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Kurzfassung

Seit 2007 wird in Cadarache in Siidfrankreich der Internationale Thermonukleare Ex-
perimentalreaktor ITER gebaut, mit dem erstmals ein selbstiandig brennendes Fusion-
splasma mit magnetischem Plasmaeinschluss demonstriert werden soll. Als plasmaex-
ponierte Materialien sind Beryllium (Be), Wolfram(W) und Kohlenstoff (C) je nach
Einsatzbedingungen vorgesehen. Der Divertorbereich, der als Schnittstelle zwischen
Plasma und Wand die Teilchenabfuhr aus dem Plasma kontrolliert, ist den hdchsten
Teilchenfliisssen und thermischen Belastungen ausgesetzt. Fiir diesen Bereich werden
deshalb C- und W-basierte Komponenten verwendet werden. Durch den Plasmakon-
takt kommt es zu Erosionsprozessen und in der Folge durch Plasmatransport und Rede-
ponierung an anderen Stellen zur Ausbildung von C-W Mischmaterialien, deren Eigen-
schaften und Wechselwirkung mit dem Plasma sich stark von denen der reinen Stoffe
unterscheiden. Aus diesem Grund ist es notwendig, die Bedingungen zu untersuchen,
unter denen sich C-W Mischmaterialien bilden und die grundlegegenden Prozesse und
deren Parameter-abhingigkeiten zu identifizieren. Zusétzlich ist es notwendig, die
Erosionsprozesse von C-W Mischungen und deren Wasserstoffriickhaltevermégen zu
charakterisieren, da diese eine grofe Bedeutung im Hinblick auf die Lebensdauer der
Wand und die Bildung gebundener Tritiuminventare hat.

Um den geringen Wissensstand zu den Eigenschaften und Plasmawechselwirkun-
gen von C-W Mischmaterialien zu erweitern, wurden im Rahmen der vorliegenden
Dissertation die Bedingungen untersucht, unter denen sich bei gleichzeitigem Einfall
von Deuterium (D) und C auf W-Oberflichen C-W Mischsysteme bilden. Damit ver-
bunden waren Untersuchungen zu den dabei stattfindenden grundlegenden Prozessen,
wie W-Erosion, C-Implantation und C-Reerosion sowie D-Implantation. Diese wur-
den in-situ mittels lonenstrahlanalyse quantitativ charakterisiert. Durch Verwendung
zweier unabhingiger lonenquellen fiir D und C war es erstmals moglich, als wichtigsten
Parameter den Anteil von C im einfallenden Tonenflufs frei zu variieren. Dariiberhin-
aus wurde auch die D-Einfallsenergie im Bereich 0.5 — 3 keV und die Temperatur der
W-Oberfliche im Bereich RT — 870 K variiert. Die physikalischen Prozesse bei Tonene-
infall auf Festkorper konnen iiber einen weiten Bereich durch die Kinetik von bin&ren
Stofprozessen (BCA) beschrieben werden. Hiezu wurde das Programm TRIDYN ver-
wendet, dafs gleichzeitig auch Verdnderungen der Oberflichenzusammensetzung mod-
elliert. Chemische Prozesse wurden in das Modell iiber einen phinomenologischen
Ansatz eingefiihrt, der im Rahmen dieser Arbeit neu entwickelt wurde.

Aus dem Beschuss von W mit C-lonen allein konnte abgeleitet werden, dafs sich W-
Zerstaubung und C-Implantation durch einen einzigen Parameter, nimlich die Gesamt-
menge implantierten Kohlenstoffs n., beschreiben lassen. Mit zunehmender Temper-
atur (RT — 870 K') wurde eine entsprechende Zunahme der Kohlenstoffselbstzerstiu-
bungs-ausbeute (Y.¢ = 0.29 — Y.° = 0.64) nachgewiesen. Diese konnte im Rahmen des
BCA-Modells auf eine mit der Temperatur abnehmende Oberflichenbindungsenergie
(7.4 — 3.1eV) zuriickgefiihrt werden. Mit diesem zusétzlichen Parameter konnte das
Modell auf hohere Temperaturen erweitert werden. Bei den hochsten erreichbaren
Temperaturen wurden Diskrepanzen zwischen Modell und Experiment beobachtet,
die auf zusitzlich einsetzende Prozesse auflerhalb des Modells, wie C-Diffusion und
C-Segregation und damit einhergehende Zunahme der Oberflaichenrauhigkeit zuriick-
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zufiihren sind.

Unter gleichzeitigem Beschuf von W mit C und D koénnen abhangig von den
Beschufparametern zwei stationare Zustinde auftreten: entweder fortlaufende W-
Erosion oder Bildung und fortlaufendes Aufwachsen einer geschlossenen C-Schicht.
Daraus wurden folgende grundlegende Schlussfolgerungen gezogen: 1) Zusétzlich zur
physikalischen Zerstaubung wird Kohlenstoff in der C-W Mischungszone durch chemis-
che Zerstaubung erodiert. Dies geschieht durch Anlagerung von D an offene C Bindun-
gen, die durch C und D Implantation erzeugt werden. Zu niedrigereren D Einfallsen-
ergien wichst die chemische Zerstdubungsausbeute an, analog zu dem fiir reinen Kohlen-
stoff bekannten Verhalten. 2) Bei Erhéhung der Targettemperatur verschwindet der
Beitrag chemischer C-Erosion. Die Dynamik von C-Implantation und W-Erosion wird
durch TRIDYN vollstédndig beschrieben, wobei die Temperaturabhéngigkeit durch die
C-Selbstzerstaubung bedingt ist. Bei niedrigem Anteil von C im einfallenden Ionen-
mix, f., wird im Gleichgewicht kontinuierlich W erodiert. Bei f. = 0.10£0.01 geht das
System in den alternativen Gleichgewichtszustand mit kontinuierlichem Aufwachsen
einer C Schicht {iber. Durch die mit der Temperatur zunehmende C-Sebstzerstaubung
verschiebt sich die Grenzkonzentration zu entsprechend hoheren Werten (z.B. f. =
0.13 4 0.02 bei 770 K). 3) Die W-Zerstiubungsausbeute ist durch die lineare Uber-
lagerung der partiellen Ausbeuten fiir D und C Ioneneinfall gewichtet mit dem jew-
eiligen Anteil im einfallenden Ionenstrahl und mit der W-Oberflichenkonzentration
gegeben. 4) In der C-W Mischungszone findet man die grofte Konzentration von
gebundenem D. Mit steigender Targettemperaur verringert sich die D-Konzentration,
ist jedoch auch bei der maximal erreichbaren Temperatur von 870 K immer noch nach-
weisbar, woraus man schliefien kann, daft D vor allem an Fehlstellen und an offenen C
Bindungen eingefangen wird. Beim Aufwachsen einer reinen Kohlenstoffschicht findet
man fiir das D/C Verhéltnis die aus der Literatur bekannten Werte (z.B. 0.4 bei RT').

Der fiir die Fusionsforschung wesentliche Erkenntnisgewinn dieser Dissertation liegt
in der erfolgreichen Validierung des BCA Modells fiir kombinierten Einfall von D+4C
auf W. Dies erlaubt den Einsatz des BCA-Codes TRIDYN in Kombination mit Plas-
matransportcodes fiir eine plasmabelastete Wand mit Komponenten sowohl aus C als
auch W, um die zu erwartenden Wandverdnderungen durch Materialmigration und
-mischung mit wesentlich groferer Genauigkeit vorhersagen zu koénnen.



Abstract

To demonstrate the feasibility of fusion power, the International Thermonuclear Ex-
perimental Reactor (ITER) is presently being built in Cadarache, France. Carbon (C)
and tungsten (W) materials are planned to be used in the divertor region of ITER as
target plates and for the surrounding baffle and dome, respectively. Consequently, C-
W mixed materials will form by erosion, transport, and redeposition processes, whose
properties and interaction with the edge plasma will be significantly different from the
pure materials. Therefore, there is a need to understand the formation conditions of
different C-W mixed materials, which requires elucidation of the main processes and
identifying the effects of parameter variation on the C-W mixed material behavior.
Also required is the characterization of the C-W mixed material erosion and hydro-
gen retention behavior with their corresponding impact on plasma facing component
lifetime and tritium inventory issues.

To extend the scarce knowledge on physics and plasma surface interactions of C-W
mixed materials, this study examined the dynamics and formation conditions of C-W
mixed materials by simultaneous C-D ion beam experiments. In the experiments, the
amount of C implanted, the amount of W sputtered, and the amount of D retained
as a function of incident fluence were measured in-situ by ion beam analysis. The pa-
rameters considered were: (1) the C fraction in the incident flux, f., (2) the specimen
temperature (RT — 870 K'), and (3) the incident energy of the D ions (0.53 — 3 keV).
A phenomenological model based on the binary collision approximation model (TRI-
DYN) calculations has been developed to describe the chemical sputtering component
observed during simultaneous irradiation at RT'.

Tungsten irradiation by C-only at RT showed that the W sputtering behavior can
be fully parametrized by the implanted carbon amount, n., effectively reducing the
problem of C implantation and W sputtering processes to one parameter. With in-
creasing temperature (RT — 870 K'), a corresponding increase in the C self-sputtering
yield was measured (Y = 0.29 — Y,* = 0.64). The increase in C self-sputtering yields
can be described in TRIDYN by reducing the C-C surface binding energies (SBEs)
(7.4 — 3.1eV). These SBEs were used to successfully model the experimental results
of W irradiation by C ions at elevated temperatures. Discrepancies between simula-
tions and experiments are attributed to possible changes to the C surface concentration
by diffusion or segregation effects, and the observed increase in surface roughness by
island like C layer growth.

Under simultaneous C-D irradiation, the system develops into two distinct steady
state regimes of continuous W erosion or continuous C layer growth depending on the
main parameters varied. The main conclusions are: (1) A chemical sputtering process
was observed involving the trapped D passivating broken C bonds resulting from C or
D ion implantation. Lowering the incident D ion energy resulted in an increase of the
chemical sputtering yield from a maximum value of Y., =~ 0.04 at Ep = 3keV to
Yenem = 0.08 for lower D energies. (2) With increasing temperature, the C implantation
and W sputtering behavior is described well by the TRIDYN model with the dominant
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effect being the increased C self-sputtering yield. No chemical sputtering processes
were observed. The transition point separating the two regimes was determined to
be f. = 0.10 £ 0.01 at RT and increases with temperature (e.g. f. = 0.13 £ 0.02
at 770 K). (3) The W sputtering yield was determined to be a linear superposition
of the partial sputter yields weighted to their fraction in the incident flux, which is
proportional to the W surface concentration. (4) The mixed material region contained
the highest relative concentration of D trapped. This amount decreased with increasing
temperature, but D trapping was still observed at 870 K, indicating high trap energies
normally associated with D trapping at C or vacancy sites. The D/C ratio in the
co-deposited layer was 0.4 at RT' and 0.02-0.05 at elevated temperatures.

The main achievement in the framework of fusion research is that the TRIDYN
model has been bench-marked for a C-W mixed material system at 7' < 870 K. The
developed understanding can be applied to provide experimentally bench-marked input
parameters used in present day impurity transport codes to better model the erosion
and redeposition processes in tokamak devices and extrapolation to ITER and future
fusion reactor (DEMO) conditions.
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1 Introduction

1.1 Fusion energy and plasma facing materials

Fusion is the nuclear reaction between two light elements resulting in energy release
as seen in our sun and other stars. Along with other alternative energy sources like
solar, wind, or geothermal energy, fusion power is a promising long-term candidate to
supply the long term energy needs of mankind [1]. On earth, the goal of harnessing
fusion power has focused on the most readily achievable nuclear fusion reaction with
deuterium-tritium as the fuel species:

D + T — *He (3.5 MeV) + n (14.1 MeV)

This reaction does not occur at ambient temperature because of the strong coulomb
repulsion between the two positively charged nuclei. Only at very high temperatures
a sufficiently high fraction of atoms in the high energy tail of the Maxwellian energy
distribution are able to overcome this barrier by the tunnel effect. For such temper-
atures, the fuel is in the state of a fully ionized plasma, which must be confined at
sufficient density and thermal insulation to release more energy than was required to
heat the fuel. The quantitative formulation of this requirement is commonly known as
Lawson’s criterion |2]. At present, the most successful method for meeting the Lawson
criterion has been the implementation of magnetic plasma confinement in the tokamak
configuration (Fig. 1.1(a)). In 1997, the Joint European Torus (JET) achieved 16 MW
of peak fusion power with 65% ratio of fusion power to total input power (@ value)
[3]. As =~ 80% of the fusion power escapes the plasma with the neutrons, a self sus-
tained fusion plasma requires a () value of at least 5. An economically and technically
viable fusion reactor requires much higher () values in steady state operation, and as a
first step in realizing this goal, the International Thermonuclear Experimental Reactor
(ITER) under construction in France, aims to reach @) values of 5-10 with quasi steady
state operation, (i.e. plasma discharges with a duration of 400 sec) [4].

One of the outstanding issues facing the development of fusion power and con-
struction of ITER is the interaction of the edge plasma with the surrounding vessel
wall. Such plasma wall interactions (PWIs) have an important role in determining the
performance, as well as setting limits on the operational and safety aspects of a com-
mercially viable fusion reactor. Consequently, the proper selection of materials to cover
the vessel wall is a critical engineering decision that requires a clear understanding of
how such plasma facing materials (PFMs) will behave under simultaneous: (i) heat
loading, (ii) irradiation by energetic and thermal fuel species, and (iii) irradiation by
helium and neutrons. Ideally, a plasma facing material will have high erosion resilience,
high thermal conductivity, high thermal stress resistance, low tritium retention, and
low embrittlement and nuclear activation. The tokamak vessel is composed of main
chamber walls and the divertor structure used for fuel and impurity exhaust (See Fig.
1.1(b)). The two regions are subject to vastly different plasma exposure conditions
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Figure 1.1: (a) Schematic of the tokamak configuration (b) Schematic of ITER cross section
illustrating the divertor configuration as well as showing the locations and choice
of plasma facing materials Be, C, and W.

[5] and no one material has been found yet to satisfy all criteria in all regions. This
has led to the decision to select different materials for different regions based on the
most critical criteria for a given part of the vessel. Although still under review [6],
the ITER project plans to use beryllium (Be) for the main wall, while carbon fiber
reinforced carbon (CFC) and tungsten (W) will be used in the divertor as target plates
and for the surrounding baffle and dome regions, respectively. In this work, carbon
and tungsten materials will be the main focus, because these materials are the most
critical components due to the very intense particle flux (> 10**m=2s~!) and power
loads (< 20 MW/m?) experienced in the divertor.

1.2 Carbon and Tungsten as plasma facing materials

In contrast to present-day tokamaks, ITER will be operated with higher number of
plasma discharges with longer pulse durations. The consequences of such operational
conditions are: (i) the need for active cooling of the plasma facing materials to limit
overheating and thermal stress, (ii) the increase in material erosion leading to compo-
nent lifetime issues, and (iii) the increase in tritium retention leading to safety issues.
The following discussion presents the material properties which have led to the deci-
sion to select carbon and tungsten as plasma facing materials in the divertor region
and corresponding impact on component lifetime and tritium safety issues. Following
ITER, the development of an electricity producing fusion reactor DEMO |[7], in which
tungsten is a leading candidate as plasma facing material, will require additional and
partly different selection criteria for PEFMs compared to ITER [8] and is not discussed
here.

ITER will need to explore and extend the accessible parameter space of plasma
operation, and therefore disruptions and off-normal recoverable plasma displacements
cannot be avoided altogether [5]. The advantage of carbon and its selection as a plasma
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facing material for the divertor strike zones is mainly due to its resilience against such
thermal shocks and tolerance of transient heat loads [9]. High heat flux testing of a pro-
totype vertical target using a carbon fiber reinforced carbon (CFC) mono-block design
has demonstrated its capability to sustain 20 MTV/m? for 2000 cycles in line with ITER
requirements [10]. However, the disadvantage of carbon is that it is eroded efficiently
by both physical and chemical sputtering processes which could lead to component life-
time issues in ITER. Physical sputtering by self-sputtering (i.e. C sputtering C) and
chemical sputtering by hydrogen (i.e. formation of volatile molecules) are temperature
dependent processes and will be covered in detail in section 2. Chemical sputtering can
be reduced by doping carbon materials by B, Si, or transition metals [11] but at the
expense of mechanical property degradation like thermal conductivity [12]. A further
disadvantage is that the eroded C is co-deposited with hydrogen, forming continuously
growing layers at less exposed or remote surfaces that can lead to unacceptable tritium
inventory (> 700¢ [13]) in ITER [14]|. Delamination and disintegration of such C lay-
ers may lead to formation of significant amounts of dust [15] with no efficient method
of recovery. Therefore, the use of carbon-based materials is limited by its significant
impact on tritium safety issue and likely prevent the use of C under future reactor
conditions. A detailed discussion of the safety aspects of tritium retention follows in
the next section 1.3.

The main advantage of selecting tungsten (W) as a plasma facing material is due to
its favorable plasma wall interaction properties of low erosion yield by light elements
[16] and low hydrogen retention [17]. This property makes W particularly well suited
for the divertor region in ITER, where high fluxes of fuel and He particles are expected
with typical energies below the W sputtering threshold energy [18]. In the divertor
configuration, the contribution to W erosion by fuel isotopes and He ash is therefore
limited, but will be dominated by impact of multiply charged low-Z impurities acceler-
ated in the sheath potential [19]. Even in the absence of carbon impurities (e.g. D-T
phase in ITER with full W divertor or DEMO), plasma seeding by Argon or Neon will
be required for radiative cooling [20], and therefore strict control of the divertor plasma
temperature will be necessary to mitigate W erosion and corresponding impact on com-
ponent lifetime. The disadvantage of tungsten is the high radiative cooling coefficient
of tungsten in the plasma core [21|, which, in order to meet the Lawson criterion, sets a
maximum allowable core W concentration of ~ 1075 [22]. Such low core concentration
dictates that the W concentration in the plasma boundary, which is closely related to
the W erosion flux, is kept similarly low. However, a high fraction of the sputtered W
neutrals were found to promptly re-deposit within one gyro radius [23|, limiting the
eroded W particle flux into the core plasma. A further disadvantage is the high ductile
to brittle transition temperature (~ 670 K) of tungsten which makes component ma-
chining difficult as well as potentially leading to formation of macroscopic cracks due
to thermal heat gradients [24]. Further embrittlement by neutron irradiation as well
as significant nuclear activation is an issue important for DEMO and therefore subject
of ongoing and future research.

In ITER, the worst case erosion mechanism of tungsten is predicted to be from
thermal shock induced processes like melt layer ejection or dust formation under high
power loads during disruptions (thermal quench) or Type-I ELMs [5] that will signif-
icantly affect W component lifetime. The time scale of the thermal energy deposition
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is typically in the order of milliseconds, and is much shorter than the time required
for heat transfer through the material. Therefore, cooling technologies developed [25]
will not be able to prevent melting, and techniques for mitigating disruptions and
ELMs have to be developed in order to meet ITER requirements of permitting at least
300 disruptions without critical failure [15]. Although tungsten plasma facing materials
cannot fully withstand such unmitigated transient thermal loads, the technical solution
of meeting ITER requirements for quasi-stationary thermal loads has been successful
[10]. The design geometry of W mono-blocks and W macro-brush joined to CuCrZr
heat sinks were able to withstand 16 — 20 MTV/m? in heat load tests for 1000 cycles
without failure, thus meeting and exceeding ITER specification [10]. This is because
from a thermo-physical point of view, tungsten benefits from an extremely high melting
point (3683 K), good thermal conductivity of ~ 140 Wm 1K' at room temperature,
and only a marginal reduction in thermal conductivity with neutron irradiation [24].

1.3 Safety aspects of Tritium operation

Tritium (T) is radioactive and its in-vessel retention is an important issue determining
the safety and economy of operation of a future fusion reactor. The safety hazard would
be in the form of potential tritium release to the atmosphere in the case of a loss of
vacuum. Tritium exposure limits for the population around the reactor site impose a
corresponding maximum in-vessel amount (e.g. < 700 g in ITER [13]). The impact on
the economy of operation would be the requirement of interrupting reactor operations
once the safety limit was reached in order to recover the T vessel inventory. The
frequency of these maintenance interruptions directly impacts the economic feasibility
of fusion power generation. Therefore, a viable fusion reactor requires strict control
of the T inventory such that the operation cycle can be maintained in cycles of years
rather than weeks or months. This requires knowledge on T retention processes as well
as of efficient T recovery methods, which are discussed below with emphasis on ITER
as the next step fusion device. Experimental data on T retention is limited due to its
radioactivity, and most studies have examined the retention behavior using hydrogen
and deuterium isotopes. Therefore, the general term hydrogen used in the following
discussion, includes retention behavior of all three isotopes.

The importance of T accumulation was realized following the D-T campaigns in
the JET [26] and TFTR [27]| tokamaks, where 35% and 51% of T was retained in the
vessel at the end of each campaign, respectively. By various detritiation procedures,
the total amount could be reduced to 10% and 16%, respectively [13]|. In both cases, T
retention was mainly in the form of T co-deposition with C layers and their resulting
decomposition into hydrocarbon flakes formed during material erosion, migration and
re-deposition processes. In divertor machines, hydrogen co-deposition was found to
occur mainly on the inner divertor surfaces and shadowed areas of the divertor and
limiters and a similar pattern is also expected in ITER.

The first step in the co-deposition process is the erosion of the plasma facing mate-
rial by physical and chemical sputtering processes which will be discussed in sections
2.1 and 2.2, respectively. Following a cycle of deposition and re-erosion, a co-deposition
layer can form both on plasma facing sides and remote areas (i.e. not in direct line of
sight by the plasma) of the plasma facing material depending on the local deposition
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conditions. Such remote areas also include the gaps between components, such as the
areas between the castellated structure of the W and C plasma facing components
planned for use in ITER. Significant amounts of hydrogen can trap in these gap areas
and investigations of the trapped amount and modeling of the co-deposition processes
is a topic of ongoing research (see Refs. [28, 29, 30, 31]). In case of co-deposition
with C, the energy of the incident tritium will be a critical parameter, since energetic
hydrogen ions tend to form hard amorphous carbon layers with a H/C concentration
of 0.4 (plasma facing areas), while low energy thermal hydrogen leads to the forma-
tion of soft layers with H/C concentrations exceeding 1 (plasma shadowed areas). For
a typical ITER scenario (¢ = 10, 400 sec discharge with 50:50% D:T), extrapolation
from present day devices operating with full carbon walls have shown that the in-vessel
T limit will be reached within a few hundred discharges [13]. This has led to the deci-
sion by the ITER-team [32] to replace the CFC divertor strike point tiles to a full W
divertor before the onset of D-T campaigns.

For high Z materials, like tungsten, tritium implantation and subsequent diffu-
sion and bulk trapping is the dominant retention process in contrast to co-deposition
processes for Be and C. An exception are CFC materials, which due to their porous
structure result in significant inwards D diffusion and trapping in cracks between fibers
and the CFC matrix [33]. In tungsten, the hydrogen retention behavior typically
follows a square root dependence from the incident fluence which results in smaller
retention rates compared to co-deposition processes. As a result of this different be-
havior, it turned out that a Be main wall and a full W divertor will permit 1500 to
5000 discharges before the T in-vessel limit is reached [13]. However, neutron irradi-
ation damage and other defect creating mechanisms (e.g. ion induced damage or He
bubbles) can lead to an increase in the square root fluence dependence.

To decrease the T accumulation rate in the vessel during the operational phase of
a reactor, various methods of controlled plasma operations are proposed [34], which
include isotope tailoring, nitrogen seeding, and pure D plasma operation following D-
T operation. The efficiency of T recovery using these methods is limited however,
and more efficient methods are required for cleanup. The simplest method of thermal
desorption of T by heating the plasma facing components in vacuum would require too
high first wall temperature (~ 1100 K') in the case of C co-deposited layers, but at the
reduced temperature (< 620 K) required in the case of Be co-deposited layers or pure
W, the method appears feasible [13]. However, reaching the required temperature even
for this relaxed condition requires modification to the present ITER divertor bake-out
system. Presently, baking in oxygen at atmospheric pressure is the only proven method
in removing T co-deposited layers with C. The introduction of O into the vessel will,
however, result in corrosion of non plasma facing components. In summary, no single
method has been found that can effectively recover all retained T, and therefore a
combination of all methods will be needed for efficient in-vessel T management. For
the maintenance phase of a reactor, additional recovery methods using local heating
by lasers and flashlamps are being studied.

Predicting T retention under ITER conditions remains challenging due to large
uncertainties in determining the local deposition conditions. Parameters such as the
power and particle fluxes (including impurity fluxes), 3-D geometry effects, and lo-
cal surface temperature are difficult to measure in existing devices, leading to large
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Figure 1.2: Schematic overview of some plasma wall interactions relevant to C-W mixed
material or C layer formation: (1) reflection, (2) implantation, (3) D trap-
ping/detrapping or co-deposition (solid circle), (4) carbide formation (open cir-
cle), (5) diffusion, (6) sputtering, and (7) redeposition.

uncertainties in extrapolation models. A further complication arises from the use of
several different materials in ITER, which results in the formation of mixed materials
that strongly affect the local surface composition and behavior of the plasma facing
material.

1.4 Carbon-Tungsten mixed materials

A natural consequence of using both carbon and tungsten as plasma facing materials
will be the formation of C-W mixed materials by erosion, transport, and redeposi-
tion processes. Figure 1.2 gives a schematic overview of these main processes. The
question of how such C-W mixed materials affect component lifetime and tritium re-
tention issues requires detailed characterization of the C-W mixed material behavior.
Furthermore, there is a need to understand where and how these mixed materials are
formed, requiring knowledge of the formation conditions and parameters governing the
process. Formation of carbides will also affect both plasma wall interaction processes
and thermo-mechanical properties.

The problem of mixed materials can in principle be divided into two main parts: (a)
production, and (b) transport of the eroded impurity particles. Here impurity particles
are defined as any particle (atoms or molecules both charged or neutral) resulting from
plasma wall interaction. Knowledge of transport behavior is necessary to predict both
the spatial and temporal distribution of the impurities’ key impact parameters. To
model the impurity transport in the plasma edge, simulation codes like DIVIMP [35]
or ERO [36, 37| are used to follow the eroded particles in a background plasma provided
by either a fluid plasma code like B2-EIRENE [38, 39| or a 1D plasma solver based
on particle, energy, and momentum conservation [40]. Experimental work in ASDEX-
Upgrade [19, 41, 42, 43, 44], using a near full tungsten wall has investigated the W and
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C erosion and deposition processes as well as the transport of W inwards and inside
the bulk plasma. Additional tokamak relevant transport studies are planned with
the ITER-like wall project at JET [45, 46]. The confidence in simulation results and
quality of predictions to future experiments not only depend on accurate knowledge of
the plasma parameters but also in accurately modeling the plasma wall interactions,
particularly with respect to the production of impurity particles.

