction to actually occur (i.e. to extend the energy confinement time

1The word 'ITER' is Latin for 'way' and an acronym for 'International Thermonuclear Experimental

Reactor' respectively.
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Figure 2.3: A cut-away sketch of the ITER machine [10].

𝜏E). This is done by making use of the fact, that at the high temperatures that are

needed for achieving a fusion reaction (cf. figure 2.2), the atomic nuclei are al-

ready stripped of all their electrons anyway. The resulting fuel plasma can then

be confined in a vacuum vessel by means of a strong magnetic field, where the

charged particles spiral around toroidally shaped field lines in closed orbitals (cf.

figure 2.4). Thereby the interaction of the hot plasma with the vessel walls is mini-

mized, which avoids plasma dilution and cooling.

The most advanced and therefore currently most promising magnetic confine-

ment fusion reactor design is the so-called tokamak2 (cf. figure 2.4). A tokamak

is a machine with the shape of a torus, where the magnetic field that confines

the fusion plasma is produced by coils surrounding the vacuum vessel. In addition

to the resulting ring like field structure, a toroidal plasma current is induced by a

solenoid located in the center of the torus. This generates a poloidal field compo-

nent, which twists the field lines around the torus. In the resulting magnetic con-

figuration, the plasma particles are constrained to orbits with constant distance to

the center of the torus. Since the poloidal field component is however needed for

2The word 'tokamak' is a Russian acronym, which can be translated to something like 'toroidal

chamber and magnetic coil'.
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Figure 2.4: Illustration of the operating principle of a tokamak. Picture from [6].

the plasma confinement, a tokamak can by design only be operated in pulsed

mode.

2.2 Plasma Wall Interaction Issues in ITER

It is foreseen that in a magnetic confinement fusion reactor, plasma temperatures

of more than 100 million °C [6] will be necessary, with a confinement time of some

seconds and fuel particle densities of about 1020 per m3 [13]. An essential part of

these particles will be exhausted via the so-called divertor. This is a component

installed at the bottom of the machine, which diverts particles and also the fusion

ash helium from the plasma boundary to the outer edge of the chamber, i.e. from

the core region, where the plasma is confined, to a sink outside.

As a result of the rather extreme conditions, which will be encountered in a

fusion machine and especially in the divertor region, one of the greatest chal-

lenges in realizing a successful reactor design will be the interaction of the fusion

plasma with the wall of the surrounding vacuum vessel [14-17]. As the plasma

confinement will never be perfect, plasma-material interaction issues are of major

concern. Eroded wall material will have a significant influence on e.g. plasma

operation and performance by diluting and cooling the fusion plasma. In addi-
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tion, the necessity of changing in-vessel parts, will limit the availability of a possible

power plant, if high wall erosion rates or degradation of materials resulting from an

exposure to excessive heat loads cannot be avoided successfully. Moreover there

are some safety aspects for the operation of a fusion reactor, e.g. with respect to

the formation of explosive dust and the retention of radioactive tritium [14]. Any

selection of plasma facing materials will have to address these very diverse design

requirements.

The operation conditions of the plasma facing components in ITER will certainly

be pushing the limits of what is technically realizable today, as power loads, parti-

cle and especially neutron fluxes but also tritium exposure of the materials installed

in ITER will be unprecedented and beyond today's expertise. This holds especially

true for the peaked power and particle loads observed during transient and off-

normal events, where the plasma confinement is lost and a lot of energy (up to ∼

1 - 10 GW per m2 [18]) is deposited onto the plasma facing components. A ma-

jor constraint to the life-time of the plasma wall will emanate from so-called edge

localized modes (ELMs) [19] and plasma disruptions [20, 21]. While the former will

occur very frequently (with frequencies of the order of ∼ 1 Hz) and therefore need

to be controlled and mitigated by e.g. systematic triggering [22], the latter will

have to be avoided altogether [16,23], since they would result in severe melting/

ablation of material, especially in the divertor region.

In the initial design of ITER, a mixture of three different plasma facing materials

is foreseen to be used for the plasma facing components (cf. figure 2.5): Beryl-

lium (Be) will be installed as a first wall and limiter material, i.e. for the largest area

of plasma facing components (∼ 700 m2). Due to its dimensions alone, the first

wall will be a source of substantial integrated particle influx to the plasma core.

A material with low atomic number Z is favored here, since low Z impurities are

comparably quickly ionized. As a consequence radiative losses of eroded wall

material, which enters the plasma core, is less critical for a low Z material. This re-

sults in relatively high tolerable Be impurity concentrations in the plasma core of

approximately 1%3 [23]. Another advantage of Be as a plasma facing material is

its ability to getter oxygen and thereby improve the vacuum conditions within the

vessel. Due to its comparably low melting temperature (1550 K) and high erosion

rate, the overall life-time of a Be first wall in a fusion machine will eventually be-

come a limiting factor for the operation time of the machine [24], especially when

the operation conditions are being upscaled to reactor compatible scenarios.

3This limit stems in fact from fuel dilution and not from radiative losses.
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Beryllium

Tungsten

Carbon

Figure 2.5: Sketch of the cross section of the ITER machine, indicating the installed

plasma materials and their location in the plasma vessel [10].

Tungsten (W) will be used for the divertor baffle and dome. In this region of the

machine, substantial amounts of charge exchange particles with relatively high

energies of 100 - 500 eV or maybe even up to some keV [14] are expected to

impinge on the plasma facing surfaces. W is comparatively resistant to physical

sputtering even at these rather high impact energies (see section 2.2.1, p. 18).

Hence the expected erosion rates will be comparably low and the W component

lifetimes will be high. Since high Z materials such as W are however much more

effective in cooling the plasma than low Z contaminations, relative W impurity lev-

els within the core plasma will have to remain below 10-5 [14]. This concentration

limit poses a tight restriction when compared to e.g. the tolerable amount of Be

impurities. Moreover W surfaces in a fusion reactor could melt as a result of the

power loads expected during transient events and disruptions, potentially result-

ing in irreversible material damage and excessive plasma contamination [25].

To avoid this, carbon fiber-reinforced composites (CFC) will be used at the divertor
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strike points4, where the last closed magnetic flux surface of the machine inter-

sects the divertor plates. At this point the highest power loads are expected. CFC

exhibits extraordinary power handling capabilities and does not melt. Its sublima-

tion limit is expected to be better suited to the expected energy loads than e.g.

the melting limit of tungsten. Moreover erosion of CFC components will result in

the production of C impurity ions in the divertor region, which show strong radia-

tion and thereby aid in dispersing and reducing the local power loads to highly

exposed plasma facing components [27]. On the other hand C is chemically very

reactive with various species, among them hydrogen [28]. Chemical erosion of

C due to hydrogen isotope impact (cf. section 2.2.1, p. 23) and subsequent co-

deposition in hydrogenated carbon layers will lead to high amounts of fuel (D but

also T) being retained in the machine, especially in remote areas with no direct

plasma contact. With the use of C in the ITER vessel, the T operation limit, which

restricts the T inventory for safety considerations to ∼ 700 g, would be exceeded

well before the end of the run-time of the machine [29]. It will therefore be neces-

sary to remove any C containing plasma facing components before starting the

actual T operation in ITER.

The abovematerial selection allows maximum flexibility in the operation of the ITER

machine [16,17,30]. The emphasis in this choice of materials is the development of

improved operation scenarios during the initial part of the project. Before starting

the actual D-T plasma however, with more knowledge on how to handle plasma

wall interaction, ITER will become a full W machine. This decision was made with

respect to the above-mentioned shortcomings of Be and CFC in terms of the re-

quirements of a possible fusion power plant [23].

The use of a mixture of plasma facing materials adds significant complexity to

the characteristics of the interaction of a fusion plasma with the walls of its con-

taining vessel. When energetic particles (both neutrals and ions) impinge on the

plasma wall, material is eroded (cf. section 2.2.1). The thinning of plasma facing

components essentially limits their lifetime and at the same time introduces impu-

rities into the plasma. Subsequent transport of eroded material and possible re-

deposition throughout the vessel, probably combined with other species present

in themachine, results in material migration andmixing (cf. section 2.2.3) as well as

fuel retention (cf. section 2.2.2). Impurities and hydrogen isotopes being recycled

4To reduce the costs and due to the very positive results recently obtained with full W divertors

in current fusion machines such as ASDEX-Upgrade [26], it is been currently considered to eliminate

the use of carbon as plasma wall material altogether and start ITER with a full W divertor [10].

Edit in proof: the decision has been made by the Technical Advisory Committee of ITER to start

operation with a full tungsten divertor.
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from the plasma wall will also influence the composition, and especially the D and

T content of the core plasma. All of these processes are strongly coupled in the

environment of a fusion reactor.

Early tokamak experience very strongly favored the use of C basedmaterials as

plasma facing components. Hence there is only little experience for plasma op-

eration with the material mix envisaged for ITER. Recently, a strong emphasis was

put on exchanging the in vessel parts of current-day fusion machines to a mixture

of ITER relevant materials to test their behavior under ITER relevant plasma condi-

tions. ASDEX-Upgrade was equipped with a full W wall [31, 32] and has delivered

very promising results on plasma operation and confinement [26] in themeantime.

Only very recently JET commenced operationwith an ITER-like wall [33] where both

W and Be is implemented as plasma facing components. First results show clearly

reduced D retention rates, W impurity levels well below the tolerable limit and ac-

ceptable plasma confinement, while at the same time wall conditioning is strongly

facilitated [34].

With the transition to all-metal machines however, the intrinsic impurity levels (of

e.g. C) in the divertor region of tokamaks decrease considerably. Consequently

their beneficial influence on mitigation of heat loads by radiative cooling is re-

duced [35]. In order to maintain the desired radiated power fraction in fusion ma-

chines such as ITER, controlled injection of impurity species to replace intrinsically

available coolants will be mandatory [36]. There are several candidates for this

purpose [37]: Nitrogen has proven to be a valuable substitute for C in the divertor

region [38,39], due to its comparably high radiative characteristics at low electron

temperatures. In addition, the use of another seeding gas with a different radia-

tion characteristics might be necessary. For this purpose, noble gases such as Ar

and Ne are considered. The presence of these externally seeded impurities will

however influence the plasma wall interaction: Sputtering of high Z plasma facing

materials will in fact be dominated by impurity ions [40]. In addition storage of such

impurities (especially N) in the wall, will also result in a modification of the structure

and composition of plasma facing surfaces [37].

Overall, current plasma experiments (like ASDEX-Upgrade and JET) are specifi-

cally designed for testing and validatingplasma facingmaterials under theabove-

sketched conditions. In addition to the data being provided by these large ma-

chines, laboratory investigations can significantly aid in better understanding and

modeling the underlying physical processes. In a tokamak only the superposition

of all relevant effects can be observed. Under laboratory conditions however, the

involved processes can be studied more independently and influencing parame-
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cooling into a small ELM scenario is addressed in Section 3. Since
nitrogen is a promising candidate to produce partial divertor
detachment without pronounced degradation of the energy con-
finement, some issues of nitrogen–tungsten plasma–wall interac-
tion investigated in laboratory experiments are discussed in
Section 4. Measured N?W sputtering yields between and during
ELMs are shown in Section 5. Finally, some conclusions for re-
quired future work in the field are drawn.

2. Basic effects during impurity seeding

2.1. Core and divertor radiative losses

Radiative power removal, with the ultimate goal of achieving
partial detachment of the outer divertor, can be regarded as a 3-
stage process [8]. First, main plasma radiation is used to reduce
the power flux over the separatrix. The radiative loss function Lz
of an impurity ion, which can be calculated for core plasma condi-
tions assuming coronal equilibrium, scales roughly with the atomic
charge Z3 (see Fig. 1c). Therefore, heavier species are the more effi-
cient seed species for core radiation, since they cause less fuel dilu-
tion. Core radiative losses have generally to be limited to avoid
negative effects on energy confinement, or a too close approach
of the H–L transition power threshold. In first approximation, core
radiative losses are expected to scale linearly with the impurity
concentrations.

The second step in radiative power removal is scrape-off layer
(SOL) and divertor impurity radiation. Here a relatively low-Z spe-
cies is best suited, which has a favourable radiative characteristics
in the 10 eV temperature range, while it fully ionizes under core
conditions (dilution is not considered here). Since the impurity res-
idence time in the divertor may be shorter than ionisation and
recombination time scales, the radiative losses cannot be calcu-
lated assuming coronal equilibrium. For these conditions, the an-
satz of a radiative potential [17] is more appropriate: A recycled
or puffed neutral impurity atom enters the divertor plasma. While
being subsequently ionised to higher charge states, line radiation is
emitted. The radiated energy per atom can be calculated using
atomic data and a collisonal-radiative model (here, the ADAS
database is used [16]). It is useful to specify a particle residence
time in the divertor plasma after which the evolution of the colli-
sional-radiative processes is terminated [8]. Fig. 1 a and b shows

the corresponding radiative loss function for species of interest un-
der divertor conditions for two different values of the product of
the density and the residence time. The radiative losses for the con-
ditions of Fig. 1a and b correspond to the particle influx picture
used in the spectroscopic S/XB method [18]: Photons are emitted
from neutrals or ions in low ionization stages during the time re-
quired for ionization to the next stage. Since both the ionisation
time and the excitation time depend about linearly on the electron
density (as long as multi-step processes are not important), the
radiated power density per impurity atom depends only weakly
on the electron density for conditions where recombination is
not important. For long residence times and higher emitting ioni-
zation stages, the radiative losses decrease towards their coronal
values – the non-coronal conditions in a divertor plasma increase
the radiative losses. The divertor radiation does not generally in-
crease linearly with the impurity concentration. This is caused by
the reduction of the parallel conductivity due to the rise in effec-
tive charge Zeff, which leads to a steepening of the parallel electron
temperature gradient and which can therefore lead to a shrinking
of the strongly radiating zone [19].

The final step towards acceptable peak power loads on a diver-
tor target is the achievement of partial, i.e. strike point detach-
ment. This relies on momentum losses leading to a pressure drop
in front of the target. The most important momentum loss terms
are recombination (radiative and three-body) and charge exchange
of hot ions with cold neutrals. A relatively cold plasma is required
to make these momentum loss mechanisms effective [20]. Due to
the strongly negative electron temperature dependence of recom-
bination rate coefficients, this process takes effect only below
about 3 eV, the recombination rate equals the ionization rate
around about 1 eV. Charge exchange needs high neutral fluxes,
which also occur under cold, high recycling conditions. Besides di-
rect power dissipation, a major task of seed impurity radiation is to
cool the plasma down to temperatures where momentum losses
start to become effective. It should be noted that momentum loss
processes and the detachment observed in tokamaks are currently
not fully reproduced by edge modelling [21].

Inspecting Fig. 1 reveals that for Te below 10 eV, nitrogen and
argon come closest to carbon, which is known as effective intrinsic
coolant in devices with carbon plasma facing components [22–24].
Neon exhibits a comparatively low cooling capacity at low electron
temperatures. Argon has to be ruled out as strong divertor radiator
in devices with moderate divertor impurity compression and low
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Figure 2.6: Radiated power for different seed impurities considered to be used in

ITER. The depicted values were calculated for typical divertor conditions [37].

ters (like e.g. particle energies, species and fluxes, surface structure, composition

and temperature and many others) may be controlled and varied separately. In

this work the latter approach was chosen. Various aspects which are important in

plasma wall interaction were studied under controlled laboratory conditions.

Within this chapter an outline of some of the most important plasma wall inter-

action issues for the operation of a future fusion power plant will be presented.

2.2.1 Erosion

In the interaction of energetic plasma particles with surfaces, material is contin-

uously eroded. This will ultimately limit the life-time of the plasma facing compo-

nents. Wall erosion is either solely driven by momentum transfer in collisions be-

tween projectiles and surface atoms (i.e. physical sputtering, cf. p. 18) or may

also involve chemical reactions between the target material and the impinging

particle (i.e. chemical sputtering, cf. p. 23). The charge state of the impinging

projectiles does not only influence the ion impact energy due to acceleration in

the plasma sheath potential, but might also enhance the sputtering yield by the

release of the internal, i.e. potential energy of the ion upon surface impact (i.e.

potential sputtering, cf. p. 26).
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Figure 2.7: Simulated energy spectra for charge exchange neutral particles in

ASDEX-Upgrade, JET and ITER (left) and resulting wall erosion rates for different ma-

terials (right) [41]. The erosion rates are simulated for one year of continuous ITER

operation at full power with reference to poloidal distances ranging from the inner

to the outer strike point.

The erosion rate of the ITER plasma facing components canbe simulated [24,42]

with a reasonable choice for the incoming particle fluxes of all species impinging

onto the vessel walls, a proper estimate of their energy spectra, and taking into ac-

count the involved erosion processes and their respective sputtering yields. Results

of such simulations are shown in figure 2.7 [24]. The impact energy of the parti-

cles bombarding the walls is determined by the plasma ion temperature and the

acceleration in the plasma sheath potential. Particles with higher charge states

will hence impinge onto the vessel wall with higher energies. The erosion rates ob-

tained in this simulation lead to wall thinning rates of up to ∼ 3.5 mm per operation

year. With respect to wall erosion, W exhibits the longest life-time in a fusion reac-

tor, with wall thinning rates about a factor of 15 lower than for low Zmaterials such

as Be.This is generally one of the strongest arguments supporting the decision to

eventually swith to a full W fusion reactor design.

Physical Sputtering

Physical sputtering is theoretically well understood and has been described in de-

tail over the last decades [43-46]. When energetic particles bombard a surface,

they transfer their energy in a series of elastic nuclear collisions to target atoms. In
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Figure 2.8: The collision regimes upon surface impact of an energetic particle can

be distinguished according to the density of the collision cascade (see text).

such a collision, the projectile will be deflected in the screened Coulomb poten-

tial of a target atomic core. Furthermore, the incident particle might also induce

electronic excitations within the surface in inelastic electronic collisions. Recoiling

target atoms will collide with further target atoms, which will result in the creation

of higher order recoils. Thus, multiple target atoms are involved in a series of en-

ergy transfers and angular deflections and a collision cascade is initiated in a near

surface region of the the target material. If in such a collision cascade a target

atom receives sufficient energy to overcome the surface binding energy Es of the

solid, it can be ejected, i.e. it is sputtered. The energy deposited in the ion impact

will be dissipated within the collision cascade, until thermal equilibrium conditions

are re-established.

Depending on the density of the collision cascade, three collision regimes are

generally distinguished [47] (see figure 2.8): in the a) single knock-on regime the

bombarding particle transfers enough energy to remove a target atom but not

to initiate a collision cascade. The number of eroded particles depends on the

collision cross-sectionbetween target atomsandprojectile. This sputtering scheme

applies to light projectiles and low impact energies.

In the b) linear cascade regime recoiling target atoms are energetic enough

to produce higher order recoils. The collision cascade can however still be under-

stood as a sequence of two-body (so-called 'binary') collisions between a moving

particle and another particle at rest. The number of sputtered particles depends

on the energy deposited per unit depth. This sputtering regime covers ion energies

from the eV up to the MeV energy range.

In the limit of a very dense collision cascade, in the so-called c) spike regime,

all atoms within a certain surface volume are set in motion. They have to be un-
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derstood as a thermal ensemble, in which the temperature might even exceed

the melting temperature of the solid. This will result in the evaporation of material.

The spike regime applies to the impact of molecules, clusters and swift heavy ions.

A measure for the amount of eroded target material under particle impact, is

the sputtering yield Y, which is defined es the average number of emitted target

atoms per impinging projectile:

Y =
average number of removed particles

number of incident particles

The above-considerations imply that the sputtering yieldwill dependon the energy

and the angle of the impinging particle but not on the target temperature or the

charge state of the projectile. In addition the energy that can be transfered in an

elastic collision from the projectile to a target atom depends on the mass ratio of

the collision partners. This can be expressed by the energy transfer factor 𝛾:

𝛾 =
4m1m2

(m1 +m2)
2

(2.1)

withm1,m2 being themass of a target atom and the projectile respectively. There

will also be a threshold energy Eth, below which the energy transferable in an elas-

tic collision does not suffice to overcome the surface binding energy Es in order to

remove a surface atom [48]:

Eth =
(m1 +m2)

4

4m1m2 (m1 −m2)
2
Es (2.2)

Below this energy threshold Eth no sputtering takes place. Consequently the

threshold for light ions such as H isotopes and He in a fusion reactor will strongly

depend on the target mass, as can be seen from the energy transfer factor 𝛾

(cf. equation 2.1). For light projectiles the threshold will not be exceeded for e.g.

typical divertor energies and materials. This is illustrated in figure 2.9, where the

energy dependency of the sputtering yield under D impact is shown for various

fusion relevant materials. For comparison the sputtering yield obtained for C bom-

bardment of W is included. Figure 2.9 also clearly demonstrates that the shape of

the sputtering yield as a function of the ion energy is very similar for different tar-

get projectile combinations: Above the energy threshold Eth, the yield increases

strongly with increasing projectile energy and exhibits a broad maximum at ener-

gies ≳ 100 eV, where the energy deposited in a near surface region, the so-called

escape depth of sputtered particles, reaches a maximum. Above this maximum
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Figure 1. Fundamental tokamak erosion processes: (a) physical sputtering, shown for normal
incidence deuterium impact on various fusion relevant substrates (adapted from [17]), with an
example of C on W illustrating the strong yield dependence on projectile mass, (b) chemical
sputtering—from a recent attempt [21] to regularize experimental data from a variety of sources
for the yield dependence on particle flux density.

could lead to uncontrolled sputter erosion. This is particularly true in the case of self-sputtering,
whereby projectile and target masses are identical and for which Yphys for high Z elements can
considerably exceed unity.

In contrast to physical sputtering, chemical sputtering has an extremely low energy
threshold and so will nearly always occur whenever chemically reactive species interact.
Carbon is prodigiously employed in tokamaks as a result of its lack of a liquid phase (making
it extremely forgiving under strong transient heat loads), its low Z (allowing larger core
concentrations to be tolerated from the point of view of fuel dilution and radiation loss) and
its extremely beneficial quality as an efficient radiator in the low temperature plasma edge
regions (facilitating detachment and power dispersal). In addition, the good thermomechanical
properties (thermal condutivity and strength) of advanced carbon materials (carbon fibre
composites (CFC)) make them attractive for fusion applications. Carbon, however, is also
chemically active with the hydrogenic isotopes that constitute the fusion fuel. The resulting
erosion places limits on PFC lifetimes even in ITER [1] and, more importantly, leads to strong
T-retention due to co-deposition with eroded carbon.

There has been a great deal of progress over the last decade in the understanding of the
fundamental reaction steps determining carbon chemical erosion, whose yield, Ychem, depends
on surface temperature, Tsurf , incident projectile energy and flux and material properties [20].
Much of the original effort was, however, concentrated on ion beam experiments, which cannot
access the low energies and high fluxes characteristic of the tokamak edge. Over the past
few years, systematic in situ measurements in tokamaks and plasma simulators have greatly
expanded the database, and a recent paper has attempted to regularize both ion beam and
plasma data [21]. The principal result of this work is shown in figure 1(b), which provides
the flux dependence of Ychem normalized to an incident energy of 30 eV and where the data
are taken, for the most part, near the maximum of the yield dependence on Tsurf . There is
a clear decrease in Ychem at ITER divertor relevant fluxes of 1024 m−2 s−1. When combined
with the Tsurf dependence in ERO Monte Carlo impurity transport code modelling, this Ychem

flux variation brings the predicted net chemical erosion rate near the divertor strike points
(where power and particle fluxes and Tsurf are highest) of an ITER pure C target down by an
order of magnitude compared with usual estimates based on a fixed Ychem ∼ 1.5% [22]. Whilst

Figure 2.9: Sputtering yields for various materials being considered as plasma fac-

ing components under D incidence at normal impact. The dependency of the

sputtering yield on the mass of the projectile is demonstrated by means of the

sputtering yield of C impact on W. Picture taken from [41].

the sputtering yield decreases again in accordance with the cross section for nu-

clear collisions [49].

The dependency of the sputtering yield on the particle energy E0 and inci-

dence angle 𝜗0 can readily be derived within the framework of integral transport

equations for atom - atom two body collisions of the particles involved in the col-

lision cascade, as first demonstrated by Sigmund [43]. With some simple approx-

imations for the cross section of the interacting particles, an analytical solution of

these transport equations can be found [50].

Since sputtered particles originate from within a rather narrow depth below the

surface, the sputtering yield must be dependent on the energy deposited per unit

depth in collisions with target atoms - a quantity generally referred to as stopping

power [43]. The yield can then be expressed as:

Y (E0, 𝜗0) = ΛFD (E0, 𝜗0) (2.3)

with Λ being a materials constant (which for example includes the surface binding

energy Es) and FD the so-called stopping power

FD =
dE

dx
(2.4)
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In a first approximation it can be assumed that the elastic interaction of the collid-

ing particles, i.e. nuclear collisions, can be treated separately from the inelastic,

i.e. electronic interaction such as e.g. excitation of target atoms. If any inelas-

tic interaction is neglected, the average energy loss of the incident particle only

depends on the nuclear stopping power:

dE

dx
|

n

= N∫
Tmax

Tmin

T
d𝜎(E)

dT
dT (2.5)

In this expression E is the energy of the incident particle, and T the energy trans-

ferred to a target atom in a nuclear collision. The probability for a collision between

target atoms and projectile is determined by the nuclear cross section d𝜎(E) and

the atomic density of the target material N. For an analytical solution of the en-

ergy dependency of the sputtering yield in formula 2.3, the nuclear cross section

can be approximated by a power cross section, as proposed by Lindhard and

Scharff [51]. According to this approach, the inter-atomic interaction for a mov-

ing atom of the collision cascade with another atom at rest is described by a point

charge in a screened Coulomb potential.

For low impact energies near the energy threshold for sputtering, the above-

sketched analytical approach is no longer valid and fails to reproduce the ex-

perimental data [52]. In addition the influence of inelastic energy losses on the

sputtering yield is more pronounced near the threshold energy [53]. Multiple at-

tempts [44, 45, 52, 54] have been made to fit the available experimental data on

sputtering yields to a universal, empirical formula. The most recent of these formu-

lae was proposed by Eckstein and Preuss [45], who succeeded in describing the

sputtering yield very accurately, especially in the near threshold region. In anal-

ogy to the analytical approach presented above, a proportionality of the sput-

tering yield Y to the nuclear stopping power (dE/dx)|n is proposed. To obtain this

stopping power (dE/dx)|n, a screening function for the free electron inter-atomic

potential [55] is used. In addition the inelastic energy loss is included by a combi-

nation of two different models: Continuous energy loss, following a friction model

proposed by Lindhard and Scharff [50] and local energy loss based on amodel by

Oen and Robinson [56]. Using these ingredients the following empirical fit formula

is obtained:

Y (E0) = q
dE

dx
|

KrC

n

(𝜀)
(
E0

Eth
− 1)



𝜆 + (
E0

Eth
− 1)

 (2.6)
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The threshold energy Eth, the absolute yieldqand the parameters λand μare fitted

to the available experimental data for each target projectile combination.

The interaction of energetic projectiles with amorphous target materials can

also be calculated by simulating the trajectories and collisions of all particles in-

volved in the collision cascadewith a computer program, such as theMonteCarlo

codes TRIM [57] and TRIDYN [58]. From such simulations absolute values for sput-

tering yields, but also for ion ranges and surface damage can be inferred. Since

in the linear cascade regime, the collision cascade can be understood as a series

of two body collisions, these programs simulate the evolution of the collision cas-

cade by only considering so-called binary collisions between a moving particle

and another particle at rest (for details see section 3.4).

Chemical Sputtering

For some target-projectile combinations, chemical reactions between the imping-

ing particle and the surface [28]may strongly influence the erosion behavior, result-

ing in both, enhanced or reduced surface removal rates. Different processes may

contribute to this: Upon impact of reactive species, material compounds may be

formed within a surface layer, spreading over a thickness equivalent to the range

of the projectiles. This altered surface layer might in the following influence both,

either the total erosion rate or the partial sputtering yield of the original surface

species, e.g. due to a change in the surface binding energy Es. Moreover, at the

end of its penetration depth, the projectile might also react with a surface atom

and form a molecule with a low binding energy to the substrate. These volatile

molecules might then diffuse to the surface and desorb there [59].

The occurrence of such effects of course depends on the reactivity of the in-

teracting species. In a fusion reactor chemical sputtering is most prominent for the

interaction of H isotopes with C surfaces, resulting in the formation of mostly CH3
radicals but also of higher order hydrocarbons [60]. Sputtering of any C plasma

facing components will be dominated by chemical processes - especially for low

ion energies and elevated surface temperatures [61].

Besides H impact, chemical sputtering is also found to occur in the presence of

other reactive species such as oxygen and nitrogen. For Cmaterials the formation

and emission of CO, CO2 [62] and C2N2 [63] is observed. Metal surfaces generally

oxidize under O exposure. Compared to Be, an oxidized BeO surface has an in-

creased surface binding energy, which is generally reflected in a decrease of the

sputtering yield and an enhancement of the threshold energy Eth for BeO as com-

pared to Be [64]. The sputtering yield of W on the other hand increases slightly due

Katharina Dobeš 23



DISSERTATION
2 UNDERLYING PHYSICAL CONCEPTS

to oxide formation such as WO3 [65]. Only very recently the interaction of nitrogen

with metals such as W and Be was investigated [66-68]. It was found that under N

impact a stable nitride phase is formed in bothmaterials, i.e. aWN [66] compound

and Be3N2 [67] respectively. Studies on mixed material compounds such as Be-W

layers are still very scarce [68,69].376 Wolfgang Jacob and Joachim Roth

Fig. 25. Left-hand side: Total sputtering yield of graphite bombarded with hydro-
gen or deuterium ions at room temperature as a function of ion energy. The open
and solid symbols are measured yields taken from [81] for D+ and H+ bombard-
ment, respectively. The lines show the physical sputtering yield calculated with
TRIM.SP (dash-dotted), the chemical sputtering yield according to (18) (dashed),
and the sum of chemical and physical sputtering (solid). Right-hand side: physi-
cal sputtering yield calculated with TRIM.SP (dash-dotted), chemical sputtering
yield (18) (dashed), and total sputtering yield (19) (solid) for tritium. For compar-
ison the total sputtering yields for hydrogen and deuterium from the left side are
reproduced

the case of bombardment of graphite with hydrogenic ions [236]. The main
difference between the two cases is not the involved microscopic processes,
but the source of the available hydrogen atoms. While for the hydrogen ion
case, the projectile provides both damage and reactive species, for the co-
bombardment case damage is produce by the argon ions and hydrogen is
provided by the impinging atomic hydrogen flux. This leads to different depth
distributions of the damage, yC

bb(x,E) and hydrogen densities.
For the hydrogen atom distribution in the target surface it was assumed

that the density of hydrogen, and accordingly the probability that a reac-
tion with a dangling bond occurs, decreases with increasing distance from
the surface. This decay was described by an exponentially decaying func-
tion exp(−x/λ). The decay length was chosen to λ = 0.4 nm resulting in a
maximum range of ∼ 2 nm as found experimentally [89, 238]. The chemical
sputtering yield for the co-bombardment case is described by

YCH = a

∫
yC
bb(x) exp(−x/λ) dx, (20)

where a is a scaling factor. The difference between (20) and (18) is that in (20)
the term n(x,E) is missing and the interpretation of exp(−x/λ) is different.
However, the interpretation of exp(−x/λ) as penetration for atomic hydrogen
is, although intuitive, not unique. This was pointed out already in [141]. In
light of the adaptation of this model to the hydrogen ion case it seems more
appropriate to interpret exp(−x/λ) as the depth-dependent probability for
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F ig u r e 14. Temp era t ure dep endence of t he erosion y ield
of py roly t ic graphi t e by deu t erium ions a t di  erent ion
energies as measured by weight loss [292].

tempera tures. I t is also found during simultaneous
bombardment wi th iner t gas or self-ions and ther-
mal a tomic hydrogen a toms. T he process has been
reviewed recently [282, 286, 287], and only a shor t
discussion will be presented here. C hemical erosion
da t a have been compiled recent ly in a comprehensive
repor t [288].

C arbon interac ts with thermal a tomic hydrogen
over a broad tempera ture range, ex tending down
to room tempera ture forming mainly C H 3 , and a
wide range of higher hydrocarbons [289, 290]. Sur-
face a toms not embedded in a perfect cryst al la t t ice
will be hydrogena ted up to C H 3 with one remain-
ing bond to the graphitic la t t ice. A t room tempera-
ture the react ion yield with thermal a tomic hydrogen
is small, but sput tering of this fully hydrogena ted
surface by low energy hydrogen ions proceeds wi t h
a much reduced threshold energy of about 2 e V
[287, 291]. Increasing the surface tempera ture above
400 K results in a thermal release of hydrocarbons,
especially C H 4 , but heavier hydrocarbons are also
observed. C H 3 hydrocarbon precursors neighbour-
ing a free carbon a tom may be emit ted by simul-
taneously reforming a graphit ic carbon–carbon bond
[289]. A t tempera tures above 600 K , hydrogen molec-
ular recombina t ion occurs before complete hydro-
gena tion of the surface, thus reducing the chemical
erosion react ion. T he combined processes lead to the
pronounced maximum of the thermal chemical ero-
sion with surface tempera ture.

F igure 14 shows a typical tempera ture dependence
of the total chemical erosion yield, measured via
weight loss, of pyroly tic graphite for energies rang-
ing from 15 to 300 e V [292]. Similar plots have been
obtained for the various hydrocarbon yields [293].
U pon comparison of the mass loss da ta [292] and the
mass spect roscopic da t a (sum of hydrocarbons mea-
sured in the residual gas) [293], we note two key dif-
ferences. (i) A t energies below ≈100 e V , the mass loss
da t a are generally higher, possibly because of st ick-
ing of emit ted hydrocarbon radicals to the analysis
chamber wall before they can be measured ( R G A sig-
nals are reduced [292]). For 15 e V D + impact a t 300
K graphi te tempera t ure, t he difference is abou t a fac-
tor of four ( F ig. 15) and is probably due to this effec t .
(ii) T he total chemical erosion yields due to H + and
D + , measured by mass spect roscopy, differ by less
than a factor of two, while mass loss measurements,
show a factor of four to five difference, with D + being
higher in both cases [293]. T he quest ion remains why
more D containing radicals are produced and why the
D cont aining molecules st ick more efficient ly to the
chamber walls.

C hemical erosion by thermal a tomic hydrogen,
wi th a maximum yield around 600-800 K , is strongly
dependent on the crystalline st ructure of the sur-
face. T he erosion yield ranges from 10−3 for pyroly tic
graphite to 10−1 for amorphous hydrogena ted car-

F ig u r e 15. E nergy dep endence of t he erosion y ield of
carbon by deu terium ions a t room t emp era t ure (op en
sy mbols) and a t t he max imum t emp era t ure for chemical
erosion , Tmax (solid sy mbols) (see F ig. 14). Squares are
weight loss da t a collect ed in [292], circles are tot al erosion
da t a from mass sp ect roscopy [293]. Solid curves are from
an analy t ic model [287]. P hysical spu t t ering is also shown
(dot t ed line.)

N uclear Fusion , Vol. 41, N o. 12R (2001) 2005

Figure 2.10: Total sputtering yield of C under D and H impact respectively as a

function of the ion energy (left) and the surface temperature (right) [70].

Generally all the above processes are complex, multi-step processes that in

contrast to physical sputtering (cf. p. 18) depend on a wide variety of interde-

pendent parameters such as the surface temperature TS, the ion flux j, the impact

energy of the projectiles E0, the surface structure and the target material com-

position [61]. Most progress in understanding the involved fundamental processes

was made for the sputtering of C by H impact. Some experimental results on the

energy and temperature dependency of the total sputtering yield of C surfaces

under H and D impact are shown in figure 2.10. Apparently surface erosion in-

duced by reactive species does not decrease towards lower energies as would

be expected for physical sputtering (left graph). In addition figure 2.10 clearly

shows, that the chemical sputtering yield is enhanced for elevated temperatures

with a pronounced temperature maximum at a temperature Tmax, which actually

depends on the ion impact energy (right graph). Moreover an isotope effect was

found, with sputtering yields for D being generally higher compared to H impact.

These and other extensive studies were able to resolve the dependency of the
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sputtering yield on a variety of the above-mentioned surface and projectile pa-

rameters [61, 71, 72]. As a result it was possible to realize some successful models,

which describe the chemical sputtering process. By means of analytic equations,

which take into account various processes and their cross-sections and activation

energies [60, 73], the experimental data could be reproduced very nicely. In an-

other approach a set of rate equations, which describe the involved mechanisms

on a microscopic level [74], was used to elucidate the influence of the underlying

processes.

From the cumulative data available for chemical sputtering of C under H iso-

tope impact, the followingmicroscopic picture could be inferred for the enhance-

ment of the sputtering yield as compared to physical sputtering: When an H atom

impinges on a C surface it creates damage along its path through the surface by

displacing target atoms. At the end of its range in the surface, when the H isotope

has slowed down to thermal energies, chemical reactions occur [75], in which hy-

drocarbons CxHy and H2molecules are formed [28]. Thesemolecules are only very

loosely bound to the surface. The chemical reaction of the H projectile with the C

network is thermally activated [71], i.e. the reaction rate R follows the relation:

R = nHAe
Q

kBT (2.7)

with Q being the corresponding activation energy and nH the hydrogen concen-

tration in the surface. As a result the chemical sputtering yield exhibits a pro-

nounced temperature maximum Tmax at ∼ 700 - 900K [76]. For temperatures be-

yond this maximum Tmax, the yield decreases again, as recombination of molecu-

lar hydrogen competes the formation of hydrocarbon molecules and the avail-

able hydrogen concentration nH therefore decreases. Hydrocarbon molecule

formation is promoted by surface damage induced by preceding ion bombard-

ment and also the intrinsic structure of the surface, since dangling C bonds in the

C network of the substrate are needed as reaction sites for the impinging H pro-

jectiles [74, 77]. For this reason chemical sputtering is also found to be strongly

enhanced for simultaneous bombardment of C surfaces with H and non-reactive

species such as Ar [78]. In addition a threshold energy for chemical sputtering is

found of ∼ 15 eV, which is equivalent to the energy needed for damage produc-

tion Edam [61,71]. In a last step of the erosion process, the hydrocarbon molecules

need to diffuse from their site of creation, i.e. the end of the ion range, to the sur-

face where they are desorbed. This reaction step is found to be most efficient, if

the ion range does not extend to large depths, i.e. if the energy deposited by nu-

clear collisions peaks in a region near to the substrate surface. Indeed the energy
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dependency of the chemical sputtering yield is found to exhibit a similar behav-

ior as the energy deposited by the projectile in a near the surface region [61]. In

addition an elevated surface temperature facilitates the diffusion and desorption

process, which contributes to the pronounced temperature dependence of the

chemical sputtering yield [79](cf. figure 2.10).

Summarizing the above, the overall sputtering yield Ytot for erosion of C mate-

rials under H isotope impact, including both physical and chemical contributions,

can be described by the following empirical formula [71]:

Ytot = Yphys + Ytherm (1+DYdam) + Ysurf (2.8)

In this empirical formula the total yield is basically composed of three components:

The first term represents the physical sputtering yield, Yphys. The second expression

Ytherm accounts for thermally activated chemical erosion yield of thermalized H

isotopes. It includes hydrocarbon formation and erosion and incorporates the T

dependency of the total yield Ytot. This chemical erosion yield is enhanced by a

factor considering damage formation, i.e. (1+DYdam). Here D is an isotope de-

pendent factor to the damage induced yield Ydam. Finally the term Ysurf includes

the sputtering of surface radicals, which too is a T dependent term. Basically the

shape of the individual contributions can be described by modified versions of the

Eckstein empirical formula for sputtering (cf. equation 2.6) with adapted thresh-

old energies Eth for the different processes: i.e. the energy threshold for physical

sputtering Eth ∼ 10 - few 100 eV (cf. equation 2.2), a threshold for surface radical

desorption Edes ∼ 1 - 2 eV, and a threshold for damage production Edam ∼ 15 eV.

