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ABSTRACT

Controlled nuclear fusion is one of the most promising sasiafeenergy for the future. Before this
goal can be achieved, one must be able to control the enoremmugy densities which are present in
the core plasma in a fusion reactor. In order to be able toigirtte evolution and thereby the lifetime
of different plasma facing materials under reactor-rei\@nditions, the interaction of atoms and
molecules with plasma first wall surfaces have to be studietetail. In this thesis, the fundamental
sticking and erosion processes of carbon-based matdhalsature of hydrocarbon species released
from plasma-facing surfaces, and the evolution of the camepts under cumulative bombardment by
atoms and molecules have been investigated by means ofutealélynamics simulations using both
analytic potentials and a semi-empirical tight-bindingtinoel.

The sticking cross-section of GHadicals at unsaturated carbon sites at diamond (111)casfa
observed to decrease with increasing angle of incidencepardience which can be described by
a simple geometrical model. The simulations furthermorensthe sticking cross-section of GH
radicals to be strongly dependent on the local neighborloddioe unsaturated carbon site.

The erosion of amorphous hydrogenated carbon surfaceslioymheeon, and argon ions in combi-
nation with hydrogen at energies ranging from 2 to 10 eV iglig using both non-cumulative and
cumulative bombardment simulations. The results showgnifstant differences between sputtering
yields obtained from bombardment simulations with différaoble gas ions. The final simulation
cells from the 5 and 10 eV ion bombardment simulations, heweshow marked differences in sur-
face morphology. In further simulations the behavior of gohous hydrogenated carbon surfaces
under bombardment with© D7, and D} ions in the energy range from 2 to 30 eV has been investi-
gated. The total chemical sputtering yields indicate thaliexular projectiles lead to larger sputtering
yields than atomic projectiles.

Finally, the effect of hydrogen ion bombardment of both tailsne and amorphous tungsten carbide
surfaces is studied. Prolonged bombardment is found to tedtle formation of an amorphous
tungsten carbide layer, regardless of the initial strietfrthe sample. In agreement with experiment,
preferential sputtering of carbon is observed in both thawative and non-cumulative simulations.
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1 INTRODUCTION

The world energy consumption is continuing to increase. réasons are obvious: the modern society
in industrialized countries depends on energy supplies,whbrld population is growing, and the
industrialization of developing countries is demandingr@asing amounts of energy.

Today, the primary energy source is the burning of fossildiseich as coal, oil, and ga(s [1]. There
are many problems related to the use of these fossil fueth, @sithe release of carbon dioxide upon
their combustion, and the limited amount of exploitablelggmal resources.

A small part of the energy produced on earth comes from nupleaer plants and alternative energy
sources (i. e. solar, wind, biomass). Although it is prestdith@t the technology of renewable energy
sources will develop, there are no indications that theseces will be able to satisfy the total demand
in the future.

An alternative source of energy is thermonuclear fusionaAsatter of fact, similar processes are the
primary source of solar energy. At the core of the sun the ezatpres and pressures are high enough
for fusion to occur among light elements such as hydrogerrelly an enormous amount of energy
is released. Fusion research aims to reproduce these pesdesa controlled fashion. In comparison
with fossil fuel and nuclear (fission-based) power produgtifusion technology is environmentally
safe and no long-term storage of radioactive waste is requivloreover, the fuel needed for fusion,
namely deuterium and lithium, is accessible in large an®aithost everywhere on earth providing
a practically inexhaustible source of energy.

In a tokamak fusion reactor, the fusion plasma is controtlganagnetic fields and confined in the
center of a toroidal vessel. During device operation, soimé® plasma particles leak outside the
closed magnetic field lines and interact with the chambefswdh tokamaks, specially designed
chamber wall structures are used to handle the boundargnplashe term ‘first wall’ is used to dis-
tinguish the plasma-facing armor material from the actualswof the vacuum chamber. The resulting
intense £ 1072 - 10?4 ions/nfs) bombardment by hydrogenic particles causes severe @aofilge
first wall, leading to the erosion of the plasma facing congsia (PFC), degradation of their thermal
and mechanical properties, and deposition of radioactitiarh in the wall structuresﬁﬂ{;[; 5].
The fusion plasma purity, on the other hand, will be comps®dias eroded impurity species from
the PFCs enter the plasma and dilute it. In addition, radidtgses, which are proportional to the
atomic numbeg of the impurity species, lead to cooling of the plasma anc#tmction of the fusion
reaction.



The selection of materials for the plasma-facing compasntherefore, crucial for the development
of commercially viable fusion technology.

During the last decades, carbon was considered to be one afidlst promising first wall materials.
Carbon has excellent thermal and mechanical propertieghaical erosion by oxygen, and more
importantly hydrogen atoms and ions, results in too higlsierorates for long-term operatioE [6],
which constitutes a major problem. Moreover, hydrocarboecges released from the first wall sur-
faces form hydrocarbon films containing tritium upon red&pon. This leads to the accumulation of
a harmful tritium inventory in the vessel walls. Stratedgiesircumvent these limitations are currently
intensively investigated. For instance, the introductddopants aims to reduce the tritium retention
and chemical sputtering by hydrogen and oxygen while atdheegime retaining the required thermo
mechanical properties.

Further research is also needed in order to be able to prdeicvolution and thereby the lifetime of
different PFC materials under reactor relevant conditidnmshis respect, the fundamental sticking and
erosion processes of carbon-based materials, the nathyelaicarbon species released from plasma-
facing surfaces, and the evolution of the components unadmutative bombardment of atoms and
molecules deserve particular attention.

2 PURPOSE AND STRUCTURE OF THIS STUDY

The purpose of this thesis is to improve the understandingtioking processes and the erosion of
fusion plasma facing materials. The results aid in the siele@and development of fusion reactor
materials.

This thesis consists of the summary below and five publinatie- printed, accepted, or under review
— in international peer-reviewed journals. These pubidet are referred to in bold face Roman
numbers and are included after the summary.

