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Abstract

Thermonuclear fusion may become an attractive future power source. The most promis-
ing of all fusion machine concepts is the tokamak. Despite decades of active research,
still huge tasks remain before a fusion power plant can go online. One of these im-
portant tasks deals with the interaction between the fusion plasma and the reactor wall.
This work focuses on how eroded wall materials of different origin and mass are trans-
ported in a tokamak device.
Element transport can be examined by injection of certain species of unique and prede-
termined origin, so called tracers. Tracer experiments were conducted at the TEXTOR
tokamak before its final shutdown. This offered an unique opportunity for studies of
the wall and other internal components: For the first time it was possible to completely
dismantle such a machine and analyse every single part of reactor wall, obtaining a
detailed pattern of material migration.
Main focus of this work is on the high-Z metals tungsten and molybdenum, which were
introduced by WF6 and MoF6 injection into the TEXTOR tokamak in several material
migration experiments. It is shown that Mo and W migrate in a similar way around the
tokamak and that Mo can be used as tracer for W transport. It is further shown how
other materials - medium-Z (Ni), low-Z (15N and F), fuel species (D) - migrate and get
deposited.
Finally, the outcome of dust sampling studies is discussed. It is shown that dust ap-
pearance and composition depends on origin, formation conditions and that it can orig-
inate even from remote systems like the NBI system. Furthermore, metal splashes and
droplets have been found, some of them clearly indicating boiling processes.
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Sammanfattning

Termonukleär fusion kan vara framtidens energikälla eftersom den undviker negativa
effekter från dagens energikällor, såsom begränsad tillgång på bränsle och produktion
av skadligt avfall. Det främsta bränslet för fusion är en blandning av lika delar av två
väteisotoper, deuterium (D) och tritium (T). För att fusion ska ske måste bränslet up-
pvärmas så mycket att det går över till plasma, d.v.s. att bränsleatomerna joniseras.
Ett fusionsplasma måste hållas på plats och styras för att kunna utvinna energi. En
metod för detta är olika typer av magnetburar för att kontrollera plasmat. Det mest
utvecklade konceptet för en fusionsmaskin baserat på en magnetbur är tokamaken.
För att mänskligheten ska kunna producera fusionsenergi måste några mekanismer i
tokamaken förstås bättre. En mekanism är transporten av partiklar från plasmat. Mi-
grationen kan undersökas med hjälp av så kallade spårexperiment: speciella kemiska
element eller isotoper släpps in i maskinen under gång; därefter analyseras maskinens
väggar för att se var spårelementen har hamnat.
Ett sådant experiment genomfördes i TEXTOR tokamaken i Tyskland i 2013 där MoF6

och 15N injicerades. Sedan demonterades delar av maskinens vägg och analyserades
med olika metoder för att hitta Mo, F och 15N. Fördelningar av andra element så som
D, W och metaller kring Ni har också analyserats.
Även större partiklar (damm) rör sig i tokamaken. Damm kan vara ett hinder för drift
och potentiellt även farligt för maskinen på grund av explosion och damminducerad
kollaps av plasman. Därför blev också damm från TEXTOR analyserat.
Resultaten visar att:

• Tunga element som W och Mo förflyttar sig bara korta distanser och deras mi-
gration är inte påverkad så mycket från andra partiklar och plasmat;

• metaller med liknande atomnummer som Ni migrerar också bara korta distanser
men deras migration kan påverkas mer av andra partiklar och förändringar i plas-
mat;

• lättare element som F och 15N migrerar genom hela maskinen och deras migra-
tion är påverkad ganska mycket från andra partiklar och plasmat;

• bränsle isotoper som D blir deponerat i tjocka lager på tillbakadragna ytor, vilket
måste beaktas för framtidens fusionsmaskiner;

• damm har olika form och sammansättning, beroende på temperatur och härkomst
och hittas även på maskindelar som sitter längre från plasmat;

• för metalldroppar syns nedslagsriktningen tydligt på stänk och form, dessutom
kan tecken på kokning ses på några droppar.

Majoriteten av resultaten är redan publicerade i fackartiklar.



5

List of acronyms

ALT . . . Advanced limiter test
ASDEX . . . Axialsymmetrisches Divertorexperiment

(eng.: axial symmetric divertor experiment)
AUG . . . ASDEX Upgrade
CFC . . . Carbon fibre composite
DBTT . . . Ductile-to-brittle transition temperature
DED . . . Dynamic ergodic divertor
EDS . . . Energy dispersive X-ray spectroscopy
EPMA . . . Electron probe microanalysis
EPS . . . Enhanced proton scattering
ERDA . . . Elastic recoil detection analysis
FIB . . . Focused ion beam
FWHM . . . Full width at half maximum
HFS . . . High field side
HHF . . . High heat flux
ILW . . . ITER-Like Wall
ITER . . . International Thermonuclear Experimental Reactor
JET . . . Joint European Torus
LCFS . . . Last closed flux surface
LFS . . . Low field side
NRA . . . Nuclear reaction analysis
PFC . . . Plasma facing component
PFM . . . Plasma facing material
PWI . . . Plasma-wall interaction
RBS . . . Rutherford backscattering spectroscopy
SEM . . . Scanning electron microscopy
SIMS . . . Secondary ion mass spectrometry
SOL . . . Scrape-off layer
TEM . . . Transmission electron microscopy
TEXTOR . . . Toroidal experiment for technology oriented research
ToF . . . Time-of-flight
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Chapter 1

Introduction

1.1 Fusion and energy needs

The world population growth and the increasing life standard in newly industrialising coun-
tries create a growing demand for more energy. Yet the nowadays standard source of en-
ergy mostly consisting of fossil fuels is limited to a few hundred years [1]. Additionally
the impact on world climate due to the combustion of fossil fuels is a huge problem lead-
ing, amongst others, to temperature increase, acidification of oceans and enhanced extreme
weather conditions [2, 3]. To generate more energy on one hand and on the other ban fossil
fuels from energy production is one of the large challenges for the future. Nevertheless,
several options for CO2-free energy production are available [1]:

• renewable energy sources like wind, solar power, hydropower and wave power;

• fission-based energy sources;

• for the future: fusion-based energy sources.

Energy production via renewables is based on established technologies and has been broadly
applied. However, large scale or even exclusive energy production by this means is difficult
since most energy produced by renewables is dependent on a factor that cannot be influ-
enced by humanity, namely weather. This increases the demand of storage power stations
and interconnectivity of the power grid in addition to energy producing units [4]. Another
renewable with more predictable and stable energy output, hydropower, can have negative
impact on nature and raise social issues due to damming [5]. Exceptions are countries with
low amount of inhabitants and favourable geography, for example Norway [6]. In general,
the energy density of renewables is considerably lower than in fossil or nuclear fuels and,
therefore, demand either a worldwide decrease in energy need, effective storage methods,
or extensive land usage [7].
Energy production via fissile material has also been successfully applied for many decades.
The benefits are a higher energy density fuel than fossil ones and a predictable, reliable
output. Drawbacks are related to the long lived radioactivity of the waste products and the
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proliferation risks [8, 9].
Fusion itself has not yet been harnessed for energy production, although research on this
topic is under way since the 1950s [10]. The goal is to obtain all the benefits of fission,
high energy density fuel and reliable output power, while avoiding the drawbacks of both
fission and fossil energy production, first and foremost: long-lived radioactive waste (fis-
sion), proliferation (fission), CO2 emission (fossil), limited fuel amount (fossil). About
proliferation risks in fusion, opinions differ [1, 11].
This possibility makes fusion an attractive energy source of the future, given that chal-
lenges associated with producing a net fusion power gain can be overcome. Below, back-
ground and basics of a fusion power plant based on the tokamak principle are given. Then
the introduction focuses on one of the major problems, which represents the background
of this work introduced in the chapters thereafter.

1.2 Fusion: The basics

Nuclear fusion itself is based on the phenomenon of the so called mass defect: The weight
of an atomic nucleus is smaller as the sum of its constituents’ masses. The mass defect
increases as one approaches the most stable isotope, 62Ni [12]. Via the famous formula
E = m · c2 the mass defect ∆m can be related to the nuclear binding energy EB , which is
necessary to split a nucleus into its components [13]:

EB = ∆m · c2

Hence the bigger the mass defect, the bigger the energy which is necessary to pull the nu-
cleus apart.
Another consequence is that the transmutation of a nucleus of lower binding energy into
one of higher binding energy frees up the energy difference; i.e. approaching the most sta-
ble isotope 62Ni either by fusion of lighter elements or fission of heavier ones transforms
the difference of mass defects into energy that can be harnessed. Contrary to fission, which
in principle can even occur on rocky planets like earth [13], fusion only occurs in massive
astronomical objects many times the mass of the earth. A comprehensive overview on
natural nucleosynthesis is given in [14].The reason for this is due to the much larger cross
section of fission reactions in comparison to those of fusion reactions (e.g. circa 600 barn
for the fission of 235U by thermal neutrons compared to 5 barn for the fusion of deuterium
and tritium [15]).

Fusion reactions that are favoured for a fusion power plant must fulfil two criteria: First,
they must create a lot of energy, and second, they must be sustainable, i.e. based on abun-
dant natural resources available on our planet. In general, it is harder to fuse heavier
elements due to their higher atom number and hence stronger Coulomb repulsion; addi-
tionally, the energy gain decreases, as one can see from the plot of binding energy versus
atomic weight (fig. 1.1). Hence, light nuclei such as hydrogen and helium are preferred.
Three possibilities are of interest [1, 15]. The most favourable reaction concerning sustain-
ablility is the D-D reaction, whose reactants are commonly available in water in a ratio of
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Figure 1.1: Binding energy per nucleon, plotted over atomic weight. Graph taken from
https://en.wikipedia.org/wiki/Nuclear_binding_energy.

roughly 1:10000 [16]. There are two possible reaction branches:

D +D → 3He+ n+ 3, 3 MeV, (1.1)
D +D → T + p+ 4 MeV. (1.2)

Another possibility is remarkable due to high energy yield and charged fusion products
only, which makes it possible to avoid neutron damage of reactor materials:

D + 3He→ 4He+ p+ 18, 3 MeV. (1.3)

Unfortunately, the 3He reservoirs on earth are very limited. But the main problem with the
aforementioned reactions is the difficulty to achieve a positive energy output because the
reaction cross sections are too low. Therefore, international fusion research focuses on a
third possibility, the D-T reaction, which is easiest to achieve but forces researchers to deal
with neutron damage and the radioactive reactant tritium:

D + T → 4He+ n+ 17, 6 MeV. (1.4)

The energy carried away by the neutrons is the primary source for electric power produc-
tion. The neutrons impinge on the reactor wall, thus heating it. The heat is carried away
by a coolant and used for power production. The He must dissipate its energy by collision
with other plasma species, thus heating the fusion plasma. Tritium is radioactive with a
half-life of 12,3 years [13] and must be produced by a process in the reactor itself, the so
called tritium breeding: Neutrons created by the fusion reaction undergo nuclear reactions
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within 6Li enriched blankets, thus creating tritium via the reaction [15]:

6Li+ nthermal → 4He+ T + 4, 8 MeV. (1.5)

Hence the actual fuel for the reaction given in equation 1.4 is consisting of deuterium and
6Li, which occurs in the earth’s crust with an isotopic abundance of 7,5% within Li [15].

Broadly speaking, there are two work concepts to harness fusion for energy production.
One approach is to fuse the fuel much faster than it can escape, due to inertia. Hence
this kind to confine particles is called inertial confinement. This is obtained by lasers, ion
beams or wire explosions inducing fusion [17]. However, most approaches exploit the fact
that charged particle trajectories can be greatly restricted by applying a magnetic field as
they gyrate around the field lines. Hence they are based on a magnetic field configuration
of one or other way, leading to the term of magnetic confinement. While for inertial con-
finement mostly high intensity lasers are used, magnetic confinement comes in manifold
variations. This work deals with the most popular and successful one, the tokamak.