To model plasma wall interactions, the codes use approximations based on semi-
empirical formulas (described in more detail in section 2) derived from numerous lab-
oratory experiments and/or kinetic transport codes for ions in matter like TRIM.SP
[47] or TRIDYN [48]. However to date, the implementation of the plasma wall in-
teractions in the transport codes is restricted to processes with pure materials. The
treatment of mixed materials in simulations have relied on the most simple model of
linearly scaling the pure materials’ behavior by their respective concentrations in the
mixed material. However, this approximation completely neglects the sophisticated
and often complex synergistic mixing processes by assuming that the mixed material
behavior is linearly dependent of its constituent species. An analytic model of material
erosion for multiple impurity species clearly shows that this is not the case exhibiting
complex non-linear behavior [49]. To address such concerns, there has been recently a
concentrated effort in the fusion community to understand the basic development and
behavior of mixed materials under well controlled laboratory conditions. For a recent
review of the experiments, see Ref. [50].

In fusion devices using carbon and tungsten as plasma facing materials, C impu-
rities impinge on the W surface with a certain energy and angular distribution along
with hydrogen, resulting in the formation of C-W mixed materials. Such mixed C-W
layers and C layers have been observed at ASDEX-Upgrade divertor tiles [51] and in
TEXTOR limiter experiments |52, 53] distinguished by a clear division between areas of
continuous W erosion and C deposition [52, 54]. In ASDEX-Upgrade, the whole outer
divertor area was found to be a net erosion area for C and W, in contrast to net deposi-
tion areas in the inner divertor [43, 55]. W and Si markers used in the divertor plates in
ASDEX-Upgrade showed that the carbon impurity concentration in the incident flux
(f.) is an important parameter in determining erosion behavior [23]. Modeling of the
erosion and deposition behavior of TEXTOR test limiters indicates a strong depen-
dence on plasma temperature [56, 57|. A recent experiment highlights the importance
of surface roughness in determining C deposition behavior [58]. In addition, formation
of various carbides are also observed from post-mortem analysis of TEXTOR limiter
tiles [59]. To understand the main parameters and mechanisms governing such behav-
ior, laboratory experiments have been performed at IPP |60, 61, 62, 63, 64, 65, 66].
Analytical model [65] and TRIDYN studies [60, 62] based on C'H; experiments have
shown a fluence dependency of the transition between erosion and deposition. The
competition of erosion and deposition processes from simultaneous bombardment of
W surfaces with both hydrogen and carbon ions was significantly different from H- or
C-only bombardment [60, 62, 65, 67]. However in C'H; experiments, the C fraction
in the incident flux is fixed and access to this key parameter requires an experimental
setup where f. can be varied. Recently, a dual beam experiment with two independent
ion sources has been commissioned [68| that allows for variation of f..
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1.5 Thesis purpose and direction

The first step in the chain of processes determining the component lifetime and tritium
retention by co-deposition is erosion of the plasma facing material. The second step
is the transport and redeposition of the eroded materials resulting in mixed material
formation. Local deposition conditions will dictate whether the deposited material
will be re-eroded or remain deposited. In areas that are continuously eroded, the
component lifetime issues will increase in importance, whereas in areas of continuous
deposition, the tritium retention issue will become dominant. The combined effects
integrated over the entire vessel will determine which issue will become the limiting
factor in the operation of a fusion reactor. To reliably predict these effects will require
a clear understanding of the local processes that govern the plasma facing material
behavior under simultaneous impact of fuel and impurity species. Specifically in the
framework of ITER, knowledge on the behavior of C and W materials is required to
achieve this goal.

Therefore this thesis is intended to better understand the local formation dynamics
of C-W mixed materials and characterize its behavior under simultaneous C-D ion ir-
radiation. The experimental approach chosen is to follow the evolution from a pure W
surface under simultaneous irradiation by D and C to a steady state condition, while
characterizing the W erosion, C implantation, and D retention behavior. The major
goals are: (a) to elucidate the main mechanisms affecting the dynamics and to identify
synergistic effects, (b) characterize the evolution and behavior of the C-W mixed mate-
rial, and (c) parametrize the C-W mixed material system to provide accurate data for
benchmarking of simulation codes. The latter includes also the validation of the model
assumptions in the code simulations and the identification of processes, which are not
covered by the model, leading to discrepancies between simulation and experiment.
The ultimate goal of this is to improve the accuracy and confidence level for erosion
and deposition processes and its impact on predictions of carbon and tungsten compo-
nents lifetime behavior and tritium retention under exposure to a plasma containing
impurity elements.

The start of this project came shortly after the completion of room temperature
(RT) experiments investigating the simultaneous irradiation of W by deuterium and
carbon ions using the IPP dual beam experiment [69, 70, 71]. Significant deviation
of the prediction of the transition point between erosion and deposition regimes from
comparing RT experimental results with simulations was found. In particular, the
contribution of surface roughness from chemical sputtering processes could not be sep-
arated while the previously observed synergistic effect of W erosion yield being greater
than the sum of the C and H sputter yields [65] still remained unclear. Furthermore,
experimental data at elevated temperatures during simultaneous irradiation were very
limited.

The main parameters varied in the experiments are the C fraction in the incident
flux, target material temperature, and the incident D energy. A systematic attempt
has been made to obtain a complete set of experimental results at RT with respect
to the C fraction in the incident flux to identify the transition point from erosion to
deposition regimes. The experiment is then taken to divertor relevant temperatures at
670 K — 870 K [72] to elucidate the effects of C self-sputtering and chemical sputtering
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processes that are temperature dependent. Results from C self-sputtering experiments
are used to benchmark surface binding energies (SBEs) used in TRIDYN [48], which
critically determine the C sputter yields in simulations. Lastly, the incident D energy is
lowered to observe the energy dependence of chemical sputtering |73] and its impact on
the dynamics so far studied; an emphasis is placed on determining whether chemical
sputtering occurs in C-W mixed materials. A simple model based on TRIDYN is
developed to isolate the chemical contribution and quantify its amount. The structure
of this work is summarized in Fig. 1.3 and an attempt has been made to increase our
understanding of the following main points:

e Dynamics of C-W mixed material formation
e Erosion behavior of C-W mixed material

e Hydrogen retention in C-W mixed material

during simultaneous irradiation of tungsten by deuterium and carbon ions.

Experimental TRIDYN Simulation

Carbon Temperature  Deuterium C—C
Fraction Energy

Surface Binding
Energies

C—W

Benchmarking

e [ gaen Model
Self-Sputtering
Carbon C+D—W
I[mplantation Modified Tungsten
Deuterium Sputtering
Retention
Chemical Sputtering

Dynamics «—— Formation conditions
Carbon-Tungsten Erosion «—— Lifetime issue
Deuterium Retention «—— Tritium safety issue

Figure 1.3: This thesis combines experimental and simulation work to achieve three main
objectives. Investigations of: (a) the dynamics of C-W mixed material forma-
tion and its dependence on parameter variation (C fraction in the incident flux,
temperature, and incident D energy), (b) erosion behavior of C-W mixed mate-
rials and implication to component lifetime issue, and (c¢) D retention behavior
with implication to tritium safety issue.






2 Background

The processes studied in this thesis involve complicated dynamic kinematic and chem-
ical interactions between the incident deuterium (D) and carbon (C) species with the
tungsten (W) target. At this point, it is appropriate to introduce the following defini-
tions of physical and chemical sputtering: Physical sputtering is the ejection of target
atoms resulting from momentum transfer between the incident energetic particles and
the target atoms. Because the scattering processes between incident projectile and tar-
get atoms are at energies much higher than thermal energies (keV vs. 0.01 — 0.1eV),
this process is independent of temperature. Chemical sputtering is the production of
volatile species by chemical reactions induced by incident energetic particles that occur
either at the surface or deeper in the material [74]. Chemical erosion is defined as the
release of volatile species due to chemical reactions of a neutral or thermal incident
species directly with the target atoms. Both chemical sputtering and erosion processes
have a strong temperature dependence. In carbon materials, an additional effect at
high temperature occurs during irradiation known as Radiation-Enhanced Sublimation
(RES) |75]. The suggested mechanism involves the formation of C interstitials from
ion irradiation, that diffuse to the surface and are sputtered easily due to weak surface
binding energies [76]. Fig. 2.1 illustrates the temperature dependent erosion processes
in carbon from hydrogen irradiation.

Due to the use of incident species above the threshold energy of both C and W in
this study, physical sputtering is the dominant process observed in most experiments.
A description of the analytic and computational methods developed to describe the
physical sputtering process is presented in section 2.1. Next, background on chemical
sputtering and erosion processes are summarized in section 2.2. Considerable data exist
in the literature for physical and chemical sputtering processes in C and W. Therefore,
references to the most recently compiled reviews are provided at the beginning of
each section, and here, only the most pertaining aspects are discussed. Finally, recent
understandings in C-W mixed materials involving simultaneous irradiation experiments
and hydrogen retention will be summarized in section 2.3.

2.1 Physical sputtering

A complete treatment of both theoretical and experimental aspects of physical sput-
tering is found in Refs. |77, 78, 79]. Physical sputtering requires the transfer of kinetic
energy from the incident particles to the target atoms. The elastic energy transferred
between two colliding particles is described by a kinematic factor 4M; Mo /(M + My)?,
dependent on the masses of the colliding atoms. The elementary process for this energy
transfer is a cascade of elastic collisions between the incident particle and target atoms.
These recoil atoms undergo further collisions until they finally come at rest by energy
transfer to the crystal lattice. Only atoms that have acquired enough kinetic energy to
overcome the target’s surface binding energy are sputtered. Therefore, physical sput-
tering is characterized by a threshold energy, Ejj, at which point no more sputtering
takes place.

Analytical physical sputtering theory has been developed primarily in the approach
of predicting the sputtered amount as a function of target element, projectile element,

11
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Figure 2.1: Temperature dependent erosion processes for carbon (from Ref. [75]).

projectile energy and angle of incidence, without explicit reference to the details of
the recoil cascade. The principal quantity is the sputter yield Y, defined as the mean
number of target a atoms removed from the surface of a solid per incident projectile b:

vb atoms removed
“ " yncident particle

The processes related to sputtering only occur in a layer of thickness Ax,, which is
a function of the mean projectile range and typical dimension of the resulting collision
cascade [79]. The rate of recoil atoms generated in this layer is proportional to the en-
ergy deposited per unit depth of the incident particle. This is quantitatively described
by the nuclear stopping cross section which is defined as the mean energy lost from
elastic collisions per unit path length. Therefore, the sputter yield can be described as
a function of the stopping power and incident particle energy. For normal incidence
(av = 0°), Bohdansky derived a formula [80] based on Sigmund’s analytic theory [78]:

VB = 07) = st (0) (1= () §) (1- %) 1)

where F, is the incident particle energy, Ej;, is the threshold energy, o the angle of
incidence, sT¥'the Thomas-Fermi nuclear stopping cross section, Q) a fitting parameter
that determines the maximum of the yield curve, and ¢ the reduced energy:




2.1 Physical sputtering 13

E, . M, + M.
with — Erp(eV) = 30742222 7 7 (723 4 7213172

E =
ETF 2

Recently, the formula has been revised to replace sX¥" by one based on the Kr-C
potential [81] known as the revised Bohdansky formula [82]. The angular dependence
of the sputtering yield is described by the analytic formula proposed by Yamamura
[83]:

6(f[l—l/coscv} cosaopt )

thyS(Eov a) = cosl o Y;?hyS(Em a=0°) (2.2)

here Yynys(E,, ) is the yield at an ion energy, E,, and nominal angle of incidence
a while f and oy, are fitting parameters to experimental data and can be taken from
published tables [16] or from the formula in Ref. [83]. For detailed discussions of these
analytical models and comparison to experimental results see Refs. [16, 82].

For an improved treatment of sputtering by considering the details of the recoil
cascade, one has to rely on computer simulations. Two main methods are used, the
molecular dynamics (MD) approach where the movement of target atoms is studied
as a function of time taking the interaction of all neighboring atoms into account,
and the binary collision approximation (BCA) where the movement of projectile and
target atom collision partners is treated as as series of successive binary collisions.
MD simulations are best suited for low energies but require long computational times,
and in most cases is used to study principal processes, where also the target lattice
structure and chemical processes are of importance. BCA simulations are much faster,
and are widely used to calculate sputtering yields where mainly kinematic scattering
processes are involved. The strength of such simulations is that they provide access to
additional information, like partial sputter yields coupled with surface concentration
and depth profiles, that are normally not all accessible simultaneously in experiments.
For a comprehensive description of computational methods and their applications to
ion solid interactions see Ref. |77|. For this study, only the Monte-Carlo program
TRIDYN [48]| based on the BCA was used and a short description of the program
follows.

2.1.1 TRIDYN

TRIDYN is an extension of the static program (no changes to target composition
under irradiation) TRIM.SP [47] based on the binary collision approximation (BCA)
for an amorphous target with dynamic update of the changing surface and target
composition within the incident projectile range. The name “Monte-Carlo” arises from
the assumption that the material is amorphous, and therefore the next collision partner
can be determined by a random selection process. Three variables are required that
are chosen randomly: 1) A, the distance between successive collisions, 2) b, the impact
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Figure 2.2: Definition of impact parameter b, scattering angle 0, and the azimuthal scatter-
ing angle, ¢ in the laboratory framework.
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parameter, and 3) ¢, the azimuthal scattering angle (see Fig. 2.2). For A, the liquid
model is used [77]:

For b, the following

where N is the target number density in units of [%—mf}

relationship is used:

b= bmaz \/E

where b, is the maximum impact parameter corresponding to a minimum scat-
tering angle, and R is a random number between 0 and 1. To determine, b,,,,, a
cylindrical volume, V', in which a collision event can occur is defined:

VN =1=mxb>: AN

max

resulting in:

N

bmaz = (TAN)™
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Finally, ¢ can be determined using the following relationship from symmetry argu-
ment:

0 =21R

where R is again a so-called random number between 0 and 1. The scattering angle
0, is approximated using the “magic formula” [84] and the change in particle direction
from the collision is taken from the asymptote of the real trajectory (see Fig. 2.2).
The Kr-C potential [81] is used as the interaction potential between colliding particles,
which is valid down to ion energies of ~ 50eV. Therefore, TRIDYN calculations can
be used to simulate ion-solid interactions relevant to particle energies expected in the
ITER divertor. The inelastic electronic energy loss as the particles move through the
target is calculated using an equipartition of the Lindhard-Scharff [85] and the Oen-
Robinson [86] interactions.

The process begins with a projectile whose collision partner (PKA: primary knock-
on atom) is determined by the randomized b and . The “magic formula” then delivers
the scattering angle in the center of mass frame, from which the scattering angle
of the projectile and the PKA is determined in the laboratory frame. The energy
changes are assigned and the program follows the PKA (labeled i), as it starts its
own cascade resulting in secondary knock-on atoms (SKA). The resulting SKA created
are also labeled 7 and the information stored, while the PKA is incremented to 7 + 1.
Subsequent collisions will further increment the PKA as well as the SKA. When, after
several collisions the PKA is sputtered, transmitted, or stopped, the program returns
to the last SKA labeled 7 and follows this SKA like the PKA. Finally, after treatment
of all SKA’s (i.e. 7, i + 1, etc.) created by the first PKA, the program returns to the
initial projectile and follows it to its next collision and the cycle repeats.

To account for changes in target composition, the program divides the target into
layers of initially constant thickness. After following a certain number of projectiles, the
local excess or loss in the layer composition is allowed to relax by adjustment of the layer
thickness. The layers are kept within a certain thickness range, such that thin layers
will merge and thick layers will split. Following this relaxation cycle, the projectile
loop begins once more. In TRIDYN, information on the surface recession or growth,
sputtering and reflection yields, depth distributions, and surface and target composition
as a function of incident particle fluence can be obtained. The surface binding of target
surface atoms is described by a planar potential and in general, the heat of sublimation
values are taken as surface binding energies (SBE's). All simulations results presented
in this thesis were calculated using Version 40.1 [48] unless otherwise stated.

2.1.2 Carbon and Tungsten sputtering by Carbon

C-C: Experimental carbon (C) self-sputtering yields were determined via weight-loss
measurements [87] or by surface collector method [88]. However there is a lack of
experimental data in the temperature range RT < T < 870 K and will be the focus of
this work. For the incident angle oo = 15° used in this thesis, the C self-sputtering yield
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is below unity for all impact energies [89]. Therefore, in the case of C-only irradiation,
a C layer will always grow on a C surface. The reflection yield is negligibly small for
energies above 100 eV compared to the sputter yield [90].

C-W: Results of first laboratory controlled experiments examining the fluence de-
pendence of tungsten (W) sputtering by E. = 1keV and E. = 6keV C ions at RT
using in-situ weight-loss measurements are presented in Ref. [61]. Initially, weight-loss
is observed at low fluences in accordance to Y, calculated with TRIM.SP [47] (not
taking into account the implanted C concentration), but this trend reverses to weight
gain at higher fluences. Steady state conditions are reached when the negative yield
given by the slope of the weight change becomes constant with increasing fluence. The
initial weight-loss due to W sputtering is gradually reduced by the gradual increase
of the implanted C fraction, ultimately forming a protective C layer which suppresses
further sputtering of W. During this process, the weight of the growing C layer even-
tually becomes larger than the weight of the sputtered W, resulting in the observed
continuous increase. This weight-loss/gain behavior was found to depend strongly on
the angle of incidence. From a = 70°, the behavior switches to continuous weight-loss
by W sputtering due to increased C self-sputtering and reflection yields that prevents
the formation of a closed C layer. A parameter scan of a in TRIDYN showed that
the partial sputter yield of W increases monotonically with «, while the partial sput-
ter yield of C reaches a maximum around a = 40°. Therefore, the C coverage of the
surface was identified as an important parameter in determining W sputtering behav-
ior. For the situation where a carbon layer greater than the depth range of incident C
ion develops, the system behavior was observed to shift from a C-W to C-C interac-
tion. Consequently, the partial sputter yield of carbon was observed to approach the
experimentally determined C self-sputtering yields [90] in TRIDYN simulations.

A subsequent study examined the effect of elevated temperature using F,. = 2.4 kel
C ions at normal incidence [63]. A trend of increased weight-loss was observed with
increasing temperature. The results were interpreted as increased W sputtering due to
C loss from the surface by diffusion into the W bulk material. TRIDYN calculations
iteratively coupled with the diffusion program PIDAT [91] indicated that diffusion is
negligible at (or below) 673 K and only becomes significant for T > 850 K. However, to
obtain a good fit to the experimental data, higher values of the diffusion coefficient than
the literature data [92] were required for 773 K and lower values than in the literature
for 973 K. The resulting temperature dependency of D exhibited a smaller slope with
temperature compared to literature values, which was attributed to effects of C trapping
and tungsten carbide formation. To improve upon these findings, the concentration
dependent diffusion coefficient D(C) was determined in a separate experiment [66,
93] by Boltzmann Matano analysis of measured C depth profiles and found to be of
the order of 10719 m?2s! to 1072! m?s~!. Based on these results, a new program,
DIFFUSEDC, was developed and successfully tested [93]. D(C) was found to decrease
at higher C concentrations due to a shift of C diffusion in tungsten to C diffusion
in WyC, WC, and even graphite where the diffusion coefficient was negligible in the
considered temperature range below 1100 K [94]. A follow up experiment examining
both effects of increased C self-sputtering (RES) and diffusion with temperature found
that the C fluence dependence of the measured weight-loss was well reproduced by
simulation results [60], confirming the temperature dependence model of diffusion and
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| | Ep =05keV | Ep =0.7TkeV | Ep =1keV | Ep=3keV | E.=06keV |
Tungsten 0.0014 0.0028 0.0044 | 0.0085 (0.0098) 0.4
Carbon 0.029 0.028 0.026 0.017 (0.010) | 0.264 (0.29)

Table 2.1: Calculated sputter yields using the revised Bohdansky formula at RT and o =
15°. Also included are the experimentally measured sputter yields using the dual
beam experiment in this study for Ep = 3keV (in brackets).

RES used at T' > 1000 K. Tt should be noted that in the present work the temperature
range studied is below the temperature in which carbon diffusion in tungsten is observed
and therefore diffusive behavior is not treated.

2.1.3 Tungsten and Carbon sputtering by Deuterium

Physical sputtering of carbon (C) and tungsten (W) by deuterium (D) is in general
well described by TRIDYN or by using the revised Bohdansky formula. The deviation
between calculated and experimental results from weight-loss experiments is normally
a factor of two (see Ref. [16]). The calculated W sputter yield by Ep = 3keV D ions
is 0.0085, which is in good agreement with the improved experimental yield of 0.0098
measured using the present dual beam experiment [95]. The calculated C sputter
yield is 0.017 while the experimental total yield measured in this study (physical and
chemical sputtering yields) at RT is 0.010. A summary of the carbon and tungsten
sputter yields calculated by using the revised Bohdansky formula is shown in Table
2.1.

In the case of tungsten carbides, preferential sputtering of the C is observed due to
the large difference in mass ratio between carbon and tungsten atoms |96|, which is in
good agreement with TRIDYN simulations. Also, field ion microscope measurements
show similar threshold energies of 150 eV for tungsten sputtering from a mixed C-W
layer [97] as predicted from TRIDYN simulations.

2.2 Chemical erosion and sputtering of Carbon

Carbon (C) has the additional property of being eroded by incident hydrogen or oxygen
species well below the threshold energy of physical sputtering. The chemical sputtering
and erosion of C in context of plasma facing materials in fusion research is covered
in reviews by Roth [98] and Vietzke and Haasz [99]. Like physical sputtering, the
chemical erosion or sputtering yield is defined by the ratio of removed carbon atoms
per incident species. In most experiments, the carbon loss is measured via weight-loss
measurements or mass spectrometry. The advantage of weight-loss measurements is
the ability to quantify the total erosion, while mass spectrometry offers insight into
the elementary steps of the reaction process but has limited accuracy for quantification
of the total erosion yield. The isotopic effect expressed by the ratio of the respective
yields has a nominal value of Y.” /Y = 1.5 [100], indicating chemical sputtering and
erosion processes by tritium species will not be significantly different from deuterium
species.
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Figure 2.3: Chemical erosion cycle (from Ref. [110]).

The governing mechanisms behind chemical erositon is the balance between hydro-
genation [101] of unsaturated carbon atoms at the surface and hydrogen abstraction
[102]. Two main erosion steps were determined from the interaction of atomic hydrogen
with a thin amorphous hydrogenated carbon layer (a-C:H). First, kinetic or thermal
[103] ejection of surface hydrocarbon groups can occur due to the breaking of C-C;H;
bonds. This is illustrated by the Y, ; arrow (kinetic) and Yiper, center arrow (ther-
mal) in Fig. 2.3, respectively. The second, more complex process is the thermally
activated de-excitation of a radical sp* carbon site resulting in a split-off of a neigh-
boring methyl group [104]; as seen from the erosion cycle in Fig. 2.3. Although C'Hj
and C'H, are the main species ejected from the surface, a wide distribution of heavier
hydrocarbons is also observed [105]. Amorphous carbon materials were found to have
higher erosion yields in comparison to ordered materials from the increased availability
of hydrogenation sites [106].

The entire cycle is initiated from the hydrogenation of sp? to sp? carbon sites via an
intermediate radical stage sp*, which is not temperature dependent but proportional to
an empirical cross section oy. Further hydrogen irradiation with temperature increase
above 400 K results in chemical erosion where stable hydrocarbon complexes desorb
with a rate constant k, via an intermediate radical stage sp*. However at temperatures
above 600 K, hydrogen recombines with a rate k i which interrupts the hydrogenation
process, resulting in a decrease in sp? concentration and correspondingly the chemical
erosion yield. This is the reason why in experiments, a maximum erosion yield between
700 — 900 K is observed [107]. Tt is found that this maximum temperature shifts
to higher temperatures with increasing hydrogen flux [108] and energy [73, 109]. A
detailed review of the hydrogen surface chemistry is discussed in Ref. [106].

The chemical reaction of energetic hydrogen ions with carbon atoms was found
to occur after the ions have slowed down (to thermalised ions) at the limit of their
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implantation range [110, 111, 112]. Therefore, the above chemical erosion model of
thermal hydrogen atoms can also be applied for the case of energetic incident ions.
The main difference lies in the additional damage created by the incident energetic
ions which can enhance both Yy, s and Yjern, by energy deposition in the near surface
layer. Incorporating both processes, one can derive an analytical description of the
total chemical yield that reproduces the measured temperature (T[K]), incident energy
(E,[eV]), and flux (¢[ions/m?s]) dependencies of the chemical erosion yield [73]:

}/;hem = Ysurf + }/therm(l +D Yvdam)

where D is a parameter depending on the hydrogen isotope and Yy, is equivalent
to Eqn. 2.1 with the threshold energy FEy, replaced by a damage activation energy
Eiam|eV] derived from experiment [113]|. Yipern and Yy, are given by the following
expressions:

0. 033exp(m)

c’P

Y;iherm =
2 X 10 32¢ + €.Ip< Etherm)

Csp3 Ydes (Eo)

Yjsurf (an T) =
{1 + exp <—E°4BS{E}SV) }

where Eyperm[eV] is the thermal activation energy, Yyes is equivalent to Eqn. 2.1
with the threshold energy, Eyp,, replaced by an empirical desorption activation energy
[114], E4sleV], and ¢*"is the hydrogenated carbon concentration given by:

heirscolar)

2 X 10—32¢+ |:1 + 2X;02961.p(5%el>:| exp< EihjfrrrL)

P

where E,.[eV] is the activation energy for hydrogen release [115, 116] and C' is
given by:

1

C =
143 x 107e$p< 146‘/)
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Therefore, the chemical erosion cycle of carbon irradiated by low energy ions is
composed of: (1) the reaction of thermalised ions, and (2) the enhancement of the
thermal reaction by radiation damage, in combination with (3) the enhanced ion in-
duced desorption of hydrocarbon radicals on the surface. A similar modification of the
atomistic model was presented by Mech et al. [113].