The structure of the summary is as follows. In this sectiomief lmverview of all the publications is
given, as well as a clarification of the author’s contribotio these. The necessary basic concepts and
the background of the results reported in this thesis arengin section 3. In section 4 an overview
of the methods used to obtain the results is given. The sefdin simulations on methyl radical
sticking onto diamond (111) surfaces are presented inaebti In section 6 results from simulations
on carbon erosion are presented. The thesis is summarizedtion 7.



2.1 Summaries of the original publications

In publicationl the sticking of methyl (CH) radicals onto unsaturated carbon sites was investigated
with respect to the effect of the local neighborhood of thegliag bond. The research on GH
radical sticking was continued in publicatitin where the angular dependence was investigated and
a simple geometrical model was developed capable of exptathe simulation data. The effect on
amorphous hydrocarbon surfaces under hydrogen and He, MdeAaimpurity ion bombardment
was investigated in publicatiohl . In publicationlV the carbon erosion yields from hydrocarbon
surfaces under deuterium atom and molecule bombardmemt ezgnpared. Carbon erosion from
both crystalline and amorphous tungsten carbide surfaessmwestigated in publicatiov.

Molecular dynamics simulations, employing both quantuntimaaical (publication$ andll) and
empirical force models (all publications), were used irsthstudies.

Publication I: Molecular dynamics simulations of CH3 sticking on carbon surfaces P. Traskelin,
E. Salonen, K. Nordlund, A. V. Krasheninnikov, J. Keinonew &. H. Wu, Journal of Applied
Physics93, 1826-1831 (2003).

In this study sticking cross sections for gkadical chemisorption on unsaturated carbon sites
were obtained. It was shown that the chemisorption of g f@dical at a dangling bond is highly
affected by the local neighborhood of the unsaturated caatom site. Sticking cross sections
of a totally bare dangling bond site at the surface and a sitdypshielded by neighboring
methyl groups were observed to differ by two orders of magtet

Publication II: Molecular dynamics simulations of CH3 sticking on carbon surfaces, angular
and energy dependenceP. Traskelin, E. Salonen, K. Nordlund, J. Keinonen, and GV, Journal
of Nuclear Materials334, 65-70 (2004).

In this study sticking cross sections for glhdicals at different angles of incidence and dif-
ferent energies were calculated. The chemisorption of g @Hical at 2100 K onto a dangling
bond was found to be highly dependent on the angle of incel@idhe incoming radical.
The angular dependence was explained with a simple geaalatnodel. The sticking of CH
radicals with higher kinetic energies (1, 5 and 10 eV) waslisal both for a fully hydrogen
terminated surface and a surface with a single dangling bond

Publication IlI: H, He, Ne, Ar-bombardment of amorphous hydrocarbon structures, P. Traske-
lin, K. Nordlund, and J. Keinonen, accepted for publicatrodournal of Nuclear Material$2006).



In this study both non-cumulative and cumulative bombanunseanulations were performed

of hydrogen, helium, neon and argon ions impinging onto gqinous hydrocarbon surfaces at
energies ranging from 2 to 10 eV. The investigation revealedignificant differences between
the sputtering yields of different noble gas ions. A markgicence in the surface morphology
was, however, observed between the final simulation celfa the simulations with 5and 10 eV

ion bombardment.

Publication IV: Methane production from ATJ graphite by slow atomic and molecular D ions:

evidence for projectile molecule-size-dependent yields bow energies L. I. Vergara, F. W. Meyer,
H. F. Krause, P. Traskelin, K. Nordlund, and E. Salonen, atecefor publication inJournal of Nu-
clear Materials(2006).

In this study total chemical sputtering yields were obtéifer D™, D3, and I%* ions at energies
of 1 — 30 eV impinging onto hydrocarbon surfaces. The raesglyields indicate that molecular

projectiles lead to larger yields per atom than atomic otilgs.

Publication V: Hydrogen bombardment simulations of tungsen-carbide surfaces P. Traskelin,

N. Juslin, P. Erhart, and K. Nordlund, submittedPioysical Review B2006).

In this study, the behavior of crystalline as well as amorshtungsten carbide surfaces under
hydrogen bombardment was investigated. It was found tt@opged bombardment leads to
the formation of an amorphous tungsten carbide layer. Lrasgettering yields were obtained
from carbon-terminated surfaces than from tungsten-teaeid surfaces. In agreement with
experiment, carbon was observed to be sputtered prefaligntioth in the cumulative and non-

cumulative simulation runs.

2.2 Author’s contribution

The author carried out all the calculations, performed thalysis of the results, and wrote most of
the text of publications, I, Ill , andV. In publicationlV the author ran the simulations, analyzed
the simulation results, and edited all parts of the final altion. The experimental work in this

publication was carried out by a collaborating group.



3 FUSION REACTOR PLASMA-FACING MATERIALS

In this section advantages and disadvantages of differatgmals to be used for plasma facing com-
ponents are reviewed. Basic interaction mechanisms atrtevill and divertor are outlined. Finally
current problems with plasma facing components in nexi-&tsion experiments are addressed.

3.1 Carbon, tungsten and beryllium

The first successful deuterium-tritium burning experim&as conducted in the Joint European Torus
(JET) which employed beryllium and carbon as plasma-faowadgerials. In present day tokamaks,
typically different types of graphite or carbon fiber compes are used.

Carbon-based materials are in many ways ideal as plasmafacterials. They feature high thermal
conductivities, excellent thermal shock resistance, anaod melt (the sublimation point of graphite is
~ 3640 K) E]. Carbon is a low activation material and its lowrato number Z) makes it possible to
tolerate much higher carbon impurity concentrations indbee plasma compared to highmaterials
like tungsten. A low concentration of carbon in the diventegion plasma, aids in cooling the edge
plasma. The use of carbon, however, has some drawbacksiokfsplasma facing components,
tritium retention in redeposited layers, and contamimatbthe core plasma by sputtered materials
are the main problems. In addition, volatile moleculeshsas CO and Cg are formed efficiently
due to carbon etching by oxygen, the main intrinsic impuiitghe vacuum chamber. Estimates of
the erosion rates in fact indicate too short operationag¢$irior carbon plasma facing components in
actual reactorg[g; 8]. From both simulations and expertadeesults, it can be concluded that the
chemical erosion of carbon-based materials remains agmohlhich is very difficult to solve.