1.3 Tokamaks

The name "tokamak", invented by Sacharow and Tamm, originates from the Russian ab-
breviation of the term "toroidal chamber with axial magnetic field" [18]. It grasps the main
characteristics of its concept, namely the toroidal shape of the vacuum chamber - and
hence the plasma - and the confinement via magnetic fields. In earlier experiments with
linear magnetic confinement devices the end losses in particles and energy were too high
to achieve fusion, so it was straightforward to bend the two ends together, obtaining a
torus [17]. For this, a toroidal magnetic field is needed, provided by coils wound in the
poloidal direction. In figure 1.2 the most important geometric parameters are given: the
major radius R, the minor radius r, plasma radius a, toroidal angle Θ and poloidal angle Φ.
However, the toroidal geometry leads to a denser spacing of field coils on the inner side
than on the outer side, thus giving rise to an outward field gradient because of Btor ∼ 1

R ,
roughly. In the following, the inner side of a tokamak will be therefore referred to as high
field side (HFS) and the outer one as low field side (LFS). The magnetic gradient leads to
charge separation at plasma top and bottom via the so called grad-B drift, which in turn
leads to plasma loss via the so called E×B drift (details on drifts can for instance be found
in [15]). This can be prevented by rotating the plasma via screwed magnetic field lines.
Screwing the magnetic field in the poloidal direction requires a poloidal field produced by a
toroidal current, leading to another characteristic of the tokamak, a transformer coil called
solenoid in the middle of the whole arrangement. A current ramping up in the solenoid
induces a counteracting current in the plasma, following Ampere’s law. This principle is
widely used in transformers. The current in the plasma produces a poloidal field, which to-
gether with the toroidal field leads to a screwed magnetic field in total. Hoop and pressure
forces still push the plasma ring outward, which is prevented by increasing the poloidal
field on the LFS and decreasing it on the HFS, accomplished by vertical field coils [15].
As a result of the whole arrangement, nested magnetic surfaces are created, interleaved tori
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Figure 1.2: Torus coordinates commonly used in tokamaks. The plasma is represented in
pink on the left side.

with increasing radius and decreasing screwness.
The whole arrangement of magnetic field coils and their fields together with the total field
is shown in figure 1.3.
The benefits of a tokamak - best energy confinement of all fusion devices and sufficiently

high plasma pressure for a satisfactory fusion yield - both indicate the superior develop-
ment status of the tokamak to other fusion concepts within magnetic confinement fusion
devices. The main drawbacks are intrinsic for the confinement method, or more precise the
magnetic fields: A strong toroidal field is needed for good confinement (resistance against
instabilities), leading to high costs for reactor scale devices due to large superconducting
coils; secondly, the obligatory plasma current for the poloidal field is generated via induc-
tion, which excludes steady-state operation, and it also causes severe instabilities. At least,
concerning the second drawback the last word is not spoken yet, since the induced current
may be supplemented or totally replaced by a current produced by specially orbiting parti-
cles, the so-called bootstrap current [15].
Overall, at the time of writing the tokamak provides the most promising fusion concept
despite its deficiencies.

1.4 Plasma-Wall Interactions

Due to the high temperatures necessary to fuse nuclei, the fuel in such a reactor would be
in a plasma state where atoms get ionised because of the high temperature, forming a gas
of electrons and ions. Interactions between wall and fusion plasma must be controlled very
well. Reasons are:

• Particle and heat loss to the walls decreases the fusion yield and, therefore, the reac-
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Figure 1.3: a) Tokamak coils and resulting fields: orange - transformer coil with current
(blue arrow) inducing plasma current (red arrow); green - toridal field coils; red - vertical
field coils; nested magnetic surfaces in purple to the right with yellow arrows indicating
screwness; b) resulting poloidal field from plasma current (red curve) and vertical field
coils (blue curve); c) resulting toroidal field from toroidal field coils.

tor performance.

• Excessive heat and particle influx will overheat and erode the wall (see below), lead-
ing to component failure and to plasma pollution due to release of wall atoms to the
plasma.

• Mentioned pollution will lead to further heat loss due to line radiation, especially if
it consists of high-Z atoms.

• Finally, fuel retention in the walls may create problems in operating the machine,
eventually from an engineering point of view due to problems related to pressure
control [19], and from a legal and radiation safety point of view, as a fusion reactor
must not accumulate too much tritium due to radiation risks [20].



1.4. PLASMA-WALL INTERACTIONS 17

However, PWI in general cannot be avoided in a fusion machine - on the contrary it is
needed for proper functioning. There is a whole range of possibilities for plasma particles,
both fuel and fusion generated species, to interact with different parts of the reactor wall,
ranging from "necessary" to "detrimental" depending on the nature of these species. A
very comprehensive insight into this topic is given for instance in [21]
Wall parts dedicated to interact with the plasma are called plasma-facing components
(PFCs). Details about PFCs will be given in section 1.5. In the following, PWI with
these PFCs and wall parts further away from the plasma are described.

• Physical erosion, sputtering: Both D and T will be ionised and, therefore, con-
fined by the magnetic field. Nevertheless, it may happen that fuel species collide
with PFCs and transfer their impact energy to wall atoms. Such collisional cas-
cades may transfer energy and momentum to top layer PFC atoms in such a way that
they are ejected from the surface, now entering the plasma and getting ionised [22].
What may follow is either pumping-out or re-deposition, either directly (prompt re-
deposition [23]) or after being transported in the plasma. However, for this kind of
erosion to occur a certain threshold impact energy is required, increasing with target-
projectile mass difference. It may also appear that impurities in the plasma enhance
sputtering due to their higher mass in comparison to fuel species. One special case
is self-sputtering when a particle originating from a PFC hits the wall and sputters
further PFC particles, which may lead to runaway effects [24].

• Chemical erosion: Apart from physical sputtering, chemical sputtering can occur
for certain target-projectile combinations. Here an incoming particle chemically
reacts with the target and forms volatile molecules, which then escape the target
surface. This erosion mechanism happens at low energy. The two most important
combinations are: hydrogen plasma species and carbon wall, leading to formation
of hydrocarbons; oxygen plasma impurity and tungsten wall, leading to formation
of tungsten oxides [22].

• Melting: If incoming plasma heats PFCs beyond their melting point, either because
of too high continuous power load or transients, the PFM starts to melt and even-
tually boil. This will create droplets that either stay on the PFC and impair its per-
formance, or are small enough to fly away into the plasma and create dust (more on
dust can be found in 1.6 and [25]). Either way, the PFC suffers from macroscopic
degradation, eventually reducing its function and lifetime.

• Sublimation: If the temperature exceeds even the boiling temperature, or if the
considered material simply cannot melt (for instance carbon), then it undergoes sub-
limation. An effect reported exclusively for carbon under laboratory conditions is
radiation enhanced sublimation, occurring under high surface temperatures but still
well below the sublimation threshold [26].

• Brittle destruction: High thermal loads of very short duration can cause brittle
destruction of PFMs since only the top is heated and thus produces high stress due
to thermal expansion. This is certainly true for C and under certain circumstances
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also for W, i.e. when the PFC is below ductile-to-brittle transition temperature and
the incoming heat does not result in melting [27]. For C, high heat flux (HHF) tests
revealed different regimes of brittle destruction - first release of small binder material
particles, and under increased load the release of large particles and grain clusters of
up to 100µm size [28].

• Arcing: Under tokamak conditions, a voltage drop between plasma and wall ele-
ments can establish which is big enough to induce arc formation. A protruding PFC
part acts as a "seed" and gets quickly eroded away by the high current and hence
temperature of the arc. The arc then moves further across the PFC according to the
~J × ~B force, creating macroscopic, scratch-like damage [21].

• Fuel retention: Fuel species may be trapped in chemical compounds. This process
is so important that it is addressed in many fusion experiments and modellings, and
heavily inflicts the choice of materials for PFCs. Details will be discussed in 1.5.
If much fuel is trapped in the wall but capable to return to the plasma, machine
operation gets difficult since the wall outgassing may lead to substantial pressure
rise. If much fuel is trapped and cannot return to the plasma any more, the machine
has to be closed down and cleaned since only 700 g of T are allowed in ITER, due
to safety reasons [20].

• Gettering: Some chemical reactions between plasma and wall are desirable. It is
for instance unavoidable to have at least low oxygen impurity in the plasma, due to
machine venting and subsequent adsorption of oxygen in wall components. In order
to bind this impurity, one exploits the fact that beryllium is used for many PFCs in
the next step fusion device, ITER, and is a excellent oxygen getter at the same time
[29].

• Re-deposition and co-deposition: Re-deposition of eroded atoms can be roughly
separated into two parts: prompt re-deposition, when atoms get ionised at a distance
from the wall smaller than their gyro radius near the wall, so they gyrate back to
or close to their place of origin [23]; or re-deposition after entering and later again
leaving the plasma. Both terms are commonly referred to as migration.
If plasma species, like accidentally or intentionally introduced impurity species, are
deposited alongside with wall originated particles, one generally speaks of co-depo-
sition. Co-deposition of fuel is again called fuel retention.

• Implantation: Particles impinging on PFCs may penetrate beneath the first few
nanometres and create interstitials. This effect is important exclusively for light par-
ticles such as fuel species and He originating from fusion. High amount of hydrogen
or helium interstitials can greatly deteriorate important PFC characteristics, mostly
thermal shock resistance and ductility [30].

• Lattice damage: As the fusion reaction given in equation 1.4 also yields neutrons,
the damage done to material within a fusion reactor wall can be very high and is
estimated to be of several tens of dpa/year for a full scale reactor [31]. The quantity
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"dpa" measures the average displacement of each atom, here via the collision with a
neutron. Detrimental effects are not just linked to the direct neutron impact, but also
to formation of gases, especially helium, leading to material swelling [32].

• Transmutation: Once slowed down sufficiently a neutron is likely to merge with a
nucleus, transmuting it into another isotope which may be radioactive. Hence neu-
trons cause grid damage and change of the material composition via transmutation.
However, since PFCs are quite thin in comparison to the total reactor wall, and the
penetration depth of 14MeV neutrons in solids can reach ranges of decimetres, grid
damage and transmutation are even more an issue for structural materials and even
diagnostics [33]. Moreover, transmutation initiated by neutrons is used for breeding
tritium in dedicated wall elements, the so called breeding blankets.

• Neutralisation: Plasma particles can be simply reflected from the target surface. In
most cases, they are neutralised while being reflected [22]. This process is crucial
for extracting helium, the fusion "ash", out of a fusion reactor since only neutral
particles can be pumped [20].

Figure 1.4: Different mechanisms important for plasma-wall interaction: 1. Energy trans-
formation of plasma particles to surface atoms, causing sputtering and implantation; 2.
ionisation; 3. prompt re-deposition; 4. self-sputtering; 5. fuel retention; 6. co-deposition;
7. melting and droplet formation; 8. neutron production and damage; 9. transmutation.

A picture of most processes for visualisation is provided in figure 1.4. What can be seen
is that the variety of PWI is huge - and that without PWI no fusion reactor would be
possible. Through PWI processes it is possible to extract the residual He left from the
fusion reaction, which otherwise would quench the plasma. Neutrons from the fusion
process get multiplied and breed tritium in the blanket, a process crucial for the success



20 CHAPTER 1. INTRODUCTION

of fusion power production. On the other hand, detrimental PWI processes govern the
availability of a fusion power plant due to the need for maintenance, thus directly inflicting
the economy of fusion energy. In summary, PWI must be thoroughly understood in order
to realise fusion power production.

1.5 Plasma-facing materials and components

PFCs must fulfil a wide range of tasks, which produces a long wish list of properties for
the ideal PFC:

• high thermal conductivity for better steady-state heat endurance and power extrac-
tion,

• high melting point for higher tolerance of power loads towards the wall,

• high thermal shock resistance in case of peaking power wall loading, for instance
during plasma disruptions or edge localised modes (details see [21]),

• high ductility and creep strength for increased lifetime,

• high threshold for physical sputtering,

• low chemical erosion issues with intrinsic species,

• no/low hydrogen retention due to safety related licensing restrictions,

• no/low transmutation rate under neutron bombardment (alternatively: short half-life
of produced isotopes),

• low atomic number for minimal radiation loss of the plasma in case of plasma pol-
lution,

• availability and workability on industrial scale.