However at RT where thermal erosion mechanism can be excluded, the chemical
erosion yield could not be correctly explained by the sputtering of weakly bound hydro-
carbons from the surface only (Y, r) [117]. Instead, a chemical sputtering mechanism
was proposed, where energetic ions break C-C bonds within their penetration range
and the resulting dangling bonds are passivated by hydrogen atoms. Consecutive bond
breaking and passivation results in the formation and release of hydrocarbons at and
below the surface. The main difference of the chemical sputtering model is the fact
that the process is not surface limited and requires breaking of C-C bonds by energetic
particles. The energy dependence of the chemical sputter yield could be well repro-
duced by this model for simultaneous irradiation of atomic hydrogen and low energy
ions [117, 118, 119, 120]. In support of the chemical sputtering mechanism, molecular
dynamic studies 121, 122] showed that a hydrogenic ion can attack the region between
two C atoms, resulting in core-core repulsion between the ion and the C atoms. At
short inter-atomic distances the repulsive interaction was found to push the two C
atoms apart breaking the covalent C-C bonds.

2.3 Simultaneous irradiation of Tungsten by Hydrogen and Car-
bon

To study C-W mixed materials, it is important to investigate the simultaneous bom-
bardment of both hydrogen and carbon together. The primary reason is that during
simultaneous bombardment, the surface composition is subject to the balance of im-
plantation and erosion processes of both species. On the one hand, the implantation
of carbon can be balanced by C removal due to sputtering and/or diffusion, result-
ing in continuous tungsten erosion. On the other hand, C implantation may prevail
over the sputtering process, resulting in C layer formation on top of the C-W mixed
material. The dominating behavior will depend on both the kinematic and chemical
processes outlined in sections 2.1 and 2.2, as well as target properties like surface mor-
phology (e.g. roughness) and temperature which have a significant effect on carbon
diffusion and tungsten carbide formation. Single species irradiation of prepared C-W
mixed materials cannot correctly describe such a system since only one species can be
represented at one time.

2.3.1 Tungsten sputtering and Carbon surface behavior

To simulate simultaneous irradiation of carbon and hydrogen in previous experiments,
polished tungsten targets were bombarded with ECH; = 3keV CHJ ions and the
sputtering behavior studied by in-situ weight-loss measurements [62]. Large devia-
tions from TRIDYN calculations resulted in the formulation of an analytical model
based on balancing the erosion-deposition processes in Ref. [65]. The resulting erosion
yields required to fit the experimental data by the model could not be explained by
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the superposition of carbon self-sputtering and the additional erosion due to hydro-
gen impact. However both experiments suffered from surface roughness and effects of
non-uniform bombardment over the irradiated area. Recently, improvements to the
experimental technique by replacing the in-situ weight-loss measurements with in-situ
ion beam analysis has allowed to achieve good quantitative agreement between exper-
imental results and TRIDYN simulations in case of smooth surfaces [70]. Chemical
sputtering effects were considered negligible with surface roughness being the domi-
nant parameter governing the erosion and deposition process [123|. A separate high
temperature experiment using ECH; = 3keV CH; ions at T = 1000 K was performed
by Schmid and Roth [60], and a model combining the effects of RES and diffusion was
able to reproduce the experimental weight-loss/gain results.

The carbon surface concentration was investigated as a function of temperature and
carbon fraction in the incident particle flux, f., using a mixed beam of EH3+ = 1keV

Hy ions and 1keV CH; and CoH; ions (>80% and < 20%, respectively) in Refs.
[67, 124]. An increase in C surface concentration was observed by increasing the f,
from 0.1% to 0.8%, while a slight expansion of the C depth profile was observed by
increasing the temperature from 653 K to 913 K. In the corresponding C depth profiles,
a local peak at ~ 20 nm was observed (greater than the ion range of ~ 5nm), which was
explained as an effect of recoil implantation of the carbon deeper into the implantation
range [125].

2.3.2 Sputtering of C-W mixed materials by Deuterium

A very weak temperature dependence was observed for methane release in tungsten
carbide irradiated with Ep = 1.5keV D™ ions that is significantly different from the
800 — 900 K peak observed in graphite [126]. Interestingly, methane release was also
observed at RT following an initial D buildup phase. The total sputtering yield was
observed to decrease with increasing W concentration in the C-W mixed material
[127]. The D energy used (Ep = 66 eV') was below the threshold of W sputtering, and
therefore, the weight-loss of the specimens was attributed to the preferential loss of
carbon by physical and chemical sputtering processes. Such preferential loss of carbon
was also observed for Fp = 1keV DTion irradiation of tungsten carbide specimens
[96], with good agreement between experimental results and TRIDYN simulations.
The preferential carbon erosion behavior was interpreted to be due to threshold effects
caused by the large mass ratio between carbon and tungsten atoms.

2.3.3 Hydrogen retention in Carbon and Tungsten materials

A recent review of hydrogen retention in plasma facing materials planned for ITER has
been compiled in Refs. [128, 129]. Significant deuterium (D) retention is observed in
co-deposited layers on tungsten (W) divertor tiles in ASDEX-Upgrade [130]. A detailed
review of hydrogen retention in bulk W materials can be found in Refs. [17, 131], and
for carbon (C) materials in Ref. [132]. In general, hydrogen trapping in C is much
larger than in W. The following discussion summarizes the relevant results of hydrogen
retention in C-W mixed materials.

The methods used to study hydrogen retention in C-W mixed materials has been
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D irradiation of tungsten carbide materials [126, 133, 134, 135, 136], C-W mixtures
prepared before the D irradiation step [137, 138], or by C pre-implantation followed by
D irradiation [139, 140, 141]. In all cases, the hydrogen retention behavior was found
to strongly depend on the C concentration in the material. It is postulated that the
amount of active C with free bonds is the critical parameter determining the hydrogen
retention behavior, but such measurements have not been performed experimentally. A
decrease in hydrogen retention from absorption experiments is observed with increasing
carbonization of tungsten [142], illustrating the fact that when stable C bonds are
formed, hydrogen retention decreases. However, D irradiation of tungsten carbide at
RT results in D retention similar to levels observed in graphite, and decreasing to levels
of pure W with increasing temperatures [126]. Thus, irradiation of stable tungsten
carbides may result in C bond breaking that activate C sites which trap hydrogen
more effectively than W trap sites. Thermal desorption spectra indicate two regions of
D release between 300 — 700 K and 900 — 1100 K, respectively [126, 135, 136, 143, 137|.
With increasing W concentration, an increase in D release between 300 — 700 K is
observed [137]. Therefore, the lower temperature region is generally associated with
D de-trapping from tungsten traps, while the higher temperature region is associated
with D de-trapping from carbon traps. Deuterium depth profiles reveal that the near-
surface layers in tungsten carbides retain twice as much D than poly-crystal tungsten
[128] with no saturation effects [134|. This is in direct contrast to hydrogen retention
in C, where saturation occurs due to the low diffusivity of D in carbon. The increased
trapping in the near-surface region results in a decrease of the long D diffusion tail
characteristic of pure W, but is still in the order of several pm. The fact that hydrogen
retention in tungsten carbides follow the temperature behavior of pure W is due to the
lower activation energy for recombination and faster diffusion of D than C [144|. There
is also evidence that D is trapped solely as D atoms in tungsten carbides in contrast
to both D atoms and Dy molecules in pure W [128, 133, 145]. It is postulated that this
occurs due to the reduction of the recombination coefficient of the C-W mixed material
surface [139].

In the case of C pre-implantation, significant C and D fluence dependencies are
observed in the hydrogen retention behavior [139, 140, 141]. The reason is that the C
fluence determines whether the subsequent D will interact with a C-W mixed layer or
a pure C layer, while the D fluence determines to what extent the C is eroded such
that D no longer interacts with a C-W layer but rather pure tungsten. It should be
noted that there is also a C and D energy dependence to the trapping behavior, since
this determines the ranges as well as the creation of active C sites. For cases where the
incident D interacts with a C layer, higher D retention is observed at low D fluences
and approaches retention fractions in pure W with increasing D fluence [140]. For cases
where incident D interacts with a C-W mixed layer, a decrease in D retention has been
observed by Poon et al. [140], while an increase was observed by Ogorodnikova et
al. [139]. The discrepancy remains as yet unresolved, but the results of Ogorodnikova
et al. [139] are consistent with the hydrogen retention behavior in tungsten carbides.
TDS spectra indicate that most of the D is released at 7' < 800 K [139, 141].

In summary, hydrogen retention in C-W mixed material is more similar to the
retention behavior in pure W than C (i.e. significant diffusion into the bulk material).
However, due to the presence of additional C traps an increase in retention in the
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implantation range is always observed. The observed effect is most pronounced at RT
but decreases with increasing temperature, and the total retention amount approaches
the retention behavior of pure W.
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3 Experimental facilities

All experiments described in this study have been performed using the dual beam
experiment (DBE) in the Tandem-Accelerator Laboratory in the Plasma Wand Wech-
selwirkung Group at the Max Planck Institut fiir Plasmaphysik in Garching, Germany.
In the following sections the major components of the experimental apparatus used
will be described together with an outline of the experimental techniques used. A de-
tailed description of the apparatus is also given in Ref. [68], therefore only a concise
overview is presented below. For details which are specific to an individual study, more
information is provided in each respective chapters.

3.1 Dual beam ion accelerator

Irradiation was performed using the two independent ion sources of the dual beam
experiment (DBE). A schematic of the DBE is shown in Fig. 3.1. It consists of two
mass-selected ion beam lines focused on a single spot in the target chamber separated
by an angle of 30°, resulting in an incident angle oo = 15° during dual beam irradiation.
The two independent sources allow a much wider study of the parameter range (the C
fraction in the combined beams) than accessible in previous experiments [60, 62, 65].
In this thesis, different C fractions (f.) in the total incident beam were obtained by
keeping the C flux nearly constant (factor of 2) while the D flux was varied. The
incident ion energies used for most experiments were 12 keV Cy and 9keV D ions.
At these energies the incident ion species dissociate on impact resulting in energy/ion
of 6keV for C and of 3keV for D. The DBE is also connected to a MeV tandem
accelerator allowing in-situ ion beam analysis described in sections 3.3.3 and 3.3.4.
The “Quelle 17 (Q1) side is equipped with a standard Peabody Scientific Model
PS-100 duoplasmatron source used to generate positive D ions. The source plasma
is created within a cylindrical cavity by introducing high purity D gas from a Linde
Minican controlled by a pressure regulator and controllable leak valve. A hot platinum
filament is used as cathode and an axial magnetic field constricts the plasma, which
is extracted through a 0.3 mm diameter pinhole aperture by the applied extraction
voltage (i.e. the implantation energy). The D ions are then focused using an einzel
lens and X-Y steering plates before entering the 60° bending magnet for mass selection.

‘ Ion energy: ‘ 3000 eV ‘
Filament current: 14 A
Plasma arc current: 1.2A
Plasma arc voltage: 0V
Duoplasmatron magnet current: 1.1A
Extraction voltage: 9kV
Einzel lens voltage: 8.2V
Bending magnet current: 12.08 A
Pressure: 1.2 x 10 mbar

Table 3.1: Sample operating settings for Q1 source.
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Figure 3.1: Schematic of Dual Beam Experiment (DBE).
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Figure 3.2: Schematic of the target chamber flange of the Dual Beam Experiment.
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‘ Ion energy: ‘ 6000 eV ‘
Tube heater current: 53 A
Tube heater voltage: 0.55V
Cs reservoir current: 0.6 A
Tonizer current: 21 A
Extraction voltage: 12kV
Einzel lens voltage: —6.53V
Bending magnet current: 27.8 A
Pressure: 1 x 10 mbar

Table 3.2: Sample operating settings for Q2 source.

The ions enter the DBE target chamber through a beam tube consisting of three
apertures with a final beam aperture of 3mm diameter. The target is placed in a
Faraday cup assembly at a distance of 15 mm from the final beam aperture so that the
beam divergence is considered negligible in between; see Fig. 3.2. A sample listing of
the Q1 control settings used is found in Table 3.1.

The “Quelle 2”7 (Q2) side is equipped with a Peabody Scientific Model 120 negative
ion sputter source used to generate negative carbon ions. A Cesium (Cs) reservoir is
heated to produce Cs vapor that is positively ionized by an ohmically heated helical
ionizer. The Cs™ ions are accelerated onto the target cathode holding a cylindrical
copper target with a graphite inset, sputtering the C atoms. The C atoms charge
exchange in the neutral Cesium surface layer resulting in negative C ions which are
repelled from the cathode and accelerated to ground potential. Therefore, the Cs' ac-
celeration voltage is also the extraction voltage, limiting the achievable carbon current
using this setup. The negative C ions are mass selected by a 30° bending magnet and
focused using an einzel lens and X-Y steering plates before entering the target chamber
through a separate beam tube. The final aperture is also 3mm in diameter with the
distance to the target equal to Q1 at 15 mm. A sample listing of the Q2 control settings
used is found in Table 3.2.

3.2 Dual beam target chamber

The target chamber is 700 mm in diameter with a removable flange mounted on which
the target holder assembly, beam guiding systems, and the detector assembly are
mounted (see Fig. 3.2). Upgrades to the target chamber during this study include
the installation of a Helix On-Board In-Situ Waterpump capable of water pumping
speed of 35 000 ¢/s, a Hiden HAL 201-RC single quadrupole residual gas analyzer, and
a beam viewing system described in more detail in section 3.3.5.

The target holder assembly can be rotated and moved vertically by a two-axis
motorized manipulator housed in a Faraday cup. It consists of a base plate consisting
of: (1) the beam viewing system, (2) a calibration target holder for ion beam analysis,
(3) two target holders, and (4) two boron-nitride ceramic heaters (see Fig. 3.3). The
details of each component will be described in further detail in section 3.3.

The detector system consists of four planar silicon (PIPS) detectors mounted on
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Figure 3.3: Schematic of target holder assembly showing: (1) beam viewing system (BVS),
(2) calibration targets, (3) target holder, and (4) target heaters.

a common base plate at scattering angles of 165°, 135°, and 105° for the detection of
backscattered *He™ ions and at 150° for the detection of protons from nuclear reactions.
A 5 pm thick Ni foil is placed in front of the the large solid angle (61.64 msr) 150°
detector to allow only the transmission of the high energy protons. In addition, an
X-ray detector is available for proton-induced X-ray analysis (PIXE), but was not used
in this work. The entire assembly is shielded by a shutter that is remotely controlled
to protect the detectors from the reflected ions during the irradiation stage of the
experiments.

3.3 Experimental technique

The general procedure of the experiments is a series of irradiation steps of thin film
specimens prepared by magnetron sputtering at a fixed C fraction in the incident flux
and specimen temperature. The specimen preparation and characterization is dis-
cussed in sections 3.3.1 and 3.3.2, respectively. Following each irradiation step, in-situ
ion beam analysis using *He™ ions is performed with the heaters off. This method
allows to study the dynamics of C and W sputtering, C implantation, and D reten-
tion as function of incident fluence species. Rutherford backscattering spectrometry
(RBS) is used to quantify W sputtering behavior and will be discussed in section 3.3.3,
while Nuclear reaction analysis (NRA) is used to determine the C and D areal den-
sities and will be discussed in section 3.3.4. The C fraction in the incident flux and
incident fluence of each species are determined by the beam viewing system calibrated
against measurements of the total implanted current and will be discussed in sec-
tion 3.3.5. The temperature measurement is performed using a pyrometer calibrated
against thermocouple measurements and will be discussed in section 3.3.7. The main
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advantage of using in-situ ion beam analysis over previous weight-loss measurements
is the capability of independent and accurate quantification of W sputtering and C
implantation /re-sputtering, which provides in turn the ability to detect accurately the
transition point between W sputtering and C deposition dominated regimes.

3.3.1 Specimen preparation by magnetron sputtering

Tungsten or carbon thin film specimens were prepared by sputtering of a carbon or
tungsten cathode in a magnetron sputter device under vacuum using Ar as the working
gas (see Fig. 3.4(a)). The device consists of three sputter cathodes (two shown) that
can be shielded from the Ar plasma by movable shutters, and a rotating base plate
on which the substrates are placed. A direct current (DC) or radio frequency (RF)
plasma discharge sputters the cathode target material, mainly as neutral atoms, which
are subsequently deposited on the substrates below. The magnetic field lines from
the permanent magnets (see Fig. 3.4(b)) trap the secondary electrons in helical paths,
resulting in increased ionization of the Ar gas and a corresponding increase in the target
sputtering rate. The sputtered atoms, as mentioned earlier are neutrally charged, and
so are unaffected by the magnetic trap. The properties of the deposited W films
depend mainly on the Ar pressure, deposition temperature, and substrate bias voltage
[146, 147]. At the low Ar pressure used, the arriving Ar neutrals reflected from the
W cathode have sufficient kinetic energy to cause local lattice damage, promoting a
dense microstructure. This effect of “peening” decreases with Ar pressure due to the
enhanced collisional scattering of the neutrals with the plasma. Sputter-deposited
refractory-metal films like tungsten tend to have high residual stress, which changes
from compressive to tensile on increasing the working gas pressure [148]. Although, film
stress plays an important role in determining the electrical and mechanical properties of
the film, there is no known effect on surface binding energies which critically determine
the sputtering yields.

The procedure for thin film preparation used in this study closely follow the proce-
dures developed for the C-Wu-Si specimens used in a previous study |95]. However, W
layers deposited on Si substrates were found to delaminate at high temperatures mak-
ing them unsuitable as substrate material in this work. In addition, the Cu interface
used previously acted as a D diffusion barrier during R7T" measurements, causing the D
trapped at the interface to create blisters [95]. Therefore polished Ni substrates were
chosen for W layer depositions with the thickness range of 400 — 500nm. A DC dis-
charge at 560 V' with Ar flow rate of 20 cubic centimeters per minute (ccm) was used for
all specimens. Base pressures of ~ 10~" mbar were reached by using a liquid nitrogen
cooling trap, and the introduction of Ar led to deposition pressures of ~ 3.5x 1073 mbar-.
During deposition, the base plate temperature measured was &~ 450 K, which was taken
to be the Ni substrate temperature since the system reached thermal equilibrium. For
C self-sputtering measurements (section 4.2.2) ~ 250 nm thick C films were deposited
on polished ITER grade W substrates using an RF discharge of 500 W at 20 ccm Ar
pressure. The temperature of the base holder stayed below 350 K.
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Figure 3.4: Schematic of the (a) magnetron sputter device, and (b) the cross section of a
planar magnetron, where the electrons are trapped in cyclic motion near the
target surface, leading to a higher plasma density and corresponding increase in
cathode sputtering.

3.3.2 Specimen characterization

The impurity content of the tungsten (W) specimens were characterized by X-ray
photoelectron spectroscopy (XPS), yielding oxygen (O) and carbon (C) concentrations
< 2 %. No XPS characterization was performed for the C film specimens. RBS was
used to determine the W film thickness by measuring the W areal density and will be
discussed in section 3.3.3, while NRA was used to determine the C areal density and
will be discussed in section 3.3.4. For both carbon and tungsten film specimens, atomic
force microscopy (AFM) was used to study the surface topography and roughness while
scanning electron microscopy (SEM) was used to analyze the surface morphology. X-
ray diffraction (XRD) measurements were performed to characterize the deposited C
and W film structures.

Atomic force microscope

The atomic force microscope is a class of scanning probe microscope where a probe
consisting of a sharp tip at the end of a cantilever is rastered across the specimen
surface in either contact or tapping mode measuring the topographic image of the
specimen surface in three dimensions (where z is normal to the specimen surface). All
measurements were performed in contact mode, where a constant force is maintained on
the cantilever which pushes the probe tip against the specimen as it rasters the surface.
This deflection is kept constant by maintaining constant tip-specimen separation by
moving the scanner in the z direction by a feedback loop. A typical scan area measuring
L, x L, is collected with the data represented as a discrete two-dimensional data field
of size N x M, with nominally an equal sampling interval distance, A.

AFM measurements were performed using a Rasterscope 4000, AFM 2194, DME in
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Figure 3.5: Atomic force microscope (AFM) images of deposited W-film specimens using
an (a) old tip and (b) virgin tip. The numbers indicate the root mean square
(RMS) roughness value, R, in nm.

contact mode at 0.5 nN using pyramidal Si tips (radius of curvature < 10 nm) at a scan
speed of 3 pm/s. A nominal scan area of 2 um X 2 um consisting of 512 x 512 pixels
was collected. Surface roughness was quantified by using the open-source software
Gwyddion [149] to determine the root mean square roughness (R;) of the scanned
area. This parameter is an amplitude parameter and measures the standard deviation
of the distribution of surface heights with the following definition [150]:

where y; is the height deviation from a mean line defined as a line from which the
sum of the squares of the height deviations is equal to zero, and n is the number of
sampling lengths. Tip sharpness critically determines the resolution of the collected
images and corresponding R, values, since prolonged use will tend to broaden out
the tip radius [151]. Therefore, to estimate the magnitude of tip wear on measured
roughness, a calibration experiment on deposited W film specimen was performed
using an old and virgin tip on the same specimen location (see Fig. 3.5). As seen
by comparing the circled areas in Figs. 3.5(a) and (b), the virgin tip is able to resolve
small surface features (“platelets”’) that were previously not visible using the old tip.
Also, due to the increase in resolution, the R, value increases by ~ 0.5nm using the
virgin tip. The magnitude of this error from tip wear is comparable to the statistical
variation of R, values measured at several different specimen locations. Therefore, as
an upper estimate, the error in the R, value was taken to be £1nm throughout this
work unless otherwise stated.
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Figure 3.6: Comparison of the as-deposited W film surface from (a,c) SEM and (b,d) AFM
measurements for two different scanned areas.

Scanning electron microscope

Scanning electron microscopy was used to study the surface morphology by collecting
both the secondary electrons which are sensitive to surface structures, and the backscat-
tered electrons which are sensitive to elemental composition. Two scanning electron
microscopes, an XL 30 ESEM from FEI operated at 20 £V, and a higher resolution
Helios nanolab 600 from FEI operated at 10 £V was used. As seen from Fig. 3.6(a),
the W-film specimen is in general laterally uniform with a few isolated surface artifacts
and scratches visible. By analyzing the backscattered electrons, the round artifacts
were determined to be tungsten and not surface contaminants. These artifacts are
few however, and the surface generally represents a patchwork of “platelets” (circled)
as seen from the higher magnification in Fig. 3.6(c) or from the corresponding AFM
image in Fig. 3.6(d). In general, good agreement between the surface morphology is
observed between AFM and SEM images as seen by comparing Figs. 3.6(a-b) or (c-d).
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Figure 3.7: X-ray diffractograms obtained using the gracing incidence geometry of a virgin
as-deposited W specimen (black) and a specimen annealed at 870 K for 4 h (red).
Also shown for comparison is the spectrum from ITER grade bulk W (orange).
Each spectrum is normalized to its respective maximum intensity observed at
the W(110) peak. The positions of the W peaks are taken from JCPDS database
PDF 04-0806 [152| with the relative intensities corresponding to body-centered-
cubic (bee) a-W phase indicated by the blue points; the unlabeled peaks in the
W-film spectra correspond to the Ni substrate.

| 20 | hkl | PCW [152] | RT | 770K | 870K |
39.8 | 110 1 1 1 1
58.0 | 200 0.15 0.02 | 0.03 | 0.04
72.7 | 211 0.23 0.23 | 0.21 | 0.18
86.7 | 220 0.08 0.03 | 0.03 | 0.04
100.5 | 310 0.11 0.09 | 0.07 | 0.07
115.1 | 222 0.04 0.01 | 0.01 | 0.01
131.7 | 321 0.18 0.08 | 0.07 | 0.07

Table 3.3: The relative peak intensities observed for detector angle 26, for as-deposited
specimen compared to annealed specimens at 770 K and 870 K. Reference data
from [152] is also listed.
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X-ray Diffraction

A diffractogram obtained by gracing incidence X-ray diffraction (XRD) analysis, where
the incident beam was kept constant at o = 3° while the detector geometry was varied,
is shown in Fig. 3.7 for a virgin as-deposited W specimen and a specimen annealed at
870 K for 4 h. Also shown for comparison is the spectrum from an ITER grade bulk
tungsten specimen. This geometry was chosen to maximize the X ray penetration along
the thin film and reduce the contribution of the Ni substrate since the deposited W
films are on the order of 400 —500 nm, while the X rays probe depths in the 10—100 pum
range. The diffracto-meter was a model Seifert XRD 3003 PTS operated with Cuk,
radiation (0.154nm). Comparison of the W peaks to XRD reference data [152] in Fig.
3.7 show good agreement, indicating that the W film is primarily a body-centered-cubic
(bee) a-W phase, similar to randomly oriented polycrystalline tungsten (PCW) foils or
bulk W samples used in sputtering and retention studies. The ratio of the (211)/(110)
peaks is in good agreement to that of PCW as seen in Table 3.3. However, it is
quantitatively difficult to relate the intensity of each peaks to a corresponding amount
in the W film and the quantitative determination of a dominant crystallographic phase
can therefore not be made from Fig. 3.7. However, the tungsten films indicate a strong
<110> texture or preferred orientation parallel to the surface normal.

The width of the peaks are rather broad in comparison to ITER grade PCW,
which is due to several factors like small crystallite sizes, the crystallite shape and
distribution, and distortions in the crystal structure from stacking faults, dislocations,
and microstrain [153]. The evaluation of the peak broadening to extract quantitative
information on crystallite size and lattice strain was not performed since under ion
irradiation the original structures lose their importance with increasing fluence due
to ion-induced damage of the material. A comparison to 150nm W films deposited
under similar DC magnetron sputtering conditions at 3 m7Torr Ar pressure show similar
XRD patterns with strong <110> texture and compressive stress [147]. Transmission
electron micrographs (TEM) of the W film cross section showed a dense microstructure
without any columnar structures with no evidence of voids [147|. Comparison to 500 nm
thick W films deposited via simultaneous W evaporation and Ar bombardment [146]
also display the “platelet” surface appearances seen in Fig. 3.6 with <110> texture.
Therefore, the W films prepared in this work are similar to W films deposited using
other magnetron sputtering devices, but more importantly, is comparable in structure
to the PCW foils and bulk W samples used commonly in sputtering and retention
studies in the published literature data. No clear peaks were observed for the C film
specimens (amorphous) and therefore its diffractogram was not included.