Potential Sputtering

When a multiply charged ion impinges on a surface, it is generally neutralized.

This processes already begins in front of the surface, when the highly charged

ion quasi-resonantly captures target electrons into highly excited projectile states,

while lower lying energy levels remain empty. The resulting highly excited, so-

called 'hollow atom' subsequently starts to decay by a series of de-excitation pro-

cesses [80-82] (see also section 2.3.1). However a large part of the potential energy

of the highly charged ion (i.e. the cumulative binding energies of the electrons

that have been removed in its production) is dissipated below the target surface.

The ion deposits its potential energy within a very small surface volume (typically

of nanometer size) and in a very short time interval (≪ 100 fs) [83]. This may lead

to non-linear excitation processes [84,85] and may thereby have an influence on
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ion-induced phenomena such as sputtering and electron emission (see also sec-

tion 2.3). Furthermore the highly charged ion might even create nanometer-sized

surface modifications by depositing its internally stored energy upon target im-

pact [86]. The characteristics of the above-mentioned phenomena strongly de-

pend on the properties of the surface and its interaction with the projectile.

Figure 2.11: Sputtering yield of LiF [87, 88] for the impact of highly charged ions

with various charge states. Even for the limit of zero kinetic energy, a finite sputter-

ing yield is found. The potential energy stored in the projectile suffices to remove

surface atoms.

While for conducting targets the sputtering yield generally only depends on

the kinetic energy5 [89, 90] of the projectile, a pronounced enhancement of the

sputtering yield was found with increasing projectile charge state for a variety of

insulting or semi-conducting targets [83, 91], e.g. for different alkali halides [87,

88, 92, 93], oxides [88, 94], and also hydrocarbon surfaces [95]. This phenomenon

is commonly referred to as 'potential sputtering' [83, 84]. In figures 2.11 and 2.12

examples for the charge state dependency of the sputtering yield of two different

surfaces (LiF and MgOx) are shown.

Upon surface impact the potential energy of a highly charged projectile ion is

transferred into excitations of the electronic system of the target. For target ma-

terials with a low charge carrier mobility, this excitation may be converted into

motion of target atoms. The mechanism behind this energy transfer generally de-

5and, in some cases, also on the reactivity of target and projectile (cf. chemical sputtering, p.

23)
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pends on the particular target material, however a strong coupling, i.e. efficient

energy transfer from the electronic to the phononic systemof the solid is commonly

required [83]. Different effects have been identified, which may be involved in this

process.

In alkali halides such as LiF or NaCl but also in some oxides like SiO2 and Al2O3,

the formation of self-produced lattice deformations were observed in response

to excitations of valence-band electrons (i.e. electron-hole pairs created by the

impinging ion). These defects, so-called 'self-trapped excitons' and 'self-trapped

holes' [96], subsequently decay into different color centers, which leads to the des-

orption of surface atoms either directly or by a small momentum transfer from sub-

sequent projectiles. This sputtering mechanism is called 'defect mediated sput-

tering' [87, 91]. The number of sputtered particles is found to roughly depend on

the number of ion induced electronic defects, i.e. on the potential energy car-

ried by the projectile. This is reflected in the strong increase of the sputtering yield

with projectile charge state (cf. figure 2.11). The minimum energy that is needed

to generate a self-trapped hole by resonant electron capture form the surface,

poses a potential energy threshold of ∼ 10 - 12 eV on this sputtering process. Such

a threshold for the potential energy can indeed be confirmed by experimental

results [93]. An extrapolation of the curves in the graph in figure 2.11 to zero kinetic

energy of the projectile, results in a finite sputtering yield, which points to the fact

that in this case no kinetic energy transfer from knock-on collisions between target

atoms and projectiles is needed for the removal of surface material [83].

For other target materials such as MgOx, an enhancement of the sputtering

yield with the projectile charge state is only found in combination with the avail-

ability of ion impact velocity (cf. figure 2.12). Extrapolation to zero kinetic energy in

this case, gives zero sputtering yield for all investigated charge states. The potential

energy of the projectile alone does obviously not suffice to induce the potential

sputtering process. This form of potential sputtering has therefore been termed

'kinetically assisted potential sputtering' [94]. Here, the conversion of electronic

excitation into target atom motion is promoted by lattice defects produced in a

collision cascade of a preceding projectile impact.

Overall the above-outlined scenarios for potential sputtering can be described

by a set of coupled rate equations for the different processes involved in potential

sputtering phenomena [94]:

dY

dt
= cPNST + cKPNLDNED (2.9)
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Figure 2.12: Sputtering yield of MgOx [94] for the impact of highly charged ions

with various charge states. While the sputtering yield is clearly enhanced by the

projectile charge state, it extrapolates to zero for Ekin = 0. The kinetic energy of the

projectile is needed to promote the observed potential sputtering phenomenon.

In this equation the first term represents 'conventional' potential sputtering, with cP
being the conversion rate of electronic defects into sputtered particles and NST

representing the number of self-trapped defects. The second term in equation 2.9

describes kinetically assisted potential sputtering, with a corresponding conversion

rate CKP of electronic and kinetically induced defects and a proportionality to a

combination of both, the number of lattice defects NLD and the number of elec-

tronic defects NED.

Moreover, for some sputtering phenomena, which were observed when very

highly charged ions interact for example with uranium oxide and GaAs, the so-

calledCoulomb explosionmodelmay give an appropriate explanation [84,97-99].

In this model enhanced sputtering yields are attributed to strong repulsive forces in-

troduced in the solid surface by a local electron depletion of the projectile impact

zone as a result of the ion neutralization process. Lastly, extremely high densities of

electronic excitations from a slow, very highly charged ion (like e.g. Th70+) might

destabilize the structural integrity of solids (by creating anti-bonding states). They

might be responsible for enhanced sputtering yields found in some further investi-

gations [100,101].
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2.2.2 Fuel Retention

The retention, i.e. permanent incorporation, of hydrogenic isotopes, especially

of radioactive T, in the wall material of a fusion device will be one of the most

constraining plasma wall interaction and operational issues for ITER. For safety and

environmental reasons alone, the amount of retained T has to be restricted to ∼

700 g in ITER [29]. Recycling fuel from the plasma vessel walls will furthermore have

a severe impact on plasma as well as fuel density control.
Plasma Phys. Control. Fusion 50 (2008) 103001 Topical Review

Figure 8. Tritium inventory in ITER for the all-C (blue line) and all-W options (red line) compared
to the initial material choice (magenta). In addition, retention values for the option of a full
W divertor and Be first wall are included (black line). The assessment was performed assuming
different particle fluxes to different divertor and wall areas: divertor: 3 m2, 2 × 1024 (D+T) m − 2 s − 1,
775 K; 47 m2, 2 × 1023 (D+T) m − 2 s − 1, 500 K; baffle and wall: 750 m2, 1–5 × 1020 (D+T) m − 2 s − 1,
380–440 K.

correct. The 700 g T level is reached in about 750 discharges, the rate of T retention being in
rough agreement with previous estimates [72, 73]. Be co-deposition contributes a factor of 6
less to the inventory than carbon, while retention in un-irradiated W would reach the inventory
limit only after 250 000 discharges.

4.4. Comparison of different material options

Figure 8 compares the T inventories for the four following options:

• initial material mix, i.e. CFC strike point tiles, W divertor and Be first wall,
• all-C device,
• all-W device,
• Be first wall/W divertor device.

For this comparison uncertainties in the particle fluxes to the wall between 1–5 × 1023 (D+T) s − 1

are indicated by the coloured band, for each wall material option.
As discussed in section 4.3 the tritium inventory for the initial material choice, CFC/W/Be,

will build up mainly due to co-deposition with carbon, supplemented by co-deposition with
Be, and will reach the 700 g T level within 250 to 750 full 400 s Q = 10 discharges.

The option of using an all-metal W/Be machine has been proposed by ITER as the initial
material choice in the activated phase of ITER. It results in a strongly reduced T build-up
compared with the initial material choice. Between 1500 and 5000 discharges are necessary
to reach the 700 g T level, which is now dominated by co-deposition with Be, mainly at the
inner divertor.

13

Figure 2.13: Projected T inventory for ITER with different plasma facing materials.

The bandwidth for eachmaterial option reflects uncertainties in expected particle

fluxes to the wall. Picture taken from [29].

Several processes have been identified to play a role in fuel retention: Implan-

tation of energetic hydrogen isotopes upon impact onto plasma facing surfaces,

subsequent diffusion and release behavior, as well as trapping in the bulk of wall

components. In addition H isotopes will be co-deposited throughout the vessel

together with chemically reactive impurity species such as e.g. C. Depending on

the choice of plasma facing material mix, these co-deposited layers might in fact

constitute the main contribution to long-term T inventories in ITER [102].

Projections on the T inventory in ITER for different possible material mixes are

shown in figure 2.13. The presented values are based on experience from existing
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tokamak machines and sophisticated modeling of the above-mentioned fuel re-

tention mechanisms. It is quite evident that in a full C or C containing machine

(in blue and pink respectively), the maximum tolerable T level of ∼ 700 g would

be reached very rapidly within only a few hundred discharges, with fuel being

predominantly retained in co-deposited hydrocarbon layers [29]. For a full metal

W/Bemachine (in black) the T safety limit would only be reached after a few thou-

sand discharges. In this case the main contribution to retained T stems from co-

deposition with Be eroded from the first wall. In an all W device (the red area

in figure 2.13) more than 18 000 discharges would be possible before exceeding

any safety constraints. In W T is predominantly trapped at defect sites in the bulk.

Radiation damage due to neutron irradiation cloud therefore have a significant

influence on the T inventory in a full W machine (see black shaded area in figure

2.13) [14,29].

To manage the T inventory in a fusion machine, mitigation and removal tech-

niqueswill bemandatory. A variety of differentmethods are being consideredand

studied (see e.g. [18,29,103-105]), ranging from isotope exchange in D plasma dis-

charges, thermal desorption by surface heating, oxidativemethods involving bake

out procedures under high O pressure, reduction of hydrocarbon co-deposits by

N seeding via the so-called Scavanger effect and many more. However, so far

the obtainable removal rates and the efficiency of all of these methods generally

fail to meet ITER requirements [106]. This strongly nourishes the need to abandon

C in the material choice of plasma facing components, at least in the longer run.

Fuel Retention Processes

In tokamaks impinging H isotopes will have energies of up to some keV. When they

penetrate into a solid surface, their kinetic energy is deposited into electronic ex-

citation and nuclear deflections (see section 2.2.1, p. 18). On their way through

the solid they will displace lattice atoms, thereby creating lattice vacancies and

interstitials. At the end of their range in the solid, when the impinging particles have

slowed down to thermal energies, they will be implanted. Both the depth distribu-

tion of the implanted species n(x) as well as of the created defects will depend

on the energy of the projectile E0 and its atomic number Z.

Implanted H isotopes will end up in the energetically most favorable atomic

configuration within the atomic lattice. For low H fluences, impinging H isotopes

will at first accommodate into solution sites. Depending on the mobility of the H

isotopes in the solid, implanted H may then diffuse to trapping sites. A number of

trap types with different bonding strength might be present in the surface [14,29].
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Trapped H might be bound to e.g. vacancies and embedded surface impurities

such as oxides. It might also agglomerate at internal surface boundaries and in

voids or cavities. In addition, in some materials such as beryllium and tungsten, a

stable metal-hydride phase might built up [107]. Lattice damage from ion bom-

bardment or induced by the neutron flux generated in the fusion reaction will cre-

ate further trapping sites during plasma exposure. The available trap sites are filled

according to their trapping energies Eti. Traps with the lowest energy are occu-

pied first and additional H is captured such that the various trapping sites remain

in thermodynamic equilibrium. The retained H concentration is distributed to the

individual trap sites according to their respective enthalpies of formation. Once lo-

cal saturation of all available trapping sites is reached, further H can either diffuse

to surface areas of lower H concentration or is simply re-emitted.

Overall, the retention behavior of a material thus generally depends on a num-

ber of H-material interaction parameters, such as the number of trap sites Nti and

their trapping energies Eti as well as the thermally activated, i.e. substrate temper-

ature dependent solubility S(T) and diffusivity D(T) of H in the material [108]. The

concentration of H in a surface is composed of an H atomic fraction in solution cs
and the individual concentrations in the trapping sites cti respectively:

c(x, t) = cs(x, t) +∑

i

bdacti(x, t) (2.10)

The individual concentrations can be determined by diffusion equations, e.g. for

the solute concentration [14]:

𝜕cs

𝜕t
= D(T)

𝜕2cs

𝜕x2
+Φ n(x) −∑

i

𝜕cti

𝜕t
(2.11)

In this equation Φ is the incoming H flux and n(x) the corresponding depth distribu-

tion of implanted H. The exchange between individual H implantation sites cs and

cti will be governed by their enthalpy difference and corresponding rate coeffi-

cients Γ. In thermodynamic equilibrium all of these exchange terms will be zero.

In addition to trapping of H in the bulk of plasma facing materials, H isotopes

might also be co-deposited together with reactive species such as C. In a fusion

reactor, there will be regions of net deposition, e.g. in remote and shaded areas

in the divertor [109]. In these parts of the vessel, hydrogen containing co-deposits

will develop, with a layer thickness that will increase linearly with exposure time.

Since in such layers the amount of retained H does not saturate, H co-deposition

will constitute a dominant long-term retention source [110].
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Hydrogen Isotope Retention in ITER Relevant Materials

In metallic material surfaces such as W and Be, H isotopes are mainly retained due

to implantation and subsequent trapping in the bulk [111, 112]. It is found that in

beryllium surfaces, H does not diffuse beyond the implantation range of the im-

pinging H projectiles [111, 113]. Moreover the solubility of H in Be is very low [114].

The accumulated H concentration in the implantation zone therefore saturates at

higher fluences, at concentrations around 0.3 - 0.4 D/Be [67,111,115]. Once satura-

tion is reached, further D is re-emitted. As the ion range increaseswith projectile ve-

locity, the total amount of retained H increases with H implantation energy [111]. It

was also reported that the concentration of retained H isotopes decreases contin-

uously with substrate temperature [116] and that surface impurities might strongly

enhance the retention behavior [111]. Although the H atomic concentration in Be

co-deposited layers is comparably small, it might still be ∼ 5% [117]. This retention

mechanism might in fact become a significant contribution to the overall H iso-

tope inventory in full metal machines [29].

For tungsten surfaces, the solubility of H is also very small [118]. H isotopes are

however very mobile and readily diffuse beyond the implantation zone [119]. H is

mainly trapped at intrinsic defects or damage created by ion (and in a fusion ma-

chine also) neutron bombardment. Traps which are generated during machine

operation, might overall enhance the amount of retained H by a factor of ∼ 8 [29].

The retention behavior in W also strongly depends on the crystalline structure of the

surface [120]. During H implantation, the H concentrationmight locally exceed the

solubility limit, resulting in plastic deformation of the lattice and the formation of H

filled voids and vacancy clusters [120]. Co-deposition of H together with W is gen-

erally not reported [117].

Due to its high reactivity towards H, fuel retention mechanisms are entirely differ-

ent for carbon compared to Be and W. The interaction of C surfaces with H is

dominated by chemical erosion (see section 2.2.1, p. 23). The emerging hydro-

carbon molecules and radicals will be transported along the plasma edge and

will finally be re-deposited, especially in remote areas, with no direct line of sight

to the plasma [109]. Continuous growth of such layers might result in layer thick-

nesses of several μm and co-deposits might therefore be a dominant source for

long-term H retention in a fusion reactor [110]. The H content in such layers will

strongly depend on the substrate temperature during deposition and the energy

of the impinging CxHy molecules [121, 122]. In the divertor region, low density,

polymer-like, so-called 'soft' amorphous hydrogenated carbon (a-C:H) layers will
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be created by deposition of low temperature plasma particles (with an incidence

energy≪ 100 eV). The hydrogen concentration in these soft layers might become

H/C = 0.8− 1 [123]. If the incident particle energy is however much higher, at tem-

peratures near room temperature, so-called 'hard' layers with a ratio of H/C ≈ 0.4

will form [123].

H isotopes impinging onto a C surface might also be trapped in the bulk. Dur-

ing H impact, a saturated surface layer is created with H concentrations at room

temperature of H/C ∼ 0.3− 0.4 [124]. With increasing substrate temperature the

saturation level decreases. From this saturated surface layer, some H might be

transported deeper into the C bulk by diffusion along internal porous surfaces and

grain boundaries [125].

2.2.3 Mixing of Materials

With the decision of using different materials for the first wall in ITER, the formation

of mixed material layers within the vacuum vessel will be inevitable. As outlined

in the previous sections, plasma facing components in ITER will be subjected to a

variety of erosion processes, both due to sputtering as well as evaporation or melt

layer losses. Eroded material can either be re-deposited in near vicinity to its site

of origin, or will migrate over rather large distances due to long-range transport

mechanisms like e.g. temperature gradient forces [41] or repeated erosion and

re-deposition. While higher Z impurities tend to be re-deposited promptly [126], low

Z species such as C or Be might also accumulate on surfaces rather far away from

their original position in the vacuum vessel. In a fusion machine there will be areas

of net deposition, wheremixedmaterial layers will growwith plasmaexposure time.

Whether in steady state a surface is subject to net erosion or deposition, depends

on multiple parameters such as the local ion energy (i.e. plasma temperature)

or the particle flux (i.e. impurity concentration). It is generally determined by the

balance between surface sputtering on the one hand and implantation as well

as deposition of material on the other hand [69]. In addition compositional and

structural changes will be inflicted on the surfaces of plasma facing components

by implantation of intrinsic impurities such as residual gas atoms (e.g. O) or eroded

species, as well as due to retention of impurities which are deliberately added to

the plasma for cooling purposes (e.g. Ar, Ne, N) and fueling hydrogen isotopes. As

a result of all of the above, the composition of the first wall in ITER will dynamically

change during operation.

The formation of mixed materials might have a severe influence on the prop-

erties of the plasma facing components. Parameters like the sputtering yield, the
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melting point, fuel retention behavior, mechanical qualities, and thermal as well as

electrical conductivity might potentially be significantly different for these mixed

materials as compared to the designed for surfaces. It is therefore of fundamental

interest to study the development and properties of such multi-component sur-

faces.

Under particle bombardment of a solid surface, implanted projectiles may form

an altered surface layer on top of the surface substrate. This modified surface

layer generally has a thickness of the order of the ion penetration depth in the

solid [127]. The composition of this altered top layer will dynamically changeduring

ion bombardment, until steady state surface conditions are established after a

certain cumulative ion fluence. The exact fluenceafter which dynamic equilibrium

is attained, and the depth to which the altered surface layer extends, will not only

depend on the energy of the implanted projectiles but also on transport processes

such as diffusion of particles into the bulk. The diffusivity might be enhanced by the

displacement of target atoms and the creation of a highly mobile surface layer as

a consequence of the particle impact (i.e. radiation enhanced diffusion) [128].

The partial sputtering yield of the individual components Yi is generally different

from the yield of the pure constituents at comparable concentration. In the colli-

sion cascade, which is initiated by the impinging particle, energy and momentum

might be distributed differently to several surface constituents, due to discrepan-

cies in their individual energy transfer factors in knock-on collisions (cf. equation

2.1). This mass effect results in an enrichment of the heavier component in the

altered surface layer [128]. In addition, the chemical bonding of the surface com-

ponents might differ for the individual constituents. Furthermore the escape prob-

ability of surface components will also depend on their range in the surface, which

is usually larger for lighter atoms. Such bonding effects might lead to a preferen-

tial sputtering and consequently depletion of the component, which is more easily

removed from the surface. Moreover, for certain high vapor pressure compounds

such as oxides or nitrides, spontaneous desorption of surface molecules might be

observed above a certain surface concentration [129].

Figure 2.14 shows a schematic representation of the dynamics of the formation

of an implantation profile of a species A in a substrate of atomic species B with in-

creasing projectile fluence. For low fluences, the projectile range distribution in the

surface is determinedby the implantation probability n(x)of the impinging species.

As the concentration of implanted projectiles A increases with ion fluence, both

implanted atoms A and the substrate species B are being removed. The flux of

sputtered atoms JA and JB respectively, depends on their concentration NA, NB in

the surface and the ratio of their individual sputtering probabilities r [130]:
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Figure 2.14: Schematics of the formation of an implantation profile. At low fluence

the profile is similar to the range distribution of the projectiles. For medium fluence

the implantation zone broadens and shifts towards the surface. At high fluences,

when the sputtered depth becomes comparable to the ion range, steady state

surface conditions are obtained.

JB

JA
= r(

NB

NA

) (2.12)

The total sputtering yield Y = YA + YB is composed of the fluxes of the two species

JA and JB,

(JA + JB) = Y Ji (2.13)

if Ji is the incoming flux of species A. With increasing fluence a surface layer en-

riched in species A is established. As the surface is eroded from the very top (the

sputtered particles emerge only from a very shallow region below the surface),

the mixed material layer is shifted towards the vacuum-surface interface. Simulta-

neously, impinging particles are continuously implanted at their ion range R0. This

virtually results in a broadening of the A containing surface region. In steady state,

after the removal of a surface layer with a thickness of the order of the ion penetra-

tion depth, the amount of retained A saturates, and an altered surface layer has

established on top of the substrate. Under further ion bombardment, the erosion

of this altered surface layer is in dynamic equilibrium with the modification of the

underlying bulk by implantation of projectiles. The number of implanted atoms
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is equal to the number of eroded atoms of species A, i.e. JA = Ji. The surface

composition does not change anymore and becomes equal to [130]

N
A

N
B

= r (Y− 1)
1

(2.14)

The steady state concentrationsN
A andN

B depend on the inverse sputtering yield

Y and are proportional to the factor r, that determines which of the two species is

more easily, i.e. preferentially sputtered.
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2.3 Ion Induced Electron Emission

Particle induced electron emission is a phenomenon, which has attracted sub-

stantial interest over the last century or so (for extensive reviews on the subject see

e.g. [131-133]). On the one hand it is of basic interest in elucidating fundamental

aspects of the interaction of atomic projectiles with surfaces. Apart from this, it

can also be used in technological applications such as particle detectors, surface

analysis tools or plasma screens. In addition it has a critical influence on plasma

wall interaction in fusion devices.

The emission of charged particles from plasma facing components as a result

of inelastic particle-surface interaction will above all have a strong influence on

plasma temperature and density in the plasma edge region of a fusion device.

This in turn will affect the impact energy and particle fluxes impinging onto the

first wall [134-136]. While the fraction of ionized particles in the flux of sputtered

atoms is generally negligible, the emission of electrons by impact of energetic and

possibly also highly charged particles will be substantial. The number of electrons,

which will be ejected from plasma facing components, will determine the plasma

sheath potential [134,136]. Although in a fusion device the largest part of emitted

electrons are induced by electron bombardment of plasma facing surfaces, there

will also be a contribution from impact of light fueling species at sufficiently high

impact energies as well as heavier (highly charged) impurity species (e.g. C, N, O,

Ar) [137].

Electron emission can be described by the total electron emission yield 𝛾, which

determines the number of electrons that are emitted in a particle impact event

subsumed over the total angular range dΩ and all emission energies dE:

𝛾 = ∫


0

∫
2

d𝛾

dΩdE
dΩdE (2.15)

Electron emission upon surface impact is observed for different kinds of projec-

tiles, ranging from photons to electrons and ions. In this work, only ion induced

electron emission is investigated. The interaction of a charged ion with a surface is

a rather complex process, as it involves a multitude of target electrons on the one

hand and a (probably even highly) excited projectile on the other hand.

Two distinct electron emission regimes are commonly distinguished: Kinetic (KE,

e.g. [132]) and potential electron emission (PE, e.g. [131]), i.e.

𝛾 = 𝛾KE + 𝛾PE (2.16)
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For kinetic electron emission, the electron emission yield is mainly determined by

the projectile impact velocity. Kinetic electron emission is governed by a colli-

sional energy transfer from the projectile to an electron of the surface. If by such

a collision, a target electron receives sufficient energy to overcome the surface

potential barrier, it may be emitted from the surface. Potential electron emission

on the other hand is caused by the potential energy, i.e. the charge state of the

projectile (cf. figure 2.16). In this case the internal excitation of the projectile is con-

verted into an electronic excitation of the target, whichmight result in the emission

of electrons.

atom’’ already before its close surface contact [36],
and is then de-excited during its stopping inside
the target bulk [37]. N o minimum projectile veloc-
ity is needed for P E . In order to produce K E , the
projectile must enter the target bulk for producing
free electrons, which requires a minimum velocity
( K E threshold). E lectrons released inside the target
bulk have to di  use toward the surface and escape
into vacuum, which defines three distinctive steps
for K E to take place [1,10].

In Section 3.2 we will deal with K E from the
uppermost surface and target selvage, which is
dominated by the primary ionization mechanism
only.

In Section 3.3, we will describe recent K E mea-
surements for di  erently aligned samples of highly-
oriented pyrolytic graphite ( H O P G ), where the
influence of step 2 (electron di  usion) on the ob-
served K E yields can clearly be demonstrated.

Step 3 for K E depends critically on the surface
conditions and has so far not been systematically
investigated.

F or M C I with a k inetic energy well above the
respective K E threshold, the total electron yield re-
sults from both K E and P E (cf. F ig. 3), but the rel-
ative importance of both processes will be di  cult
to assess. H owever, in Section 3.4 we demonstrate

that coincident measurements of E S versus projec-
tile energy loss can at least partially resolve this
problem.

Impact of fast charged particles (electrons, ions)
on free-electron metals excites collective oscilla-
tions of the target electron gas (plasmons; [38]).
R ecently it was found that such plasmons can also
be produced by slow ions from their potential en-
ergy (‘‘potential excitation of plasmons – P E P’’;
[39–41]). Signature for this P E P is the one-electron
plasmon decay which leaves a characteristic mark
in the ejected electron energy distribution.

In summary, inelastic interactions of slow ions
with solid surfaces cause electron emission which
clearly depends on the k inetic and potential energy
of the projectile, apart from the influence of the
target surface. F ig. 4 characterizes the overall situ-
ation of a slow M C I approaching a clean metal
surface. W e distinguish the ‘‘above-surface’’ phase
of hollow-atom formation and -decay from a sub-
sequent ‘‘at-’’ and ‘‘below-surface’’ phase where
potential- and k inetic energy-related e  ects can
jointly take place.

O ur current understanding of the P E above-sur-
face phase for clean metal targets is reasonably
good. T he subsequent neutralization and relaxa-
tion phase at and below the surface is less well
understood, since it involves an interplay of poten-
tial- and k inetic ion energy [37]. A n even more
complex situation arises with insulator surfaces
where detailed investigations with slow multi-
charged ions are still lack ing. O f particular interest
is the electronic response of the insulator surface
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Figure 2.15: Impact dependency of total electron emission yields of neon ions with

different charge states on polycrystalline gold surfaces [138]. The observed yields

arise from both kinetic and potential emission. The vertical dashed line indicates

the velocity threshold for kinetic emission, belowwhich pure potential emission can

be observed.

It is the rather difficult to assess these individual, but strongly interrelatedelectron

emission regimes separately. A deeper insight can be gained by systematically

varying projectile parameters such as incidence energy and also impact angle,

as the influence of these two quantities on the electron emission yield is different

for kinetic as compared to potential electron emission. To entirely discriminate the

two contributions, it would be necessary to conduct experiments either in the limit
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of very slow highly charged ion impact6 (pure PE) or with neutral projectiles (pure

KE).

Further information on the processes involved in electron emission upon surface

impact of atomic particles may be obtained from investigating different target

materials and thereby varying the target properties. A wide parameter range for

e.g. the work function or the energy band gap can be covered by studying both

conducting and insulating surfaces. This may specifically aid in understanding the

influence of the above surface parameters on the observed electron emission.

In addition a detailed investigation of the statistics for the number of electrons,

which are emitted per ion impact event, might reveal some additional details on

the involved contributions to the total electron emission yield [139-141].

Figure 2.15 gives an example for the impact velocity dependency of the elec-

tron yield of a polycrystalline gold surface bombarded with neon ions of various

charge states. The observed electron yields represent a superposition of kinetic

and potential electron emission. The threshold velocity for kinetic emission is indi-

cated by a dashed line in figure 2.15. Below this threshold, pure potential emission

can be observed.

In the following the fundamental concepts of particle induced electron emis-

sion will be outlined. This includes a basic description of the interaction of highly

charged ions with surfaces (cf. section 2.3.1) and involved electron exchange

processes (cf. p. 42). In addition the two above-mentioned emission regimes of

kinetic (cf. section 2.3.3) and potential (cf. section 2.3.2) emission will be discussed

in more detail.

2.3.1 Interaction of Highly Charged Ions with Surfaces

A highly charged ion can carry a lot of potential energy Wpot, which is determined

by the sum of the ionization energies Ei, that have to be spent in its production

process, i.e. for an ion with charge state q:

Wpot(q) =

q

∑

n1

E
(n)

i (2.17)

For ions with very high charge states (such as in the extreme case e.g. Ar18+ or

Xe52+), this potential energy can amount to several keV and its release upon sur-

6i.e. at velocities below the threshold velocity vth for kinetic emission, which is defined as the

minimum velocity that is needed to eject a surface electron in a two body collision (see section

2.3.3)
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face impact might therefore become dominant in the observed ion surface inter-

action processes over e.g. the kinetic energy introduced by the projectile [85].

The increase of the potential energy of several ion species with charge state is

demonstrated in figure 2.16.

Figure 2.16: The potential energy of Arq+, Xeq+ and Thq+ as a function of the charge

state q. Picture from [83].

The neutralization and de-excitation of a highly charged ion, which impinges

onto a surface, can be described within the so-called hollow atom scenario [80,

83, 85, 131, 142]. The involved neutralization stages are schematically depicted in

figure 2.17. At a certain distance above the surface, the highly charged ion will

start to feel its image charge acceleration towards the solid. This will set a lower

limit to the final impact velocity of the projectile and the interaction time above

the surface. The neutralization of the highly charged ion will set in well before sur-

face impact, when electrons from the conduction band of the solid are captured

quasi-resonantly into highly excited target states, while lower lying energy levels of

the projectile remain empty. The resulting population inversion is only short-lived

and the so-formed hollow atom will start to decay as it further approaches the sur-

face. With decreasing distance to the solid, increasingly lower energy levels of the

atom will be populated, as the energy levels are shifted upon surface approach

and resonant transitions fromoccupied electronic states of the solid becomepossi-

ble. This involves a series of succeeding resonant ionization and neutralization pro-
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cesses. Upon surface impact, remaining outer shell electrons of the hollow atom

will be 'peeled' off, as screening of the surface electron gas becomes dominant.

This results in the emission of a large number of low energy electrons. The relaxation

of the excited hollow atomwill proceed below the surface, where remaining inner

shell vacancies of the atom finally recombine. In this process, fast Auger electrons

and x-rays are emitted.

Figure 2.17: Schematic depiction of the neutralization and de-excitation scenario

of a highly charged ion impinging on a solid surface. Picture from [143].

Involved Electron Exchange Processes

Within the above picture, the neutralization of a highly charged ion upon surface

impact involves several charge exchange and relaxation processes [144, 145].

These are schematically shown in figure 2.18.

Already at rather large distances to the surface (some nm), a) resonant elec-

tron transfer from the target valence band to unoccupied projectile states will set

in. These transitions will be possible, as soon as unoccupied projectile states be-

come energetically degenerate with surface states, i.e. at crossings between the

initial potential curve of ion plus target and the final configuration of neutralized

projectile plus surface in figure 2.18 a). As a result highly excited Rydberg states

will predominantly be populated, since they exhibit a large spatial extension and

therefore a comparably large overlap. The reverse process, i.e. resonant ioniza-

tion of these highly excited states into unoccupied conduction band levels, will

take place as soon as the binding energies of the electrons of the hollow atom
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Figure 2.18: Schematic depiction the charge exchange processes, involved in the

neutralization of a highly charged ion upon surface impact, i.e. a) resonant tran-

sitions, including resonant neutralization (RN), resonant ionization (RI) and quasi-

resonant neutralization (QRN). b) Auger neutralization (AN). c) Auger de-excitation

(AD). d) Auto ionization (AI). The potential of the solid in the absence of the ion is

depicted in red and the conjoint potential in blue. EF denotes the Fermi energy of

the solid, W the target work function respectively. Picture from [143].

becomes smaller than the surface work function W. In the dynamic sequence

of neutralization and ionization processes of the projectile as it approaches the

surface, no electrons are emitted into the vacuum, but these one electron transi-

tionsmay serve as precursors to subsequent electron emission processes, like Auger

neutralization (AN), Auger de-excitation (AD) and auto ionization (cf. figure 2.18

b)-d)).
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In an b) Auger neutralization process, two target electrons are involved. By the

transition of a target electron to the projectile another electron gains sufficient

energy via electron - electron interaction to be ejected from the surface. The

neutralization energy has to be at least twice the work function of the solid and

the kinetic energy of the ejected electron will be [85]

Ee ≤W
i − 2W (2.18)

with W
i being the effective neutralization energy.

c) Auger de-excitation processes will occur, as soon as the binding energy of

excited projectile electrons exceeds the target work function. In this case, the

excited electron can be promoted into a lower lying energy level, transferring en-

ergy to a target electron, which is then ejected from the surface. This will result in

a kinetic energy for the ejected electron of

Ee ≤Wex −W (2.19)

if Wex is the excitation energy.

Finally d) auto-ionization is an Auger process, which involves two (ore alsomore)

target electrons of a multiply excited projectile. When one of these electrons de-

cays into a lower energy level, the released energy is transferred to another elec-

tron, which is then ejected from the projectile.

A competingprocess in thede-excitation of hollowatomsapart from theabove

described electronic transitions, is photon emission. As the transition rates for ra-

diative de-excitation scale approximately with the fourth power of the ion charge

state∼ q4, suchprocesses are only significant for rather high ion charge states [146].

The Classical Over the Barrier Model

The de-excitation and neutralization dynamics of a hollow atom can be described

by the so-called 'classical over the barrier model'. This description was first pro-

posed for highly charged ion impact on metal surfaces [80, 147], later extended

to non-conducting materials [82, 148, 149] and very recently also adapted to thin

dielectric films on metallic substrates [150,151].

For large distances, the collective response of the target electrons can be de-

scribed by a classical image charge attraction. As the projectile approaches the

surface, the potential barrier between the ion and the solid drops below the Fermi

level of the solid. As a consequence, electrons from the Fermi edge of the solid
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can then be captured classically into highly excited projectile states with hydro-

genic principal quantum numbers nc:

nc ≈
q3/4

W
1/2


(2.20)

The critical distance Rc, at which the neutralization process sets in is

Rc ≈
(2q)

1/2

W

(2.21)

Both quantities depend explicitly on the charge state of the ion but also on the

target work function. Consequently, the characteristics of the neutralization pro-

cess will be very different for insulating targets, compared to metallic surfaces due

to significant discrepancies in the valance and conduction band structure [149].

Especially the low charge carrier mobility and the wide electronic band gap of

an insulator, will strongly influence e.g. the image charge attraction, but also the

response of the surface due to a very localized deposition of the potential energy

upon projectile impact. Related phenomena include e.g. potential sputtering

(see 2.2.1, p. 26), permanent surface modifications [86, 152], but also potential

electron emission [81,131,145,153] (see section 2.3.2).

2.3.2 Potential Electron Emission

Potential electron emission is observed when a (highly) charged ion impinges onto

a solid surface [81, 131, 145, 153]. For high charge states q the potential energy,

which the ion carries as a result of the ionization process (cf. equation 2.17), may

exceed the kinetic energy by far and potential electron emission might then be-

come the dominant contribution to the total electron yield 𝛾 (cf. equation 2.16).

For exclusive potential electron emission, the dependency of the electron yield

𝛾PE on the ion impact velocity v can be approximated by an empirically derived

relation of the form [81,154,155]:

𝛾PE(v)|
cons.

=
cv

√v
+ 𝛾 (2.22)

here, cv and 𝛾 are parameters which depend on the investigated collision sys-

tem [131]. These two parameters reflect the fact, that potential electron emission

occurs both above the surface as well as at surface impact. The velocity inde-

pendent contribution to the emission yield, 𝛾, considers the number of electrons
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that are emitted at the surface selvedge, when outer shell electrons of the hol-

low atom are 'peeled-off' due to screening effects of the surface electron gas (cf.

figure 2.17).

In addition, 𝛾PE depends inversely on the particle velocity v. This can be un-

derstood from the fact, that the number of ejected electrons will decrease, as the

interaction time in front of the surface shortens with increasing impact velocity. The

respective parameter cv is thereforemainly attributed to auto-ionization cascades

of the highly charged ion in front of the surface.

The interaction time above the surface is in fact exclusively determined by the

velocity component perpendicular to the surface v, i.e.

v = v ⋅ cos(𝜗) (2.23)

when 𝜗 is the incidence angle with respect to the surface normal. For varying

incidence angles, equation 2.22 should therefore become

𝛾PE(v, 𝜗) = 𝛾 +
cv

√v ⋅ cos(𝜗)
(2.24)

A corresponding angular and velocity dependency of the potential electron emis-

sion yield 𝛾PE was in fact confirmed by various experiments [156-158].

2.3.3 Kinetic Electron Emission

Kinetic electron emission is related to energy transfer from a projectile to the elec-

tronic system of a solid. In contrast to potential electron emission, where elec-

trons are already ejected above the surface, kinetically emitted electrons origi-

nate from within the bulk. Therefore kinetic electron emission involves a sequence

of mechanisms.

The first step in the emission of an electron by kinetic energy transfer, is the col-

lisional excitation of the electronic system of the solid. In a first approximation, the

kinetic electron emission yield will therefore be proportional to the energy, that is

deposited in electronic (i.e. inelastic) collisions of the projectile as it penetrates the

bulk. This can be expressed by the electronic stopping power:

Se =
dE

dx
|
e

(2.25)

The excitation process is followed by electron transport to the surface. In a

semi-empirical approach, the escape probability of an electron generated at a
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certain depth below the surface will depend on its the mean free path 𝜆 in the

surface [159]. A dependency of the kinetic electron emission yield on the mean

escape depth of low energy ions could also be confirmed experimentally, when

comparing yields for different orientations of an HOPG surface (i.e. ion impact

perpendicular and parallel to the graphite layer orientation) [160]. Additionally,

diffusing electrons may initiate cascade multiplication by collisions with further tar-

get electrons along their way through the solid. By such secondary electron gen-

eration, the electron excitation energy will be distributed among a multitude of

sub-surface electrons [133].

The final step in the emission of an electron, is the escape through the surface-

vacuum boundary [132]. The requirement of penetrating the surface barrier will

result in a minimum projectile velocity, below which kinetic electron emission is not

possible due to insufficient energy transfer to the target electrons. From energy

conservation in a direct collision of a heavy projectile with a quasi-free electron

at the Fermi edge of the target, this velocity threshold vth can be approximated

by [161,162]:

vth ≈
vF

2
(√1+

W

EF
− 1) (2.26)

where vF and EF are the surface Fermi velocity and energy, respectively. W de-

notes the corresponding target work function. According to the above relation,

the threshold velocity for kinetic electron emission will be of the order of vth ≈ 105

m/s, depending of course on the target under consideration.