This list of desired properties is so comprehensive that no material, neither elementally
pure nor thoroughly designed, can fulfil all points [23, 34]. A closer look reveals that this
results to some extend from the wish list itself - for instance the claim for high physical
sputtering threshold competes with a desired low atomic number. Therefore, the search
for plasma-facing materials (PFMs) and fabrication methods requires compromises. After
a long period of extensive research on this issue, three candidates have been selected for
PFMs. These are beryllium, carbon and tungsten. Beryllium is a very light metal with
a high thermal conductivity and acceptable melting point; carbon has very high thermal
conductivity and does not melt; tungsten is one of the most resilient materials against
physical sputtering and has one of the highest melting points of all materials. More details
can be found in Table 1.1 [27].
For the next step fusion device ITER, a combination of beryllium for low-heat flux regions
and tungsten for high-heat flux regions has been selected [35]. Carbon as PFM is not totally
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Be C W
Atomic number 4 6 74
Max. allowable
concentration in plasma 15% 12% 1ppm
Thermal conductivity [W/mK] 190 200-500 (CFC) 140
Melting point [◦C] 1285 3500 (sublimation) 3410
Thermal expansion 11,5 ca. 0 in pitch 4,5
coefficient [10−6/K] fibre direction
Neutron irradiation swelling decrease in activation
behaviour thermal conductivity

Table 1.1: Property comparison of the three most prominent plasma-facing materials,
beryllium, carbon and tungsten, as listed in [27].

excluded, though, as it is used in the biggest stellarators W7X [36] and LHD [37], and is
foreseen for JT60SA [38].

In the previous passage, high- and low-heat flux components have been mentioned. Since
the list given above cannot be fulfilled by just choosing the right material, a lot of effort
is put into improving PFM performance by placing the right materials in the right spots
of a fusion machine, optimising their shapes and arrangements. Hence, a PFM in itself
undergoes a long process of optimisation before becoming a PFC. Due to the high degree
of customisation, PFCs can be grouped in many different ways. For simplicity, here they
will be classified in two groups: high heat flux and low heat flux components.

During past experiments, it has been proven beneficial for particle and energy confine-
ment to minimize the contact of the plasma with the wall. Basically there are two concepts
in order to achieve this: the limiter concept and the divertor concept.
The limiter concept works as displayed in fig. 1.5 a): A protruding PFC made of mate-
rial with high heat tolerance, called limiter, scrapes off the outer layer of the plasma. The
concept can be compared to woodturning, with the limiter as gouge. The result is a plasma
with round poloidal cross-section, having the main plasma inward of the limiter protrusion
position, and the so called scrape-off layer plasma, or just scrape-off layer (SOL), further
out. In between lies the separatrix, the last closed magnetic flux surface. Behind it in the
SOL the field lines are open, i.e. they do not close on themselves but intersect with wall
elements after a finite number of turns. The benefit of this configuration is its simplicity,
in principle, and the easy control of plasma radius by adjusting the limiter position. The
drawback is that the plasma always grinds on the limiter, releasing impurities and limiting
its performance to a certain level [21, 39].
A more advanced concept is the divertor. Via field coils running along the toroidal di-
rection the plasma can be shaped by locally weakening or strengthening the poloidal field
component via shaping magnets, see fig. 1.5 b). This technique is on the one hand used to
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Figure 1.5: a) Limiter concept with limiter (grey), plasma (purple), SOL (yellow) and
magnetic field (arrows); b) divertor concept with plasma, SOL, plasma shaping coils (red),
perturbing the original magnetic field (dashed line) into D-shape by locally weakening or
strengthening the magnetic field (green arrows).

push it away from most areas of the vessel walls, ideally leaving just a small "escape route"
for the fusion ash, helium, at the vessel bottom. Helium, and other impurities, are dumped
on divertor targets, PFCs which can tolerate high heat and particle fluxes. On the other
hand, with this technique one is capable of shaping the plasma into forms without poloidal
symmetry, for instance D or triangular shapes, for better plasma performance [40]. Since
there is no direct connection between inner plasma and wall, this method improves particle
and energy confinement and thus leads operation modes unreachable for limiter plasmas.

Limiter and divertor tiles are high-heat flux components since they act as particle and heat
dumps. As such they must be specially tailored to the machine and plasma therein, which
means that their shape and material composition varies greatly from one device to the other.
In the next step fusion device ITER, they have to withstand heat and particle fluxes of 5-20
MW/m2 [27] and 1024 m−2s−1 [41] and are therefore fabricated from tungsten.
Other PFCs, which have either no or just short plasma contact, are located in the great
rest of the vessel, either shielding delicate tools in more retracted positions or fulfilling
auxilary tasks, like bumper tiles during start-up or ramp-down phase. In ITER they have
to withstand heat and particle fluxes of 1-5 MW/m2 and 5 · 1022 1/m2 [42]. As they cover
a large surface area but have to fulfil lower demands, they are fabricated from beryllium.
PFCs of the machine used in this work are explained in section 2.1.

1.6 Importance of material migration

In Section 1.4 the importance of plasma-wall interaction has been stressed. It is notewor-
thy that PWI cannot stand alone but both originates from and leads to particle transport
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over PFC surfaces, into the SOL, into the plasma, back on PFCs of maybe totally different
positions, sometimes even remote areas. Hence PWI cannot be separated from the term
covering all these kinds of particle transport within a vessel: impurity or particle migra-
tion. Accordingly, impurity migration has a large impact on PFC performance and lifetime.
Migration of PFC originating impurities into the core plasma can hamper nuclear fusion.
On the other side, migration of He, the fusion "ash", from the burning plasma to the wall
regions and pumps is necessary in order to not dilute the fuel and extinguish the fusion
fire. Prompt re-deposition of eroded wall atoms may compensate particle losses from sput-
tering, thus somewhat replenishing surfaces which otherwise would suffer from significant
erosion.
Furthermore, material migration to the divertor can help dissipating high heat fluxes to wall
components and thus ease PFC requirements related to high heat fluxes. In machines with
carbon PFCs, the sputtered carbon shields the underlying PFCs to some extend from ener-
getic ions coming from the plasma, which reduces erosion [43]. In full metal machines as
JET with its ITER-like wall (ILW) or ASDEX upgrade (AUG), such a protecting "cloud"
of particles has to be artificially introduced by impurity seeding; the most prominent can-
didate for now is nitrogen. On the downside, seeded impurities lead to - maybe negatively
- altered PWI processes [43, 44].

1.7 Importance of dust

PWI does not necessarily lead to just single atom of molecule release, but also to the
production of larger species, namely dust. It may originate from cracking material blasting
microscopic PFC fragments into the plasma, from boiling surfaces releasing droplets, thick
deposition layers that start flaking, or it simply results from in-vessel work getting "air"-
borne. Such dust particles have a large areal surface per volume and are therefore capable
of binding relatively large amounts of fuel, hence dust can be an important player in fuel
retention. Furthermore, large amounts of dust can be a safety hazard due to the possibility
of dust explosion in case of a vacuum breach. Finally, dust composed of high-Z material
flying into the plasma core during operation can lead to massive radiation cooling, as it
ablates particles directly within the plasma, although experimental results give rise to the
hope that most of the dust does not enter the plasma [25].

1.8 Goal of this work

All these effects being either a direct or indirect consequence of the close interaction be-
tween wall and plasma, and the transport therein, stress that we have to widen our view
once more and include migration and dust studies into the overall view. This work focuses
on migration of different impurities, comparison with computer models, and dust studies.
The goals are: (i) to understand the migration of the PFM candidate tungsten as well as
the migration of lighter species, (ii) finding general patterns, (iii) benchmarking transport
codes in order to increase their reliability, (iv) and assess dust created by metallic in-vessel
components. In detail, the addressed research questions are:
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• Which fraction of high-Z impurities are deposited close to their origin, i.e. locally?
How much of them first enters the plasma and gets deposited further away, i.e. glob-
ally?

• How does the deposition pattern of a localized source, here Mo from gas injection,
differ from the deposition pattern of a global source, e.g. Ni from the vessel liner?

• How uniformly are deuterium and nitrogen deposited around a fusion machine? Is
there co-deposition with metals?

• How well can the obtained experimental results on particle migration be reproduced
with a state-of-the-art computer model, e.g. ERO? What are the differences and how
can they be explained (and possibly decreased)?

• How do carbon and metallic dust particles in a fusion machine look like? What are
they composed of? In which shapes do they appear? What are their origins?

The experiment for answering these questions was performed at the TEXTOR tokamak
described in section 2.1. The decommissioning of the machine directly after the experiment
made it possible to retrieve and analyse a multitude of PFCs, providing a thorough picture
of global transport.
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Experimental procedure

2.1 TEXTOR - the fusion machine

TEXTOR was a medium sized limiter tokamak located in the research centre in Jülich,
Germany. A photo from the machine interior can be seen in figure 2.1. Basic technical
parameters are given in table 2.1. Its mission was focused on PWI and particle migra-
tion research until it was decommissioned in December 2013 directly after the experiment
described in section 2.2. Its main PFC, the Advanced Limiter Test II (ALT-II) limiter,
consisted of 8 sections in toroidal direction [45]. Other PFCs were the poloidal limiter at
vessel top and bottom, and the inner bumper limiter shielding a delicate coil system, the
dynamic ergodic divertor (DED) [46]. All these components were made of carbon. A ma-

Figure 2.1: Photography of TEXTORs interior with wide lens (distorted), taken
by H. Reimer from the position of the manhole. Picture from: https://www.euro-
fusion.org/newsletter/textor-leaves-plenty-of-marks-in-fusion-research/

25
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Major radius 1,75 m
Minor radius (plasma) 0,46 m
Plasma volume 7 m3

Magnetic field 3 T
Pulse length ≤12 s
Plasma current 0,8 MA
PFM Carbon

Table 2.1: Properties of TEXTOR [54].

chine sketch showing all important structures is provided in figure 2.2.
Due to the research focus on PWI the machine was equipped with several gas injection
ports for particle migration studies, ports for limiters and rotating collectors and a wide
range of diagnostic tools. Details can be found in [47, 48]
The liner, i.e. the internal support structure for PFCs and protection for the vacuum vessel,
was made of Inconel R© 625 [49]. The auxiliary heating in addition to Ohmic heating via
the plasma current was provided by ion and electron cyclotron resonance heating (ICRH
and ECRH) antennae (details see [50] and [51]) and neutral beam injection (NBI) systems
(details see [52, 53]).

TEXTOR was a limiter machine of medium size with carbon PFCs. However, the
physics basis for particle migration like prompt re-deposition, transport along field lines
and the existence of a SOL are given in all tokamaks. Hence, it is possible to gain qual-
itative insight into migration physics, benchmark computer models and draw conclusions
about orders of magnitude for certain effects. The physics addressed in this work remains
the same for all toroidal machines.
An important reason to run the experiment in this machine was its accessibility both for
the experiment itself (see Section 2.2) and, even more important, to the PFCs afterwards
("hands-on" machine): Since TEXTOR was shut down in December 2013 there was an
unlimited access to dust and PFCs for analysis, creating the hitherto most comprehensive
study about deposition in tokamaks. It was even possible to retrieve and analyse parts of
the injection system, which is described in Paper I. All in all, the experiment at TEXTOR
was the ultimate opportunity to answer the questions stated in Section 1.6.

2.2 Tracer experiments

In the MoF6 experiment in TEXTOR, MoF6 and 15N were introduced through two different
ports into the deuterium plasma. Hence both gas sources were very localised. It is not a
stand-alone experiment but is linked to a similar one conducted in two steps (2008 and
2011) with WF6 by Rubel et al. [55]. The goals of the experiment were manifold:

• to determine the amount of locally and globally deposited molybdenum;
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Figure 2.2: Schematic sketch of the most important TEXTOR in-vessel parts, top view.
The outmost circle serves as orientation help, giving toroidal positions for different com-
ponents. The directional indications of toroidal B field and the plasma current are valid
under normal configuration, as applied in the discussed experiment.
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Element Origin
C PFC
B Boronisation for wall conditioning
O Water and atmosphere
H Water
D Plasma
14N Atmosphere
Ni, Cr, Fe, Nb Inconel liner, sample holders
Mo Inconel liner, limiter experiments
W Limiter, WF6 and dust experiments
Ta Rotating collector probe cap
Cu NBI dump plates

Table 2.2: Elements expected to be found in TEXTOR.

• to determine whether molybdenum is a suitable surrogate for tungsten in particle
migration experiments;

• to determine the retention of fluorine in the machine;

• to determine the deposition and retention of nitrogen in the machine;

• to benchmark transport codes for fusion research on the basis of the obtained data.