Effect of Tungsten specimen annealing

From the XRD diffractogram (see Fig. 3.7), annealing the specimen at 870 K for 4 h
results in minor changes in the relative peak intensities with only the (211)/(110) ratio
showing an observable decrease (see Table 3.3). This decrease has been observed to
correspond to decreasing film stress [154] which will affect the D trapping behavior,
as stress-relieved W is observed to retain reduced amounts of D retention [155]. In
addition, from Fig. 3.8, it can be seen that the temperature induced structural or-
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Figure 3.8: Comparison of AFM images of as-deposited W specimens with annealed speci-
mens at 770 K and 870 K for 4 h.
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Figure 3.9: Comparison of sample AFM surface elevation of as-deposited W specimen with
specimen annealed at 770 K for 4 h in the region where the different orientation
of the platelets meet in Fig. 3.8.

dering results in a increase in surface roughness from RT to 770 K, but retain the
overall “platelet” appearance at the surface. The increased roughness results primar-
ily from the increased peak to peak variations as shown in Fig. 3.9 in the regions
where nanocrystallite groups of different orientation meet. The “platelet” structures
which can no longer be distinguished in the AFM images for specimens annealed at
870 K and corresponding decrease in R, value is attributed to tip wear. Therefore,
annealing to 870 K does not result in significant changes to the W film structure aside
from reduction in film stress accompanied by an increase in surface roughness. The W
film specimens can therefore be assumed to be stable during irradiation experiments
at elevated temperatures.
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Figure 3.10: Typical RBS spectrum collected between each irradiation step showing the
decrease in the width of the tungsten peak as a result of sputtering.

3.3.3 Rutherford backscattering spectrometry

Rutherford back-scattering spectrometry is the standard ion beam analysis technique
used to accurately determine the stoichiometry, elemental areal density, and impurity
depth distributions in thin films. A mono-energetic MeV ion beam (2.5 MeV 3He"
ions in this study) scatters elastically due to collisions with the target atoms with

energy characteristic of the mass of the struck particle at given scattering angle. The
ratio of incident to final energy (%) is only dependent on the masses of the incident

projectile, target particle (M, Ms), as well as the scattering angle 6:

E (M2 — M2sin%0)2 + Mycosf]’

E, My + M,

By measuring the number of backscattered ions as well as their energy using a solid
state detector at a defined scattering angle ¢, the unknown target mass, Ms can be
determined. For a full description of the technique see Refs. [156, 157|. Further details
with a detailed discussion regarding the advantages of the RBS technique for the study
of W sputtering and C layer formation can also be found in Ref. [68].

A collection of RBS spectra for a W-Ni specimen collected in between subsequent
irradiation steps with a 165° detector (3.28 msr) is shown in Fig. 3.10. The loss of W
results in the decrease of the W peak width and a corresponding increase of the energy
related to the W-Ni interface. The total amount of W sputtered can be determined by
taking the difference in the measured W areal density following each irradiation step
against the virgin specimen. To determine the W areal density, the spectra are fitted
by the SIMNRA [158] program. Assuming PCW like W density of 19.3 g/cm? results
in typical W film thicknesses of 400 — 500 nm with thicknesses varying depending on
the specimen location in the base plate during deposition.
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Figure 3.11: RBS spectrum showing: (a) the effect of W-Ni interface mixing resulting in
decrease of W peak at the trailing edge, and (b) the effect of surface roughness
on the trailing edge of the W peak.

The W-Ni interface remains stable at annealing temperatures below 870 K. But
at 870 K, the heating process during irradiation results in W diffusion into the Ni
substrate and corresponding mixing of the W-Ni interface. The RBS spectra before
and after annealing at 870 K for 4 h are seen in Fig. 3.11(a), with their corresponding
SIMNRA fits. The effect of the W-Ni interface mixing results in a decrease of the
W peak height at the trailing edge of the spectrum and a corresponding increase in
counts between the W and Ni peaks (circled blue), due to dilution of W at the interface
region. The loss in W counts from the trailing edge is accounted for the gain in W
counts between the W and Ni peaks, and the difference in the W areal density from
the two SIMNRA fits before and after annealing is within 1%. The mixing does not
result in any significant loss of W into the Ni bulk or result in Ni diffusion to the W
surface. Therefore, the time consuming fitting of the mixing was neglected and the
W spectra were fitted to optimally match the W trailing edge only. Furthermore in
some cases, irradiation at 7' < 870 K leads to the increase in W surface roughness from
the sputtering process or from the growth of a rough overlying C layer, leading to the
observed decrease in the slope of the trailing edge as seen in Fig. 3.11(b). For these
cases, the trailing edge was fitted to a point slightly higher than the mid height of the
trailing edge and surface roughness effects were not included in SIMNRA simulations.
This approximation resulted in an uncertainty below 10% in determining the W areal
density.

3.3.4 Nuclear reaction analysis

The Rutherford cross section or scattering probability increases with the square of the
atomic number [156]. Therefore, scattering events from light elements like carbon (C) in
a heavy tungsten (W) matrix will be detected against a large background signal making
it almost impossible to discern its contribution. Furthermore, deuterium cannot be
measured using RBS, and thus, the C and D areal densities were determined using the
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Figure 3.12: NRA spectrum of a hard a-C:D calibration target showing the four proton
peaks from the D(*He, p)*He and 2C(3He, p)'“N nuclear reactions. The C-
related peaks of po, p1, and py correspond to protons from reactions with N
in ground state, 2.313 MeV excited state, and 3.948 MeV excited state [159],
respectively.

nuclear reactions 2C(3*He, p)*N and D(*He, p)*He, respectively [159]. These nuclear
reactions are isotope specific with no direct relationship between the mass of the target
nucleus and the energy of the detected particles. The protons were collected using a
solid angle (61.64 msr) detector with a 5 um Ni foil placed in front of the detector to
filter out the backscattered *He ions. A typical spectrum of the collected protons is
shown in Fig. 3.12. The *He nuclear reaction with carbon leads to three peaks in
the spectrum because the N produced in the reaction can be created in an excited
state with correspondingly less energy left for the proton. The peaks pg, p1, and po
correspond to protons from reactions with *N in ground state, 2.313 MeV excited
state, and 3.948 MeV excited state [159], respectively. The broadened peak centered
around channel 420 is due to protons from the 3He reaction with deuterium. The
broadening in comparison with the carbon-related peaks results from the higher energy
of the protons. Because the thickness of the active detector layer is not sufficient to
stop the protons entirely, they lose only a fraction of their energy on their path through
the detector layer, which leads to a broader distribution of the deposited energy by the
corresponding energy loss straggling. By integration of the C- and D- related proton
peaks and by multiplication with the respective calibration factors determined from a
reference hard a-C:D layer on Si, the corresponding total C and D areal densities can
be determined with an error <10%.

The accurate measurement of the integrated beam dose (nominally 5uC') is of
critical importance in obtaining good accuracy for both RBS and NRA. Unfortunately,
the heating of the sample holder results in many different metals to heat up and the
Seebeck effect results in random positive or negative offset currents (maximum few
nAs) to be present during ion beam analysis. Therefore, a negative offset will result in
a collected dose > 5 uC', while a positive offset will result in a collected dose < 5 uC.
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Figure 3.13: Normalized current measurements of: (1) steady C and D beams resulting in
near constant total current during one irradiation step, and (2) unsteady C
beam resulting in fluctuations in the total current measurement. Curve (1)
has been offset from zero to better distinguish the two curves.

To overcome this problem, prior to heating, an RBS spectrum of the virgin specimen
was collected up to a total dose of 5 uC'. The SIMNRA fit of the spectrum will result in
the true particles*sr value that corresponds to this nominal dose of 5 uC'. Variation of
the particles*sr value from this true value therefore yields the variation of the collected
dose when the RBS spectra collected for the heated specimens are fitted. It is assumed
that the detector solid angle does not change during experiments because the thickness
of the specimens will vary only on a nm scale.

The channels corresponding to the energetic MeV protons from the D reactions were
observed to shift to lower energies with increased heating time of the system. This is
most likely due to the heating and corresponding expansion of the Ni foil in front of the
solid state detector. The increased thickness will result in increased electronic energy
loss of the MeV protons, resulting in the observed shift to lower energies. This heating
induced shift results in the proton peaks of C and D to become mixed, which could be
resolved by fitting to sum of two overlapping Gaussians. The mixing of the C and D
peaks was most pronounced for experiments at 870 K, but for these cases, the amount
of D trapped in the material was normally below the detection limit and did not result
in significant errors in the determination of the C areal density.

3.3.5 Beam viewing system and fluence measurements

The implanted current of the carbon (C) and deuterium (D) beams during irradiation
was measured using a Model 6487 Keithley picoammeter with typical readings shown
in Fig. 3.13. The positive and negative spikes correspond to measurements of the
D and C beams respectively. The normalized total current measurements are shown
for two different experiments where (1) corresponds to steady C and D beams during
irradiation, while (2) corresponds to an unsteady C beam resulting in fluctuations in
the total current measurement. Due to the larger C fluxes required to reach steady
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state conditions with increasing temperature, the previous approach of defocusing the
beams to achieve homogeneous distribution of the beams resulted in unacceptable low
fluxes. Therefore, the C beam was focused to produce the highest flux possible which
resulted in an inhomogeneous distribution over the entire beam spot (see Fig. 3.14).
For such an inhomogeneous beam, the method of determining the C and D fluences
by averaging the total current measurements over the entire beam area result in large
errors since the local C and D fluence in the area analyzed by the *He™ ions is in general
much higher than the averaged values. Therefore, in order to obtain quantitative and
accurate measurements of the incident beam distributions, C fraction in the total flux
(f.), as well as locating the position of the analysis spot of the 3He™ ions relative to
the beam spots of the low energy ion sources, a so called Beam viewing system (BVS)
[160] was installed as new diagnostic tool. The device consists of a Photonis imaging
quality microchannel plate (MCP) manufactured by Burle industries, and a phosphor
screen coupled with a CCD camera that captures the light produced by the amplified
charge pulses of the incident ions (see Fig. 3.15(a)). The imaging area of the MCP
is 18 mm in diameter and typically operated at 700V bias resulting in a gain of 200.
The nominal pore size of the MCP is 10 um with a nominal center-to-center spacing
of 12 ym. The phosphor screen is a standard aluminized P-20 deposited on glass plate
with a conversion efficiency of n = 0.063 photons/eV /electron operated at 3000 V' bias.
The camera system used is a 12 bit Pixelfly QE 270 system from PCO imaging, with
a resolution of 1390 x 1024 pixels, with a pixel size of 6.45 um x 6.45 um, capable of
imaging a 9mm x 6 mm area. The camera can be operated with variable exposure
times from 10 usec — 10 sec, but nominally an exposure time of 1 sec was used. The
camera is equipped with a telecentric CCD lens from Sill Optics (S5LPJ9032) to allow
focusing of the beam image from outside the vacuum vessel without affecting the actual
beam spot size. The resulting images are first collected using the software Camware,
followed by analysis using programs implemented in the computer language IDL. The
integral over the image intensity was calibrated against the current measurements of
the picoammeter to obtain calibration factor relating the light intensity to charge. A
short description of the calibration procedure follows next.

3.3.6 Calibration of BVS measurements

The collected intensity of the BVS images must be calibrated against the dose of
incident ion charge to determine the lateral distribution of fluence and C fraction in
the incident flux, f.. Accurate determination of both quantities depends critically on
the accurate measurement of: (i) the area of the beam, and (ii) the total dose amount.
To determine (i) the area of the beam, the pixel size of the collected images must be
translated to an actual geometric area. This was done by mounting a calibration plate
with a 1mm diameter hole and integrating the pixel counts to obtain a calibration
factor relating the pixel/area. The main source of error lies in defining the region
of interest (ROI) of the beam boundary over which the intensity of the pixels are
integrated and calibrated against the current measurement.
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Figure 3.14: Images of the D and C beams, as well as the analysis Het beam measured
using the BVS. The first row corresponds to the raw images captured by the
CCD camera, while the second row shows a color mapping of the intensity
variation mapped in the computer language IDL environment.
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Figure 3.15: Schematic diagram of: (a) the major components of the Beam viewing system,
and (b) exploded view of the housing showing the stacking sequence of the
microchannel plate (MCP) and phosphor screen. Also shown are the (c) tech-
nical drawings showing the major dimensions of the BVS and the mounting

assembly.
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Figure 3.16: Calibration curve showing the linear dependency of the fluctuation of the local
C current determined by the BVS against the total C current measured by the
picoammeter.

The attenuation grids used to reduce the beam intensity introduce a scatter of the
beam (<10 pixels) resulting in a beam boundary that is not sharply defined. Also,
due to the principal of MCP operation, parasitic electrons may be produced which can
misleadingly indicate a larger beam area. However, the errors associated from both
effects is <5% and is often negligible compared to the error in determining (ii) the total
dose amount. Normally, the BVS was used to collect the beam images at the start and
end of each irradiation step and the total fluence was calculated by taking the average
of the two measurements. Under normal ion source conditions, this method provides
sufficient accuracy given the constant currents generated by the ion sources as seen
from curve (1) in Fig. 3.13. However, when the C source operates unsteadily due to
fluctuations of cathode erosion, the resulting current fluctuation as seen from curve (2)
in Fig. 3.13 introduces large errors. It was determined however that the fluctuations in
the total C current are approximately linearly dependent on the C current fluctuation in
the local area of interest (see Fig. 3.16). Therefore, for experiments where the C beam
fluctuations were large, the total C current component was isolated from the total
current measured (D+C) by subtracting the normally constant D component. The
resulting curve yields the total C current as a function of time, and using a calibration
curve (see Fig. 3.16), the local C current as a function of time can be determined. In
turn, by integrating this curve, the C fluence and the C/D ratio in the analysis area
can then be more accurately determined. The difference in the C fluence amount can
vary by up to 30% in some cases between the two methods of calculation. It should be
noted that for experiments where f. is large (i.e. the D flux is reduced), the fluctuation
of the C beam introduces a correspondingly greater error in determining both the total
fluence (C+D) and the C fraction in the incident flux, f.. For these experiments,
special care was taken to ensure that the sources operated with minimal disruptions.
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Figure 3.17: The pyrometer temperature readings calibrated against thermocouple mea-
surements.

3.3.7 Temperature measurements

The specimens were heated using a standard Boralectric ceramic heater located be-
hind the specimens to 670 K, 770 K, and 870 K using a FUG power supply at 2.10 A4,
2.80 A, and 3.75 A, respectively (Model NTN 700-65, 65V, 10 A). The temperature
was measured using a two wavelength pyrometer (Impac model IGAR 12-LO) which
was calibrated using a chromel-alumel thermocouple attached to the front surface of
the specimen. Direct temperature measurement of the irradiated W area is difficult
due to the complicated emissivity dependency on the C concentration implanted during
experiments. Therefore, the pyrometer spot was focused on the stainless steel target
holding plate ~ 3mm away from the center of the irradiated area, where a thermo-
couple was also installed. The calibration curve used for W-Ni specimens is shown in
Fig. 3.17. The pyrometer readings were limited to temperatures > 570 K because of
the decreasing signal-noise ratio towards lower temperatures.






4 Carbon-only irradiation

The use of carbon (C) as a plasma facing material in ITER will lead to the pres-
ence of C impurities in the plasma due to erosion of the material. At typical plasma
edge temperatures (10 — 100 eV’) carbon ions occur mainly in higher ionization states.
Multiply charged C ions incident at a wall surface will be accelerated in the sheath
potential and can therefore impact with energies up to the lower keV region [49, 161].
The ASDEX-Upgrade tungsten divertor experiments have shown that W sputtering
is dominated by such C impurities originating from erosion of graphite plasma facing
materials in the main chamber [19]. Tungsten sputtering by C has been well character-
ized both by experiments and simulations primarily through comparison of weight-loss
measurements performed at IPP with TRIDYN calculations [60, 61, 63, 65|, resulting
in the sputtering yields discussed previously in section 2.1.2. The experimental find-
ings presented in this section are intended to characterize particularly the temperature
dependence of the sputtering behavior of tungsten for £. = 6 kel C ion irradiation in
the temperature range RT —870 K and to benchmark respective TRIDYN calculations.

The use of ion beam analysis leads to significant improvement over the previous
weight-loss measurements because it allows to quantify the previously inaccessible pa-
rameter of the implanted C areal density, n.. The W sputtering behavior will be shown
to be fully parametrized by n., effectively reducing the problem of C implantation and
W sputtering to one parameter. A fully characterized description of the W sputter-
ing behavior by C is an important prerequisite for separating the effect of additional
D bombardment during simultaneous irradiation and quantifying the correspondingly
invoked synergistic effects.

Furthermore, the temperature dependence of the C self-sputtering yields was de-
termined in the previously unexamined temperature range 670 — 870 K. The purpose
of this set of experiments was to obtain the temperature dependence of C surface
binding energies (SBEs) as input parameters for TRIDYN calculations. The bench-
marked TRIDYN calculations will be used as fitting curves for the application of the
phenomenological model described in section 6.

4.1 Specimen characterization

Tungsten was irradiated using 6 kel C ions at a = 15° and surface temperatures of
RT, 670 K, 770 K, and 870 K. At this angle of incidence, a C layer always forms
following an initial period of W sputtering as discussed in section 2.1.2. In order to
facilitate a better understanding of the experimental results presented in section 4.2, it
is useful to view the development of the specimen’s surface morphology as a function of
irradiation fluence as the system moves from W erosion to C layer formation. AFM and
SEM images will serve to illustrate the surface modification, while Raman spectroscopy
will be used to characterize the structure of the developed C layer. XRD could not be
applied for this purpose because the diameter of the irradiated area was much smaller
than the area analyzed by the X-rays.

45
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4.1.1 Surface roughness

The effect of surface morphology and its impact on sputtering behavior has been stud-
ied for fusion applications [71, 162, 163| as well as in plasma processing [164, 165]. In
the context of ion-surface interactions, a surface is defined to be smooth if the mean
ion range of the incident species, ), is significantly greater than the surface roughness,
R, (ie. A > R,) |69]. The principal effect of surface roughness on ion-surface inter-
actions is the replacement of a singular angle of incidence by a local distribution of
incident angles with corresponding modifications of the sputter and reflection yields.
The energy range of incident particles both in fusion and plasma processing applica-
tions can be as low as 10 — 100 eV. At such energy scales, the geometric features of the
surface become important as the range of the incident particle becomes comparable
to surface roughness. Efforts at implementing surface roughness effects using fractal
geometry considerations [162], determination of local angular distributions from STM
measurements [163], or introduction of 2-D (depth and lateral scale) surface geometry
[71] in simulations exists. However, the simulations are restricted by the difficulty in
determining the fractal dimension in the first case, while for the latter cases, the surface
roughness must be measured before or after to provide the inputs and is therefore not
predictive. In the case of Bizyukov et al. [71], the results are also qualitative due to the
fit of a 2-D surface topology to 3-D experimental data, and additional computational
times are required from the increased complexity.

TRIDYN calculations used in this study assume perfectly smooth surfaces with the
1-D elemental change in surface composition calculated only as a function of depth.
Therefore, in order to avoid incorrect interpretation from comparing experimental re-
sults with idealized TRIDYN results, AFM measurements were performed for speci-
mens before and after irradiation to determine the evolution of surface roughness and
to estimate the magnitude of corresponding effects on the measured C implantation
and W sputtering behavior.

AFM images for C-only irradiation of W at different temperatures for 3 locations
both on and 1 location off the beam spot are shown in Fig. 4.1. The C flux is uniform
in the central part of the beam where ion beam analysis is performed following each
irradiation step (black column), but can vary laterally by £30% with the effect most
pronounced at the beam edges. In general, the C flux is lowest at the left edge and
highest at the right edge as seen from the BVS image in Fig. 3.14. Therefore, by
scanning horizontally across the specimen from an unexposed area towards the beam
maximum, the qualitative evolution of the surface topography with increasing fluence
can be observed. The roughness evolution with increasing fluence shown in Fig. 4.1
does not correspond to one location, but three different locations on the same specimen
irradiated to a difference in total fluence.

First, Fig. 4.1 shows that the heating process alone for T > 770 K (first column)
results in a ~ 50% increase of R, value compared to 7' < 770 K as previously seen
in section 3.3.2. The mean ion range of 6 kel C ions in tungsten is A = 10 — 15nm,
and therefore surface roughness effects cannot be neglected for irradiation at T >
770 K. Second, for all specimens, the R, value increases with the growth of a C
layer. At RT, this is mainly due to the presence of pores in the C layer but at elevated
temperatures, the inhomogeneous growth of the C layer in the form of island structures



4.1 Specimen characterization 47

—
Sl -45 nm
45 nm

Figure 4.1: AFM measurements of C-only irradiation specimens presented in Fig. 4.4 for
both on- and off- beam spots at RT, 670 K, 770 K, and 870 K. The numbers
indicate the RMS surface roughness values, R, in nm. The column outlined in
black corresponds to the location on each specimen where the fluence dependent
C and W areal density changes was measured by ion beam analysis and presented
in Fig. 4.4. Therefore, these images correspond to the surface topographies and
R, values following the final irradiation step.
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Figure 4.2: SEM images showing the surface morphology at different magnification: (a,b)
before full C coverage, and (c,d) after full C coverage.

mainly contribute to the increase in surface roughness. Third, at elevated temperatures,
the C layer is observed to grow in cluster sizes of &~ 10 nm which in turn are networked
to form larger island like structures. Such surface topography is typical of surface
growth processes [166] where the surface C atoms are mobile and can coalesce to form
3-D structures. This is in contrast to the very smooth surfaces observed at RT', which
is in accordance to the sub-plantation model |167] where C layer growth occurs by
implantation into the material.

The morphology of the initially sputtered W surface from SEM images is shown
in Fig. 4.2(a,b). Clearly visible are W island structures, which are formed by inho-
mogeneous sputtering of the surface. This may be due to yield variations for different
lattice orientation of grains at the surface. The corresponding surface roughness is
R, ~ 10nm. This initial surface topography of peaks and valleys provides in the fol-
lowing irradiation, the basis for C layer growth. According to Fig. 4.1, the C layer
evolves by first following the initial surface morphology, but then roughness increases
with growth of a C layer on top of the surface. Above a certain threshold, further
increase in C fluence results in merging of the growing C structures, resulting in the
valleys to become filled and corresponding decrease of R, values. SEM images following
full coverage of the W surface by a C layer after irradiation is shown in Fig. 4.2(c,d).
The growth pattern clearly shows the effect of the 15° inclination of C ion’s angle of
incidence and the preferred growth orientation of the C layer.

The Raman spectroscopy [168] spectrum shows that the C layer is similar in struc-
ture to highly disordered carbon with broad D and G peaks. The results are presented
together with C layer formed under simultaneous irradiation in Fig. 5.4 in section 5.
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Figure 4.3: Comparison of XPS and TRIDYN depth profiles for C-only irradiation at RT.
The black line indicates the sputter depth measured by profilometry following
XPS.

From the wavelength of the laser used (514.5nm), only the sp? content in the grown C
layer can be determined. However, carbon films with different sp3- to sp?- ratios tend
to graphitize when annealed to temperatures higher than 670 K [169]. Also, radiation
damage by ions via atomic displacements graphitize even real diamond surfaces [170],
and therefore in present experiments low sp? amount in the growing C layer is expected.
This requires experimental verification using UV-excitation mode (325nm), which at
the time of measurement in Karlsruhe was not available. Since the threshold for atom
displacement in graphite by H impact is 124 eV [171], the initial crystalline structures
of carbon facing the boundary plasma in a fusion device will likely be transformed into
the amorphous disordered C structure similar to those observed in this study.

4.1.2 XPS depth profiling

To determine the thickness of the C deposition layer and to measure the change in
C concentration with depth in the C-W mixed material layer, XPS depth profiling
was performed for a C-only irradiation specimen at RT. Fig. 4.3 shows the result
of the calculated TRIDYN depth profile following an implanted C amount of n. =
0.85 x 10?2 m™2. This areal density corresponds to the experimental amount implanted
following irradiation up to a C fluence of F, = 2 x 10??>m~2 measured by ion beam
analysis as seen in Fig. 4.4.

The XPS results are plotted against the Ar fluence such that the end point matches
the depth of the sputter crater measured by profilometry. Since the Ar fluence does not
scale linearly with depth, it is difficult to quantitatively compare the two depth profiles.
However, XPS measurements and TRIDYN calculations are in good agreement at the
depth where the C implantation zone ends at 90 — 100 nm. From this comparison, it is
inferred that TRIDYN can approximate the implanted C depth profile during C-only
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Figure 4.4: C-only irradiation of W at RT — 870 K. Plotted is the: (a) implanted C areal
density, and (b) sputtered W areal density as function of incident C fluence.

irradiation.

4.2 Carbon-only irradiation of Tungsten

The C-implantation and W-sputtering behavior at C-only irradiation is plotted in Fig.
4.4 for varying temperatures as a function of the incident C fluence. Fig. 4.4(a) shows
a strong temperature dependence of the growth rate of implanted C areal density, n..
Correspondingly, one observes that the decrease of the C growth rate with increasing
temperature results in increased amount of W sputtered. This inverse relationship of
sputtered W and C growth rate becomes clearer by plotting the W sputter yield against
n. as shown in Fig. 4.5(a). The W partial sputter yields were obtained by fitting the
curves in Fig. 4.4(b) with a first order exponential decay function and taking the slope
at each point. TRIDYN calculation is also plotted for incident angle of a; = 15°.

First, at T < 770 K, Fig. 4.5(a) clearly shows that there is no temperature depen-
dence to the W sputter yield. This means that the experimental results can be well
described by purely kinematic effects of a smooth 1-D planar model used in TRIDYN,
and temperature dependent processes like C segregation and diffusion can be neglected.
TRIDYN calculations slightly overestimates the W sputter yield for 7" < 770 K. Mean-
ing, the total amount of W sputtered calculated by TRIDYN for a given incident C
fluence will be larger compared to the experimental results at 7' < 770 K.
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Figure 4.5: Comparison of: (a) Experimental W sputter yield as a function of implanted
C areal density, n. at various temperatures with TRIDYN calculation using
the SBEs corresponding to RT, and (b) the effect of incident angle, ar, in
the W sputter yield calculated by TRIDYN at low implanted C areal density
corresponding to low C surface coverage.

Second, at T' > 770 K, deviation between experimental results and TRIDYN calcu-
lations is seen from Fig. 4.5(a). The underestimate of the W sputter yield by TRIDYN
at T' > 770 K could be interpreted by C diffusion to the surface, resulting in enhanced
C sputtering with corresponding increase in W sputtering by increased W surface con-
centration. However, C diffusion in W is negligible at 7" = 770 K [93], and therefore
changes to the C surface concentration by diffusion effects can be neglected. The onset
of C diffusion in W has been observed at T" &~ 870 K [63] and is highest at low C
concentrations [93|; meaning diffusion effects will be most pronounced at low amounts
of implanted C. Yet, comparison of the W sputter yields below n, < 0.2 x 10?2 m~2
between T'= 770 K and T' = 870 K experimental results show little deviation. There-
fore, C diffusion in W at T' = 870 K and its corresponding effect on the C-implantation
and W sputtering behavior can be assumed to be small for present experiments.