Above this threshold velocity, the kinetic electron emission yield 𝛾KE will increase

approximately linearly with increasing projectile energy E0 up to a maximum7, be-

yond which the observed electron yield decreases again [133, 161]. In general,

this trend resembles the impact energy dependency of the electronic stopping

power Se (cf. equation 2.25), i.e. reflects the energy transfer from the projectile to

target electrons in electronic collisions:

𝛾KE = Λex
dE

dx
|
e

(2.27)

The proportionality factor Λex in this equation, is a materials parameter. For heavy

particle impact however, deviations from this simple relation were found [163,164].

The observed discrepancies might e.g. originate from ionizing collisions of recoiling

atoms. The resulting contribution to sub surface electron generation will introduce

7for e.g. H+ this maximum is found at ∼ 100 keV
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a dependency of the electron emission yield on the nuclear stopping power Sn
(cf. equation 2.5) [163]. Additionally the effective charge state of the projectile

may change along its way through the electron escape depth within the solid.

As a consequence the inelastic stopping power of the bulk might in fact be an

inadequate measure for the electronic energy loss of the projectile [133].

The angular dependency of the kinetic electron emission yield 𝛾KE will be pro-

portional to the geometric path-length of the projectile within the electron escape

zone of the solid. As a consequence, 𝛾KE will scale with cos (𝜗)
1

[133], i.e.

𝛾KE (𝜗) = 𝛾 (0)
1

cos (𝜗)
(2.28)

This condition only holds, if the ion path through the surface can be approximated

adequately by a straight line and if in fact the number of ejected electrons is pro-

portional to this path-length. Just like for the energy dependency of 𝛾KE deviations

from this inverse cosine law are observed for heavy particle impact [133,165,166].

In amore general approach, it is found that the angular dependency of the kinetic

electron emission yield can generally be fitted by the relation:

𝛾KE (𝜗) = 𝛾 (0)
1

cos (𝜗)


(2.29)

where 𝛽 is a fitting parameter, which depends on the specific target-projectile

combination and the impact energy E0. 𝛽 generally varies between 0.5 ≤ 𝛽 ≤

1.5 [133]. It considers various contributions to the electron emission yield 𝛾KE, which

arise from the increased path length of the projectile within the electron escape

depth for grazing incidence ions. These include e.g recoil ionization, deviations

from the straight line approximation of the ion path through the surface, but also

the fact that there will be a slowing down of the projectile within the electron es-

cape depth and the electronic stopping power will therefore vary within the ion

range [167].
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3
Experimental Methods

3.1 The QCM Technique

In this work, rates for the mass change of a variety of fusion relevant surfaces un-

der particle impact of different species (cf. chapter 4) were investigated using a

highly sensitive quartz crystal microbalance (QCM) technique, which was specifi-

cally designed and optimized at TU Vienna [168-170]. The basic working principle

of a QCM is illustrated in figure 3.1. As first proposed by Sauerbrey [171], a quartz

crystal can be used as a very sensitive device for determiningmass changes, mak-

ing use of the fact that the eigen-frequency of the quartz, which is driven at its

thickness shear mode, depends on the thickness of the crystal.

According to the piezo electric effect, an AC voltage applied to the two sides

of a quartz crystal induces a lateral displacement of the individual quartz layers

and vice versa. The fundamental frequency of this shear vibration is determined

by the thickness of the crystal with half a wavelength 𝜆0 across the quartz cross-

section, i.e.

𝜆0

2
= tQ (3.1)

if tQ is the quartz thickness. At the interface between quartz surface and vacuum,

there will be an anti-node of the oscillation. As a consequence the elastic prop-

erties of the surface itself have a negligible influence on the oscillation. This is also

true if a comparably thin target film of interest is deposited onto one side of the

quartz, provided that it exhibits good adhesion to the substrate. Consequently any

change in target film thickness and therefore any mass change of the target layer
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Figure 3.1: Schematic QCM principle. The thickness of the quartz crystal deter-

mines the resonance frequency in thickness shear mode. This can be used to

determine mass change rates of deposited target films of interest upon particle

impact.

Δm will simply be reflected in an inverse change of the resonance frequency of

the quartz, i.e.

ΔfQ

fQ
= −

ΔtQ

tQ
= −

Δm

mQ

(3.2)

The sputtering yield Y or, more generally speaking, mass changes of the target

film Δm, can therefore be determined by monitoring the eigen-frequency of the

crystal during particle impact, according to the relation:

Y =
Δm

∫ I ⋅dt/e0 q
=
ΔfQ

fQ
⋅ 𝜌QtQAQ ⋅

e0 q

∫ I ⋅dt
(3.3)

Here the particle flux during the time interval Δt onto the crystal is given by the

expression ∫ I ⋅dt/e0 q. The parameters 𝜌Q. tQ and AQ are the quartz crystal mass

density, thickness and area, respectively. If the impinging ion current density j is

known, it is therefore possible to very accurately determine the areal net mass

change of the target film by simply monitoring the change of the resonance fre-

quency with time Δf/Δt:

Δm (amu/ion) = −
C

j
⋅
ΔfQ

Δt
(3.4)
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C is a constant which subsumes quartz parameters and physical constants but

does not depend on any target material properties, i.e.

C =
𝜌QtQe0

fQ
(3.5)

symbol value description

e0 1.602⋅10-19 C elementary charge

𝜌Q 2649 kg/m3 quartz mass density

tQ 0.302⋅10-3 m quartz thickness

AQ 3.025⋅10-5 m2 quartz area

fQ 5.998 MHz quartz eigen-frequency

Table 3.1: Parameters and constants needed for determining the mass change of

the target film from an observed frequency change of the quartz (cf. equations

3.4 and 3.5).

The corresponding parameters and constants are summarized in table 3.1. For

determining areal netmass changes of the target filmwhich are independent from

the applied ion fluence and therefore constant in time the frequency evolution of

the crystal under ion bombardment is usually linearly fitted and the mass change

is evaluated with the slope of the frequency vs time curve (cf. equation 3.4). In

cases where the mass change is not constant, a step wise linear approximation to

the frequency change with time Δf/Δt or the derivative of the frequency df/dt is

determined and inserted in equation 3.4.

With the QCM method, simultaneous mass increase +Δm (due to e.g. projec-

tile implantation) and mass loss −Δm (by e.g. material erosion) cannot be dis-

tinguished. By design only the balance of all processes, which result in a mass

change of the target film, is observable. Additionally the QCM technique does

not give any information on the actually sputtered species and their contribution

to the total mass change.

The quartz crystal that is used in our experimental setup [169, 170] is a plano-

convex, stress-compensated (SC) cut quartz available from KVG Quartz Crystal

Technology (model No XA 3641). The selection of this particular quartz cut is mo-

tivated by its comparably high insensitivity to radial stress that can arise from a
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non-unifrom mass removal of the target film or from the clamping of the quartz to

the sample holder. The used quartz crystal has a resonance frequency of ∼ 6 MHz

and a diameter of 13.95 mm. It is coated with a 140 nm thick gold electrode on

each side, which serves as electrical contact to the oscillator circuit that drives the

crystal at its eigen-frequency. Onto one of these electrodes any target material of

interest (e.g. tungsten, beryllium, amorphous hydrogenated carbon layers, etc.)

can be deposited (see section 3.1.5), provided that good adhesion to the under-

lying gold film is guaranteed. Both, conducting as well as insulating surfaces can

be investigated.

Figure 3.2: Sketch of the QCM sample holder, including: À the quartz crystal; Á the

W spring and Â the Au ring used for clamping the quartz; Ã the Faraday cup; Ä

the coaxial heater and Å the location of the thermocouple.

The quartz crystal is mounted on a sample holder in an ultra high vacuum (UHV)

chamber, usually at a background pressure of the order of ∼ 10-10 mbar. This UHV

chamber is connected to an ion source, from which energetic ions are extracted

(see section 3.1.3). A sketch of the sample holder is shown in figure 3.2. The À

quartz is clamped onto the front side of the holder by a Á tungsten spring from

the backside. A thin Â gold ring is placed between quartz and sample holder

front, in order to further minimize any mechanically induced stress arising form the
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clamping. A Ã Faraday cup for ion current density determination is located at

a given distance above the quartz crystal. The sample holder is connected to a

rotatable, linear xyz-translation stage, which allows switching between quartz and

Faraday cup position. The translation stage can be moved along all three spatial

directions by stepper motors, with an accuracy of ≥ 23 μm.

Figure 3.3: The ion beam is scanned across the active area of the crystal by apply-

ing two triangular AC scanning voltages of different frequency to a set of scanning

plates in front of the quartz (left). A critical beam-diameter of 7 mm has to be ex-

ceeded during sputtering experiments (right). It is determined from the ratio of

the sputtering yield determined with given beam diameter (Y(⌀)ion) vs. the yield

determined for a beam covering the entire quartz surface (Y(Q)). For detailed in-

formation see text.

For an accurate determination of any mass change of the deposited target

film, the eigen-frequency change with time Δf/Δt and the ion current density im-

pinging onto the quartz crystal have to be determined precisely (cf. equation 3.4).

The oscillation amplitude of the quartz decreases from its center outwards (energy

trapping). On the one hand this facilitates clamping the quartz at its edge. On

the other hand the decrease in oscillation amplitude also introduces a radial de-

pendency of the sensitivity of the crystal to mass changes [171]. This effect can

be eliminated by covering the whole mass sensitive inner part of the crystal (the

so-called active area) with a homogeneous ion current density. In this case the

areal mass change across the quartz is constant and the proportionality in equa-

tion 3.4 is in fact applicable. The diameter of the active area was determined
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by step wise increasing the diameter of the ion beam impinging onto the quartz

crystal by means of a set of scanning plates in front of the crystal. The scanning

plates are triggered by two triangular AC voltages of different frequency (i.e. 52

Hz and 1.6 kHz, respectively). This is demonstrated in figure 3.3. Above a critical

beam diameter of dc ∼ 7 mm, the obtained sputtering yield becomes indepen-

dent from the diameter of the impinging ion beam. This critical beam diameter

dc is always exceeded in our investigations. Additionally current density variations

within dc are always kept below ∼ 10%, by accurately focusing and scanning the

ion beam across the entire active area of the quartz crystal. The beam profile is

inspected before each measurement with the Faraday cup by moving the cup

step-wise through the beam in both transverse directions. Minimizing the mechan-

ically induced stress due to ion bombardment is an additional side effect of the

above described procedure.

Moreover, to keepany disturbances on the eigen-frequency of the quartz small,

influences of temperature fluctuations 3.1.1 and the stability of the electronic cir-

cuit 3.1.2 and have to be considered and minimized.

3.1.1 Temperature Dependency and Control

Figure 3.4: Dependency of the quartz frequency on the QCM temperature. The

quartz is operated at the minimum of its frequency vs. temperature curve, where

influences on small temperature changes during ion bombardment are minimal.
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The eigen-frequency of the quartz crystal is rather sensitive to changes of the

quartz operation temperature, as can be seen from figure 3.4. The observed de-

pendency corresponds to a polynomial of cubic degree [172]. At the minimum

of this polynomial function, the quartz frequency is least sensitive to temperature

fluctuations. All results presented in this thesis were therefore obtained at a corre-

sponding temperature of 465 K. It proved to be sufficient to heat the quartz with a

constant heating power, as temperature changes induced by impinging ions are

usually below any detectable limit. This was done by means of a coaxial heater

(cf. Ä in figure 3.2), which is tightly clamped to the sample holder. The quartz

temperature is monitored by a k-type thermocouple (Å) which is attached to the

back of the sample holder in close vicinity to the quartz. The resulting temperature

stability of the quartz crystal during ion bombardment is of the order of ±0.1 K.

3.1.2 Electronic Stability

The electronic stability of the oscillator circuit, which drives the quartz at its reso-

nance frequency, is crucial to the obtainable sensitivity of the QCM setup. The

electronics used in the presented investigations is home-built [169, 173], and pro-

vides extremely high accuracy, which enables us to perform in-situ measurements

on the interaction of ions with surfaces in real-time. A block diagram of the elec-

tronics is shown in figure 3.5.

In series resonance, the quartz crystal exhibits its highest admittance. In this

case the voltage applied to the quartz electrodes and the current through the

quartz are in phase. This is used to lock the driving frequency of the oscillator circuit

to the resonance frequency of the quartz in a phase-locked loop. Any phase

shift between current and voltage serves as an error signal to adjust the driving

frequency to the resonance frequency.

The electronics [173] basically consists of a low noise, tunable oscillator, which

generates an output signal that is fed into a voltage controlled amplifier to en-

sure that the vibration amplitude of the quartz stays constant. For locking the driv-

ing voltage onto the resonance frequency of the quartz crystal, the current signal

through the crystal is shifted by 90° by a capacitor and forwarded to amultiplier for

phase comparison with the driving voltage at the output of the oscillator. In series

resonance this will result in zero output (since current and voltage are in phase).

Any deviation of the driving frequency from the resonance frequency of the quartz

will produce a non-zero output at the multiplier, which is then used to adjust the

oscillator frequency.
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A further problem has to be taken care of, which arises
from the nonuniformal mass removal due to an inhomoge-
neous ion beam cross section. In such cases significant de-
viations from the Sauerbrey Eq. !1" have to be expected be-
cause of the appearance of dominant overtone frequencies.16
In our experiment we achieve uniformal sputtering by scan-
ning the ion beam by means of deflection plates across the
entire active area of the quartz crystal !typical frequency of
1.4 kHz".

III. ELECTRONICS

In the following we will describe our electronics which
has been specifically designed to assure high sensitivity and
stability. The primary tasks of this circuit are to drive the
quartz crystal in series resonance at its fundamental oscilla-
tion of about 6 MHz and to measure this resonance fre-
quency precisely within a few mHz. The frequency of the
series-resonance f s is determined by the elements L1 , C1 ,
and R1 in the Butterworth–van Dyke equivalent circuit of
the crystal !Fig. 3", and it is the natural frequency of the
crystal with its electrodes shorted. In contrast to the parallel
resonance frequency !open electrode", f s can be determined
if the crystal is connected to the electronics via a cable with
additional capacitance parallel to C0 . Oscillator circuits for
series resonance amplify a signal proportional to the current
through the quartz crystal and backfeed this voltage. This
selects the resonance with the highest admittance. In contrast
to AT cut crystals, the SC cut crystals have two shear modes
driven by the piezoelectric effect, with the temperature and
stress compensated C mode having a lower piezoelectric
coupling factor (k2!0.024) than the unwanted B mode (k2
!0.026). Therefore, the B mode, which has a resonance
frequency approximately 10% above that of the C mode,
usually has a higher admittance and must be suppressed. In
oscillator circuits, this can be done via a LC filter, which
causes, however, disadvantageous phase shift giving rise to
additional frequency drift. This problem can be solved by
using a separate oscillator which locks on the crystal’s reso-
nance frequency, similar to a phase locked loop !PLL". The
phase difference between the driving voltage at the crystal
and the current passing through is used to control the oscil-
lator’s frequency.

The circuit is shown schematically in Fig. 4 !the detailed

electronic schematics are available from the authors upon
request". We use a low noise LC oscillator !Clapp type" tun-
able between 59 and 61 MHz by varicaps. After amplifica-
tion and conversion to TTL levels, the oscillator signal is fed
on the one hand into the frequency counter and on the other
hand into a Johnson counter dividing the frequency by 10 for
driving the quartz crystal. This setup uses the same digital
signal for the analog part of the circuit and the frequency
counter, thereby minimizing jitter and drift of the trigger
setpoint which would affect the frequency measurement
when connecting the frequency counter to the analog elec-
tronics. After smoothing to sinusoidal shape, the 6 MHz sig-
nal passes through a voltage controlled amplifier !VCA"

FIG. 4. Block diagram of the electronics driving the quartz crystal at its
resonance frequency.

FIG. 5. Comparison of measured frequency drift and noise for previously
used !a" electronics EC2 and the newly designed !b" electronics EC1 !cf.
Fig. 3", respectively.

FIG. 3. Butterworth–van Dyke equivalent circuit of a quartz crystal. Typi-
cal values of the 6 MHz SC-cut crystal are given.
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Figure 3.5: Block diagram of the electronics used in the QCM setup [173].

The electrical feedthroughs from the oscillator to the quartz crystal impose an

additional parallel capacitance on the system. To actively compensate this, all

electrical wiring is doubled. The two identical branches are tightly packed. One of

the branches is connected to the quartz, the other serves as a dummy branchwith

loose ends. For phase comparison in the phase locked loop only the difference

of the signals of the two branches is used. The frequency readout of the driving

electronics is fed to a frequency counter and recorded with a computer in order

to determine total mass changes according to equation 3.3.

3.1.3 Ion Sources and Beam Alignment

QCM investigations were conducted at different locations. Since oxidized Be is a

very toxic material and handling of Be samples therefore requires specific safety

precautions, experiments with Be (cf. section 4.4, 4.5) were solely performed at the

Max-Planck-Institut für Plasma Physik (IPP) in Garching. Investigations with other tar-

get materials such as W (cf. sections 4.2 and 4.3) and a-C:H (cf. section 4.1) were

conducted at the ion beam facility AUGUSTIN of the Institute of Applied Physics at

the Technical University in Vienna. In the following a short overview on the experi-

mental setup in these two locations is given.
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Figure 3.6: Sketch of the ion beam facility at TU Vienna, including: À the ECR ion

source; Á the quadrupole magnets; Â the sector magnet; Ã the beamline shutter;

Ä the ion pumps; and Å the experimental chamber hosting the QCM setup (cf.

figure 3.7).

... at TU Vienna

A sketch of the ion beam facility AUGUSTIN at TU Vienna is shown in figure 3.6.

The ion beam facility is equipped with an 14.5 GHz electron cyclotron resonance

(ECR) ion source À, which is capable of producing singly as well as highly charged

ions [174]. The plasma in the ion source is generated by resonantly heating the

electrons of the working gas atoms with a microwave at their electron cyclotron

resonance frequency in a magnetic field. Highly charged ions up to e.g. Ar14+

are generated by step-by-step ionization in a minimum-B multi mirror magnetic

structure, which is used to confine the ions in the source region in order to provide

enough time for multiple ionization steps. A combination of a magnetic mirror

field and a hexapole is generated by a configuration of permanent magnets. The

gas inlet system of the ion source allows for mixing of different gases in the source

chamber, which facilitates achieving high charge states by ion impact ionization.
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The ions are accelerated from the positive source potential to ground potential.

More information on the ion source can be found in [174,175].

After extraction, the ion beam is focused by a pair of quadrupoles Á onto the

entrance of a sector magnet Â. An ion species with a specific mass over charge

state ratio m/q is selected in the sector field and guided to the entrance of the

beamline Ã, in which the QCM setup Å is mounted. The beamline is pumped by

two ion pumpsÄ. A differential pumping stage reduces the pressure from10-5mbar

in the source region to a low 10-10 mbar residual gas pressure in the experimental

chamber Å .

Figure 3.7: Cut-away sketch of the entire QCM beamline. The lens system used

for focusing and deflecting the ion beam onto the sample position is marked in

green. It includes À an entrance aperture (5 mm); Á and Â two sets of deflection

plates; Ã an einzel lens; Ä a conic lens which can be used for decelerating the ion

beam in front of the target; and Å a set of scanning plates.

A magnified cut-away sketch of the QCM beamline is shown in figure 3.7. The

beam optics that is used to collimate, focus and scan the ion beam is marked

in green. It consists of an entrance aperture with a diameter of 5 mm À, which

together with a second aperture of 3 mm in diameter at Á collimates the incom-

ing ion beam. Two sets of deflection plates Á and Â are used to guide the ion

beam through the electrostatic lens system Ã and Ä, which basically is composed
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of an einzel lens Ã and a conic lens element Ä just in front of the target, which

can be used to decelerate the ion beam. This is done for investigations with low

energy projectiles, typically below Ekin/q ∼ 500 V. In this case, the conic lens Ä,

the scanning plates Å, the sample holder and all the electronics connected to

it are positively biased by galvanically insulating the high potential in the target

chamber from ground via an isolation transformer.

... at IPP Garching

A schematic drawing of the experimental setup in Garching, which was used in

the Be experiments (cf. sections 4.4 and 4.5), is shown in figure 3.8. A sketch of

the entire setup is depicted in figure 3.9. In this setup the ions are produced with a

commercial electron impact ion source (SPECS IQE 12/38). The ions are extracted

from the ion source by biasing the source region with a high, positive voltage. A

Wien velocity filter is used to select a certain ion species from the extracted beam.

The ion source and the direction of the beamwhen it exits theWien filter are slightly

off axis in order to keep neutral particles from passing the setup. An einzel - lens

is used to focus the ion beam onto the QCM position. A pair of scanning plates

in front of the sample is externally triggered with an AC voltage to scan the ion

beam across the active area of the crystal. The QCM sample holder is mounted

on a rotatable linear translation stage. The ion beamprofile can be determined

by moving the Faraday cup which is installed on the sample holder through the

ion beam along the z-axis.

Figure 3.8: Schematic drawing of the experimental setup in Garching, including an

electron impact ion source, a Wien filter for mass selection, the ion beam optics

consisting of a lens system and deflection plates and the QCM.
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The base pressure in the chamber during experiments is in the order of some

10-10mbar. The chamber is pumped by a combination of a turbomolecular pump,

a titanium sublimation pump and a cryopump, which is cooled with liquid nitrogen

during the measurements. The ion source is operated at pressure of ∼ 1 - 5⋅10-5

mbar, which results in a pressure increase to about 10-7 mbar in the experimental

chamber during source operation.

Figure 3.9: Sketch of the entire experimental setup at IPP Garching.

The working gas pressure in the ion source is controlled by flooding a small vol-

ume with the working gas. This gas reservoir is connected to the ion source via

a manually adjustable valve. There is however no permanent gas supply to the

high-pressure reservoir. The leakage through the valve conjoining the reservoir

and the ion source itself is attenuated to the desired working gas pressure. The

source pressure tends to drop over larger periods of time, as the gas reservoir on

the high-pressure side gradually empties during operation. This is commonly ac-

companied by a decrease in ion current. Operating the ion source in a pressure

regime, where the extracted ion current is least sensitive to changes of the gas

pressure in the source region can minimize this effect. Therefore, prior to each

measurement such a pressure regime was determined from a plateau of the de-

pendency of the beam current density on the source pressure. A typical current

vs. pressure graph obtained for this purpose is shown in figure 3.10. For long-term
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measurements it is necessary to frequently re-adjust the valve opening during ion

bombardment. Additionally the high pressure gas-reservoir has to be re-filled from

time to time in order to maintain the desired pressure in the source region. This

sometimes results inminor discontinuities of the extracted ion flux, which is reflected

in disturbances in the frequency evolution, i.e. the mass change rate.

Figure 3.10: Dependency of the ion beam current density on the working gas pres-

sure in the ion source at IPP Garching for N
2 ions extracted with 5000 V.

3.1.4 Estimation of the Measurement Accuracy & Sensitivity

Although the oscillator circuit which drives the quartz is very stable, the quartz crys-

tal is still subjected to intrinsic frequency drifts, which are, at least on a medium

time scale, linear (cf. figure 3.11). For small mass change rates or low ion fluxes,

the quartz frequency change due to such drifts might become comparable to

the ion induced frequency change, which will ultimately limit the sensitivity of the

setup. In figure 3.11 the frequency behavior of the quartz crystal at rest, i.e. without

ion bombardment, is shown. It exhibits an intrinsic drift of the order of 2 mHz/min,

which compared to the quartz eigen-frequency of ∼ 6 MHz, gives a relative fre-

quency stability of 9 orders of magnitude. The frequency readout at the frequency

counter is also subjected to some noise, which is of the order of about ∼ 5 mHz.

From this it can be concluded that the QCM technique is limited to measure-

ments, where the product of mass change times impinging ion current exceeds

0.2 amu/ion⋅μA/cm2 [169]. This is equivalent to the removal of e.g. 10-5μm, which
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Figure 3.11: Frequency stability of the quartz crystal at rest, i.e. without ion bom-

bardment. The intrinsic frequency drift and the noise level are a measure for the

maximum attainable measurement sensitivity of the setup.

corresponds to 10-4 tungsten, 10-2 a-C:H or 5⋅10-5 berylliummonolayers per second

for typical ion current densities characteristic to our experimental conditions.

The experimental error of the QCM technique will not only depend on the ra-

tio of the measured mass change rates compared to intrinsic frequency drifts of

the quartz. It will also be determined by the accuracy of the ion current density

determination, its intensity profile across the active area of the quartz crystal and

temporal fluctuations of the impinging ion flux. To further increase the accuracy

of the setup, the intrinsic frequency drift of the quartz can be subtracted from the

frequency change during ion bombardment. This is done by monitoring the fre-

quency behavior of the quartz before andafter the ion irradiation, as is illustrated in

figure 3.12. This procedure is only applicable if the sample surface is not subjected

to any mass changes following the ion irradiation, such as surface oxidation or

the outgassing of implanted projectiles. This was an issue particularly for measure-

ments with beryllium surfaces, which show pronounced surface oxidation even at

low ambient oxygen partial pressures (cf. section 4.4 and 4.5). In this case, a sub-

traction of the frequency behavior of the quartz, which is observed immediately
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Figure 3.12: For an increased accuracy, the irradiation of the quartz crystal can

be alternated with 'beam off' phases, during which the intrinsic frequency drift of

the quartz is monitored. This drift can then be used for correction of the frequency

change during irradiation.

after shutting the ion beam off, would actually impose an error onto determined

mass change rates.

3.1.5 Sample Preparation

Tungsten

Polycrystalline tungsten films were sputter deposited on the quartz crystals at the

Institut für Festkörperphysik of TU Vienna by Dr. Eisenmenger-Sittner. Virgin quartz

crystals were installed in a mask for magnetron sputter deposition. 500 nm thick,

polycrystalline W films are grown at a target temperature of 150 °C. Prior to the

sputtering investigations, native oxide layers and adsorbates are removed from W

surfaces by Ar sputter cleaning with fluences of some 1014 Ar ions per cm2. The

measured sputtering yield is monitored throughout the cleaning process. Ar irradi-

ation was usually continued until a steady state Ar sputtering yield was obtained.

Beryllium

A schematic representation of the deposition chamber for the production of beryl-

lium samples is shown in figure 3.13. 500 nm thick beryllium samples are produced
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bya thermionic vacuumarcdeposition techniqueat theNational Institute of LASER,

Plasma and Radiation Physics in Bucharest by Cristian Lungu and co-workers [176].

The quartz crystals are exposed to a pure beryllium vapor discharge, which is pro-

duced bymelting a solid beryllium rodwith a thermionic vacuumarc electron gun.

Dense, bulk like beryllium layers are fabricated by accelerating the beryllium ions

onto the substrate by means of a negative bias of - 750 V. The substrate tempera-

ture during deposition is 200 °C.

Theberylliumcoatedcrystals are transferredex vacuo to theexperimental cham-

ber. Therefore, all samples, which were used in our experiments, exhibit a native

surface oxide layer. X-ray photo-electron spectroscopy investigations usually also

show some carbon contamination of the surface.

Figure 3.13: Beryllium samples are produced using a thermionic vacuum arc de-

position technique [176].

Amorphous Hydrogenated Carbon (a-C:H)

Amorphous, hydrogenated carbon (a-C:H) layers are deposited onto a quartz,

which is equipped with a polished gold electrode, in a low temperature methane

plasma discharge at IPP Garching by Thomas Schwarz-Selinger [123,177]. A sketch

of the deposition chamber is shown in figure 3.14. The film growth and charac-

teristics can be monitored by in-situ ellipsometry during deposition. The films are
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Figure 3.14: Sketch of the vacuum chamber for depositing the a-C:H layers [177].

polymer-like, so-called soft layers with an initial hydrogen content of 50 % and a

density of 1.1 g/cm3. They are deposited without any additional sample bias.

3.2 The Electron Statistics Setup

Electron statistics measurements were performed at the Zernike Leif facility of the

Kernfysische Versneller Institut (KVI) in Groningen in cooperation with Erwin Bode-

wits and Ronnie Hoekstra. A detailed description of the entire experimental setup

can also be found in [141,178]. The so-called inelastic ion surface interaction sta-

tion (IISIS) was designed and constructed in order to investigate highly charged

ion induced electron emission from surfaces. In this case electron emission yields

of bulk surfaces such as gold and highly ordered pyrolytic graphite (HOPG) as well

as thin films of C60 deposited onto a single crystalline gold substrate were studied.

Eventually the setup shall be transferred to the HITRAP facility at the GSI Helmholtz

center for heavy ion research, where experiments on the interaction of surfaces

with very slow (a few keV kinetic energy), highly charged ions (up to fully stripped

Ur92+) are planned [141].

The IISIS setup is installed in an experimental chamber connected to the cen-

tral beam line of the ECR ion source at KVI in Groningen. A sketch of the setup is
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Figure 3.15: Drawing of the electron statistics setup at KVI Groningen [178], includ-

ing indications on the location of the electron statistics detector, the deceleration

lens system and the surfaces analysis tools.

shown in figure 3.15. The ions are extracted from the ECR ion source from a high

positive potential towards groundpotential. They enter the experimental chamber

through a six element deceleration lens system. Apart from focusing the imping-

ing ion beam, the lens system can also be used for step-wise deceleration when

biased to a positive potential together with the experimental chamber including

all parts and electronics connected to it. The chamber and all equipment neces-

sary for performing experiments is therefore placed in a high voltage cage. In this

manner, ion impact energies in a range from ≲ 0.1 up to 25 keV per charge state

can be provided [141]. For low ion impact energies, i.e. high deceleration volt-

ages, the transmission efficiency of the ions passing the deceleration lens system

decreases [178]. Additionally the ion beam is eventually deflected by the high

positive potential at the target position. This effect has been simulated [178] by

means of the SimIon1 code [179]. The resulting incidence angle deviations Δϑ are

shown in figure 3.16. In the data evaluation the effective incidence angle of the

ion beam is corrected accordingly for incidence energies below 1.5 keV/q.

The experimental chamber of the IISIS setup is separated from the ECR beam-

line by a differential pumping stage (cf. figure 3.15). An ion pump in combination

1The program SimIon is an ion optics simulation program, which is capable of calculating elec-

tric fields by solving the Laplace equation of a given geometry of electrodes.
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Figure 3.16: Results of SimIon [179] simulations for the deflection Δϑ of the incident

ion beam at low impact energies, i.e. high deceleration voltages at the IISIS setup

in Groningen.

with a turbomolecular pump produces a vacuum in the low 10-11 mbar regime.

During experiments the ion pump is switched off to prevent electrons originating

from the pump from producing an undesired signal underground. An electron

statistics setup [157, 180-182] is installed in the experimental chamber (cf. section

3.2.1). It is used to determine the electron emission statistics upon surface impact of

highly charged ions. The electron detector itself is mounted under 90° with respect

to the incoming ion beam. The target material of interest is placed on a sample

holder (see figure 3.17), which is movable in all three translational directions with a

precision of ∼ 5 μm. Additionally it has two rotational degrees of freedom, one for

varying the polar, the other for the azimuthal angle. The electrons that are emitted

from the surface in an ion impact event are collected by a set of six electrodes sur-

rounding the target. To determine total electron emission yields, they are attracted

towards a detector by a positively biased highly transparent grid.

A sketch of the sample holder can be found in figure 3.17. The dimensions of

the sample holder are chosen such as to ensure that the ion beam does not hit

the supporting structure but only the target material. By this any contribution to

the electron emission from an exposure of the sample holder material to the ion

beam is avoided. The sample holder can be heated by a resistive heating, which is

placed behind the target. In order to reach temperatures of up to 500 °C, the nec-

essary heating power needs to be limited by thermally insulating the target holder

from its mounting. This is done by a hole in the target holder, which limits its thermal
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Figure 3.17: The sample holder used for electron statistics measurements. The tar-

get is mounted such as to not expose the sample holder itself to the ion beam. The

holder is equipped with a heating, a thermocouple, and a bridge-like structure for

thermal insulation.

conductivity. The target temperature is monitored by means of a thermocouple

which is placed right above the sample.

For depositing thin target films in-situ, an UHV evaporator and a quartz crystal

microbalance are attached to the experimental chamber (see figure 3.15). The

target surface can be characterized by low energy ion scattering. Therefore the

experimental chamber is connected to a time of flight tube under an angle of 13°

with respect to the ion beam axis (cf. section 3.2.3).

3.2.1 The Electron Statistics Detector

A sketch of the electron statistics detector is shown in figure 3.18. The electrons

that are emitted from the target surface are first collected by a set of six different

electrodes surrounding the target. Five of these electrodes are biased negatively

to push emerging electrons towards the detector. The sixth electrode, a highly

transparent (geometric transmission ≈ 96%) grid is placed in front of the detector

flange (marked in green in figure 3.18 and 3.19). It is on positive potential (≈ 200
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Figure 3.18: Sketch of the electron statistics detector. To collect the electrons the

grid in front of the detector (green) is positively biased. The PIPS detector itself is on

a high positive potential (blue) and isolated from ground by a ceramic insulator

flange.

V) to collect the electrons. The voltages applied to the six electrodes surrounding

the target are optimized with respect to the electron collection efficiency.

Electrons are detected by a surface barrier PIPS2 detector, which is provided

by the company Canberra (model BKPD100-12-300AM). To increase their impact

energy Ee, they are accelerated towards the detector by a high positive potential

(typically UHV ≈ 30 kV), which is applied to the detector, its supporting flange and

all the electronics connected to it (marked in blue in figure 3.18). Electrons imping-

ing on the detector surface will produce electron-hole pairs, which are separated

with a bias voltage that is applied to the detector. The pulse height at the detector

output is proportional to the number of generated electron hole pairs, i.e. to the

energy that is deposited in the detector surface. The time scale at which electrons

are emitted from a single ion impact is small (typically of the order of 10-12 s [80])

compared to the time resolution of the detector (which is about 10-6 s). Thus all

n electrons generated in one ion impact will contribute to one cumulative output

pulse of the detector. They will therefore be registered as a single event and the

corresponding pulse height will be proportional to the number n of emitted elec-

trons, i.e. to nEe. The number of simultaneously impinging electrons can then be

determined from a pulse height analysis of the detector output signal. To avoid

pileup effects (i.e. a signal superposition of several ion impact events), multiple

2PIPS is an acronym for passivated implanted planar silicon
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Figure 3.19: Electronics and data acquisition of the electron statistics setup. For

details see text.

ion impacts within the dead time of the detector have to be avoided. This restricts

the ion impact rate to ≲ 104 per second.

A schematic drawing of the electronics that is used for data acquisition is shown

in figure 3.19. The detector output is connected to a preamplifier (Ortec 142B),

which is positioned just behind the detector flange. It produces mV pulses that

are forwarded via a BNC connector to a spectroscopy amplifier (Ortec 570) for

further amplification. The amplifier is located in a separate HV cage at some dis-

tance to the experimental setup. For pulse height analysis of the resulting signal,

a multichannel buffer (Ortec 926) is used. Each channel of the buffer corresponds

to a certain pulse height interval of the amplifier output signal. The buffer chan-

nels can be attributed to the detection of n simultaneously arriving electrons. The

correlation between channel number and electron number has to be identified

in a calibration measurement and depends on the detector voltage UHV (since

the deposited energy per impinging electron, i.e. the electron induced detec-

tor signal pulse height, depends on UHV). Electron statistics spectra are recorded

by cumulating a multitude of ion impact events in the multichannel buffer and

recording them with the Maestro 32 software on a PC. The PC is connected to the

multichannel buffer via two USB-to-optical adapters for electrical insulation from

the high voltage potential of the detector and its electronics. In this way it is pos-

sible to record pulse height, i.e. electron emission statistics spectra for the number

of electrons emitted from a solid surface as a result of a particle impact.
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3.2.2 Interpretation of Electron Statistics Spectra

In addition to the mean number of electrons emitted in an ion impact event, i.e.

the total electron yield 𝛾 = n, it is also possible to determine the number statistics

for the emission of n = 1, 2, 3, ... electrons with the electron statistics setup described

in this section. According to references [139,180], the observed emission statistics

of the electron yield γ is a superposition of the individual probabilities Wn for the

emission of n electrons, i.e.

𝛾 =



∑

n1

nWn (3.6)

with the normalization condition ∑

n0Wn = 1. The probability W0 for the emission

of no electron is however not measurable. For sufficiently high electron yields the

contribution ofW0 is negligible. For a correct determination of small electron yields

however, it is necessary to find an adequate estimation forW0 in equation 3.6.

For n independently emitted electrons, the probability distribution for the num-

ber of emitted electronsWn should obey a Binomial distribution, which, for a large

ensemble of involved surface electrons, will approach a Poisson distribution [139,

183], i.e.

Pn(𝛾) =
𝛾n

n!
e (3.7)

In some cases a two-parameter Polya distribution might be better suited to repre-

sent the electron number statistics of the measured data [183].

In figure 3.20 a typical experimentally obtained electron emission spectrum is

shown. It is composed of several n- electron contributions (color-coded in figure

3.20). In principal the individual n- electron contributions should all be of Gaussian

shape, centered around a channel corresponding to the deposition of an energy

of Ee = n ⋅e0UHV in the detector surface. The width of the Gaussians is measure for

the energy resolution of the detector and the data acquisition electronics [139]

(ΔE ∼ 6 keV). Apparently there is a pronounced deviation from such a Gaussian

shape in the n- electron contributions of figure 3.20. This can be attributed to the

fact that there is a certain non-vanishing probability for electrons, which enter the

detector surface, to be backscattered. From the shape of the electron statistics

spectra it could be concluded [139] that backscattered electrons deposit about

(1-kr) ∼ 60% of their initial kinetic energy in the surface before being re-emitted. Re-

flected electrons will promptly return to the detector due to its high potential UHV.

However when they return to the detector they might not hit the sensitive area of
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Figure 3.20: A typical electron emission statistics. The contribution of the individual

n-electron probabilities including electron back-scattering are color-coded (for

details see text).

the detector and might therefore be lost. As a result the n- electron peak contri-

bution Fn(Ee) to the spectrum can be interpreted as the sum ofm individual peaks

fn(Ee, Em, ΔEm) which include m-fold electron backscattering from the surface. Em
and ΔEm are the corresponding energy and halfwidth, of the m backscattered

electrons [139,180]:

Fn (Ee) =

n

∑

m0

Pn(m)fn (Ee, Em, ΔEm) (3.8)

If the probability for backscattering of an electron is pr, the functions Pn(m) follow

a binomial distribution:

Pn(m) = (
n

m
) pm

r (1−p)nm (3.9)

The probability for backscattering pr can be determined from fitting the n- elec-

tron contributions in an electron statistics spectrum (cf. figure 3.20). It is usually of

the order of pr ∼ 18% in our case. The total electron yield upon ion impact can

now be determined from equation 3.6 by fitting the electron number statistics (cf.

equation 3.7) to the observed electron spectrum. For higher electron yields, i.e. γ ≳
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20, the contribution of backscattered electrons will increasingly suppress the char-

acteristic single electron peak structure in the statistics spectrum, which then can

be fitted appropriately by a Gaussian instead to the number statistics in 3.6. The

center of this Gaussian is related to the average yield γ [155,184], with a correction

factor α which accounts for the shift of the spectrum due to electron backscatter-

ing,

𝛼 =
1

1−pr (1− kr)
(3.10)

3.2.3 Sample Preparation and Characterization

Different samples were used to study electron emission by highly charged ion im-

pact and its dependency on various surface parameters (cf. section 2.3.1). To

characterize the surface composition before conducting electron emission mea-

surements, low energy ion scattering by means of time of flight (TOF) was used.

The TOF tube is connected to the beamline under 13° with respect to the beam

axis. A channeltron for particle detection is mounted at the end of the tube.

