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Abstract

Fuel inventory and generation of carbon and metal dust in a tokamak are per-
ceived to be serious safety and economy issues for the steady-state operation of a
fusion reactor, e.g. ITER. These topics have been explored in this thesis in order
to contribute to a better understanding and the development of methods for con-
trolling and curtailing fuel accumulation and dust formation in controlled fusion
devices. The work was carried out with material facing fusion plasmas in three
tokamaks: TEXTOR in Forschungszentrum Jiilich (Germany), Tore Supra in the
Nuclear Research Center Cadarache (France) and JET in Culham Centre for Fu-
sion Energy (United Kingdom). Following issues were addressed: (a) properties of
material migration products, i.e. co-deposited layers and dust particles; (b) impact
of fuel removal methods on dust generation and on modification of plasma-facing
components; (¢) efficiency of fuel and deposit removal techniques; (d) degradation
mechanism of diagnostic components - mirrors - and methods of their regeneration.
The study dealt with carbon, tungsten and beryllium, i.e. with the three major
elements used as wall materials in present-day devices and foreseen for a next-step
machine.
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Chapter 1

Introduction

In the matter of physics, the first lessons should contain
nothing but what is experimental and interesting to see.

Albert Einstein

The sustainable development of our civilisation is strongly dependent on the
energy supply. This means both the access to resources and the exploitation of
efficient energy production and saving methods. There is also a great need for
doing it in a way least harmful for the environment, i.e. reduced contamination
and COs release. Over the last 40 years the electricity production in developed
countries has been based on coal, gas, oil, water and nuclear fission. The role of
renewable sources, e.g. solar irradiation, wind and biomass, remains minor despite
huge investments and technology improvements [1][2]. The progress in nuclear
industry is also of great importance as this supplier of electricity would reduce the
problem of the emission of greenhouse gases, yet nuclear fission has the drawback
of producing long-term contaminated waste. Nuclear fusion is considered to be an
attractive solution for the future global energy mix. The aim of fusion research is to
construct and operate a power-generating plant by harnessing on Earth reactions
occurring in stars.

The Sun has always been associated in human minds with a source of energy.
The physical working principles of this natural reactor were suggested by Hans
Bethe in 1939 [3], which brought him the Nobel Prize in 1967. The idea of a
huge energy release as a result of merging lighter nuclei was very appealing for
military purpose and the thermonuclear weapon research was started immediately.
In the early 1950’s research in the direction of controlled magnetic fusion as an
energy source began simultaneously in the USA, the United Kingdom and the Soviet
Union. Since the first international fusion conference in 1958 these countries have
been working in collaboration with each other. Throughout the following decades
many other countries joined fusion research. A major achievement of this multi-
national community is the agreement to build the International Thermonuclear
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Experimental Reactor (ITER), which is already under construction in the south of
France (Cadarache) [4]. ITER will be the first fusion experiment to demonstrate a
positive energy output. It will also provide the knowledge necessary for the design
of the next-step device: a reactor for a demonstration fusion power plant (DEMO).

1.1 Fusion reactions

“Nuclear fusion” denotes a fusion reaction of two light nuclei with products in the
form of a heavier nucleus and an energy release. Each nuclear reaction is unique
and is characterised by an energy yield () and an energy-dependent cross-section o,
i.e. a measure for the probability that the Coulomb barrier is overcome and nuclear
reaction can occur. The reaction rate of a nuclear reaction denotes the number of
reactions per unit volume per unit time and is proportional to < ov >, which is an
average of the product of the cross-section (o) and the relative velocity (v) of the
nuclei over the velocity distribution. A candidate reaction for a commercial power
plant must satisfy two main criteria: the reaction must be exothermic (@ > 0)
and the cross-section must be high enough at achievable energies. In order to
achieve controlled thermonuclear fusion under terrestrial conditions the efforts are
concentrated on reactions between light nuclei, especially hydrogen isotopes. Some
of the considered reactions with the corresponding @ - values are listed below and
their reaction rates for are shown in Figure 1.1. The branching ratio of two D-D
reactions (b1) and (by) is about 50% so the sum of the reaction rates is included in
the figure:

(@) 2D+3T — “*He+n+17.6MeV

(by) 2D+2D — 3He+n+327TMeV

(b2) 2D+2D — 3T +'H+4.03MeV (1.1)
(¢) 2D+3He — “He+'H +18.3MeV

temperature [keV]
10° 10! 102 10°

<oVv>[m’/sec]
=
S

10-24
— DT
102
26 - D-D
10 — D-He3|]
10-27 L
1072 10 10° 10!

temperature [billion Kelvin]

Figure 1.1: Reaction rates of the D-T, D-D and D-*He reactions.
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The D-T reaction is the most favourable due to a higher cross section at energies,
achievable at the present level of technology [5]. Furthermore, the D-T reaction has
a relatively small variation in cross-section at the energy of interest (10 — 30 keV).
As a consequence of the conservation of mass and energy, the energy in the reactions
with two products is divided between them in inverse proportion to their masses.
Taking this into account and using another common notation for energetic *He ions
(a-particles), the D-T reaction (Eq. 1.1a) can be rewritten as:

D+T — a(3.5MeV) +n(14.1MeV) (1.2)

The positively charged a-particles from the D-T fusion remain confined and
deliver their energy to the background plasma, and are thus essential for plasma
heating and partly compensate for the energy losses. Energetic neutrons escape
the plasma volume. In the blanket their kinetic energy is to be converted into heat
and then into electricity in a similar manner as in conventional nuclear or fossil fuel
thermal power plants.

A major requirement for fusion as a commercial source of energy is fuel self-
sufficiency [6]. Deuterium and tritium are both isotopes of hydrogen but their
natural abundance differs strongly. While deuterium is easy to obtain from water
(natural abundance 0.015%), tritium must be produced, as there is no available
natural source of tritium on Earth because of a short tritium half-life (12.32 years).
In a fusion reactor breeding of tritium will be achieved by bombarding lithium®
isotopes with neutrons [5]. Since neutrons are already present as a product of the
D-T reaction, tritium breeding modules can be installed directly in the protect-
ing blanket of a fusion reactor and several such modules will be tested already in
ITER [7]. The resulting fuel cycle in a fusion reactor with the impact of tritium
breeding is schematically shown in Figure 1.2. The most required is the reaction of
neutrons with °Li.

D+T —>*He+n
|

4\

J
LiHn|—>*HeHT
"LiHn|—*He HTH+n

Figure 1.2: Schematic view of a fuel cycle in D-T fusion.

In most of the test breeding module designs lithium appears in a form of a lithium-based
ceramic (Li2O, LigSiOy4, LiaTiO3, Li2ZrO3) adjacent to a neutron multiplier (Be, Be-Ti, Pb-Li).
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1.2 Fusion devices

Certain conditions must be achieved in order to ignite a D-T plasma and to keep it
burning. A general way to describe these was introduced in 1955 and published two
years later by John D. Lawson [8]. He defined the gain of a thermonuclear process
as the triple product of the plasma density (n.), the energy confinement time (7g)
and ion temperature (T'). To start a fusion process the so called Lawson criterion
should be fulfilled, i.e. the triple product should exceed the minimal required value
unique for each fusion reaction. In the case of deuterium-tritium fusion the Lawson
criterion has the following form:

n;Tr. > 3-10% (1.3)

keV - s
m3

The most common way to satisfy the Lawson criterion is presented by the mag-
netic confinement fusion (MCF) concept which is based on confining plasma by
strong magnetic fields of the order of a few Tesla. The most popular type of MCF
device - tokamak - received its name from the acronym of the Russian "TOpon-
nanbHasgs KAmepa ¢ MArautubivu Karymkamu" which is translated as “toroidal
chamber with magnetic coils”. An alternative approach is inertial confinement fu-
sion (ICF) where plasma is formed by symmetrical irradiation of a fuel-containing
target with multiple lasers or particle beams. A lot of details can be found in lit-
erature [9][10][11] and on the websites of the major ICF projects in the USA [12]
and in France [13].