The deviation at T' > 770 K between TRIDYN calculations and experimental re-
sults is explained by the departure of the experimental W specimen topography from
the smooth surface model used in TRIDYN. Surface roughness effects increase the lo-
cal distribution of incident angles as well as increasing the W surface area. The effect
of increase in incident angle and its effect on W sputtering can be seen in TRIDYN
calculations in Fig. 4.5(b). The effect is pronounced at low implanted C amount, cor-
responding to low C surface coverage. This is because the mean ion range of 6 kel C
ions in W (A = 10— 15nm) is comparable to the surface roughness resulting from heat-
ing at T'> 770 K (R, = Tnm) as well as the evolving surface topography of W island
structures formed by the inhomogeneous sputtering process itself (see Fig. 4.2(b)).
The peaks of such island structures in past studies [69, 71| were observed to be not
fully covered by C and thus remained longer exposed to the incident C ions resulting
in higher W sputter yields. However, the observation that the C layer grows in island
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structures indicate that W sputtering originates not from the peaks but from the val-
leys between the growing islands. Therefore, a rough surface contributes to increased
W sputtering by: (a) increasing the W area and (b) by broadening the distribution of
local incident angles for a given n. at T' > 770 K.

It is important to note that n. corresponds to the integrated amount of C in the
initial mixed material and subsequent pure C layer (= 50 — 200 nm) and not a measure
of the actual C surface concentration (few monolayers). As discussed in section 2.1,
surface concentration is a key parameter in describing sputter yields since most of the
sputtered atoms originate from the first few monolayers. As seen from the correlation
between the tungsten sputter yield and implanted carbon in Fig. 4.5(a), n. can also
parametrize the W sputter yield, indicating that a specific n. corresponds to a certain C
surface concentration. Unfortunately, the C surface concentration during experiments
cannot be measured using the present experimental setup (requires in-situ XPS or
Auger spectroscopy).

However, at T' < 770 K, TRIDYN calculation of the W sputter yield as a function
of the implanted C shows good agreement with the experimental results (see Fig. 4.5).
This means that the C surface concentration calculated by TRIDYN for correspond-
ing n. can be used as a first approximation of the actual C surface concentration in
experiments. The C and W surface concentration calculated by TRIDYN averaged
over three different depths are plotted in Fig. 4.6(a). With increasing average depth,
the concentration of C increases due to the larger depth sampled. However, the differ-
ence in C concentration is < 5% for different sampling depths. Since the RMS surface
roughness is below 10nm in the initial W erosion regime, it seems most appropriate
to use the W surface concentration values averaged over 5nm. Using the curve in Fig.
4.6(a), the x-axis of Fig. 4.5(a) can be converted from implanted C areal density to C
surface concentration as seen in Fig. 4.6(b). At T' > 770 K, n. can no longer correctly
parametrize the W sputtering process since a certain n,. will no longer represent the
correct local C surface concentration but instead a lateral average over the area of the
analysis beam spot. A method to overcome this is discussed in section 6 and used in
the phenomenological model.

4.2.1 Parametric representation

To allow a clearer distinction between continuous W erosion and continuous C deposi-
tion regimes, the sputtered W areal density is re-plotted in a parametric representation
as function of the implanted C areal density as shown in Fig. 4.7. To understand the
physical meaning of the curves, we introduce the rate differential equations governing
the implanted C and sputtered W areal densities, n. and n,,, respectively:

dn.
dt

= d, (1_RC_YCC) (4'1)

e _ g ye (4.2)
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Figure 4.6: (a) Surface C and W concentrations calculated by TRIDYN plotted against the
total implanted C areal density for varying averaged depths. (b) Fig. 4.5(a)
re-plotted as a function of the C surface concentration.

where @, is the C flux, R, is the C reflection coefficient, and Y the sputter yield of
target element a irradiated with projectile element b. A simple substitution for ®. dt
will yield:

dn Ye¢
Y= w 4.
dn, (1—-R.—YF) (4.3)

Therefore, dn,/dn. = 0 means Y, = 0 (i.e no W sputtering occurs), whereas
dn,/dn. = 1 means that the C implantation and W sputtering processes are in equi-
librium (i.e. W is continuously sputtered with yield Y2 = (1 — R. — Y°)). Fig. 4.7
shows that for all temperatures dn,,/dn. = 0 is reached eventually, corresponding to
the buildup and further growth of a closed C layer protecting the underlying W from
further sputtering. The C areal density required to protect W from further sputtering
is n. ~ 0.4 x 102 m~2 for all temperatures. Initially, no temperature dependence is
observed in the implantation sputtering curves, however at n. ~ 0.1 x 1022 m~2, corre-
sponding to n,, ~ 0.07x 10> m~2 (~ 11 nm of W sputtered), a temperature dependence
can be seen. This indicates that the surface roughness increase from the annealing at
temperatures > 770 K has a minor effect in the W sputtering behavior because if the
effects were large, then it would be strongly observed at n, < 0.1 x 10?2m 2. Therefore,
the temperature effect on the W sputtered amount must arise from the reduction in C
surface coverage for a given n., either by increased C sputtering or the formation of C
clusters on the surface that expose a larger amount of W underneath.
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Figure 4.7: Parametric representation of C-only irradiation of W at various temperatures.
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4.2.2 Carbon self-sputtering and comparison to TRIDYN

In previous experiments [60, 76|, it was discovered that the C self-sputtering yield (Y,°)
depends on temperature. This process is known as radiation enhanced sublimation
(RES) and the C self-sputtering yield follows an exponential temperature dependence.
RES involves the formation of C interstitials due to energy deposition in the near
surface layer with subsequent diffusion of the C atoms to the surface which are weakly
bound and are easily sputtered [76]. However C diffusion in C is negligible at 7" < 970 K
[60], and therefore the increase in the C self-sputtering yields can be directly correlated
to the decrease in surface binding energies at the present temperature range studied
(670 — 870 K).

The increase in C self-sputtering with increasing temperature can be described in
TRIDYN calculations by appropriate reduction of the surface binding energies (SBE).
The SBEs used for TRIDYN calculations were determined experimentally by the
following two steps: (1) C films deposited on polished W substrates were irradiated by
6 keV C ions and the experimental C self-sputtering yield as a function of temperature
was obtained. (2) A scan varying the SBFEs in TRIDYN was done to obtain the
dependence of the C self-sputtering yield, and the resulting fit was used to obtain the
SBEs equaling the experimentally determined Y in step 1.

‘ Temp ‘ Slope ‘ Ye ‘

RT | 0.76+0.01 | 0.2440.01
670 K | 0.54+0.03 | 0.46+0.03
770 K | 0.48%0.03 | 0.52+0.03

870 K | 0.37£0.05 | 0.63+0.05

Table 4.1: Experimentally measured carbon self-sputtering yields.

The increase in C areal density with increasing incident C fluence is shown in Fig.
4.8. The amount of C implanted was measured using NRA and was determined by
subtracting the initial C areal density. According to Eqn. 4.1 in section 4.2.1, the
slope in Fig. 4.8 equals 1 — RS — Y.f or 1 — Y. The reflection yield of C on C (Rf) at
a = 15° is roughly two orders of magnitude smaller than Y,¢ [90]. Therefore, neglecting
R¢, the slope of the linear fits in Fig. 4.8 is equal to 1 — Y,°. The resulting values of
Y¢ are listed in Table 4.1. The RT measurement is closer to the value measured in
Ref. [88] than Ref. [87]. The measured yields are in good agreement at 7' < 670 K,
but are larger at 7' > 670 K compared to the exponential fit based on experimental C
self-sputtering yields in Ref. [60] (see Fig. 4.9). The increased C self-sputtering yields
are attributed to the higher incident ion energies (6 keV') used in the present study in
comparison to Ref. [60] (2.4 keV'), which result in increased energy deposition in the
near surface region.

In order to determine the SBFE, values based on the experimental C self-sputtering
yields, a scan varying SBE, in TRIDYN was done to determine the dependence of Y.
An exponentially decreasing function Eqn. 4.4 was fitted to the scan results as seen in
Fig. 4.10:
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Figure 4.9: Comparison of C self-sputtering yield against Schmid et al. [60].

SBE.(Y®) = 1.4 + 13.7¢7Y/03 "

According to Eqn. 4.4, SBE, of 4.3, 3.8, and 3.1 eV are required to correctly model
the measured values of Y at temperatures 670 K, 770 K, and 870 K. For a system
involving more than one element, the effective SBE' of each target component can be
chosen in dependence of the actual surface composition in TRIDYN using Eqn. 4.5:

NCP
SBE; =Y SBVj; ¢ (4.5)

j=1

where NCP is the number of components, SBV;; is the SBE of a surface atom i,
to a target atom j, and ¢; is the surface atomic fraction of a target atom j (1 < j <
NCP, Y ¢; =1). For the two component C-W system, the SBV;; was obtained by
averaging the SBE of pure W (SBE,) and C (SBE,) materials using Eqn. 4.6:

SBVy; = —~(SBE,, + SBE.) (4.6)

1
5
For all TRIDYN calculations, the SBE of W to W is taken as SBV,,, = SBE;U =
8.68 eV from the heat of sublimation value, while the SBE of W to C is taken as
SBV,, = 8.0eV from the average of SBE, and SBE, values at RT using Eqn. 4.6.
Physically, this represents the assumption that tungsten sputtering is independent of
temperature and tungsten carbide formation. The SBFE of C to C (SBV,. = SBE,)
at different temperatures was determined using Eqn. 4.4, while the SBE of C to W
is determined using Eqn. 4.6. The different values of the SBV;; used in the following
TRIDYN calculations are summarized in Table 4.2.

The experimental results from C-only irradiation of W were now compared to cor-
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Figure 4.10: Parameter scan in TRIDYN to determine the dependence of Y on SBE..

| Temp [ SBVe(eV) [ SBViyw(eV) | SBVie(eV) | SBVyw(eV) |

RT 74 8.0 8.04 8.68
670 K 4.3 6.5 8.04 8.68
70K 3.8 6.3 8.04 8.68
870 K 3.1 5.9 8.04 8.68

Table 4.2: Experimentally measured carbon self-sputtering yields and the SBV;; used in all
TRIDYN calculations to simulate the increased C self-sputtering with tempera-
ture.

responding TRIDYN calculations as plotted in Fig. 4.11. Increased incident angles
were chosen to approximate the increase of surface roughness with growing C layer as
discussed in section 4.1.1. At RT and 670 K, the C implantation behavior is best fit-
ted for ar = 20°, however the W sputtering behavior is better described assuming the
actual value of & = 15°. The results are consistent with the observed growth dynamics
of the C layer in a radial direction from the W island structures. Basically, the W sput-
tering contribution arises mainly from the valleys or “floor” of the surface. However,
the growing C layer includes also the morphology of the island structures, resulting
in increased sputtering of areas with steeper slopes due to the angular dependence of
physical sputtering. At 770 K, both W and C sputtering behavior is best described
assuming ap = 20°. In this case, due to the higher C sputter yields, the valleys will
remain exposed for a higher C fluence with the additional effect of an initially rougher
surface from the heating process (see first row of Fig. 4.1). At 870 K, the C sputtering
behavior is best described assuming o = 25°, but large deviations in the W sputtering
behavior is seen. With the available diagnostics it could not be resolved whether this ef-
fect is due to the combination of surface morphology and increased C self-sputtering, or
from the onset of C diffusion from the implantation range. In summary, for T' < 870 K,
the experimentally derived SBFE's provide a good description of the experimental data
by the TRIDYN model, with deviations only arising from the experimental surface
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Figure 4.11: Comparison of TRIDYN calculations using SBV;; from Table 4.2 with experi-
mental data presented in Fig. 4.4. The numbers indicate the angle of incidence,
ap, used in TRIDYN simulations.
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Figure 4.12: Calculated TRIDYN values of the C reflection and sputter yields as a function
of implanted C for temperatures RT, 670 K, 770 K, and 870 K.

morphology compared to the planar 1-D surface assumed in TRIDYN. Modeling the
system at 1" = 870 K becomes difficult due to the added uncertainty of diffusion effects.

The linear growth of C for n, > 0.4 x 10?2 m~2 with increasing fluence as seen in
Fig. 4.11 indicates steady state C layer growth. However, TRIDYN calculations reveal
that the reflection and sputter yields are still changing (see Fig. 4.12). Specifically,
the reflection yield cannot be assumed to be zero nor the sputter yield to be equal to
the C self-sputtering yields. Consequently, one has to acknowledge that the maximum
C fluence achievable in the dual beam experiment in one experiment day do not allow
to reach true steady state conditions. However, an important result of the simulations
is that Y,¢ has a maximum at n, ~ 0.25 x 102 m™. This can be explained by the fact
that the scattering efficiency for C on W is greater than that of C on C due to the
large mass difference in the former case. As the surface becomes enriched with C, the
incident C ions will penetrate through the C layer formed and are reflected from the
underlying W atoms knocking off C atoms on their way out or depositing energy into
the surface region. With increasing C layer thickness, the amount of C ions reflecting
from the underlying W decreases along with the energy deposited near the surface,
resulting in a corresponding decrease of the sputter yield, which finally approaches the
C self-sputter yield. The TRIDYN calculations also reveal the reason why Y° fails
to reach the experimentally measured C self-sputtering yields by the fact that the W
fraction in the near surface layer never approaches zero in the considered fluence range.

Therefore, it is important in the case of light elements like C implanted in a heavy
element like W, to consider not only the surface concentration of C, but also the depth
profile and thickness of the C layer to properly understand the C sputtering behavior.
Similar influence of reflective scattering collisions at high mass differences have been
observed for D irradiation of C layers on W [172] as well as in the oscillation behavior
of C sputtering by W [173].
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4.2.3 Summary

Carbon-only irradiation of tungsten at elevated temperature was performed to fully
characterize the C implantation and W sputtering behavior by C-ions only. For
T < 870 K, W sputtering and C layer growth are well described by the TRIDYN binary
collision model using SBFEs derived from C self-sputtering measurements. Deviations
from TRIDYN can be interpreted as surface morphology effects and the different dy-
namics of C layer growth from a smooth 1-D plane as compared to a realistic rough
surface. At T = 870 K, significant deviations from TRIDYN calculations arise from
contributions of enhanced C self-sputtering and surface morphology, as well as possible
onset of C diffusion from the implantation zone. The relative importance of the re-
spective effects could not be determined with the presently available diagnostics. The
C sputtering behavior depends on both the surface C concentration and the C depth
profile, while W sputtering is parametrized by the C areal density.



5 Simultaneous irradiation by Deuterium and Car-
bon ions

Under fusion relevant conditions, plasma exposed tungsten (W) surfaces will face an in-
flux of hydrogen fuel ions along with carbon (C) impurities. Increased C self-sputtering
with temperature was shown to increase W sputtering by C due to the more efficient
removal of C previously implanted in the W surface (section 4.2.2). Since C is chem-
ically eroded by D at low energies and elevated temperatures, it is expected that in
the case of simultaneous irradiation, C sputtering may further increase. Therefore, the
dynamics of W sputtering and C implantation will depend on the sputtering effects
caused by both C and D. In general, simultaneous irradiation results in one of the two
principal regimes where either W erosion or C deposition dominates depending on the
C fraction in the incident flux, f.. Of particular importance and application to fusion
research is the prediction of the transition point from erosion to deposition as it sep-
arates areas of continuous erosion from areas of C layer formation. C layer formation
is important due to the issue of co-deposition and tritium inventory. Also, C layers
affect the W sputtering behavior, which is of importance in estimating W impurities
that can radiate away energy of the core plasma.

Implantation sputter curves for simultaneous irradiation at RT for various values of
fe in the incident ion flux are plotted together with respective TRIDYN calculations in
Fig. 5.1. The two regimes of W erosion and C deposition and their dependence on the f,
is clearly seen from Fig. 5.1. The experimental results indicate that the transition point
from continuous W erosion to C deposition regime lies in the interval 0.07 < f. < 0.11,
which is in the predicted range of 0.07 < f. < 0.08 from TRIDYN. Unfortunately,
better resolution within this region could not be achieved in the present work, since
higher f.’s are achieved by lowering the D flux; meaning the C beam fluctuations (which
are significantly higher than the D beam) become a limiting factor for maintaining a
constant f. throughout the entire irradiated fluence. Because of this experimental
uncertainty, the resolution of 1% required to validate TRIDYN calculations cannot be
reasonably met for experimental conditions where f. > 0.07 in the entire irradiated
fluence range. However, it is possible to maintain a constant f. for a limited fluence
step, and by reducing the value of f. = 0.11 to f. = 0.09, it was observed (section
5.3) that the system shifts from a C deposition regime to a W erosion regime. From
this, it is inferred that the transition point lies in the interval 0.09 < f. < 0.11 for
simultaneous C-D irradiation of W by 6 keV C and 3 keV and D ions.

In addition, surface roughness effect was found to contribute to the shifting of the
transition point. Two specimens were irradiated at f. = 0.11 with R, values of 15
and 5nm (marked (a) and (b) in Fig. 5.1, respectively). In case (a), the rougher
initial surface resulted in continuous W erosion, whereas the smoother surface in case
(b) resulted in C deposition. Since the nominal parameters of the incident ion beam
mix were identical, the difference can only be attributed to slight variations of the
aforementioned beam fluctuations and surface roughness. Therefore, for simultaneous
irradiation: (1) surface roughness effects must be characterized and its effect considered
when experimental results deviate from simulations, and (2) the dynamical roughening
of the surface during irradiation must be taken into account because it can result in a

61
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Figure 5.1: Implantation sputter curves for simultaneous irradiation at RT for various f.
compared against TRIDYN calculation using an incident angle of ar = 15°.
Sample error bars for the C deposition and W sputtering regimes are shown. A
discussion of the experimental results for f. > 0.11 is found in section 5.1. The
discrepancy between experimental results and TRIDYN for f. < 0.11 will be
discussed in section 5.2.

shift of the erosion-implantation dynamics, and depending on other parameters, affect
the steady state end condition.

The following discussion is divided into two sections of carbon deposition and tung-
sten erosion regimes, respectively. The effect of increasing temperature on the erosion-
implantation dynamics as well as the D retention behavior and its dependence on the
implanted C is discussed in both sections. A phenomenological model presented in
section 6 is used to determine the chemical sputtering component and is discussed in
section 5.2.2.

5.1 Carbon deposition regime

In the carbon deposition regime, a pure C layer forms over the mixed C-W-D surface,
shielding the underlying W from further sputtering. As seen in Fig. 5.1, C depo-
sition takes place for f. > 0.11 with the experimentally measured total amount of
sputtered W within 10-20% of the TRIDYN calculations. The results are re-plotted as
a function of the incident C fluence to show the evolution of the C-implantation and
W-sputtering behavior in the C deposition regime (see Fig. 5.2). TRIDYN calculations
systematically overestimates the amount of W sputtered which can be attributed to
the overestimate of the W sputter yield by C ions previously observed at RT simula-
tions in Fig. 4.5 in section 4.2. This discrepancy is primarily due to the uncertainty
of the tungsten and carbon heat of sublimation values used as surface binding ener-
gies in TRIDYN calculations. Despite these uncertainties, a disagreement of 10-20 %
between experimental results and TRIDYN calculations is considered very good, since
deviations of normally a factor of two is observed in past experiments with TRIDYN
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Figure 5.2: Comparison of: (a,c) C implantation, and (b,d) W sputtering behavior as a func-
tion of incident C fluence for varying values of f, resulting in the C deposition
regime. Also shown are results of TRIDYN simulations.

calculations [16]. This good agreement is due mainly to the formation of laterally
smooth and uniform C surfaces grown with R, < 5nm as illustrated in Fig. 5.3. It is
also noted that the disagreement between experiments and simulations is greatest for
the f. = 0.11 case indicative of a process not accounted for in TRIDYN. This discrep-
ancy is due to a chemical sputtering process which will be discussed in greater detail
in section 5.2.

Raman spectroscopy shows that the formed C layer under simultaneous irradiation
has a similar structure to the C layer formed under C-only irradiation, with broad
D and G peaks [174] indicating disordered graphite-like sp? bonding (see Fig. 5.4).
Similar C structures are observed from C-W dust prepared by arc discharge [138] and
in net deposition areas of a graphite limiter tile in TEXTOR [175].

5.1.1 Deuterium retention

The total amount of deuterium (D) trapped can be measured by NRA as outlined in
section 3.3. At RT, the implanted D will diffuse through the W layer and into the
Ni substrate, although trapping at the interlayer has to be considered as well. The
cross section of the D(*He, p)*He reaction as a function of depth in pure C, W, and Ni
materials is shown for *He energies of 0.69 and 2.5 MeV in Fig. 5.5. The cross-section
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Figure 5.3: AFM images of the C surface layer grown during simultaneous irradiation at
RT for f. =0.20 for scan area of: (a) 4 um x 4 um, and (b) 2 um x 2 pm. The
numbers indicate the roughness values, R, in nm.
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Figure 5.4: Raman spectroscopy results comparing the C layer growth by C-only irradiation
(red circle) against simultaneous irradiation (black square). Also shown are the
D and G peak locations at 1360 cm ™! and 1550 cm ™!, respectively (from Ref.
[174]).
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Figure 5.5: Changes in the cross section of 2.5 MeV D(3He, p)*He reaction as a function of
depth for C, W, and Ni using the energy loss calculated by the TRIM.SP code
[84] and using the cross section data of Ref. [176].

depth profiles were calculated using the energy loss calculated by TRIM.SP [84] and
using the cross section data of Ref. [176].

First, from Fig. 5.5, it is clear that the 2.5 MeV D(3He, p)*He cross section is
sufficiently constant within the depth range of the W film thickness for D trapped in
W or C. Therefore, in principal, the energy of the collected protons resulting from 3He-
D nuclear reactions in the W film will scale with depth. However, it is clear that the
cross sections in pure W increase at depths beyond 500 nm. For the present specimens,
this means that a correspondingly disproportionate contribution of protons originating
from D trapped in the Ni substrate must be taken into account. It is noted that the
changes in cross section vs. depth is small in comparing pure W and Ni. Therefore at
RT, the total D amount measured from the region < 1 um consists of equally weighted
contributions of D trapped from both tungsten and nickel. Deuterium trapping in Ni
at T'> 670 K is negligible [177|, and therefore the substrate contribution from regions
>1pm can be neglected for experiments at elevated temperatures.

The D depth profile can be determined by the shape of both the proton and a-
particle spectra from the D-3He reaction. For 3He primary energy 2.5 MeV/, the energy
of the a-particle is less than the energy of the backscattered *He ions from the tungsten
material and cannot be separated. Therefore, the a-spectrum was measured at a *He
primary energy of 0.69 MeV. A detector with a large solid angle (61.64 msr) is used
for the detection of protons from nuclear reaction analysis due to the small reaction
cross-sections for 3He primary energy of 2.5 MeV. However, the corresponding weak
energy resolution of the detector (20 eV') prevents depth profiling of D from the shape
of the proton spectra. The protons from the D-*He reaction are also not fully stopped
within the detector resulting in further broadening of the proton spectra. However, as
seen from Fig. 5.5, the cross section of the reaction for He primary energy 0.69 MeV
decreases sharply within the W film thickness and therefore proton contributions from
the Ni substrate can be neglected in this case.
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Figure 5.6: NRA «-spectrum at a scattering angle of 105° using the cross section of
0.69 MeV D(3He, “*He)p reaction for f. = 0.20 for an annealed and unannealed
specimen. Shown are: (a) the raw data fitted with SIMNRA [158], and (b,c)
converted to a depth scale assuming the densities of pure C and W. The numbers
indicate the ratios of D/C, D/(C+W), and D/W at the indicated depth, while
the C-W mixed material region is approximately highlighted by the hatched
magenta box.
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Figure 5.7: Total deuterium retention as function of incident D fluence for varying f.’s in
the C deposition regime. Also plotted for the f. = 0.20 case is the integrated D
amount obtained from the a-spectrum of both annealed and unannealed spec-
imens. For comparison, D retention results from ITER grade polycrystalline
W (PCW) specimens (section 5.2) are plotted (orange squares) together with
literature values for single crystal tungsten: 6 keV - Alimov et al. [145] (blue
line) and 5keV - Nagata et al. [180| (green line); and PCW: 1keV - Haasz et
al. [181] (dashed black line) and 0.2 keV - Ogorodnikova et al. [139] (dashed
purple line).

The a-spectra measured at a scattering angle of 105° using 0.69 MeV D(3*He, “He)p
reaction for f. = 0.20 for an annealed and unannealed specimen following irradiation
are shown in Fig. 5.6(a). The total fluence in the case of the annealed specimen was
twice as high than the case of the unannealed specimen resulting in thicker C layer
growth. The difference in C layer thickness results in the difference in width of the
collected a-spectra as seen in Fig. 5.6(a). From these a-spectra, the D depth profile
was determined using SIMNRA [158] in two steps: (1) First, the target layer structure
(i.e. C layer thickness and areal density) was obtained by fitting the W leading edge
of the 165° detector RBS spectrum. The total C areal density was compared against
the proton peak integrals collected from the '*C(*He, p)'*N reaction to ensure that
the fitted C depth profile gives the correct integral C areal density, and (2) using this
target layer, the contribution of D was added keeping the C and W areal densities and
ratios constant to fit the a-spectrum detected by the 105° detector. Once fitted, the
corresponding total D areal density is calculated and compared against the D areal
density measured from the 2.5 MeV D(3He, p)*He reaction. Assuming the atomic
densities in the mixed material layer can be approximated by weighting the pure C and
W densities with their atomic percentage, the a-spectrum can be plotted as a function
of depth as seen in Figs. 5.6(b,c). Also plotted are the relative C and W concentration
depth profiles with the numbers indicating the ratios of D/C, D/(C+W), or D/W in
the given depth region. Outlined in magenta is the approximate boundary region of
the C-W mixed material layer.
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From Figs. 5.6(b,c), four regions of D trapping can be distinguished in both spec-
imens: (1) At depths < 100 nm, an unsaturated C layer is observed with a measured
D/C ratio below 0.4, (2) From depths > 100 nm up to a depth where W concentration
is observed, the measured D/C ratio is saturated at 0.4 (a value typically measured
for H [178] and D [17, 179] ion irradiation of graphite at kel energies at RT), (3) At
depths where the C-W mixed material layer is observed (outlined by magenta box), the
measured D/(C+W) ratio is highest at 0.45-0.5, which is similar to the ratio measured
from C-W dust prepared by D arc discharge [138], (4) At depths beyond the C-W
mixed material layer, the measured D/W ratio is 0.02-0.1, which is a typical value
of D trapping in bulk tungsten [17, 131]. From all the above observations, it can be
concluded that the relative amount of D trapped is highest in the C-W mixed material
layer, which is attributed to the synergistic effect of energetic ion-induced traps in W
and D trapping with C in the C-W mixed material.