For setting up a migration experiment in a tokamak one must know the history of the ma-
chine, i.e. which similar experiments have been conducted and which elements have been
introduced in the machine. Also, it must be considered beforehand which analysis methods
are available and what information they can provide (details see section 2.4).
Tokamaks often contain a huge amount of elements, although the PFMs dominate together
with the plasma species (both fuel and intentionally introduced gases), see table 2.2. It is
therefore hard to find tracers for migration experiments, which can be easily pinpointed
to a single event or experiment later in the analysis. For elements with low atomic num-
ber, or just low-Z elements, rare isotopes are often used (13C in methane instead of 12C,
or 15N instead of 14N) since they can be discriminated by standard analysis methods, for
instance ERDA (details see section 2.4). For elements with high atomic number, or just
high-Z elements, isotope rarefication is difficult and costly, and the discrimination from
other isotopes is not possible [55] or demands time demanding (SIMS) or exotic (Neutron
reflectivity) techniques [56]. It is therefore convenient to use a surrogate element instead
of the actual element of interest as tracer element (more discussion can be found in [55]
and Paper III).

WF6 has been used several times in TEXTOR - in transport experiments 2008 and 2011,
and for calibration. Furthermore we wanted to compare the validity of using surrogate
elements of the same periodic group. Hence, MoF6 was used, although the actual PFM
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for future tokamaks is tungsten, not molybdenum. However, also molybdenum had been
introduced to the machine before in various experiments with molybdenum limiters, for
instance [57]. It is furthermore part of the liner with ca. 9 wt% or 4,7at%. The discrimina-
tion procedure of injected molybdenum from the intrinsic one is described in section 3.2.
Nitrogen is a gas used for plasma edge cooling, i. e. distributing the heat flux to divertors in
divertor tokamaks and therefore increases PFC performance and lifetime [43]. To study its
overall effect on plasma and machine walls is therefore often included in transport studies
as secondary experiment. In contrast to high-Z elements, gaseous elements used in migra-
tion experiments must be made distinguishable from atmospheric constituents. Hence, 15N
was used in order to distinguish it from 14N due to its 0,37% isotopic abundance [58].

The injections of MoF6 and 15N took place during 31 discharges of ca. 6,5 s pulse length.
During the injections NBI heating of 1,7 MW was applied to keep the plasma sufficiently
hot. An exemplary discharge timeline is given in figure 2.3 a). The amount of MoF6 in-
troduced into the injection system was monitored via pressure drop in a calibrated volume
and was stepwise increased to 2,12 mbar litre per discharge. Injection was done through
a channel in a roof shaped limiter, sitting at limiter lock 1 (LL1) at a minor radius of 47,5
cm, see figure 2.3 b). The injection limiter was also monitored from the side, recording 2D
images of FII and MoI lines at 402 nm and 388 nm, respectively. Figure 2.3 c) shows the
MoI line. From MoI line intensity measurements the amount of injected MoF6 was calcu-
lated to be around 5,7·1020 molecules. More details upon this can be found in Paper I. The
recorded intensities along the minor radius were used as benchmark for ERO modelling of
the injection, see Section 3.1. More details are given in Sections 2.1 and 2.2. in Paper I.

Figure 2.3: a) Discharge timeline; b) injection limiter with orientation along the toroidal
direction (arrow), with carbon collector plate on top; c) camera view of MoI light, inte-
grated over one discharge.
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2.3 PFC and sample collection

Since the experiment described in Section 2.2 was the last conducted experiment in TEX-
TOR before the final shut-down, there were no more plasma discharges and samples could
be extracted directly after the experiment. The following materials were taken:

• Dust samples: One goal is to get a comprehensive overview of dust and other mi-
croscopic specimens created by metal components in a fusion machine. For this,
samples were taken with carbon stickers from various places like the Inconel liner,
PFCs and remote areas in pump ducts further away from the plasma - virtually from
all around the machine. In fact, dust collection was the first activity after opening
and clearing TEXTOR.

• Fuel retention samples: Areas with thick deposits were scraped to sample bigger
amounts of loose material for fuel retention analysis. These areas were on the liner,
bellows of the liner close to limiter tiles, ICRH antenna grills and their limiters, and
the backside and pumping duct of an ALT-II blade. For the last point see Figure 2.4
a).

• ALT-II tiles: As the main PFC, the belt limiter had the most contact with the plasma
and was expected to harbour much molybdenum from the experiment. At least four
tiles per blade were taken. Also special attention was given to corner tiles due to
their exposed position at the ends of each blade. Additionally, all tiles in the direct
vicinity of the injection location were taken. Pictures of corner tiles and tiles from
the middle of the blade are shown in Figure 2.4 b) and c). Note the differences in
appearance from one ALT tile to another.

• Inner bumper limiter tiles: The inner bumper limiter covered almost 1/3 of the in-
ner wall. First, due to this surface area and distance to the plasma it had the potential
to accumulate much deposits; second, as the tiles sit close together the bumper lim-
iter is perfect for following deposition traces in 2D and literally map them. Pictures
of the bumper limiter tiles are shown in Figure 2.4 d) and e). Note also here the
difference in appearance due to deposition thickness and composition.

• Poloidal limiter: Protruding towards the plasma from top and bottom, the poloidal
limiter was a very expositioned PFC. Although it presented only a small area to
the plasma, it exhibits thick deposits and was therefore suspected to harbour also a
relevant amount of molybdenum. Additionally, as it protruded into the SOL radially,
it has information about the radial distribution of impurities. Figure 2.4 f) and g)
show the top and side view of one limiter part, respectively. Note the strong radial
dependence of the thick deposition pattern, clearly visible in Figure 2.4 g) (left to
right: decreasing r, i.e. towards plasma).

• Liner parts: The liner was one decimetre away from the last closed flux surface.
Although PFCs are bound to interact most with a plasma, there is also some interac-
tion with, or at least influence on the liner. Neutrals and photons, both not confined
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by the magnetic field, bombarded the liner throughout its ca. 20 years of lifetime.
Analysis of the long term effects on a liner has not yet been done and is thus of great
scientific value.

• Collector plate: The injection limiter had been covered with a carbon plate in order
to simplify later examination. Analysis of this plate, from now on referred to as col-
lector plate, yielded the amount of locally deposited molybdenum and co-deposited
other species.

• Injection system: Spectral analysis revealed that the amount of injected MoF6 was
1/3 of the amount released from the calibrated volume. Hence somewhere in the
injection system a large fraction must have gone missing. Details on this matter are
given in sections 2.1 and 2.2 of Paper I. Therefore, the injection system where the
MoF6 injection took place was dismantled and analysed.

The positions of PFCs is given in Figure 2.5. Dust and fuel retention samples were taken
directly after opening the vessel, bearing in mind that man entries and in-vessel work would
alter the composition of dust in the vessel. PFCs were removed during the subsequent
dismantling of TEXTOR.
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Figure 2.4: TEXTOR PFCs of major importance - a) dismantled ALT limiter blade, made
from Inconel 625 (backside); b) corner ALT tile; c) ALT tile from the middle of a blade; d)
and e) show bumper limiter tiles; f) poloidal limiter from the top (plasma exposed limiter
tip in the picture centre); g) poloidal limiter from the side (r increases to the left, i.e.
plasma exposed limiter tip to the right).
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Figure 2.5: PFCs in TEXTOR. Grey - ALT-II limiter, sectioned in blades sitting at Φ =
−45◦, covered with 2×14 CFC tiles; blue - inner bumper limiter, covering the whole HFS,
clad with 64×10 CFC tiles; orange - limiter lock 1 (LL1) where the MoF6 injection took
place; green - poloidal limiter at vessel top and bottom, consisting of 5 carbon stones
each. Plasma current is indicated by the yellow arrow. Θ = 0◦ at the gas inlet (red
arrows), Φ = 0◦ at equatorial plane, LFS (green arrows).

2.4 Analysis methods

The wide range of samples and elements of interest requires a large set of complementary
analysis techniques. Some of them were used only on a small amount of samples, others
were extensively used. Table 2.3 gives an overview about which analysis method was
applied to which samples (for acronyms see p. 5). Numerous laboratories were involved.
Dust samples were analysed in Warzaw; fuel retention samples were examined right at
the Jülich Research Centre. Tiles from ALT-II, inner bumper and poloidal limiter were
removed thereafter, and finally the liner parts were cut from the liner corpus. Both, tiles
and liner parts, were examined at the in Uppsala as well as the gas injection system. The
collector plate was first analysed at the technical university RWTH in Aachen, then sent to
Uppsala for further analysis.
Applied methods are explained in more detail in the following paragraphs.
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Samples Analysis technique Main advantage
Dust samples EDS + SEM, 2D Element mapping,

FIB + STEM Cross section mapping
Fuel retention TDS Overall D amount,
samples chemical binding
ALT-II tiles RBS High-Z sensitivity

ERDA Low-Z isotope sensitivity
NRA Quantitative D measurement

Bumper limiter tiles RBS, ERDA, NRA See above
Poloidal limiter parts RBS High-Z sensistivity
Collector plate EPMA, EPS High-Z 2D mapping

SIMS Layer thickness probing
Injection system RBS High-Z sensitivity
Fast probe samples RBS High-Z sensitivity

Table 2.3: Analysis methods used for different TEXTOR samples.

Rutherford backscattering spectroscopy (RBS)

RBS is based on high energetic light ions, normally 4He at 2 MeV, which are shot on a sam-
ple and get backscattered with an energy depending on the mass of the scattering nucleus
and its distance from the surface. Backscattered nuclei from the beam are detected with
an energy resolving detector. Its benefits, high sensitivity for detecting high-Z elements on
lighter substrates, good quantifiability and simultaneous probing of elements heavier as the
beam ions make it a suitable technique for analysis of most PFCs since molybdenum and
tungsten on carbon is of interest. However, especially in the low-Z range its quantification
is greatly reduced. Also depth penetration is limited to 1-2 µm [56], which in some cases
had to be overcome by using EPS instead (see below). More details can be found in [56].
RBS is evaluated with SIMNRA, an analysis program for RBS, NRA and ERDA (without
ToF) [59]. The program is capable of simulating freely selected measurement geometries,
beams of any kind and energy, and targets of any composition and thickness. Scattering
cross-sections and stopping powers are provided by data libraries; correction factors are
applied by the program wherever necessary. Other details of interest like detector resolu-
tion and surface roughness can be applied by the user.
As described above, backscattered beam ions carry the sample composition information.
The higher the target mass, the higher the backscattered energy given by:

Eout = Ein · k,

k =

mpcos(θp)±
√
m2

t −m2
psin

2(θp)

mp +mt

2
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Figure 2.6: Fitted RBS spectrum of a bumper limiter tile, assuming mostly C, B and O as
substrate. Trace elements are Inconel components, Mo and W. Please note the Mo curve
(blue), consisting of a surface peak and a constant "background" in the substrate.

with subscript p denoting projectile quantities, subscript t denoting target element quanti-
ties, and θ being the scattering angle with respect to the incident direction. k is called the
kinematic factor. ∆k/∆mt between two target elements decreases with increasing target
mass, hence the mass resolution drops as the mass increases. On the other hand the Ruther-
ford cross section increases with atomic number square, hence the sensitivity drastically
increases with mass.
As the beam ions are slowed down in the target, the backscattered ions are decreased
in energy as well, giving depth information about the target element. This stopping ef-
fect combines with the energy drop due to scattering, yielding the energy for a projectile
backscattered at a certain depth d:

Eout(d) =

Ein −

Stopping on the way in...︷ ︸︸ ︷∫ d

0

dE

dx
(E)dx

 · k
︸ ︷︷ ︸

...plus the actual scattering...

−
∫ 0

d

dE

dx
(E)dx︸ ︷︷ ︸

...and stopping on the way out.

.

The integrals denote stopping powers on the way forth and back from the target atom at
depth d.
A fitted spectrum for a typical TEXTOR PFC can be seen in Figure 2.6: A steady element
concentration yields element "steps" in the spectrum, beginning at zero depth for elements
present at the surface. Variations in element concentration causes peaks or "dents". What
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Figure 2.7: Typical ERDA spectrum of a bumper limiter tile - upper: before applying
calibration; lower: after applying calibration. Counts between element traces are from
noise.

also can be seen from this picture is that both element and depth information are convo-
luted. This leads to the problem that a heavier element at greater depth can be mistaken for
a lighter element at shallower depth.