In a binary collision of an ion with a surface atom, the energy of the reflected

projectile will depend on the ratio of its mass compared to the mass of its collision

partner. This can be used to determine the target surface composition by record-

ing the time of flight of the scattered projectiles from the surface to the detector

at the end of the TOF tube. For this purpose a set of chopper-sweeper plates is

installed at the entrance into the experimental chamber at a well defined total

distance to the detector. The chopper is used to generate a pulsed ion beam

with a well-defined reference timing signal. The energy loss of the projectile as a

result of scattering from the surface, i.e. its particular collision partner, can then be

determined from the exact time at which the ion arrives at the detector. For more

details on this particular TOF setup see [178].

In the presented electron statistics measurements, the targets are precisely po-

sitioned with respect to the ion beam spot. This was done to avoid irradiating the

sample edge or any other component in the experimental chamber, which is in-

stalled close by. The sample position was optimized in both lateral directions by

step-wise changing the sample position and identifying a plateau in the observed

electron yield.
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Gold

In the presented investigations, a single crystal Au(100) target was used. It was

cleanedby cycles of sputteringwith 7 keVAr+ ions under grazing incidenceangles,

followed by annealing at temperatures of up to 500 °C. This was repeated until an

atomically clean surfaceswas obtained. The surface compositionwas determined

in between consecutive sputtering and annealing cycles bymeans of time of flight

(see p. 73).

C60

Thin films of C60 were produced with a commercially available electron beam

evaporator (Omicronmodel no. EFM3), which is installed at the IISIS target cham-

ber. It can be used to deposit films with thicknesses ranging from less than amono-

layer up to bulk material. The C60 layers were produced by heating a powder con-

taining crucible by electron impact from a tungsten filament with electron currents

of up to 3 A. The deposition rate of the material can be determined with a quartz

crystal microbalance (Tectra MTM-EK), which is also installed in the experimental

chamber. Target exposure times were chosen with respect to the desired C60 layer

thickness. The C60 layers were deposited onto a clean Au(111) substrate at an el-

evated temperature of 180 °C. A single monolayer of C60 can be prepared by

depositing several monolayers of C60 on the Au surface and subsequent anneal-

ing to 400 °C, which leaves only the C60 molecules which are adsorbed on the Au

substrate behind [185]. The (sub) monolayer growth of the films can be examined

with low energy ion scattering (see p. 73).

Highly Ordered Pyrolytic Graphite (HOPG)

In our investigations we used a highly ordered pyrolytic graphite (HOPG) sample

with a graphite layer orientation parallel to the surface plane. Prior to installation

in the vacuum chamber, the HOPG sample was cleaved with an adhesive tape.

This produces an atomically flat, clean surface as could be confirmed by atomic

force microscopy (AFM). In figure 3.21 two AFM pictures of the freshly cleaved

HOPG surface are shown. The image section on the left hand side shows an area

of 2×2 μm2. Several terraces are visible in the displayed area. When zooming in

onto one of those terraces, an atomically flat surface is revealed, as can be seen

from the 470×470 nm2 section to the right. The root mean square of the surface

roughness within the scanned area in figure 3.21 is ≈ 0.06 nm.
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Figure 3.21: AFM images of freshly cleaved HOPG surfaces used in our experiments.

In the left graph an area of 2×2 μm2 is shown. Several terraces are visible in the

displayed section of the surface. The right graph shows a zoom in onto an area of

470×470 nm2, displaying an atomically flat surface, with 0.06 nm RMS roughness.

3.3 Nuclear Reaction Analysis

Total amounts of retained deuterium and nitrogen projectiles in beryllium samples

(cf. sections 4.4 and 4.5) were determined using nuclear reaction analysis (NRA).

The beryllium surfaces were irradiated with mono-energetic helium projectile ions

that were produced in a tandem accelerator located at IPP Garching. At a cer-

tain incidence energy, the helium ions undergo nuclear reactions with the con-

stituents of the surface. The resulting reaction products can then be detected to

determine the areal density of the involved reactant in the surface (cf. table 3.2).

In this way, beryllium, nitrogen and deuterium areal concentrations were quanti-

fied.

The energy of the incident ions was chosen such as to provide ions at an en-

ergy where the reaction cross-section of the observed nuclear transmutation does

not vary much with the incidence energy. Hence the cross-section can be con-

sidered constant for the projectile as it slows down within the information depth in

the sample. In this way the areal densities of the particular elements could be de-

termined by comparing the count-rate of the reaction products to the respective

count-rate obtained with standard reference samples of a well-defined compo-

sition and atomic density. The reference samples and the nuclear reactions that

were used in our investigations are summarized in table 3.2.
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element nuclear reaction incidence energy reference

Be 9Be(3He,p)11B 2 MeV Be

D D(3He,p)4He 2 MeV a-C:D

N N14(4He,p)17O 4.94 MeV
CNx

ZrN

Table 3.2: Nuclear reactions and reference samples used to determine areal den-

sities of beryllium, nitrogen and deuterium in beryllium samples after nitrogen and

deuterium irradiation (cf. sections 4.4 and 4.5).

3.4 Computer Simulations - TRIM and TRIDYN

The interaction of atomic projectiles with amorphous surfaces can be simulated by

means of Monte Carlo codes, which calculate projectile and recoil trajectories in

the limit of a linear collision cascade (cf. section 2.2.1, p. 19). Such simulations can

be used to determine ion ranges, partial as well as total sputtering yields, collision

cascade damage, surface compositional changes etc.

For this purpose, the codes TRIM3 [57] and TRIDYN [58,186] were used in this work.

While TRIM calculates the interaction of the projectile with the surface disregard-

ing any compositional changes or defect formation due to projectile implantation

and high fluence irradiation, TRIDYN is capable of including such dynamic alter-

ations of the surface during ion bombardment. High fluence phenomena as well

as non-noble gas surface bombardment was therefore simulated with the TRIDYN

code.

Both programs treat the collision cascade, which is initiated by the surface im-

pact of a projectile, in a binary collision approximation (BCA). The trajectory of

the projectile and the recoiling atoms is simulated as a sequence of nuclear colli-

sions between two collision partners. Both the recoils as well as the projectile are

followed in their slowing-down process until their kinetic energy drops below a cer-

tain threshold energy, the so-called cut-off energy, which is usually of the order of a

few eV [57]. All generations of recoils including the projectile itself are sequentially

treated in this way.

3TRIM - TRansport of Ions in Matter

76 Katharina Dobeš



DISSERTATION
Computer Simulations - TRIM and TRIDYN

Moving particles are characterized by their energy and their direction of mo-

tion. In between subsequent collisions they travel a distance λ, which is defined as

the mean atomic distance of the substance

𝜆 = n
1/3 (3.11)

if n is the atomic density of the target. In this way, the crystalline structure of the

sample is neglected. The impact parameter for the two body collision is chosen as

a random parameter. The energy transfer in the collision and the scattering angle

are calculated with a proper inter-atomic potential, such as the free electron Kr-C

inter atomic potential [55]. Electronic energy loss can be taken into account either

non-locally by a continuous slowing down along the entire particle trajectory [50,

187], locally whenever a collision occurs [56] or by a 50:50 superposition of both

approaches [188]. Each full projectile history nH, i.e. so-called 'pseudo projectile'

represents a fluence increment ΔΦ by Φtot/nH. For a sufficiently large number of

trajectory calculations, the output data like e.g. sputtering yields, ion ranges etc.

are obtained with a suitable statistical quality.

Surface atoms are treated as 'sputtered' whenever they are able to penetrate

the surface at the coordinate x = 0. The surface barrier is treated as a planar

potential. Sputtered particles have to overcome a certain surface binding energy

Es, i.e. the particle energy component perpendicular to the surface E0 cos
2 𝜗0 has

to fulfill the following condition:

E0 cos
2 𝜗0 > Es (3.12)

If the above-condition is not met, the particular particle will be reflected back into

the solid. The choice of the surface binding energy Es will therefore have a critical

influence on the obtained sputtering yields. Usually the enthalpy of formation ΔfH
0

is used for Es in the presented calculations.

TRIM can also be used to estimate radiation damage of the surface, i.e. perma-

nent displacement of lattice atoms using the TRIM code. However the code is in-

herently limited to treating collisional effects. Thermal migration or recombination

of displaced atoms, as well as defect interaction (e.g. clustering) are neglected

in this approach. A stable defect, i.e. a Frenkel pair consisting of a vacancy at the

original atomic site and an interstitial atom at its final position, is created if the final

distance between interstitial and vacancy is sufficiently large. This is implemented

by a displacement threshold energy Ed, which, depending on the target material,

is of the order of ∼ 1 - 30 eV.
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TRIDYN is an extended version of TRIM, which is able to account for a dynamic

compositional changes of the surface due to high fluence surface irradiation. This

is done by slicing the surface into i = 1, ... N discrete, equidistant depth intervals

Δxi, each of which is characterized by a total atomic density ni and a fractional

composition of all j = 1, ... M surface constituents qij. By the ion impact, surface

atoms might be removed due to sputtering or recoil relocation and projectiles

might be implanted. This changes the areal densities of the surface components

aij = qijniΔxi in the individual depth intervals Δxi. Subsequent to calculating a full

pseudo-projectile history and before the next pseudo-projectile is simulated, the

surface slabs are allowed to relax according to [58]:

Δxi =

M

∑

j1

aij

n0j
(3.13)

In this way the initial nominal density n0j is restored.

target surface element n0j [Å
-3] Es [eV] Ed [eV]

a-C:H
C 0.05089 1 2.8 1 13 2

H 0.05089 1 2.8 1 13 2

W W 0.0632 3 8.68 3 38 4

WN
W 0.0632 3,5 8.68 3,5 38 4

N 0.0632 5 8.68 5 38 4

Be Be 0.12347 3 3.36 3 15 4

Be3N2

Be 0.12347 6 3.36 6 15 4

N 0.21022 6 4.9 6 15 4

Table 3.3: Input parameters that were used in the presented TRIM and TRIDYN sim-

ulations: n0j - target material atomic density, Es - surface binding energy, and Ed
- displacement energy. The above input parameters are derived from: 1 [189],
2 [190]; 3 [191], 4 [192]; 5 [66]; 6 [193]

The maximum concentration of implanted projectiles will usually be limited due

to local saturation in the surface, which is reached as soon as either all solute and

trapping sites are filled (cf. section 2.2.2) or the stoichiometric concentration of a
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compound of the surface constituents is attained. To account for this, the maxi-

mum concentration of the involved particle species in the surface can be limited

in a TRIDYN simulation. Excess atoms will then either effuse out of the surface im-

mediately ('re-emission' model) or will be deposited in the nearest, non-saturated

surface slap (incorporating a simple 'diffusion' model in the simulation).

The input parameters which are needed in the above-described simulations

can readily be derived from textbooks (e.g. [191]). Table 3.3 summarizes the main

input parameters that were used in this work to simulate the target materials of

interest.
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4
Results I
Ion Surface Interaction of Fusion Relevant Target -

Projectile Combinations

4.1 Transient Effects During Sputtering of a-C:H Surfaces

by Nitrogen Ions

Part of the following has been published in [194] and [195].

In present fusion experiments carbon is still often used as first wall material because

of its advantageous thermal properties. Carbon as a plasma facing material how-

ever, poses a serious problem on future fusion devices. Co-deposition of eroded

carbon with hydrogen isotopes leads to the formation of hydrogenated amor-

phous carbon (a-C:H) layers which contain tritium (cf. section 2.2.2). The thickness

of these co-deposited layers will grow with operation time of the machine and will

therefore constitute the major contribution to tritium retention in carbon contain-

ing machines [110]. As a consequence a tritium inventory within the fusion vessel

builds over time and under reactor-like conditions is expected to rapidly exceed

required safety limits [102].

Nitrogen seeding is presently used in fusion devices to reduce local power loads

on highly exposed surfaces by enhanced radiative cooling [196] (cf. section 2.2,

p. 17). This is why the interaction of nitrogen ions with a-C:H films is of consider-

able interest. It has recently been shown [189, 190] that a-C:H layers bombarded

by molecular nitrogen N
2 ions exhibit an erosion rate which is enhanced by the

chemical reactivity of the nitrogen projectiles especially at ion energies below the

threshold for physical sputtering. By this, apart from radiatively cooling the plasma

edge, the use of nitrogen as a seeding gas could also have a positive effect on

the tritium inventory by eroding re-deposited a-C:T layers within the fusion device.
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Hopf et al. [77] were able to model the energy dependence of chemical sput-

tering processes of hydrocarbon films on the basis of the following microscopic

picture (cf. also section 2.2.1): when penetrating the a-C:H layer, energetic ions

break C-C bonds, which are eventually passivated by consecutive projectiles. In

the case of chemically reactive projectiles, this leads to the formation of volatile

species, which candiffuse to the surfaceanddesorb there. Hopf et al. showed [77]

that the chemical sputtering yield is thus proportional to the bond breaking den-

sity, i.e. the number of carbon displacement events per depth interval ybb(x, E),

and the ion implantation depth profile n(x).

According to the abovemechanism chemical sputtering requires the presence

of chemically reactive species such as hydrogen or (in our case) nitrogen, while

physical sputtering does not. Since chemical sputtering only takes place at sites

where reactive atoms (i.e. hydrogen or nitrogen) are present, the corresponding

yield is thus assumed to be proportional to their respective atomic fractions within

the target, while physical sputtering is proportional to the complementary fraction,

i.e. the number of 'pure' carbon sites, where no reactive species is available in the

vicinity. By this the authors in [77] were furthermore able to describe the depen-

dence of the sputtering yield on the incoming ion flux.

Total sputtering yields of so-called 'soft' a-C:H layers under N
2 bombardment

were determined using the highly sensitive quartz crystal microbalance technique

introduced in section 3.1 Soft a-C:H layers are characterized by a relatively high

hydrogen content of 50%, which is why they exhibit the characteristics of an insu-

lating layer. 'Hard' a-C:H films on the other hand contain less hydrogen (typically

30%) and are better conducting surfaces. When exposing a fresh a-C:H layer to a

nitrogen ion beam, it is found, that the erosion yield at first decreases exponentially

with ion fluence until a steady stat value is reached after applying some 1015 N
2

atoms to the surface (see section 4.1.1). The above-described chemical sputtering

model by Hopf et al. [77] can be used to explain the measured steady state sput-

tering yields. In addition the transient development of the sputtering yield can be

understood in more detail by simulation calculations based on the code TRIDYN

(see section 4.1.2).

4.1.1 Experimental Results

Total sputtering yields of 'soft' a-C:H layers under nitrogen bombardment are inves-

tigated at TU Vienna under controlled laboratory conditions with the QCM setup

that was introduced in section 3.1. All experiments were performed at a quartz

temperature of 460 K.
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Figure 4.1: Evolution of the quartz frequency during 1 keV N
2 ion bombardment

of a 'soft' a-C:H surface as a function of the applied ion fluence. At the beginning

of the irradiation, a strong non-linear change of the resonance frequency of the

quartz is observed.

Soft, polymer-like a-C:H layers with a hydrogen content of 50% were deposited

onto a polished gold electrode of a quartz in an ECR methane plasma discharge

(cf. section 3.1.5) [123]. The film growth and characteristics of the layer was moni-

tored by in-situ ellipsometry. The thickness of the films was determined to be about

370 nm. The a-C:H samples are transferred ex vacuo to the UHV experimental

chamber at TU Vienna (cf. section 3.1.3, figures 3.6 & 3.7). N
2 projectiles are ex-

tracted from the Vienna ECR ion source. The total mass change of the target film

is determined from the Eigen-frequency change of the quartz crystal according

to equation 3.4. From the slope of a fit to the frequency change-curve, only total

mass changes per incident projectile (in atomic mass units) can be determined.

To investigate the evolution of non-constant sputtering yields, consecutive mea-

surements can be re-joined to one single curve. By this only total mass changes,

i.e. net erosion or net deposition, can be determined while no information on the

actually sputtered species is obtained.

Katharina Dobeš 83



DISSERTATION
4 RESULTS I

Figure 4.2: Total sputtering yield of the a-C:H surface under N
2 ion bombardment

(in atomic mass units per incident N-atom) as a function of the ion fluence. Data

are evaluated from the slopeof the frequency curve in figure 4.1. For high fluences,

the observed sputtering yield approaches a steady state value of ∼ 40 amu per N

(indicated by the dashed line).

Figure 4.1 shows, how the QCM frequency measured for the impact of 1keV N
2

ions (i.e. 500 eV per N-atom) changes its slope with increasing ion fluence, indicat-

ing a significant change in erosion yield during the course of the entire measure-

ment. The corresponding evolution of the sputtering yield as a function of the ion

fluence is shown in figure 4.2. The measurements started with a virgin, i.e. freshly

deposited 'soft' a-C:H layer. Fluences and sputtering yields are given per incident

nitrogen atom (not N2 molecule). At the beginning of the ion irradiation an el-

evated sputtering yield is observed that decreases exponentially with fluence to

approximately 1/5 of its initial value. After approximately 7 ⋅ 1015 N atoms per cm2

have been applied to the surface a steady state value of the sputtering yield is fi-

nally reached (marked by the dashed line in figure 4.2). At this fluence about 4 nm

of target material have been removed, as can be estimated from the observed

sputtering yield andwith a target density of 1.1 g/cm3 [189]. A similar behavior was
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Figure 4.3: Comparison of the obtained steady state sputtering yields (full red cir-

cles) for the impact of N
2 ions on 'soft' a-C:H films with previous data and TRIDYN

calculations. QCM results are given in atomic mass units per incident N-atom.

Black squares show experimental data by Jacob et al. [189] for bombardment

of 'hard' a-C:H surfaces. Their sputtering yields are given in C atoms per incident

N atom. Steady state sputtering yields are calculated by TRIDYN [186] using the

model proposed by Hopf et al. [77] (full red curve) and are compared to calcu-

lations, which consider physical sputtering only (broken green curve). For details

see text.

also found for other impact energies (500 eV and 700 eV N
2 projectiles), always

starting with a fresh a-C:H film of course.

Figure 4.3 summarizes the steady state sputtering yields obtained at the end of

each measurement series. For comparison data by Jacob et al. [189] for bom-

bardment of 'hard' a-C:H layers are shown. These data were obtained for a-C:H

layers of lower hydrogen content (30%) than in our case. Mind also that in [189]

the number of eroded carbon atoms per incident N-atom is determined from an

a-C:H film thickness change, which is determined by real time ellipsometry. The

observed thickness change can then be converted into an C erosion yield due to

a strong correlation between the physical properties of the a-C:H layer and the
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carbon density in the film [122]. With our measurement technique on the other

hand, the total mass removal (including hydrogen, nitrogen, and heavier com-

pounds such as different kind of hydrocarbons CxHy and other volatile molecules)

is obtained. Both, the different actually accessible measurement quantities and

the discrepancy in the hydrogen content of the investigated surface layer might

explain the deviations between the data presented in this work and those of [189].

The code TRIDYN [186] (cf. section 3.4) has been used to perform simulations

of the interaction of nitrogen with a-C:H (also see section 4.1.2). In these simula-

tions the molecular nitrogen ion is treated as two separate atomic nitrogen pro-

jectiles at the same velocity or equivalently at the same specific energy (i.e. half

the impact energy). TRIDYN is in principle only capable of reproducing physical

processes (like e.g. physical sputtering but not chemical sputtering). Just taking

physical sputtering into account(see green dashed line in figure 4.3) TRDIYN deliv-

ers steady state sputtering yields which clearly underestimate the experimentally

observed values. Evidently it is essential to also include the chemical sputtering

yield mechanism proposed by Hopf et al. [77] in order to adequately reproduce

the observed steady state sputtering yields. This will be described more throughly

in the following section.

4.1.2 Modeling

Steady State Sputtering Yields

In the following a model shall be introduced, aiming to qualitatively describe both

the transient as well as the steady state sputtering behavior observed in our experi-

ments. It is based on amodel proposed by Hopf et al. [77]. Within the framework of

this model, some simplified physical and chemical sputtering processes describe

the interaction between target and projectile. They are used to establish a set of

rate equations, which are able to reproduce the measured data. The model pre-

sented here, shall make the experimental results plausible and give a qualitative

picture of the involved physical processes. For a more detailed and complete de-

scription of the system, an atomistic-level simulation by e.g. molecular dynamics

would be more favorable as e.g. realized in [197].

Within the simplified picture proposed here, chemical sputtering is described as

a result of the following multi-step process (cf. also 2.2.1): Impinging nitrogen ions

(with an incidence energy of E) break C-C bonds with a bond breaking yield den-

sity of ybb (x, E), which is equal to the number of events along the ion penetration

path (in the direction of the x-coordinate), in which the recoil atom in a binary col-
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lision receives an energy bigger than the bond breaking energy Ebb. It was found

that thirteen electronvolt is a reasonable value for Ebb [190] in order to adequately

describe the interaction of nitrogen projectiles with an a-C:H surface. Subsequent

nitrogen projectiles then passivate the resulting dangling bonds by forming volatile

species. This process is dependent on the availability of nitrogen ions, which in turn

is determined by the ion implantation depth profile n (x, E). The so-formed volatile

species diffuse to the surface with a probability which decreases exponentially

with their depth of origin, i.e. e
x/ and desorb there. Herein the decay length λ is

set to 0.4 nm [77]. The total sputtering yield Ytot will then be given by [77]:

Ytot(E) = Yphys(E) + Ycs(E) = Yphys(E) +a∫ ybb (x, E)n (x, E)dx (4.1)

with a being a proportionality factor and Yphys and Ycs denoting the physical and

the chemical sputtering yield, respectively. Chemical sputtering only takes place

at sites where either hydrogen or nitrogen is present, while carbon sites are as-

sumed to be physically sputtered. The proportionality factor a takes uncertainties

into account such as how many nitrogen or hydrogen atoms are needed on av-

erage for one chemical sputtering event.

The surface can now be subdivided into concentrations ΘH and ΘN of sites were

either hydrogen or nitrogen is present in the vicinity of a carbon atom, and the

complementary fraction ΘC of 'pure' carbon sites, i.e.

ΘC = (1−ΘH −ΘN) (4.2)

Hydrogen and nitrogen sites are chemically sputtered with a maximum yield of

Ymax
cs = Ycs (ΘH +ΘN = 1) (4.3)

Here it is assumed for simplicity that the chemical sputtering yield of nitrogen and

hydrogen is equal. Carbon sites on the other hand are physically sputtered with a

maximum yield of

Ymax
phys = Yphys (ΘC = 1) (4.4)

Ymax
phys and Ymax

cs are regarded as limiting cases for zero and maximum hydrogen

and nitrogen concentration in the target. The total sputtering yield can then be

written as:

Ytot = Ymax
cs ⋅ (ΘH1 +ΘN1 ) + Ymax

phys ⋅ (1−ΘH1 −ΘN1 ) (4.5)

Here, the concentrations ΘH1 and ΘN1 are equipped with an index 1 to indicate

that sputtered species originate only from within a very narrow depth below the
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surface (cf. section 2.2.1). To describe the observed steady state sputtering yields

shown in figure 4.3 in a first step Ytot is calculated from equation 4.5 with TRIDYN for

the case of 1 keV N
2 ions, which are assumed to be equal to two separate atomic

nitrogen projectiles with half the energy. The TRIDYN input parameters used to sim-

ulate the interaction are summarized in table 3.3 on page 78. As initial target, an

a-C:H film with a relative hydrogen concentration of H/C = 1 is used. The target

density is set to 1.1 g/cm3. The surface binding energy for carbon and hydrogen

ions is set to ES ∼ 2.8 eV, the surface binding energy of nitrogen is taken to be ES ∼

1.9 eV [189]. Both the physical as well as the chemical sputtering yield are deter-

mined at a fluence of 7⋅1015 N atoms per cm2, which corresponds to steady state

conditions in our measurements. The resulting TRIDYN curve depicted in figure 4.3

(red solid line) is then obtained using a proportionality factor of a = 5 in equation

4.1. As demonstrated in figure 4.3 a good agreement with our experimental data

is obtained for all investigated energies.

Fluence Dependence of the Sputtering Yield

The observed dependency of the sputtering yield on the applied ion fluence (see

figure 4.1) reflects the modification (i.e. the change of the composition) of the

a-C:H layer with increasing ion fluence. Modeling this process tended to be more

difficult. In a first step the evolution of the atomic fractions of hydrogen, nitrogen

and carbon under ion bombardment were calculated from a balance of various

processes: Hydrogen and nitrogen are removed from the surface by either ion-

induced depletion due to momentum transfer with a yield of Ydepl or by chemical

sputtering Ycs. Impinging nitrogen projectiles are additionally implanted at C-C

sites with an implantation yield of Yimp.

As the surface is eroded, bulk material with atomic concentrations different

from those in the top surface layer emerges into the ion range. To account for this,

the target is sliced into four different 2 nm thick sub-layers and an underlying bulk

with fixed atomic concentrations corresponding to the initial surface conditions

(cf. table 3.3). The distinct yields for the above-mentioned processes is calculated

for each individual layer separately using values obtained from TRIDYN at a simu-

lated fluence of 7⋅1015 N atoms per cm2. By using TRIDYN instead of TRIM, composi-

tional changes of the surface as a result of projectile implantation and continuous

surface erosion are taken into account too. Hereby Ydepl is determined from the

number of displaced atoms in a collision cascade within such a surface sub-layer

minus the number of recoil atoms, which come to rest in this sub-layer. Yimp is de-

rived from the nitrogen implantation depth profile of n(x), which is shown in figure
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Figure 4.4: Implantation probability obtained from TRIDYN [186] of 1 keV N
2 ions

impinging on a soft a-C:H surface.

4.4. Ycs is determined from equation 4.1. The evolution of the surface concentra-

tions in the four sub-layers i = 1− 4 is then given by the following rate equations,

which calculate the balance between the above-mentioned processes:

n0
dΘHi
dt

= −jN (Y
H
depl + YHcs)Θ

H
i + jNYtot Θ

H
i1 (4.6)

for the hydrogen concentrations ΘHi in the surface sub-layers and

n0
dΘNi
dt

= −jN (Y
N
depl + YNcs)Θ

N
i + jN (1−ΘNi −ΘHi )Yimpl + jNYtot Θ

N
i1 (4.7)

for the nitrogen concentrations ΘNi . With the term jNYtot Θ
X
i1 (X = H,N) the particle

exchange of a particular sub-layer with its individual subjacent layer as a conse-

quence of surface erosion is included. The composition of the undermost sublayer

i = 4 corresponds to the initial bulk concentrations.

In figure 4.5 the resulting concentrations of carbon, hydrogen and nitrogen in

the top-most sub-layer are depicted as a function of the ion fluence. From the

rate equations in 4.6 and 4.7, one finds that under ion bombardment a nitrogen
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Figure 4.5: Fluence dependency of the atomic fractions of C (ΘC1 , black curve), H

(ΘH1 , blue curve) and N (ΘN1 , green curve) in the top most layer of the a-C:H surface

under N bombardment. The curves are obtained from the set of rate equations

(cf. equations 4.6 and 4.7) describing the interaction of the projectiles with the

surface.

concentration builds up within the surface, while the hydrogen concentration de-

creases with the impinging ion fluence.

From the evolution of the surface composition under ion bombardment, the

number of removed particles per incident nitrogen atom due to the respective

sputtering processes in equation 4.5 can be calculated. For a comparison with

the experimental data from figure 4.2, however, a total mass removal (in amu per

nitrogen atom) has to be deduced from these yields, since this is the quantity ac-

cessible with the QCM experimental technique. In doing so, somewhat arbitrary

assumptions in the masses of the volatile compounds formed and subsequently

desorbed from the surface in the chemical sputtering processes YHcs and YNcs have

to be made. In an attempt of bringing the measured total sputtering yields from

figure 4.2 into agreement with Ytot as obtained from equation 4.5, typical masses

were used for erodedmolecules according to those reported in the literature such

as CN, HCN, C2N2 [198] and different kinds of hydrocarbons CxHy, respectively.
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T tr
gs is the measured embedding temperature after

the polymer treatment, T untr
gs is the temperature

for the untreated polymer. The DTgs for PS (solid
and open squares) increases monotonically with
exposure, i.e. the chain mobility near the surface
is reduced due to cross-links compared with the
polymer bulk. The degree of cross-links, x, was
calculated using well known relation given in
[14]: Tg,crl ! Tg,0 = 1.2Tg,0x/(1 ! x)), where x is
the number of cross-links per number of back-
bone atoms, Tg,0 and Tg,crl are the surface glass
transition temperatures of uncross-linked and
cross-linked polymer, respectively. The highest
calculated x value ("20%) was obtained at Ar+

ion fluence 5 · 1013 ions/cm2. Using this value
and taking into account that the penetration depth
of the 1keV Ar+ ions is "5 nm [4] one can estimate
the chemical yield of cross-links G(X). For 1 keV
energy Ar+ ion bombardment one obtains a value
G(X) = 0.3, which is approximately 10 times higher
than for c irradiation [15]. This higher chemical
yield of low energy ions versus gamma rays is asso-
ciated with the corresponding value of the ion
energy loss and to the distribution of ionization
along the ion track. On the other hand, the differ-
ence in the absolute value of G(X) between c irra-
diation and ion irradiation does not change the
general tendency in the ratio between cross-link

and scission processes for polymers that was found
by c or electron irradiation [15]. The Tgs measure-
ments for poly(a-methyl styrene) showed a differ-
ent tendency compared to the PS results (Fig. 3,
solid and open triangles). The temperature change
between untreated and treated polymer surface is
about 3–5 K, and this difference remains almost
constant. This shows that PaMS is a polymer
where chain scission is preferred process, with a
chemical yield of main-chain scission, G(S), of
0.25 [16]. And so the total ablation rate of poly

Table 1
Experimental results of the sputter rates for different polymers
obtained at an energy of 1 keV and an Ar+ ion fluence of
1016 ions/cm2 for constant (1 lA/cm2) ion current density

Polymer Rate
(total)
[nm/min]

Saturation
fluence
[cm!2]

Monomer
yield
[%]

G(S) G(X)

PS 0.24 7 · 1014 50 0.01 0.08–0.3
PaMS 0.31 8 · 1014 >95 0.25
BPA-PC 0.52 8–9 · 1014 0.17
PMMA 1.47 2 · 1015 95 1.2–1.9 0.1
Teflon AF 5.76 >95 2–6

The data for the chemical yields of main-chain scission (G(S))
and cross-linking (G(X)) [16] after c irradiation and the
monomer yields for thermal degradation [24] are given to rep-
resent the correlation between these values and the sputter rate.

Fig. 4. The influence of ion chemistry on the sputter rate versus
ion fluence for PS and PaMS measured with the QCM.

Fig. 3. The change of surface glass transition temperature,
DTgs, on the ion fluence for PS and PaMS treated with Ar+ and
N2 ions. DT gs ¼ T tr

gs ! T untr
gs where T tr

gs is the measured embed-
ding temperature after the polymer treatment, T untr

gs is the
temperature for the untreated polymer.

J. Zekonyte et al. / Nucl. Instr. and Meth. in Phys. Res. B 236 (2005) 241–248 245

Figure 4.6: Evolution of the sputtering yield of different polymers (i.e. PS -

polystyrene; PαMS - poly(α-methylstyrene) under the impact of various ions (i.e. ar-

gon, nitrogen and oxygen) [199]. A strong fluence dependency of the sputtering

yield is observed followed by a saturation behavior for prolonged ion-beam expo-

sure. The characteristics of the sputtering yield evolution depends on the target-

projectile combination, i.e. on the chemistry of the interaction process.

However regardless of the applied molecule mass, the evolution of the total sput-

tering yield with ion fluence was inconsistent with the measured data. Especially

the model failed to describe the substantial difference between the experimen-

tally observed initial sputtering yield and the yield under steady state conditions.

When investigating sputtering rates of different polymers under ion irradiation

with a QCM technique, Zekonyte et al. [199] observed a dynamic change in the

total mass removal with ion fluence which is very similar to the one found in the ex-

periments presented here. This is demonstrated in figure 4.6, where the evolution of

the sputtering yield for two different polymers, i.e. polystyrene and poly(α- methyl-

styrene) is shown for the impact of various ion species, both chemically reactive

and inert. The authors in [199] observe a distinct decrease in sputter rate up to

fluences of ∼ 5⋅1015 ions per cm2. At prolonged ion beam exposure a saturation in

the sputtering yield is reported, whereas the specific characteristics of this transient

behavior depends on the target-projectile combination, i.e. the chemistry of the

interaction process. It could be shown by x-ray photoelectron spectroscopy that
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Figure 4.7: Evolution of the molecular mass of the CxHy species chemically sput-

tered at H-sites, which had to be assumed to correctly model the evolution of the

sputtering yield with ion fluence.

the observed transient effect in the sputtering yield is linked to a chemical modifi-

cation of the target film, which is induced by the ion bombardment. The decrease

in the sputtering yield with ion fluence was additionally enhanced by a substantial

reduction of the occurrence of highermolecular weight fragments in the sputtered

species (as confirmed by secondary ion mass spectrometry measurements [200]).

The formation of a modified surface layer of an a-C:H film under ion bombard-

ment was also found by von Keudell et al. [201]. These authors investigate the

properties of an a-C:H film during deposition using in situ ellipsometry. They observe

a densification of the target film under ion bombardment, which they attribute to

the ion bombardment induced creation of dangling bonds and the displacement

of bonded hydrogen in the surface, which is followed by the formation of newC-C

bonds in the carbon network.

The findings in [199,201] strongly suggest that assuming a constant mass for the

chemically sputtered species constitutes an oversimplification of the problem and

that it is necessary to introduce a change of the eroded molecule mass with im-
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Figure 4.8: Comparison of the modeled total sputtering yield (red solid line) with

results obtained from the experiment (red circles). The evolution of YHcs (blue solid

line) was obtained assuming that the sputtered molecule masses change with ion

fluence (cf. figure 4.7), while for YNcs (green solid line) the sputteredmolecules were

assumed to be of constant mass. In the total sputtering yield Ytot a constant phys-

ical sputtering yield is also included (cf. figure 4.3). This Yphys is not explicitly de-

picted.

pinging ion fluence to our model, in order to describe the transient sputtering yield

observed in the experiment appropriately.

Since the above-described processes are governed by a modification of the

chemical structure of the target film, it is suggested here to account for the change

of the molecule mass by varying the mass of the eroded CxHy molecules only.

This, of course, will strongly affect the evolution of the chemical sputtering yield

at hydrogen sites YHcs and consequently also of the total sputtering yield Ytot. It is

therefore assumed that the mass of the sputtered CxHy species decreases with ion

fluence and eventually reaches a steady state value. The function dependency

was adapted in a way to optimally reproduce the yield evolution found in the ex-

periment (see figure 4.2). The such determined evolution of the molecular mass of

the eroded CxHy species is depicted in figure 4.7. Initially molecule masses around
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100 amu are eroded per incident nitrogen atom. This value decreases exponen-

tially until under steady state conditions molecules with a mean mass of 15 amu

(corresponding to e.g. a CH3 molecule) per incident nitrogen atom are sputtered.

With this assumption themodeled evolution of the total sputtering yield with ion flu-

ence is in very good agreement with the experimental findings. In figure 4.8 both

the experimental results (red dots) as well as the modeled evolution of the total

sputtering yield (red line) are depicted. Additionally the underlying evolutions of

the chemical sputtering yields at hydrogen sites YHcs (blue line) and at nitrogen sites

YNcs (green line) are also shown.

4.1.3 Summary & Concluding Remarks

The sputtering of 'soft', polymer-like a-C:H layers under N
2 ion bombardment up

to energies of 1 keV was investigated. It was found that the total sputtering yield

observed, at first decreases strongly with ion fluence and reaches a steady state

value after some 1015 N
2 ions per cm

2 have been applied to the surface.

Figure 4.9: Scheme of the sputtering process of the a-C:H surface under nitrogen

impact. The evolution of the surface is depicted for increasing ion fluence from a

virgin surface (left) to the transient behavior (center) and steady state conditions

(right). For details see text.

Qualitatively this evolution can be understood in the following way: nitrogen

projectiles impinging on an a-C:H surface at first preferentially abstract hydrogen

from the surface leaving behind dangling C bonds. This leads to a restructuring of

the carbon network and generally a densification of the target film within the ion

penetration depth. This process is accompanied by the implantation of nitrogen
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projectiles in the surface. The creation of a hydrogen depleted, nitrogen contain-

ing top surface layer is reflected in a transient behavior of the sputtering yield for

low ion fluences. This could be observed both in the experiments presented here

as well as in investigations from other groups [199,201].

In order to understand the transient behavior of the sputtering yield, a set of

rate equations for the atomic composition of the target material was considered,

which takes into account various interaction processes between projectiles and

target. The rates for the underlyingprocesseswere obtained from TRIDYN. Achange

in surface composition due to the sputtering yield alone is, however, not able to ex-

plain the strong decrease in the observed sputtering yield with ion fluence. Good

agreement betweenmodel and experimental data could only be obtained by as-

suming that the averagemass of the hydrocarbonmolecules eroded in the chem-

ical sputtering processes also decreases with ion fluence. With a similar approach

also the observed steady state sputtering yields as a function of the impact energy

could be reproduced nicely.
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4.2 Sputtering of Tungsten by N+ and N+
2 Ions: Investiga-

tions of Molecular Effects

Part of the following has been published in [202]

In 2007, ASDEX Upgrade was the first fusion machine to operate with a full tungsten

wall [38]. Also in future fusion devices like ITER, tungsten is foreseen as a divertor

target [20] (cf. section 2.2, page 14). In order to reduce the power load to the di-

vertor target plates to acceptable values, radiation cooling is essential [196]. Since

the elimination of carbon from these fusion machines, radiation due to intrinsic im-

purities is no longer sufficient and has to be replaced by seeding of additional

impurities (also cf. section 2.2, page 17) [196]. At ASDEX Upgrade nitrogen seed-

ing with feedback control has meanwhile matured into a standard operational

scenario [38]. The divertor target power flux could be mitigated by high radiation

levels to technically acceptable values using nitrogen, and the performance of

the plasma was even increased compared to discharges without seeding [38].

It is therefore of considerable interest to study the interaction of nitrogen con-

taining plasmas with tungsten surfaces. Schmid et al. recently studied the sputter

erosion of tungsten by high fluences of N
2 projectiles and observed the formation

of a tungsten-nitrid surface layer within the ion penetration depth [66]. As a result

of the nitrogen accumulation in these layers a reduced partial sputtering yield of

tungsten as compared to a pure tungsten surface was found [66].

In both modeling as well as experiments it is often assumed that the impact of

an Xn molecule ion on a solid surface has the identical effect as n X ions at the

same velocity (i.e. that generally no molecular or non-linear sputtering effects are

observed for the impact of molecular projectiles). The high accuracy of the QCM

experimental technique previously introduced in section 3.1 allows a detailed in-

vestigation of possible differences in the sputtering yield due to bombardment by

atomic and molecular nitrogen projectiles.

4.2.1 Experimental Results

To measure the total sputtering yield for nitrogen ion bombardment of tungsten,

the highly accurate QCM setup developed at TU Vienna [169, 170] was used (cf.

section 3.1). 500 nm thick, polycrystalline tungsten films (cf. section 3.1.5) are bom-

barded by atomic and molecular nitrogen ions. The tungsten films are deposited

onto the quartz crystals prior to installing them in the experimental chamber at TU

Vienna by vapor deposition (cf. section 3.1.5). The ions are extracted from the
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Figure 4.10: Sputtering yield per incident nitrogen atom of polycrystalline tung-

sten bombarded by molecular N
2 ions (full circles) and by atomic N+ ions (full dia-

monds) versus projectile energy per nitrogen atom. Experimental data published

earlier are included for comparison: (�) [203] and (F) [66]. The black solid line

represents a fit to TRIM.SP [57].

Vienna ECR ion source in an energy range of some hundred eV up to 2000 eV

per nitrogen atom. The molecular and the atomic fraction of the extracted beam

is separated by mass to charge state selection in the sector magnet of the facil-

ity. During the measurements the QCM temperature is held constant at 460 K. The

mass change of the target film during ion bombardment and therefore the sput-

tering yield is derived from the measured change in the quartz crystal frequency

in the usual way, by using equation 3.4.