Published deuterium retention data in tungsten as a function of incident D fluence
are plotted in Fig. 5.7 (Refs. [139, 145, 180, 181|), along with the corresponding D
retention for various values of f, in the C deposition regime. Also plotted for the case
of f. = 0.20, is the D retention in the C-W layer determined from the a-spectrum.
D retention in ITER grade bulk W specimens measured in the continuous W erosion
regime at f. = 0.07 (further discussed in section 5.2) are plotted for comparison.
There are four main observations in Fig. 5.7: (1) The total retained D amount from
experiments are significantly higher than the published literature data for pure W. This
indicates that the contribution from D trapped in the Ni substrate to the measured D
amount cannot be neglected. It should be considered that in present experiments, the
amount of implanted D is measured within minutes following irradiation, which may
also contribute to the observed higher retention compared to literature data. Deuterium
release from W following irradiation results in the reduction in the total D amount by
up to ~ 50 %, depending on the time between irradiation and measurement [182]; (2)
Comparison of the unannealed specimen against the annealed specimen at f. = 0.11
indicates that the unannealed specimen retains 4x as much D, but both specimens
follow a fluence dependence of ~ ¢%®. D trapping in bulk W normally follow a fluence
dependence of ~ ¢"%° [134] (also see experimental results for PCW-orange squares),
which indicates that D is mainly trapped in the Ni substrate. The reduction in D
amount is mainly due to the annealing of the Ni substrate, although the contribution
from the reduced W film stress cannot be separated; (3) For f. = 0.20, comparison of
the retained D amount calculated from the a-spectrum indicates good agreement for
the annealed specimen, but =~ 40% lower for the unannealed specimen. This is due
to the thicker C layer formed on the annealed specimen (= 400 nm) compared to the
unannealed specimen (= 200 nm) as seen earlier in Figs. 5.6(b,c). Consequently, in the
case of the unannealed specimen, the 2.5 MeV 3He beam probes deeper regions where
D has diffused and trapped in the Ni substrate and possibly also at the interlayer. From
(2) and (3) it can be concluded that the D fraction trapped within the W-film cannot
be separated from the Ni substrate from the measured total D retention amount during
RT irradiation using both annealed and unannealed specimens; (4) Comparison of the
annealed specimens but at different C fraction values of f. = 0.11 and f. = 0.20 show
that for the f. = 0.20 case, a change in slope at incident fluence of Fp = 6.5 x 10*2 m™2
occurs, corresponding to n, = 0.7 x 102 m™2. This results from the fact that the C layer



5.1 Carbon deposition regime 69

has reached a sufficient thickness which can trap all incident D within the growing C
layer. The change in the slope is seen only for the higher f. case is due to the increased
rate of C layer growth, resulting in thicker C layer for a given incident D fluence.

In conclusion, the fraction of deuterium trapped in the W-films could not be clearly
separated from the D amount trapped in the Ni substrate from the total D retention
amount measured during simultaneous C-D irradiation at RT (Fig. 5.7). However,
from the a-spectrum in Fig. 5.6, the relative amount of D trapped in the C-W mixed
material layer was the maximum observed (>0.4). Such high concentration is typical
of hydrogen trapping in carbon and is not observed in tungsten. Therefore at RT, deu-
terium trapping behavior in C-W mixed materials follow more closely the D trapping
behavior in carbon. However, the contribution of the total trapped amount is still small
when compared to the amount trapped in the C layer because the C-W mixed material
layer is limited in depth (typically the C ion implantation range), while the C layer
can grow indefinitely with the measured D/C ratio of 0.4 with fluence. At elevated
temperatures where carbon diffusion into bulk W become significant, the C-W mixed
material range will not be limited to the surface and therefore significant trapping of
deuterium may occur. However, it will be shown in the next section that at elevated
temperatures, the deuterium trapping behavior in the C-W mixed material follow the
D trapping behavior in tungsten.

5.1.2 Elevated temperature

In the carbon deposition regime, it is clear that the incident D will initially interact with
W, then a C-W mixed material, and finally C, with the formation of a thick enough C
layer on the surface. Therefore, the C-W-D system should tend towards a C-D system
with increasing fluence. It is well known that chemical sputtering processes increase
with temperature for a C-D system as outlined in section 2.2 and the references therein.
Also, in section 4.2.2, it was shown that C self-sputtering increases with temperature.
Both effects will reduce the rate of C layer buildup with increasing temperature and
the effects are quantified in the analysis below.

The implantation sputter curves for simultaneous irradiation at f. = 0.20 at RT,
670 K, 770 K, and 870 K are plotted in Fig. 5.8(a) with TRIDYN calculations using
the SBEs derived in section 4.2.2, and (b) with the phenomenological model developed
in section 6. First, from Fig. 5.8(a), it is clear that TRIDYN calculations overestimate
N, at small n., resulting in the slight shift between TRIDYN curves and experimental
data. The reason is that in TRIDYN calculations, Y, > 0.4 for small n.. It is noted
that in the phenomenological model, with an upper limit of Y, = 0.4 taken from the
revised Bohdansky formula, this shift does not occur. Second, the slope, dn,/dn.,
calculated by TRIDYN at ap = 15° is in good agreement with the experimental data
at 670 K and 770 K. This demonstrates that the balance between C and W sputtering
processes is correctly described by TRIDYN. However, in the 770 K case, TRIDYN cal-
culations predict the transition to zero W sputtering at n. ~ 0.3 x 10*2 m™2, in contrast
to the experimental data where the transition occurs at larger n.. This is attributed
to the increased clustering of the C layer growth with increasing temperature which
exposes the underlying W. To account for the deviation in experiments from the later-
ally uniform surface assumed in TRIDYN, the W sputtering yield which is dependent
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Figure 5.8: Comparison of experimental results for f. = 0.20 at increasing temperatures
against: (a) TRIDYN calculations using SBE's derived in section 4.2.2, and (b)
phenomenological model discussed in section 6. The dashed TRIDYN calcula-
tions correspond to ar = 20°.

on the C areal density was modified (details in section 6). The W sputter yield is ap-
proximated to be proportional to the surface concentration of W which is provided by
TRIDYN calculations. Comparison to the phenomenological model predictions using
this modified W sputtering yield show good agreement with the experimental data (see
Fig. 5.8(b)). Therefore, the observed behavior is purely attributed to kinematic scat-
tering processes, which leads to the question why chemical sputtering is not observed
with the buildup of C layer. The answer lies in the thickness of the C layer deposited.

The thickness of the C layer can be estimated from the a-spectrum by taking the
depth of the peak maximum of D as seen in Fig. 5.9, since this is a clear marker of
the interface between the mixed material and the C layer. It should be noted that the
D/C ratio in the C layer is significantly smaller than at RT with a maximum value
of ~ 0.05. From C-only irradiation as well as simultaneous irradiation (Fig. 5.8), the
onset of temperature dependent effects was observed at implanted C areal density of
ne ~ 0.1 x 1022m™2. Assuming further C implantation occurs within the growing C
layer, the thickness of the C layer can be calculated from:

D=(n-4§)p (5.1)
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Figure 5.9: NRA a-spectrum measured at a scattering angle of 105° using the cross section
of 0.69 MeV D(3He, *He)p reaction for f. = 0.20 for: (a) 670 K, and 770 K.
Also, shown are the relative concentrations of D, C, and W as a function of
depth for: (b) 770 K, and (c) 870 K data. The numbers indicate the ratios
of D/(C+W) and D/W at the indicated depth, while the C-W mixed material

region is approximately highlighted by the hatched magenta box. .
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Figure 5.10: C layer thickness estimated by the maximum D peak depth in the a-spectrum
for various f.’s indicated by the colored numbers at 670 K and 770 K. Eqn.
5.1 is plotted for varying 4’s.

where § = 0.1 x 10?2 m2 is the minimum C areal density required before the onset
of C layer growth, and p is the density of pure graphite (1.136 x 10* cm™3). Plotting
both approximations for various f.’s at 670 K and 770 K and ¢’s yields Fig. 5.10.
The error associated with the experimental data is taken to be the typical averaged
surface roughness value, R, ~ 10nm, observed in the W erosion regime, since this
largely determines the interface topology where the mixed material layer is changing
to a pure C layer. Shown also is the variation in 0 corresponding to the upper and
lower limits of the experimental error. The estimate of the C layer thickness from the
a-spectra and the thickness calculated by Eqn. 5.1 are in agreement within the error
bars of measurement. The carbon layer thicknesses vary from 45— 75nm depending on
the C flux available and temperature for each experiment. For example, the enhanced
C self-sputtering yields at 870 K result in thinner C layers for equal incident total C
fluences (compare the two cases of f. = 0.20 at 770 K and 870 K in Fig. 5.10).

Hence, given the available carbon flux in experiments, it was only possible to pro-
duce C layers with thicknesses < 80nm during simultaneous deuterium and carbon
ion irradiation due to the enhanced C self-sputtering at 670 K and 770 K. Considering
the mean ion range calculated by TRIM.SP [84] of 3 keV D ions in pure C is ~ 60 nm,
it is clear that even at the maximum C layer thickness (i.e. end of experiment), most
of the D is still stopped at the mixed material layer and beyond. Since formation of
volatile molecules at chemical sputtering of C by energetic D ions is understood to
occur only at the end of the D range, it is reasonable why chemical sputtering effects
was not observed at 670 K and 770 K. In principal, a maximum chemical sputtering
yield of Y.nem = 0.015 would be compatible with experiments if included in the 770 K
case, but this effect is certainly within experimental error, and therefore its inclusion
is not justified.
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5.1.3 Summary

In the carbon deposition regime, the dynamics of W sputtering and C layer growth
can be well modeled accurately by TRIDYN at RT. Using the additional adapted
model that treats W sputtering proportional to the W surface concentration, a good
match is also found at elevated temperatures. Therefore, one can conclude that the
main governing process is kinematic scattering of projectile and target atoms with
the increase in C self-sputtering being the dominant effect at elevated temperatures.
Possible effects of chemical sputtering of the deposited C layer were found to be smaller
than the uncertainty, due to the fact that the available C flux allows only to produce C
layers with thicknesses < 80nm from the enhanced C self-sputtering. Therefore, most
of the D was decelerated to the low energies required to form volatile molecules only
in the region of the C-W mixed material or beyond.

Deuterium retention at RT was observed to be higher than reported literature
results due to contributions of D trapped in the Ni substrate that could not be separated
from the D amount trapped in the W film. However from the a-spectra, the highest
relative concentration of D trapping was found in the mixed material layer with a
D/(C+W) ratio greater than 0.4 observed in the co-deposited C layer at RT. At
elevated temperatures this trend is also observed with D/(C+W) ratio greater than
0.05 observed in the co-deposited layer.

5.2 Tungsten erosion regime

In the tungsten (W) erosion regime, the surface remains a constant mixture of C-W-D
due to the equilibrium of implantation and sputtering processes. Significant deviations
are observed between experimental results and TRIDYN calculations for f. < 0.07
(Fig. 5.1). A magnified view of the low fluence range is presented in Fig. 5.11 to reveal
the details of the discrepancies.

One can see that the TRIDYN calculations predict an increase of the steady state
C areal density, nS, with increasing f., due to the shift of the balance between C
implantation and erosion flux. At higher incident C fraction, there has to be a higher
C fraction in the mixed layer to obtain a balanced C erosion flux. In contrast, the
experimental results indicate a constant n¢, ~ 0.065 x 10?2 m~2 independent of f..

As discussed earlier in section 4, the carbon sputtering efficiency can only increase
from an increase in surface roughness, C self-sputtering, or changes to the carbon
depth profile from diffusion or segregation processes leading to carbon enrichment at
the surface. At RT, increase in C self-sputtering and changes to the depth profile
from diffusion and segregation effects can be ruled out. Therefore, the only remaining
sputtering related mechanism which could lead to an increase of C erosion flux despite
a constant C fraction at the surface is surface roughness. To determine the potential
surface roughness contribution, AFM measurements were performed both on and off
the irradiated area, and are summarized in Table 5.1.

The results show no significant change of surface roughness at the irradiated areas
for 0.03 < f. < 0.07. Therefore surface roughness effects cannot explain the observed
behavior. With all sputtering related effects ruled out, there still remains the alter-
native chemically induced release of carbon from the C-W-D mixed material under
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Figure 5.11: Comparison of experimental results for varying f. in the W sputtering regime
with TRIDYN calculations. The steady state C areal density is constant at
né, =~ 0.065 x 1022 m =2,

[ £ [003]0.05]0.07]0.11(a) [ 0.11(b) |
Off[nm|] 5 [ 5 | 5 15. 5
On [nm] | 10 9 14. 17. -

Table 5.1: AFM measurements of irradiated specimens for f. < 0.11 presented in Fig. 5.11
for both on- and off- the irradiated areas. The numbers indicate the root mean
square surface roughness values, 74 in nm.

simultaneous irradiation. To determine whether the observed behavior is truly due
to chemical processes, experiments were performed at elevated temperatures and with
lower D energies, which will be discussed in some detail in section 5.2.2. But first,

this requires discussion of the mechanism of tungsten sputtering under simultaneous
irradiation.

5.2.1 Tungsten sputtering

As a first approximation, it is assumed that the total tungsten (W) areal density

sputtered, n,,, is proportional to the linear combination of the amount of W sputtered
by C and D individually:

Ny o< S, +n

(5.2)

where n¢ and n” can be expressed in terms of the W sputter yields of pure W
irradiated by C-only, Y., and D-only, Y, and their respective fluences F and Fp:
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With the following expressions for the total fluence, Fr, and C fraction in the beam,

fe, respectively:

Fr=Fc+ Fp

fc—F_T

the expressions for n¢, and n can be expanded to:

nzcu:Yuc;FC:YchFT

n? =YPF,=YP (1~ f)Fr
with the above expressions, Eqn. 5.2 becomes:

Ne X YE fo Fr + Y2 (1 - f) Fr

n_wocyuc;fc+YwD(1_fc)
Fr

Yo = 2 = Ky, [V fo+ Y (1= fo)]
T
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Figure 5.12: The amount of W sputtered as a function of total incident fluence for f. < 0.07.
The numbers indicate the slope of the linear fit, which is the total W sputter
vield, Yy, .

Eqn. 5.3 simply states that the total W sputter yield is proportional by a factor
K. to the weighted W sputter yields of pure W by C- or D- only irradiation. The Y]
and Y,” values can be obtained analytically from the revised Bohdansky formula or
experimental data as summarized in Table 2.1 in section 2.1.3. Y, is the slope obtained
from experimental results by plotting the change in W areal density against the total
incident fluence as seen in Fig. 5.12, while f. is determined from the beam profiles
measured by the BVS system.

The resulting values for Ky are summarized in Table 5.2 below. The D fluence is
an order of magnitude larger than the C fluence and largely determines the error in
determining the slope. However, in all cases, the D flux did not vary by more than a few
percent over the entire fluence range and was also uniform across the entire analyzed
area. Therefore, the error in the total fluence measurements can be neglected.

| Je | Yo [ Ky | Su |
0.03 | 0.015 | 0.69 | 0.65
0.05 | 0.021 | 0.71 | 0.64
0.07 | 0.027 | 0.72 | 0.70

Table 5.2: Summary of the experimentally derived W sputter yield, Y,,, and the resulting
proportionality factor, Ky along with the W surface concentration, S, mea-
sured by ex-situ XPS analysis following irradiation. S, was determined by first
normalizing the tungsten XPS peak in Fig.5.13(a) by its known sensitivity factor,
then by taking the quotient of the normalized area against the total sum of the
W, C, and O peaks.

Comparison to tungsten surface concentration measurements by XPS shown in Fig.
5.13(a) show good agreement with K. From these results, it is inferred that W sput-
tering under simultaneous irradiation can be described by a sum of the weighted Y



5.2 Tungsten erosion regime

] 65% W 70% W
28% C 22% C
7% O 8% O

intensity [a.u.]

. r . T r
(a) rel.amount [%] rel.amount [%]

1400 1200 1000 800

! fc=0.03 (b)-
W,C

elemental C

intensity [a.u.]

C1ls]
286 284 282 280
binding energy [eV]

16 % WC
63% W,C
21 % elemental C

660
binding energy [eV]

intensity [a.u.]

400 200 0

lfc=007 (0]

C1s 1

286 284 282 280
binding energy [eV]
28 % WC

55% W,C
17 % elemental C

77
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cross section.
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and Y;P yields, that is proportional to the surface concentration of tungsten, S,,. Fur-
thermore, comparison to the TRIDYN simulation case for the experimentally observed
steady state C areal density n¢, ~ 0.065 x 1022 m~2 (see Fig. 4.6) show excellent agree-
ment with S, = 0.7 as in the experiments. From this we conclude that for a given n.,
the corresponding TRIDYN depth profile and S,, can approximate the experimental C
depth profile and W surface concentration, which are experimentally unavailable.

The chemical structure of the surface according to the XPS results shown in Figs.
5.13(b,c) is characterized by carbon being mostly in carbide form with an elemental
C fraction < 20%. Carbon films deposited on W substrates show a stepwise carbide
formation from W,C to WC when heated, but the carbonization process does not
start until 77 > 870 K [183]. Therefore, carbide formation in this case occurs due
to the mixing induced by energetic ion irradiation [184] in the mixed material layer.
Similar concentrations of 70% W and 30% C is observed in the interlayer between
deposited C and the W substrate in plasma experiments in PISCES [185]. If one takes
into account that for dense, nonporous materials, the chemical sputtering process is
generally surface limited, the carbonization of the mixed material C-W-D surface can
explain the thresholding effect of ng. However, it will be shown in section 5.2.2 that
the experimental results cannot be interpreted fully by assuming the carbon loss is only
from the sputtering of weakly bound hydrocarbons at the surface.

5.2.2 Chemical sputtering of C-W mixed material

The significant discrepancy between TRIDYN simulations and experimental results
for tungsten erosion at RT', which was preliminarily attributed to chemical sputtering
effect can be examined quantitatively by fitting the experimental data with the phe-
nomenological model (section 6). The comparison between the model and the fitting
to the experimental data to obtain the chemical sputtering yield, as well as the amount
of D fraction retained is discussed below.

A clear indicator of a chemical process is the normally observed corresponding tem-
perature dependence. Therefore, at f. = 0.07 where the largest discrepancy between
TRIDYN and RT experimental results was observed, specimens were irradiated at
elevated temperature. In Fig. 5.14, the results of f. = 0.07 irradiation of W-film
specimens at increasing temperature are shown against RT results. Also shown is the
n, range observed for ITER grade bulk tungsten specimens. Since these specimens
were not tungsten films as the standard specimens used in this study, the integrated
W sputtered amount could not be determined using RBS.

Fig. 5.14 shows that the lowest n¢, is always observed at RT. At elevated temper-
atures, n¢, remains constant within experimental error and is independent of tempera-
ture with good agreement to TRIDYN calculations using the SBFEs derived in section
4.2.2. However, compared to RT results, an increase in n¢, is observed, in accordance
to the assumed chemical sputtering process, which decreases with increasing tempera-
ture. This behavior is opposite to that of chemical sputtering of pure carbon materials.
Furthermore, comparison of n,, against the total fluence for RT and 770 K as plotted
in Fig. 5.15, indicates that there is no significant difference in the total W sputter
yield. This indicates that the C loss at RT cannot be due to increased W sputtering,
which could result in increased C loss by an increased rate of surface recession and
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Figure 5.14: Comparison of C implantation and W sputtering behavior for f. = 0.07 at dif-
ferent temperatures compared against TRIDYN calculations using the SBE's
derived in section 4.2.2. Also included is the range of the C areal density ob-
served for ITER grade PCW specimens irradiated at RT outlined in orange.

corresponding changes in n{,. The constant W sputter yield indicates also that the
surface composition is the same in both cases. From this one can infer that the C loss
must arise from within the C-W mixed material layer.

Combining all these observations, one can develop an interpretation based on the
model of chemical sputtering [117], where energetic ions break C-C bonds within their
penetration range and the resulting dangling bonds are passivated by the hydrogen
atoms. Consecutive bond breaking and passivation lead to the formation of volatile
hydrocarbons at and below the surface which diffuse to the surface and desorb. This
model is based on experiments with irradiation of an amorphous hydrogenated layer
with atomic hydrogen provided by a radical source [117]. This model can be applied
to the present results, if one assumes that the D trapped within the mixed material
layer can passivate the broken bonds caused by both energetic D and C ions. Hydrogen
trapping in W is often interpreted by a model where hydrogen atoms become trapped
at vacancies or adsorbed on the inner walls of voids created during irradiation [186].
In addition, D trapped in tungsten carbides are only observed to release as D atoms
[128, 133, 145]. Therefore, it is plausible to assume at this point that the trapped
D can also passivate the broken C-C or C-W bonds created during ion irradiation.
However, from the fact that the surface is mostly in carbide form, broken C-W bonds
seem unlikely to contribute to the chemical sputtering process, and that only the C-
C bonds are affected. Confirmation of this hypothesis will, however, require detailed
molecular dynamic simulations (MD). Experimental signs of chemical sputtering at RT
is observed from methane release by Bizyukov et al. [187] during simultaneous C-D
irradiation of PCW in the range of “24 ~ 0.01, and €2 ~ 0.02 by Wang et al. [126]
in tungsten carbide. Interestingly, the methane release is only observed following an
initial D accumulation in the implanted near-surface layer [126].
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- Haasz et al. [181] (dashed black line) with unpublished values at 3.33 keV at
500 K - O. Ogorodnikova (blue cross) are also plotted for comparison.
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In Fig. 5.16, the total deuterium retention amount is plotted as a function of
incident D fluence for various temperatures. The amount of retained D decreases by
an order of magnitude if the specimen temperature is increased from 670 K to 770 K.
At 870 K, D retention was below the sensitivity limit of the NRA measurement of 10
at/cm?. Consequently, with increasing temperature, the available amount of D that is
able to passivate the broken C-C bonds decrease, which results in the observed decrease
of chemical sputtering with increasing temperature. TDS spectra show two distinct
regions of D release in the range 300 — 700 K and 900 — 1100 K from D irradiated
tungsten carbides [126, 135, 136|. However, there is no clear interpretation of the
exact nature of these traps, although the peak found in the high temperature range
is normally interpreted to be D trapped at carbon sites. Irradiation at T" > 673 K,
results in negligible D trapping in the lower temperature region [135], and therefore it
appears that the D trapped at the lower temperature regions are responsible for the
passivation of C-C bonds.

To illustrate the projectile energy dependence in the chemical sputtering process,
Eqn. 5.4 is introduced below for the case of an a-C:H layer simultaneously bombarded
by atomic H and H ions [117]:

Yenem(E) « / Y(x, E)ppass(x)dx (5.4)

where y(x, E') denotes the number of bond breaking events per ion in an interval
of thickness dx, and py,ss(x) the probability of passivation of a broken bond by atomic
H. For simultaneous irradiation, py.ss() can be approximated by the D concentration
profile, and y(z, E') by carbon displacement yields of D and C ions, yielding:

Yehem / Yo/p(r, Ec, Ep,t)yp(z, Ep,t)dx (5.5)

The main difficulty in applying Eqn. 5.5 to develop an analytical model for Y e
is the experimentally inaccessible yc/p(x, Ec, Ep,t) function. First, it is unknown
whether bond breaking events by C or D ions, or bond breaking by both ions, result
in passivation. Only molecular dynamics studies can elucidate the correct mechanism.
Second, in the case of simultaneous C-D irradiation of W, the C depth profile is fluence
dependent in the C layer growth regime, and in the W sputtering rate in the W erosion
regime. This is in contrast to the known C distribution in the a-C:H layer used in Ref.
[117]. Consequently, to apply the method used in Ref. [117] of approximating the bond
breaking events by the C displacement yields calculated by TRIM [188| will require
information on the evolving C depth profiles. The C depth profiles can be calculated
from TRIDYN simulations, or experimentally measured by fitting the leading edge of
the tungsten RBS spectra. However, in practice, the RBS spectra yields poor depth
resolution within the C ion range (= 30nm) to accurately resolve the implanted C
depth profile. A further complication arises from the fact that the bonding of the
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Figure 5.17: Comparison of C implantation and W sputtering behavior for: (a,b) Ep =
3keV, and (c,d) Ep = 1keV at f. = 0.11 plotted with the model and the

fitted Yopern component.

implanted C varies with depth from the formation of tungsten carbides and C-C clusters
dependent on the local C concentration. This important physical state of the C bonding
must be included in the model and measured experimentally. Third, the D depth profile
is required to approximate the passivation probability function yp(z, Ep,t), and can
be experimentally measured from the a-spectrum using NRA. However, a decrease in
energy of the 3He analysis beam is required from 2.5 MeV to 0.69 MeV to sufficiently
separate the a-spectrum from the tungsten RBS peak. The decrease in energy results
in a large decrease in beam current, and requires extended analysis time (> 1h) to
collect sufficient statistics of the D depth profile. This additional time requirement
makes it difficult to reach steady state fluences given the available fluxes in present
experiments. In addition, the focusing of the analysis beam following the change in
3He energy shifts the beam, in some cases by more than 2 mm, resulting in analysis of
a totally different irradiated area. Therefore, calibration of the beam spot is required
using the BVS following each change in energy from 2.5 MeV to 0.69 MeV and from
0.69 MeV to 2.5 MeV. These calibration steps place additional time constraints on
the experiment which could not be reasonably met in the present work.

In view of these experimental limitations and complications, only a qualitative
description of the chemical sputtering process is provided based on experimental results
obtained by lowering the incident D energy. It should be noted that the reduction of
the incident D energy resulted in extremely low D fluxes, and as a result, experiments
with low f.’s in most cases were not possible because the fluences required to reach
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steady state could not be reached.

The carbon implantation and tungsten sputtering behavior at f. = 0.11 is shown
for Ep = 3keV and Ep = 1keV D ions in Fig. 5.17, along with the Y., component
required to match the model and experimental data. First by comparing Figs. 5.17(a-
¢), it can be seen that a larger reduction in n, is observed with increasing C fluence
by decreasing the D energy from Ep = 3 — 1keV. This reduction can actually not
entirely be attributed to the chemical erosion component, since Y,” also increases from
Ep = 3 — 1keV. This can be seen by the decrease of the slope of the C growth
curve if one omits the Yy, component in the model (dotted lines) as shown in Figs.
5.17(a,b). As the model includes the energy dependence of Y.”, one can conclude from
the fitted Y., contribution, shown in red, that Y., clearly increases if the D energy
is lowered from Ep = 3 — 1 keV. In fact, at Ep = 1 keV/, the chemical sputtering even
results in the system to switch from continuous C layer growth to the steady state W
erosion regime.

