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Kurzfassung

Der stetig steigende globale Energieverbrauch erfordert eine breit angelegte
Forschungs- und Entwicklungskampagne im Bereich der Energietechnologie. Neben
erneuerbaren Energien verspricht Kernfusion eine effiziente, CO4 freie Energieum-
wandlungstechnik, die keinen Atommiill erzeugt, welcher einer Endlagerung bedarf.
Hierbei gehen lediglich Deuterium und Lithium als Primé&rressourcen in die Reak-
tion ein, welche weitldufig verfiighar sind. Auf dem Weg zur kommerziellen Nutzung
der Kernfusion miissen noch einige technische Hiirden {iberwunden werden, bevor
ein Fusionskraftwerk gebaut werden kann. Einen wichtigen Schritt auf dem Weg,
diese Hiirden zu iiberwinden, stellt der derzeit im Bau befindliche Experimentalre-
aktor ITER dar. ITER soll die wissenschaftliche und technologische Realisierbarkeit
einer Nettoenergiegewinnung mittels Kernfusion demonstrieren. Die in einem Fusi-
onsreaktor am stérksten belasteten Komponenten, welche dem Fusionsplasma direkt
zugewandt sind, miissen mit gut geeigneten Materialien armiert werden. Diese Ma-
terialien miissen den hohen Wirmelasten und Partikelfliissen fiir eine 6konomisch
annehmbare Zeitspanne standhalten. Beryllium ist als dem Plasma zugewandten
Material fiir den grofiten Teil des inneren Vakuumgeféfes in ITER, der sogenannten
ersten Wand, vorgesehen. Wolfram hingegen wird im unteren Teil der Vakuum-
kammer verwendet, dem sogenannten Divertor, welcher als Abfithrungssystem der
Maschine dient.

Die Wahl von Beryllium als dem Plasma zugewandten Material ist durch einige
herausstehende Merkmale begriindet. Zum Beispiel ist die niedrige Ordnungszahl
vorteilhaft, da erodiertes Material in diesem Fall die Leistung des Plasmas nicht
signifikant verringert. Weiterhin wird Beryllium durch eine hohe Warmeleitfahigkeit
und geringes chemisches Sputtern ausgezeichnet. Abgesehen von diesen Vorteilen
stellt die verhéltnisméBig geringe Schmelztemperatur von Beryllium von 1287 °C
ein erhohtes Risiko beziiglich einer Schidigung der Armierung durch transiente
Plasmaereignisse, wie zum Beispiel Randschichtinstabilitdten oder Plasmazusam-
menbriiche, dar. Selbst wenn diese Plasmaereignisse abgeschwicht werden, kénnen
sie noch zu Leistungsdichten in der GW m~2 GréBenordnung mit einer Dauer in der
Millisekunden Skala auf den dem Plasma zugewandten Materialien fiithren. In dieser
Arbeit wird die Einwirkung solcher transienter thermischer Ereignisse auf das ITER
Berylliumreferenzmaterial S-65 untersucht. Im Zuge der durchgefiihrten Tests liegt
der Schwerpunkt auf dem Versténdnis der verschiedenen Schadigungsmechanismen
und des Schmelzverhaltens von Beryllium, um belastbare Abschétzungen der Leis-
tung und Lebenszeit unter den operativen Bedingungen in ITER zu gewihrleisten.
Die transienten Wérmelasten wurden experimentell mittels der Elektronenstrahl-
anlagen JUDITH 1 und JUDITH 2 simuliert. Im Zuge der durchgefiihrten Experi-
mente wurden die absorbierte Leistungsdichte, die Pulsdauer, die Basistemperatur,
die Pulsanzahl und die Oberflichenbeschaffenheit der Berylliumproben variiert, um
ein grofles Spektrum relevanter Belastungsparameter abzudecken. Mit den erzeugten
Daten konnte eine Schiadigungskarte der zu erwartenden Schadensarten durch tran-
siente thermische Belastung in Abhéngigkeit von der absorbierten Leistungsdichte
und der Basistemperatur erstellt werden. Weiterhin wurden die Schwellenwerte von
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Beryllium fiir die Erzeugung von plastischer Deformation, Rissen und Schmelze er-
mittelt. Diese Schwellenwerte markieren den operativen Parameterbereich, welcher
sicherstellt, dass die erste Wand in ITER keine intolerablen Schiden nimmt.