Due to its low physical sputtering yield and good thermalgenmties, tungsten is among the main can-
didates for plasma-facing materials in fusion devices latie first wall and in the divertor region.
While the erosion of tungsten under hydrogen bombardmerggigible, several other mechanisms,
however, can contribute to tungsten erosion in fusion aevar example blisterin£[9], and sputtering
of redeposited tungsten speciks‘ ﬂlo; 11], which could bamedd due to lowering of the threshold
energy of sputtering by oxygen [12]. Due to the large atomaigit, tungsten ions are much more
harmful plasma impurities than carbon or beryllium ions.

Beryllium, on the other hand, is very light, but has a veryhhayosion rateElS] under tokamak-
relevant conditions, and melts easily. The usefulness gllhan as a first wall material is based on
its low atomic number, its ability to remove oxygen from thagma, and its ability to pump hydrogen



almost continuously during short discharges. This hydnqgemping occurs in spite of the extremely
low equilibrium solubility of hydrogen isotopes in berylin.

The first tokamak of the next generation, the Internationaérimonuclear Experimental Reactor
(ITER), is expected to give a clear proof of the feasibilifyfusion-based power productio‘n‘ ﬁl; 8].
The current ITER design involves carbon-based materialg ionthe high heat flux components,
while tungsten and beryllium will be used elsewhere in theedor and the first walr[l].

3.2 Tokamak plasma facing components

In tokamak devices the fusion plasma is confined in a toraidallum chamber by the superposition
of magnetic fields. The confinement properties in tokamageacellent, but some of the plasma par-
ticles can escape the magnetic confinement and interacthvatressel walls. This leads to enormous
thermal and particle loads at the surfaces of the plasmadquarts. Special components, namely
limiters and divertors are used to control the particle flux.

The purpose of a divertor in a tokamak-like fusion reactdpibe the target for particle exhaust and
redirect impurities into regions remote from the core plasrBefore reaching the target plates, the
density of the plasma increases and the plasma cools doduging the power load. Further cooling
of the plasma can be achieved by puffing a small amount of gasNe, Ar) in the plasma above the
divertor plates.

Since the plasma electrons have higher velocities tharotig they reach the divertor target plates
faster. This results in a negative surface charge on theglateating an electric field [14]. Before
impinging on the divertor plates, the plasma ions are acatld by this electric field, the sheath,
leading to an energy distribution which corresponds royglia shifted Maxwellian distribution.

The ions are neutralized by the excess electrons at thecewrfaon reaching the target plates, and the
neutralized plasma species and impurities released frertatiget plates are finally pumped off from
the vacuum chamber. The pumping is essential, as the ing@pécies can enter the core plasma with
deteriorating effects. The impurity species can also biewhin collisions with the plasma electrons,
and redeposited by the sheath.

3.3 Carbon drift and redeposition

Continuing high-flux bombardment by hydrogen ions and néitmato carbon-based materials leads
to the formation of amorphous hydrogenated carbon (a-CidEttres at the surface of the divertor
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plates E4]. During this process, hydrocarbon speciesauttiered, transported and redeposited onto
the fusion first walls. Itis known that the eroded speciesfoarbon plasma-facing components form
hydrocarbon films not only on the divertor plates, where groredeposition takes place, but also in
other parts of the vacuum chamd;[15]. Tritium is ratheorsgty bound in these hydrocarbon films,
leading to the accumulation of tritium in the first wall sttuees. Tritium is highly radioactive and
cannot be recycled easily. A major issue in fusion devicakasefore achieving good control over
the tritium inventory bound in these deposited hydrocariars.

3.4 Current problems

The plasma-facing component lifetime and the contaminaticthe plasma is primarily determined
by the erosion and the chemisorption rates and mechanisthe glasma-facing material. Detailed
investigations over erosion and sticking processes okthesterials are hence of great importance.

For polymer-like hydrocarbon films studied in radical beaxpexriments, it has been shown that an
additional flux of atomic hydrogen can enhance the stickogffeccient of CH by two orders of mag-
nitude. The hydrogen flux provides new adsorption sites b&raction of H molecules. The results
clearly show the importance of unsaturated carbon sitehéosticking of methyl radicals. Employing
various experimentally determined parameters, the cressos of methyl radical chemisorption on
an unsaturated carbon site has been obtained to be?Zrdi rate equation&lglaw]. If the elim-
ination of hydrogen due to adsorption of methyl is, howepeoperly taken into account, the cross
section is calculated to be larger. The cross section obdidior methyl radicals at normal incidence,
oc = 11 A?, is larger than the average size of a surface site (24 A simple geometrical argument
is therefore insufficient to explain the large cross sectibime result obtained in these investigations
for methyl radicals at 45angle of incidenceg. = 5.9 A2, was shown to be in excellent agreement
with experiments, but smaller than the average size forfaseisite. In order to successfully model
and predict the performance of the next-step device, @etaivestigations need to be carried out in
order to understand these puzzling results.

Experiments carried out at the ASDEX Upgrade resulted infohn@ation of both soft polymer-like
C:H films (H/C ~ 1) and hard C:H films (H/G~ 0.4). Also in this case, a detailed knowledge of
the chemistry at the surface is of fundamental importanciemEntary erosion and re-deposition
parameters for hydrocarbon species, such as the angulandepce of the sticking cross section, are
still missing.