A schematic view of a tokamak is presented in Figure 1.3a. In the tokamak
configuration poloidal and toroidal magnetic fields are designed in a way to main-
tain plasma inside a toroidal chamber. The toroidal field is generated by currents
flowing through the external magnetic coils whereas the poloidal field is supported
by plasma currents. Magnetic confinement allows relatively long pulses in the range
of several seconds or even minutes in the case of superconducting coils. At present
many tokamak facilities are contributing to the research on ITER related issues:
JET [14], DIII-D [15], ASDEX-Upgrade [16], Tore-Supra [17], TEXTOR [18], JT-
60U [19] followed by the upgrade to JT-60SA [20], NSTX [21] and many others.
Table 1.1 contains basic information on the tokamaks where the studies presented in
this thesis were carried out (TEXTOR, JET, Tore Supra) and two other machines
for comparison. Figure 1.3b demonstrates the inner vessel of TEXTOR tokamak
during a plasma discharge. Bright areas on the image correspond to lemiters, which
intersect the magnetic lines and thus protect other wall components. Advanced
tokamak performance requires a divertor configuration, where the plasma edge is
defined by a magnetic separatrix.

Significantly longer pulse length can be achieved in a stellarator where the com-
plex magnetic field is created solely by external coils. The magnetic configuration
in stellarators does not require the development of current drive techniques, which
is essential for a steady-state tokamak type reactor. The largest superconducting
stellarator in the world is the Large Helical Device (LHD) in Japan, where pulse
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Magnetic

Blanket Plasma field line

Figure 1.3: a) Basic principle of a tokamak; b) burning plasma in the TEXTOR
tokamak.

lengths over 30 minutes have been achieved [22]. Another large stellarator Wendel-
stein 7-X is under construction in Greifswald, Germany [23].

As the most studied concept, the tokamak design was chosen for ITER. The
configuration of the next step fusion device, DEMO, is still an open question. Many
technological issues are the same for tokamaks and stellarators, e.g. plasma-facing
components (PFCs), diagnostics, heating method, tritium breeding blanket, wall
materials, superconducting coils, tritium cycle, control of steady-state operation.
Thus many of the solutions found within the ITER operation limits could be later
applied to a stellarator.

The work presented in this thesis deals with one of the most difficult technical
issues, namely the selection of materials for PFCs. The work is primarily experi-
mental and is based on the analysis and characterisation of test samples exposed in
the TEXTOR, Tore Supra and JET tokamaks as well as samples treated in several
laboratory setups.
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TEXTOR

TEXTOR is a medium size tokamak located at the Institute of Energy and Climate
Research of Forschungszentrum Jiilich, Germany [18]. The name of this tokamak
stands for “Toroidal Experiment for Technology Oriented Research” and denotes
the purpose of its construction in the early 1980’s. TEXTOR is a limiter machine
with the toroidal belt limiter covering a total surface area of about 3.4 m?. The
dedicated design features (e.g. excellent access for diagnostics in the near-wall
region and so-called limiter locks which allow for exposure of large-scale probes)
make this machine well suited for studies of plasma-wall interactions (PWI) [24].

Figure 1.4 shows the inner view of the TEXTOR tokamak where the main lo-
cations of interest for this thesis are marked. The main plasma-facing components
are: the Inconel liner (a bakeable vessel inside the vacuum chamber), RF antennas
and an array of limiters made of graphite or carbon fibre composite (CFC). This
implies that TEXTOR is a carbon wall machine. The toroidal belt limiter is com-
posed of eight blades covered by 28 ALT-II (Advanced Limiter Test II) tiles each.
The main poloidal limiter is represented by two groups of graphite blocks!. The
inner bumper limiter tiles protect the dynamic ergodic divertor (DED) installed in
2002 in order to improve the control over the plasma edge.

Tore Supra

Tore Supra is also a carbon wall limiter tokamak and is located at Cadarache,
France - the Nuclear Research Centre of the French Atomic Energy Commission
(CEA). The machine has superconducting magnetic coils that allow for steady-
state plasma operation with plasma pulses several minutes long. Active cooling of
wall components is implemented in order to protect against degradation of PFCs
under high heat fluxes. Superconducting magnets and actively cooled components
of the first wall make Tore Supra well suited for the study of physics and technology
dedicated to long plasma discharges [27]. As can be seen in Figure 1.5, the main
power handling component in Tore Supra is the Toroidal Pump Limiter (TPL).
For this work samples of co-deposits were obtained from the deposition zone on
the TPL removed from the tokamak within the DITS (Deuterium In Tore Supra)
project [28].

IDuring a couple of campaigns in the end of the 1990’s the poloidal limiter blocks on the top
and bottom of the vessel were covered with a vacuum plasma sprayed (VPS) tungsten coating
(about 0.5 mm) with a rhenium interlayer [25][26] on the top and bottom of the vessel. The limiters
originating from that period were used as specimens in some studies presented in Paper I
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Figure 1.4: Toroidal view inside TEXTOR: 1) toroidal belt limiter covered by the
ALT-II tiles, 2) main poloidal limiter, 3) inner bumper limiter, 4) Inconel liner.

Figure 1.5: Toroidal view inside Tore Supra: 1) toroidal pump limiter (TPL), 2)
inner bumper limiter, 3) outboard movable limiter, 4) vessel protection panels.
(©Tore Supra
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JET and JET-ILW

The Joint European Torus (JET) is the world’s largest fusion experiment located
at the Culham Centre for Fusion Energy, UK (see Figure 1.6). Unlike TEXTOR
and Tore Supra, JET has a divertor configuration which allows testing operational
scenarios for future ITER experiments. For this purpose the divertor has been
changed several times during the last decade. Until 2009 JET was operated with a
carbon wall (Figure 1.6 left). The next goal of the JET program was to study the
combination of wall materials chosen for ITER operation in the activated phase,
and the ITER-Like Wall project is aiming to answer most of the questions [29].
The refurbishment of the inner wall, which includes installation of beryllium and
tungsten PFCs, was completed in May 2011 [30].

HIPL7 1TER-like wall

Figure 1.6: Toroidal view inside the JET vacuum vessel. To the left: the carbon-
wall machine; to the right: after the ITER Like Wall installation. The image is
composed of photographs protected by © EFDA-JET






Chapter 2

Plasma-wall interactions

We say that we will put the sun into a boz.
The idea is pretty. The problem is,
we don’t know how to make the boz.

Sebastien Balibar, Director of Research, CNRS

Despite all the work done on the improvement of plasma confinement, it will
never be perfect. Plasma-facing components in every fusion device are exposed to
high heat and particle fluxes from plasma. This makes the development of PFCs
one of the key issues in fusion science and technology [31][32][33]. All components
must withstand long-term operation and demonstrate a low level of dust production
and fuel accumulation. A complete description of all processes in plasma edge is an
extremely challenging task which requires both theoretical predictions, experimen-
tal observations and computational models. PWI processes are intensely studied
in fusion devices, e.g. JET [34], TEXTOR [35][36], Tore-Supra [28], ASDEX [37],
as well as in dedicated laboratory setups such as PISCES [38], JUDITH [39], Pilot-
PSI [40] and the recently opened Magnum-PSI [41].

Understanding of the plasma-wall interactions provides the basis for develop-
ing new materials or choosing among existing ones. Compatibility between the
fusion plasma and the surrounding materials is one of the main challenges for the
construction of a fusion reactor. For the most exposed areas in a tokamak, the
aim is to develop materials that are heat-resistant, thermally conductive, resistant
to physical and chemical erosion and show low fuel retention [31]. The majority
of the present-day machines operate with PFCs made of graphite or carbon fiber
composites. However, the level of fuel retention and dust formation associated with
the use of CFCs is not acceptable for reactor class devices, such as ITER. Many
plasma-facing materials (PFMs) were tested throughout the previous decades and,
as a result, the choice for the ITER wall consists of beryllium, carbon and tungsten
for the initial hydrogen phase, while beryllium and tungsten are chosen for the ac-
tivated phase of operation. The combination of these three elements should allow

11
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for obtaining optimal parameters for the ITER operation, while materials for the
next-step fusion devices are still under discussion.

2.1 Plasma-facing materials for ITER

ITER is designed to achieve a power gain of @ = 10 (here @ is the ratio of fusion
energy released to the energy required to maintain the burning plasma), a fusion
power of 500 MW and heat and neutron fluxes on the wall of above 1 MW /m?. An
ideal material to deal with such loads would be:

e light enough to minimize pollution of the core plasma,

e non-reactive with plasma species to avoid generation of volatile products,
e an excellent thermal conductor (similar to CFC),

e resistant to thermal shocks,

e resistant to erosion processes,

e having a low activation and short-life products under neutron irradiation.

Such material does not exist. As a compromise, a combination of three materials
was introduced in the ITER design [42][43][44]. The main chamber wall (700 m?)
will be covered with beryllium tiles, while tungsten (120 m?) and carbon (35 m?)
will be used for the divertor (Figure 2.1). The most important thermo-physical
properties of all three materials are summarized in Table 2.1. The divertor cassettes

Table 2.1: Properties of plasma-facing materials for ITER.