Weiterhin wurde die Widerstandsfihigkeit verschiedener Oberflichenbeschaffenhei-
ten unter transienter thermischer Belastung verglichen, um die optimale Oberfla-
chenbearbeitung fiir die Berylliumarmierung zu bestimmen. Die Tests ergaben, dass
die polierte Oberfliche und die Oberfliche im Anlieferungszustand die grofite Wider-
standsfihigkeit zeigten, wéhrend alle geschliffenen Oberflichen eine schwere
Schédigung nach 1000 Pulsen aufwiesen. Daraus wurde gefolgert, dass das Schleifen
der Berylliumarmierung zu vermeiden ist. Die Analyse der metallografischen Quer-
schliffe zeigte das Aufkommen einer Ubergangsregion in einer Tiefe von
~ 70 — 120 pm. Diese Region wurde durch eine schwache mikrostrukturelle Inte-
gritit sowie eine signifikante Verringerung der thermischen Leitfahigkeit ausgezeich-
net. Energiedispersive Rontgenspektroskopiemessungen ergaben, dass sich wiahrend
der transienten thermischen Belastung Berylliumoxidpartikel an den Korngrenzen
bildeten, welche fiir die Entstehung der Ubergangsregion mit ihren verschlechterten
physikalischen Eigenschaften verantwortlich waren. Im Betrieb von ITER sollten Be-
lastungsbedingungen auf der ersten Wand, welche zur Formierung der Ubergangsre-
gion fithren kénnen, vermieden werden. Die Ausbildung einer solchen Ubergangsregi-
on beinhaltet das Risiko eines makroskopischen Abbldtterns der Berylliumarmie-
rung, was eine Reduzierung der Lebensdauer der betroffenen Komponenten der ers-
ten Wand zur Folge hétte.

Insgesamt wurde herausgefunden, dass die Streckfestigkeit und die Zugfestigkeit
zwei Schliisselparameter darstellen, welche die Schadensbildung von Beryllium un-
ter transienten Warmelasten mafigeblich beeinflussen. Beide Materialparameter wei-
sen bei steigender Basistemperatur geringere Werte auf. Deshalb ist eine moglichst
niedrige Basistemperatur (getestet bis Raumtemperatur) fiir eine optimale Leis-
tung der Berylliumarmierung in ITER empfehlenswert. Dariiber hinaus ergaben
die Experimente, dass sowohl die plastische Deformation als auch die Rissbildung
keine Bedrohung fiir den Langzeitbetrieb von ITER darstellen, sofern die transi-
enten thermischen Belastungen auf der ersten Wand einen Warmestromfaktor von
9 MW m~2 s%5 nicht iiberschreiten. Diese Schlussfolgerung basiert auf dem Ergebnis,
dass eine Sittigung der thermisch induzierten Schiiden nach 10° Pulsen festgestellt
wurde und selbst nach bis zu 107 Pulsen keine nennenswerte Intensivierung der Ober-
flachenschédigung beobachtet wurde. Dennoch berticksichtigten die durchgefiihrten
Experimente nicht die in ITER zusétzlich zu den Warmelasten vorhandene Plas-
mabelastung und Neutronenstrahlung. Daher sind weiterfiihrende Experimente mit
sequenzieller oder gleichzeitiger thermischer- /Neutronen-/Plasmabelastung empfoh-
len, um die synergetischen Effekte der verschiedenen Belastungsarten und mogliche
Verschiebungen der in dieser Arbeit gefundenen Schwellenwerte zu untersuchen.
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Abstract

The rising global energy consumption requires a broad research and development ap-
proach in the field of energy technology. Besides renewables, nuclear fusion promises
an efficient, CO4 free, no long-term radioactive waste producing, and safe energy
source using only deuterium and lithium as primary resources, which are widely
abundant. However, several technical challenges have to be overcome before a nu-
clear fusion power plant can be built. For this purpose, the experimental reactor
ITER is currently under construction in France. ITER is intended to demonstrate
the scientific and technological feasibility of net energy generation via nuclear fusion.
The most heavily loaded components inside a fusion reactor, which are directly fac-
ing the fusion plasma, have to be armoured with well suited materials, which need
to be able to withstand the high thermal and particle loads for an economically
reasonable lifetime. For ITER, beryllium is chosen as plasma facing material for the
largest fraction of the inner vacuum vessel, the so called first wall. Tungsten will
be applied in the bottom region of the vacuum vessel, the so called divertor, which
acts as the exhaust system of the machine.