Prior to nitrogen bombardment the tungsten surfaces were sputter cleaned in

situ with Ar+ ions. About 1015 argon ions per cm2 were applied to the surface,

while the resulting sputtering yield was monitored. At first an elevated sputtering

yield is observed, which most likely results from an adsorbate or oxide layer. Ar+

bombardment was continued until a steady state sputtering yield was reached.

With a sputtering yield of about 0.7 tungsten atoms per argon projectile at 1 keV
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impact energy, this corresponds to the removal of a few monolayers of tungsten

only. This procedure was then repeated with nitrogen ions, where again typically

1015 nitrogen ions per cm2 were necessary to reach a steady state sputtering yield

value.

Figure 4.10 showsmeasured sputtering yields of polycrystalline tungsten for both

the impact of molecular N
2 (full green circles) and atomic N+ (full red diamonds)

ions. For comparability the projectile energy as well as the sputtering yield are

normalized to the number of nitrogen atoms in the projectile. In this way projectiles

of equal velocity are compared and possible non-linear sputtering effects due

to the impact of diatomic molecular projectiles should become visible. To avoid

systematic errors as much as possible, the results shown in figure 4.10 for N+ and N
2

projectiles have been obtained in random order on different days and sometimes

even with different quartz crystals. Every data point shown is the result of at least

five individual measurements usually carried out the same day on the same quartz

crystal. In some but not all cases the measurements have been repeated on a

different day, sometimes even on several different days and also on a different

quartz crystal. The error bars shown correspond to the standard deviation of the

mean value of all the individual measurements. For this reason some data points

carry much smaller statistical error bars than others.

The experimental data in figure 4.10 is also compared to results of previousmea-

surements by Schmid et al. [66] and Bader et al. [203] as well as a TRIM.SP fit [57].

The TRIM.SP data are noticeably higher than all the experimental data points and

correspond to the 'static' TRIDYN [58] calculations presented by Schmid et al. [66],

where a dynamic surface composition change due to ion impact is suppressed

(cf. section 3.4). To explain the difference between their experimental data and

those of the 'static' TRIDYN simulations, Schmid et al. [66] argued that during the

bombardment of tungsten with high fluences of nitrogen ions, the accumulation

of nitrogen leads to the formation of a tungsten-nitride phase within the ion pene-

tration depth, thus reducing the sputtering yield as compared to a pure tungsten

surface. Their data points were obtained by bombardment with ions from a nitro-

gen plasma (composed of ∼ 90% N
2 and 10% N+) with a fluence of some 1019 ions

per cm2, after which they found that the implantation of nitrogen in the surface

layer had saturated. Their arguments were supported by dynamic TRIDYN calcu-

lations, which also showed a significant reduction of the tungsten erosion due to

nitrogen implantation.

The effect of nitrogen implantation on the sputtering experiments presented

here was estimated with a dynamic TRIDYN [58] simulation. Since experiments

were performed at ion fluences of less than 3⋅1015 N ions per cm2 only a very small
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Figure 4.11: Ratio between the sputtering yield per nitrogen atom for the bom-

bardment of tungsten with molecular vs. equally fast atomic nitrogen projectiles

(full symbols). The horizontal line corresponds to the linear case, where N
2 acts as

two independent N+ projectiles.

reduction of the total sputtering yield (within the experimental error of ∼ 10%) can

be expected. The results shown in figure 4.10 therefore represent sputtering of a

pure tungsten surface.

4.2.2 Discussion

Taking a closer look at the differences betweenN+ andN
2 sputtering yields in figure

4.10, one finds that for energies above 1000 eV per nitrogen atom the sputtering

yields per incident nitrogen constituent in the projectile coincide well for atomic

and molecular ions. Below 1000 eV per nitrogen atom however, the amount of

sputtered tungstenatomsper incident nitrogenconstituent in theprojectile is clearly

higher for the impact of a N
2 molecular ion than for N+ atomic ion bombardment.

In this energy range a N
2 ion can obviously not be considered equivalent to two

independent nitrogen atoms impinging on the surface (i.e. a so-called 'molecular

effect' is observed).
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This enhancement becomes even more clear by plotting the ratio between

the sputtering yields per atom for bombardment with molecular and atomic ni-

trogen ions for equally fast projectiles as demonstrated in figure 4.11. At energies

between 350 and 500 eV per nitrogen atom the sputtering yield per atom is about

25% higher for molecular than for atomic projectiles. Towards higher impact ener-

gies this enhancement diminishes and vanishes above 1000 eV per atom with the

ratio between the two yields approaching one.

At first glance such a pronounced molecular effect seems somewhat surpris-

ing. At high energies (typically 50 keV or higher) molecular effects are well inves-

tigated and attributed to nonlinear effects in the collision cascade [204-206]. In

the linear cascade regime of sputtering (cf. section 2.2.1, page 19), i.e. for impact

energies of typically 1 - 50 keV, the sputtering yield per atom of a molecular ion

should equal that of an atomic ion at the same impact velocity (i.e. the same

energy per atomic constituent) [206]. Very little is known, however, about molec-

ular effects close to the sputtering threshold (for impact energies < 1 keV). Yao

et al. [207] have reported the first observation of a sputtering enhancement for

molecular projectiles as compared to atomic ions at very low projectile energies.

They investigated the sputtering yield from a polycrystalline gold surface under

the impact of molecular and atomic nitrogen and oxygen ions. The main results

of their studies are shown in figure 4.12. Below a certain impact energy threshold

(500 eV in the case of nitrogen, 100 eV for oxygen bombardment) they observe

a noticeable divergence of the molecular (i.e. N
2 and O

2 respectively) sputter-

ing yield from the corresponding atomic (i.e. N+ and O+ respectively) yield. Yield

enhancements of up to almost a factor of four have been found for kinetic ener-

gies of 50 eV [207]. A similar molecular effect has also been reported for chemical

sputtering of graphite by low energy atomic and molecular hydrogen and deu-

terium projectiles [208] and was also attributed to differences in the elastic binary

collision energy transfer of molecular compared to two independent atomic ions.

In addition a molecular size effect for the sputtering of a-C:H surfaces by hydro-

gen and deuterium projectiles was reported by Harris et al. [209], who observed

that the methane production per incident H constituent was clearly enhanced for

molecular ion impact.

For a qualitative explanation of the observed molecular effect, the arguments

presented by Yao er al. [207] will be followed. On the basis of a simple energy

transfer model, the energy transferred to a target atom in a binary elastic collision

by a diatomic molecule is determined by an effective projectile mass m∗, which

varies between the two limiting cases, that the diatomic molecule can either be
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Figure 4.12: Sputtering yield of gold bombarded by molecular and atomic oxygen

and nitrogen projectiles as a function of the projectile impact energy [207]. In the

insets the sputtering yield is shown vs. the energy transfer per atom in the unified

atom limit. For more information see text.

understood as two independently impinging atoms, or one rigid particle with twice

the mass than its atomic constituents, i.e.

m ≤m∗ ≤ 2m (4.8)

Yao et al. argue that the effective projectile mass in the collision with a surface

atom will depend on the relation between the vibrational frequency of the mole-

cule and the collision time (i.e. the projectile velocity). Two extreme cases can be

considered: in the limit of a very large bond stiffness of the molecule (i.e. a high

vibrational frequency/ a low impact energy) the N
2 projectile can be treated as a

single particle with twice the mass of a nitrogen atom, while in the limit of a weak

bond (at high impact energies) the two nitrogen atoms of the molecule act more
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or less independently. In an elastic head-on collision, the maximum energy trans-

ferable for a projectile with massm and kinetic energy E0 onto a target atom with

mass M is given by (cf. equation 2.1):

ΔE =
4m ⋅M

(m+M)
2
⋅ E0 (4.9)

For a 14Natomof energy E0 collidingwith a
184Wtarget atom this energy transfer

amounts to

ΔEatom = 0.263 ⋅ E0 (4.10)

In the limiting case that the incident nitrogen molecule can be interpreted as one

single rigid particle with a mass of 28 amu and a kinetic energy of 2E0, the energy

that is transferred to a surface atom is increased to

ΔEmolecule = 0.459 ⋅ 2E0 (4.11)

or 0.459⋅E0 per incident nitrogen constituent. From this simple estimate one finds

that at very low impact energies up to 1.7 times more energy per atom can be

transferred to a tungsten surface atom by a molecular nitrogen projectile than for

atomic nitrogen bombardment. For collision times shorter than half the vibrational

period of the N2molecule, i.e. for higher kinetic energies, themoleculewill behave

more like two single atoms and the energy transferred per incident nitrogen atom

will become equal for both projectiles.

4.2.3 Summary & Concluding Remarks

Total sputtering yields of polycrystalline tungsten surfaces bombarded by molec-

ular and atomic nitrogen ions were presented. The obtained yields are in good

overall agreement with data from the literature. When comparing the molecular

with the atomic sputtering yield at projectile energies below 1000 eV per nitrogen

atom, however, it was found that the sputtering yield per nitrogen atom under im-

pact of N
2 ions is approximately 25% higher than that of two equally fast N+ ions.

This molecular effect can be explained qualitatively with an energy transfer model

assuming an effective mass for the molecular projectile, which depends on the

time scale of the molecular vibration as compared to the collisional interaction.
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4.3 Interaction of Seeding Gas Ions with Nitrogen Satu-

rated Tungsten Surfaces

Part of the following is being published in [210].

Carbon is increasingly being replaced by metallic plasma facing components in

fusion machines. On the one hand, its chemical reactivity with hydrogen isotopes

results in unacceptably high erosion rates due to chemical sputtering (cf. section

2.2.1), which ultimately limits the lifetime of carbon containing materials in a fusion

reactor vessel. On the other hand the formation of hydrogenated carbon layers

by co-deposition of carbon impurities with hydrogen isotopes throughout the fu-

sion machine (cf. section 2.2.2) would drive the tritium inventory in the vacuum

chamber beyond operation limits within only a comparably small number of dis-

charges [29].

The transition to all-metall machines however, involves dismissing the benign

cooling effect of radiating carbon species in the plasma edge (cf. section 2.2

and figure 2.6). To mitigate the heat loads to plasma facing components by ra-

diative power dissipation, it will therefore be necessary to replace intrinsic carbon

impurities by the injection of seeding gases. Potential seeding species (cf. figure

2.6) involve noble gases like argon or neon but also nitrogen, which has proven to

be a valuable substitute for carbon in the divertor region [38]. In ASDEX Upgrade

nitrogen seeding with power feedback has already matured into a standard op-

erational scenario [38].

The erosion of high Z plasma facing components will be dominated by these

externally seeded impurity species (cf. p. 17) [40]. Moreover, implantation of ni-

trogen into the plasma facing materials will result in a dynamic modification of the

surface structure and composition during the operation of the fusion reactor (cf.

section 2.2.3). Mixing of materials might severely influence physical properties of

the plasma facing components, such as the sputtering yield, the melting point or

the electrical and thermal conductivity. It is therefore of fundamental interest to

fusion research to study the formation and the properties of suchmulti-component

surfaces.

In a recent study by K. Schmid et al. it was found that for high fluences of en-

ergetic nitrogen ions impinging onto tungsten surfaces, a tungsten-nitride surface

layer is developedwithin the ion penetration depth [66]. Dynamic equilibrium con-

ditions for the surface composition are established, after the removal of a surface

layer with a thickness of the order of the ion range. The authors also report that
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due to the accumulation of nitrogen in the surface, the partial tungsten sputtering

yield is reduced as compared to sputtering of a pure tungsten surface. From this

point of view the formation of tungsten nitride mixed material layers in a fusion re-

actor could in fact be beneficial by decreasing the tungsten impurity release into

the plasma.

It was also found [211] that the resistivity of tungsten nitride films varies with the

deposition conditions. It increases with the nitrogen content in the surface and

can be as high as 3000 - 5000 μΩ⋅cm for as-deposited, nitrogen rich films. While

for conducting targets the sputtering yield generally only depends on the kinetic

energy of the projectile [89, 90], a pronounced enhancement of the erosion rate

with the charge state of the impinging ion, i.e. so-called potential sputtering ( [83]

and references therein) was found for some insulating and semi-conducting tar-

gets (cf. section 2.2.1), like alkali halides [87,93], oxides [89,94] and also hydrocar-

bon surfaces [95]. As already outlined in section 2.2.1 potential sputtering is mainly

observed for target materials with a strong electron-phonon coupling, where the

electronic excitation, which is introduced into the surface by the deposition of the

potential energy (i.e. the sum of the ionization energies) of the highly charged ion

during surface impact, can efficiently be converted into motion of target atoms.

In a fusion reactor, elevated sputtering yields of nitrogen containing wall mate-

rial due to potential sputtering by highly charged impurity ion impact, would give

rise to undesirably enhanced wall erosion rates and core plasma contamination

by high Z impurities. The study presented in this section therefore aims at testing

whether nitrogen saturated tungsten surfaces are prone to potential sputtering

under subsequent impact of highly charged noble gas species such as argon or

neon (Arq and Neq, respectively), which are both considered to be used as

seeding impurities in future fusion reactors like ITER. The presented study was con-

ducted under controlled laboratory conditions, which enables an investigation of

the sputtering yield for mono-energetic particle impact of a single ion species with

a well-defined charge state.

4.3.1 Experimental Results & Discussion

Total sputtering yields of a tungsten nitride surface under the impact of seeding

ions were determined using the highly sensitive quartz crystal microbalance tech-

nique introduced in section 3.1 at the ECR ion source facility in 3.1.3. The exper-

iments were conducted at a base pressure on the low 10-10 mbar regime in the

UHV chamber and at an elevated target temperature of 465 K. The beam facing

side of the quartz crystal is coated with a 500 nm thick, polycrystalline tungsten film
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(cf. section 3.1.5), which is deposited onto one of the gold electrodes by vapor

deposition in a separate preparation chamber and transferred to the experimen-

tal chamber ex vacuo. The total mass change of the target film is determined from

a change of the resonance frequency of the quartz according to equation 3.4.

N+. Arq+ and Neq+ ions (q = 1 - 9) are produced in the ion source SOPHIE at the

ion beam facility in Vienna (cf. section 3.1.3). The ion current density impinging

onto the sample is determined by means of a faraday cup, which is located at

at a given distance above the quartz crystal on the sample holder (cf. figure 3.2).

Ion current measurements are conducted before and after each sputtering yield

measurement.

Figure 4.13: Ion ranges of the highest utilized projectile energies as obtained from

static TRIDYN [58] simulations. The range of nitrogen projectiles in a pure tungsten

surface is compared to the range of argon and neon projectiles in a tungsten

nitride surface at the highest energy, whichwas used in the sputtering experiments.

Nitrogen saturated tungsten surfaces are prepared by implanting energetic ni-

trogen ions into a freshly deposited tungsten surface. The nitrogen impact en-

ergy and the saturation fluence were chosen such, as to ensure that the Arq

and Neq projectiles used in the subsequent investigations, predominantly inter-

act with the nitrogen saturated surface layer along their path through the surface.
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For this purpose ion ranges of all three projectiles were estimated with the Monte

Carlo code TRIDYN [58]. TRIDYN is in principle capable of also considering com-

positional changes of the surface, resulting from the applied projectile fluence (cf.

section 3.4). For estimating the projectile ranges however, static simulations were

performed in this case, i.e. any compositional changes of the surface were sup-

pressed. The implantation profile of nitrogen was estimated for a pure tungsten

surface; ranges of neon and argon were determined on the resulting tungsten ni-

tride surface. For this purpose an atomic fraction of W/N=1 was assumed in the

calculations, which is in accordance with the surface composition found in the

studies by Schmid et al. [66]. The surface binding energy of both, the simulated

tungsten and the tungsten nitride surface was set to the value generally used for

pure tungsten, i.e. 8.68 eV [191]. The entire set of input parameters used in the

simulations is summarized in table 3.3.

The energy of the nitrogen ions, which were used for saturating the tungsten sur-

face, was adaptedwith respect to obtaining a similar nitrogen implantation profile

as compared to the ion range profiles of the noble gas ions (argon and neon) at

the highest energy subsequently investigated in the sputtering experiments. Con-

sequently a N ion impact energy of 4000 eV was chosen and the sputtering in-

vestigations for neon and argon projectile ions were conducted only below an

impact energy of 4900 eV. In figure 4.13 the implantation profile as obtained from

TRIDYN of 4000 eV N ions in tungsten (in green) is compared to the profiles of Ar+

(in red) and Ne+ (in blue) in a tungsten nitride surface at the highest investigated

impact energy of 4900 eV.

For obtaining a nitrogen saturated tungsten nitride surface, the nitrogen irradi-

ation was continued up to a cumulated ion fluence of ∼ 3.5⋅1017 N per cm2. The

mass change of the tungsten surface under ion impact was monitored throughout

the entire saturation process. With increasing ion fluence, theQCMdetected ami-

nor decrease in the total mass removal rate. Nitrogen bombardment was stopped

after an integrated surface recession of approximately 70Å,which clearly exceeds

the mean ion range in the surface as estimated by TRIDYN (cf. figure 4.13). By this

it was ensured that nitrogen saturation conditions were obtained.

Surface erosion under the impact of argon ions of various charge states (q = 1 -

9) was determined for both, a pure tungsten as well as a tungsten nitride surface.

The experimental results are shown in figures 4.14 and 4.15, respectively. The de-

picted sputtering yields were obtained in a sequence from high to low impact en-

ergies. Thereby the ion range in the surfacewas gradually decreased in the course

of the investigations, which was done in order to keep the compositional changes

induced by preceding ion bombardment at aminimum for all investigated ion en-
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Figure 4.14: Sputtering yield of a pure tungsten surface under Arq (q = 1- 7) ion

impact as a function of the ion energy. Within the given error bars, no dependency

of the sputtering yield on the charge state of the ion is found. The data compare

well with a static TRIDYN simulation for the sputtering of pure tungsten (black solid

line). In addition total sputtering yields obtained on a nitrogen saturated tungsten

nitride surface (grey squares) are also shown for comparison.

ergies. The total argon fluence applied to the tungsten nitride surface remained

below 1.8⋅1015 ions per cm2, which resulted in a cumulative surface recession of

less than 1.5 Å. Therefore, from a comparison with the nitrogen implantation profile

used for saturating the surface (cf. figure 4.13), the conclusion can be drawn that

the influence of the argon ion bombardment on the composition of the surface

should be comparably small.

Neither for the pure tungsten surface, nor for the tungsten nitride surface a de-

pendency of the sputtering yield on the charge state of the impinging projectile

is found within the experimental accuracy. In figures 4.14 and 4.15, TRIDYN results

for the total sputtering yields (including both the partial sputtering yield of nitrogen

and tungsten from the surface) are also included (black solid line). They com-

pare well with the experimental results in both cases. It is therefore concluded that

kinetic sputtering is by far the dominant contribution to the erosion yield, while po-
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Figure 4.15: Sputtering yield of a nitrogen saturated tungsten nitride surface under

Arq (q = 1- 9) ion impact as a function of the ion energy. Within thegivenerror bars,

no dependency of the sputtering yield on the charge state of the ion is found. The

data compare well with a static TRIDYN simulation of the total sputtering yield (i.e.

partial sputtering yield of tungsten and nitrogen combined) of a W/N = 1 tungsten

nitride surface (black solid line).

tential sputtering mechanisms are negligible even in the case of tungsten nitride

surfaces.

For direct comparison of the total yield of the tungsten surface with sputtering

from tungsten nitride, the sputtering yield data obtained for Ar+ impact on the

tungsten nitride surface is also included in figure 4.14. There is no substantial differ-

ence in the total sputtering yields of the two surfaces. The reduction of the mass

removal rate due to a decrease of the partial sputtering yield of tungsten from

the tungsten nitride surface, is apparently overall balanced by nitrogen erosion

from the surface. This is supported by the observation that the erosion rate of the

surface barely changed during the entire nitrogen saturation process.

Similar investigations were conducted for the impact of neon on tungsten ni-

tride. The experimental results are shown in figure 4.16. In this case, a possible

charge state dependency of the sputtering yield was only tested for one single

impact energy, where again no difference for sputtering by Ne4+ compared to
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Figure 4.16: Sputtering yield of a nitrogen saturated tungsten nitride surface under

Ne ion impact as a function of the ion energy. For reference the sputtering yield

of a neon ion with charge state q = 4 is also shown. Again, no dependency of

the sputtering yield on the charge state of the ion is found. The experimental data

are compared to a static TRIDYN simulation of the total sputtering yield (i.e. partial

sputtering yield of tungsten and nitrogen combined) of a W/N = 1 tungsten nitride

surface (black solid line).

Ne+ impact was found. The total sputtering yield of the tungsten nitride surface

due to neon impact is generally smaller than under argon impact, as can be ex-

pected from the purely kinetic nature of the sputtering process and the less effi-

cient energy transfer in a binary collision of neon projectiles with the much heavier

tungsten atoms.

4.3.2 Summary & Concluding Remarks

Sputtering of tungsten and tungsten nitride surfaces was investigated for seeding

impurity ion impact (i.e. argon and neon). The observed sputtering yields were

found to be independent of the charge state of the projectiles for both surfaces.

From this, no enhancement of wall erosion rates in fusion machines due to po-

tential sputtering of nitrogen saturated tungsten surfaces has to be expected. In
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previous studies [211] it was found however that for tungsten nitride surfaces the

electrical conductivity, which is a determinant factor in the occurrence of poten-

tial sputtering, depends on the deposition conditions. The absence of potential

sputtering in a fusion machine might therefore still depend on parameters like the

wall temperature, the nitrogen impact energy and generally the actual nitrogen

content in mixed, nitrogen tungsten surfaces in a future fusion reactor.

Erosion of tungsten nitride surfaces was found to be smaller for neon impact

than for argon impact, as can be expected from the purely kinetic nature of the

sputtering process. Additionally the total sputtering yield of tungsten nitride sur-

faces is found to be comparable to the sputtering yield of pure tungsten, with ni-

trogen erosion apparently balancing the reduction of the partial tungsten sputter-

ing yield. This on the other hand means that the release of tungsten from tungsten

nitride is decreased compared to erosion of pure tungsten, which is in agreement

with the results reported in [66].
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4.4 Erosion of Beryllium under Nitrogen Impact - Investi-

gations of Transient and Steady State Conditions

The largest part of the vacuum vessel wall of the fusion experimental reactor ITER,

will be covered by beryllium (cf. section 2.2). Beryllium is chosen as a plasma fac-

ing material in fusion research primarily due to its low atomic number Z. Compared

to e.g. tungsten, the energy loss from the plasma by radiating beryllium species is

comparably small and hence the maximum tolerable beryllium concentration in

the plasma core is of the order of several percent compared to only about 10-5 for

tungsten [20]. In addition beryllium is an excellent oxygen getter material and will

thereby aid in improving the vacuum conditions in the fusion reactor vessel.

As carbon is increasingly replaced as a plasma facing component in today's

fusion experiments, the benign cooling effect of intrinsic carbon impurities by ra-

diative power dissipation in the divertor region and the plasma edge is being dis-

missed. To keep the heat load to the plasma facing components below the max-

imum acceptable limit, it will be necessary to introduce additional seeding im-

purities into the plasma edge. Among such seeding gases, nitrogen is strongly fa-

vored due to its comparably high radiative characteristics at low electron temper-

atures [37] which is responsible for its capability of replacing the radiating carbon

species in the divertor region of the tokamak (cf. section 2.2). Nitrogen seeding

is already successfully implemented in today's fusion experiments such as ASDEX

Upgrade [34] and JET [212].

With the introduction of nitrogen into the fusion plasma vessel, the formation

of nitrogen containing mixed material layers is expected. Dynamic implantation

of nitrogen in the vessel walls or co-deposition with eroded species will result in a

modification of the surface structure and composition of plasma facing materials

during the operation of a fusion reactor. The formation of such mixed material lay-

ers might have a severe influence on surface properties such as the melting point

of the material, its thermal as well as electrical conductivity, its erosion rate, the

plasma control due to recycling of implanted species and also the fuel retention

and release behavior.

When bombarding a beryllium surface with energetic nitrogen ions, Oberkofler

and co-workers [67] recently observed the formation of a beryllium nitride phase

within the ion penetration depth (cf. figure 4.17). They report that the amount

of retained nitrogen increases with applied nitrogen fluence and saturates at a

fluence, at which a surface layer with a thickness of the order of the projectile

penetration depth is eroded. In accordance with this, a pronounced beryllium ni-
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Figure 4.17: XPS spectra of a beryllium surface after different fluences of nitrogen

to the surface. The inset shows the saturation of the integrated N 1s intensity as a

function of the fluence. Picture from [67].

tride peak appears in the x-ray photoelectron spectra of the surface, which grows

in intensity with the surface nitrogen content, whereas the metallic beryllium peak

is increasingly attenuated. The integrated atomic nitrogen fraction of the corre-

sponding XPS peaks points to the formation of a stoichiometric Be3N2 compound

within the ion penetration depth.

In this section, investigations on the interaction of energetic nitrogen projectiles

with beryllium surfaces will be presented. The experiments were performed under

controlled laboratory conditions. For a better understanding of the interaction and

mixing dynamics of beryllium surfaces with nitrogen projectiles, a mono-energetic

nitrogen N
2 ion beamwas used. Total mass changes of the beryllium surface were

investigated using the quartz crystal microbalance technique presented in section

3.1, providing a unique in real time insight into the transient saturation dynamics of

the surface. It shall be stressed here that the applied experimental approach is

restricted to observing total mass changes, i.e. that only the balance between

any simultaneous mass loss (e.g. erosion) and mass increase (e.g. implantation of

projectiles) can be observed.

Apart from the transient saturation behavior of the beryllium surface under ni-

trogen impact (see section 4.4.1), erosion under dynamic equilibrium conditions
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was also investigated (cf. section 4.4.2). Additionally the influence of the nitrogen

saturation level on the oxidation behavior of the surface was studied (see section

4.4.3).

As dealing with highly toxic beryllium samples requires special safety precau-

tions, the experimental investigations presented in this section were performed at

IPPGarching instead of TU Vienna. The beryllium samples were provided byC. Lun-

gus group from Bucharest. 500 nm thick beryllium layers were deposited at an ele-

vated temperature of 200°C in a pure beryllium vapor discharge by a thermionic

vacuum arc deposition technique (cf. section 3.1.5) [176]. The beryllium samples

exhibit a native oxide surface layer, which builds during transport and storage in

air. Apart from this, x-ray photoelectron spectroscopy measurements performed

on the virgin samples also revealed some carbon contamination of the surface.

The projectile ions used in the presented studies were produced in an electron

impact ion source (SPECS IQE 12/38, cf. section 3.1.3). The ion source is equipped

with a Wien filter, which is used to select the molecular fraction of the ion beam.

The projectiles are extracted from the ion source in an energy range between 375

eV and 2.5 keV per constituent nitrogen atom. An ion optics is used to deflect and

focus the ion beam onto the quartz crystal's position in the experimental ultra high

vacuum chamber. The experiments were performed at a residual gas pressure in

the low 10-9 mbar regime. The ion current density impinging onto the sample is

frequently determined in between ion beam exposure of the surface by means

of the Faraday cup, installed on the sample holder (cf. figure 3.2). The quartz

crystal was always kept at 460 K, both during as well as in between experiments,

to minimize the influence of temperature fluctuations due to the ion impact on

the resonance frequency of the quartz and consequently on the sensitivity of the

setup.

4.4.1 Nitrogen Saturation

The transient saturation behavior of a beryllium surface under nitrogen impact was

investigated for the impact of N
2 projectiles at an energy of 2500 eV per nitrogen

constituent (i.e. 5000 eV per projectile ion). In figure 4.18 the evolution of the ob-

served quartz resonance frequency, Δf (left), and the corresponding total mass

change rate Δm/ΔΦ (right), are shown as a function of the applied nitrogen flu-

ence.

The curve in figure 4.18 summarizes the nitrogen saturation behavior of the beryl-

lium sample from an as-received to a nitrogen saturated surface, with a steady
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Figure 4.18: Evolution of the quartz frequency (left graph) and resultant total mass

change rate (right) observed when saturating a virgin beryllium surface with N
2

ions at an impact energy of 5000 eV (i.e. 2500 eV per N).

state surface composition. Upon close inspection, the saturation curve can be

sectioned into four different sub-parts:

1. 𝚽 ≲ 4 ⋅ 1015 N/cm2 an initially very pronouncedmass removal rate, which slows

down quickly with increasing fluence.

2. 4 ⋅ 1015 ≲ 𝚽 ≲ 1.2 ⋅ 1017 N/cm2 a regime of net mass increase (i.e. positive

Δm).

3. 1.2 ⋅ 1017 ≲ 𝚽 ≲ 8.3 ⋅ 1017 N/cm2 a regime of net mass loss, where the erosion

rate still changes with the ion fluence (i.e. negative Δm).

4. 𝚽 ≳ 8.3 ⋅ 1017 N/cm2 steady state erosion, where the observed erosion rate

furthermore remains constant with increasing ion fluence.

The total observed mass change rate represents the balance of different pro-

cesses, which occur simultaneously as the surface is bombarded with nitrogen

projectiles (cf. section 2.2.3):

Impinging nitrogen projectiles are implanted at their ion penetration depth.

Generally it can be expected that the diffusivity of implanted projectiles is low

and that most of them will hence remain at the depth at which they come to rest

in the surface. With increasing projectile fluence, this will result in the built-up of a

nitrogen containing mixed material layer at the ion penetration depth.
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In addition material is simultaneously eroded from the surface. As the projec-

tile concentration in the surface increases with applied ion fluence, both the im-

planted nitrogen atoms as well as the beryllium substrate will be sputtered. The

partial sputtering yield of the two species will depend on their individual near sur-

face concentrations (ΘsN and ΘsBe respectively), since eroded particles predom-

inantly originate from only within a very shallow sub-surface region (cf. section

2.2.1). As the surface is gradually eroded, the mixed material layer is increasingly

shifted towards the vacuum-surface interface and implanted nitrogen projectiles

will emerge into the near surface zone, from which sputtered atoms originate. This

will result in an increased partial nitrogen sputtering yield. Eventually, after a sur-

face layer presumably with a thickness of the order of the ion penetration depth

has been eroded, dynamic equilibrium conditions for simultaneous nitrogen ero-

sion and implantation are established. At this point the total amount of retained

nitrogen saturates and additional ion bombardment has no further effect on the

surface composition. The above-sketched interaction scheme is in fact reflected

in the observed evolution of the mass change rate (cf. figure 4.18) as will be dis-

cussed in the following.

Removal of Loosely Bound Surface Adsorbates (𝚽 ≲ 4 ⋅ 1015 N/cm2)

Initially a very efficient mass removal is observed, which decreases rapidly with

applied ion fluence. This can be attributed to the removal of loosely bound sur-

face adsorbates from the fresh, un-irradiated surface. X-ray photoelectron spec-

troscopy investigations performed on a comparable, virgin beryllium sample sug-

gest that initially the surface is covered by some carbon contamination and a

native beryllium-oxide layer, originating from the storage of the samples in air be-

tween their production and the installation in the experimental UHV chamber. The

corresponding XPS data is shown in figure 4.19.

A rough estimate of the adsorbate coverage of the surface can be deduced

from a closer inspection of the initially observed mass change rate. This is shown

in figure 4.20, where the adsorbate coverage is inferred from the respective mass

change rate at the very beginning of the ion bombardment (left graph) and from

a TRIDYN simulation of the initial sputtering behavior (right graph).

The shape of the mass change rate initially resembles an exponential function.

This is most obvious when plotting the logarithm of the mass loss rate vs. the ap-

plied nitrogen fluence, as it has been done in figure 4.20 (left). ln (Δm/ΔΦ) is linearly

dependent on the applied fluence Φ, suggesting that the observed process is a
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Figure 4.19: Atomic concentrations of beryllium, nitrogen, oxygen and carbon on

the surface of an as-received beryllium sample as determined by XPS [213]

first order reaction, i.e. that to a first approximation the removal rate Y(Φ) is pro-

portional to the adsorbate surface coverage Θ:

Y(Φ) =
dΘ

dΦ
= ΓΘ (4.12)

if Γ is a rate coefficient for the respective sputtering process. This results in an ex-

ponential dependency of the form:

Y(Φ) =
Δm

ΔΦ
= Y0 ⋅e

 (4.13)

and correspondingly:

Θ = Θ0 ⋅e
 (4.14)

From a linear fit of the curve in figure 4.20, the initial adsobrate coverage Θ0
can then be estimated:

Θ0 ∼ 8.5 ⋅ 1016 amu per cm2

which corresponds to e.g. ∼ 2 monolayers of a typical beryllium oxide coverage.

Within the above approach, the curve trend in figure 4.20 has to be extrapolated

over a comparably wide range (cf. dotted line in figure 4.20), which gives rise to
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Figure 4.20: The adsorbate coverage can be estimated either from the observed

erosion rate (left) by fitting a first order reaction, or from a TRIDYN simulation (right)

with a layered structure of a 3 Å carbon layer and 3 nm of beryllium oxide on top

of the beryllium bulk.

quite some uncertainty in the evaluation of Θ0. This is why the resulting value should

only serve as a rough estimate.

The above estimation is however supported by a TRIDYN [58,186] simulation for

the evolution of the partial sputtering yield of beryllium from the surface (see figure

4.20, right). In this simulation the surface is approximated by a layered structure of

3 Å of carbon on top of a 3 nm thick beryllium-oxide layer covering the beryllium

bulk. The general input parameters used in the TRIDYN simulation are summarized

in table 3.3. In the right graph of figure 4.20, the total mass change observed in the

measurement (in green) is compared to the beryllium sputtering yield (in black) as

obtained from TRIDYN. The shape of the simulated sputtering yield as a function of

the applied nitrogen fluence, resembles the measured data very nicely, implying

that sucha surfacecoveragecould in fact bea reasonable estimate for theactual

initial surface composition.

Implantation Dominated Regime (4 ⋅ 1015 ≲ 𝚽 ≲ 1.2 ⋅ 1017 N/cm2)

Following this initially very efficient mass removal, a regime of net mass increase is

observed for a nitrogen fluence ranging fromΦ ∼ 4 ⋅ 1015 toΦ ∼ 1.2 ⋅ 1017 Nper cm2

(cf. figure 4.18). In the balance of nitrogen implantation (Yimp) and simultaneous

surface erosion of both, implanted projectiles and the beryllium substrate (YN and
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YBe, respectively) the mass increase rate due to implantation initially exceeds the

total sputtering yield, i.e.:

Yimp > YBe + YN (4.15)

From a static TRIDYN simulation the implantation probability n(x) of the nitro-

gen projectiles in the beryllium surface, i.e. the depth below the surface at which

the nitrogen containing, mixed material layer is formed, can be estimated. The

obtained implantation probability n(x) is shown in figure 4.21. From the maximum

of the resulting range profile, it can be expected that the nitrogen content in the

surface will peak at a depth below the surface of about ∼ 86.5 Å .

Figure 4.21: Nitrogen range in beryllium at 2500 eV impact energy obtained from

TRIDYN. The most probable range of the projectiles is ∼ 86.5 Å.

Upon closer inspection it is found that initially in the balance of nitrogen implan-

tation and surface erosion, the observed mass increase is about constant over a

rather large fluence interval. While this is not so obvious from the trend of the curve

in figure 4.18, it becomes much more clear when taking a look at the cumulative

mass change Δm, i.e. the integrated mass change rate, which is shown in figure

4.22. For fluences ≲ 7.6 ⋅ 1016, it is found that the cumulated mass change is lin-

early proportional to the applied ion fluence, i.e. increases at a constant rate with

applied fluence. Neglecting any simultaneous mass loss due to surface erosion,
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Figure 4.22: Cumulative mass change Δm and corresponding surface recession

during nitrogen saturation of a beryllium surface as a function of the applied nitro-

gen fluence. For low fluences the mass change is dominated by projectile implan-

tation (green dashed line). In the sputtering dominated regime two fluence inter-

vals of about constant mass loss are observed (blue and black dashed lines, re-

spectively). The ion range as estimated by TRIDYN is also indicated (shaded area).

For details see text.

a lower estimate for the initial implantation probability can be deduced from the

slope of the corresponding linear fit to the experimental data (as demonstrated

by the green dashed line in figure 4.22), i.e. Y0imp ≳ 40%.

The actual implantation probability is however concealed by the simultaneous

mass loss due to surface erosion and will in fact be higher. For a more accurate

estimation of Y0imp, the total surface erosion rate (Y = YN + YBe) has to be included.

Since implanted nitrogen projectiles predominantly accumulate at a depth well

below the surface (see figure 4.21), it can be assumed that initially, the erosion

of retained nitrogen does not substantially contribute to the total sputtering yield,

i.e. Y0N ∼ 0. To a first approximation only sputtering of beryllium atoms has to be

considered.

The corresponding sputtering yield, Y0Be, can be deduced from the mass loss

rate observed in steady state, i.e. when finally nitrogen implantation exactly bal-

ances nitrogen erosion and the nitrogen surface content does not change any-

more. In this case the observed surface erosion rate is solely due to beryllium sput-
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tering, i.e. Y ≡ YBe. It has to be taken into account though, that at this point

the surface is composed of both nitrogen and beryllium, which ultimately reduces

the availability of beryllium and consequently its partial sputtering yield. For a con-

stant beryllium erosion rate ΓBe the observed beryllium sputtering yield however

depends on its surface concentration ΘsBe according to the simple relation:

YBe(Θ) = ΓBeΘ
s
Be(Φ) (4.16)

Consequently the initial beryllium sputtering yield can be estimated from the

steady state sputtering yield by scaling it with an appropriate beryllium surface

concentration ΘsBe(Φeq). In accordance with previous investigations [67] for the

interaction of nitrogenprojectileswith beryllium surfaces, ΘsBe(Φeq) is approximated

by the atomic nitrogen concentration of a stoichiometric beryllium-nitride Be3N2

compound, i.e. ΘBe ∼ 0.6. From this a more realistic initial implantation probability

is obtained, i.e.

Y0imp ∼ 84%

Erosion Dominated Regime (𝚽 ≳ 1.2 ⋅ 1017 N/cm2)

Eventually the local nitrogen saturation concentration is reached and additional

nitrogen projectiles are implanted less efficiently into the beryllium substrate. Ex-

cess nitrogen projectiles are re-emitted from the surface. At some point the mass

increase due to projectile implantation is then outbalanced by the erosion of the

surface. In the experiment this is reflected by a transition to a regime of net mass

removal for fluences ≳ 7.6 ⋅ 1016, which can be seen both in figure 4.18 as well as

4.22.

A dynamic TRIDYN simulation has been performed in order to verify the above-

sketched implantation characteristics. A summary of the utilized TRIDYN input pa-

rameters is given in table 3.3. It is assumed that the maximum nitrogen content in

the surface is restricted to 40%, i.e. to a concentration according to stoichiometric

beryllium-nitride. The dependency of the resulting retained atomic nitrogen frac-

tion on the applied nitrogen fluence is shown in figure 4.23. Initially the implantation

probability is 1, i.e. essentially all impinging projectiles are retained. At a fluence of

approximately 1 ⋅ 1017 nitrogen atoms per cm2, the nitrogen saturation concentra-

tion is reached, which results in a drastic reduction of the retained atomic fraction

to approximately Yimp ∼ 18%.