Be C (CFC) \)\%
Atomic mass [amu] 9.01 12.011 183.84
Thermal conductivity (\) [-2%- ] 190 200-500 140
Melting point [K] 1560 > 2500 (subl.) 3695
Thermal expansion [107° L] 11.5 04 4.5
Heat capacity [;r] 1825 709 134
Behaviour under neutron swelling decrease of A activation
irradiation
Major advantages low Z shock resistance low erosion,

low retention

Major disadvantages melting fuel retention, activation,

chemical erosion high Z
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Figure 2.1: The present design of the ITER inner wall: a) poloidal cross-section of
ITER vacuum vessel and plasma-facing materials, proposed for the initial phase of
ITER operation; b) a divertor cassette for ITER.

(see Figure 2.1b) are planned to be replaced several times during the ITER life and
CFC may be eliminated in future ITER divertor designs. It is worth mentioning
that recently even the usage of carbon during the initial hydrogen phase of ITER
operation has come under discussion and this material may be excluded completely
from the ITER design [45][46].

Beryllium itself can withstand the designed power loads on the main wall of
1 MW /m? in normal operation [47]. The shaped Be tiles can be used even during
the start-up and ramp down phases with power loads up to 7.5 MW/m? [48].
Thanks to its low atomic number (Z), beryllium ensures very low contamination of
the plasma, and it also features lower fuel retention in comparison to carbon. The
low melting point does not allow for using beryllium in the divertor, where power
loads exceed 10 MW/m? and can go above 20 MW/m? during transient events
and edge localised modes (ELMs) [33]. An additional advantage of beryllium is its
oxygen gettering due to the formation of a stable oxide (BeO).

Tungsten has the highest melting point of all considered elements and has a
high physical erosion threshold, which makes it a good choice for the divertor
components, such as baffles, refrector plates etc. Unfortunately, tungsten loses
ductility with temperature changes, and H and He bubble formation under neutron
irradiation can cause material swelling [49].
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Strike points of the divertor will be covered with CFC, chosen for its excellent
heat conductivity and low Z. Carbon does not melt, has good power handling and
thermal shock resistance, although its physical and mechanical properties degrade
under neutron irradiation.

2.2 Material migration: erosion-deposition processes

When fluxes of charged and neutral particles from the plasma together with electro-
magnetic radiation meet any material, various processes occur on the surface and
in the bulk. Some incident particles are reflected and return to the plasma with
a minor loss of kinetic energy. In most cases more advanced PWI processes take
place, such as physical sputtering, chemical erosion and sputtering, melting, subli-
mation and brittle destruction [50][51][52]. A schematic view of the basic processes
which take place at the plasma-wall interface is shown in Figure 2.2.

Re-deposition
Co-deposition

Erosion

Implantation

Figure 2.2: Scheme of plasma-surface interactions

The removal of wall material under impact of plasma fluxes, erosion of materials,
results both in the reduction of the material lifetime and plasma contamination.
Erosion of PFCs includes a number of processes, of which the following ones are
the most important:

Physical sputtering. This mechanism denotes the removal of atoms from the
surface as a result of energy transfer between the incident energetic parti-
cles and surface atoms. Physical sputtering occurs for any material and its
efficiency (sputtering yield, i.e. number of ejected particles per projectile)
depends on the incident angle and energy of projectiles, the masses of the
ion and target atoms and the surface binding energy [53][54]. A common
approximation for physical sputtering is given by the binary collision model
where the masses of the interacting atoms play the dominant role. The energy
transfer £ between the incident atom and the surface material is then defined
by:



2.2. MATERIAL MIGRATION: EROSION-DEPOSITION PROCESSES 15

4M; My

E = ’YEO(COSQ)Q = m

FEo(cosh)? (2.1)

where Ey denotes the initial energy of the projectile, M; and M, are the
masses of the particles, 6 is the scattering angle. Physical sputtering will
occur only if Ey exceeds a threshold value, which depends on the surface
binding energy Us:

Ey, =

1 (M; + My)*
U, = U, 2.2
(1 — ’}/)’)/ 4M1M2(M1 — M2)2 ( )

Examples of the erosion yields for fusion PFMs under the impact of DT
ions are shown in Figure 2.3. It can be seen that for metals (beryllium and
tungsten) the experimentally found values for the sputtering yield are in a
good agreement with the modelled data, whereas the behaviour of carbon for
incident ions with low energies does not follow the predictions. This deviation
from the physical sputtering model is attributed to chemical erosion of carbon.

Chemical sputtering and erosion. Chemical erosion refers to the reaction
of the target and plasma species towards the formation of volatile products.
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Figure 2.3: Erosion yields of beryllium, carbon and tungsten under the impact
of DY ions. Solid lines show theoretical predictions for physical sputtering. Dots
correspond to experimental results [31].
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Unlike physical sputtering, chemical processes strongly depend on the type of
material and on the surface temperature. From all considered wall materials
carbon is the most vulnerable to chemical erosion. When hydrogen isotopes
bombard the carbon wall, various hydrocarbons may be formed and then
thermally released to the plasma. Similar processes occur under the impact
of oxygen towards the formation of CO and CO5. Tungsten can also be chem-
ically eroded at high temperatures and in the presence of oxygen impurities,
leading to the formation of volatile oxides WOy, WO3 [55][56].

Melting and sublimation. Under high heat fluxes the surface temperature
may exceed the melting point of the material. The molten metal can either be
ejected into the plasma in the form of small droplets or recrystallise, producing
an area with new physical properties. Carbon does not melt but goes directly
from the solid to the gaseous state (sublimation). However, under high power
loads brittle destruction may take place [57].

After entering the plasma, the eroded particles are eventually re-deposited on
the vessel wall, unless they are pumped out. Re-deposition may occur promptly
on surfaces close to the origin of erosion, but in most cases eroded particles are
transported along the field lines over long distances. Deposited layers undergo the
same plasma-wall interaction processes as a virgin surface and can be eroded again.
Finally the balance between incoming and outgoing particle fluxes defines the net
erosion or deposition for this area. Net erosion is typically observed at the strike
points in the divertor. Areas with a net deposition can be seen in low-flux zones on
the divertor and limiter plates, but the thickest deposits are usually found in areas
without direct plasma contact, i.e. gaps in castellated structures or in pumping
ducts [34][58].

The formation of deposits changes the chemical and physical properties of
the surface. Fuel atoms and plasma impurities are co-deposited together with
the eroded wall species forming new mixed materials, as well as chemical com-
pounds [59][60]. The influence of co-deposition is enhanced if several different
plasma-facing materials are used. This may be decisive for fuel retention, espe-
cially in the presence of carbon.

Deposited layers even in machines with only carbon PFCs have a complicated
structure and a mixed chemical composition. Such layers were named “tokamak-
ium” in the 1980’s [61]. The combination of materials chosen for ITER (Be-W-C
and Be-W) had never been tested in tokamaks and may lead to the formation
of mixed alloys with not well-defined properties [62]. The first large-scale test is
ongoing in the frame of the ITER-Like Wall project at JET [29][63]. JET-ILW,
with beryllium wall components in the main chamber and a full tungsten divertor,
started operation in August 2011 and the first results have already been reported
[63]. For example, plots in Figure 2.4 show the evolution of carbon and beryllium
fluxes in the divertor during JET operation with the ILW. The author of this thesis
was responsible for processing these data. The results are included in [64][65].



2.3. DUST IN FUSION DEVICES 17

10
o Quter Divertor @ Inner Divertor 4

8 ®
> ] °
a 6 (e H5) N ! e .~
B [€] bt o
b 4
= o © Cg

e]

o 2 5 0% o o 8 o ©

0 . | } |

3
- ' ‘ © Quter Divertor ¢ Inner Divertor ‘
=}
=2 * 3 S 3 ©
i PPPR 3 3% LR 04 i .
. 2t B> REERTE A |
m 1 ‘&_‘O

0 } | }

80000 80500 81000 81500 82000 82500 83000 83500
JET pulse number

Figure 2.4: Evolution of the flux ratios C II / D, (upper plot) and Be II / D,
(lower plot) fluxes in the divertor during the JET operation with ILW.