The choice of beryllium as plasma facing material was driven by its outstanding
advantages, e.g. the low atomic number assures that eroded wall material does not
strongly decrease the fusion plasma performance, while it combines a high thermal
conductivity with low chemical sputtering characteristics. However, the relatively
low melting temperature of beryllium of 1287 °C comprises the risk of amour damage
by melting during transient plasma events, such as edge localized modes or plasma
disruptions. Even when mitigated, these events put tremendous power densities in
the GW m~2 range with durations in the ms scale onto the plasma facing materials.
Hence, the performance of the ITER reference beryllium grade S-65 under transient
thermal loads was studied within this work. Thereby, the focus was set on the un-
derstanding of the different damage mechanisms and melting behaviour of beryllium
in order to contribute to more reliable performance and lifetime estimations under
ITER operational conditions. The transient thermal loads were experimentally sim-
ulated in the electron beam facilities JUDITH 1 and JUDITH 2. In the course
of the experiments, the absorbed power density, pulse duration, base temperature,
number of pulses, and the surface qualities of beryllium specimens were varied to
cover a broad range of relevant loading scenarios. With the generated data, a dam-
age map was created showing the surface damages to be expected originating from
transient thermal loads with varying absorbed power densities and base tempera-
tures. Furthermore, the damage, cracking, and melting thresholds of beryllium were
determined. These thresholds mark the parameter range, in which ITER can be
operated without inducing the respective damage type to the first wall.

Furthermore, the performance of different surface qualities under transient ther-
mal loading was compared in order to determine the optimal surface treatment for
the beryllium armour tiles. As a result, the polished and the as received electric
discharge machining cut surface qualities exhibited the best performance, while all
ground surfaces were severely damaged after 1000 pulses. Hence, grinding of the
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beryllium armour tiles should be avoided. The analysis of metallographic cross sec-
tions revealed the emergence of a transition region in a depth of ~ 70 — 120 pm.
This region was characterized by a poor microstructural integrity as well as a signif-
icant reduction of the thermal conductivity. Energy dispersive X-ray measurements
showed that beryllium oxide particles formed at the grain boundaries during the
transient thermal loading, which were the reason for the transition region forma-
tion. For ITER, loading scenarios that lead to the transition region formation need
to be avoided, since the poor microstructural integrity in the transition region in-
volves the risk of a macroscopic delamination of armour material, which reduces the
lifetime of afflicted first wall panels.

Overall, it was found that the yield strength and ultimate tensile strength of beryl-
lium represent two key parameters that strongly influence its performance under
transient thermal loading. Both quantities decrease as a function of the base tem-
perature. Therefore, a lower base temperature (tested down to room temperature)
is favourable for the performance of the beryllium armour tiles in ITER. The gen-
erated results indicate that the plastic deformation and the cracking of beryllium
do not pose a threat to the operation of ITER, if the heat flux factors of the tran-
sient thermal pulses remain at 9 MW m~2 s®? or below. This conclusion was drawn
from the fact that the thermally induced damage saturated after 10° pulses and did
not significantly change for up to 107 pulses. However, the performed experiments
did not include the effects of plasma exposure and neutron irradiation of beryllium,
though these loading conditions will be present in ITER in addition to the evalu-
ated transient thermal loads. Further experiments with sequential and simultaneous
plasma/thermal /neutron loading are proposed to investigate the synergistic effects
of the different loading types and to evaluate possible shifts of the threshold values
that were determined within this work.
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1 Introduction and background

With the rising world population and the increasing living standard in almost every
country all over the world, a vast amount of energy is necessary to feed the increasing
energy demand of the human race. In the long run, primary energy carriers, for
instance coal and oil, will be depleted and cannot be addressed as energy source
for the next centuries. Furthermore, the current primary energy carriers are also
highly valuable as resources for various industries. Therefore, it remains profoundly
questionable if they should just be burned for the generation of heat. Renewable
energy sources like solar and wind can be a part of the solution for the future energy
supply but due to their fluctuating nature, they can cover the electricity base load
with the current technology only partially. Further research and development on
energy storage systems and an extension of the electricity grid have to be performed
in order to enable renewable energies to have a strong impact on the energy economy.