In comparison with the experimental data, TRIDYN is capable of reproducing

the fluence at which local nitrogen saturation is reached, very accurately. The
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Figure 4.23: Results of a dynamic TRIDYN simulation for the fraction of retained

nitrogen projectiles as a function of the applied ion fluence. Initially all nitrogen

projectiles are implanted. At a fluence of ∼ 1 ⋅ 1017 N per cm2 local saturation sets

in, which reduces the implantation probability to about 18%.

predicted implantation probability of initially 100%, is however slightly higher than

what is expected from the experimental data (i.e. ∼84%, see above). However,

TRIDYN only simulates the slowing down of the projectile and the equilibration of

the initiated collision cascade and therefore only considers the kinetics of the inter-

action process. Any chemical reaction or compound formation (from beryllium to

beryllium nitride in this case) is not included in the simulation, which possibly might

be the reason for this discrepancy.

Based on the TRIDYN simulation alone, onewould assume that as soon as the ni-

trogen concentration saturates, dynamic equilibrium conditions are attained too.

In the simulation the implantation rate Yimp but also the partial sputtering yields of

the involved species (YN and YBe) become constant at this point. From the ex-

perimental data (cf. figure 4.22) it is found however, that although the implan-

tation dominated regime is followed by a regime of about constant mass loss

(blue dashed fit in figure 4.22), this initially constant erosion rate of approximately

Ytrans ∼ 2.04 amu per nitrogen is surpassed by a transition region around a fluence
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of roughly 6 ⋅ 1017 nitrogen atoms per cm2. At this point the observed sputtering

yield starts to gradually increase again (the measured curve deviates from the

linear fit in figure 4.22). Steady state surface conditions are finally reached only

after a total fluence of 8.3 ⋅ 1017 nitrogen atoms per cm2 have been applied to the

surface. The observed sputtering yield becomes constant and from this point on-

wards does not change anymore with increasing ion fluence (black dashed line

in figure 4.22).

In steady state the number of implanted projectiles is exactly balanced by the

number of eroded nitrogen atoms (Yimp = YN). Therefore, the observed erosion

rate arises from beryllium sputtering only, i.e.:

Y = YBe = 0.4 Be per N

The nature of the two separate regimes of constant sputtering yield is not en-

tirely clear. In figure 4.24 the experimentally obtained cumulative mass change (in

green, cf. figure 4.22) is compared to the mass change as predicted by TRIDYN

(in black). The TRIDYN curve combines the simulated mass change rates due to

projectile implantation and sputtering of all involved species (beryllium as well as

nitrogen). The shape of the two curves in figure 4.24 is similar, but there are some

distinct differences. As stated above, TRIDYNwould expect a higher initial nitrogen

retention rate (Y0imp), which is reflected in a steeper increase of themass change in

the implantation dominated regime at fluences belowΦ ≲ 1 ⋅1017 nitrogen projec-

tiles per cm2. After the nitrogen saturation concentration of 40% has been reached

in the implantation zone of the surface, TRIDYN predicts a net surface erosion, with

a constant erosion rate of in total Y ∼ 0.5 beryllium atoms per nitrogen projectile.

In the TRIDYN simulation the transition to net erosion also coincides with achieving

steady state surface conditions. Although the steady state sputtering yield ob-

tained from TRIDYN is very similar to the steady state sputtering yield observed at

the end of the experimental curve, the intermediate regime of constant erosion

succeeding the implantation dominated regime in the experiment, is not reflected

in the simulated data.

As the diffusivity of implanted nitrogen projectiles in the beryllium bulk is ex-

pected to be small, the nitrogen concentration in the surface will be localized

around the ion penetration depth of about ∼ 87 Å (cf. n(x) in figure 4.21). This

is supported by the observation [67] that upon interaction of energetic nitrogen

projectiles with a beryllium surface, the thickness of the resulting beryllium-nitride

layer is of the order of the ion penetration depth. In this case a surface layer as

thick as the ion range has to be eroded before the nitrogen-rich mixed material

layer emerges to the surface and steady state conditions are obtained. From the
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Figure 4.24: Comparison of the cumulative mass change during N saturation ob-

tained from the experiment (green) to results from a TRIDYN simulation (black). The

mass change of the TRIDYN curve incorporates erosion of beryllium and nitrogen

species as well as projectile implantation.

cumulative mass loss in figure 4.22 and an appropriate value for the surface den-

sity, the total surface recession can be estimated. In figure 4.22 the cumulative

mass change (left axis) is converted into a surface recession (right axis), using a

linear interpolation between the density of beryllium, i.e. ρBe ∼ 1.8 g/cm3, and

beryllium nitride for higher fluences, i.e. ρBe3N2 ∼ 2.7 g/cm3. In order to estimate at

which point in the nitrogen saturation curve, a surface layer of the order of the ion

penetration depth has been eroded, the ion range as predicted by TRIDYN is also

indicated in figure 4.22 by the green shaded area.

According to this estimation, the experimentally observed surface recession ex-

ceeds the ion penetration depth of ∼ 87 Å only at a fluence of about 7.4⋅1017 ni-

trogen projectiles per cm2, i.e. slightly below the fluence that is needed to obtain

steady state surface conditions in the experiment. In this case local nitrogen satu-

ration at the ion penetration depth might indeed be reflected in the experimental

data by the transition from net mass gain to net erosion, as at this point the im-

plantation probability is strongly reduced and the erosion of the surface starts to
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dominate the observed mass change. It might however take much longer until

the resulting nitrogen saturated sub-surface zone is shifted towards the vacuum

interface by continuous erosion and finally extends towards the escape depth for

sputtered atoms. The about constant total erosion rate, which is observed follow-

ing local saturation of the nitrogen content, i.e. for fluences 2 ⋅ 1017 ≲ Φ ≲ 4 ⋅ 1017

N per cm2, suggests an about constant near surface composition. This proba-

bly implies that initially, implanted nitrogen does not contribute much to the total

erosion rate as the surface layer from which sputtered particles originate is mainly

composed of beryllium. At a fluence of about 4 ⋅ 1017 nitrogen atoms per cm2 the

nitrogen-rich layer finally starts to contribute to the surface erosion and the par-

tial nitrogen sputtering yield gradually increases, which is marked by the observed

relatively broad transition region to steady state erosion conditions in figure 4.22.

Once the surface recession exceeds the initial ion penetration depth, dynamic

equilibrium conditions are obtained and the surface composition within the ion

penetration depth becomes constant.

In this simplified picture the three regimes of about constant mass change,

which are observed in the experiment (cf. figure 4.22) could then be explained

and summarized in the following way: first a constant implantation rate until lo-

cal saturation is reached (implantation dominated regime), second a constant

erosion rate as the nitrogen saturated sub-surface layer does not yet contribute

to erosion (erosion dominated regime) and third steady state conditions at which

the nitrogen saturated layer has finally emerged to the surface and the composi-

tion in both, the implantation zone as well as the layer from which sputtered parti-

cles originate become constant (steady state). In the erosion dominated regime,

one would then mainly observe the balance between beryllium sputtering and

the steady state nitrogen implantation rate Yimp, since in the implantation depth

the saturation concentration is already reached. With the steady state beryllium

sputtering yield YBe, an estimate for Yimp could then be made in the same way as

for Y0imp, i.e.

Yimp ∼ 28.5%

This agrees quite well with the value predicted in the TRIDYN simulation (cf. figure

4.23).

A different explanation for the observed saturation dynamics could be found in

the surface morphology. In figure 4.25 a scanning electron microscopy picture of

the nitrogen saturated surface (left) is compared to an unirradiated, as-received

surface (right). Obviously the nitrogen exposure results in a roughening of the
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Figure 4.25: SEM images comparing the morphology of a nitrogen saturated beryl-

lium surface (left) to a virgin, as-received beryllium sample (right) for a comparable

image scale (as indicated at the bottom). Both images are obtained at a surface

tilting angle of 52°.

surface. Generally the sputtering yield will increase with surface roughness [43].

Based on the evolution of the mass change rate alone, the transition from the ini-

tial erosion dominated regime to steady state sputtering in figure 4.22 could also

be due to an alteration in the surface morphology at this fluence.

Following the nitrogen saturation of the surface, post mortem nuclear reaction

analysis (NRA) measurements were performed with nitrogen projectiles at an en-

ergy of 4.94MeV (see table 3.2). To estimate the total amount of retained nitrogen,

the protons from the reaction 14N(4He,p)17O were detected. From the observed

reaction rate, the integrated areal density of nitrogen is approximately 1.4⋅1017

atoms per cm2. It is not straightforward to convert this value into an atomic con-

centration of implanted nitrogen projectiles within the surface, since the thickness

to which the nitrogen saturated surface layer is confined, i.e. from which the NRA

signal originates, cannot be assessed easily. Although the nitrogen range profile in

figure 4.21 suggests that the nitrogen concentration will peak at a depth of roughly

87 Å, a significant amount of nitrogen will be implanted beyond this depth. In an

attempt of making a rough estimation for the nitrogen concentration in the sur-

face, the nitrogen range profile can be cut-off somehow arbitrarily at e.g. 20% of

its maximum value, by which it is assumed that a representative integration depth

for the observed nuclear reaction is∼ 250 Å. If the integrated areal nitrogen density

determined in the NRAmeasurement is then compared to the density of beryllium-
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nitride, i.e. 0.148 at/Å3 [193], this would imply a nitrogen content of on average

ΘN ∼ 0.37.

4.4.2 Steady State Erosion

As soon as steady state surface conditions are reached, the interaction of the

nitrogenprojectiles with the beryllium surface ismarkedbyaconstant erosion yield.

Subsequent to saturating a beryllium target with a total fluence of 1.2⋅1018 nitrogen

projectiles per cm2, the sputtering yield of the resultingberyllium-nitride surfacewas

determined for various nitrogen impact energies in the range of 375 eV per N to a

maximum kinetic energy of 2500 eV per N. These measurements were performed

without any further treatment or analysis of the surface. To keep projectile induced

surfacemodifications small for all investigated impact energies, the impact energy

of the projectiles and as a consequence the projectile penetration depth was

gradually decreased.

Figure 4.26: Steady state nitrogen sputtering yield of the nitrogen saturated beryl-

lium surface as a function of the projectile impact energy. Experimental data

(green symbols) is compared to data from a static TRIDYN simulation for sputtering

of a Be3N2 (black solid line).
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In figure 4.26 the experimentally obtained total erosion yields are shown and

compared to a static TRIDYN simulation for sputtering of a beryllium nitride Be3N2

surface (black solid line). The input parameters used for the TRIDYN simulation are

listed in table 3.3.

4.4.3 Oxidation of Beryllium Nitride

One of the advantages of using beryllium as a plasma facing material is its affin-

ity to oxygen, which might aid in reducing the impurity concentration in the ITER

vessel. When interrupting the nitrogen bombardment in the experiments, indeed

a distinct mass increase is observed, which can be attributed to the formation a

surface oxide from an exposure to the residual oxygen pressure in the vacuum

chamber.

Remarkably it is found that the characteristics of the observed oxidation curve

strongly depends on the nitrogen saturation level of the surface. When interrupting

the nitrogen bombardment at a comparably low cumulative nitrogen fluence, the

observed mass increase is much more pronounced than it is for a surface with an

almost saturated nitrogen content. This is shown in figure 4.27, where two different

oxidation curves, i.e. the mass accumulation rate observed right after interrupt-

ing the nitrogen bombardment, are compared. In the graph to the left the nitro-

gen bombardment was stopped after a cumulative fluence of 2.4⋅1017 nitrogen

per cm2, i.e. during the initial erosion dominated regime of the saturation curve

in figure 4.22. The curve on the right was obtained during an interruption at a

much higher fluence of 7.5⋅1017 nitrogen per cm2, i.e. almost towards steady state

surface conditions. In both cases the respective nitrogen fluences were applied

without any intermediate interruption. Both oxidation curves were obtained at a

comparable residual gas pressure in the low 10-9 mbar regime.

With an enthalpy of formation for Be3N2 of ΔfH
0 ∼ 6.1 eV/at, compared to ΔfH

0 ∼

5.5 eV/at for BeO [191], the formation of beryllium nitride is energetically only a little

less favorable than surface oxidation. From the experimentally observed oxidation

behavior it seems as if the formation of beryllium nitride on top of the beryllium

substrate effectively passivates the surface towards oxidation.

The clear difference in the two oxidation curves shown in figure 4.27 also im-

plies that at a fluence of 2.4⋅1017 nitrogen atoms per cm2 (left graph), the nitrogen

saturation level at the surface is lower than after a cumulative fluence of 7.5⋅1017

nitrogen per cm2 (right graph). This strongly suggests that during the initial part of

the erosion dominated regime, where a constant erosion rate is first observed (i.e.

at fluences 2 ⋅ 1017 ≲ Φ ≲ 4 ⋅ 1017), the nitrogen content at the surface has not yet
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Figure 4.27: Comparison of the observed surface oxidation for two different nitro-

gen saturation levels. In the left graph the surface has been saturated up to a

total nitrogen fluence of 2.4⋅1017, in the right to a total fluence of 7.5⋅1017 nitrogen

projectiles per cm2. Both fluences were applied without intermediate interruption.

saturated. The two individual regimes of constant erosion yield in the saturation dy-

namics of the surface therefore have to be at least partially linked to the evolution

of the nitrogen concentration at the surface.

The mechanisms involved in the initial kinetics of the oxidation of a beryllium

surface was studied by Zalkind and co-workers [214], who propose two possible

kinetics models to describe surface oxidation: a random Langmuir type, two site

chemisorption process and a clustering and island formation model. In the latter

case, first oxide islands are formed on the surface, which then laterally spread with

time until they coalesce and finally cover the entire surface. Both models can

be fitted to a kinetics equation for the surface coverage Θ [214], which for the

clustering and island growth model is given by:

− ln(1−Θ) = k ⋅ t (4.17)

and for the chemisorption process by:

Θ

(1−Θ)
= k ⋅ t (4.18)

The coefficient k in the above expressions represents the oxidation rate, which de-

pends on the specific oxygen exposure.

The surface oxide coverage Θ can be determined as the relative coverage in

comparison to a reference value for maximum coverage. In a first approximation
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Figure 4.28: Integratedmass change of the beryllium surface due to oxidation after

a total nitrogen fluence of 2.4⋅1017 N per cm2. From the cumulative mass change

at the end of the observation interval Δm a normalized ratio of oxide surface

coverage Θ = m/m can be estimated.

the cumulative mass increase at the end of the investigation interval has been

used for this purpose, i.e.

Θ(t) =
Δm(t)

Δm

(4.19)

By this it is assumed that at the end of the observation interval the surface oxida-

tion is overall completed. Given that in this first investigation of the surface oxida-

tion of nitrogen containing beryllium surfaces, the observation intervals were rather

limited, this assumptionmight introduce quite some imprecision and the presented

data are therefore only used to give a general idea of the observed dynamics. In

figure 4.28 the corresponding relative oxide coverage as a function of the expo-

sure time is shown for the oxidation dynamics observed after a total fluence of

2.4⋅1017 N per cm2 (cf. left graph in figure 4.27).

To test the applicability of the two above describedmodels to the observed ox-

idation dynamics, the left-hand side of the individual kinetics equations (cf. equa-

tions 4.17 and 4.18) is plotted in figure 4.29. For consistency with either of the pro-
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Figure 4.29: From the initial oxidation dynamics the oxidation kinematics and es-

pecially an oxidation rate coefficient can be fitted according to two different

models for island formation and growth (left) and a two site chemisorption pro-

cess (right) [214]. The oxide coverage Θ is extracted from figure 4.28.

posed models this should result in a linear relationship of the respective kinetics to

the elapsed time t. Evidently the island formation and growth model (left graph)

fits the experimental data much better. At the very beginning, the observed ox-

idation dynamics somewhat deviates from a linear dependency though. To this

point, the reason for this is not clear. From the slope of the corresponding curve,

the oxidation rate coefficient k can in principle be determined, which in this case

amounts to: k ∼ 3.9 ⋅ 109 O/s.

If the nitrogen bombardment is repeatedly interrupted during the saturation of

the surface, the passivation towards oxidation is apparently retarded by an inter-

mediate formation of an oxide layer, which then has to be removed again upon

resuming the exposure to nitrogen projectiles. After the oxidation curve displayed

in figure 4.27 (left), the nitrogen bombardment was interrupted for a second time

at a total fluence of 7.6 ⋅ 1017 N per cm2. While the observed oxidation is clearly

reduced to k ∼ 1.8 ⋅ 109 O/s, this is nevertheless in clear contrast to the virtually

entirely suppressed surface oxidation observed when continuously irradiating the

surface with nitrogen up to a comparable fluence (cf. figure 4.27, right).
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4.4.4 Summary & Concluding Remarks

The saturation dynamics of a beryllium surface under the impact of energetic ni-

trogen projectiles has been studied in real-time and in situ. By this a unique insight

into the involved processes could be gained. From the characteristics of the satu-

ration curve and supported by TRIDYN simulations, the contribution of the involved

mechanisms to the total observed mass change can be disentangled and their

individual rates can be estimated.

The overall saturation dynamics of the surface can be subdivided into 3 sec-

tions: an implantation dominated regime, an erosion dominated regime and fi-

nally steady state conditions. After a fast removal of surface adsorbates, the in-

teraction of the beryllium surface with the nitrogen projectiles is at first marked by

a net mass increase, due to dominant projectile implantation. Within this implan-

tation dominated regime, a constant mass increase rate is observed for fluences

in the range of 1 ⋅ 1016 ≲ Φ ≲ 7 ⋅ 1016 N per cm2. The initial nitrogen retention rate

can be estimated from the slope of this constant mass increase and is expected

to lie between 40% (if any simultaneous mass loss due to erosion is neglected) and

84% (as determined with an appropriate estimation for the surface erosion yield).

At a fluence of ∼ 1.2 ⋅ 1017 N per cm2 a transition from dominant implantation to

dominant surface erosion is observed, most likely due to a local saturation of the

nitrogen content at the ion penetration depth, which results in a reduction of the

N implantation rate.

The erosion dominated part of the saturation curve is composed of two regimes

of about constant mass loss rate which are separated by a transition region. Ini-

tially a constant erosion yield of approximately 2 amu per N is observed, which

at a fluence of ∼ 4 ⋅ 1017 N per cm2 starts to slightly increase again. At a total flu-

ence of ∼ 8.3 ⋅ 1017 N per cm2 steady state surface conditions are finally reached,

i.e. the mass change per impinging projectile is furthermore independent from the

applied ion fluence and the nitrogen content in the surface becomes constant.

In steady state nitrogen implantation is exactly balanced by the partial nitrogen

sputtering yield from the surface. The observed sputtering yield can be attributed

to beryllium sputtering only, i.e. amounts to ∼ 0.4 Be per N. While the above-

described, two individual net erosion regimes are not reflected in the TRIDYN sim-

ulation, they are still most likely linked to the nitrogen saturation dynamics of the

surface. They probably arise from the fact that different N fluences are needed to

saturate the surface at the implantation depth (transition from implantation dom-

inated to erosion dominated) and in the near surface zone, from which sputtered

particles originate (transition to steady state), respectively. However, some of a
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change in surface morphology on the erosion yield cannot be excluded. From a

comparison of the mass change rate for the two regimes of constant erosion rate,

an estimate for the steady stat N implantation yield can be derived, i.e. ∼ 28.5%.

This value is in fairly good agreement with the TRIDYN simulation (18%).

Moreover, the dependency of the surface oxidation rate on the nitrogen sat-

uration level of the surface was studied. It was found that the oxidation rate of

the surface decreases strongly with the nitrogen content. Towards steady state

conditions, surface oxidation is almost entirely suppressed and the observed mass

change virtually falls below any detectable limit. As the formation of beryllium-

nitride is energetically only a little less favorable than surface oxidation, nitrogen

saturation of the beryllium surface seems to be an effective passivation towards

oxidation. Using nitrogen as a seeding gas in ITER might therefore reduce the ex-

pected ability of the beryllium first wall to actually getter oxygen.
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4.5 Interaction of Deuteriumwith Berylliumand Beryllium-

Nitride Layers

As demonstrated in the previous section, the introduction of nitrogen into the vac-

uum vessel of ITER will result in the formation of nitrogen containing berylliummixed

material layers. An important question that arises in this context is whether the re-

sulting surface compound will have an influence on the fuel retention and recy-

cling behavior of the ITER first wall.

In general it is observed (e.g [111, 119] and references therein) that hydrogen

isotope retention is influenced by material parameters such as the diffusivity and

the hydrogen solubility, but also on the specific material type and the availability

of defects, which can serve as trapping sites for implanted hydrogen isotopes (see

section 2.2.2). In ITER radiation damage due to neutron bombardment will there-

fore have a severe influence on the amount of retained fuel in the wall materi-

als [111]. Lattice displacements introduced by the impact of energetic particles

such as nitrogen impurity ions may serve as an additional precursor for hydrogen

isotope trapping.

Figure 4.30: TPD spectra of D
2 from clean and nitrogen implanted beryllium after

implantation of deuterium at 600 eV to 2.8 ⋅ 1017, 2.1 ⋅ 1017 and 1.9 ⋅ 1017 D per cm2.

Picture taken from [67].
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Oberkofler and co-workers [67] observed that for low deuterium fluences, the

retained projectile fraction is slightly reduced in nitrogen saturated surfaces com-

pared to pure beryllium. They attribute this to an increased reflection rate of deu-

terium projectiles by the heavier nitrogen atoms in the surface as compared to the

beryllium substrate. At high fluences however, the authors report that the amount

of retained deuterium is overall not affected by the presence of nitrogen. For disor-

dered, i.e. not-annealed surfaces, they find that implanted deuterium is released

at noticeably different surface temperatures (see figure 4.30), which they ascribe

to a reduced diffusivity of deuterium through the disordered beryllium nitride layer.

Figure 4.31: TPD spectra of a beryllium surface implanted with deuterium at 320

and 530 K. Various trap sites are identified: (1-2) supersaturated binding sites, (3-4)

trapping to lattice defects, (5) BeD2, (6) release from oxidized surface. Picture

taken from [115].

The general retention mechanisms of deuterium projectiles in pure beryllium

surfaces has been studied in various investigations so far (cf. section 2.2.2). Com-

monly it is found that at low fluences, essentially all deuterium is retained [215,216].

At fluences of about ∼ 1 ⋅ 1017 deuterium per cm2, the deuterium content in the

surface usually starts to saturate. The resulting deuterium saturation concentration

within the saturation zone is of the order of D/Be ∼ 0.35− 0.4 [67, 216]. The overall

inventory and the exact fluence at which saturation is observed depends on the

projectile energy, i.e. the projectile range in the surface. By means of tempera-

ture programmed desorption investigations, several binding sites for retained deu-

terium could be identified [67,115,215,217]. For low fluences, implanted deuterium

is mainly bound to defects in the surface, which are either intrinsically present or

134 Katharina Dobeš



DISSERTATION
Interaction of Deuterium with Beryllium & Beryllium - Nitride

induced by preceding projectile impact. In this case the thermal desorption spec-

trum is dominated by high temperature deuterium release peaks at around 770 -

840 K. For fluences beyond the local saturation fluence of about 1 ⋅ 1017 D per

cm2, all available defect sites are occupied and additional deuterium is retained

at supersaturated binding sites. This is usually accompanied by structural surface

changes, like the formation of bubbles which are filled with molecular D2 [218]

and generally a porous structure in the implantation zone [111]. Desorption of

deuterium from these supersaturated zones usually occurs at lower temperatures

in the range of 440 - 470 K, implying that the respective binding sites are ener-

getically less favorable. At elevated implantation temperatures (i.e. above the

low temperature release stage of 440 - 470K), these low temperature binding sites

are suppressed as they cannot be occupied [115,219]. Instead deuterium above

the bulk saturation concentration is retained at sites, which desorb at somewhat

higher temperatures around ∼ 550 - 700 K. These can be attributed to a thermally

activated formation of a beryllium-hydride or hydroxide phase in the implantation

zone of the surface.

This section presents the results from in real-time studies of the dynamics of deu-

terium retention in beryllium. The presented investigations were performed using

the quartz crystal microbalance technique introduced in section 3.1. The influ-

ence of the presence of implanted nitrogen projectiles on the retention behav-

ior of beryllium surfaces was studied by performing comparable experiments on

clean, as-received beryllium and on a nitrogen saturated sample. The nitrogen

saturated beryllium surface was prepared by applying ∼ 1 ⋅ 1018 N per cm2 at

an impact energy of 2500 eV per N. The thus established surface was used for

the subsequent investigations without further treatment (like e.g annealing). Both

during N and D bombardment as well as in between, the surface temperature

was kept at 460 K, which is expected to be a typical ITER first wall operation tem-

perature [220]. At this temperature it is anticipated that implanted deuterium will

continuously desorb from the surface, as in this temperature region a deuterium

release peak usually is observed in thermal desorption spectroscopy.

Deuterium projectile ions were produced in an electron impact ion source (cf.

section 3.1.3) and accelerated by an extraction voltage of 5000 V. The molecu-

lar part of the beam was selected with a Wien filter resulting in a surface impact

energy of 2500 eV per deuterium constituent. As the nitrogen saturated surface

was prepared with nitrogen projectiles at the same impact energy, it can be ex-

pected that the majority of the deuterium ions will penetrate the nitride layer and

be implanted in the underlying beryllium bulk. This is confirmed by a static TRIDYN

simulation for the respective implantation profiles as demonstrated in figure 4.32.

Katharina Dobeš 135



DISSERTATION
4 RESULTS I

Figure 4.32: Comparison of the TRIDYN implantation probabilities for all investi-

gated target-projectile combinations (N on beryllium, D on beryllium-nitride, D on

beryllium).

While the nitrogen implantation profile in beryllium (green) has its maximum at a

depth below the surface of ∼ 9 nm, the deuterium projectile range is expected to

bemuch higher, i.e. ∼ 54 nm in pure beryllium and ∼ 42 nm in stoichiometric Be3N2.

The utilized TRIDYN input parameters are summarized in table 3.3.

4.5.1 Deuterium Saturation

On a previously nitrogen saturated beryllium surface, the saturation behavior for

the impact of 2500 eV per D molecular deuterium ions was studied. The observed

cumulative mass change as a function of the deuterium fluence and the elapsed

time respectively is shown in figure 4.33. During the entire surface irradiation the

ion flux to the surface was about constant at 4.3 ⋅ 1013 D per cm2 and second.

As the fluence which is required to establish steady state surface conditions was

rather high, the saturation curve in figure 4.33 was recorded in two consecutive

measurements, interrupted by a break of roughly 30,000 seconds. This is indicated

in figure 4.33 by the blue shaded area. During the entire interruption a continuous
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Figure 4.33: Cumulative mass change Δm during deuterium saturation of a nitro-

gen saturated beryllium surface as a function of the applied deuterium fluence

and elapsed time, respectively. The deuterium bombardment had to be inter-

rupted once, which is indicated by the blue shaded area. During this interruption

a continuous D release is observed. The saturation dynamics is marked by a high

retention rate in the beginning, which starts to saturate at a fluence of ∼ 2.5 ⋅ 1017

D per cm2. In steady state a minor surface erosion rate is observed. For details see

text.

mass decrease could be observed, which can be ascribed to thermal desorption

of implanted deuterium, as the surface temperature of 460 K corresponds to a

deuterium desorption peak usually observed in thermal desorption spectroscopy

(see section 4.5.2).

The continuous mass loss observed during the interruption also implies that the

second part of the deuterium saturation curve cannot be considered to be a

smooth continuation of the previously observed mass change. This is indeed re-

flected in the discrepancy of the trend of the two sub-curves. The indicated flu-

ences of the two consecutive deuterium irradiations (top axis) are therefore not

added to a combined total fluence. In an attempt of merging the two sub-parts

of the deuterium saturation curve, the effective cumulative deuterium fluence for

the second irradiation can be determined by correcting the total fluence by a

value corresponding to the deuterium fluence overall released during the interme-

diate interruption. This is indicated in figure 4.33 by the dashed line, which shows to
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Figure 4.34: Mass change rate of the nitrogen saturated beryllium surface during

D bombardment. The graph combines the two consecutive D irradiations by cor-

recting the effective deuterium fluence for the second sub-part by a value corre-

sponding to the total deuterium fluence overall released during the intermediate

interruption (see figure 4.33).

which point in the saturation curve the deuterium content in the surface is seem-

ingly reversed by the continuous release during the interruption. By this approach

it is assumed that the observedmass change is solely due to deuterium desorption,

i.e. any simultaneous processes resulting in a mass change such as e.g. surface

oxidation are neglected. On a nitrogen saturated surface, the oxidation rate is

however expected to be small (cf. section 4.4.3). Additionally the surface compo-

sitionmight also be changed due to e.g. diffusion of implanted deuterium beyond

the implantation zone, which too is not taken into account here.

In figure 4.34 the resulting total mass change rate is shown as a function of the

thus obtained 'effective' deuterium fluence applied to the surface. Obviously, the

two sub-parts of the deuterium saturation curve connect very nicely. Still, the ob-

served curve trend upon resuming the deuterium irradiation (light blue) is slightly

different at first compared to before the interruption (dark blue). The reason for

this might be that the above-mentioned processes (surface oxidation, deuterium
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diffusion) do indeed have some influence on the evolution of the surface during

the interruption.

For low fluences (i.e. Φ ≲ 2.5 ⋅ 1017 D per cm2) the interaction of energetic deu-

terium ions with a nitrogen saturated beryllium surface is marked by a mass in-

creasewhich is constantwith fluencepointing to predominant deuterium retention

with a constant retention probability (cf. figures 4.33 and 4.34). Above a fluence

of 2.5 ⋅ 1017 D per cm2 a transition to a reduced mass increase rate is observed,

which is again constant up to a cumulative fluence of about Φ ∼ 8 ⋅ 1017 D per

cm2. At this point the observed mass increase starts to gradually decline. Only

for fluences above Φ ≳ 1 ⋅ 1018 D per cm2 a small net surface erosion is detected,

which becomes constant at a fluence of ∼ 1.2 ⋅ 1018 D per cm2 with a total erosion

yield of Ytot ∼ 0.12 amu per D.

It is generally not straightforward to estimate the rates of all the processes in-

volved in the deuterium saturation dynamics of the nitrogen saturated surface. In

comparison with the nitrogen saturation dynamics the observed mass change is

an evenmore complex superposition of a variety of different processes. Apart from

erosion of the involved species, i.e. of nitrogen (YN) and beryllium (YBe) but also im-

planted deuterium (YD), deuterium projectiles are simultaneously implanted (Yimp).

In addition at a surface temperature of 460 K, retained deuterium projectiles are

continuously desorbed from the surface (Ydes). In the observedmass change these

processes are all superimposed. The respective rates depend on the concentra-

tion of the related species and will therefore change with the applied deuterium

fluence.

From the mass change rate observed for low deuterium fluences, a lower esti-

mate for the initial deuterium implantation rate can be deduced, i.e. Y0imp ≳ 0.65 if

to a first approximation simultaneous deuterium desorption andmass removal due

to surface erosion is neglected. Looking at the erosion rate at the end of the sat-

uration curve, where in dynamic equilibrium deuterium release from the surface

(due to either sputtering or desorption) is balanced by the implantation rate, it

can be expected that the mass loss due to erosion is rather small (Ytot ∼ 0.12 amu

per D). This is also supported by TRIDYN, which estimates an initial surface erosion

yield of YBe + YN + YD ∼ 0.3 amu per D. Accordingly amore realistic estimate for the

overall initial deuterium retention rate (i.e. deuterium implantation and desorption

rate combined) would then be Y0ret = Y0imp − Y0des ∼ 0.7.

At a fluence of Φ ∼ 2.5 ⋅ 1017 D per cm2 the deuterium content in the surface

starts to saturate which is reflected in a transition to a reduced retention rate. This

is in good agreement with the observation reported in the literature [67, 115, 216]
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for reaching the local saturation concentration in the implantation zone at com-

parable deuterium fluences. In the mass change rate in figure 4.34 a second

regime of about constant mass change is subsequently observed for fluences up

to ∼ 8 ⋅ 1017 D per cm2. This can be ascribed to retention of deuterium in supersat-

urated surface zones, and at an elevated surface temperature of 460 K probably

also to the thermally activated formation of a beryllium hydride phase in the sur-

face [67, 115, 215]. Taking the erosion rate observed at the end of the saturation

curve (see above) into account, the mass change rate in this second regime cor-

responds to an overall retention rate upon reaching local saturation of Yret ∼ 0.22

amu per D (i.e. Ysatret ∼ 0.11).

Figure 4.35: Comparison of the cumulative mass change during D saturation of

BexNy observed in the experiment (blue) to results froma TRIDYN simulation (black).

The mass change of the TRIDYN curve incorporates erosion of beryllium, nitrogen

and deuterium, as well as projectile implantation.

Following these two individual regimes of about constant retention probability,

at a fluence of ∼ 8 ⋅ 1017 D per cm2 the observed mass increase starts to gradually

decline. Finally, at a fluence of Φeq ∼ 1.2 ⋅ 1018 D per cm2 steady state surface

conditions are obtained. From this point onwards the surface is gradually eroded

with a constant total sputtering yield of (see above) Ytot ∼ 0.12 amu per D. In this
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case the deuterium content in the surface is in equilibrium, i.e. deuterium release

due to thermal desorption and self-sputtering is balanced by the implantation of

projectiles.

The evolution of the observed mass change during deuterium saturation can

be compared to a TRIDYN simulation. In the simulation a stoichiometric Be3N2 sur-

face compound was assumed. The maximum deuterium content in the surface

was limited to 35% according to values reported in the literature [67, 115]. The full

set of input parameters is listed in table 3.3. The most severe shortcoming of this

simulation is its lack of incorporating thermally induced desorption of deuterium

from the surface. In addition, possible chemical reactions like the formation of a

beryllium hydride phase [115] are not reproduced by TRIDYN.

In figure 4.35 the total mass loss observed in the measurement (in blue) is com-

pared to the total mass change derived from TRIDYN. The TRIDYN data includes

erosion of deuterium, beryllium and nitrogen as well as projectile implantation. In

addition, figure 4.36 shows the fraction of retained deuterium as obtained from the

TRIDYN simulation.

Figure 4.36: Results of a dynamic TRIDYN simulation for the fraction of deuterium

projectiles retained in BexNy as a function of the applied ion fluence. Initially all

deuterium projectiles are implanted. At a fluence of ∼ 6 ⋅ 1017 D per cm2 the con-

tent saturates and the retention rate is reduced to ∼ 5%.
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In the very beginning TRIDYNpredicts amass changewhich ismostly dominated

by deuterium implantationwith an initial retention rate of 100% (cf. figure 4.36). The

resulting total mass change (cf. figure 4.35) is a bit higher than the mass increase

actually observed in the experiment. Given that thermal desorption of deuterium

from the surface is not reproduced by the simulation, this discrepancy is within the

expectable limits. According to TRIDYN, the deuterium content in the surface sat-

urates at a fluence of ∼ 6 ⋅ 1017 D per cm2. At this point the retention rate reduces

to approximately 5% and steady state conditions are established. According to

TRIDYN, the deuterium bombardment henceforward results in a minor erosion rate

of 0.02 amu per D, which compared to the experimental data (Ytot ∼ 0.12 amu per

D) is again a slight underestimation.

Obviously, the constant deuterium retention rate in local supersaturation as it is

observed in the experiment for fluences of 2.5 ⋅ 1017 ≲ Φ ≲ 8 ⋅ 1017 D per cm2 can-

not be accounted for in the simulation. In line with this, in the experiment steady

state conditions are reached only at ∼ 1.2 ⋅ 1018 D per cm2, i.e. at about twice the

fluence expected from the TRIDYN simulation.

Immediately after the measurement curve in figure 4.33 was finished, the sam-

ple was removed from the vacuum. Post mortem nuclear reaction analysis was

performed with 2 MeV deuterium projectiles. From the reaction D(3He,p)4He (cf.

table 3.2), the areal density of retaineddeuteriumwas determined to be∼ 2.5 ⋅1017

D per cm2, which corresponds to ∼ 18% of the effectively applied deuterium flu-

ence (i.e. of the applied D fluence corrected by the total D fluence released

during the interruption).

4.5.2 Deuterium Desorption

From the mass change observed upon interrupting the deuterium irradiation at a

fluence of ∼ 7.5 ⋅ 1017 D per cm2 (cf. figure 4.33), the dynamics of the deuterium

release can be studied. In figure 4.37 the observed mass loss rate is depicted as

a function of the time elapsed after shutting the deuterium beam off. The data

recording was started ∼ 400 seconds after shutting the ion beam off. For the entire

observation interval of almost 30,000 seconds a pronounced mass loss can be ob-

served. At first, the detected desorption rate, which corresponds to approximately

2 ⋅ 1013 D per cm2 and second (estimated by extrapolation to 0 on the time axis),

decreases very quickly. After about 3000 s the slowing down of the desorption rate

moderates and from this point onwards is not as fast as in the very beginning. It shall

be noted here that any surface oxidation will in principle lead to a simultaneous,

counteracting mass increase and will therefore result in an underestimation of the
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Figure 4.37: Observed mass loss rate of the nitrogen saturated beryllium surface as

a function of the elapsed time after a cumulative D fluence of 7.8 ⋅ 1017 D per cm2.

A continuous mass loss due to D outgasing is found, which is much more distinct in

the beginning and then decreases for longer waiting times.

observed deuterium desorption rate. However, for a nitrogen saturated beryllium

surface it was found that surface oxidation is suppressed to below any detectable

limit (see 4.4.3). It is therefore assumed that the surface oxidation rate only plays a

minor role here.

The amount of released deuterium is connected to the deuterium content in

the surface ΘD. The actual reaction kinetics depends on the rate limiting step of

the deuterium release process. The initial part of the deuterium desorption curve

in figure 4.37 can best be fitted according to a second order process, i.e. the

desorption rate Ydes is proportional to Θ2D:

Ydes = Γdes ⋅ Θ
2
D (4.20)

if Γdes is the respective reaction coefficient. In this case the following relation be-

tween desorption rate Ydes and surface content ΘD should apply:
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1

Ydes
=

1

ΓdesΘ
2
D

+
2

ΘD
⋅ t+ Γdes ⋅ t

2 (4.21)

In figure 4.38 a fit (in light blue) of the initially observed inverse desorption rate

(in dark blue) according to equation 4.21 is shown. The fact that the initial part

of the observed deuterium desorption curve (cf. figure 4.37) follows the kinetics

of a second order process, implies that the rate limiting step in the desorption of

deuterium from the surface requires the presence of two deuterium atoms. In this

case the deuterium desorption rate is most likely limited by the D2 recombination

preceding the release from the surface. From the desorption rate observed at

this point of the deuterium saturation curve, it can be estimated that about half of

the impinging deuterium flux during surface irradiation is re-emitted due to thermal

desorption.

Figure 4.38: The initial D release curve (dark blue) (cf. figure 4.37 can be fitted

according to a second order process (light blue), indicating that the observed

release rate is limited by D2 recombination. For details see text.

For longer observation times (t ≳ 3000 s) the kinetics of the desorption process

clearly changes. The second part of the desorption curve in figure 4.37 rather
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follows e.g. a square root dependency, which would indicate that after some

time the deuterium desorption rate is limited by deuterium diffusion to the surface.

4.5.3 Comparison Beryllium-Nitride and Pure Beryllium

Deuterium Saturation

To compare the deuterium saturation dynamics of the nitrogen saturated surface

with a pure beryllium surface, similar experiments were also performed on an as-

received, pure beryllium sample. In figure 4.39 the cumulative mass change as a

function of the applied deuterium fluence is shown and compared to the corre-

sponding measurement curve on the nitrogen saturated surface (cf. figure 4.33).

For the deuterium irradiation of the pure beryllium surface, the ion flux to the sur-

face was slightly higher, than in the case of the nitrogen saturated surface, i.e. at

∼ 4.6 ⋅ 1013 (compared to ∼ 4.3 ⋅ 1013) D per cm2 and second. To account for this

and to make the two curves in figure 4.39 actually comparable, the saturation dy-

namics obtained on beryllium-nitride was scaled by a factor of 4.3/4.6 ∼ 0.93. The

fluence axis (top) corresponds to the deuterium saturation curve on pure beryllium

but matches the scaling of the curve obtained on nitrogen saturated beryllium.