2.3 Dust in fusion devices

In fusion science and technology “dust” denotes all erosion products resulting from
PWTI processes and covers a range of particle dimensions from a few nanometres
to millimetres [66]. During the operation of a tokamak, small-size particulates are
produced and accumulated inside the vacuum vessel. In present-day machines the
release of dust into plasma plays a relatively minor role and it is not an operation
hazard. However in a reactor-class device, i.e. ITER, the formation and accumu-
lation of dust may become a serious economy and safety issue. The main concern
is related to a possibility of explosion in the case of oxygen or water contact with
hot dust in the event of an air or water leak. A risk of mobilization and release
of radioactively contaminated products by an explosion must also be taken into
account. Finally, degradation of diagnostic or pumping components may cause op-
erational problems even before any safety limit of dust and tritium accumulation
has been reached. Several mechanisms of dust production have been identified:

Flaking. Most of the eroded material in tokamaks is typically found in the form
of re-deposited layers on PFCs, especially in carbon wall machines. Under
thermo-mechanical stresses these deposits may flake, peel-off and form dust
agglomerates. Exposure of deposits to air or water vapour (i.e. during toka-
mak venting or air leaks) may lead to additional stratification of layers and
enhanced liberation of flakes [67][68][58].
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Arcing. Electrical arcs of short duration (millisecond range) can occur in a fusion
device during the start-up phase between the plasma and the wall, leading to
erosion of wall material. The material release by arcs depends on the thermal
conductivity and the melting point [69]. For a carbon wall, the impact of
arcing on the total erosion rate is much smaller than that of physical and
chemical erosion, but in the presence of a metal wall or metal-containing
components, arcing becomes an important source of dust particles [70][71].

Melting. Another source of dust relevant for metal PFCs is melting under ex-
treme power loads (i.e. ELMs), melt layer motion and eventually splashing
of droplets. Examples of metal droplets found in the TEXTOR tokamak are
shown in Figure 2.5a,b. The issue of metal dust (beryllium and tungsten) for-
mation is still to be properly addressed and a major study will be carried out
in connection with ex-situ examination of components from the ITER-Like
Wall operation of JET [63].

Brittle destruction. Brittle destruction of carbon may occur under localized
high power loads and can lead to dust production. The relevance of this
mechanism in fusion devices is still to be proven [68][72][57]. There is evidence
of brittle destruction under off-normal events in fusion devices (Paper I) but
the extent of the phenomenon is still to be determined.

Mechanical source of dust. Some larger debris can and will be produced during
in-vessel installation works in shutdown periods (Figure 2.5¢).

Dust generation mechanisms, conversion of deposited layers to dust, dust trans-
port and mobilisation still need to be studied in greater detail. Now dust surveys
are regularly performed on most of the larger fusion experiments, i.e. TEXTOR [67]
[68] [Paper I], ASDEX-Upgrade [71], Tore Supra [74], JT-60 [75], JET [34]. The
work presented in this thesis includes studies of dust in carbon-wall machines:
TEXTOR and Tore Supra (Papers I-IV).

The size distribution of dust particles also plays an important role. Large debris,
as shown in Figure 2.5b, are usually too heavy to be mobilized by plasma. Dust
pieces of such scale (> 100 pm) tend to remain on the bottom of the vacuum
vessel and can be removed by vacuum cleaning during the shutdown period. Small-
size dust (< 1 pm) typically has a high sticking coefficient and may present more
difficulties for the cleaning procedure.

As can be seen from the list of mechanisms of dust production, dust particles
result from various erosion processes. The present administrative limits for in-vessel
dust accumulation in ITER are based on a safety analysis. Two dust limits are set:
the cold dust limit (1 ton) refers to the total amount of mobilized dust and can
hardly be of any concern; the hot dust limit (6 kg of C, 6 kg of Be, 6 kg of W) takes
only into account dust residing on hot surfaces. In the most restrictive estimations
it can be reached in less than 100 ITER discharges [76].
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Figure 2.5: Examples of large-scale debris and fine dust observed in the TEXTOR
tokamak: a) a droplet of molten metal (Ni-Cr-Fe) [73]; b) a tungsten droplet;
c) carbon dust, possibly resulting from brittle destruction; d) splitting of carbon
deposits into nano-scale dust-forming strata. Photos a), ¢) and d) were presented
in Paper I

The ratio between the dust production and the gross erosion is often called
the conversion factor. Its assessment is important for the best possible predictions
for ITER. However, the determination of this parameter is associated with several
uncertainties:

e Some of dust species are originating from the mechanical damage to the in-
vessel components and should not be included in the conversion factor;

e Ultra-fine dust sticks to PFCs and tools, used for dust collection, making it
impossible to determine the total amount of dust particles;

e A part of the eroded material, especially in the case of carbon, is pumped
out, which causes difficulties in the estimation of the total erosion yield.

In Paper I the conversion factor was assessed for TEXTOR. It is about 0.5%
which is lower than the previously reported values for Tore Supra: 7%-8% [77].
This is probably attributed to the difference in the operation of the two machines,
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e.g. plasma heating. High edge temperature in Tore Supra strongly increases the
erosion yield. (Note: In Paper I an alternative definition of the conversion factor
is used. It denotes the ratio of the total eroded material to the amount of loose
dust and in case of TEXTOR is 200-400)

2.4 Fuel inventory

In-vessel retention of fuel refers to all hydrogen isotopes remaining in PFCs. It
becomes extremely important when tritium is considered as a fuel [78][79]. In-vessel
retention of tritium must be monitored and minimised both due to economical and
safety reasons. Only about 1-2% of the injected tritium will be burnt in the fusion
reaction while most of it will be recycled by the fuel plant. ITER, as a machine
designed for D-T fusion, has an administrative in-vessel limit for tritium retention
of 700 grams [76]. Figure 2.6 shows the estimation of in-vessel tritium retention
in ITER for different combinations of PFMs. From the extrapolation of present
experimental data from TFTR and JET [80][81] it follows that for a full carbon
wall the limit of 700 grams would be reached already in 2050 full power discharges.
Predictions for a mixed and all metal wall show that a few hundred full-performance
discharges (pulse duration 400 s, 50%-50% D-T, @ = 10) will be enough to reach
the tritium retention limit [82]. The safety limit for in-vessel tritium inventory is
marked (700 g). The double-sided arrow indicates a reduction in fuel inventory by
one order of magnitude, which was also observed in operation of JET-ILW [63]
Under normal vacuum conditions, remaining gas in the vessel can be adsorbed
by wall materials. The weakly bound volatile species can be removed thermally and
at any given surface temperature there will be an equilibrium between the adsorp-
tion and desorption of particles. In the case of plasma devices, where plasma-wall
interaction and material migration are decisive, the fuel retention during a single
plasma discharge can be estimated through the global particle balance [83]. These
calculations cannot be used for the prediction of the long-term fuel retention where
disruptions and wall-conditioning between discharges play their role. Post-mortem
analysis of the wall components, and especially in the areas with net deposition, is
another approach for the long-term retention studies. Now a big selection of fusion
experiments with a carbon wall provides a broad database for these types of PFMs.
There are several pathways leading to the in-vessel accumulation of fuel [84]:

Co-deposition. The chemical sputtering and erosion of carbon leads to the
production of hydrocarbons and eventually their re-deposition on the wall
and in remote areas, i.e. pumping ducts in divertor machines. As a result,
fuel-rich inhomogeneous layers are formed. Co-deposition was recognised as a
dominant mechanism of fuel retention in carbon-wall machines. Experiments
in metal surroundings (ASDEX-U, JET-ILW) should further clarify the role
of carbon in the total fuel retention and recent reports from ASDEX show a
significant reduction of the total dust and the retained fuel in the machine [85].
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Figure 2.6: Estimation of in-vessel tritium retention in ITER for different combina-

tions of PFMs: all-C (blue line), all-W (red line), initial material choice CFC/W /Be
(magenta line) and W/Be option (black line) [76].

Implantation, followed by diffusion and trapping. Energetic particles can be
implanted into solids and after a series of scattering events they can remain
in the material [86]. For the typical range of hydrogen energy in a tokamak
boundary plasma (0.1 — 1 keV) the implantation depth in carbon and beryl-
lium is 3 to 30 nm, and it is even smaller for higher Z materials [87]. Further
diffusion of implanted ions deep under the surface (several ym) and possible
trapping strongly depend on the material properties [88].

Neutron-induced effects. Fuel retention can also be enhanced due to neutron
irradiation which is unavoidable in D-T fusion. An example of such retention
would be tritium retention in helium bubbles, which are formed in beryllium
under the impact of neutrons.