The carbon plasma facing components will suffer signifiecdr@mical erosion and sputtering by low
energy hydrogen ion impact during device operation, which targe extent determines the lifetime
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of a component. Due to evolving divertor design, the intereshe erosion characteristics of the
carbon surfaces is shifting to progressively lower impaetrgies. Many studies of chemical sput-
tering of graphite with low energy beams have been repoitée. fluxes of atomic beams are lower
than for molecular beams. Since the yield decreases witredsitig energy, the low flux of atomic
beams limits the reliability of experiments at energiebeB0 eV/D. The studies mentioned above,
therefore, employed molecular beams and then quoted tltespg yields for incident H or D atoms
at energies obtained by dividing the impacting moleculajeutile kinetic energy by the number of
constituent H or D atoms. This is equivalent to the assumpghat atomic and molecular projectiles
at the same energy per D atom lead to the same sputteringpgelatom in the investigated energy
range. Further studies are needed in order to examine tidityadf this approximation for carbon
sputtering by atomic D and molecular ) ions impacting on graphite surfaces at room temperature.

Metal carbides are naturally present at the interfaces émtvthe carbon first wall and the metallic
parts underneath. Moreover, they can also be formed wherobgon molecules, eroded under
particle bombardment, react with metal parts in other sestiof the plasma chamber. Because of
the abundance of tungsten, the most relevant metal carbide tonsidered in this context is WC.
22; 2%]. The results
show that preferential sputtering of carbon plays an ingoartole for the erosion of tungsten carbide

Sputtering yields in WC have been measured by a few gr&upﬁz[(wzl;

[B], and that at least part of the sputtering is of chemicagio [&)]. However, the binary collision
approximation (BCA) simulations used until now to analyze éxperimental results capture neither
chemical sputtering nor the details of surface structur@ngles. Understanding the interaction of
hydrogen plasmas with WC is particularly important sincedivertor armor in ITER is designed to
consist at least partially of carbon coated tungsten.

4 METHODS

Modeling studies can provide valuable insight on erosiod siicking under atom and molecule
bombardment. At energies below the regime of physical spati, it is clear that the methods used
have to provide a realistic description of the intricateroistry of hydrocarbon radicals, noble gases
(such as those investigated in this thesis, namely He, NkAa)yy and hydrogenic ions, interacting
with hydrocarbon and tungsten-carbide surfaces. Thisrolg the use of models based on the BCA
[ﬂ], which are otherwise widely used for simulating irraon of materials, with high-energy ions.

The results presented in this thesis have been obtained by the molecular dynamics (MD)
simulation method which is described in the following seuwti
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Molecular dynamics simulations require models which aggabtée of providing energies and forces
for arbitrary atomic configurations. In this thesis two diint methods were employed: (1) The
majority of results were obtained using analytical intevnaic potentials. The Brenner hydrocar-
bon potentialES] was used for modeling carbon surfacebl{gationsl, Il , Il , andIV) while the
simulations of tungsten carbide surfaces (publicatiyrwere based on an analytical bond-order po-
tential. (2) The tight-binding method in the formulation Bgrezaget al. [&3;&] was employed in
the study of methyl radicals sticking on carbon surface®ljpationsl andll) in order to capture
guantum-mechanical effects.

4.1 Molecular dynamics

The molecular dynamics method is an excellent tool for shglprocesses on the atomic scale. In
particular for studies of far-from-equilibrium processssich as atom cascades resulting from ion
irradiation, where the applicability of analytical metlsod sometimes questionable, MD simulations
can provide valuable insight. Since the first implementatiof the method in the late 1950ig[28].
the accuracy and speed of MD simulations increased conisiyavith the rapid development of
computer technology.

In MD simulations the motion of an ensemble of atoms is fo#dwby solving the equations of
motion for each atom. Since an analytic solution is not gaedior more than three particles, this
is achieved by discretizing Newton’s equations and apgtinaof numerical integration methods. In
order to avoid violation of the energy conservation, thehization interval (time step) has to be
kept sufficiently small, typically of the order of about 1 f§his practically limits the maximum
simulation time achievable to nanosecond time scales. diadyein simulations involving energetic
particles, too abrupt changes in the atom positions may teacphysical behavior. For the best
computational efficiency in the calculations, a variahtedtistep length may be us$d [29].

MD methods can be roughly divided into two categories, atassnd quantum-mechanical, depend-
ing on the force model used. In classical MD, the inter atdimices are derived from some potential
energy function. The potentials are fitted to data from quammechanical calculations and/or ex-
periment, such as the melting point, elastic constantsd bemgths, and energies. Electronic effects
are not explicitly included in classical MD.

The advantage of the classical models is their efficienagesthe computational time scales practi-
cally linearly with the number of atoms in the simulation. ypical system size for a classical MD
simulation is of the order of F0- 10’ atoms. Non-local effects, which take into account the bogdi
structure at non-nearest neighbor atoms, can be includdggkipotential to improve the accuracy of
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the calculations. This is especially important in the calseanbon, where heterogeneous bonding
configurations arise from the mixture sf?- andsp*-hybridized bonding.

Quantum-mechanical models range fra initio to more efficient semi-empirical methods. The
energy of a system of atoms is calculated by iterativelyiaglthe Schrédinger equation, with some
approximations. While the calculations are physically éretbotivated than in the classical models,
they are also computationally much more demanding. Hehessize of a system studied is usually
restricted to~ 2 — 100 atoms.

4.2 Brenner empirical hydrocarbon potential

The reactive bond-order hydrocarbon potential developeﬁrbnner%] was used in several papers

of this thesis. The potential is a modified Tersoff-type ptitd ﬂ30; 31], augmented with continuous
bond-order correction functions. The parameters of thiepial were fitted to a large data base
comprising data on bulk carbon structures and small hydbmramolecules from both experimental

and first-principles calculationg[ZS].