Qualitatively, the increase in chemical sputtering by reduction of the incident D en-
ergy can be illustrated by comparing the ranges of the D ions at n, = 0.06 x 10*2m~2 as
seen in Fig. 5.18, where the carbon concentration depth profile calculated by TRIDYN
is plotted together with the D ion ranges. Fig. 5.18 shows that at Ep = 1keV, a
larger fraction of D will be stopped in the mixed material layer compared to the case
of Ep = 3keV. This result confirms the previous hypothesis that the reduction in
D energy increases the chemical sputtering yield by increasing the relative D amount
trapped in the mixed material layer that can passivate the broken C-C bonds. Further-
more, Fig. 5.17(a) shows that with increasing C fluence, Y e, decreases, in contrast
to Fig. 5.17(b), where Yopepn, is constant. This is because at Ep = 3 keV/, the balance
between the erosion and implantation of carbon leads to C layer formation while at
Ep = 1keV, the system is, as noted before, in the W erosion regime. With the onset
of C layer growth, the dynamics of chemical sputtering will change since both C and D
ions lose energy in the developing C layer, altering first the amount of C bond breaking
events and secondly the D ion range. This effect is more pronounced for C implantation
and W sputtering at f. = 0.23 as seen in Fig. 5.19 at three different D energies.

First, aside from the Fp = 3keV case (herein referenced as case (c)), the trend of
increasing and decreasing chemical sputter yield is observed much like in Fig. 5.17(a).
However, the nearly constant value of Yep.,,, obtained for case (c¢) contradicts the earlier
observation in Fig. 5.17(a). The only difference for case (c) compared with the other
cases was the increase in C flux (2x). From this, one can infer that the chemical
sputtering process in C-W mixed material may also depend on the C flux. Comparison
of the maximum chemical yield observed at EFp = 3keV for f. = 0.11 and f. =
0.23 respectively, yields Yopem ~ 0.03 — 0.04, indicating a threshold to the maximum
density of damage sites available for chemical sputtering. Therefore, assuming the
probability of passivation by incident or trapped D remains constant (due to fixed D
range), a higher C flux keeps the damage sites active, which implies that the C ions
are primarily responsible for the bond breaking events. Lowering the D energy from
Ep =1 — 0.53keV results in an increase of the chemical yield to Y ., = 0.08 — 0.09.
Following the discussion of the case of f. = 0.07, this is explained by the closer overlap
of the D ion range with the mixed material layer and the corresponding increase of the
passivation probability for an active site. Aside from case (¢), Yopem becomes effectively
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Figure 5.18: Comparison of the normalized D ranges calculated with TRIM [188] for Ep =
3keV and Ep = 1keV in pure W. The C depth profile is taken from TRIDYN
simulations at n. = 0.06 x 10*2m~2 and corresponds to an absolute scale. The
dotted black lines indicate the mean ion ranges.

zero for n. > 0.2 x 102 m™2, corresponding to a C layer thickness of ~ 10nm (see Fig.
5.10). As this thickness is not significant in terms of its effect on the incident ion
ranges, the rather sharp decline can only be explained by a barrier action of the layer
leading to a steep decrease of the escape probability for out-diffusing hydrocarbon
molecules. This is probably due to the corresponding changes of surface composition,
but again molecular dynamics simulations will be needed to validate this hypothesis.
The large deviation between experimental results and the model prediction with Y e,
in Fig. 5.19(f) may indicate the effects of out-diffusing hydrocarbon molecules that
trap at the surface, resulting in a decrease in W surface coverage and corresponding
decrease in W sputtering. Fig. 5.19(b) shows that the C loss due to Yoper, is not from
surface depletion, since that would lead to a corresponding change of the slope of the
W sputtering curve which is not observed.

At 670 K, simultaneous irradiation at low D energies does not show contribution of
chemical effects and can be fully described by kinematics alone as seen in Fig. 5.20. The
corresponding D retention results are independent of incident D ion energies as seen
in Fig. 5.21. Again, the reduction in D retention compared to RT retention fractions
infers a negligible chemical sputtering contribution at 670 K, confirming the results of
simultaneous deuterium and carbon ion irradiation experiments using Ep = 3 keV D
ions as previously shown in Fig. 5.14. In contrast, a pronounced energy dependence of
the total D retention is observed at RT'. Since all specimens were unannealed, a possible
substrate contribution cannot be entirely excluded. However, the clear decrease of D
retention with decreasing D energy can be well explained by the decreasing defect
creation rate, while for 670 K results, one can conclude that either defect creation by
D is negligible or that defects are annealing out at a rate greater than the creation rate.
Therefore, the decrease in D retention observed at RT results from a combination of
decreased defect creation and increased D loss from the chemical sputtering processes.
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Figure 5.19: Comparison of: (a) C implantation, and (b) W sputtering behavior as a func-
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5.2.3 Summary

In the tungsten erosion regime, a lower C areal density is observed at RT compared
to that at elevated temperatures. The loss is attributed to chemical sputtering of
carbon. A qualitative description of the corresponding processes was discussed, and
the magnitude of the chemical sputtering quantified by fitting the experimental data
to the phenomenological model. A maximum value of the chemical sputtering yield,
Yohem = 0.04, is observed for Ep = 3keV D ion irradiation at RT', which increases
with decreasing D energy to a value of Y., ~ 0.08 at Ep = 1keV and Ep =
0.53 keV. In the W erosion regime, Y., remains constant due to the steady state
composition of the C-W mixed layer, but in the C deposition regime with continuous
growth of a C layer, the initial increase in the chemical yield is followed by a rapid
decrease with the formation of a C layer over the mixed C-W layer. The chemical
sputtering effect can be directly correlated to the amount of D retained in the specimen.
Consequently by increasing the temperature above 670 K the chemical contribution
becomes negligible for all D energies. The development of a quantitative model was
not possible given the current experimental data set and experimental procedures. A
detailed kinetic model will require measurement of C and D depth profiles, which are
accessible by ion beam analysis, as well as measurement of the released hydrocarbons
(line-of-sight quadrupole). Detailed molecular dynamics simulations are also required
to elucidate the bond breaking processes. In principle, if C bond breaking by D ions
is the underlying principal process, the chemical sputter yield at RT" will display an
isotope dependence which has to be confirmed by future studies.

5.3 Discussion and conclusion

In the carbon deposition regime, the dynamics of simultaneous irradiation can be well
described by accounting for the increased C self-sputtering with increasing tempera-
ture as discussed in section 5.1. In the W erosion regime, the dynamics at RT" requires
inclusion of a chemical sputtering component in the kinetic BCA model which becomes
negligible with increasing temperature as discussed in section 5.2. Therefore, the dom-
inant mechanism that governs the dynamics of simultaneous deuterium and carbon
ion irradiation at elevated temperature is the increased C self-sputtering. The effect
on the transition point between C deposition and W erosion regimes is clearly seen in
Fig. 5.22. The trend of increased initial W sputtering in the C deposition case clearly
increases with temperature. In fact, at 870 K, the system switches to the W erosion
regime, despite the fact that f. = 0.14 is above the transition point of f. = 0.11 at
RT. Essentially, the surface C coverage changes very slowly with fluence due to the
higher efficiency of C sputtered from the surface, resulting in longer W exposure times
that result in an increased amount of W sputtering. Therefore, the major effect of in-
creased C self-sputtering with increasing temperature is an increase in the total fluence
required to reach steady state and a shift in the transition point to higher f. as long
as the fractional C sputtering yield is high enough.

Therefore at elevated temperatures, the surface remains a mixed C-W layer to sig-
nificantly higher incident fluences. Because the steady state mixed C-W region in the
W erosion regime is maintained by the continuous source of C provided by the incident
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Figure 5.22: Comparison of C implantation and W sputtering behavior for f. = 0.14 at
different temperatures with 3 keV D.

C ions, the dynamic equilibrium of the system is very susceptible to changes in the
incident parameters (i.e. changes in f, or ion energies) and target parameters (surface
roughness and temperature). The corresponding effects on the dynamic equilibrium
state are illustrated in Fig. 5.23 for the case of: (a,b) changing f., and (c,d) increase
in surface roughness. For the case of C deposition, the incident C flux, f., was de-
liberately reduced and increased leading to corresponding changes in the implanted C
areal density, n., that is well reproduced by the model as seen in Fig. 5.23(a). In
Fig. 5.23(c), a decrease in n, is observed that is well fitted by the sputtering model
using a = 20°, to approximate the increased sputtering due to increased surface rough-
ness. Contributions from beam fluctuations is ruled out and corresponding changes in
fe, while the RMS roughness value measured following irradiation (R, = 14nm) was
larger than typical roughness measured for other specimens in the W erosion regime
(R, = 10nm). These examples demonstrate how the dynamics of the system can be
significantly altered by changes in the incident ions and target morphology parameters,
especially in regions close to the transition point.

In conclusion, a comprehensive study examining the processes affecting the dynam-
ics of simultaneous irradiation at RT and elevated temperature was performed. The
increase in C self-sputtering was shown to be the dominant mechanism governing the
dynamics at elevated temperatures. The processes can be well modeled using the BCA
with modified SBFEs derived from independent C self-sputtering measurements. The
transition point from continuous W erosion to C deposition shifts to higher values of
fe due to the higher efficiency of C sputtered from the surface. This behavior results
also in an increase of the total amount of W sputtered. Further, increased C loss from
the surface keeps the system in the phase of dynamically varying C-W mixed material
layer for a longer period of time. Such behavior can be triggered either by changes in
fe or by the surface roughening due to the prolonged sputtering. At RT, the dominant
mechanism governing the erosion-deposition dynamics was determined to be chemical
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sputtering of C in the mixed C-W layer. In the W erosion regime, an upper limit of the
chemical erosion yield, Yxem = 0.04 is observed that decreases with increasing f.. The
chemical effect is more pronounced for decreasing D energies from Ep =1 — 0.53 keV
(Yonem = 0.08). This synergistic effect requires further experimental studies and ad-
ditional modeling by molecular dynamics simulations to elucidate the exact reaction
mechanisms. The W sputtering behavior was found to be a sum of the weighted Y5
and Y;P yields, proportional to the surface concentration of tungsten, S,. Therefore,
no synergistic effects on W sputtering behavior was observed. The entire dynamics

can be well described by knowing only the C fraction in the incident flux, f., and the
implanted C areal density, n..






6 Modeling

The dynamics of simultaneous irradiation at elevated temperatures involves implanta-
tion, reflection, sputtering and diffusion processes to occur at the same time. Therefore,
the assumption of constant parameters, like sputtering yields or reflection coefficients
is only true for a steady state system where dynamic changes in composition no longer
occur. The present work has followed the dynamic evolution of a pure W surface to
either a mixed C-W surface with corresponding continuous W erosion or to a pure
C surface at a continuously growing C layer. By modeling the experimental data, a
quantitative model of the influence of the system’s base parameters on the processes
governing the dynamics of simultaneous irradiation at elevated temperatures is possi-
ble. The kinematic processes governing the C and D ion interactions with W, and the
changes to the near surface composition can be well described by the binary collision
approximation model implemented in the TRIDYN code. The effect of increased C
self-sputtering, discussed in section 4.2, can also be described by using accordingly
lower SBFE's that fit the measured increase in C self-sputtering yield with temperature.
Therefore, TRIDYN allows for a full kinematic description of the C-W system up to
T < 870 K studied in this work. Further increase in temperature results in C diffusion,
with corresponding changes to the C depth profile, which significantly alters the dy-
namics. However, diffusion effects are negligible in the temperature range studied and
can, if they occur, be modeled by iterative coupling of TRIDYN with an appropriate
diffusion code [93]. The question remains how to best model the chemical sputtering
processes observed at R1 as well as at elevated temperatures. As mentioned earlier, a
full quantitative treatment of the chemical sputtering process in C-W mixed materials
is not possible yet due to the many unknown parameters that govern this process.
Therefore, the chemical component is derived by fitting the experimental data to a
phenomenological model outlined below.

The planned approach is to: (1) derive analytic approximations to the kinematic
process calculated by TRIDYN using one parameter, n., (i.e. the implanted C areal
density) that treats both C and W sputtering processes, and (2) incorporating a chem-
ical loss term corresponding to a yield, Y uem, that is varied to fit the experimental
data. The goal of the present model is, given a set of initial incident parameters for C
and D ions, to correctly describe the dynamics of the W erosion and C implantation
rate as a function of incident ion fluence. This will allow in turn to correctly predict
the total amount of W eroded and C implanted, as well as to predict what steady state
regime the system reaches depending on the system’s basic parameters. A key assump-
tion is that the implanted C depth profiles calculated by TRIDYN corresponding to
the implanted C areal density, n., is representative of the actual experimental C depth
profile.

6.1 Kinematic component

The planned approach is to parametrize the reflection yield, R., and sputter yield,
Y¢ as a function of implanted C areal density, n., reducing Eqn. 4.1 to an ordinary
differential equation:

91
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dn,
dt

= Pe(t) (1 = Re(ne) — Y(ne)) (6.1)

Setting the initial implanted carbon amount to zero, n.(t,) = n, = 0, will allow
Eqn. 6.1 to be solved numerically as an initial value problem using the forward Fuler
method [189] with the following definition for the implanted C areal density, n; = n..:

/

ne(t) = f (t, ne(t))

where h is the time step size, resulting in the expression h ®.(t) to equal the fluence
step size for the present model. The Euler method is a first order method and suffers
from larger numerical error as compared to higher order methods like the Runge-Kutta
method. However, for the present model, the limiting factor in determining n. is the
accuracy of the R.(n.) and Y(n.) function parametrization. This means that the
fluence step h ®.(t) must be chosen small enough to account for all regions where the
R.(n.) and Yf(n.) functions are changing rapidly with n.. It will be shown that this
condition is fulfilled for a step size of h ®.(t) = 0.01 x 10*? m~2,

To obtain the parametrized Y,°(n.) and R.(n.) functions for RT', 670 K, 770 K, and
870 K, TRIDYN results from Fig. 4.12 are used to fit the following functions as shown
in Fig. 6.1:

Yi(n.) = (P + Pan.)exp(—Psn.) + P, (6.2)

R.(n.) = 0.38 exp(—n./0.18) + 0.015 (6.3)

with the resulting parameters for varying angles of incidence and temperatures listed
in Table 6.1 for Y¢(n.). Table 6.1 shows that the increase in roughness, approximated
by increasing the incident angle, shifts the entire Y.°(n.) curve by a constant factor.

So far the model does not differ from the TRIDYN results, and therefore the model
should equal TRIDYN calculations. As an example, comparisons of the model curves
to TRIDYN calculations for C-only irradiation at ar = 15° are shown in Fig. 6.2.
Good agreement with TRIDYN results is achieved by choosing a fluence step size
< 0.01 x 102 m~2. In section 5.2, the W sputtering dynamics was determined to be a
function of the W surface concentration, S,,, as seen from Eqn. 6.4 which is repeated
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Figure 6.1: Analytical fits for Y¢(n.) and R¢(n.) for varying temperature using the param-

eters listed in Table 6.1.

’ Temp ‘ P1 ‘ P2 ‘ P3 ‘ P4aT:15n P4aT:20“
RT |-0.46 | 5.33 | 6.23 | 0.345 0.38
670 K | -0.79 | 5.68 | 8.10 | 0.54 0.6
70K |-0.74 | 437 | 8.19 | 0.59 0.65
870K | -0.83 ] 3.52 | 820 | 0.660 0.72

Table 6.1: Parameters for the fitting function described in Eqn. 6.2 for varying temperatures

and angles of incidence.
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below:

Yo =8, [Yofe+ Yy (1~ fo)] (6.4)

Therefore, the S,, corresponding to the amount of C implanted can be obtained
from Fig. 4.6, by the following fit:

Sw(ne) = exp(—5.48n.) (6.5)

The W sputtered amount corresponding to each fluence step can then be calculated
for every n;:

M, = h ®c(t) Yo (S (1)) (6.6)

A comparison of the model to TRIDYN results for f. = 1 (C-only irradiation) is
shown in Fig. 6.3, where a W sputter yield of Y* = 0.4, based on the W sputter
yield by C calculated using the revised Bohdansky formula was used. Deviations from
TRIDYN calculations are observed at low n., since Y* ~ 0.5 > 0.4 in TRIDYN cal-
culations. This contradiction arises primarily from the approximation of using the W
heat of sublimation value (8.68 V') as the SBE for W atoms in TRIDYN calculations.
Deviations at higher n. arises from the fact that in the phenomenological model, W
sputtering is still observed even at low W concentrations, to account for the inho-
mogeneous coverage of the surface resulting from clustering of carbon atoms on the
surface.

A similar procedure is followed to obtain the parametrized Y.”(n.) at varying tem-
peratures and D energies by fitting Eqn. 6.2 to the partial sputtering yields calculated
by TRIDYN for simultaneous irradiation at varying temperatures and D energies. The
resulting parameters are shown in Table 6.2 for varying temperatures and Table 6.3
for varying incident D energies and temperature.

‘ Temp ‘ P ‘ b ‘ P ‘ P4(¥T:15 P4L¥T:20

RT |-0.034 | 0.39 | 6.23 | 0.0100 | 0.0125
670 K | -0.066 | 0.59 | 7.19 | 0.0200 | 0.0225
770 K | -0.040 | 0.37 | 6.51 | 0.0230 | 0.0255
870 K | -0.049 | 0.38 | 6.31 | 0.0275 | 0.0300

Table 6.2: Parameters for the function Y, (n.) based on Eqn. 6.2, fitted against the partial
D sputter yields from TRIDYN calculations for varying temperatures and angles
of incidence.
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Figure 6.2: Comparison of TRIDYN calculations of n., against the model using the analyt-
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0.0 ' ' : ' : '
A Temp TRIDYN MODEL
-~ RT o e
= 0.04r N 670K o ——
770K & o
>008F- © 870 K * S
;></ e
> 0.12} a0 4
- 2
2] fa)
0] A
5 0.16} % O o o o
= % RgR
o L ff RRIIY Q]
3 0.20- AR
024 . 1 . 1 . 1 . 1 .
0.0 0.5 1.0 1.5 2.0 2.t

Incident C Fluence (x1022 rﬁz)

Figure 6.3: Comparison of TRIDYN calculations of n,,, against the model using Eqn. 6.4,
where Yy, (Sw(n.)) for varying temperatures.
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Energy ‘ Temp ‘ P ‘ Py ‘ P; ‘ Py s ‘
1.0 RT |-0.021| 0.24 |6.15| 0.0175
0.7 RT | -0.020 | 0.20 | 4.81 | 0.0185
0.53 RT | -0.021 | 0.24 | 5.53 | 0.0190
1.0 670 K | -0.046 | 0.23 | 7.75 | 0.0350
0.53 | 670K | -0.048 | -0.004 | 9.96 | 0.041

Table 6.3: Parameters for the function Y, (n.) based on Eqn. 6.2, fitted against the partial
D sputter yields from TRIDYN calculations for varying D energies at RT and
670 K.

It is clearly seen from P; (i.e. the steady state sputter yield) in Table 6.2, that Y.
increases with increasing temperature due the decreasing SBE of carbon to carbon.
In addition, from Table 6.3 it follows that, Y. increases with decreasing D energy due
to the increase in energy deposited in the near surface layer. The D contribution to
the sputtering of the implanted C is considered independent of the C self-sputtering,
resulting in an additional term in Eqn. 6.1:

dnc c D c (1_fc) D

=B (1 - R—Y0) — 0V = 0, {(1—Rc—m—TYC} (6.7)
R R —veny — L= f)yn
Nip1 =N+ h Sc(t) {(1 Re(ni) = Y (ng) 7 Yo ( z)]

To summarize, Eqns. 6.6 and 6.7 represent a description of the temperature de-
pendent C sputtering behavior and the corresponding W sputtering by both C and D
ions based on analytical fit functions using only the C areal density, n., as a parameter
against TRIDYN calculations. Therefore, the kinematic description of the simultane-
ous irradiation is complete. As discussed earlier in section 4.2, Y¢ is dependent on
not only the surface concentration of C but also on its depth profile. Therefore, by
parametrizing Y,° as a function of n., the present model takes both dependencies into
account. However, this naturally leads to the assumption that the depth profile for a
given n,. calculated by TRIDYN correctly describes the experimental results. It will be
shown in section 6.3, that this is a valid assumption for T < 870 K where C diffusion
into the W bulk can be neglected.

6.2 Chemical sputtering

To model the chemical sputtering process, a chemical component, Yepem(n.), is added
to the D contribution in Eqn. 6.7:
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Figure 6.4: Comparison of TRIDYN calculated depth profiles for increasing implanted car-
bon areal density, n.. The numbers indicate the surface concentration of carbon.

dCZ; = @, {(1 — R —Yf)— a-/f) ;Cf 2 Y2+ Ychem)] (6.8)
nivt = i+ o) [<1 = Reln) — YE(ns) — %m’)(n» n memm»} (6.9)

The function Ypem(ne) is assumed to be a simple Gaussian function in the form
below to model the variation of chemical sputtering with the growth of a C layer:

(n;—b)2

}/;hem =ae 22 (610)

All parameters a, b, and ¢ are free parameters determined by fitting the model
function 6.10 to the experimental data. Essentially, the Y., term transforms the
system to a state corresponding to a lower implanted C amount as seen in Fig. 6.4.
This method is physically justified, since the C loss by chemical sputtering is not limited
to the surface only, but occurs throughout the mixed material layer. The validity of
using TRIDYN depth profiles for n. is discussed below.
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Figure 6.5: Comparison of XPS sputter depth profiles at RT and 870 K for simultaneous
irradiation with f. = 0.28.

6.3 Depth profiles

Parametrizing the Y,¢ and Y,” functions against TRIDYN calculations in the model
inherently assumes that the calculated depth profiles correspond to experimental re-
sults. As discussed in section 4, the thickness of the mixed material layer measured by
profilometry of the sputter depth crater corresponded well with the depth calculated
by TRIDYN. Therefore, TRIDYN depth profiles can be assumed to correctly describe
the experimental data at RT. However, this assumption needs to be validated for the
case of elevated temperatures. Therefore, XPS sputter depth profiles were obtained at
RT and 870 K for simultaneous irradiation. However, TRIDYN depth profiles cannot
be quantitatively compared to the sputter XPS depth profiles. The reason is that the
unknown density of the C-W mixed material coupled with a large difference in the par-
tial sputter yields of tungsten and carbon atoms by Ar' leads to large uncertainties in
the conversion of incident Ar" fluence to a depth scale. Still, it is possible to compare
the shape of the experimental depth profiles on a relative depth scale. Since there is a
buildup of C layer for RT results, the first step is to normalize the incident Ar* fluence
to the same starting point (i.e. the surface C fraction measured by XPS). If there
is no change in the relative C concentrations with depth, then the C concentration
measured as a function of incident Ar" fluence must be equal. This is clearly the case
as seen in Fig. 6.5, indicating that no significant changes to the depth profile occur
with temperature. Therefore, C diffusion into the W bulk and resulting changes to
the C depth profile can be neglected. Consequently, the depth profiles calculated by
TRIDYN can be used.

6.4 Summary

A simple model that follows the dynamics of carbon implantation and tungsten sput-
tering has been developed using the implanted C areal density, n., as a parameter.
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Analytic fit functions of the kinematic component were derived from TRIDYN calcu-
lations, while a chemical loss term, Y,,en, allows for the fitting of the experimental
data to obtain absolute values. The W sputtering behavior was parametrized against
n. using Eqn. 6.6, which is based on the experimental finding in section 5.2 that the
W sputtering is the sum of the weighted Y, and Y,” yields, proportional to the surface
concentration of tungsten, S,.
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7 Implications for next step fusion reactor

The key plasma facing materials issues which the ITER experiment is facing are out-
lined by Federici et al. [9] and more recently by Roth et al. [15], while the different
requirements for a future fusion reactor, DEMO, have been discussed by Bolt et al.
[8]. The main focus in this study has been on interactions of carbon (C) and tung-
sten (W) plasma facing materials which are mainly applicable within the framework of
ITER. Use of carbon materials is at the moment not expected in DEMO, and there-
fore, the implication of the experimental results specifically to ITER applications will
be stressed in the following analysis. The most critical issues ITER is facing have been
identified as: (i) lifetime of plasma facing components (PFCs), (ii) dust production
from eroded plasma facing material, and (iii) tritium inventory in the vessel, mainly
resulting from co-deposition with C and Be. All three issues require an understanding
of material sputtering, and more importantly of the erosion, deposition, and re-erosion
of the sputtered wall materials and their transport within the vessel.

At present, simulation codes like EDDY [190] and ERO [191] can model local im-
purity release and the resultant dynamic material mixing due to re-deposition and
re-erosion processes following transport in the plasma. The erosion yields by physical
sputtering are calculated by TRIDYN or using the TRIM database, while the chem-
ical sputtering process is defined by input or using the analytic formula by Roth et
al. |73]. Therefore, improving the predictive quality of the TRIDYN model requires
benchmarking against well controlled laboratory experiments that can quantify the
sputtering processes in mixed materials.

To extend the scarce knowledge on physics and plasma wall interactions of C-W
mixed materials obtained by studies in tokamak experiments, this study examined the
dynamics and formation conditions of C-W mixed materials by ion beam experiments
with well controlled conditions and experimental parameters. It has yielded quantita-
tive data on surface processes and on the erosion of W as well as of D retention under
simultaneous C and D irradiation. It has also identified the main mechanisms that
affect the dynamics of mixed material formation and behavior at elevated tempera-
tures. From this data, the TRIDYN model has been successfully bench-marked, and
demonstrated to correctly account for the C-implantation and W sputtering behavior
under C and D co-bombardment. The successful benchmarking of the TRIDYN model
relies on modified surface binding energies used as inputs parameters to account for
the increase in C self-sputtering yields.

Therefore, the main achievement in the framework of fusion research is that the
TRIDYN model has been bench-marked for a C-W mixed material system at T" <
870 K. Experimental deviation from TRIDYN calculations have been identified as
effects of chemical sputtering and surface roughness, which in some cases are not negli-
gible. Further experimental findings and their respective implications to future fusion
reactor are discussed below.

7.1 Tungsten erosion and impact on component lifetime

Tungsten sputtering is an important issue determining the W erosion rate and corre-
spondingly the lifetime of W plasma facing components as well as the W impurity con-
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centration in the plasma. In the case of ITER, off-normal events such as edge-localized
modes (ELMs) and disruptions will further limit carbon and tungsten component life-
time in the divertor due to crack formation under repetitive thermal stress or melt layer
ejection and sublimation of the material. At present, material solutions do not exist
to overcome the reduction of component lifetime by these off-normal events. The only
viable solution at hand is the development of discharge plasma scenarios with tolerable
ELMs and the development of disruption mitigation systems. In the desired scenario
of a quiescent plasma (i.e. with small ELM impact and free of disruptions), the steady
state erosion of the components will remain as the only limiting factor for component
lifetime. The discussion below follows the assumption that such plasma conditions
have been achieved, which is absolutely necessary in the case of future fusion reactors
such as DEMO.