The problem of the fuel inventory is related mainly to tritium retention, but the
experimental domain is usually limited to working with a more common isotope of
hydrogen, e.g. deuterium which is used in present-day tokamaks.






Chapter 3

Removal of fuel and co-deposits

As described in the previous chapters, material migration, especially in the presence
of carbon, leads to dust formation and fuel retention, which eventually may hinder
the fusion reactor operation. The necessity of in-situ detection and cleaning of
deposits was recognised decades ago [89] and as long as carbon fibre composites
remain the material of choice for high heat flux regions in the ITER diverter this
topic will be of significant importance. The frequency of fuel removal will depend
on the rate at which codeposits are built up and on the concentration of fuel in the
layers [90]. The proposed methods for in-situ fuel removal are:

e thermal removal of fuel and co-deposit,
e photonic cleaning using lasers and flash-lamps,
e oxidative, chemical and gas-assisted methods,

e ion cyclotron wall conditioning.

Table 3.1 at the end of this chapter summarises the studied materials and ex-
perimental conditions for fuel release studies at TEXTOR.

3.1 Thermal methods

When a solid material is heated, volatile species leave the surface. These are ad-
sorbates or products originating from the decomposition of larger molecules. This
basic method can be used to release hydrocarbons and trapped hydrogen isotopes
from the PFCs, so-called baking. However, thermal desorption of hydrogen isotopes
requires heating up to high temperatures (above 1000 K) [91] which is not feasible
in ITER. Thermal expansion of PFMs and joining materials limits the maximum
allowed baking temperature of the main wall to 513 K, and to 623 K for the divertor
[92][93]. Also, the chemical and physical properties of the mixed layers will lead
to changes in the efficiency of baking [94]. The question whether a long-term an-
nealing of deposits at this rather moderate temperature gives an efficient release of

23
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Figure 3.1: TDS facility at FZ Jiilich: a) the TDS setup consisting of an oven (1),
a chamber for a sample exchange (2) and a mass analyser (3); b) an open oven with
a graphite sample placed inside the quartz tube.

hydrogen isotopes is addressed in Papers I, II and IV. The samples were outgassed
in a temperature-programmed oven which is shown in Figure 3.1.

3.2 Photonic methods

Laser technology is employed in many industrial applications [95], medicine [96][97],
food processing and even for cleaning delicate surfaces of archaeological objects and
pieces of art [98]. Lasers are selected for surface cleaning purpose due to a high
level of controllability and selectivity with a high removal rate sufficient in most
applications. In relation to PFCs in fusion devices, lasers were initially proposed
for desorption of hydrogen isotopes from the PFCs as an in-situ diagnostic tool [99].
Now laser-induced desorption of fuel species from the deposits [100] and removal
of the whole co-deposited layer by exposing it to an intense laser light [101] are
discussed. Laser techniques have several strong advantages over other methods.
Light from a laser can be transported by optical fibres, making it possible to control
the process via remote handling [102]. Since co-deposits on PFCs have different
physical properties from those of the substrate, it is possible to define threshold
values for laser parameters and thus avoid damage to the bulk material. Due to
the small size of a laser spot the light could access challenging areas such as gaps
in castellated structures [103].

Drawbacks of photonic methods are strongly related to the most appealing fea-
tures of lasers. Due to the small area of laser-surface interaction treatment of the
whole reactor vessel would take a long time, especially in complex areas such as
louvers, curved surfaces and zones shadowed from the direct plasma line-of-sight.
Deposited layers are not uniform and their chemical composition may vary, hence
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laser parameters must be mild enough to allow for removal of thin deposits. A
repetitive treatment of areas with thicker deposits will be required, making this
method even more time consuming. Alternatively a feedback control method, i.e.
spectroscopic monitoring of the desorbed and ablated species, should be imple-
mented. Additionally the generation and composition of ablated products have
been very rarely addressed in the past. Laser-assisted cleaning was also applied for
the regeneration of mirrors exposed in JET within the First Mirror Test (Paper
VI).

Issues related to the impact of the laser beam on the modification of cleaned
surfaces are treated in the thesis in Papers II, IV and VI. The use of a laser under
ablation conditions results in fuel and co-deposit removal. Preliminary studies have
shown that this process is associated with the generation of ablation products: solid
debris and gaseous species [101]. Systematic studies have been undertaken in order
to address these issues (Paper IT).

3.3 Plasma-assisted methods

A glow discharge in various gases (e.g. Ha, Do, He, O2, N3) can be used for removal
of fuel and co-deposits from PFCs. Thermal oxidation of deposited carbon films
results in the production of volatile oxides leading to an effective removal of fuel
and carbon [104]. However, the removal rate is reduced significantly when the
treated layer contains impurity atoms (e.g. Be [105][106], B [107][108], W [109]).
Oxidation experiments at TEXTOR have shown that this method is effective only
at a surface temperature exceeding 570 K, which is approaching the ITER operating
temperature [108][110].

There is uncertainty about the applicability of oxidative techniques in the ITER
environment [93]. Already during the non-activated phase of ITER, operation there
is a risk of oxygen-related damage to the wall (i.e. formation of BeO layer and/or
impact on volatile tungsten oxides) and embedded diagnostics, while the use of
oxidative techniques is restricted during the D-T phase of ITER operation due to
production of tritiated water (DTO).

Nitrogen-assisted methods are studied as an alternative to the oxidative tech-
niques. Studies in with Ny injection indicated a very low fuel removal rate [111][112],
while more optimistic results were obtained with NHs but only under laboratory
conditions [113].

3.4 Ion cyclotron wall conditioning

Ion cyclotron wall conditioning (ICWC) is one of the proposed fuel removal tech-
niques which is fully compatible with the presence of the magnetic field and is
considered for the use at ITER [93][114]. Nevertheless, no detailed surface analysis
of wall components after high power radio-frequency (RF) pulses has been carried
out so far.
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Figure 3.2: a) DED tile as retrieved from TEXTOR. The contour line corresponds
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A series of experiments has been started at TEXTOR, in order to provide some
information on the response of the fuel-rich deposits to ICWC cleaning. Several
DED tiles (see Figure 1.4) were retrieved from TEXTOR after several years of
operation and studied in detail with ion beam analysis for deuterium content. One
such pre-characterised tile (Figure 3.2a) was exposed in TEXTOR during the multi-
pulse operation in hydrogen (Ha-ICWC) experiment [115]. Figure 3.2b shows a
piece of that tile after exposure to ICWC pulses (the hole was drilled for sample
attachment) and plots in Figure 3.2¢ show the deuterium content measured before
and after the experiment [116]. One perceives the decrease in fuel content following
the ICWC in hydrogen. The drop is by a factor of more than two. These are the
first data of that kind obtained after cleaning a long-term wall component from a
tokamak. The results are encouraging but still more detailed research is needed
especially when it comes to the release of fuel from remote areas where the greatest
deposition and fuel inventory has been observed. They are not accessible by ICWC.

3.5 Mechanical cleaning

All cleaning methods briefly described above have serious limitations even when
used ex-situ. This is related to the complex nature of the deposits. Therefore, it
was decided to check systematically the efficiency of a mechanical approach. Two
very simple techniques were employed for the cleaning of mirrors: an ultrasonic
(US) bath and polishing (Paper VIII).

For the US cleaning the mirrors were placed in an ultrasonic bath which is
routinely used for cleaning various components for JET. A set of mirrors was placed
in isopropanol and treated by ultrasound for almost one hour. For most samples
US cleaning did not lead to a significant recovery in reflectivity.
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Polishing was used as the next step in the cleaning procedure. For the most
flaky and poorly attached deposits manual buffing was used. After that the clean-
ing was continued on the standard automatic polishing system, which allowed for
simultaneous treatment of up to 3 mirrors with a force applied individually to each
mirror. Polishing was done in steps lasting two minutes each until the initial (pre-
exposure) reflectivity was reached. A measure of cleaning efficiency in this case is
the time required to reach the pre-exposure state. An important factor affecting
the efficiency of cleaning was the type of a diamond paste grain size (1pum, 3pm).
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Chapter 4

Surface morphology studies

There are three important issues which are common for all PFC cleaning and fuel
removal techniques:

e the efficiency of the selected method,
e the impact on surface modification,

e the impact on dust generation.

In order to monitor the gas phase and surface properties and to improve the under-
standing of the impact of cleaning methods on the PFCs, a spectrum of analysis
methods is employed. All methods listed below were used during the work on the
thesis.