As the inter atomic forces in covalently bonded materialakes rapidly with increasing distance,
the calculations can be sped up by imposing a maximum irtteradistance (cutoff radius) for each
combination of atom types in the simulations. All atoms wlégthe cutoff radius are neglected when
calculating the force acting on a given atom. The Brenneemtcdl provides a reasonably realistic
description of various pure carbon structures and hydimmamolecules, as well as dynamic effects,
such as bond forming and breaking. Hence, it has been usedrious studies of carbon and hydro-
carbon systemg[sg 3?3]47 35]. Some problems with the pialehowever, have been identified in
the past. Firstly, the structures given by the potentialdiense amorphous carbon have been shown
to contain too small fractions afp®-bonded carbor@ﬁ]. Secondly, it has also been observed tha
the chemical sputtering of carbon (at least from the verfesa) is sensitively dependent on the C-C
interaction range of the potenti£I [37]. In publicatibrthe sticking probabilities of methyl radicals
on unsaturated carbon sites when calculated using the Brgotential are shown to be much smaller
than those obtained by tight-binding calculations and erpents. This is particular noteworthy since
the potential was originally developed for the growth ofrd@nd via chemical vapor deposition. In
all of these cases, the performance of the potential cangméfisantly improved by increasing the
maximum C-C interaction range of the potential without detating other essential properties. In
order to present the interaction between the noble gas atidmsNe, and Ar) and the hydrocarbon
target, pair potentials of the Ziegler-Biersack-Littm&aBL) [38] type were employed.
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4.3 W-C—-H potential

In order to model the complex interactions in the W—C—H sysi@eemployed a recently developed
reactive bond-order potential which is capable of desagliioth the pure and the compound phases
at a high level of precisio&w].

In this model, Brenner’s hydrocarbon potential is combingith parameter sets for W-wW, W-C, and
W-H interactions. The model has been adjusted to reprodymerienental and first-principles data
on various structures with different local atomic coordioas. It has also been successfully validated
in several test cases which were not explicitly includechim fitting database, which provides confi-
dence that the potential is well suited for simulations adidwgen and hydrocarbon interactions with

tungsten. It also represents a possibly general route foletimg metal carbides.

4.4 Tight-binding method

The tight-binding (TB) metho<?[40] is a relatively efficieqgnantum-mechanical method. It is based
on the assumption that the total energy in an atomic systembeaapproximated as the sum of
two terms: a repulsive pairwise inter atomic potential, evthdescribes the contribution of the core
electrons of atoms, and the band energy, which capturesatfieson due to the interaction of the

valence electrons. The former term is usually fitted to expental data, making the method in fact
semi-empirical. The latter term is calculated by solving 8chrddinger equation for the electrons in
the field of the atom cores, with the Hamiltonian replaced Ipasmetrized matrix. A set of basis

functions, usually having the same symmetry properties@atomic orbitals, is then used to describe
the valence electron states.

The method has been shown to give a qualitatively correatrg®n of various covalently bonded
materials, in particular amorphous carbl;n [H; 42]. Due twmber of (physically motivated) ap-
proximations, the method is quite fast compared to firstipples methods such as density-functional
theory or Hartree-Fock. This enables the study of largetesys and collecting at least moderate
statistics for atomic processes. While carbon sputterietdgiby low-energy hydrogen are still too
low for comprehensive sputtering studies with the TB methibd quantum mechanical treatment
can still give a physically more accurate description of¢hemical bond breaking than the classical
methods. In turn, it is, thereby, possible to assess thahiéty of the analytic potential calculations
discussed above.
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4.5 Modeling of ion bombardment on carbon cells

The ion bombardment simulations were carried out with the ARBAS simulation code, developed
by K. Nordlund at the Accelerator Laboratory. The progranespecially tailored to simulate far-
from-equilibrium phenomena, such as cascades produceaddolation.

4.5.1 Types of simulation cells

Publicationd andll describe a detailed investigation of sticking of methylicats on diamond (111)
surfaces. Due to the use of the TB method, which was used tpleoment the Brenner potential, the
simulation cells comprised only 173 to 183 atoms. In total ftifferent diamond (111) surfaces were
created for our investigations, featuring (a) one unsa&tdraarbon site, (b) seven unsaturated carbon
sites, (c) one unsaturated carbon site on top of a clustesigtong of ten atoms on the diamond (111)
surface, and (d) one unsaturated carbon site surrounddddsy nethyl methyl groups.

Under intense hydrogen irradiation carbon PFC surfacestealy amorphize. Therefore, in pub-
lications Ill and IV of this thesis random hydrocarbon networks were investijatTo this end,
amorphous hydrogenated carbon (a-C:H) cells with about 20@®s were created by repeated tem-
perature and pressure treatment employing the Berendsemaistat and barostét [43]. The final
surface densities were approximately 2.4 gdcand the fraction of three- and four-fold coordinated
carbon atoms ranged from 60 to 70 % and 25 to 40 %, respectively

In paperV, both crystalline and amorphous tungsten-carbide susfaege considered. In the amor-
phous cells, which in total contained about 1000 atoms, émban content varied between 10 and
50 %. These cells comprised 1920 atoms. For the crystallingsten-carbide cells, both carbon
((0001)-C) and tungsten ((0001)-W) terminated surfaces werated.

4.5.2 Bombardment species

Although the term ’ion’ is used here to distinguish the iraitl atom from the target atoms, con-
ventional classical MD simulations do not describe the ghdransfer reactions between the atoms.
Thus, all the atoms in the simulation including the impirggone are in fact neutrals. This is not a
major restriction for the modeling, as the ions impingingtba divertor plates in tokamaks will be
promptly neutralized by the excess electrons at the surface

In the series of impact simulations, the impinging speciesavassigned either fixed kinetic energies
or random energies according to a Maxwellian distributi®@he former approach allowed the study
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of the chemical sputtering as a function of the energy. Itfisrobetter suited for comparison with
laboratory experiments, where almost mono energetic i@miseare used. The latter approach corre-
sponds to the conditions of hydrogen bombardment of carltesna facing materials in tokamaks,

where the incident energies follow approximately Maxvegildistributions.

Two types of irradiation simulations were carried out: cuative and non-cumulative. In non-
cumulative simulations, the same initial surface is useaflompact events in a series of simulations,
which puts the focus on the probabilities for certain sugfpoocesses. In cumulative simulations, on
the other hand, after each bombardment step the simulagibrvas cooled and subsequently sub-
jected to the next bombardment event. Thereby, it was plessilstudy the evolution of the surface

structure subjected to a fluence of incoming particles.