Elastic recoil detection analysis (ERDA)

In order to probe light elements, ERDA in combination with a time-of-flight tube, often ab-
breviated as ToF ERDA, is a suitable technique. A high energetic ion beam of high-Z ions
hits a target and sputters lighter target atoms into a ToF system, which ends at an energy
detector. Both pieces of information, time and energy, are used to discriminate mass and
depth, hence no signal convolution as for RBS occurs. The resolution of ERDA for low-Z
elements is sufficient to resolve different isotopes up to fluorine. It is a suitable method for
probing light elements on heavy substrate to depths of ca. 1 µm [56].
A big drawback is related to the target chamber built-up at the Ångström laboratory: Big
samples like PFC tiles do not fit in there, hence they needed to be cored in order to produce
measurable samples. The system at Ångström laboratory is described in detail in [60].
The physics involved is the same as for RBS, with the only difference that this time for-
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ward scattered target atoms are analysed. Evaluation is done with CONTES, an in-house
program based on MATLAB. A typical spectrum from a TEXTOR PFC can be seen in Fig-
ure 2.7. The upper figure shows the spectrum before applying calibration. Time of flight
along a fixed length yields the speed, detected between two ultrathin and high-voltage
biased carbon foils (fastest particles yield higher channel numbers due to inverted time
signal); kinetic energy is detected by a silicon detector at the end of the ToF tube. With
Ekin = m

2 v
2 and Ekin along the x-axis one obtains the typical "banana" shape, being ac-

tually one leg of a tipped parabola. Please note the isotope sensitivity growing weaker with
increasing atomic number.
The lower figure shows the spectrum after applying calibration. The element traces are
laid out flat, with surface signals at the right end. For transferring such a spectrum into a
depth profile, energy dependent scattering cross sections and stopping powers are needed,
which are imported from SRIM [61]. Additionally all element traces with considerable
count rates must be taken into account in order to obtain the right element concentrations
after fitting. CONTES then obtains element concentrations over depth by iterating over
depth intervals up to a certain depth, both pre-set by the user.
More details on PFC evaluation with ToF ERDA can be found in Paper IV.

Nuclear reaction analysis (NRA)

NRA is based on nuclear reactions induced in the sample by an incoming ion beam. The
provoked reactions yield short-lived radio nuclei whose decay products are detected. Since
the beam induced nuclear reactions have an energy sensitive cross section, very accurate
depth profiling up to tens of Å can be performed. The technique is called resonant profiling
and described in detail in [56]. NRA provides depth information for the first few µm of a
sample and is isotope sensitive. As NRA was exclusively used for determination of D sur-
face concentration, some more details are given just for this purpose: A 3He beam at 2,8
MeV was used for inducing a 3He(D,4He)p reaction. The 3He reacts with D, forming 4He
and a proton, where the latter is detected. The proton energy yields the depth information
while the peak height correlates with the original deuterium concentration. The peak from
the reaction D(3He, p)4He has only an overlap at high depths with a small peak caused by
boron. Therefore no major problems caused by signal convolution arise. Due to the high
price of 3He, measurements were performed on a limited amount of tile samples.
A NRA spectrum of a TEXTOR PFC is displayed in Figure 2.8.Although only two ele-

ments (C and D) are displayed, one can see at least four different peaks. One is associated
with D, resulting from the already mentioned 3He(D,4He)p reaction. However, three more
peaks are associated with C although only one reaction is taking place from the particle
balance point of view, namely 3He(12C,14N)p. But as the 3He and 12C nuclei merge they
undergo a transition from a joint 15O nucleus back to a 14N nucleus plus proton, going
through several excitation phases. Thus, more than one peak is created.
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Figure 2.8: Fitted NRA spectrum of an ALT limiter tile. Dominant features are produced by
C. At the right hand side, the actual peak of interest indicates D in the surface and results
from the 3He(D,4He)p reaction.

Enhanced proton scattering (EPS)

For thick deposits RBS can be performed with protons instead, increasing the depth range
by a factor 10 up to 20 µm [56]. This was done in order to probe deposits on the collector
plate and cross-check SIMS and EPMA measurements done before. As RBS the method is
quantitative and the spectra easy to examine, provided that the deposition layer does only
consist of few elements. However, due to the fact that a proton beam separates high-Z
elements worse than a helium beam this method was just applied on the collector plate,
i.e. for thick deposits mainly consisting of molybdenum and low-Z elements. A spectrum
from the collector plate is shown in Figure 2.9, allowing both Mo amount estimation via
signal height and Mo layer thickness via signal FWHM.

Energy dispersive X-ray spectroscopy and electron probe microanalysis
(EDS, EPMA)

Macroscopic samples with mixed material deposits can be mapped by using focused elec-
tron beams instead of ion beams. Here the beam electrons knock out lower orbit electrons
and thus create vacancies. When these vacancies are filled by electrons from higher or-
bits, element characteristic X-rays are emitted. Benefits of this method are a wide range
of detectable elements (B to U) up to a depth of ca. 1 µm, the possibility to create 2D
images with element composition and possibility to reveal information about chemical



2.4. ANALYSIS METHODS 39

Figure 2.9: Fitted EPS spectrum of the collector plate. Dominant features are produced by
C (black) and Mo (blue).

composition. Minimum detection limits vary between 0,1-2%, depending on the atomic
number [56]. It is possible to either diffract the X-rays by a crystal and detect different
energies at different positions, that is wavelength dispersive spectroscopy (WDS), or to use
an energy detector to directly determine the X-ray energies, that is energy dispersive X-ray
spectroscopy (EDS); these are the two modi used in microanalysis, EPMA. In this work,
EPMA was done in WDS mode.

Scanning electron microscopy (SEM)

If specimens reach low or even sub-micrometre size, standard optical microscopes do not
provide the necessary resolution. For this, scanning electron microscopy (SEM) can be
applied to obtain an optical impression of the sample. Here the same beam as described
above is used, but this time not X-rays but the electrons, either backscattered or secondary
electrons, are detected. Obstacles, surface orientation and other topological features as
well as elemental composition alter the amount of emitted secondary electrons. The result
is a black-white image as the beam rasterises the sample, generating the impression of
depth and contrast. Surface topology in mm to nm range can be probed [56]. SEM and
EDS are often combined in order to obtain both an intuitive image of the probed region,
and an element map, see Figure 2.10.
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Figure 2.10: Pictures of a dust specimen from TEXTOR - top left: SEM picture, creating
an intuitive image of the sample surface, here a dust grain embedded in some substrate;
others: EDS pictures with selected elements B, C, O, Ni and Mo.
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Transmission electron microscopy and focused ion beam (TEM, FIB)

In order to enhance spatial resolution even more, one can shoot the electron beam right
through a thin sample and thus reduce the interaction between sample and electrons, i.e.
the beam straggling. As a result the resolution can be brought down to sub-nanometre
range [56]. This technique demands elaborate sample preparation: A sample thickness of
200 nm or less is needed for this analysis method. Such thin samples are provided by
cutting with focused ion beams (FIB).

Secondary ion mass spectrometry (SIMS)

SIMS is a technique based on sputtering target atoms from the surface into a mass spec-
trometer and evaluating their charge to mass ratio. During the process craters of microme-
tre depth are created, i.e. SIMS is a destructive method. However, for certain measure-
ments also non-destructive operation schemes are applicable [62].By using standards qual-
itative statements about element composition can be made, but quantitative measurements
are difficult due to matrix effects. Hence, SIMS is mostly performed for depth profiling
of relative element concentrations [56, 62]. In this work it was used in addition to EPMA,
carried out for probing the deposition layer thickness close to the injection hole in the col-
lector plate and tracing the deposition "history" on the sample. For the sputter time to depth
conversion the SIMS craters were measured afterwards with profilometer.

Thermal desorption spectroscopy (TDS) or
temperature programmed desorption (TPD)

Ion and electron beam analysis have the disadvantage to probe just the top micrometers
of a sample. If the sample is thick and anisotropic, e.g. a macroscopic amount of dust
and deposition layer flakes, quantifying the amount of retained species needs another ap-
proach. If the species of interest are gaseous, TDS (also called TPD) can be used. Here a
sample is heated in several steps while the amount and composition of outgassed species
is measured by a mass spectrometer. In this work, we were interested in the amount of
retained deuterium in dust sampled from thick layers. These samples were outgassed in a
TDS chamber; the analysed mass signals were of masses 2, 3, 4 and 18, 19, 20, according
to hydrogen species H-H, H-D, D-D, and water species H2O, HDO and D2O, respectively.

Laser profilometry

Some ion beam analysis methods heavily depend on surface roughness as for instance
ERDA, which hence must be determined in some cases, see Paper IV. For this, laser pro-
filometry was used. A laser is focused on a target surface; reflected light is gathered by an
imaging lens and focused on a photodetector. When the sample height changes the image
moves on the photodetector due to parallax effects, which can be translated to a 3D image
in combination with lateral scanning [63]. This is illustrated in Figure 2.11.
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Figure 2.11: Principle of laser profilometry.



Chapter 3

Results on particle migration

The experiment described in Section 2.2 had a manifold purpose, with focuses on local and
global migration.
First, results for local migration are given in Section 3.1, just dealing with the vicinity of
the gas inlet and simulation of the local transport.
Second, global migration results are presented in Section 3.2. The much bigger amount and
range of PFCs analysed for obtaining these results is reflected in the size of this section.
Also, interpreting the results is more complex.
In Section 3.3 results obtained from evaluating the TEXTOR gas inlet system are given.
Fuel retention found after the experiment is addressed in Section 4, being a combination
of PFC and dust studies.
Not directly linked to the experiment described in Section 2.2 but rather to overall tokamak
operation is the presence of dust. The results of the dust study are, last but not least,
mentioned in Section 5.

3.1 Local migration

As impurities are released from the surface and traverse the SOL in direction of the plasma,
the probability to become ionised increases with plasma density and temperature. For
heavy impurities the probability increases so fast that a considerable fraction can get
ionised within a distance of the local gyro radius and gyrate back to the surface [23].
This leads to prompt re-deposition, which is very localised. However, re-erosion and re-
deposition cause particles to "hop" over the surface, creating a deposition pattern bigger
than the gyro radius. This can be seen by the deposition pattern on the collector plate, see
figure 3.1 a) and b), which is in the order of centimetres and thus considerably bigger than
the gyro radius, which is in the order of millimetres in the vicinity of the SOL in TEXTOR
[64]. The "cloud" created at the gas inlet stretches toward the HFS, following the E×B
drift, and along the direction of the plasma current. This is in accordance to earlier find-
ings with methane injection experiments [57]. Besides Mo and F from the injected MoF6

it contains C, N and O. However, molybdenum and carbon remain the main components

43
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of the deposition.
SIMS analysis of the collector plate reveals a very distinct Mo concentration over depth.
The amount of puffed Mo per discharge was constant after some test discharges at the
beginning of the experiment. But in some discharges, no MoF6 was injected; two others
suffered from disruptions; additionally, He glow discharge was applied. Overall, this indi-
cates that plasma performance heavily inflicts the deposition pattern in depth.

Figure 3.1: a) Collector plate on top of the gas inlet for local deposition mapping. Some
lines of analysis for 15 keV EPMA (thin white arrows) as well as 30 keV EPMA and EPS
(yellow arrows) are shown. SIMS measurement were performed at the red and blue spots;
b) outcome of EPMA and SIMS measurement for Mo deposition, cut-out of the red area;
c) ERO simulation of Mo deposition, cut-out of the red area.

The overall amount of molybdenum found locally on the collector plate was around
3,5·1019 or 6% of the injected amount. The deposited fluorine was estimated not to be
higher than 1·1019, on the basis of EPMA evaluation and does thus not exceed 0,3% of the
injected amount. The local deposition study is addressed in detail in Paper I.

Simulations were performed by A. Kirschner for the local transport in order to see how
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well the deposition can be reproduced by a developed code. The used code was ERO, a
Monte Carlo based code simulating PFC erosion and transport in the plasma boundary [65,
64]. Since it does not have information about the dissociation of MoF6, only Mo was in-
serted, trying to match the radial penetration depth of the injected gas with the help of the
MoI line signal, see figure 2.3 c). The result is a deposition behaviour qualitatively similar
to the observed one, see Figure 3.1 c): The deposition is very pronounced at the gas inlet
and stretches along the plasma current direction and the E×B drift direction. However, the
re-erosion yield of Mo had to be enhanced by a factor of 15 in order to match the local
deposition efficiency of 6%. The comparison therefore shows that erosion and transport
codes are on the right track but still need improvement. Both fundamental experiments,
e.g. for determining the dissociation of molecules or the sputtering yield of mixed deposi-
tion layers, and advanced experiments determining transport profile, like the one described
in this work, are needed for code benchmarking.