4.1 Electron microscopy

Material modification occurs on different scales. In the case of the macroscopic
effects, damaged components can be assessed by visual inspection, but more com-
monly magnifying tools are required. Objects in the millimetre range can be suc-
cessfully studied with the help of a conventional optical microscope. Due to diffrac-
tion effects the best achievable resolution with an optical microscope is 0.2 pm,
which is obviously not enough in studies of nanometre scale structures. Electron
microscopy helps here, providing not only a magnified image of the studied sample
but also additional information on the chemical composition and physical structure.

Two types of electron microscopes were used during the work on this thesis:
transmission and scanning electron microscopes.

Transmission electron microscopy

A typical Transmission Electron Microscope (TEM) uses a high voltage (100 — 1000
keV) electron beam to produce images of crystals and metals at the molecular level.
Electrons have a much lower wavelength than visible light and this makes it possible
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to achieve magnifications of up to two million times, i.e. three orders of magnitude
higher than with a light microscope. In a typical TEM, an electron beam is focused
by electromagnetic lenses on the studied material and the transmitted electrons hit
a fluorescent screen below the sample. At this point, the electrons are converted to
light and an image is formed.

Dark areas in the image correspond to regions on the sample where fewer elec-
trons were able to pass through (either absorbed or scattered upon impact); the
brighter areas are where more electrons were transmitted. Moving the sample and
varying the amount of transmitted and scattered electrons in these areas allows the
study of the material structure.

A sample for TEM studies must be thin enough to allow penetration by the
electron beam. The preparation of samples for TEM studies often includes slicing
of material into very thin films. In Papers I and II some samples of ultra-fine dust
were studied after collection on the dedicated TEM holders, so called TEM nets,
made of fine copper wires and a carbon ultra-thin film as a support for the studied
specimen.

Scanning electron microscopy

A Scanning Electron Microscope (SEM) produces a magnified image by using elec-
trons. The electrons in the beam originate from an electron gun at the top of the
microscope, accelerated to about 5 — 20 keV and focused on the sample. Once the
beam hits the sample, high-energy electrons will be either elastically scattered from
the surface or interact with the atoms causing emission of electromagnetic radia-
tion and secondary electrons. All three signals — secondary electrons, backscattered
electrons and X-rays — are commonly evaluated in SEM. Secondary electrons have
a relatively low energy and, when produced deeper in the sample, can be absorbed
by the material atoms. Only the secondary electrons which were generated in the
first few nanometres of the surface can reach the detector and contribute to the
secondary electron image (SEI). Brighter areas on SEI correspond to parts of the
sample ‘lifted’ towards the detector. Backscattered electrons have much higher en-
ergies and give information on the atomic number contrast of the surface elements.
Heavy elements backscatter electrons more strongly and correspond to brighter ar-
eas on the backscattering electron image (BEI). Thus SEI (Figure 4.1a) shows the
morphology and topography of the sample, while BEI (Figure 4.1b) indicates the
composition of the surface. Characteristic X-rays give further information on the
elemental composition of a specimen. Detection of X-rays is a base for techinques
called energy-dispersive X-ray spectroscopy(EDX or EDS), wavelength dispersive
X-ray spectroscopy (WDS) or electron microprobe.

In this thesis SEM was used in every step of the study to monitor the surface
modification of PFCs due to exposure to plasma or implementation of cleaning
techniques.
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Figure 4.1: Examples of SEM images of tungsten oxide (WOs3) on the castellated
W limiter from TEXTOR: a) Secondary electron image (SEI); b) Backscattered
electron image (BEI).

4.2 Surface profilometry

A profilometer is an instrument which is used to determine topological features, i.e.
the roughness of various surfaces. In a traditional contact profilometer a diamond
stylus is used to achieve a vertical resolution in the nanometre range. An optical
profilometer is a non-contact method where the stylus is replaced with a laser
beam or a light beam, employed in confocal microscopy. A stylus profilometer and
a confocal microscope were used in this work for studies of the craters resulting
from laser irradiation (Paper IT). Typical profiles of the laser-produced craters in
the graphite surface are shown in Figure 4.2.

The profilometer Dektak 6M is capable of vertical scans in the range from 5 nm
to 500 pm with a resolution of 0.1 — 4 nm. The horizontal resolution directly relates
to the scan length (limited between 50 pm to 30 mm) and number of data points
per scan (300 data points per second). The working principle is the following: a
sample holder is mechanically moved in the horizontal plane beneath a diamond-
tipped stylus and the surface variation causes the vertical translation of the stylus.
This vertical movement is converted into a digital format through a high precision
analog-to-digital converter.

A confocal microscope enables reconstruction of 3D structures. Unlike the con-
ventional microscope, where the uniform light on the sample provides a high level of
noise, a confocal microscope eliminates the out-of-focus signal by using a scanning
point of light instead of full sample illumination. The light reflected from the sur-
face is filtered by blocking the out-of-focus light. The increase in resolution comes
at the expense of a decreased signal intensity, thus longer exposures at each point
are needed.
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Figure 4.2: Profilometry of laser-produced craters in graphite: a) 2D image, stilos
profilometer Dektak 6M; b) 3D image, confocal microscope STIL MicroMeasure.

4.3 Ion beam analysis

Ton Beam Analysis (IBA) - this general term denotes a large number of analytical
techniques which are based on the interaction between a high-energy ion beam and
the target material [117] [118]. When a charged projectile strikes the sample it inter-
acts at either the atomic or the nuclear level with the material atoms. This collision
can lead to changes in the kinematic parameters of the projectile and to the emis-
sion of particles or radiation, the energy of which characterises the elements of the
sample material. Depending on the chosen method, IBA can provide information
on the elemental composition, absolute atomic ratios in compounds, areal density
and thickness of films, depth profiles up to several microns for a given element
which makes it a very powerful tool for fusion material studies [119][120][121][122].

In this thesis most IBA studies were carried out at the Tandem Laboratory at
Uppsala University [123]. Some specific studies were performed in the laboratories
at FZ Jilich (Germany), University of Sussex (UK), VIT (Finland). The various
ion beam analysis methods relevant to the thesis are listed further in this section
and are summarized in Table 4.1.

Rutherford backscattering spectroscopy

Rutherford Backscattering Spectroscopy (RBS) is based on the detection of the
charged particles elastically scattered by the nuclei of the analysed sample. It al-
lows to distinguish atomic masses of elements and to determine the depth profile
distribution as a function of the detected energy. RBS with light projectiles (typ-
ically “Het or 3He™ ions) became one of the most common IBA techniques in
application to fusion materials. Backscattering only occurs when the mass of the
incoming ion is smaller than the target atom. This makes hydrogen inaccessible to
standard RBS due to its low mass.
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A variation of RBS with a H* ion beam is often called Enhanced Proton Scatter-
ing (EPS) due to the nuclear resonance effects which have to be taken into account.
Protons can be backscattered by all elements (including deuterium) but this inter-
action process cannot be described by the Rutherford approximation. Figure 4.3
shows an example of an EPS spectra used for determination of the Be content on
a stainless steel mirror holder (Paper VI).
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Figure 4.3: EPS studies of a stainless steel mirror holder after exposure in JET.
This spectrum was used for determination of the Be content on the holder (Paper
VI). Proton beam energy is 2.5 MeV.

Nuclear reaction analysis

Nuclear Reaction Analysis (NRA), as it can be seen from the name, utilizes prod-
ucts of a nuclear reaction which occurs between the projectile and the target nu-
cleus. Each nuclear reaction is unique and the emitted radiation is characteristic
for that reaction. A broad database of experimental cross-sections for the most
used reactions has been created over the last decades [124].

For fuel retention studies, the most important nuclear reaction is the interaction
of a 3He beam with light nuclei in the target: especially D atoms and also *Be, '2C,
13C. A standard form to write the 3He-D reaction is D(*He,p)*He, where protons
and a-particles are products of the reaction. The corresponding cross-section has a
maximum value at beam energy ~ 0.65 MeV, but higher energies allow for greater
depth profiles. For a 3He beam of 2 MeV, protons have an energy of 11.8 MeV and
are easily distinguishable on the NRA spectrum. Figure 4.4a shows an example of
the NRA spectra for D.