5 STICKING

In this section, a summary over the results obtained froninyestigations of methyl radical sticking
on diamond (111) surfaces will be given. These studies asented in publicationsandll . The
most important findings are the sensitivity of the local idigrhood of an unsaturated carbon site on
the sticking cross section, and the angular dependenceintaming methyl radical on the sticking
cross section. At the end of the section, possible radicanrgling bond reaction mechanisms are

discussed.

The effective sticking cross sectiony, of hydrocarbon radical chemisorption on unsaturatedararb
atom sites can be defined as an area on the surface to whichdlwalralways chemisorbs upon
impact, since the growth of the carbon matrix by £proceeds only via chemisorption on these
sites. Factors contributing to. are not only the feed gas and substrate surface temper@h},e [
but also the local atomic neighborhood of the adsorptiogssiand the angular dependence of the
incoming radical£63B8]. Provided that the crossieads known, along with the concentration
of adsorption sitesyqp, the sticking coefficient of the growth specieand hence the overall growth
of C:H films can be predicted. Moreover, provided that the dlagdond coverage of the surface is
low enough, each Ckimpact near a dangling bond site can be described indepdnaénhe other
dangling bond sites on the surface. The sticking cross@edtithen simply the ratio of the sticking

cross section and the total area multiplied with the numibeiaagling bond sites.
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Figure 1: (a) Sticking cross sections obtained using thesaal Brenner hydrocarbon potential and a
surface with zero, one, two and three methyl groups nextaatisaturated carbon atom. (b) Sticking
cross sections obtained when employing the tight-bindiegehin the simulations for the case with
one dangling bond at the surface and different angles oflamge of the incoming methyl radical.
The results are compared with sticking cross sections ioédawith the simple geometrical model,
and with experimental datg[lalﬂ; 18]. The methyl gas teatpee was 2100 K in all cases in our
simulations.

5.1 Sensitivity to neighborhood

Several different surface configurations were created aed tn our simulations in order to examine
the effect of the local neighborhood of the dangling bond e dticking cross section. The cross
section is observed to decrease with increasing number tfyingroups surrounding the dangling
bond. In Fig! 1a the sticking cross section dependence dbdaé neighborhood is depicted.

Depending on the surface configuration, the sticking cres@ns are observed to vary by two orders
of magnitude. Although the configuration of three methyicats surrounding an unsaturated carbon
site is quite improbable, this study illustrates the impode of the hydrogen flux on the growth of the
C:H network. Without the removal of the hydrogen atoms bouritié methyl groups, the probability
of CH3 adsorption remains low.

5.2 Angular dependence

Depending on the angle of incidence, the sticking crosteseavas observed to decrease from

(10.4+1.2) to (1.4:0.3) A? (see Fig.| 1a), when the angle of incidence increased frono 7.5

in our simulations. In publicatioll , a simple radially symmetric model was developed in order to
explain this angular dependence. In this model, the suriagien around an unsaturated carbon site
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Figure 2: (a) Simple geometrical model for the sticking erssction at a certain anddeof incidence
of the CH; radical. The cross section is calculated as the total Araithe bottom of the cylinder,
where the incoming radical is able to chemisorb onto the liagdpond. (b) Calculation of the total
areaA (shaded) at the bottom of the dangling bond cylinder, in Whadicals are able to chemisorb
onto the unsaturated carbon atom. This area consists ofdgments of two circlesa is defined as
the distance from the center of the cylind€r,to the point of intersection in the middle of the two
circle segmentdb is defined as the distance from this intersection to the pgimtersection between
the two circles.

is approximated by a cylinder with the surrounding hydrogésms forming its edges. We assume
that the incoming radical is moving along a straight pathg #ivat it can only change its direction

via scattering from the surface. Radicals which reach thtboof the cylinder are assumed to stick
always. The area of the bottom of this cylinder, on which ti@ming radical is able to chemisorb

onto the dangling bond, thereby decreases with increasigig ®f incidence.

The sticking cross-sectian(0) is thus the total area not shadowed at the bottom of the dangbnd
cylinder, A (see Fig. 2). Using geometry, this area is obtained as

72
A(r,h,8) = 2tan ! (%) r>—2a\/r2— a2, 1)

where

a= %htan(QO— 0). (2)

An effective radius is first obtained for the Glsadical by calculating the total volume of one carbon
and three hydrogen atoms from their covalent radii (0.77Ad@nd 0.35 A for H), and then comput-
ing the radius of a sphere with this volume. The parametethen chosen as the sum of the effective
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radius of the CH radical & 0.85 A) and the covalent radius of a hydrogen atom (0.35 A). Thace
has the following physical motivation: if the carbon atonthie methyl radical gets down to the same
level as the hydrogen atoms surrounding the unsaturatédmeaite, there is nothing which prevents
it from sticking. Otherwise it is assumed to be reflected. pamameted, defined asl = 2r, is simply

a fit to the sticking value fo® = 0. This gives = 1.82 A andh = 1.20 A. Note that thel parameter

is the only fitted parameter in the model.

The geometrical model yields excellent agreement with tiokiag coefficients observed in our TB
MD simulations, see Fig.| 1b. In particular, it gives a natesalanation why the sticking coefficient
drops to almost exactly zero at9@ngle of incidence.

The simple geometrical model does not account for at leasétprocesses related to sticking. First,
the angle of rotation of the radical with respect to the stefas an effect on the sticking probability.
A radical rotated such that its hydrogen atoms face the seisfall react more easily with the surface
as observed in our simulations. In the opposite case theyiettical will more likely stick to the
dangling bond. Second, some of the radicals that in the sig@bmetrical model would react with
the dangling bond, can for example, also react with a sufigdeogen, resulting in the formation of
a CH; molecule. Third, radicals have also been observed to cleem@nto the unsaturated carbon
atom when impinging at a rather large distance from the dagdiond. This is due to a steering
effect, and leads to a larger sticking cross section. Howsele fact that our radially symmetric
model fits the angular dependence very well, indicates th#tese complications can be averaged
out as a first approximation.