Figure 4.40 depicts the mass change rate observed on the pure beryllium sam-

ple as a function of the applied ion fluence (to be compared with figure 4.34).

For the presented measurements, the deuterium irradiation of the surface was

again interrupted once in the course of saturating the surface, which is marked

by a shaded area in figure 4.39. Just like it was done for the measured data on

beryllium-nitride, the two individual sub-parts of the entiremeasurement curve can

be merged into one single curve by correcting the cumulative fluence of the sec-

ond sub-part of themeasurement according to the total deuterium fluence, which

is released during the intermediate interruption. The total deuterium fluence ap-

plied during the second irradiation evidently just seems to suffice to balance the

intermediately desorbed deuterium amount. In contrast to the nitrogen saturated

surface, it can be expected that pure beryllium is subjected to a pronounced sur-

face oxidation (cf. sections 4.4.3 and 4.5.3). For the pure beryllium surface the

corrected effective deuterium fluencemight therefore constitute an underestima-

tion of the total deuterium amount actually released during the interruption. This

might explain the somewhat increased mass change rate observed after resum-

ing the deuterium irradiation. Additionally by diffusion of implanted deuterium into

the beryllium bulk beyond the projectile implantation zone, the deuterium surface

content might actually be reduced during the interruption.
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Figure 4.39: Cumulative mass change Δm during deuterium saturation of a beryl-

lium surface (in purple) compared to a nitrogen saturated surface (blue), respec-

tively. The the two curves are scaled according to their slightly different projectile

fluxes to make the dynamics of the deuterium saturation comparable. The indi-

cated deuterium fluences (top) correspond to the measurement on pure beryl-

lium. Interruptions of the D irradiation are indicated by the shaded areas. For

details see text.

At first glance the shape of the cumulative mass change observed on the pure

beryllium surface in principle resembles the corresponding curve for the bombard-

ment of the nitrogen saturated beryllium surface with deuterium projectiles (cf. fig-

ure 4.39). In contrast to the nitrogen saturated surface, the deuterium saturation

curve on pure beryllium is at first marked by a pronounced mass removal. This

can be attributed to the remova ofl loosely bound surface contaminants (such

as C) and the native beryllium oxide from the as-received surface. For fluences

in between 1 ⋅ 1017 ≲ Φ ≲ 2.5 ⋅ 1017 D per cm2, a constant mass increase rate is ob-

served. From the total mass change at the end of the investigated fluence interval

it can be expected that the erosion rate of the surfacewill be negligible. Therefore

the detected mass increase is a suitable measure for the overall retention rate at

this point, i.e.

Y0ret = Y0des + Y0imp ∼ 1.15 amu per D

146 Katharina Dobeš



DISSERTATION
Interaction of Deuterium with Beryllium & Beryllium - Nitride

Figure 4.40: Integrated mass change of the pure beryllium surface during D bom-

bardment. The graph combines the two consecutive D irradiations by correcting

the effective deuterium fluence for the second sub-part by a value corresponding

to the total deuterium fluenceoverall releasedduring the intermediate interruption

(see figure 4.39).

which corresponds to a retention probability of ∼ 0.58. Compared to nitrogen sat-

urated beryllium (Yret ∼ 65− 70%), the initial deuterium retention probability is a bit

smaller on pure beryllium. For fluences ≳ 2.5 ⋅ 1017 D per cm2 a deviation from

this constant mass increase is observed. Similarly to the saturation dynamics on

nitrogen saturated beryllium, this can be attributed to establishing the local deu-

terium saturation concentration in the deuterium implantation zone. The fluence

at which this initially constant implantation rate starts to saturate compares well

for the two surfaces. In contrast to the nitrogen saturated surface, establishing the

local saturation concentration is not followed by a second regime of about con-

stant implantation rate on pure beryllium. Instead a slow and gradual decrease

of the observed mass change rate is found.

After a total effective fluence of Φeq ∼ 2.3 ⋅ 1018 D per cm2, finally steady state

conditions are reached. This amounts to about twice the fluence that is needed for

establishing dynamic equilibrium when bombarding a nitrogen saturated surface
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with deuterium. While for beryllium nitride a minor surface erosion was observed

in steady state, on pure beryllium all involved processes seem to balance each

other and the observed mass change rate from this point onwards is zero. Using

post mortem nuclear reaction analysis performed on the deuterium saturated sur-

face, the areal density of retained deuterium was determined. With ∼ 1.7 ⋅ 1017

deuterium per cm2 it is noticeably lower than for the nitrogen saturated surface

(∼ 2.5 ⋅ 1017 D/cm2).

Figure 4.41: Comparison of the cumulative mass change during D saturation of

Be (left) and corresponding retained D fraction (right) according to a dynamic

TRIDYN simulation. For details see text.

Just as for the nitrogen saturated surface, for pure beryllium the deuterium sat-

uration dynamics observed in the experiment can be compared to a TRIDYN sim-

ulation. The corresponding total cumulative mass change (left) and the retained

fraction of applied deuterium (right) are shown in figure 4.41. In this simulation,

the maximum deuterium content in the surface was again limited to 35%. For the

complete set of input parameters see table 3.3.

All in all the TRIDYN curve is very much the same as for the simulation on beryl-

lium nitride. In the beginning, again all of the deuterium projectiles are retained

in the surface. The resulting total mass change (including erosion and retention)

amounts to ∼ 1.8 amu per D, which is again higher than observed in the experi-

ment. However, thermal desorption of implanted deuterium is again not included

in the simulation. According to the simulation, the deuterium content in the sur-

face saturates at a fluence of 6.4 ⋅ 1017 D per cm2 and steady state conditions are

reached. Thus the simulation agrees with the experiment concerning the fact that
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higher deuterium fluences are needed to establish the saturation concentration

in the surface, although the predicted difference is not as severe as observed in

the experiment. From TRIDYN, in steady state a minor surface erosion is expected,

with a sputtering yield, which is of the order of ∼ 0.02 amu per D. This is about the

same as for the beryllium-nitride surface.

Be3N2 Be

D range (TRIDYN) 42 nm 54 nm

atomic density1 0.21216 at/Å3 0.12347 at/Å3

surface binding energy1 4.9 eV/at 3.4 eV/at

Y0ret (measurement) 0.65 -0.7 0.58

Φeq (measurement) ∼ 1.2 ⋅ 1018 D/cm2 ∼ 2.3 ⋅ 1018 D/cm2

Ytot (measurement) ∼ 0.1 amu/D ∼ 0 amu/D

retained D density (NRA) ∼ 2.5 ⋅ 1017 D/cm2 ∼ 1.7 ⋅ 1017 D/cm2

Table 4.1: Comparison of themain differences of the deuterium saturation dynam-

ics on the two investigated surfaces. 1 [193].

The pronounced discrepancy in the fluence, after which dynamic equilibrium

conditions are established on the two surfaces in the experiment, but also the gen-

eral trend of the observed differences for the deuterium saturation dynamics can

be understood on the basis of some fundamental considerations. The atomic den-

sity of pure beryllium (ρBe ∼ 0.12347 at/Å3) is lower than the density of a stoichio-

metric beryllium-nitride (ρBe3N2 ∼ 0.21216 at/Å3) [193]. Consequently the expected

deuterium ion range is higher in beryllium than it is in beryllium nitride as confirmed

by a static TRIDYN simulation (cf. figure 4.32). Therefore in pure beryllium the deu-

terium saturated surface zone will extend further into the bulk than in a nitrogen

saturated surface. From this it could be expected that the total amount of retained

deuterium saturates at a higher value for pure beryllium than for the nitrogen sat-

urated surface. Contrary to this, post mortem nuclear reaction analysis suggests

that it is just the other way around: in the beryllium surface the areal density of

retained deuterium is only about 68% of the deuterium amount detected in the

nitrogen saturated surface. In the un-ordered nitrogen saturated surface, lattice

displacements induced by the preceding nitrogen bombardment might serve as
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additional trapping sites for implanted deuterium. All in all, this effect seems to

exceed any differences in the layer thickness of the deuterium saturated surface

zone due to unequal projectile ranges.

From a comparison of the mass change observed in steady state, the erosion

rate of nitrogen saturated beryllium is apparently a bit higher than for pure beryl-

lium (where essentially no surface erosion is observed in dynamic equilibrium). This

is in line with the respective surface binding energies of the two surfaces. Usually

the enthalpy of formation is considered to be a suitable measure for the surface

binding energy of a solid, which is ∼ 4.9 eV/at for beryllium nitride compared to

∼ 3.4 eV/at for pure beryllium [193]. In table 4.1 the above comparison is summa-

rized.

Deuterium Desorption

When the deuterium bombardment of the surface was interrupted at a fluence of

∼ 2.3 ⋅ 1018 D per cm2, overall a mass change of the surface was observed, as is

shown in figure 4.42. Initially a negative mass loss, i.e. a dominant mass increase of

the surface is found. For the first ∼ 1.5 hours, apparently the mass change due to

surface oxidation exceeds any simultaneous mass loss due to thermal deuterium

desorption. This is in clear contrast to the behavior observed for the nitrogen satu-

rated surface, which is in accordance with the decreased surface oxidation rate

previously found on nitrogen saturated surfaces (see section 4.4.3). The overall

mass change observed in the case of pure beryllium therefore only represents a

lower estimate for the actual deuterium release rate, as it is apparently superim-

posed by a counteracting mass increase due to surface oxidation.

After approximately ∼ 1500 s, the overall mass loss observed on the pure beryl-

lium surface even exceeds the desorption rate observed on nitrogen saturated

beryllium. Similarly, in previous studies [67] a shift of deuterium desorption towards

higher surface temperatures was found. This was attributed to a reduced diffusiv-

ity of deuterium through the disordered nitrogen containing surface layer as com-

pared to pure beryllium, which retards the release of deuterium from the surface.

After about 11,000 seconds until the end of the investigated time interval, the

observed deuterium release rate on beryllium equals the mass change rate found

for the nitrogen saturated surface.
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Figure 4.42: Observed mass loss rate of the beryllium surface as a function of the

elapsed time after a cumulative D fluence of 2.3 ⋅ 1018 D per cm2. Initially a mass

increase is detected, which is probably due to dominant surface oxidation. For

longer waiting times, the D release from the surface can be observed.

4.5.4 Summary & Concluding Remarks

The dynamics of the deuterium saturation behavior of a previously nitrogen satu-

rated surface was studied in real time and compared to the respective dynamics

on pure beryllium. The presented measurements were performed at an elevated

surface temperature of 460 K, where a continuous thermal desorption of deuterium

has to be expected. Indeed a pronounced mass change implying a deuterium

release from the surface was observed as soon as the deuterium bombardment

of the surface was interrupted.

There are some distinct differences but also similarities in the deuterium satura-

tion dynamics of the two surfaces. For low fluences, an about constant deuterium

retention rate is observed on both surfaces. The overall retention rate on nitro-

gen saturated beryllium is a bit higher (∼ 0.7) than on pure beryllium (∼ 0.58). In

the disordered nitrogen saturated surface, defects induced by the preceding ni-

trogen bombardment might serve as binding sites for implanted deuterium and

might therefore be responsible for this slightly elevated deuterium retention rate
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compared to the as-received beryllium surface. In the environment of a fusion re-

actor, this might eventually result in a higher overall D retention rate in disordered,

nitrogen containing mixed material layers compared to as-received, pure beryl-

lium surfaces.

On both surfaces, at a fluence of ∼ 2.5 ⋅ 1017 D per cm2 the deuterium re-

tention rate starts to saturate, which in analogy to observations from the litera-

ture [67, 115, 215] can most likely be explained by a local saturation of the deu-

terium concentration at the ion implantation depth. Subsequently, the retention

dynamics observed on the two surfaces becomes slightly dissimilar. On the nitro-

gen saturated surface a second regime of about constant retention rate is ob-

served, where the retention probability of deuterium now is ∼ 0.11. This second

retention regime can most likely be ascribed to a thermally activated retention of

deuterium in a beryllium-hydride phase [115] but probably also to the formation of

ternary Be-N-D compounds [67]. At a fluence of ∼ 8 ⋅ 1017 D per cm2 a transition

to net surface erosion is finally found. Steady state conditions are reached at a

total fluence of Φeq ∼1.2 ⋅ 10
18 D per cm2 with a constant erosion yield of ∼ 0.12

amu per D. On the pure beryllium surface on the other hand, establishing the local

deuterium saturation concentration is followed by a slow, gradual decrease of the

retention rate. Finally, only at a fluence of Φeq ∼ 2.3 ⋅ 1018 D per cm2, steady state

surface conditions are reached, which in this case are marked by a mass change

of about zero, i.e. all involved processes balance each other.

The fluence at which dynamic equilibrium conditions are reached on the two

surfaces, is about twice as high for pure beryllium than for the nitrogen saturated

surface. This might be understood based on the higher implantation depth in pure

beryllium compared to beryllium-nitride, which in turn might result in a thicker, deu-

terium saturated surface layer on pure beryllium and therefore in higher deuterium

fluences needed to establish steady state surface conditions. The amount of re-

tained deuterium as determined by post mortem nuclear reaction analysis is how-

ever noticeably higher on the nitrogen saturated surface, compared to pure beryl-

lium. The increased number of deuterium trapping sites due to defects induced in

the preceding nitrogen bombardment seems to overall exceed any differences in

the thickness of the deuterium saturated surface.

The deuterium release behavior right after ceasing deuterium bombardment

was investigated for both surfaces. On the previously nitrogen saturated surface,

a pronounced mass loss is observed for the entire observation interval. The mass

change due to deuterium release apparently at least exceeds any mass increase

due to a possible surface oxidation. From oxidation rates observed for beryllium

surfaces with varying nitrogen saturation levels it can be assumed that in this case,
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the nitrogen content in the surface overall serves as a passivation towards oxida-

tion. The kinetics of the observed deuterium desorption curve implies that initially

the deuterium release rate from the surface is limited by D2 recombination. Even-

tually a clear change in the desorption kinetics can be observed and the release

rate is henceforward limited by other reaction steps like e.g. deuterium diffusion

towards the surface layer.

On pure beryllium on the other hand the observed deuterium desorption dy-

namics has a markedly different shape. Immediately after stopping the deuterium

irradiation, at first a mass increase is observed, which can probably be attributed

to dominant surface oxidation. This is followed by a transition to dominant mass

loss, which after about ∼ 1500 seconds already exceeds the respective mass in-

crease detected for the nitrogen saturated surface. In accordance with previous

findings [67] the disordered nitrogen containing surface layer might reduce the

deuterium diffusivity towards the surface and by this might retard the deuterium

release as compared to pure beryllium. After about some time, the desorption

rate from the two surfaces becomes very similar.

In summary, the incorporation of nitrogen into beryllium plasma facing compo-

nents might overall lead to slightly increased deuterium retention rates. The deu-

terium inventory in a beryllium-nitride surface saturates at about half the fluence

needed to establish dynamic equilibrium conditions on pure beryllium. Although

concealed by simultaneous surface oxidation in the experiment, the observed

deuterium release rates imply that initially, deuterium will be desorbed faster from

the pure beryllium surface than from nitrogen saturated beryllium. After about 3

hours the release rates on the two surfaces apparently become rather similar.
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When a highly charged ion approaches a solid surface it is neutralized and the

potential energy, i.e. the sum of the ionization energies that has to be spent in its

production, is released. The neutralization of the highly charged ion is marked by

the formation of a transient, highly excited so-called hollow atom [80]. In the initial

stages of the neutralization process, electrons are predominantly captured into

higher energy levels of the projectile, while inner shells remain empty (see section

2.3.1). In this way a large part of the potential energy which is stored in the highly

charged projectile is still available at the surface impact, were empty inner shells

are filled rapidly by Auger-like processes [85, 221, 222]. The decay process of a

hollow atom, both in front as well as below the surface, is accompanied by the

emission of a large number of low energy electrons.

The above-sketched interaction of a highly charged projectile with a solid sur-

face can be described within the 'classical over the barrier model' as outlined

in section 2.3.1. For metallic surfaces, the fundamental underlying mechanisms

are well understood to a large extend and have been studied extensively both in

experimental as well as theoretical investigations (see e.g. [85, 131, 147] and ref-

erences therein). Similar electron exchange and excitation processes at insulat-

ing and also semi-conducting surfaces are, however, much less understood. A

substantially different behavior has to be expected however, as the neutralization

process is governed by a variety of surface parameters, which are different for

insulating surfaces compared to conducting targets. Among these are e.g. the

dielectric response of the material, the target work function and band gap, the

electron binding energy and also the reduced electrical conductivity in an insula-

tor which might result in a local charging-up of the surface.
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For metals, the determining parameter in the classical over the barrier model is

the target work function, which determines both the critical distance at which the

highly charged ion starts to capture electrons from the surface, Rc (see equation

2.21), as well as the projectile energy gain towards the surface due to its self-image

attraction (and therefore the time available for electron exchange processes in

front of the surface). For insulating targets on the other hand, the dielectric re-

sponse of the surface has to be included in the classical over the barrier model

(see e.g. [82,150,151]). As a consequence, the self-image interaction can be sig-

nificantly reduced [82]. In addition, electron capture from the surface results in a

local electron depletion due to the reduced charge mobility in the surface. The

electron capture rate might hence be reduced and the de-excitation process in

front of the surface might be hampered [223]. Moreover the electron binding en-

ergies within an insulator might well exceed the work function of metallic surfaces.

Therefore it could be expected that the electrons that are able to cross the poten-

tial barrier between the surface and the projectile are captured into lower lying

projectile states and less Auger processes are needed for the de-excitation of the

hollow atom in front of the surface, which might severely influence the number of

emitted electrons [149]. Although from the above-consideration a reduction of

the electron yield for insulating targets could be expected, investigations for the

electron emission from LiF and CaF2 [224] revealed surprisingly large yields. These

were attributed to a more efficient production of sub-surface contributions to the

potential electron emission yield by cascade multiplication of sub-surface Auger

electrons, which have a high surface escape probability due to the increased in-

elastic mean free path in these insulators.

For a more profound insight into the influence of the electronic structure of the

target on the neutralization and decay dynamics of a highly charged ion imping-

ing on a surface, electron emission yields on a variety of surfaces were investi-

gated within the framework of this thesis. The presented data includes measure-

ments for clean Au(111) surfaces (cf. section 5.1), a gold surface coveredwith 1 - 5

monolayer thin films of C60 (see section 5.2) and highly ordered pyrolytic graphite

(HOPG, see section 5.3). Depositing thin films of C60 on a metallic substrate al-

lows for an almost continuous variation of the surface properties (from the clean

substrate to bulk film properties), whereas the exact electronic structure of the

surface depends on the layer thickness of the film. Additionally, to better under-

stand the individual contributions of electron emission from the projectile's poten-

tial (PE, see section 2.3.2) and the kinetic energy (KE, see section 2.3.3) respec-

tively, total electron emission yields were determined in a wide range of projectile
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charge states (corresponding to Epot ∼ 140 eV− 12 keV) and also kinetic energies

(Ekin ∼ 3.9 keV− 328 keV) for different impact angles.

The experimental results presented here were obtained at the Zernike Leif fa-

cility of the KVI in Groningen. A detailed description of the experimental setup is

given in section 3.2.
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5.1 Electron Emission from Clean Gold Surfaces

Part of the following has been published in [141]

To determine the contributions of kinetic and potential electron emission from a

metallic target, the interaction of Ar13+ ions with a clean gold Au(100) surface was

investigated at different impact angles and initial kinetic energies, ranging from

4 to 91 keV. The experiments were performed at the IISIS setup at KVI Groningen

(see section 3.2 for a detailed description of the setup). Electron emission yields

were studied under ultra high vacuum conditions in an UHV chamber pumped by

a 360 l/s turbo pump, which is capable ofmaintaining the chamber at a base pres-

sure in the low 10-10 mbar regime during the experiments. The projectile ions were

produced in an 14 GHz electron cyclotron ion source at the KVI ZERNIKELEIF facility.

Ions can be extracted from the ion source in an energy range from 3 keV/q up to

25 keV/q. They are mass over charge state separated by a 110° sector magnet

and subsequently guided and focused onto the experimental setup by means of

quadrupole magnets. Low impact energies can be attained by deceleration in a

six-element lens system. In this case the setup, including the electronics and the

pumps, is floated on the high, positive source potential.

A gold Au(100) single crystal is installed on a sample holder (cf. p. 68), which

is designed in such a way that the supporting structure is not exposed to the ion

beam. The gold target is cleaned by cycles of sputtering using 7 keV Ar+ ions at

grazing incidence angles and subsequent surface annealing to temperatures of

up to 500 °C. The surface composition can be determined by means of time of

flight low energy ion scattering (cf. section 3.2.3).

The electron statistics detector [180-182] is mounted under 90° with respect to

the incoming ion beam. The sample is surrounded by a set of six electrodes to

assure an optimal electron collection efficiency (cf. section 3.2.1). A highly trans-

parent grid in front of the surface barrier detector is positively biased to attract

the electrons towards the detector. The surface barrier detector is at a voltage

of 30 kV. The detector output pulse height of one single ion impact event is a di-

rect measure for the number of electrons emitted per impinging projectile. Total

electron emission yields are determined by a pulse height analysis of the detector

output signal from the electron number distribution (see section 3.2.2) [180].
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5.1.1 Experimental Results & Discussion

Total Electron Emission Yields

Total electron emission yields from a clean Au(100) surface were determined for

the impact of Ar13+ ions. The ion kinetic energy ranged from 4 up to 91 keV, result-

ing in impact velocities varying from 1.4⋅105 m/s to 6.6⋅105 m/s. This impact energy

range covers both impact velocities below and above the threshold for kinetic

electron emission vth, which from equation 2.26 is determined to be vth ∼ 2.4 ⋅ 105

m/s (corresponding to an Ar13+ impact energy of ∼ 12 keV). In figure 5.1, the mea-

sured electron emission yields are shown as a function of the projectile velocity

component perpendicular to the surface, v. For one single kinetic impact en-

ergy, the incidence angle of the impinging ions was varied between 20° and 80°

with respect to the surface normal, thereby covering a wider range of v.

Figure 5.1: Total electron yield for Ar13+ ions impinging on an Au(100) surface as a

function of the perpendicular projectile velocity. The kinetic energy of the projec-

tiles are indicated in the graph.

As outlined in sections 2.3.2 and 2.3.3 the total electron emission yield is com-

posed of both kinetically (KE) and potentially induced emission effects (PE). As

the ion approaches the surface, low energy electrons are emitted in electron ex-

change processes involved in the neutralization of the projectile and the subse-
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Figure 5.2: Potential electron emission yields for Ar13+ ions colliding with an Au(100)

surface as a function of the perpendicular velocity. The presented data is derived

from measurements at various impact energies. The color code of the data cor-

responds to the convention of figure 5.1. The presented yields are determined by

subtracting the kinetic contribution to the electron yield (grey symbols) from the

total yields of figure 5.1.

quent decay of the resulting hollow atom. This contribution (cv) to the potential

electron emission yield γPE depends on the interaction time of the ion in front of

the surface, i.e. the square-root of the inverse velocity component towards the

surface 1/√v. Additionally electrons are emitted at and below the surface as the

inner shells of the hollowatomare rapidly filled in Auger-typeprocesses andweakly

bound electrons are peeled off by the enhanced electronic screening upon en-

tering the target (γ).

Kinetic electron emission γKE on the other hand, originates from the collisional

excitation of the electronic system of the solid induced by the ion impact. It is

therefore dependent on the geometric path length of the projectile within the

electron escape depth of the solid. Above the threshold velocity vth (cf. equation

2.28), kinetic electron emission (γKE(0) ⋅ cos
1(ϑ)) increases approximately linearly

with the ion impact velocity in accordance with the electronic stopping power.
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Figure 5.3: Potential electron emission yields for Ar13+ ions colliding with an Au(100)

surface as a function of the perpendicular velocity (black solid symbols). The data

can nicely be fitted to γPE from equation 5.1 (red solid line).

Putting the above together, the observed total electron yield can be represented

by the following relation [131,138,158]:

𝛾 = 𝛾(q) +
cv

√v⏝⎵⎵⎵⏟⎵⎵⎵⏝
PE

+
cKE (v− vth)

cos𝜗
⋅ Θ (v− vth)

⏝⎵⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⎵⏝
KE

(5.1)

In this formula, the Heavisede step function Θ (v− vth) governs the onset of kinetic

electron emission above the threshold velocity vth. Above this threshold, the ki-

netic electron emission yield increases about linearly (proportionality factor cKE)

with increasing projectile impact energy (cf. section 2.3.3).

The fact that the data in figure 5.1 depends both on the impact energy and the

velocity component perpendicular to the surface, i.e. that the individual curves

in figure 5.1 do not coincide, therefore implies that the observed electron yields

contain a distinct contribution from kinetic emission. To reduce the number of free

parameters in equation 5.1, literature values can be used to subtract γKE from the

measured values for the electron yield in figure 5.1. For this purpose, kinetic elec-
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tron emission yields of Ar+ ion impact are chosen [138], where the potential contri-

bution to the total emission yield is considered to be negligible.

In figure 5.2, the resulting potential emission yields γPE are shown. In contrast

to the total electron yields obtained in the measurement (cf. figure 5.1), the thus

obtained potential emission yields coincide nicely for the investigated projectile

energies. The resulting velocity dependence of the potential electron yield can

then be fitted according to equation 5.1 (see figure 5.3), giving values for the two

fitting parameters of γ ∼ 10.8 e- per ion and cv ∼ 8.7 e- per ion.

Characteristics of the Electron Number Statistics

Further information on the nature of the involved processes can be obtained from

the shape of the electron number statistics. In figure 5.4, two different electron

number spectra obtained from Ar13+ impinging on an Au(100) surface at a kinetic

energy of 91 keV are depicted . The spectrum to the left has been obtained at

an impact angle of 30° to the surface normal, the spectrum on the right side at an

impact angle of 75°.

As the electrons are emitted independently in an ion impact event, the ob-

served number statistics should obey a Poisson distribution (cf. section 3.2.2). For

large electron yields γ the Poisson distribution converges into a Gaussian function

with its variance σ2 being equal to the value of its center position, i.e. the mean

number of emitted electrons: σ = √γ. As can be seen from figure 5.4 (right), for

relatively low impact angles, a single Gaussian distribution fits the data well.

Figure 5.4: Measured data (grey) and fitted electron number distributions (black)

for two different impact angles, i.e. 30° (left) and 75° (right).
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For higher impact angles however, multiple Gaussian functions have to be used

to fit the observed number statistics (see left graph in figure 5.4). Qualitatively this

can be explained by the concept of different projectile trajectory classes (see

[157]), which are involved in the interaction of the ion with the surface. Three dif-

ferent classes of trajectories are considered here:

1. Penetration of ions into the bulk before a hard collision takes place.

2. The first collision with a surface atom occurs in a near surface region (af-

ter which the projectile is either backscattered of deflected deeper into the

bulk).

3. Impinging ions are scattered in a near surface plane resulting in a long geo-

metric path within the electron escape depth.

Figure 5.5: Normalized fractions of the contributions of the three trajectory classes

(1-3) to the electron number statistics. The experimental data (full symbols) is com-

pared to trajectory intensities obtained from SRIM simulations (open symbols). For

details see text.

The validity of this simplified picture can be tested using SRIM [192]. Although

SRIM does not take into account the neutralization and relaxation of the highly
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charged ion in front of the surface, it is possible nonetheless to get an idea of

the ion trajectories within the surface. To separate the penetrating ions (class 1)

from the ions which are already scattered in a near surface region (class 2). 'Near

surface collisions' were defined as collisions occurring within the first two atomic

layers of the solid. The limiting condition for class 3 projectiles, was that the pro-

jectile undergoes not one but at least three collisions above the second atomic

layer. Figure 5.5 compares the results of this simulation (open symbols) to the nor-

malized contributions of the multiple Gaussians fitted to the experimental data (cf.

figure 5.4). Here trajectory class number 1 (black markers) gives rise two the lowest

emission yields, i.e. corresponds to the Gaussian fit with the lowest center position

in the number statistics. The trajectory class number 3 on the other hand corre-

sponds to the highest electron yield, reflecting the fact that electrons generated

in a near surface region have the highest escape probability from the surface.

The resemblance between the simulations and the experimentally obtained con-

tributions is very good for processes one and two, i.e. for ions penetrating into

the bulk and being scattered in a near surface region, respectively. For the third

considered process, the agreement is somewhat poorer, but the trend is fairly well

reproduced. From this it is concluded that it is reasonable that different trajectory

classes contribute to the observed electron emission yield.

5.1.2 Summary & Concluding Remarks

Total electron yields for the impact of Ar13+ ions were determined at different im-

pact energies and impact angles. Contributions of kinetic and potential electron

emission could be distinguished using literature values for γKE. For the resulting po-

tential emission the number of electrons originating from exchange processes in

front and below the surface, respectively, could be estimated using an empirical

formula for the angular dependency of the observed electron emission yield.

From the shape of the electron number statistics, it was concluded that differ-

ent projectile trajectory classes contribute to the electron emission process. SRIM

simulations were able to support this assumption. Ions penetrating deep into the

bulk of the target are most probable and give rise to the lowest electron emis-

sion yield, while long near-surface trajectories are least probable but result in the

highest emission yield.
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5.2 Electron Emission fromGold Covered by Thin Films of

C60

Part of the following has been published in [225,226]

The sheath potential plays an important role in plasma wall interaction of fusion

machines (cf. section 2.3). It is influenced by particle induced electron emis-

sion [136]. For thermonuclear fusion reactors which use carbon as a plasma facing

material, the formation of porous, flaky layers of graphite is observed as a result of

plasma wall interaction. C60 films with their open structure may be valuable in ex-

perimentally modeling the effect of such graphite deposits on highly charged pro-

jectile induced electron emission. Additionally highly charged ions are also used

as a gentle tool to fabricate nanostructures on surfaces without damaging the un-

derlying bulk (see e.g. [86] and references therein). Both of the above triggers a

general interest in studying C60 surfaces in more detail.

Highly charged ions can contain high amounts of potential energies (e.g. for

an Ar13+ ion, the potential energy is already no less than 3.3. keV). Upon surface

impact, this potential energy is dissipatedwithin very short time scales. The general

trends of the neutralization and relaxation mechanisms of such a highly charged

ion interacting with a solid surface were successfully described within the hollow-

atom scenario [80,227,228] (see section 2.3.1). The exact influence of the surface

electronic structure and especially the target work function on the highly charged

ion neutralization and the hollow atom decay is however still not fully understood.

One possible way to vary the influencing surface parameters, is by depositing thin

dielectric films onto metallic substrates. In this work, this was done by evaporating

single layers of C60 on an Au(111) sample.

Up to now only a few pioneering experiments on hollow atom formation and

decay at metallic surfaces covered with thin films have been performed. Meyer

and co-workers [227] used thin films of Cs deposited on Au(011) to gradually lower

the target work function by 3.3 eV. They observed an increase in the KLL Auger

electron yield with decreasing work function, which is explained by the larger dis-

tances Rc in front of the surface at which the highly charged ion starts to capture

electrons (cf. equation 2.21). The resulting increase in interaction time available

for the hollow atom decay above the surface is further enhanced by a reduction

of the image charge acceleration.

Using electron spectroscopy, Khemliche and co-workers [228, 229] measured

KLL electrons from O7+ and N6+ ions interacting with a LiF-covered Au(111) target.
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They investigated LiF deposits up to film thicknesses of 1 monolayer. In contrast

to Cs, LiF deposition increases the binding energies of the surface electrons. It

was found that for N7+ impact, the Auger intensity increased with LiF film thickness,

amounting to about 30% for a single monolayer of LiF coverage. For the impact

of O7+ ions, no change in the KLL spectrum was found, however. From their studies

the authors conclude that a singlemonolayer of LiF coverage is able to completely

shield the gold substrate as far as the neutralization of the highly charged projectile

is concerned and that the wide band gap introduced by the LiF coverage does

not play any role in the suppression of the above-surface inner-shell filling of the

projectile [228].

KLL Auger decays represent (one of) the final steps in the relaxation of hollow

atoms. The initial steps in which low-energy electrons are emitted should be influ-

enced more directly by changes of the target work function. Low-energy elec-

trons constitute by far the largest fraction of all electrons which are emitted, when

a highly charged ion impinges on a solid surface. Therefore, total electron yields

for the impact of highly charged Arq+ (q = 7 - 13) and Xeq+ (q = 10 - 26) ions on Au

samples coveredwith thin films of C60 were determined. The film thickness was var-

ied between zero and five monolayers. Over this thickness range, the electronic

structure of the surface changes from Au-like to bulk C60. By this the work function

was gradually changed from 5.3 to 7.5 eV, and the conductivity from metallic to

semiconducting and insulating.

The experiments presented in this section were performed with the IISIS setup at

the KVI in Groningen. The setup is thoroughly described in section 3.2. During ion

bombardment, the base pressure in the experimental chamber is kept in the 10-10

mbar regime. The ions used in the presented investigations are extracted from a

14 GHz electron cyclotron ion source. They interact with a sample installed at a

sample holder, which is designed to ensure minimum exposure of the supporting

structure to the impinging ion beam (cf. figure 3.17).

The gold Au(111) single crystal target is prepared by cycles of sputter cleaning

with 7 keV Ar+ ions and subsequent annealing at temperatures of up to 500°C.

The surface composition can be checked by means of time of flight low energy

ion scattering (cf. section 3.2.3). Thin films of C60 are deposited using an Omicron

EFM3 evaporator. To calibrate the deposition rate, a quartz crystal microbalance

is used. By scanning the quartz crystal through the C60 beam prior to deposition, it

is ensured that the size of the evaporated C60 beam (determined by its full width

at half maximum) covers the entire Au(111) crystal (8 × 5.5 mm). The films are
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deposited at an elevated target temperature of 180°C, which is maintained for a

short while after deposition to ensure relaxation of the evaporated C60 surface.

5.2.1 Experimental Results & Discussion

Dependence of the Electron Yield on the Film Thickness

To study the effect of thin films on the hollow atom dynamics, C60 films with a thick-

ness of 1 - 5 monolayers were deposited on an Au sample. The effect of film cov-

erage on the total electron yield was studied for the impact of 7 keV Arq+ ions (q =

7,9,11,13) and 70 keV Xeq+ ions (q = 10,12,14, ..., 24, 26). For reference, total elec-

tron yields obtained with similar projectiles on a clean gold surface are shown in

figure 5.6. In this graph, electron yields for Arq+ (open symbols) were obtained at

an incidence angle of 50°, yields for Xeq+ impact at 45° with respect to the surface

normal. The data shown in figure 5.6 serve as reference for the electron emission

yields obtained on the C60 films.

Figure 5.6: Total electron yield observed for Arq+ (q = 7, 9, 11, 13; open symbols) and

Xeq+ (q = 10, 12, 14, ...; full symbols) impact on clean Au(111) as a function of the

projectile's potential energy. Ion impact angles were 50° for Arq+ bombardment

and 45° for Xeq+, respectively.
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The fact that the data shown in figure 5.6 connect nicely for both ion species,

implies that possible contributions of kinetic electron emission to the observed to-

tal electron yield are small. The kinetic electron emission contribution can be es-

timated from measurements of Eder et al., who investigated electron emission of

clean gold under Ar+ impact. It should be no more than 2 to 3 electrons [138].

To compare the electron yields γ obtained on C60 layers of variable thickness

with electron emission from the clean gold substrate, the relative electron yield

γrel (Θ) is introduced:

𝛾rel(Θ) =
𝛾C60(Θ)

𝛾Au(Θ = 0)
(5.2)

In this equation γAu is the electron yield obtained on clean gold (cf. figure 5.6)

and γC60(Θ) the electron yield obtained after the deposition of Θ monolayers of

C60. Typical results obtained for γrel are shown in figure 5.7, where the relative

electron yield for 70 keV Xe24+ ions impinging under 50° relative to the surface nor-

mal as a function of the C60 film thickness is shown. The C60 layers were deposited

sequentially, i.e. C60 deposition was alternated with electron emission measure-

ments. Typical electron emission spectra require a total ion fluence of about 105.

The ions impinge onto the surface within an area of approximately 1 mm2. From

this it can be concluded that the surface damage to the thin films as a result of

the ion bombardment is negligible.

The relative electron yield shown in figure 5.7 shows a distinct increase with the

film thickness of C60 deposited onto the Au surface. The largest part of this increase

already occurs after depositing a single monolayer onto the gold substrate. At a

surface coverage of about five monolayers in thickness, the increase in the total

electron yield saturates at approximately 1.35 times the value observed on the

clean gold target. The fit to the data, which is also shown in figure 5.7 (red solid

line) corresponds to an exponential gain curve, which is given by the equation:

𝛾rel(Θ) = 𝛾rel − (𝛾rel − 1)e
/ch (5.3)

with Θ being the number of C60 monolayers and the parameter γrel the relative

yield for thick layes (Θ ↦ ∞), i.e. bulk C60. In the above equation the fitting param-

eter Θch denotes the characteristic layer thickness of the exponential function.

A series of experiments for the dependency of the total electron yield on the

C60 layer thickness were performed for various charge states of Xeq+ and Arq+ ion

impact in order to investigate whether the increase in the relative electron yield

depends on the potential energy of the projectile. The measured data were fitted
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Figure 5.7: Relative electron yield per impinging 70 keV Xe24+ ion as a function of

the layer thicknesses of C60 coverage. The incidence angle of the projectiles was

50°.

according to the gain function in equation 5.3. The thus obtained values for γrel
are shown in figure 5.8 for both Arq+ (open symbols) and Xeq+ (full symbols) impact.

Within the investigated range of Wpot the relative increase in electron yield does

not vary much and corresponds to an increase of approximately 35% from clean

gold to an Au surface covered by 5 monolayers of C60. The sole exception to this

behavior is found for Ar7+ ion impact, where the observed increase is twice as high.

At first glance the observed increase in the total electron emission yield with C60

coverage would seem surprising, as the binding energy of the electrons is ∼ 2 eV

larger for C60 than for a gold crystal. According to the classical over the barrier

model [80] the distance above the surface, at which the highly charged projec-

tile starts to first capture electrons Rc, scales inversely with the binding energy of

the least bound electrons in the surface (see equation 2.21 in section 2.3.1). For a

bulk C60 target it would therefore be expected that the distance of first electron

capture is shorter than above a clean gold crystal. As a consequence for the C60

target, less time is available in front of the surface for the relaxation of the hollow

atom. In addition, due to the resonant nature of the electron capture process, in

this case, lower-lying, more tightly bound projectile states will be filled (cf. equa-
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Figure 5.8: The relative yield γrel as a function of the potential energy carried by

the impinging projectile for Arq+ (open symbols) and Xeq+ (full symbols) ion impact

on C60 at 50° impact angle. The depicted values are obtained with equation 5.3.

tion 2.20) and fewer Auger de-excitation steps will therefore be necessary for the

relaxation of the hollow atom. Both of the above would imply that a decrease in

electron emission yield could be expected for C60 coverage compared to clean

gold surfaces.

Recently Lake and co-workers extended the classical over the barrier model

to thin dielectric films on top of metallic surfaces [150, 151]. The potential profile

of a classical electron in a vacuum-dielectric-metal system was determined. It

was found that the presence of the dielectric film can significantly influence the

neutralization process of the highly charged ion in front of the surface. Thedistance

of first electron capture critically depends on the thickness of the dielectric film, its

permittivity and band gap and also on the charge state of the projectile. The

authors in [151] determine three different regimes of electron capture (see also

figure 5.9):

• A regime which is limited by the vacuum barrier and where electrons are first

captured from the bulk metal.
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FIG. 3. (Color online) For 3.4 nm of C60 on Au(111), we show
electron potential energy plots at R′

c for charge states Q = 9,24,54
in regimes iii, ii, and i, respectively.

film limited electron capture from the metal (regime ii), and
electron capture from Vvbm(s) in the dielectric film (regime iii),
shown in Figs. 3(a)–3(c), respectively.