Nuclear reactions such as fissuring or fusing atomic nuclei are able to generate a lot
more energy per unit mass of fuel than chemical reactions such as simple combustion.
The nuclear fission technology is capable of covering a large fraction of the electricity
base load generation. But the drawbacks of this technology are the production of
long-term radioactive waste that needs a permanent and thus expensive disposal,
and the possibility of a catastrophic failure leading to a radioactive contamination of
the environment. In addition, the public acceptance of fission power plants subsides.
By way of contrast, nuclear fusion represents a promising approach for a virtually
inexhaustible resource based electricity generation in the future. Nuclear fusion
is an inherently safe technology since it takes a lot of technical effort to keep the
reaction ongoing. If any disturbance or accidental event occurs, the fusion plasma
(cf. section 1.2) disrupts, all stored energy is deposited within the fusion reactor,
and no chain reactions are triggered. Moreover, a fusion power plant will be able to
cover the electricity base load and the necessary resources (fuel) are widely abundant
(cf. section 1.1). The drawbacks of fusion reactors are the high constructional costs
due to the complexity of the system and the activation of the materials at the inside
of the reactor due to transmutation processes. However, no long-term radioactive
waste is generated and the used materials fulfil the constraint to be recyclable after
a maximum of 100 years (cf. section 1.4).

1.1 Nuclear fusion

In a nuclear fusion reaction, light atomic nuclei merge together to form a new and
heavier nucleus. To enable this process, the involved nuclei have to come extremely
close until the attractive strong interaction force overcomes the repulsive Coulomb
force. As they come close, the positively charged nuclei experience a repulsive force
F determined by Coulomb’s law:

lq142]
[Pl = k=5 - (1.1)




1 Introduction and background

Here, k. is Coulomb’s constant, ¢; and ¢, are the electrical charges of the nuclei, and
r is their distance. To overcome the Coulomb repulsion, the nuclei need to have a
sufficiently high collision energy to enable quantum mechanical tunnelling through
the narrow Coulomb barrier. Within the sun, this requirement is fulfilled in the core
region by enormous pressures of about 200 x 10° bar and temperatures of around
15.6 x 105 K [1]. Equation 1.1 shows that the repulsive Coulomb force increases
with the charge of the nuclei ¢ and accordingly with the atomic number (Z). As a
result of an increasing atomic number, the required force to overcome the Coulomb
barrier and ultimately to fuse nuclei increases. Figure 1.1 shows the binding energy
for different nuclei.

10 T T 1111 T T

I Fissi
é 6 L ission N
= 8 i
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2 4 | |
= = T ]
Q 3He

2 p Fusion T

0 D Ll a1 | | |
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Figure 1.1: Binding energy per atomic mass number A for different nuclei. Note
that the mass number scale is logarithmic in the range of 1 — 50 and continues
linearly above 50 to highlight the most relevant nuclei for controlled fusion [2].

Up to %2Ni that has the highest binding energy per nucleon of all nuclei [3], the
binding energy increases with the mass number. As a consequence, fusing nuclei
with a mass number below %2Ni and fissuring nuclei with a higher mass number than
52Nji yields energy through the mass defect. The peak at *He in figure 1.1 indicates
that a remarkably high amount of energy can be obtained through reactions that
generate a helium nucleus. Equation 1.2 shows an example for the nuclear fusion
reaction of the hydrogen isotopes deuterium (D) and tritium (T).

D+T — *He+n+17.6 MeV (1.2)

D has an atomic mass of 2.014 u, T of 3.016 u, *He of 4.003 u and the neutron has an
atomic mass of 1.008 u. This leads to a mass deficiency of 0.019 u, corresponding to
3.136 x 1072 kg on the right hand side of equation 1.2. Considering the equivalence
of mass and energy [4], this mass deficiency is equivalent to 17.6 MeV. This energy
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1.2 Fusion reactor concepts

is carried by the a-particle (‘He) and the neutron in the form of kinetic energy with
a ratio of 1:4, i.e. the neutron carries 14.1 MeV. Figure 1.2 shows the DT reaction
schematically.

o

Deuterium
‘ 4Helium (3.5 MeV)
@ Neutron (14.1 MeV)
Tritium @ Neutron

0 Proton

Figure 1.2: DT fusion reaction scheme [5]. D and T form an unstable 5He nucleus,
which decays with a half life time of 5.5 x 10722 s to the shown *He nucleus and a
free neutron [6].