5.3 Reaction processes

According to our simulations the following reaction mecisams can occur. The most common re-
action processes for the incoming gkadical are (1) to chemisorb onto the dangling bond, or (2)
to form a CH, molecule. In the latter case, the incoming £kddical captures a hydrogen on the
surface, and drifts away as a glmolecule. Another reaction mechanism, is (3) the formatiba
CH, molecule. In this case, one of the hydrogens in the @ldlecule chemisorbs onto the dangling
bond, and the rest of the molecule drifts away as & @idlecule. The formation of CiHmolecules
was observed to increase when the angle of incidence of toenimg CH; radical increases.

In addition, some unusual bonding configurations were alsseed at the surface with seven
dangling bonds. In some cases the Cdtoup fragmented as one or two of its hydrogen atoms
chemisorbed to unsaturated carbon sites at the surfacerefaning CH group chemisorbed onto
the surface, either onto another dangling bond site or lokisiy to the surface between two dangling
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Figure 3: Carbon sputtering yields obtained from cumulabieenbardment simulations of ions im-
pinging at the following rates: 100% H, 90% H + 10% He, 90% H %61Re, and 90% H + 10% Ar.
Energies of the incident particles were 5 and 10 eV.

bond sites. These bonding configurations were probablynrédiate and metastable, but the time
scale of the simulations did not allow us to determine tredilifie of these states.

The above mentioned reaction mechanisms were only obsertéé tight binding simulations. In

the classical simulations only sticking of the €khdical onto a dangling bond, or reflection of the
same radical from the surface occurred.

6 EROSION

6.1 Noble gas effects

During device operation of a fusion reactor with carbon asfirst wall material, these surfaces are
eroded due to bombardment by not only low energy hydroges, ibat also impurities. The most

important of these impurities are noble gases, such as HgmdeAr ions. Detailed knowledge about
the evolution and hence the lifetime of the PFCs can be adthleyewestigating the co-bombardment
of amorphous hydrocarbon surfaces with hydrogen and nadeans. After performing cumulative

bombardment simulations at a noble gas/hydrogen ratioldf, Hnd at energies of 5 and 10 eV, the
erosion yields were calculated and compared for differefi@gases. As shown in Fig. 3, at a ratio

of 1/10 the sputtering yields obtained from simulationswdifferent noble gas ions do not display
any significant differences.
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Figure 4: Simulation results for the chemical sputteringlgs per atom of graphite (a-C:D) by inci-
dent D", D3, D3 projectiles. The data are averages over six different sasfaThe uncertainty is the
standard error of the mean of the results obtained for tHieréifit surfaces. The solid lines have been
drawn to guide the eye.

A marked difference in the morphology was, however, obsghetween results from the 5 and the
10eV runs. This is also expressed in a large difference ircéneon sputtering yield. This indicates
that the chemical erosion of carbon in fusion reactors maynbee sensitive to the edge plasma
temperature than previously assumed.

The analysis of the sputtered species during ion bombartishemwed that sputtering of#Elx species
dominates. This applies for both the 5 and the 10 eV caseywaththe erosion yield in the 5 eV case
is much lower. During the first 500 cumulative simulation suhere occurred no erosion of larger
(CxHy, where x > 4) carbon species. After this, that is after a saétar surface was obtained, we
observed sputtering of considerably more high-moleculkeigiv carbon (Hy species.

6.2 D'vs.Dj vs.DJ

The results from our simulations of 2 — 30eV"Dys. D vs. Dj bombardment onto amorphous
hydrocarbon surfaces are shown in Fig. 4. The experimeng&hame production yields overlap
within experimental error for all three incident projeeslat 60 eV/D, and differ by less than a factor
of two at the lowest measured energy of 10 eV/D. For the MD ftans, the total yield increases
with the molecular weight.
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Figure 5: Trajectories of atoms in a 20 e\ Dnpact event leading to sputtering. For clarity, only
the three incoming D atoms of the inciden;f [projectile and the three sputtered C atoms are shown.
The initial positions of the three D atoms and the C atoms hosve with solid and open circles,
respectively. The D and C trajectories are shown with thich gick lines, respectively. Each frame
shows the trajectories up to the time indicated in the lovgdtrcorner.

An extended study of the time evolution of trajectories afbd atoms of an incoming Pprojectile
and sputtered C atoms in individual MD simulations showed itha significant fraction of the events,
which lead to sputtering, the D atoms remain bound or clogath other (see Fig! 5). These results
strongly suggest that a major part of the differences in ftletdly for the different beams (D D,
and D3+) can be explained by classical energy-transfer procesgieish contribute to the kinetic

desorption of the erosion precursors.

This effect may, at last in part, explain the differencessotope effects observed by Meehal.
and Roth and co-workers. UsingiHand Dj beams (Meclet al), the increase in maximum energy
transfer is only about 2.4%, while in the case ¢f Bhd Dj (Rothet al) the maximum energy transfer
increase is more than an order of magnitude larger (33.5 % gdossibility of intact molecular
projectiles enhancing kinetically assisted desorptioerokion products from graphite surface can,

therefore, interfere with the isolation and quantitativssessment of other projectile-mass-related
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Figure 6: Carbon sputtering yields calculated obtained foumulative and non-cumulative bom-
bardment simulations of deuterium impinging onto crystallsample cells of tungsten carbide. The
sputtering of tungsten is practically negligible.

effects such as the H/D/T isotope effect. For unambiguoastification and quantification of the
latter effect, the use of atomic projectiles is thus higldgommended.