Another example of a NRA spectrum can be seen in Figure 4.4b where a 2.8 MeV
3He beam was used to investigate the amount of carbon in the deposited thin films.
The nuclear reaction 2C(*He,p)'*N results in three easily distinguishable peaks
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Figure 4.4: a) Deuterium peak of the D(3He,p)*He reaction; b) experimental (red)
and SIMNRA simulated (blue) NRA spectra showing a) three carbon peaks of the
12C(3He,p) N reaction marked as pg, p; and py. The *He beam energy is 2.8 MeV
for both spectra.

corresponding to the protons of different energies (pg = 5.6 MeV, p; = 3.62 MeV,
p2 = 2.25 MeV) [125].

Elastic recoil detection analysis

The physical process behind the Elastic Recoil Detection Analysis (ERDA) is the
forward-scattering of the recoiling ions. Due to the requirement of low angles of
incidence the use of ERDA is restricted to thin surface layers (< 1um) on smooth
surfaces. One of the strongest advantages of ERDA is its sensitivity to isotopes.
The 2 MeV beams of *He are used to measure H and D profiles while employing
heavier ions (typically 27T or 17Au) allows to detect other low-Z elements such as
‘He, °Be, B, 1B, 12C, 13C, N, 15N, 160, 180, 2°Ne [126][127].

ERDA, like RBS, is a quantitative technique and gives exact information about
the isotope concentration in the sample. Figure 4.5a shows an ERDA spectrum
(36 MeV '271) registered with a time-of-flight (ToF) detector. In this example the
following impurities in the first 100 nm of the surface layer were under investigation:
Be (1.62 - 10'6 at/cm?), C (1.28 - 10'¢ at/cm?), O (2.91 - 10'6 at/cm?).

Secondary ion mass spectrometry

Secondary Ion Mass Spectrometry (SIMS) is the most sensitive measuring technique
capable of detecting 1-10% at/cm? [122][128]. Under the continuous bombardment
of a target with a 2-10 keV ion beam (e.g. Art, Cst, O~, OF, Ga™) the target
material is removed layer by layer. The sputtered species are emitted as neutrals,
ions (both negative and positive) and clusters of particles. The ratio of ionised and
neutral species depends on the surface conditions, chemical surroundings and the
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Figure 4.5: a) ToF-ERDA spectrum for a molybdenum mirror after cleaning (Paper
VIII). Different elements in the sample can be seen as curves in the spectrum; b)
example of a SIMS spectra from Paper VII

element itself making the quantification challenging. This fact is the main drawback
of SIMS when studies of the fusion PFCs are considered.

SIMS is commonly used for detection of low concentrations of impurities and
for obtaining depth information on the elemental composition. In Paper VII SIMS
measurements were performed on the molybdenum and rhodium-coated mirrors
after their exposure in JET. These results were decisive for the identification of the
qualitative composition in the near-surface layer, i.e. in the region responsible for
the change of the mirror reflectivity. One example of a depth profile is demonstrated
in Figure 4.5b.
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4.4 Gas phase control

Thermal desorption spectrometry

Fuel retention studies require methods to quantify the amount of hydrogen isotopes
in PFMs. The previously described techniques give local results but extrapolation of
local measurements is not always straightforward due to the non-uniform structure
of fuel-rich co-deposits.

Determination of the total fuel content can be performed by Thermal Desorption
Spectrometry (TDS) [129]. TDS allows to measure the total amount of desorbed
gases from a sample when the latter is placed in a temperature-programmed oven,
like the one shown in Figure 3.1. When the material is heated, the energy trans-
ferred to the previously adsorbed species will weaken the chemical bonds and cause
desorption of volatile components. To quantify the amount of released molecules,
a quadrupole mass spectrometer (QMS) is commonly used.

The main principle of a QMS for ion detection is based on the usage of four
parallel metal rods placed in a vacuum with a voltage applied to each pair of rods.
Tons travelling between the rods are deflected from their original trajectory due to
the presence of a magnetic field. For every given voltage value only ions with a
certain mass-to-charge ratio (M, also called mass number) will reach the detector.
Since only charged particles can be deflected by a quadrupole system, an ioniser
should be installed at the quadrupole entrance. Variation of the voltage, applied
to the rods, allows to scan over different M (typically in the range 1 — 200) and to
observe the mass number distribution at a chosen moment. Repetitive scans will
give a time evolution for each type of molecules.

In the TDS setup at FZ Jiilich several masses can be measured simultaneously
providing the intensity of each mass as a function of temperature and time. The
total amount of adsorbed species is given by the integral of the spectrum. In the
case of carbon co-deposits, the main interest is associated with masses: M2 (Hs),
M3 (HD), M4 (Ds), M18-M20, i.e. the water group and various hydrocarbons
C.H,D..

Optical spectroscopy

During the laser-induced ablation studies (Papers II and IV) a plasma plume
during the laser-surface interaction was observed with a commercial spectrometer
(Multichannel Instruments: Mechelle 7500), which is also used for boundary plasma
studies on TEXTOR. This spectrometer uses two dispersive elements: a grating
for dispersion of light in the horizontal plane and a prism to sort orders in the
vertical direction. The spectrum is then recoded by an actively cooled CCD. A
cross-dispersion setup allows covering the spectral range from 375 to 715 nm.

The light from the plasma plume was directed to the spectrometer through the
combination of two lenses and an optical fiber. The produced spectra give additional
information on the composition of the ablated matter. Figure 4.6 demonstrates the
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Figure 4.6: Reduction of H (656.3 nm) and D (656.1 nm) line intensities during
consecutive laser pulses at a rate 6 pulse/minute. Remaining lines at 657.8 nm and
658.3 nm belong to CII. Spectra are given for ablation of deposits on ALT-II (a)
and tungsten coated limiter (b).

spectra recorded during consecutive laser pulses (energy density 14 J/cm?) on the
ALT-II tile with a thick deposit and tungsten coated limiter. It demonstrates
effective removal of the layer. To collect species liberated by the ablation, several
catchers have been developed and used.



Chapter 5

Impact of PWI on diagnostic
components

Mirror, mirror on the wall

Brothers Grimm

5.1 Diagnostic mirrors

ITER will require an extensive system of diagnostics to ensure safe operation and
to provide the measurements necessary for fusion research. The major optical
diagnostics, e.g. Thomson scattering, will have access to the main vessel through
optical labyrinths in the neutron shielding blocks. The first elements in these optical
systems will be metallic mirrors also known as first mirrors [130][131]. Like all other
plasma-facing components, the first mirrors are subject to degradation due to UV
and « radiation, neutron fluxes and impact of neutrals (e.g. charge exchange atoms,
hydrocarbons). Depending on their location and the plasma conditions, the mirrors
may be in either erosion or deposition dominated areas. The ongoing research at the
major fusion experiments, i.e. JET [132], TEXTOR [133][134], DIII-D [135][136],
Tore Supra [137], HL-2A [138] is aiming to determine of the modification of mirrors
and to elaborate solutions for prolonging their lifetime.

5.2 First Mirror Test at JET

The First Mirror Test (FMT) at JET is an ongoing project which started on the
request of the ITER Design Team in 2002. The aim of the project is to examine the
optical performance of tested specimens and to elucidate the cause of reflectivity
losses. The experiment in JET offers the ITER-relevant combination of plasma
configuration and placement of mirrors in critical locations. Locations for the mir-
ror positioning were selected to reproduce in the best achievable way the ITER
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Figure 5.1: Design locations (yellow marking) of the first mirrors in ITER (a) and
the location of the test first mirrors in JET (b). [132]

conditions as demonstrated in Figure 5.1. Figure 5.2 shows examples of mirror
samples before the exposure and a single cassette for installation of mirrors in the
torus.

The entire FMT research program comprises: (a) the selection of the material
for the test mirrors, (b) manufacturing of mirrors and their carriers for in-vessel
installation,(c) optical pre-characterisation, (d) exposure in the plasma boundary
of JET for a complete operational campaign, (e) a broad range of post-exposure
analyses by means of optical and surface analysis methods, (f) correlation with ero-
sion deposition pattern measured by other wall diagnostics used in tritium retention
studies, (g) cleaning of the exposed mirrors followed by (h) the analyses of cleaned
surfaces. The last four points were explored within this thesis (Papers VI-VIII).

Two phases of the FMT project were completed in JET with carbon walls:
Phase I: 2004-2007 [139], Phase II: 2008-2009 [140]. Over 60 mirror samples made of
various materials (stainless steel, molybdenum, rhodium-coated molybdenum [141])
were studied. The mirrors exposed in JET with the ITER-Like Wall (2011-2012)
will be retrieved from the vessel in early 2013.
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Figure 5.2: a) Flat and angled metallic mirrors as used in FMT. The surface area
of a square mirror is 1 cm?; b)the bottom part of a cassette with slits for fixation of
mirrors. The indicated distance denotes how far the surface of the mirror is from
the channel mouth. The channel marked with ‘*’ is designed for the 45° angled
mirrors.