The DT reaction is the most favourable fusion reaction for the fusion reactor ap-
plication because it is characterized by a high reaction rate at relatively low ion
temperatures and because D has a natural abundance of 1.53 x 1072 at% in sea
water. T is an unstable isotope with a half life of 12.5 years but can be bred in the
fusion reactor from ®Li and “Li (both are stable isotopes with a total natural abun-
dance of 6.0 x 1072 at% in the crust of the earth) using the neutrons from the DT
reaction. Besides the benefits, running the DT reaction in a fusion reactor has some
important drawbacks such as the neutron activation of the reactor materials and the
small fraction of fusion energy yield that is carried by charged particles. Thus, the
possibility to apply direct energy conversion techniques [7] is limited. Due to the
cost and complexity of the necessary remote handling of the radioactive materials
inside the reactor and the related safety regulations, the DT reaction was tested on
a large scale only in the Joint European Torus (JET) experiment [8] up to now.

1.2 Fusion reactor concepts

It remains technically challenging to achieve the conditions under which nuclear
fusion occurs. Subsections 1.2.1 and 1.2.2 describe magnetic confinement fusion
concepts. In these concepts, the fusion fuel is heated up beyond its ionization
temperature to form a plasma that is magnetically confined using strong magnetic
fields that are generated by coils around the plasma. If the energy released by
fusion reactions and confined within the plasma is greater than the energy which is
necessary to sustain the fusion reaction, the plasma is called a “burning plasma”,
or it reached the stage of “ignition”. The conditions that are required for the
ignition are combined in the triple product nT'7g that is formulated using the Lawson
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Criterion [9] for the DT reaction:
nTrg >3 x 10* keV s m™ . (1.3)

Here, n is the particle density in the plasma, T is the ion temperature, and 7 is the
energy confinement time, in which 50 % of the energy stored in the plasma is lost
to the surrounding via various transport mechanisms. To achieve a sufficiently high
triple product, magnetic confinement fusion devices aim for a high T in the range
of 10 — 100 keV and 7 of about 3 s with a particle density around 10%° m~=3, while
inertial fusion devices [10] work with a significantly lower confinement time together
with a substantially higher particle density.

However, it is not necessary to achieve the conditions described by the Lawson Cri-
terion to generate net energy by nuclear fusion. A positive energy balance (Q > 1,
equation 1.4) is already reached if the fusion power Prgon exceeds the applied ex-

ternal heating power Peytornal: »
fusion

Q Pexternal . (14)
The Q-factor only considers the pure ratio of the produced fusion power and the
consumed external heating power and, therefore, misses losses due to the electrical
power conversion for the grit supply (and auxiliary/control systems), which is the
purpose of a commercial fusion power plant. For the generation of net electricity
from fusion reactions, the Q-factor should be greater than ten for a given reactor
system in order to account for the rather low Carnot efficiency of the thermal energy
conversion 1 & 0.33 and to compensate losses originating from imperfect plasma
confinement and diagnostic/control systems. Note that for an ignited plasma @) goes
to infinity, since no external heating power is necessary to generate fusion power.
Ultimately, this is the desired regime for a fusion power plant, which produces a net
energy gain that is comparable to a commercial fission power plant [11].

1.2.1 Tokamak

The most common and most developed magnetic confinement fusion concept is
the tokamak (a transliteration from the Russian expression “toroid-kamera-magnit-
katushka”, which translates to “toroidal chamber in magnetic coils”) concept that
was invented in the 1950s by Soviet physicists in Moscow. The desired plasma is
created inside a vacuum vessel by injecting the fusion fuel and heating it up via
ohmic heating through the central solenoid, neutral particle beam injection, and
radio-frequency heating [12]. Figure 1.3 shows a schematic view of the tokamak
concept.

A tokamak can be operated in a pulsed mode only since the plasma current is
induced via the transformer principle. The charged particles inside the plasma
(electrons and ions) move along the magnetic field lines and experience a Lorentz
force that leads to a spiral particle trajectory around the magnetic field lines. The
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Figure 1.3: Schematic view of the tokamak concept [13]. The toroidal magnetic
field coils create a toroidal magnetic field (light green) that is twisted by the poloidal
magnetic field (dark green) created by the plasma current (red) that is induced by
the inner poloidal magnetic field coils (central solenoid). The resulting twisted
magnetic field (yellow) confines the plasma (violet).

radius of the spiral particle trajectory projected onto a plane perpendicular to the
magnetic field line is described by the gyroradius or Larmor radius that is inversely
proportional to the strength of the magnetic field. Due to the toroidal geometry of
the tokamak, the magnetic field strength is higher at positions closer to the centre.
This inhomogeneity of the magnetic field causes a drift motion of the particles that
is directed radially outwards. Ultimately, this drift motion leads the particles to hit
the wall of the vessel. To overcome this drift motion, the toroidal magnetic field is
twisted poloidally via a poloidal magnetic field component created by the plasma
current itself to form a helical magnetic field that can entirely confine the charged
particles inside the vacuum vessel.