1. Regime i: Vacuum limited capture from the metal

Charge transfer from the metal can be limited either by the
potential barrier φ or by the vacuum potential barrier.

Examples of potential energy plots for the vacuum limited
regime i are shown in both Figs. 2(c) and 3(c). In both of these
cases, as the ion approaches the surface, the barrier (φ) drops
below EF before the barrier in the vacuum drops below EF .
Therefore, in regime i, the classical electron capture distance
is determined by the vacuum barrier.

This regime occurs for higher charge states where the longer
spatial influence of the ion’s potential can reduce φ fast enough
with respect to W that classical transport is permitted through
the dielectric. Although it is somewhat difficult to see in
Fig. 3(c), φ < 0 while EF is equal to the barrier in the vacuum.

2. Regime ii: Thin film limited capture from the metal

For thicker films, higher initial φ barriers, greater film
permittivity, or lower HCI charge states [as shown in Fig. 3(b)],
the capture of an electron from the metal can be limited by φ
instead of the vacuum barrier. In this film limited regime,
the vacuum barrier drops below EF while φ > 0, as shown
in Fig. 3(b).

This means that for ion distances slightly greater than R′
c,

the potential maximum in the vacuum has already fallen below
EF . Immediately before the charge transfer channel opens, the
only barrier limiting capture is φ. Due to the lower charge state,

the ion has a shorter spatial influence and more weakly reduces
φ than in regime i so that φ can still remain even when the
vacuum barrier is well below EF .

3. Regime iii: Capture from the dielectric

For Q = 9 in Fig. 3(a), where the first captured electron
originates from the valence band of the dielectric at a distance
R′

c = 4.0 nm from the metal. The influence of the ion on
the energy barrier φ is sufficiently weak that electrons in the
metal are blocked, while transport from Vcbm(s) is classically
allowed. At this point, the target appears to the ion like a
bulk dielectric material. The metal substrate is shielded by
the dielectric film and the metal work function plays no
role in determining the critical distance. In this regime, the
COB model for bulk insulators becomes applicable [2] and
the critical distance is described by Eq. (5), i.e., Evbm and
ε uniquely determine the onset of classically allowed charge
transfer.

F. Film permittivity dependence

One of the most important material parameters to influence
φ is ε. In Fig. 4, we vary ε while keeping the ion Q = 24
at R = 6 nm to illustrate the role of ε. For reference, the
unperturbed electron potential is plotted as the black solid line.
The valence bands within the dielectric have been removed
from the plot for clarity. Inside the film, the ion bends the
conduction band, lowering the barrier φ from its initial height.
The magnitude of the band bending depends inversely on the
ε of the film material. In the vacuum region outside the film,
the potential maximum also varies inversely with ε due to the
boundary condition at the film-vacuum interface. In this way,
ε strongly influences the barrier heights in both the thin film
and vacuum regions.

The solid orange line in Fig. 4 plots the potential using
the same permittivity and gap parameters as those plotted in
Fig. 2(b), except that in Fig. 4, the film thickness has been
increased to s = 4 nm. This position is the critical capture
distance R = R′

c and the ion can classically capture an electron
from the metal.

The blue dotted line in Fig. 4 shows the effect of increasing
ε to 10. This weakens the electric field within the film causing
less band bending and increases φ. Consequently, the position
R = 6 nm is greater than the critical distance. On the other
hand, the green line shows the potential for ε = 3, which
increases the electric field strength and reduces the barrier
heights inside the film and in the vacuum. At R = 6 nm, an
electron in the metal could have easily transferred at R > 6 nm.
In general, decreasing ε increases the critical capture distance.
For a constant set of target material properties and film
thickness in Fig. 4, we see qualitatively from the potential
maxima that R′

c(ε = 10) < R′
c(ε = 4) < R′

c(ε = 3).
To show more explicitly how the critical distance R′

c

depends on the film permittivity ε, Fig. 4(b) plots R′
c(ε) for

film thickness s = 4 nm and charge Q = 24 over the range
ε = 1 to ε = 10. As expected, the general trend is that R′

c

decreases as ε increases from 1 to 10. In the regions of the
plot labeled i and ii, the first captured electron originates
from the metal. As permittivity increases, the electric field
that is needed to pull down φ also increases. This means that

062901-6

Figure 5.9: Electron potential energy plots for highly charged ions (Q = 9, 24, 54)

approaching an Au(111) surface covered with 3.4 nm of C60. The three plots rep-

resent (from bottom to top) (i) vacuum limited, (ii) thin film limited electron capture

from the metal and (iii) capture from the dielectric. Picture from [151].

• A second so-called dielectric film-limited regime, where the first electron is still

captured from themetal but the distance of first capture is determined by the

potential barrier between the Fermi edge of the metal and the conduction

bandminimum of the dielectric film. This can either result in an enhancement

or a suppression of the number of emitted electrons in front of the surface.

• A third regime of first electron capture from the dielectric, where the film com-

pletely shields the metal.

For thin films of C60 on a gold substrate, the authors in [151] were able to model

both, the relative increase in experimentally observed electron emission yield γrel,

as well as the layer thickness, at which this increase is found to saturate (cf. fig-

ure 5.7). Their model predicts that for the investigated ion charge state and C60

layer thickness, the first captured electrons will originate from the gold substrate
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and that the saturation observed in the experiments stems from a transition from

the vacuum-limited to the dielectric film-limited regime (see above), which ac-

cording to their model is expected to occur at approximately 4 monolayers of C60

coverage (in close agreement with our experimental results).

Another reason for the observed increase in electron emission yield might be

the larger escape depth of electrons from C60 as compared to gold. An effect

of the escape depth on the observed electron emission yield has been demon-

strated for highly ordered pyrolytic graphite (HOPG) surfaces [160]. For ion impact

parallel to the graphite planes (open geometry) the electron yield was found to

be three times as high as for impact perpendicular to the graphite planes.

Finally, it is unlikely that the existence of a band gap in bulk or thick layers of C60

drives the enhancement of the electron yield by inhibiting resonant electron loss

from the hollow atom back into empty states of the surface. The observed relative

yield increase is realized to a large extend already by covering the gold substrate

with a single monolayer of C60 (cf. figure 5.7). It is known from photoemission and

atomic force microscopy studies on Au substrates covered with thin films of C60

that a film thickness of a single monolayer does not suffice for the development of

the full band gap.

Influence of the Projectile Charge State and Incidence Angle on the Yield Change

A deeper insight into the involved processes can also be obtained from investigat-

ing the angular dependency of the electron emission yield for different projectile

charge states. For this purpose measurements for Ar13+ and Ar4+ ion impact were

performed and are presented here. The observed electron yields for gold surfaces

covered with thin films of C60 of variable thickness are again compared to results

from clean gold surfaces.

For reference the electron emission yield from a clean Au(111) surface as a

function of the projectile impact angle with respect to the surface normal is shown

in figure 5.10. The data is shown for three different projectile impact energies, i.e.

91 (squares), 28 (triangles) and 6.5 (circles) keV. Below the threshold for kinetic elec-

tron emission (for Ar ions the threshold energy is about 12 keV [138]), the observed

electron yield is virtually independent of the kinetic energy of the projectile, as can

be seen from the measured yields for 28 keV and 6.5 keV. In addition the electron

yield is higher for grazing incidence angles, as in this case both the interaction time

in front of the surface as well as the geometric path length of the projectile within

the electron escape zone below the surface is increased (cf. section 2.3.3).
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Figure 5.10: Total electron yield observed for Ar4+ (open symbols) and Ar13+ (full

symbols) impact on cleanAu(111) as a function of the projectile's incidence angle.

The data was obtained at three different impact energies, i.e. 91 keV (�, �), 28
keV (s, △) and 6.5 keV ( , #).

The relative electron yield increaseonC60-covered surfaces according to equa-

tion 5.3 is shown in figure 5.11. Electron yields for four different incidence angles

between 30° and 80° with respect to the surface normal are shown. Figure 5.11

compiles data for both the impact of Ar4+ (open symbols) as well as Ar13+ (full

symbols) projectiles at an incidence energy of 28 keV. As can be seen from figure

5.11, the relative increase in electron emission yield is higher for Ar4+ impact than

for Ar13+ projectiles. For gracing incidence angles this is most obvious.

All data presented in figure 5.11 is fitted according to the gain function in equa-

tion 5.3 (solid lines). The values of the fitting parameters γrel and Θch are shown

in figure 5.12 for the full range of investigated impact angles for both projectile

species (Ar4+ on the left side, Ar13+ on the right). Overall, the characteristic layer

thickness Θch seems to be independent from the angle of incidence (squares in fig-

ure 5.12). It is a bit higher for Ar4+ impact with approximately Θch ∼1.3 monolayers

than for Ar13+ impact, where it falls slightly below 1 monolayer. For both projec-

tile charge states however, the dominant contribution of the increase in electron

yield stems from the deposition of the first C60 monolayer. The fitting parameter
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Figure 5.11: Relative electron yield γrel as a funtion of the of theC60 film thickness for

Ar4+ (open symbols) and Ar13+ (full symbols) impact at different incidence angles.

The fit to the data is derived with equation 5.3.

γrel is almost independent from the impact angle for Ar13+ ions but shows a strong

increase towards more gracing incidence angles for Ar4+ projectiles.

In order to asses the reason for the observed increase in electron yield, thediffer-

ence in absolute electron yield Δγ between a surface covered with 5 monolayers

of C60 and a clean gold target was investigated for both ion species, i.e. Ar4+ and

Ar13+. As can be seen in figure 5.13, the difference in absolute yield is the same

for Ar4+ and Ar13+ ion impact in contrast to the relative increase (cf. figure 5.11).

This observation strongly suggests that the observed increase in electron yield is

not due to the potential energy introduced by the impinging ion but rather gov-
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Figure 5.12: Values for the fitting parameters γrel and Θch according to equation

5.3 for the impact of Ar4+ and Ar13+ as a function of the impact angle with respect

to the surface normal.

erned by the kinetic energy of the projectile. This is supported by the functional

behavior of the angular dependency of Δγ, which can be fitted nicely to a cos-1

-dependency (solid line in figure 5.13), which is in accordance with the angular

dependency generally observed for kinetic electron emission (cf. section 2.3.3).

For gold the threshold for kinetic electron emission lies at an impact energy of ∼

12 keV. The contribution to the total electron yield from kinetic emission at the inves-

tigated impact energy is therefore expected to be rather small (about 1 electron

per ion at normal incidence [138]). No information is available on the threshold

for kinetic electron emission neither for thin films of C60 nor for bulk C60. However,

to realize the observed enhancement in electron emission when covering a clean

surface with thin films of C60, the threshold energy must be lower for C60 than for

clean gold.

Katharina Dobeš 175



DISSERTATION
5 RESULTS II

Figure 5.13: Difference in absolute electron yield between a surface covered by

5 monolayers of C60 and clean Au for Ar13+ impact (full symbols) and Ar4+ impact

(open symbols). The fit to the data follows a cos1 - dependency.

5.2.2 Summary & Concluding Remarks

Electron emission yields fromhighly charged ion impactwere determined for clean

gold surfaces as well as thin films of C60 deposited onto a gold substrate. The influ-

ence of the C60 layer thickness on the electron yield was investigated as a function

of the C60 layer thickness, for various projectile charge states, impact angles and

energies. It was found that the relative electron yield (from C60 covered surfaces

compared to clean gold) increases with C60 coverage and that the observed en-

hancement saturates at about 35%, when five monolayers of C60 are deposited

onto the Au substrate. This yield increase can be understood on the basis of an

adapted classical over the barrier model [150, 151] for thin dielectric films on top

of metallic surfaces, in which the presence of the dielectric film causes an en-

hancement of the distance of first electron capture Rc. The model also predicts

that for the experimental parameters of this sturdy, the first captured electrons will

originate from the gold bulk beneath the C60 film.

An exponential gain function has been successfully used to describe the yield

enhancement for various projectile charge states and impact angles. It was found

that the characteristic layer thickness is about constant for all investigated inci-
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dence angles and does not differ much for Ar4+ and Ar13+ bombardment. On the

other hand the relative enhancement in yield is found to increase towards lower

charge states. This is most prominent for gracing incidence ions.

The difference in absolute yield from gold and C60 is the same for Ar4+ and Ar13+

bombardment. From this it was concluded that the observed yield increase is not

due to the projectile's potential energy but driven by the kinetic energy of the

impinging ion. It is suggested that this increase can be explained by the different

kinetic electron emission thresholds for gold and C60.

To assess how the deposition of thin dielectric films on metallic substrates in-

fluences the hollow atom formation and decay dynamics in front of the surface,

lower impact velocities and higher projectile charge states would be required.
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5.3 Electron Emission from Highly Ordered Pyrolytic

Graphite

Studying electron emission yields from slow and medium energy, highly charged

ions can help to elucidate their neutralization dynamics upon surface impact. In

addition the interaction of highly charged ions with graphite surfaces is also of in-

terest for plasma wall interaction in fusion experiments (cf. section 2.3). Particle in-

duced electron emission will determine the plasma sheath potential, which accel-

erates particles emerging from the confinedplasmaonto the vessel walls [134-136].

Generally, ion-induced processes depend both on the kinetic (KE, cf. section

2.3.3) as well as the potential energy (PE, cf. section 2.3.2), which the projectile

carries towards the surface. In the production of a highly charged ion Zq, the sum

of the ionization energies, which have to be spent to remove q electrons from the

initially neutral atom, is stored in the highly charged ion (cf. figure 2.16). For high

charge states this potential energy can add up to several keV andmight therefore

exceed the kinetic energy of the projectile. The release of this internally stored

energy upon surface impact of the highly charged ion will give rise to several ion

induced phenomena such as potential sputtering [83, 84] and potential electron

emission [81,131] (see section 2.3.2).

The neutralization of a highly charged ion sets in well above the surface (see

section 2.3.1), by quasi resonant capture of electrons into highly excited Rydberg

states of the projectile, while lower lying energy levels remain empty [83, 85]. The

so-formed transient 'hollow atom' [80,131,142] will rapidly start to decay in an auto-

ionization cascade by electron exchange processes with the surface. The number

of electrons thus emitted above the surface will depend on the interaction time

above the surface [80, 184], i.e. scale inversely with the velocity component to-

wards the surface ∝ 1/√v⋅cos  (cf. equation 2.24), if ϑ is the impact angle with re-

spect to the surface normal. When the highly charged ion arrives at the surface,

the de-excitation will be accelerated, as outer electrons are peeled-off due to the

electronic screening at the surface [80]. The corresponding contribution to the ob-

served electron emission yield, 𝛾(q) (cf. equation 2.24), will to a first approxima-

tion not depend on the impact velocity [138]. Just below the surface, inner shell

vacancies will finally recombine by emission of fast Auger electrons and/or x-rays.

The angular and velocity dependency of the potential electron emission yield

can therefore be summed up to (cf. equation 2.24) [138,158]:

𝛾PE (v, 𝜗) = 𝛾 +
cv

√v ⋅ cos𝜗
(5.4)
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Apart from potential electron emission, kinetic emission of electrons will increas-

ingly become important above a certain threshold impact velocity vth (cf. equa-

tion 2.26). Kinetic electron emission is related to an energy transfer from the projec-

tile to the electronic systemof the solid and therefore occurs as the ion finally pene-

trates the target bulk [133,159,160]. Kinetic electron emission involves a sequence

of several mechanisms, i.e. energy transfer from the projectile to the electronic sys-

tem of the solid in a collisional excitation, transport of generated electrons to the

surface and finally the escape of electrons through the surface-vacuum bound-

ary [132,133].

There will be a velocity threshold vth, below which kinetic electron emission is

impossible due to insufficient energy transfer in a collision with the electronic sys-

tem of the solid. Above it, the kinetic electron emission yield will follow the en-

ergy dependency of the electronic stopping power Se (cf. equation 2.25). As

the energy deposited into the electronic system of the solid gradually increases

with the projectile energy, the kinetic electron emission yield will increase approxi-

mately linearly with the impact velocity [133,161]. Overall, the number of emitted

electrons will be proportional to the geometric path-length of the projectile within

the near surface electron escape depth [133] and therefore scale with ∝ cosϑ1.

For heavy particle impact, sometimes deviations from this inverse cosine law are

observed [133, 165, 166] due to e.g. recoil ionization, deviations from the straight

line approximation of the ion path through the surface but also variations of the

electronic stopping power as the projectile is gradually slowed down in the sur-

face [167].

In summary the total electron emission yield including both contributions from

potential as well as kinetic emission can thus be approximated by the relation (cf.

equation 5.1) [131,138,158]:

𝛾 = 𝛾PE + 𝛾KE = (
cv(q)

√v ⋅ cos𝜗
+ 𝛾(q))

⏝⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⏝
PE

+Θ (v− vth)
cKE(0) (v− vth)

cos𝜗⏝⎵⎵⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⎵⎵⏝
KE

(5.5)

if ϑ is again the impact angle with respect to the surface normal. Here, the Heavi-

side step function Θ (v− vth) governs the onset of kinetic electron emission above

the velocity threshold vth.

In this section, systematic investigations of electron emission yields from highly

ordered pyrolytic graphite surfaces (HOPG) during highly charged ion impact will

be presented. Total electron emission yields were determined for Xeq+ (q = 7, ...

28) projectiles, for incidence angles between 40° and 10° with respect to the sur-

face normal. The projectile impact energies ranged from 0.5 - 5 keV/amu, thereby
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covering energies above and just below the threshold energy for kinetic electron

emission, which for HOPG is vth ∼ 1.5 ⋅ 105 m/s [230]. For particle velocities above

this threshold, the relative importance of potential and kinetic electron emission

are generally not easy to assess [158]. Varying the projectile impact angle, charge

state and velocity might however aid in disentangling their respective contribu-

tions following equation 5.5.

The experiments were preformed at the IISIS setup at KVI Groningen (cf. sec-

tion 3.2 for details on the experimental setup). During experiments, the ultra high

vacuum chamber was kept at a base pressure in the 10-10 mbar regime by a tur-

bomolecular pump. Projectile ions are produced in a 14 GHz ECR ion source and

then selected and focused by a sector and quadrupole magnets. For low im-

pact energies, the extracted ion beam can be decelerated in a six-element lens

system, which eventually results in a slight deflection due to the high positive po-

tential at the target (cf. figure 3.16). For the lowest impact energies, the effective

incidence angle is therefore corrected in the data evaluation in accordance with

SimIon [179] simulations for the deflection. An HOPG sample with a graphite layer

orientation parallel to the surface plane is cleaved with an adhesive tape just be-

fore installation in the vacuum chamber (cf. section 3.2.3).

The electron statistics setup [180-182] used to determine total electron emission

yields, is mounted under 90° with respect to the impinging ion beam (cf. section

3.2.1). A set of six electrodes surrounding the target is used to optimize the electron

collection efficiency onto the detector. The electrons are accelerated towards

the detector by a high positive potential of 30 kV. From the pulse height at the

detector output, both themean number of electrons emitted in a single ion impact

event as well as the respective electron number statistics can be determined (cf.

sections 3.2.2).

5.3.1 Experimental Results & Discussion

Total electron emission yields of HOPG were determined at various impact ener-

gies, ranging from 7.2 keV (∼ 1 ⋅ 105 m/s) to 328 keV (∼ 7 ⋅ 105 m/s). In the selected

impact energy range, both velocities below as well as beyond the threshold for

kinetic electron emission at vth ∼ 1.5 ⋅ 105 m/s are covered. In figure 5.14 the total

electron emission yields for the impact of Xe24+ ions is shown as a function of the

velocity component towards the surface v. For obtaining the data in figure 5.14,

the impact energy was kept constant (as labeled for the individual data sets in the

graph) and the impact angle was varied between 30° and 80° to cover a wider

range of impact velocities.
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Figure 5.14: Total electron emission yield from HOPG as a function of the impact

velocity towards the surface v. The graph comprises data for different impact

energies of Xe24+ ions both belowaswell as above the threshold for kinetic electron

emission (vth ∼ 1.5 ⋅ 105 m/s).

At impact energies below∼ 12 keV (∼ 1.3 ⋅ 105m/s), the observed electron emis-

sion yield is independent from the impact energy and becomes only a function of

the velocity component towards the surface v. As a result, in figure 5.14 the data

sets below this impact energy coincide. From the fact that the observed electron

yield only depends on v but not on the impact energy, it can be inferred that any

contribution from kinetic electron emission can be neglected here (cf. equation

5.5). The observed electron emission yield is solely due to potential emission. This

is additionally supported by the fact that for the respective impact energies, the

velocity towards the surface v lies below the threshold velocity for kinetic electron

emission, i.e. vth ∼ 1.5 ⋅ 105 m/s.

The electron yields observed for 7.2 keV and 12 keV should therefore be ade-

quately represented by the expression for potential electron emission in equation

5.4. The two data sets can be used to obtain the respective fitting parameters

γ(q) and cv(q). Subsequently keeping the thus determined fitting parameters

for PE constant for the entire data set, the angular dependency of the kinetic

contribution to the electron yields above the threshold energy can now be fitted
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Figure 5.15: Total electron emission yield from HOPG as a function of the impact

velocity. A wider range of impact velocities is covered by varying the impact

angle of the of Xe24+ ions as indicated in the graph. The dashed lines are fits to the

expression for γKE in equation 5.5 for a constant threshold velocity of vth = 1.5 ⋅ 105

m/s [230]. For details see text.

according to equation 5.5. In doing so, a threshold velocity of ∼ 1.5 ⋅ 105 m/s was

assumed in accordance with the classical estimation. The result of this fitting pro-

cedure is shown in figure 5.15, where the entire set of measured electron yields for

Xe24+ is shown again, including fits to the expression for the total electron emission

yield according to equation 5.5 (dashed lines).

From the fitting procedure in figure 5.15, a value for the angular dependency of

the kinetic electron emission yield, i.e. for the expression γKE(0)cosϑ
1 is obtained

for each impact angle. To actually determine the fitting parameter γKE(0), the thus

obtained angular dependency of γKE is at first fitted to a cos1 - dependency. This

is shown in figure 5.16, where theangular dependencyof the kinetic contribution to

the electron yield as obtained from the fits in figure 5.15 is shown as green symbols,

and the respective cos1 fit as a black dashed line. Obviously fitting the angular

dependency of the kinetic electron emission yield by a cos1 dependency is a

rather insufficient representation of the experimentally obtained data. A much

better fit is obtained by replacing the cos1 fit by a cos dependency, where the
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Figure 5.16: Results for the kinetic electron emission fitting parameter

γKE(0)cos(ϑ)
1 for all investigated impact angles (squares) obtained from

the data set in figure 5.15. To obtain γKE(0), a cos-1 dependency can be fitted

(black dashed line). An even better fit is obtained with a cos dependency, with

β as a free fitting parameter. For details see text.

exponent β is a free fitting parameter. This is demonstrated by the green dashed

line in figure 5.16, which corresponds to a β of ∼ 1.3.

Deviations from a plain cos1 angular dependency of the kinetic electron emis-

sion yield γKE were reported for various target projectile combinations in the liter-

ature [133, 165, 166, 231, 232]. In a series of experiments it was found empirically

that the experimental data for the variation of the kinetic electron emission yield

with the projectile impact angle, can best be fitted to a relation of the form γKE ∼

γKE(0) ⋅ cos
. Here the free fitting parameter β varies between 0.5 ≤ β ≤ 1.5 [133].

Experimental observations revealed that it increases with the projectile mass and

decreases with the projectile impact energy [165,231].

As kinetic electron emission is based on a collisional energy transfer from the im-

pinging projectile to the electronic system of the solid (cf. section 2.3.3), it is gener-

ally expected that the electron emission yield is proportional to the energy transfer

to target electrons in electronic collisions, i.e. the electronic stopping power (cf.

equation 2.27). For heavy particle impact however, a non-negligible contribution
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Figure 5.17: Potential electron emission yield obtained by subtracting the respec-

tive kinetic contributions. For both investigated charge states (i.e. l Xe7+ and n

Xe24+) the data now coincides on one single curve and follows the general trend

expected for potential electron emission (cf. equation 5.5), which is indicated by

the fit (black line). For details see text.

to the energy deposited in the electronic excitation of the solid may originate from

recoiling target atoms of the collision cascade, which is initiated by the particle

impact [165]. This contribution from ionizing collisions with recoiling atoms will in-

troduce a relation of the kinetic electron emission yield to the nuclear stopping

power, i.e. in fact a second term in the simple relation of equation 2.27. It was

shown [165] that this results in a variation of the kinetic electron emission yieldwhich

is faster than 1/cos , i.e. a fitting parameter β > 1. In addition a β ≠ 1 will consider

deviations from the straight line approximation of the ion path through the elec-

tron escape depth in the solid, but also any slowing down of the projectile, which

will result in a variation of the electronic stopping power [167].

With the fitting parameter γKE(0) thus obtained from the data in figure 5.15, the

kinetic contribution can be subtracted from the observed total electron yield in

figure 5.15. The remaining yield can now be attributed to sole potential electron

emission and should therefore only depend on the velocity component normal

to the surface v (cf. equation 5.5) but not the projectile impact energy. This is
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Figure 5.18: Potential electron emission yield γPE after subtraction of the kinetic

contribution for various Xe charge states (q= 10, ..., 28) at two different impact

energies, i.e. 70 keV (left) and 328 keV (right). The dashed lines represent a fit to

the measured data according to equation 5.4.

demonstrated in figure 5.17, where the respective potential contributions of the

observed electron emission yield indeed coincide onto one single curve for both,

Xe24+ projectiles but in a similar way also for Xe7+ ion impact. In addition the re-

maining potential electron emission yield in figure 5.17 nicely follows the general

trend expected for potential electron emission as indicated by a fit according to

equation 5.4 (black line).

In a similar way the kinetic electron emission contribution to the total electron

yield can be eliminated for various charge states. This has been done in figure

5.18 for two different impact energies, i.e. 70 keV (left) and 328 keV (right). The

dashed lines represent fits to relation for the potential electron emission according

to equation 5.4. As can be seen from figure 5.18 the potential electron emission

yield depends only weakly on the velocity component towards the surface, i.e.

V. This is in contrast to conducting targets like e.g. Au, were a much stronger

dependency on the impact angle was found [158]. It was argued [224] that this is

due to an increased binding energy of valence electrons in the case of HOPG (∼

7.5 eV) compared to those from the conduction band of a e.g. gold (∼ 5 eV). As

a result the critical distance at which electron capture sets in upon the approach

of the highly charged ion towards the surface, is smaller and therefore less time is

available for de-excitation processes resulting in the emission of electrons in front

of the surface.
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5.3.2 Summary & Concluding Remarks

Total electron emission yields from a HOPG surface under the impact of xenon ions

of various charge states were studied. The impact energies of the ions ranged from

below to well above the threshold for kinetic electron emission. By a thorough

examination of the experimental data, contributions from kinetic and potential

electron emission could be distinguished.

It was demonstrated that for the lowest investigated impact energies, kinetic

electron emission is indeed negligible and the observed electron emission is solely

driven by the potential energy stored in the projectile. This is in agreement with

the threshold velocity for kinetic electron emission determined from classical con-

siderations. Below this threshold velocity, for a given projectile charge state the

potential electron emission yield could be fitted successfully to an empirically de-

rived formula. The thus obtained fitting parameters were then used to determine

the angular dependency of the kinetic electron emission yield over a wide range

of impact energies above the threshold for kinetic emission.

Although it is commonly assumed that kinetic electron emission scales with an

inverse cosine law for the impact angle with respect to the surface normal, it was

found in the studies presented here, that in the case of xenon projectiles, the data

could be best reproduced using a cos- fit instead, with β > 1. This implies that

in the observed electron emission yield, a non-negligible contribution of emitted

electrons originates from ionizing collisions with recoiling target atoms in the colli-

sion cascade initiated by the projectile impact.

In the following, the thus obtained fitting parameter for kinetic electron emission

was used to eliminate the KE contribution from the experimental data. The resulting

potential electron emission yields γPE showed only a very weak dependency on

the velocity component towards the surface v. This is in contrast to the potential

emission yield from conducting surfaces and has been observed in the past for

various insulating target materials such as LiF and CaF2.

186 Katharina Dobeš



DISSERTATION
Comparison of the Electron Yield from Au, C60 and HOPG

5.4 Comparison of the Electron Yield from Au, C60 and

HOPG

Part of the following has been published in [226]

Figure 5.19: Comparison of the electron yield observed for Ar13+ ion impact on

clean gold (red symbols), 5 monolayer thin films of C60 (blue symbols) and HOPG

(black symbols) as a function of the impact angle with respect to the surface nor-

mal. The data are shown for four different impact energies.

Figure 5.19 shows a comparison for the total electron yield obtained on the

three investigated surfaces, i.e. gold (in red), 5 monolayers of C60 on a gold sub-

strate (in blue) and HOPG (in back). Measured electron yields are shown for four
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different impact energies ranging from 3.9 keV to 91 keV. The presented energy

range covers the threshold energy for kinetic electron emission of both HOPG (at

∼ 4 keV) and gold (∼ 12 keV). The threshold energy for kinetic electron emission

from thin layers of C60 is not known.

For an impact energy of 3.9 keV (upper left panel in figure 5.19) the electron

emission yield for gold and a gold surface covered by five monolayers of C60 are

the same, suggesting that the potential electron emission yield is the same for these

two surfaces at this impact energy (as kinetic electron emission is not expected to

play a significant role at energies that low). This probably points to the fact that

the thin C60 film is not limiting the onset of potential emission (cf. the model of Lake

et al., see page 171).

With increasing projectile impact energy the observed total electron yield of

C60 and gold start to differ, whereas the difference increases as the kinetic energy

is increased. Finally, for 91 keV impact energy, the observed electron yield of C60 is

equal to the yield from the HOPG surface. Above its threshold velocity, the kinetic

electron emission yield is known to increase about linearly with the impact velocity

of the projectiles (cf. section 2.3.3). From the presented data it seems as if this

increase was steeper for thin C60 layers than for HOPG and gold. This might also

be due to effects from a variation in the ion penetration depth with the kinetic

energy of the projectile: as the kinetic energy of the projectiles is increased, they

penetrate deeper into the bulk of the surface, eventually entering deep into the

gold substrate beneath the C60 film. This might result in a gradual change of the

contribution of kinetic electron emission from the gold substrate to the observed

electron yield for increasing impact energies. Additionally, the open structure of

theC60 filmmight lead to an enhanced electron escape depth for electrons being

generated below the surface.
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6
Conclusion & Outlook

When ions impinge on solid surfaces, a variety of interaction phenomena is ob-

served. These depend on the one hand on the properties of the projectiles, i.e.

their kinetic and also internally stored (potential) energy. On the other hand also

surface parameters such as the composition, the chemical reactivity, the topogra-

phy, the electronic structure, the previous bombardment history, and many more

are determinant. In this work, diverse aspects of ion-surface interaction processes

were studied and analyzed.

One of the greatest challenges in the successful implementation of fusion en-

ergy for electricity production, will be the interaction of the very hot fusion plasma,

with the walls of the containing vacuum vessel. A profound knowledge on plasma

material interaction issues is hence very desirable. Therefore, the interaction of fu-

sion relevant projectiles with materials considered to be used in the international

fusion experimental reactor ITER were thoroughly studied within the framework of

this thesis. The unique sensitivity and accuracy of the experimental setup used

in the presented investigations allowed for studying ion surface interaction phe-

nomena in-situ and in real-time. Experiments were performed under controlled

laboratory conditions.

A wide range of projectiles including on the one hand seeding impurities such

as Ar, Ne, and N but also fueling species such as D were investigated. Detailed

studies were performed on their interaction with all of the three materials, which

were originally planned to be used as plasma facing components in ITER, i.e. car-

bon, tungsten and beryllium. In the complex environment of a fusion reactor,

mixedmaterial layers will build-up during operation as a result of particle implanta-

tion, erosion and subsequent re-deposition as well as material migration. The incor-
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poration of seeding impurities such as nitrogen but also the retention of the fusion

fuel will have a severe influence on the operation of the fusion reactor. Hence, in

this work a special emphasis was put on investigating multi-component systems.

While the vast majority of experiments on plasma wall interaction is restricted

to analyzing surfaces post mortem, the studies presented in this thesis aimed at

determining the individual reaction rates for the involved processes in situ, which

can be a valuable contribution for understanding the basic mechanisms. With the

experimental approach exploited in this thesis, a unique insight into the dynamics

and built-up of mixed material layers could be gained. The presented data may

aid in modeling and quantifying the respective plasma wall interaction processes.

The evolution of an amorphous, hydrogenated carbon layer under nitrogen im-

pact was studied. Both the transient and the steady state sputtering behavior of

the surface could be successfully modeled based on a simple set of rate equa-

tions. At first, hydrogen is preferentially sputtered from the surface, resulting in a

hydrogen depleted, harder surface layer. This is apparently accompanied by a

decrease in the molecule size of eroded hydrocarbons with increasing fluence.

Additionally impinging nitrogen projectiles are implanted at the ion penetration

depth. Steady state surface conditions are obtained, when the surface recession

is of the order of the ion range and the nitrogen containing, hydrogen depleted

layer has emerged to the surface.

On tungsten surfaces, an unexpected molecular effect for the erosion with ni-

trogen projectiles was found. The sputtering yield for di-molecular nitrogen pro-

jectiles at low energies (below 500 eV/at) is about 25% higher than the respective

erosion rate for atomic ions. A qualitative explanation for this could begivenbased

on a simple energy transfer model for direct collisions between target atoms and

the two projectile species. For high nitrogen fluences, the built up of a tungsten-

nitride phase within the ion penetration depth was reported in the literature. When

saturating a tungsten surface with nitrogen, the change in total sputtering yield

was found to be insignificant, with the partial nitrogen sputtering yield apparently

balancing the reduced tungsten erosion. Although previously observed for other

non-conducting targets (such as e.g. LiF), no enhancement of the sputtering yield

for highly charged ion impact, i.e. so-called 'potential sputtering' could be ob-

served on these nitrogen saturated surfaces.

The saturation dynamics of beryllium surfaces under nitrogen impact was stud-

ied. It was found to be composed mainly of three individual regimes: at first the in-

teraction of the energetic nitrogen projectiles with the beryllium surface is marked

by dominant projectile implantation. As the nitrogen content saturates at the ion

implantation depth, a transition to net erosion is observed. Finally only when the
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nitrogen saturated layer has emerged to the surface, dynamic equilibrium condi-

tions are obtained with a constant nitrogen content in the surface and a surface

erosion rate furthermore independent from the applied ion fluence. It was also ob-

served that the oxidation rate of the beryllium surface decreases with increasing

nitrogen saturation level and falls belowany detectable limit for nitrogen saturated

surfaces.

Subsequently the deuterium retention behavior of the resulting nitrogen satu-

rated beryllium surfacewas studied and compared to the dynamics on pure beryl-

lium. Initially the retention rate is similar for both surfaces and the local deuterium

saturation concentration is reached at comparable fluences. On the nitrogen sat-

urated beryllium surface, steady state conditions are reached at only about half

the fluence that is needed to establish a dynamic equilibrium on pure beryllium.

Post mortem NRA revealed that the areal density of retained deuterium is about

twice as high for nitrogen saturated beryllium compared to pure beryllium. In the

nitrogen saturated surface, defects created by the preceding nitrogen bombard-

ment might serve as additional trapping sites and are probably responsible for this

increased deuterium inventory. In steady state, only a very small erosion rate is ob-

served for both surfaces. In addition thermal desorption of implanted deuterium

at an elevated surface temperature of 460 K was studied for both, pure and nitro-

gen saturated beryllium. An estimation of the desorption rate and dynamics could

be made. At first the deuterium release rate is apparently limited by the recom-

bination of D2 molecules at the surface. For longer waiting times a clear change

in the dynamics is observed and the desorption rate is then probably limited by

deuterium diffusion to the surface.

In the near future the investigations so far performed on beryllium surfaces will

be extended. Studies on the oxidation behavior of nitrogen saturated surfaces

under more controlled conditions are planned. First results on estimating the oxi-

dation rate of the surface as a function of the nitrogen content showgreat promise

for a more quantitative determination. In addition, mixing of both nitrogen satu-

rated as well as pure beryllium surfaces with helium will be studied, as helium is

the end product of the fusion reaction exploited in ITER. Since surface defects are

important trapping sites for hydrogen isotopes, it would also be interesting to ex-

pand the studies presented in this thesis to well defined, pre-damaged surfaces

(both beryllium and tungsten).

A fundamental re-designingof thequartz-crystalmicrobalance setup is planned

for the near future (refer to B. Bergers work [233]), where the quartz crystal shall

serve as a catcher for sputtered particles. Placed in near vicinity of a surface,

which is bombarded with energetic particles, erosion rates could then be deter-
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mined independently from any restrictions regarding temperature control (for in-

vestigations with e.g. high particle and heat fluxes but also varying surface tem-

perature) or adhesion of the surface of interest to the quartz. This would also allow

investigations of e.g. single crystal targets and measurements of the angular distri-

bution of eroded particles.

In the second part of this thesis, a series of measurements for the emission of elec-

trons upon highly charged ion impact on solid surfaces was performed. The pre-

sented measurements include studies on clean gold, gold surfaces covered with

single to a few monolayes of C60 and a bulk carbon surface, i.e. HOPG. These in-

vestigations aimed at a more profound insight into the influence of the electronic

structure of the targetmaterial on the hollowatom formation anddecay dynamics

in front and at the surface.

As a gold surface is gradually covered by single monolayers of C60, an increase

of the electron emission yield is observed, which saturates at about 35% of the re-

spective yield on the clean gold substrate. Most likely this yield enhancement is

due to an increase in the critical distance for first electron capture of the highly

charged ion as it approaches the surface. The neutralization dynamics of the

highly charged ion in front of the C60 films can be understood on the basis of

an adapted classical over the barrier model, extended to thin dielectric films de-

posited onto solid surfaces. Accordingly the first captured electron will likely still

originate from the gold substrate underneath the C60 film, within the experimental

parameter range of the here presented investigations.

For a bulk carbon (i.e. HOPG) surface, the contribution of kinetic and poten-

tial electron emission to the total observed electron emission yield could be distin-

guished from awide scan of projectile charge states, impact energies and angles.

For the kinetic electron emission yield, a deviation from the commonly expected

angular dependency of the emission yield was observed, implying that a non-

negligible fraction of emitted electrons is generated in ionizing collisions of recoil-

ing target atoms. The potential emission yield on the other hand showed only a

very weak dependency on the interaction time of the projectile in front of the sur-

face. This can probably be explained by the fact that for the HOPG surface, the

critical distance of first electron capture is generally reduced compared to e.g.

clean gold, due to the higher binding energies of conduction band electrons.

All in all it was found that the difference in total electron yield observed on

the three surfaces are mainly due to kinetic electron emission. For lower impact

energies (3.9 keV Ar ions), the observed electron emission yield on thin C60 films

resembles the values observed on clean gold. As the projectile impact energy is
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gradually increased, the electron yield from the C60 films approximates the yield

observed for the HOPG surface. This can be attributed to an increased contri-

bution of kinetic electron emission and the fact, that the electron emission yield

observed for the C60 films is still limited by the Au bulk in the here presented energy

and charge state range.

To actually assess the influence of thin dielectric films on the hollow atom dy-

namics of a highly charged ion upon surface impact, investigations at lower im-

pact velocities and with higher projectile charge states would be required.
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