3.2 Global migration

In this section, the deposition patterns of various elements migrating in TEXTOR will be
described, on global scale. The description follows the two main areas of interest, the ALT
limiter as main PFC, and the bumper limiter as PFC with the largest surface area. Descrip-
tion of deposition patterns on these PFCs will be given in torus coordinates, i.e. for both
toroidal and poloidal direction. The radial deposition is only tackled for Mo, W and Ni,
as not much data exists along these direction, in comparison to the others. Investigated
materials are Mo, W, Ni, 15N and F. D deposition will be treated in the separate section 4
due to its importance for fuel retention and co-deposition.
Many directions and elements, introduced to the plasma from different positions and be-
cause of different reasons, are discussed. Picking the large amount of results in understand-
able pieces is thus an exercise of many words and figures. In order to spare the reader from
repetitions and memorising numerous details, results come along with explanations in this
results section instead of a separate discussion section.

Molybdenum

As described in Section 2.2, Mo has been present in TEXTOR already before the MoF6

experiment due to the Inconel liner and previous experiments with Mo limiters. It is there-
fore referred to as semi-extrinsic material.
On PFCs, which were constantly wetted by the plasma, depth distribution was smoothed
out to an almost constant concentration deeper in the material. Just the last few discharges
create a clearly distinguishable surface concentration at the top nanometres. This is either
visible as a surface peak leading a constant background, as illustrated in Figure 2.6 for Mo,
or a "dip" due to erosion of the topmost layer. Such depth distribution is mostly observed
on ALT tiles.
On PFCs, which were not constantly wetted by the plasma and thus bear a thick and non-
uniform deposit layer, a distinct depth distribution develops for deposited elements. Hence,
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for quantification of deposited Mo, ERDA had to be used. However, RBS is still useful for
surface concentration analysis. Not constantly wetted PFCs are bumper limiter tiles and
parts of poloidal limiters.

In either case, for Mo quantification and obtaining particle balance it was necessary to
obtain the Mo concentration, which was not originating from the experiment. This back-
ground Mo concentration then had to be subtracted from the overall probed amount. Two
approaches were possible: Either the background was estimated directly from the mea-
sured tile as a kind of constant "offset" below the surface peak, or by measuring tiles
retrieved before the MoF6 experiment. Both approaches were conducted with ERDA and
RBS, yielding the following results:

• On the ALT limiter, Mo background levels estimated from exposed tiles and tiles
retrieved earlier (i.e. "old" tiles) are about the same, both for RBS and ERDA.

• On the bumper limiter, background obtained from exposed tiles is higher than on
tiles retrieved earlier, both for RBS and ERDA. Here the higher background from
exposed tiles is used for background subtraction because it is the same order of
magnitude as the Mo background flux found in earlier experiments [66].

The following results were obtained with RBS and ERDA:

• ALT limiter - toroidal direction: RBS and ERDA results after background subtrac-
tion are shown in Figure 3.2 a). The Mo concentration close to the gas inlet is highly
elevated and is nearly constant further away from it. Peak values found with RBS
and ERDA are 3,3·1015 cm−2 and 8,8·1015 cm−2, respectively. The differences in
absolute values can be explained with differences in measured regions and possibil-
ity for ERDA to discriminate Ni and Mo at greater depth. The overall amount of
Mo on the ALT limiter, after background subtraction, is 1,7% of the injected amount
for RBS and 4,0% for ERDA. This indicates a low deposition efficiency on plasma
wetted areas.
Evaluating the Mo background distribution one finds a strongly peaking profile both
with RBS and ERDA. There are two possible explanations for this: (i) Background
Mo could be deposition from a previous experiment, e.g. with a Mo test limiter
introduced at the position of the gas inlet (last one reported in the TEXTOR data
base: 15. June 2004, or 25653 discharges before final shutdown); (ii) background
Mo could also come from the liner, due to enhanced erosion by injected gas with
subsequent deposition in the vicinity.
Either suggestion implies that Mo seems to be very stationary on the ALT limiter,
regarding the strong peaking of the spectrum.

• ALT limiter - poloidal direction: No uniform deposition pattern could be found
along poloidal directions for Mo, although distinct erosion and deposition zones
are reported for the ALT limiter with deposition in the centre and erosion at the
sides, see for instance [67] and [68]. In the middle of blades 1, 7 and 8 one could
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find an erosion-deposition zone pattern: The upper tile row exhibited higher peak
concentrations than the lower row, see Figure 3.3.

• Bumper limiter - toroidal direction: RBS results for the surface reveal peaking of
surface concentration at the gas inlet. 3,5% of the injected amount could be found in
the surface.
ERDA analysis of the deeper layers show a difference between surface and depth
concentration. The Mo concentration below the surface peaks two times around
toroidal direction, namely at the gas inlet and at 150◦ on the midplane, see Figure
3.2 b). Also, the overall amount of Mo found by ERDA is much higher: 40% of the
injected amount, after background subtraction. The overall thickness of the layer,
which has been taken into account, ranges up to ca. 700 nm. Hence, 22 nm per
discharge or 3,1 nm/s were deposited. Such growth rates are in accordance with
previous findings for TEXTOR [69].
Since the total amount of Mo found on the bumper limiter may prove crucial to
obtain Mo balance, more measurements are foreseen for the near future.

• Bumper limiter - poloidal direction: Poloidal cross-sections yield different pat-
terns, depending on position. Hence, also on the bumper limiter no toroidal symme-
try of deposition patterns occurs. On top of that, surface and below-surface concen-
trations exhibit different patterns at same positions.
An ansatz was made to explain the deposition pattern with the magnetic field geom-
etry at the LCFS with q=-4. This explanation matches theoretical prediction only
for below-surface concentration of Mo and at a toroidal angle of 0◦. Hence on the
mid-plane after one full toroidal turn, the Mo deposition is overall increased, as
predicted. Yet neither surface nor overall Mo concentration coincide fully with the
magnetic topology assumed at the LCFS, see Figure 3.4. Following the field line of
this figure with RBS measurements yields a local increase after exactly one toroidal
turn, see Figure 3.2 c). Hence, for obtaining such a deposition pattern a major role
of the magnetic topology cannot be ruled out. Detailed simulations, reproducing the
field line geometry and particle transport in TEXTOR in a more sophisticated way,
are under way in order to understand the deposition pattern at hand.

• Poloidal limiter - radial direction: Along the radial direction, Mo peaks between
r=48 cm and r=49 cm and is eroded further away, see Figure 3.2 d). Both, findings
from the poloidal limiter and the fast collector probe suggest an exponential decay
of Mo in the SOL, starting at r=49cm.
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Figure 3.2: Global Mo distribution, the gas inlet is at 0◦ - a) on the ALT limiter, comparing
RBS and ERDA; b) on the bumper limiter in the mid-plane; c) on the bumper limiter,
following a hypothetical magnetic field line with q=-4; d) on the poloidal limiter, cumulated
results along radial position.

Figure 3.3: Example of poloidal Mo and W distribution on the middle of ALT blades 1, 7
and 8; here, blade 1 is displayed - upper tile row from -25◦ to -45◦, lower tile row from
-45◦ to -65◦.
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Figure 3.4: Bumper limiter map of Mo concentration, the gas inlet is at 0◦. Top: Surface
concentration (RBS). Bottom: Overall concentration (ERDA). Assumed magnetic field line,
starting at the injection limiter with q=-4 at the LCFS, is displayed as red dotted line.

Tungsten

A similar experiment as the one described above had been conducted with WF6 in the years
2008 and 2011 [55]. Within the injection zone, W concentrations in the order of 5-10·1015

W atoms/cm2 had been found on a tile next to the injection port, i.e. similar concentrations
as for Mo in this experiment. Elsewhere but still close to the injection zone W concentra-
tions in the order of 0,5-2·1015 W atoms/cm2 had been found. Further away concentrations
had been much lower. Hence, as in the case for Mo now after the MoF6 experiment, the
concentration had been much higher at the gas inlet than further away.

In order to see what happened with this deposition pattern after long plasma operation,
all samples probed for Mo were also probed for W.
Background values are about the same for old tiles and tiles exposed in the experiment. As



50 CHAPTER 3. RESULTS ON PARTICLE MIGRATION

for Mo, the background values close to the gas inlet are higher than further away from it.
This will be discussed further below.
As learned previously, the RBS results on ALT tiles agree with ERDA results, at least qual-
itatively. Additionally, W signals in ERDA were either very weak or not distinguishable
from background created by detector noise. Hence the following results are based on RBS
only.

• ALT limiter - toroidal direction: The background distribution of W peaks very
strongly at the gas inlet, though not as much as Mo does, see figure 3.5 a). The
last traceable W experiment listed in the TEXTOR database was from 31st January
2013, i.e. 10 months or 2037 discharges before the final shutdown, introducing a
W limiter at the same position as the WF6 gas had been puffed. This leads to the
conclusion that deposited W does not spread far on the ALT limiter within at least
10 months or 2037 discharges. This is consistent with the observation made for the
Mo background. Since not just WF6 but also W test limiters were introduced in that
position after 2011 (see for instance [70]), a quantification of W in relation to the
experiments done by Rubel et al. is not possible any more.
Evaluation of the W surface concentration in the spectra shows no peaking behaviour
around the gas inlet, see Figure 3.5 b). One can thus conclude that the distribution
found by Rubel et al. is now eroded away on the surface. The deposition along
toroidal direction is quite uniform and decreases around the gas inlet, indicating
erosion of the topmost W in the injection region.

• ALT limiter - poloidal direction: As for Mo, no uniform deposition pattern of W
in the poloidal direction could be found on the ALT limiter. But also here, blades
1, 7 and 8 exhibited erosion-deposition zones on the lower and upper tile rows, re-
spectively. Also here, see Figure 3.3. Together with the Mo results, this implies that
no toroidal symmetry exists for (semi-)extrinsic high-Z elements on plasma wetted
areas.

• Bumper limiter - toroidal direction: Surface concentration on the mid-plane is
constant between 0,5 and 1·1015/cm2, see Figure 3.5 c). Below-surface concentra-
tion is more scattered, with a small overall increase around 135◦, i.e. close to one of
the Mo peaks in Figure 3.2 b).
In general, the concentration both in peak and background values are the same or-
der of magnitude between ALT and bumper limiter, suggesting a W particle balance
between these two areas.

• Bumper limiter - poloidal direction: The W pattern in the poloidal direction is
concave in most of the analysed cross-sections, i.e. in general a lower concentration
is found on the midplane than on top or bottom of the bumper limiter, see figure 3.5
d). At the vessel top, the values reach slightly higher values than on the bottom;
whether this is due to statistics of physical effects, remains unclear.
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Figure 3.5: Global W distribution, the gas inlet is at 0◦ - a) below-surface concentration on
ALT limiter, toroidal direction; b) surface concentration on ALT limiter, toroidal direction;
c) surface concentration on bumper limiter, toroidal direction on mid-plane; d) below-
surface concentration on bumper limiter, poloidal direction, cumulated results.

• Poloidal limiter - radial direction: W below-surface concentration peaks between
r=48 cm and r=49 cm before decaying roughly exponentially in direction towards
the wall.

• In general one can say that W and Mo peak deposition patterns coincide. The W
patterns are much weaker and less pronounced in shape, which is understandable due
to the recency of the MoF6 experiment in comparison to the last W experiment and
even more the WF6 experiments. However, on the bumper limiter, the coincidence
is only weak - this may be due to the errors in the RBS measurements of Mo on the
bumper limiter.