Until today, several fusion reactor experiments that use the tokamak concept ex-
ist. For instance, the German experiments TEXTOR (Tokamak EXperiment for
Technology Oriented Research, 1983 — 2013) or ASDEX-Upgrade (Awial-
Symmetrisches Divertor-EXperiment, 1991 — present) delivered important insights
into the plasma physics issues and the plasma wall interaction (cf. section 1.3) phe-
nomena, on which the design for modern fusion reactors is based. JET (Joint
European Torus) is the biggest tokamak type fusion reactor worldwide up to now.
It is capable of running DT fusion reactions and has already produced a fusion power
of 16.1 MW, which corresponds to a @-factor of about 0.6 for the given experimental
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parameters [14]. JET did not reach break-even (@ = 1) so far, but considering that
the magnetic coils used in this experiment do not use superconducting technology,
its performance remains outstanding in controlled fusion research and delivers im-
portant information for the construction and the operation of the next step tokamak
type fusion reactor called ITER (Latin for “the way”, cf. section 1.6).

1.2.2 Stellarator

The stellarator concept is a further fusion reactor concept, in which the hot plasma
is confined magnetically. It is based on a toroidal geometry but in contrast to the
tokamak concept, both, the toroidal and the poloidal magnetic field components are
generated by 3D-shaped coils. The axial symmetry around the central (vertical) axis
of the torus is lost in this concept, but since there is no plasma current necessary
to create the poloidal magnetic field component, a stellarator can be operated con-
tinuously. This is the preferential regime for a reactor system, because the thermal
fatigue effects during the cool-down and the heat-up phases between the pulses in
a tokamak can be avoided and the availability increases. The Japanese experiment
LHD (Large Helical Device, 1998 — present) is a stellarator type fusion reactor
and uses large helical coils that are wound around the toroidal chamber [16]. Up
to now it is the largest stellarator experiment worldwide together with the German
reactor Wendelstein 7-X (W7-X, 2015 — present). Both of these facilities work with
superconducting coils and W7-X will be able to run a continuous plasma discharge
up to 30 minutes, which is sufficiently long to study the steady state performance
of a nuclear fusion reactor. Figure 1.4 shows the schematic view of the 3D-shaped
coil structure of one module used in W7-X. The machine consists of five such mod-
ules that are aligned to form the toroidal plasma volume [17]. Both machines, the
LHD and the W7-X, are constructed to study the fundamentals of the stellarator
concept. They are not capable of running the DT fusion reaction [18] and are not
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Figure 1.4: Schematic side view of one module of the W7-X coil system [15]. Five
of these modules form the torus.




1.3 Plasma wall interaction

as far developed as tokamak experiments from the same decades in terms of fusion
power generation. The main reason for this technological residual of the stellarator
devices is the enormous computational effort that is necessary to find a stable mag-
netic configuration realized by the 3D coils. Nevertheless, the stellarator concept
remains a promising approach for a controlled fusion reactor system and the W7-X
experiment will deliver important insights into the technical and scientific feasibility
of this concept. Once this concept has come to maturity, it can benefit from the
progress that has being made at tokamak experiments by using the sophisticated
plasma facing material and divertor heat exhaust technologies that can be applied
to both concepts.

1.3 Plasma wall interaction

One of the major challenges on the way to controlled fusion in a reactor system
is the development of in-vessel components and materials that can withstand the
demanding environment for an economically reasonable lifetime. In the case of the
reactor relevant DT reaction, fast neutrons with 14.1 MeV of kinetic energy are
generated. These cannot be confined magnetically due to their lack of electrical
charge and therefore hit the plasma facing components with a uniform and isotropic
distribution on the surface around the entire vacuum vessel. However, the volumetric
distribution of the neutrons in the PFCs and the vacuum vessel is not isotropic.
Besides the neutrons, there are also a-particles generated, which can be considered
as the ash of the fusion reaction. The a-particles and other impurities dilute the fuel
mixture in the plasma and have to be removed in order to sustain a constantly high
fusion reaction rate. In addition, it remains difficult to achieve a perfect confinement
of the plasma. Thus, various plasma transport mechanisms and instabilities cause
additional power loads onto the in-vessel components. Accordingly, steady state and
transient power fluxes arise that deposit vast amounts of energy onto the plasma
facing components. The origin and the extent of these power fluxes are discussed in
detail for the tokamak experiment ITER in subsection 1.6.1.