6.3 Tungsten-carbide

The carbon sputtering yields obtained from the cumulativeukations of (0001)-W and (0001)-C

surfaces are shown in Fig. 6. Both surfaces display the send:tThe yield rises from close to zero
at low bombardment energies, peaks for 100 eV, and thereddtegeases with increasing ion energy.
For all energies the erosion of tungsten is practically igdge which is equivalent to a preferential

sputtering of carbon and in agreement with experiment (sfew). The difference between the
simulations of the (0001)-W and (0001)-C surfaces is smahe yields are slightly larger in the

(0001)-C case, since carbon atoms in the first surface lagemt more easily with the incoming

deuterium ions.

It is noteworthy that some erosion occurs for all energiegneat an energy of only 10eV. The
maximum possible energy transfer from a 10eV D to C is onlye¥/.9This is much less than the
cohesive energy of C in bulk WC, which implies that ordinary gibhgl sputtering of carbon cannot
account for the observed erosion. Visual inspection of th@ugion of the simulation cells during

bombardment provides an explanation for this observatiwosion of carbon and carbon containing
molecules is more significant for the carbon terminatedasgribecause of swift chemical sputtering
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Figure 7: Snapshots of the the last frames of the WC lattiex aftmulative deuterium bombardment
with 2000 ions at (a) 10 eV, (b) 50 eV, (c) 100 eV, and (d) 1 kehe Tighter spheres represent C atoms
and the darker ones W atoms.

[[5;;1'17], which is known to govern erosion at energiesWwehe threshold for physical sputtering.
Note that on the C-terminated WC surface, the C atoms have dmy8s to the underlying W layer

(the C atoms are too far from each other to have covalent baiiiseach other). These three bonds
can be broken by swift chemical sputtering. Our presentlteshow that the threshold for carbon
erosion from tungsten carbide due to deuterium by this mashais less than 10 eV.

Snapshots of the cells at the end of the cumulative simulatieveal that the surfaces are amorphized
at energies between about 50 eV and 200 eV. The amorphizatibea most pronounced at an energy
of 100 eV corresponding to the maximum in the yield (see Fig. During the course of the simu-
lation, carbon molecules formed due to amorphization ofsiiniéace are subject to erosion by swift
chemical sputterin@lg 46]. For energies below about 5@eY above 200 eV the crystalline struc-
ture remains largely intact. Energies below 50 eV are olshotoo small to cause non-recoverable
damage. On the other hand, for energies above about 200 eXakienum of the depth distributions
of the energy and the deposited ions exceed the height ofitidagion cells used in the current
simulations.

In both cumulative as well as non-cumulative simulatioh®, ¥ sputtering yield is very low<
0.01). This implies that C is sputtered preferentially. Pineferential sputtering of C naturally leads
to W enrichment at the surface. The calculated W surfaceardration as a function of ion fluency
shows excellent agreement with the W surface concentraltimimg 300 eV D bombardment, using
Auger electron spectroscopy, as measured by Plank andeitk$®].

Our observation of large C sputtering yields from WC duringd@rtbardment conform with the swift
chemical sputtering mechanism. This mechanism is impbitea relatively narrow energy window
dZY]. On the other hand, the W yields remain low since W is aainghich prefers high coordination
numbers and hence does not easily sputter by the swift claéspattering mechanism. The physical
sputtering yields for W by D are experimentally known to bepMew (< 0.01) in pure tungsten [48].
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Since W and WC have comparable cohesive energies, the phgpittering yield of W from WC
can be expected to be comparably small, which is consistiémtowr simulation results.

/7 SUMMARY

Carbon, carbon based materials, tungsten, and berylliunpraseently considered as potential ma-
terials for plasma facing components in fusion reactorsddwices with carbon based first walls,
hydrocarbon molecules are sputtered due to intense bomieautcof hydrogenic particles, and layers
with redeposited hydrocarbons are observed to form, not onlthe divertor plates, but also in re-
mote regions of the vacuum chamber. In order to obtain cbotrer the tritium inventory bound in
the deposited hydrocarbon films, detailed knowledge almuptoperties and the growth of hydrocar-
bon films is required. In this thesis, molecular dynamicsusations based both on a semi-empirical
tight-binding method and empirical force models have beapleyed to gain detailed information
about the sticking and erosion of ions and molecules at thadaces.

The investigations on sticking of methyl radicals onto Wassted carbon sites on diamond (111)
surfaces revealed that the local neighborhood of a danblimgl can lead to a variation of the stick-
ing cross section over two orders of magnitude. The stickirggs section of methyl radicals was
also observed to depend on the angle of incidence. This depee can be described by a simple
geometrical model.

The behavior of amorphous hydrogenated carbon surfaces anebombardment with hydrogen and
noble gas atoms was studied for energies of 5 and 10 eV. Wathitstical uncertainty, the erosion
yields were the same for different noble gas ions. A markdéermince in the surface morphology,
however, was observed for different ion energies. Thisaatdis that the chemical erosion of carbon
in fusion reactors is probably more sensitive to the edgernpéatemperature than previously assumed.

The sputtering yields obtained from simulations of D}, and D} ions impinging onto hydrocarbon

surfaces at energies between 2 and 30 eV, showed that maigeajectiles can lead to larger yields
per atom than atomic projectiles. This indicates that thepk scaling approximation which has
been used to deduce data for atomic projectiles from exgerisnusing molecular projectiles is not
sufficient and additional corrections need to be taken intmant.

Prolonged bombardment of tungsten carbide surfaces byedenit ions was shown to lead to the
formation of an amorphous WC surface layer, regardless afitial structure of the simulation cell.

Erosion of carbon is dominant for both carbon and tungstemiteted surfaces. Just like carbon-
based materials, WC-like materials can, hence, be expecteel sabject to chemical erosion down
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to very low energies of impinging deuterium or tritium paléis. This is in contrast to pure tungsten,
which does not erode due to chemical sputtering.

In agreement with experiment, preferential sputteringawbon was observed in the simulations. This
suggests that WC layers formed by carbon redeposition witedeced in carbon content if they are
subjected to continued hydrogen/deuterium bombardmestcel if a section of the reactor first wall

is subject to both redeposition of hydrocarbons and hydrdigpenbardment, a dynamic balance in the
carbon content will be reached under prolonged operation.
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