Description of tungsten sputtering: The tungsten sputter yield in C-W mixed
materials was determined to be the product of the surface concentration of W, S, and
the linear combination of the sputter yields of pure W by the incident species’ weighted
to their respective fraction in the incident flux. Therefore, no synergistic effects in the
W sputtering behavior was seen. This means that the determination of the total W
sputtering yield by additional impurity particles, such as Ar or Ne arising from the
seeding of the plasma edge for radiative cooling, or He generated from the D-T reac-
tion is rather straightforward. The literature data for the W sputtering yield by single
species irradiation is well known, and therefore, predictions of the total W erosion
amount will require only the energy and flux distribution of each incident species with
the target dependent parameter being S,. This allows to use approximated average
sputter yields to account for the respective energy and angle distributions of the sin-
gle species contribution [192]. In practice, plasma simulation codes can provide the
required incident parameters, but the W surface concentration is not readily accessi-
ble. Especially if one views the problem in terms of integrated discharges and long
term exposure of PFCs. However, provided there are diagnostics that can access .S,
in-situ before plasma discharges, one would be able to provide certain predictions to
the amount of W sputtered to better predict component lifetime and calculate the
impurity concentration that can potentially enter the plasma.

Formation of tungsten carbides: In areas of continuous tungsten erosion, the
surface of the C-W mixed material is primarily in the form of tungsten carbide whose
erosion properties were not significantly different to that of pure W. This is because
the enhanced C self-sputtering at elevated temperature appear to affect only the C-C
bonds present and do not affect the C-W bonds. Therefore, tungsten carbide forma-
tion in ITER is not an issue with respect to altering the W erosion behavior. However,
degradation of mechanical properties by embrittlement due to tungsten carbide forma-
tion is of concern. A further detrimental effect of carbide formation and C-W mixing
is the increased hydrogen trapping.

Effect of chemical sputtering: The fact that chemical sputtering effects in C-W
mixed materials is highest at R7T" and is not observed at 1" > 670 K indicates that C
re-erosion from W surfaces by chemical sputtering processes, and subsequent further
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Figure 7.1: Schematic of ITER divertor cassette showing the locations of the W plasma fac-
ing components on: (a) the inner vertical target and baffle, (b) the outer vertical
target and baffle, and (c) the dome. The carbon plasma facing components at:
(d) the vertical strike plates.

increase in W sputtering, will not be of primary importance under fusion relevant tem-
peratures. However, it is possible that increased D retention in C-W mixed materials
at elevated temperatures (possibly from D trapping with He bubbles) can result in
higher concentration of D atoms than observed in this study that can then efficiently
remove the implanted C resulting in increased W sputtering.

Estimate of tungsten plasma facing component lifetime: As a first approxima-
tion in estimating the component lifetime of tungsten PFCs, erosion of W is calculated
for the conditions at the (a) inner and (b) outer vertical target area and baffle (see
Fig. 7.1) using the following parameters [15, 13, 193]: (1) D flux of 102 m~2s~! with
400 sec long discharge, (2) W surface temperature of 400 K, (3) ion incident angles of
ar = 65°, (4) impurity C and Be fractions of f. = 0.03 and fg. = 0.03, (5) Charge
state, ¢, of the C and Be ions of ¢ = 5 (C°") and ¢ = 2 (Be®"), and (6) with the
following plasma ion and electron temperatures at the inner (7; = 7, = 10eV) and
outer divertor (T; = 60eV, T, = 30eV’). The energy of the ions are approximated by
the sum of thermal energy and sheath acceleration energy, E;,, = 3¢1. + 27T}, resulting
in Fp = 50eV, Eg, = 80eV, E. = 190eV at the inner divertor and Ep = 210eV,
Ep. =300eV, E. = 570eV at the outer divertor. Tungsten erosion by physical sput-
tering processes in the (¢) W dome region (see Fig. 7.1) was assumed negligible due to
the very low plasma temperatures in this region.

A summary of W gross erosion rates and corresponding lifetime in number of 400 sec
plasma discharges (shots) are shown for the inner and outer divertor areas in Table
7.1. The thickness of the tungsten PFC has been taken as 10 mm with the lifetime
of the material reached when 2/3 of its initial thickness is eroded as assumed in Ref.
[15]. Tt is noted that re-deposition of the sputtered W has not been accounted for and
therefore the lifetime estimate provides a lower boundary condition. Chemical erosion
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processes were neglected in the simulations since the C surface concentration was below
30%, and the C on the surface was assumed to be in the form of tungsten carbides
as observed earlier in section 5. Chemical sputtering processes were neglected as well
since the chemical sputtering processes in mixed C-W material were observed only at
RT (see section 5.2.2). Be alloy formation with W can also be neglected for surface
temperatures below 900 K [194].

| Location of tungsten PFC | Impurity | Erosion rate [nm/sec] | Lifetime [shots] |

Inner divertor/ Baffle C 0.0020 8.5 x 10°
C. Be 0.0017 1.0 x 107

Outer divertor/ Baffle C 0.016 1.0 x 10°
C. Be 0.020 82 x 10°

Target plate Ar, Be 0.33 5.0 x 10*

Table 7.1: Estimated gross erosion rates for the tungsten plasma facing components (plasma
exposed side) at various divertor locations.

The erosion of the tungsten plasma facing component in the inner divertor area
is approximately an order of magnitude lower than the outer divertor area. The low
erosion rate is due to the low C ion energy which dominates W sputtering, since the D
and Be ion energies are below the threshold for W sputtering. Tungsten is continuously
eroded for the impurity C and Be fractions of f. = 0.03 and fg. = 0.03 used in the
calculations. However, in the case of C+Be, accumulation of Be on the surface reduces
the W erosion rate. The calculations also show a shift to C deposition regime occurs
at C fraction above f. = 0.20, which is significantly higher than the observed impurity
transport from spectroscopic measurements (a few %) or modeling. This indicates that
significant recycling and re-deposition of the eroded C must occur in the inner divertor
regions of tokamaks to explain the strong deposition patterns that is common in all
machines [195, 196, 197, 198|. Results of impurity transport modeling indicate that
the Be flux fractions at the inner divertor will be higher than in the outer divertor
[199], with the highest flux (fg. = 0.06) found at the baffle near the inner divertor
entrance. The increase in Be flux will correspondingly increase the Be concentration
at the surface reducing the W erosion rate even further.

The erosion of the tungsten plasma facing components in the outer divertor is
dominated by physical sputtering by C and Be ions. As seen from Table 7.1, the
addition of Be increases the erosion rate by 25%. Although a maximum Be flux fraction
in the outer divertor was estimated to be below 1% in Ref. [199], a recent extension
of the modeling grid from the SOL to the walls indicate an increase in this Be flux
amount [200]. Accurate estimates of the impurity fluxes are needed to correctly predict
the W component lifetime in the outer divertor region, where clearly the highest W
erosion rate occurs. From Table 7.1, it is clear that steady state erosion processes will
not be a limiting factor of the W component lifetime in areas of the inner and outer
vertical target.

In the case of a full tungsten divertor, tungsten PFCs will also be used at, (d)
the target strike plates (see Fig. 7.1), where the ion fluxes are significantly higher
(102 —10%* m~2s7!) and steady state surface temperatures of 500 —750 K are expected.
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The plasma temperature is expected to be similar to conditions at the inner divertor
(T;. = 10eV) and a simple extrapolation of the C+Be results of the inner divertor
calculations will yield a component lifetime of 10® — 10* shots. This amount is in good
agreement with the most recent estimates of gross W erosion in Ref. [15] using the
ERO code [191]. A more realistic assumption is the replacement of the C impurity
ions with Ar ions (from plasma seeding) at E4,. = 10eV and fa, = 0.003 calculated
using the B2/Eirene background plasma [199]. The calculations result in component
lifetimes of 5.0 x 10* shots, which is still an order of magnitude higher than the number
of discharges planned during the first 10 years of ITER operation [32]. The additional
erosion by incident He ions is limited by the low plasma temperature near the strike
point. From these basic approximations, the steady state erosion of tungsten plasma
facing components, including their use in strike plates, will not significantly affect
the component lifetimes in ITER. In the case of DEMO, extrapolating using ITER-
like plasma discharges of 5.0 x 10% shots will equal 230 days of continuous operation.
Meaning, the use of tungsten PFCs can exclude component lifetime issues from one of
the many limiting factors that affect the operation of a fusion reactor. However, such
progress can only be made with a disruption free quiescent plasma.

7.2 Issue of fuel inventory and co-deposition

From the above discussion, steady state erosion of the tungsten plasma facing com-
ponents will not be the limiting factor in the operation of ITER. On the one hand,
formation of C-W mixed materials will result in decreased W sputtering in comparison
to a pure W material due to the C impurity coverage of the tungsten surface. On the
other hand, this beneficial aspect is negated by the re-erosion of C from previously
clean surfaces and a corresponding increase of tritium co-deposition with carbon. The
co-deposited layers can grow indefinitely with high tritium/carbon ratios, especially
in areas that are remote and plasma shadowed, with the consequence of unsaturated
tritium inventory in the ITER vessel. In addition, such co-deposited layers are often
not stable and can delaminate resulting in dust particles and flakes that are difficult
to collect and remove, and can lead to potential explosions at off-normal ingress of air
or water. The impact of C-W mixed material formation on tritium retention behavior
is discussed below.

Deuterium trapping in C-W mixed material layer: At all temperatures, the
relative concentration of D trapped in the mixed material C-W layer was found to be
higher than D trapping in pure bulk W or in co-deposited C layers. It is postulated
that the additional defects caused by kel C ion irradiation as well as the presence of
the implanted C results in the increased trapping within the mixed material layer. As
a consequence, in areas of continuous W-erosion, the D trapped at the near surface will
be higher than the D retention fraction expected at D-only irradiation. This highlights
the importance of considering mixed beam studies to better simulate plasma wall in-
teractions under actual fusion plasma conditions. It is noted that under fusion plasma
conditions, this effect of damage creation is not limited to C as was the case in this
study. All impurities (Ar, Be, He, W) will result in an increase in D trapping at the
near surface by ion-induced damage.
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In the tungsten erosion regime, this synergistic effect may, however, keep the D
trapped at the near surface and prevent significant D diffusion into the W bulk, alle-
viating the main concern of hydrogen inventory forming in the W bulk material. It
is noted that although the absolute amount decreases with increasing temperature,
D trapping at the mixed material layer is still observed at 870 K. Therefore, under
divertor conditions, these traps do not appear likely to be annealed. However, since
the trapping amount in C-W mixed material decreases sharply with temperature, fol-
lowing the behavior of pure W, a hot divertor can keep the hydrogen inventory low in
C-W mixed material. Therefore at elevated temperatures, the formation of C-W mixed
material does not alter significantly the D retention behavior compared to pure W.

Conversely, in areas of carbon layer growth on top of the C-W mixed material, the
high levels of defects created at the mixed material layer can act as a sink for diffusing
deuterium. Provided a large D concentration can accumulate in this area, delamination
of the overlying C layer may occur by formation of D blisters that rupture. This will
have significant consequences to dust generation, considering that most of the D will
be co-deposited in the C layer. Obviously, temperature and C layer thickness will be
the parameters that determine whether this effect will be important.

Determination of carbon layer thickness: The SBEs used in TRIDYN simu-
lations were determined up to a temperature of T' = 870 K, and therefore the carbon
sputtering behavior can now be well described by TRIDYN in this range. This will
allow improved predictions of the C layer growth rate in areas of net carbon deposi-
tion, provided the incident flux of C and hydrogen, and the surface temperature are
known. The hydrogen/carbon trapping ratio in co-deposited layers as a function of
temperature is known from independent experiments, and therefore the improved C
sputtering rate can provide in turn, improved predictions of the fuel inventory at least
for the plasma exposed surface of the components. It is assumed that the chemical
erosion yield by hydrogen as well as the proper sticking coefficients of the sputtered hy-
drocarbon molecules are correctly accounted for. However, in reality, the contribution
to total fuel inventory from C layer growth in gaps in the castellated structure of the
PFCs [10, 24| and shadowed and remote areas in the vessel must also be considered.
Here, different mechanisms of deposition and erosion dominate [201] and TRIDYN cal-
culations cannot be applied. However, improved modeling of the erosion, re-deposition,
and re-erosion cycle can provide improved estimates to the C source term that leads
to C buildup in remote areas.

7.3 Limitation of TRIDYN use in modeling plasma wall inter-
actions

The derivation of TRIDYN SBEs for carbon sputtering at elevated temperature will
allow for better accuracy in determining the physical sputtering behavior of carbon
in all areas where carbon is deposited. It has been demonstrated in this study that
simultaneous irradiation by impurity and fuel ions at elevated temperatures can be
described by TRIDYN provided the surface roughness contribution is not significant.
However, as observed from experimental results, surface roughening from erosion is
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an inevitable process and will be so for plasma facing components in I'TER. This
results in surface roughness and morphology effects to become a free parameter in
the erosion and deposition process that will introduce large uncertainties and making
accurate predictions of the erosion behavior of plasma facing components difficult.
However, it has been shown that increased surface roughness will result in a shift of the
transition point to higher C fractions in the case of carbon layer growth. Therefore,
in this case, the transition point calculated by TRIDYN can be taken as the lower
limit separating areas of carbon deposition and tungsten erosion. For cases, where the
surface roughness dimensions are such that the sputtered carbon can be redeposited
in its outward trajectory, resulting in decreased C sputtering, a version of TRIDYN
capable of modeling lateral non-uniform surface topography would be required. For
surface roughness in one dimension (the other still assumed uniform) such an extension
has been developed and used for qualitative interpretation of roughness effects [71].






8 Conclusions

A comprehensive study has been undertaken to examine both the dynamic behavior of
carbon (C) implantation and tungsten (W) sputtering under simultaneous irradiation
by C and D ions, and the corresponding D retention behavior. The aim of the study was
to understand mixed material formation and behavior during plasma wall interactions
in fusion devices by controlled ion beam experiments in a laboratory setting. The
developed understanding can be applied to provide experimentally bench-marked input
parameters used in present day impurity transport codes to better model the erosion
and redeposition processes in tokamak devices and extrapolation to ITER and DEMO
conditions.

In the experiments, the amount of C implanted, the amount of W sputtered, and
the amount of D retained as a function of incident fluence were measured in-situ by
ion beam analysis. The parameters considered were: (1) the C fraction in the incident
flux, f., (2) the specimen temperature (RT — 870 K'), and (3) the incident energy of
the D ions (0.53 —3 KeV'). A phenomenological model based on TRIDYN calculations
has been developed to describe the chemical sputtering component observed during
simultaneous irradiation at RT. A fully characterized description of the W sputtering
behavior by C was an important prerequisite for separating the effect of additional
D bombardment during simultaneous irradiation and quantifying the correspondingly
invoked synergistic effects. Therefore, additional experiments examining C and W
irradiation by C ions only were performed. The corresponding results are summarized
first, followed by the conclusions drawn from the simultaneous C and D irradiation
experiments. A discussion of the experimental results in the framework of ITER and
future fusion reactors was discussed in section 7.

8.1 Carbon-only irradiation

Two sets of experiments were conducted with E. = 6 kel C ions in the temperature
range of RT — 870 K. First, W-films deposited on polished Ni substrates were irradi-
ated with C ions to study the C implantation and W sputtering behavior as a function
of incident C fluence and temperature. Second, C films deposited on polished W sub-
strates were irradiated with C ions to measure the C self-sputtering yields as a function
of temperature. The main conclusions and original contributions are as follows: (1)
The W sputtering behavior can be fully characterized by the implanted C, (2) The C
self-sputtering yields have been measured in the previously unexamined temperature
range of RT — 870 K, (3) The increased C self-sputtering at 7' < 870 K has been at-
tributed to correspondingly decreased surface binding energies in the binary collision
approximation model implemented in the TRIDYN code. The temperature dependent
effects are summarized below.

(i) Dependence of tungsten erosion on implanted carbon: Irradiation of tung-
sten by F. = 6keV C ions at RT showed that the W sputter yield is a function of
the implanted carbon amount, n.. Therefore, the W sputtering behavior can be fully
parametrized by n.., effectively reducing the problem of C implantation and W sputter-
ing processes at a given incidence energy to one parameter. The W sputtered amount
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was gradually reduced by the corresponding increase of the implanted C amount, un-
til at n, ~ 0.4 x 1022m~2 (for E, = 6keV), the formation of a closed C layer sup-
pressed further sputtering of W. This dependency allows one to correlate the implanted
C amount to the C surface concentration, which critically governs the W sputtering
yield. The experimentally unavailable C surface concentration can be approximated
by TRIDYN calculations, provided the experimental C implantation and W sputtering
process can be modeled assuming a laterally uniform smooth surface. Deviations from
a smooth surface topography arise at increasing temperature leading to additional ef-
fects discussed below. The structure of the growing C layer was determined by Raman
spectroscopy and showed a highly disordered network of graphite-like carbon with its
structure independent of temperature in the range studied (RT — 870 K).

(ii) Effect of temperature on tungsten erosion and implanted carbon: A
change in the C implantation and W sputtering behavior was observed following
ne &~ 0.1 x 10*2m=2 (for E, = 6keV). With increasing temperature, the C sput-
tering rate increased, requiring higher incident C fluences to form a closed C layer to
protect the underlying W. The increased C sputtering resulted in longer exposure of
W, which increased the total amount of W sputtered before formation of a closed C
layer. For example, an increase of ~ 50 % in the total amount of W sputtered is ob-
served at 770 K compared to RT. The increase in the sputtering of implanted C was
determined to be from the combined effects of increased C self-sputtering and surface
roughness effects, discussed below. Carbon diffusion into the bulk was ruled out by the
temperature independent implanted C depth profile determined using XPS. However,
possible effects of C diffusion or segregation to the very surface during irradiation could
not be determined with the available diagnostics.

(iii) Effect of temperature on C self-sputtering: To quantify the increase of
C self-sputtering with temperature, experimental C self-sputtering yields at 670 K,
770 K, and 870 K were measured by irradiation of C films deposited on polished W
substrates using 6 kel C ions. The sputtering yields at E. = 6 kel measured were
0.294+0.01, 0.454+0.03, 0.554+0.03, 0.644+0.05 at RT', 670 K, 770 K, and 870 K, respec-
tively. The increase in C self-sputtering yields can be described by the binary collision
approximation model (TRIDYN) by reducing the surface binding energies (SBEs).
The SBEs were obtained by comparison of the BCA results with the experimental
C self-sputtering yields resulting in C-C SBFEs of 7.4, 4.3, 3.8, and 3.1eV for RT,
670 K, 770 K, and 870 K, respectively. These SBFEs were used to successfully model
the experimental results of 6 kel C irradiation of W at RT — 870 K. At T < 870 K,
the TRIDYN model of reducing the carbon SBESs correctly describes the increased
W sputtering and decreased C implantation rate caused by increased C self-sputtering
yields with increasing temperature. The good agreement using constant C-W and
W-W SBEs for calculations at higher temperatures indicates that the sputtering of
tungsten carbides can be assumed to be the same as that of pure W and is independent
of temperature. However, at T" = 870 K, the increased C self-sputtering alone cannot
correctly model the C implantation and W sputtering behavior. Possible changes to
the C surface concentration by diffusion or segregation effects and the observed in-
crease in surface roughness are not included in the TRIDYN model and therefore are
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attributed to the remaining discrepancies. These additional temperature effects need
to be implemented in a quantitative model incorporated in TRIDYN, to extend the
present model to higher temperatures.

(iv) Effect of temperature on surface topography and roughness: A slightly
larger incident angle, ar = 20° in TRIDYN as compared to the experimental, o = 15°,
was required to best model the experimental data at T" = 770 K using the bench-
marked SBFEs. The increased angle of incidence was used to approximate the effect of
an increase in surface roughness from the annealing process. However, at T' = 870 K,
the necessity of using an even larger incident angle, ap = 25°, indicates that con-
tributions from surface roughness become significant resulting in different dynamics
compared to a laterally uniform smooth surface. Images of surface topography mea-
sured using AFM indicate that the C layer growth at higher temperatures is driven by
formation of island like structures, indicating a surface growth process based on the
mobile C atoms on the surface. With increasing temperature, the C layer is observed
to grow increasingly inhomogeneously with larger island like structures that result in
a rough surface with a root mean square roughness value, R,, greater than the mean
C ion range of 10 nm. The increased temperature facilitates the growth of such island
structures, either by diffusion or segregation effects, which have a large effect on the C
sputtering behavior by increasing the local angle and also in longer exposure period of
the underlying tungsten.

8.2 Simultaneous irradiation by Deuterium and Carbon ions

The C implantation and W sputtering behavior during simultaneous irradiation of W
films deposited on polished Ni substrates with 6 keV C ions and 0.53 — 3 keV D ions
was studied. The system develops into two distinct steady state regimes of continuous
W erosion or continuous C layer growth depending on the key parameters discussed
below. The main conclusions and original contributions are as follows: (1) A synergis-
tic effect of combined C and D irradiation at RT results in a significant discrepancy
between the BCA-based TRIDYN simulations and the experimental results. This is
interpreted as a chemical sputtering process of the trapped D passivating the broken
C bonds resulting from both implanted C and D ions. (2) With increasing tempera-
ture, the C implantation and W sputtering behavior is described well by the TRIDYN
model using SBEs derived from C-only experiments. Therefore, the dominant effect
was identified as increased C loss by the increased C self-sputtering yield. No synergis-
tic effects were observed meaning the system can be fully described by the combination
of each individual species’ contribution to the C loss and growth rate. (3) The W sput-
tering yield was determined to be a linear superposition of the partial sputter yields
weighted to their fraction in the incident flux, which is proportional to the W surface
concentration. Conclusions from varying the main parameters in the experiments are
summarized below.

(i) Carbon fraction in the incident flux: At RT, the transition point separating
the two regimes of continuous W erosion and continuous C layer growth was determined
to be in the interval 0.09 < f. < 0.11. The system can be primarily characterized by



112 8 CONCLUSIONS

the behavior of the implanted C and its surface concentration and depth distribution as
seen from C-only experiments. The effect of simultaneous irradiation with D ions is the
introduction of an additional loss mechanism for the implanted C. At f,. values lower
than at the transition point concentration, the system is in dynamic equilibrium where
the combined C loss rate from both C sputtering by C and D ions and the reflected C
ions equals the C implantation rate, resulting in a constant steady state value of the
total C amount in the mixed material. Increasing f. correspondingly increases the C
implantation rate and the sharp boundary between the W erosion and C layer growth
regimes occurs due to the shift in balance to net C implantation. The consequence of
high irradiation fluences in the dynamic W erosion regime can lead to surface rough-
ening that alters the dynamics of the system by increasing the sputter yields. This has
the effect of increasing the C loss rate and higher C fractions will be required to shift
the system to the C layer growth regime.

(ii) Effect of increased specimen temperature: A temperature increase has two
main effects in: (1) increasing the C self-sputtering yields, and (2) decreasing the D
retention amount. The increase in C self-sputtering yields has the effect of shifting
the transition point to higher f. with increasing temperature by increasing the C loss
rate. At T = 770 K, the transition point was determined between 0.11 < f. < 0.14
and at T" = 870 K, the transition point was f. > 0.14. In the C deposition regime,
the dynamics leading up to a growing C layer can be described by the fitting model
based on TRIDYN simulations using the SBE's derived from C self-sputtering exper-
iments. Therefore, the dominant effect is the increase in C loss by the increase in C
self-sputtering. The only difference in the fitting model and TRIDYN is the treatment
of the W sputtering behavior, where the fitting model assumes the W sputter yield is
proportional only to the surface concentration of W. Also, in the W erosion regime,
the effect of enhanced C self-sputtering can fully describe the system and chemical
sputtering effects were not observed from the mixed material layer. Chemical sput-
tering effects with the growth of a C layer was not observed due to the experimental
limitation of a maximum achievable C layer thickness of < 80nm. Therefore, the for-
mation of volatile molecules that primarily occurs at the end of the implanted D ions’
range still occurred only in the mixed material transition layer and not within the C
layer on top. The decrease in D retention fraction with increasing temperature has the
effect of reducing the D/C ratio of the co-deposition from 0.4 at RT to 0.05 at 670 K
and 770 K in the C deposition regime. In the W sputtering regime, the decreased D
retention amount results in negligible chemical sputtering contributions in the mixed
material region that were largest at RT. Carbon diffusion into the bulk tungsten at
870 K was shown to be negligible.

(iii) Effect of decreased D energy: At RT, the discrepancy between TRIDYN
simulations and experimental results observed in the W erosion regime was interpreted
as a chemical sputtering processes. It is postulated that the trapped D in the mixed
material is able to passivate the broken C bonds resulting from C and D ion irradi-
ation. The chemical yield was determined by fitting the experimental results using a
model developed based on TRIDYN calculations. The effect of reducing the incident
D energy from Ep = 3 — 0.53 keV results in an increase in the chemical sputtering
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yield. A maximum value of Y e, & 0.04 at Ep = 3keV and Ype,, =~ 0.08 for lower D
energies was required to fit the experimental data. The quantitative validation of this
hypothesis and of the fit used here as approximation will require detailed molecular
dynamics studies and further experiments requiring in-situ surface analysis and line of
sight mass spectroscopy diagnostics.

(iv) D retention: At RT, the total D retention amount in unannealed specimens
was found to be an order of magnitude higher (10*! — 10?> m~2) than literature data.
This is due to the contribution of D diffusion and trapping in the Ni substrate to the
total D retention amount measured. In the case of annealed specimens, the contribu-
tion of the Ni substrate greatly decreased, but D retention amount was still a factor
of two higher than published data from bulk tungsten. This increase is partially at-
tributed to the additional D trapping sites formed by simultaneous irradiation of W
with energetic keV C ions, as well as the short time interval between irradiation and
analysis. In the C deposition regime, the mixed material region contained the highest
relative concentration of D trapped compared to the amount trapped in the W bulk
or even in the co-deposited C layer. The absolute amount of D trapped in this mixed
material layer was observed to decrease with temperature, but D trapping was still ob-
served at 870 K, indicating high trap energies normally associated with D trapping at
C or vacancy sites. D trapped in these sites does not appear to contribute to chemical
sputtering of C. In the W erosion regime, the amount of D retained decreases with
increasing temperature and agrees within a factor of two with published data. No
dependence on the value of f. was observed in the retained D amount.
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