Figure 1.5 shows a schematic view of the plasma wall interaction for a typical mag-
netic confinement fusion reactor from the plasma to the first wall (FW), blanket,
vacuum vessel, and the surrounding coil system. The incident particle fluxes and
power fluxes can cause sputtering, erosion, and in extreme cases also local melting
of the plasma facing components [19]. An important issue for the plasma perfor-
mance is constituted by the contamination of the plasma with in-vessel material.
The plasma facing components are rather cold compared to the temperature of
the plasma particles. If this cold material is released from the wall and acceler-
ated into the plasma, it becomes ionized and cools down the plasma via radiation
(bremsstrahlung) and collisions. This effect has to be minimized by the appropriate
design and choice of materials for the plasma facing components in order to ensure
the optimum plasma performance.
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Figure 1.5: Schematic view of the plasma wall interaction in a magnetic confine-
ment fusion device [20]. The plasma facing surface is loaded with particle fluxes and
power fluxes. This load can cause erosion of the wall material, thus contaminating
the plasma with impurities. The blanket and the radiation shield absorb the neutron
flux for the conversion to electrical energy, the breeding of fuel, and the protection
of the coil system (magnets) from neutron induced damage.

1.4 Plasma facing components and materials

Historically, two main concepts for the heat and particle exhaust of a tokamak
plasma have been developed. Early tokamak experiments have used a “limiter”
configuration. Within this concept, the plasma is in direct contact with the wall,
since the magnetic flux surfaces of the outer plasma region directly touch the lim-
iter and, therefore, are not confined. Particles that move on these flux surfaces
will directly strike the limiter. The “scrape-off layer” (SOL) comprises the outer
plasma volume that has magnetic flux surfaces connected to the limiter. The inner
confined plasma volume is divided from the scrape-off layer by the last closed flux
surface (LCFS) [21]. Tokamak experiments that use the limiter configuration suffer
from impurities in the plasma, which originate from eroded limiter material. To
improve the plasma performance and to reduce the impurity levels, the “divertor”
configuration has been developed. The magnetic field configuration in a tokamak
device is changed by additional coils to divert the outer magnetic field lines onto a
suitable target, the divertor. The divertor covers a certain fraction of the vacuum
vessel and is equipped with plasma facing materials (PFMs) that act as armour
and support the heat exhaust systems. The position of the divertor is conveniently
chosen to be at the bottom of the vacuum vessel (single-null poloidal divertor), but
there exist also tokamak configurations that use a divertor at the top and at the
bottom of the vacuum vessel (double-null poloidal divertor) to increase the area over
which the incident power flux is spread [22]. The separatrix marks the boundary
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between the confined plasma and the SOL.

(@ (b)
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FW/vacuum vessel Dlvertor<|: flux surfaces

Figure 1.6: Schematic view (poloidal cross section) of magnetic geometries.
(a) The limiter in direct contact with the outer flux surfaces determines the SOL.
(b) The divertor configuration uses a bending of the outer flux surfaces by a su-
perposition of magnetic fields towards the divertor plates. The FW is not in direct
contact with the SOL.

Figure 1.6 shows a schematic comparison of the limiter configuration and the diver-
tor configuration. The FW covers the rest of the plasma facing surface that is not
covered by the divertor, except for several areas that are occupied by port plugs (di-
agnostic systems) and heating systems. Similar to the divertor, the FW is armoured
with PFMs, but has to withstand significantly lower power fluxes than the divertor,
which covers the most heavily loaded region within the vacuum vessel. PFMs have
to fulfil certain requirements to be suitable as armour material [23]. Some of the
most important of these are:

e low generation of long-term radioactive isotopes by neutron irradiation induced
processes (excluding most of the elements in the periodic table),

e high thermal conductivity,

e high melting point,

e high mechanical strength and thermal shock resistance,

o low tritium (fuel) retention,

e low chemical and physical sputtering yield,

e high plasma compatibility (low Z materials are favourable),

e low degradation of mechanical and thermal properti