Characterization of mirrors

All materials exposed at JET, and mirrors are no exception here, are contaminated
by Be and T and require special precautions during ex-situ studies. The reflec-
tivity measurements were performed directly at JET using an efficient system for
total reflectivity determination. It consists of two spectrophotometers (for visible
and infrared (IR) light) and an integrating sphere which comes in direct contact
with the mirror surface. An identical integrating sphere was used outside of the
beryllium-handling facility for studies of the not contaminated samples. The initial
calibration of the system was performed using the samples pre-characterized on
complex equipment, Varian-Cary 5, at the University of Basel. This calibration is
considered sufficient since the main goal is to observe the change of reflectivity.

The optical properties of all mirrors exposed in the divertor were degraded by
strong deposition of wall materials such as carbon and beryllium while erosion
by plasma impurity species (C, D, Be, Ni, etc) influenced mirrors on the main
chamber wall [142]. Implementation of deposition mitigation techniques [135][143]
may prolong the mirror lifetime but none of the methods discussed up to date is
able to completely eliminate the growth of deposit. Even thin deposited layers
(10 nm) can reduce the reflectivity of a mirror due to interference effects [130],
while the thickness of deposits after exposure in JET often exceeds the micrometre
range. Such effects may be expected in ITER, hence efforts are directed towards
development and assessment of procedures for reflectivity recovery.
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Cleaning of mirrors

Some techniques for the removal of co-deposits are based on irradiation of PFC
with a high-energy scanning laser beam. Photonic methods provide a possibility
of remote operation for in-situ applications and demonstrate reliable removal of
carbon layers under laboratory conditions [144][145]. However, when tested on the
Be-containing deposits from JET, the laser cleaning did not give satisfactory results
(Paper VI). Despite multiple laser scans with the predefined laser parameters, it
was not possible to remove all deposits and at the same time damage to the mir-
ror surface occurred: micro-cracking and local melting. The optimization of laser
parameters would be challenging as each type of deposit has a different composi-
tion, thickness, density and adherence. This in turn, would require a specific set
of parameters for each kind of co-deposit to ensure efficient removal. Alternative
cleaning techniques were tested to check whether the removal of complex layers can
be efficiently achieved (Paper VIII). The results of all cleaning attempts lead to
the conclusion that in the case of a carbon surrounding a replacement of the de-
graded mirrors, though very challenging from the engineering point of view, would
probably be the most practical solution.



Chapter 6

Summary

But then science is nothing but a series of questions
that lead to more questions.

Sir Terry Pratchett

In this chapter the main outcome of research presented in the thesis is sum-
marised. Systematic qualitative and quantitative studies were carried out in order
to determine:

e properties of material migration products, i.e. co-deposited layers and dust
particles;

e impact of fuel removal methods on dust generation and on modification of
PFCs;

e efficiency of fuel and deposit removal techniques;

e degradation mechanism of diagnostic components - mirrors - and methods of
their regeneration.

The study was performed mainly for materials retrieved from tokamaks: special
long- and short-term probes and plasma-facing components from TEXTOR, Tore
Supra and JET. This has implied research on three major materials used in the
technology of the plasma-facing wall: carbon, beryllium and tungsten — a material
tested in TEXTOR. The major part of the thesis has dealt with carbon-based
components and consequences of their presence for plasma-wall interactions and
fuel retention. Such studies are fully justified because carbon is still (December
2012) considered for the ITER divertor and, the large-scale test of the metal wall
has just started.

Paper I: Survey of Dust Particles in TEXTOR

The results strongly indicate that in a carbon-wall machine, such as TEXTOR,
the disintegration of flaking co-deposits on PFCs is the main source of dust. Their
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structure is strongly related to the surface temperature of the PFCs on which flaking
co-deposits were formed. The performed estimations indicate a low conversion
factor of deposit to dust. For TEXTOR it is about 0.5%. Flaking and detachment
of co-deposits is enhanced by the exposure to air.

An important finding is the evidence for the existence of carbon debris, 10
nm — 200 pum in size, in the collected material. The presence of fine crystalline
matter on the bottom of the TEXTOR liner gives some indication that also brittle
destruction of carbon tiles could occur. It is the first documented example of brittle
destruction products in a tokamak. The study shows that brittle destruction (and
dust, in general) is not a serious issue in present-day machines, but it must be taken
into account when dust production in future devices in the presence of carbon PFCs
is considered.

Papers IT and IV: Removal efficiency of fuel and deposits

The efficiency of fuel removal methods has been tested on deuterium-rich carbon
co-deposits on limiters from TEXTOR. Systematic experiments aiming at the mon-
itoring of fuel release during long-term annealing (70 h) of deposits at 623 K were
carried out for the first time. The aim was to assess the efficiency of fuel removal
at the maximum baking temperature of the ITER divertor. The annealing resulted
in the release of only 10%-15% of the accumulated deuterium. Very similar results
were obtained during long-term annealing of deposits from the Tore Supra tokamak.

Efficient removal of the deposited layer has been achieved by means of laser-
induced ablation, but the cleaning procedure has lead to the generation of a large
amount of dust. A notable problem is associated with fuel remaining in the ab-
lated products. The observed D/C concentration ratio in the collected products of
ablation is about 40% of the initial fuel content in the co-deposits.

Paper IV, which is a follow up of Paper II, summarises several fuel removal
techniques which were tested during the last decade on PFCs from the TEXTOR
tokamak.

Paper III: Re-absorption of fuel

Fuel re-absorption by thermally depleted co-deposited layers was assessed for the
first time. The study was performed for a number of probes with co-deposits
obtained from TEXTOR limiter tiles. They were outgased at 1273 K and then
exposed again to plasma either in a laboratory setup or in TEXTOR. Adsorption
of fuel species was identified as the dominant mechanism for deuterium retention
in the re-exposed deposits. Fuel retention in the re-exposed deposits is 30-40 times
lower than that in the original co-deposit, showing that fuel re-absorption does not
lead to an immediate re-saturation of deposits. This can be considered as a very
positive results indicating that surfaces cleaned by heating would not re-absorb
large amounts of fuel.
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Paper V: Wall erosion in JET with carbon PFCs

This work aimed at the reconstruction of a global balance for carbon in JET in
the 2007 — 2009 campaign when JET was operating with carbon PFCs. The net
deposition of carbon in the divertor and the net erosion in the main chamber were
evaluated based on the profilometry of the tiles retrieved from JET. Additionally
the spectroscopic measurements of the carbon erosion yield from the main chamber
were used for comparison with the profilometry measurements. About 800 grams
of carbon was found in the divertor, while the erosion of the material from the main
wall is between 400 grams (profilometry data) and 2000 grams (spectroscopy data).

Papers VI, VII and VIII: First Mirror Test

This work was executed in the frame of the First Mirror Test carried out at JET for
ITER. A large set of test mirrors was exposed in JET with carbon walls throughout
several experimental campaigns. For all mirrors a significant loss of reflectivity was
observed following the exposure in a tokamak (Paper VII). In order to restore
the reflectivity different cleaning techniques, such as laser-induced ablation (Paper
VI) and mechanical methods (Paper VIIT), were applied to assess their cleaning
efficiency of degraded mirrors.

Laser cleaning lead to partial recovery of the optical performance, however dam-
age (e.g. micro-cracking and local melting) was observed on all laser-cleaned sur-
faces. The efficiency of laser cleaning depends on the composition of the treated
layer. The removal of beryllium-containing deposits was the main challenge. Me-
chanical removal of deposits (i.e. by polishing) allows for recovery of the initial
reflectivity when the cleaning conditions are selected individually for each mirror.
The results of all cleaning attempts lead to the conclusion that in the case of the
carbon surroundings a replacement of the degraded mirrors would be the most
practical solution.

In summary, the research has identified several phenomena accompanying ma-
terial migration and fuel retention in tokamaks. Various practical aspects of fuel
and co-deposit removal techniques have been assessed. In some cases (e.g. first
mirrors, laser-induced cleaning), this has also lead to the formulation of recommen-
dations for solutions to be considered in cleaning procedures. The author realizes
that certain processes presented in the thesis will be different, both in qualitative
and quantitative terms, in controlled fusion devices with metal walls. The work in
that direction has begun.
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