Nickel

Strictly speaking, Ni stands here as place holder for all Inconel 625 ingredients, of which
Ni is the most common in terms of atom and mass fraction. It is not the heaviest, though -
Nb, Mo and Co are heavier. However, these are trace elements; especially Mo as the most
critical of those three is dealt with by background subtraction done in the section about
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molybdenum above. Hence, whenever "Ni" is written, what is actually meant is "main
Inconel 625 components of mass around 28 amu", which are actually Ni (49,2 at%), Cr
(20,5 at%) and Fe (4,5 at%) [71] (transferred from wgt% to at% by values from MaTeck’s
Periodic Table of the Elements).
Ni migration from and to the vessel walls has been studied in previous experiments, see
for instance [72] or [73]. Its transport in the SOL was addressed, amongst others, in [66].
The reasons for analysing Ni one more time were: (i) seeking agreement between results
obtained for the vessel wall and those from the limiters; (ii) having results for medium-Z
elements to bridge an eventual "gap" between low-Z and high-Z element migration be-
haviour.
Sources for Ni are intrinsic, liner and other structural components, as well as extrinsic due
to steel holders inserted into TEXTOR.
Only Ni background concentration obtained with RBS was taken into account for the fol-
lowing results.

• ALT limiter - toroidal direction: Ni peaks strongly at the gas inlet, just as Mo and
W, see Figure 3.6 a). The most possible explanation for this is Ni sputtering from
obstacles like probe holders, as used for instance in [74]. Enhanced sputtering from
the liner can most possibly be excluded since impurity concentration in the plasma
edge does hardly influence the Ni concentration, as seen in Figure 2 in [66].
Another weaker peak occurs at -90◦, which is the position of another gas inlet. How-
ever, also LL3 is close to this position (Θ = −112, 5◦) and was also used for steel
holder placement. This indicates that local sources clearly dominate deposition pat-
terns over of intrinsic concentration variations.

• ALT limiter - poloidal direction: No coherent deposition pattern in poloidal di-
rection could be found on Ni, not even on blades 1, 7 and 8 - contrary to Mo and
W. Furthermore, the patterns differ from the ones found previously in [75]. This
indicates that Ni migration is subject to changes throughout the years in TEXTOR.

• Bumper limiter - toroidal direction: The Ni concentration is around an average
value between 1000 and 2000ppm, i.e. its concentration is higher on the bumper
limiter than on the ALT limiter. The Ni average increases remarkably at ±135◦, see
Figure 3.6 b). These are the positions where NBI beams get closest to the bumper
limiter, see also Figure 2.2. Earlier analysis of the bumper limiter by Doerner et
al. have found metallic patches coinciding with locations with NBI and a glow
discharge electrode [75]. Direct comparison shows an agreement with our obtained
data, see Figure 3.7: very low metallic concentration between tile rows 40 and 50,
and higher concentration between rows 5 and 30. The agreement is rather qualitative,
nevertheless both measurements exclude magnetic topology as major parameter for
Ni deposition.

• Bumper limiter - poloidal direction: No coherent poloidal deposition pattern could
be found on the bumper limiter. Neither does the distribution coincide with Mo or
W distributions.
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Figure 3.6: Global Ni distribution based on below-surface concentration, the gas inlet is
at 0◦ - a) on ALT limiter, toroidal direction; b) on bumper limiter, toroidal direction; c) on
poloidal limiters, radial direction, cumulated results.

• In general the found Ni concentration is in the range of %�. Taking an average
flux of 1014/cm−2s−1 from [66] for Mo limiters, and assuming that the found 3
nm/s growth rate is roughly equals 3 · 1016/cm−2s−1, one should expect ca. 3,3 %�

Ni concentration on the PFCs. Hence the found deposition on the PFCs coincides
with the SOL flux values found in [66], combined with usual deposition rates of
TEXTOR.
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Figure 3.7: Comparison of bumper limiter map obtained with beta backscattering [76]
by Doerner et al. (unfolded fig. 5 in [75], top) and with RBS performed by the author
(bottom). The orange arrow indicates MoF6 injection position.

Nitrogen (15N)
15N was introduced through a gas inlet on the midplane (LFS), toroidally at position -90◦

with respect to the gas inlet. The same isotope was used frequently in previous experi-
ments, the last time on 25th April 2013 or 1434 shots before final shutdown, according
to the TEXTOR database. This, and the fact that in ERDA spectra 15N and 16O signals
merge at a certain depth (see Paper IV), motivate to just give a qualitative overview. No
quantification is done.

• ALT limiter - toroidal direction: As for heavier elements before, also 15N peaks
at the gas inlet of MoF6 instead of the gas inlet of 15N, which is at -90◦ in Figure
3.8 a). This indicates co-deposition with heavier elements as main driver behind N
retention. Another peak is visible around 110◦, which was not observed for heavier
species. A possible explanation could be a small misalignment of PFCs: Blade 3 is
situated between 90◦ and 135◦, and was slightly retracted with respect to the other
blades.

• ALT limiter - poloidal direction: Only scarce information for one poloidal cross-
section is available close to the gas inlet, see Figure 3.8 b). A higher concentration
was found on the blade middle, and a lower concentration on the sides. On the



3.2. GLOBAL MIGRATION 55

same position, Mo concentration peaks in the blade middle as well, suggesting co-
deposition of 15N with Mo. This pattern corresponds also to the erosion-deposition
pattern referred to in older papers about ALT limiter migration, e.g. [69].

• Bumper limiter - toroidal direction: The 15N concentration in toroidal direction
is uniform around 13·1015 atoms/cm2, see Figure 3.8 c). The concentration is thus
much less influenced by plasma impact on the bumper limiter than on the ALT lim-
iter, which is due to the retracted radial position of the bumper limiter.

• Bumper limiter - poloidal direction: 15N concentration is non-uniform along poloidal
direction. Two cross-sections have been probed - one close to the gas inlet of MoF6

and one further away from it. The found patterns do neither coincide with each
other, nor with magnetic topology. It should be stressed here that hence for no mate-
rial (low- or high-Z) an influence of the magnetic topology on the deposition pattern
on the bumper limiter could be reported.

• In general it appears as if 15N was co-deposited with Mo on the ALT limiter. On
the bumper limiter, coincidence with Mo patterns is found in some places but not in
others. This indicates that co-deposition is pronounced by plasma wetting.
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Figure 3.8: Global 15N distribution, the gas inlet of MoF6 is at 0◦ - a) on the ALT limiter,
toroidal direction; b) ibidem, poloidal direction close to the MoF6 gas inlet; c) on the
bumper limiter, toroidal direction; d) ibidem, poloidal direction, further away from gas
inlet.

Fluorine

WF6 may be used for in-vessel coating and local wall repair of W PFCs in future fusion
devices [77]. Additionally it is used for W transport experiments. Every W atom would
introduce six F atoms into the vessel, leading to the question: What happens with the
introduced F and how high is the retention on PFCs? Previous work has shown already that
the retention of F in the vessel is very low, see for instance [55]. In this work, overall found
F would account for 17% of injected F by MoF6; on the other hand, F was introduced
into the vessel during several WF6 injections while no background subtraction could be
applied. Thus, the 17% can only serve as an upper F retention limit estimate.
In this work results on F are used for finding differences and similarities between high-Z
and low-Z deposition patterns. The results are:

• ALT limiter - toroidal direction: The distribution along the ALT limiter looks
the same for F as for 15N, see Figure 3.9 a) in comparison to 3.8 a). Strong peaking
occurs at the gas inlet and on blade 3, suggesting co-deposition with heavier elements
and deposition on misaligned PFC parts, respectively. The areal concentration of
F is roughly 10 times higher than for Mo outside the injection region. Inside the
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Figure 3.9: Global F distribution, the gas inlet of MoF6 is at 0◦ - a) on the ALT limiter,
toroidal direction; b) ibidem, poloidal direction close to the MoF6 gas inlet; c) on the
bumper limiter, toroidal direction; d) ibidem, poloidal direction, away from gas inlet.

injection region it is only two to four times higher. The total amount of F found on
the ALT limiter corresponds to 5% of the injected amount (maximum three times
more deposition efficiency than for Mo).

• ALT limiter - poloidal direction: Also for F only one poloidal cross-section through
the ALT limiter is available, see Figure 3.9 b). As for 15N, F peaks in the middle of
blade 5, suggesting co-deposition with Mo.

• Bumper limiter - toroidal direction: The F concentration scatters broadly between
4 and 10·1015cm−2, see Figure 3.9 c). The overall amount of F found on the bumper
limiter corresponds to 12% of the injected amount (maximum 0,3 times deposition
efficiency of Mo, according to ERDA results).

• Bumper limiter - poloidal direction: Along poloidal direction two cross-sections
could be analysed. One pattern suggests co-deposition with 15N, see Figure 3.9 d)
in comparison to 3.8 d). At the other cross-section close to the gas inlet, no such
coincidence between 15N and F patterns could be found. Coincidence with Mo
patterns is found in the same places as for 15N, while it is missing elsewhere.
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3.3 Results on the gas inlet system

Analysis of the gas inlet system described in [47] had two main reasons: (i) understand-
ing the behaviour of heavy tracer gases in the inlet system, and (ii) obtaining Mo balance
between Mo amounts measured with a calibrated volume and the spectroscopic system.
While the first point is clear - sectioning of a tokamak gas inlet system has never been
done before - the second point needs some explanation:
The pressure drop in a calibrated volume at the gas inlet system was at first used for es-
timating the amount of MoF6, yielding 1,41·1021 molecules. What proved reliable for
normal gases and even to a rather exotic gas like WF6, thanks to extensive calibration [70],
did not hold for MoF6: Both results from pressure increase in the TEXTOR vessel and
from recorded MoI line intensity evaluation yield an injected amount of respectively 30
and 40%, of the amount estimated from the calibrated volume pressure drop. The big dis-
crepancy between the values measured before and after the injection led to the conclusion
that large amounts of MoF6 must have got stuck in the gas inlet system of LL1. Details on
the behaviour of MoF6 can be found in Paper I.
The inner part of the inlet system, i.e. behind the valves, was taken apart and measured
along injection channels and on contact surfaces between components for potential molyb-
denum deposition. Two main findings should be stressed here:
First, the concentration of Mo in the inlet channels and on contact surfaces was low and
decreased further, the further away the measured points were from the plasma. In total,
upper estimates yield not more than 8·1017 or 0,06% of the amount released from the cali-
brated volume.
Second, a hitherto unknown feature was discovered underneath the collector plate: a colour
fringe, see Figure 3.10. Most striking, the molybdenum concentration corresponds with the
colour fringes. However, it is neither the main constituent nor a considerable fraction of
the overall released amount. Hence, although its origin is unclear it does not influence Mo
balance.
More details with Mo and W concentration plots along the inlet system can be found in
Paper I.

The finding suggests that the "lost" MoF6 (around 60-70%) has to be found elsewhere.
The only remaining candidate for harbouring it is the inlet pipework consisting of straight
pipes and bellowed pipes between calibrated volume and analysed inlet system parts. This
can be explained by a temperature gradient: The liner of TEXTOR was normally heated
up to 300◦C during operation in order to release impurities adhered to the vessel walls as
a result from venting [78]. On the other hand, the calibrated volume was situated under
the vessel at ambient temperature, mostly around 25-30◦C. It is thus possible that a major
fraction of the injected gas condensed within the pipe work or decomposed as it underwent
temperature and pressure change on the way up to the gas inlet.
Unfortunately, to date this hypothesis could not be proven by measurements due to regula-
tions associated with the toxicity MoF6.
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Figure 3.10: Injection limiter with colour fringe around the injection hole (red arrow)
where the MoF6 was injected.

3.4 Summary of migration results

After showing many results, in this section gained insights are stated where generalisation
is possible and trends have been discovered. The following points content the major out-
comes reported above. One point about D is forestalled from Chapter 4, as it fits in the
context of global migration.

• Heavy elements (Mo, W) are deposited close to their places of origin. Furthermore
does impurity injection cause locally enhanced sputtering and deposition on the main
PFC, yet without affecting the PFC composition beyond nm scale. Light elements
do not inflict measurable co-deposition on heavy species.

• Medium elements (Ni) are also deposited close to their place of origin. Unlike high-
Z elements, medium-Z elements might show locally enhanced co-deposition due
to locally injected species. Also, their deposition and erosion may vary over the
timescale of years. No other major difference between Ni as intrinsic, Mo as semi-
intrinsic and W as extrinsic element has been found.

• Lighter elements (N, F) are transported further and get co-deposited with heavier
species. Also misalignment of PFCs plays a role in deposition.

• Fuel species (D) are co-deposited also with heavier species; but misalignment plays
a greater role as it causes shadowing from plasma power loads and thus prevents their
re-erosion either by direct (sputtering) or indirect (heat) influence. This may even
be the case not just for shadowed areas but areas with decreased influx of high-Z
species.
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• Misalignment of PFCs does not inflict the deposition pattern of heavy species due to
their limited transport distance - but the lighter the species, the more its migration is
influenced by such misalignments on global scale.

• Mo and W show similar deposition behaviour both on global and local scale, sug-
gesting that Mo can be used as W surrogate in tracer experiments.
NB: MoF6 and WF6 do not show similar behaviour in the gas inlet system due to
differences in chemistry, concerning temperature. More investigation on this topic is
needed.

• Premature deposition of MoF6 and WF6 in the inlet system does not occur on heated
places, i.e. beyond a heated liner structure.



Chapter 4

Deuterium retention

Fuel retention is a crucial topic for any future fusion device working with tritium, due to
safety standards and regulations. Many studies have been conducted, regarding different
PFMs, plasma scenarios and testing of fuel removal. Literature on this topic is abundant,
and no full list of literature will be given here. Instead, the focus is on interaction with
impurities regarding migration. Fuel co-deposition with metal is of interest for the next
step fusion device ITER since it will operate with a full metal wall. Fortunately, results on
fuel retention with ITER-like metallic wall are encouraging [79].
In the following, coincidences with metal deposition patterns are sought, secondly also
coincidences with other analysed elements. Furthermore, the impact of the plasma and
PFC alignment is emphasised.

4.1 Global results on retention

Deuterium content was analysed via NRA, giving information up to several µm depth. Due
to the high expense of the used 3He and problems regarding the evaluation of some spec-
tra, deposition patterns cannot be provided in such detail as for the previously mentioned
elements. Additional data from ERDA is available; it is not quantitative, yet it highlights D
retention in the top hundred nanometres. Finally, data from TDS gives information about
D content in flaking deposits, sampled from the limiter shielding the ICRH antenna.
Findings from ion beam analysis are:

• ALT limiter - toroidal direction: D deposition is very homogeneous in the toroidal
direction, with an average surface concentration of 3,8·1017atoms/cm2, see Figure
4.1 a). This concentration is comparable to what was found in an earlier study [75].
Two peaks are found - a lower one at the gas inlet due to co-deposition, and a huge
peak on blade 3 due to misalignment as for 15N and F. The concentrations in these
peaks are as high as 1,4 and 4,4·1018atoms/cm2, respectively. This indicates that
deposition in shadowed areas has a stronger impact on fuel retention than sheer co-
deposition.
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• ALT limiter - poloidal direction: Deposition along poloidal direction varies from
blade to blade but drops slightly in the middle of the analysed tiles, for most cases;
an example is given in Figure 4.1 b). This is in agreement with findings in [75], but
differs greatly from findings in [80] where a sharp transition between erosion and
deposition zone was observed for two tiles. This indicates the changeableness of
fuel deposition patterns in plasma wetted areas.

• Bumper limiter - toroidal direction: The overall D retention found by NRA is -
apart from one outlier - constant at around 5-6·1018/cm2, see Figure 4.1 c). This is a
factor 12-50 higher than in an earlier study [75].
The surface concentration found by ERDA varies sinusodially; its minima coincide
with maxima of Mo concentration, see Figure 4.1 d). This indicates, in accordance
with findings above, the changeableness of fuel retention due to deposition of heavier
species. However, it also indicates that overall fuel deposition is not affected any
more at micrometre scale by incoming heavier species.

• Bumper limiter - poloidal direction: The two poloidal cuts show different deposi-
tion behaviours close to and further away from the MoF6 gas inlet. The concentration
maxima coincide with the position of a hypothetic field line, originating from the gas
inlet and winding with q=-4. The gas inlet was also used for 13C tracer experiments.
However, 13C and D patterns do not coincide. Hence, the reason for the poloidal D
deposition pattern remains unclear.

• Poloidal limiter - radial direction: No own measurements on the poloidal lim-
iter have been conducted. However, measurements on these PFCs made in the past
can be compared to findings for other elements given above. As reported in [69],
D peaks between r=48 cm and r=49 cm in the SOL, just as Mo and W after the
experiment described above. This indicates that outside the plasma elemental mass
does not influence radial deposition very strongly. Note that the found coincidence
does not necessarily imply co-deposition since the deposition patterns obtained for
D, respectively Mo and W have been obtained in different experiments.

4.2 TDS results on retention

TDS samples were loose, thick deposition layers at the sides of the carbon limiters shield-
ing the ICRH antenna close to the gas inlet and the antenna limiter. An outgassing curve
of one sample is displayed in figure 4.2. D amounts in atoms per gram were estimated by
analysing masses 3, 4, 19 and 20 (HD, D2, HDO, D2O). Details can be found in Paper II.
Main findings are:

• Different samples taken from roughly the same position vary by a factor of up to 5
in D content, hence D retention can vary even on small scales.

• No D was found in samples directly from the antenna. Quantitative details are given
in table 4.1.
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Figure 4.1: Global D distribution, the gas inlet of MoF6 is at 0◦ - a) on the ALT limiter,
toroidal direction; b) ibidem, poloidal direction; c) on the bumper limiter, toroidal direc-
tion, found with NRA; d) on the bumper limiter together with Mo distribution, toroidal
direction, both found with ERDA.

• The D/C ratio was between 2,4% and 0,07%, i.e. very low.

4.3 Summary on retention

Both ion beam analysis and thermal desorption spectroscopy show that fuel content can
vary strongly both over position and time. Plasma wetting has a very high impact on fuel
retention due to PFC heating, limiting retention to a certain level or even preventing it to-
tally. Sheer co-deposition plays a measureable but minor role in comparison to shadowing.
In areas with lower plasma wetting, as the bumper limiter, interaction with heavier species
dominates the first hundreds of nanometres, but leaving deeper layers unaffected. The
found D concentration on the bumper limiter has thus increased over time with the layer
thickness. These layers mainly contain carbon and boron, whereof carbon is known to be
transported over long ranges in tokamaks and take up large amounts of fuel [69]. This ver-
ifies the assumption of long-term fuel trapping by carbon deposits in receded areas, which
led to the decision for an all-metal wall for ITER.
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Figure 4.2: Outgassing curve of a TDS sample from a ICRH antenna limiter for masses
18, 19, 20 (H2O, HDO, D2O).

Position D content (1020 D atoms/g of C) D/C ratio
PFC side, LFS 0,7 0,002

3,4 0,008
Liner bulge, vessel top 1,3 0,003

5,2 0,012
RF antenna limiter side 0 0

0 0
Liner bulge, LFS 8,3 0,018

11,2 0,025
Liner bulge, vessel top 0,8 0,002

0,3 0,001

Table 4.1: TDS results of dust sampled from various places, two measurements per place.
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Dust sampling

Dust sampling was the first action before any PFC was retrieved. It was conducted right
after opening the vessel and securing the environment, by the author and P. Ström. A
small impression of the comprehensiveness is given in Figure 5.1 where just a few of the
sampled locations are marked. In total, from 71 positions samples were taken, both with
carbon stickers mounted on aluminium holders, or by scraping loose material into plastic
boxes. Over 200 dust specimens within over 20 samples were analysed with electron beam
techniques. Quantification of dust could not be performed due to the huge difference of
dust amounts found in various places; i.e. extrapolation would not have been valid.

5.1 Results on dust

Dust species found in TEXTOR cover a wide range of shapes, sizes and element composi-
tion. A set of SEM pictures shows both common forms - grains, splashes, spheres, strata -
and extraordinary shapes, a brain-like grain and a boiled comet, see Figure 5.2. Due to the
wide variety, just the most general findings and the most outstanding ones are listed here:

Figure 5.1: Inside of the TEXTOR vessel, as seen from the manhole, to both sides of the
torus. Please note that the marked areas represent just a fraction of those where dust
samples were taken. Picture from Igor Bykov, private communication.
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• Elements Cr, Fe and Ni are found in most of the dust grains. Mainly metallic grains
may originate from stainless steel diagnostic holders positioned near to the plasma in
various experiments, and from Inconel structures like liner and ALT-II blade back-
sides.

• Dust species from the vicinity or even directly from PFCs (ALT-II and inner bumper
limiter) contain high amounts of B, C and O. Boron originates from regular boroni-
sation of the vessel - the last boronisation took place 10 days before the experiment
described in section 2.2.

• Dust species collected further away from the plasma, i.e. from liner bottom and the
backside of one ALT-II blade, exhibit stratified and columnar structures. The first
type only appears for low temperatures (around 600◦ or less).

• Molybdenum based particles were found in the form of layered grains of several
µm size. One Mo sphere was found as well. Possible points of origin could be Mo
limiters used during dedicated experiments [57].

• One dust sample from the liner on the LFS has a W layer, a feature not recorded
before. It may originate from the WF6 experiments in 2008 and 2011 or W limiter
experiments.

• A few W grains were found mostly close to the LL1 position, suggesting test limiters
made of tungsten as point of origin. Another possibility could be W grains inserted
for dust transport studies [25].

• Metal splashes and "comets" were found as well, either formed by the plasma (dis-
ruptions) or ~J × ~B force. Some of them display bubbles probably formed during
boiling processes.

More details on the dust study can be found in Paper II.

5.2 Summary on dust

A broad spectrum of dust shapes and compositions has been found. Build-up and origin
can be explained for many of dust specimens, some of them have been reported before
[81, 82]. Yet new discoveries could be reported, indicating that there is still much research
needed on dust.
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Figure 5.2: SEM pictures of TEXTOR dust specimens, showing the wide range of shapes
and sizes.





Chapter 6

Current status and outlook

By now, an extensive amount of PFCs have been analysed by ion beam analysis; another
big amount of dust samples has been investigated by electron beam analysis. Yet some
scientific questions must be left open. Some of them can be tackled during the upcoming
two years. Others may need investigation beyond the scope of this work.
First, a conclusion from the results summaries above is drawn, bringing the focus back
to where the work started, namely the goals stated in Section 1.8. As part of the work
presented here, scientific articles have been published. A summary is given for each paper.
Since particle migration in fusion plasmas is a broad topic, there are still open research
questions associated with this work. In the outlook, studies foreseen for the following two
years are introduced.

6.1 Conclusion

TEXTOR, a medium size tokamak was shut down in December 2013 after a comprehen-
sive tracer experiment. Its shutdown was followed by extensive PFC and sample gathering,
management and analysis.
The vast amount of analysed PFCs helped clearing questions about deposition behaviour
of different materials both on local and global scale, in any toroidal direction. It has been
shown how mass and origin of an element influence deposition. The role of plasma wetting
and shadowing has been explored. Modelling on local scale has been successfully applied.
Both, agreement and differences with previous studies have been found.
Fuel retention on almost all PFCs has been assessed. The results show fuel retention trends
under interaction with impurities and the plasma itself. They also pinpoint the main chal-
lenge with carbon as PFM and why it is, at the time of writing, excluded from a future
fusion device operating with tritium.
Dust studies have been conducted in order to improve statistics about composition, size
and shape of dust particles in tokamaks. Explanations for their formation and origin have
been given.
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6.2 List of scientific articles

Paper I - Local migration of Mo and analysis of TEXTOR gas inlet system

After the last TEXTOR experiment, the gas inlet system and the covering plate on top of
the injection limiter were analysed. As Mo is sometimes used as a tracer for W transport,
differences and similarities in Mo and W deposition were assessed.
The local deposition pattern of Mo after the MoF6 experiment was analysed and modelled,
leading to a qualitative agreement between modelled and real situation. Similarities to W
deposition after WF6 experiments were found. A local deposition efficiency of 6% was
found for Mo.
Further dismantling of the injection system revealed a colour fringe around the gas inlet
beneath the covering plate; its origin is unknown but it contains an elevated amount of Mo.
In the limiter and the base plate, a negligible amount of Mo was found.
Also W deposition from WF6 experiments was assessed. W deposition was even lower
than Mo, and its deposition pattern does not necessarily coincide with Mo. Hence, Mo and
W have comparable behaviour in the plasma, but their hexafluorides behave differently in
the gas inlet.

Paper II - TEXTOR dust studies and TDS

After the last TEXTOR experiment, dust was collected from 71 positions around the torus.
More than 200 specimens from over 20 locations were analysed with electron beam anal-
ysis, yielding a wide range of dust shapes, sizes and compositions. Carbon based dust
dominates, varying in appearance and size due to different origins. Special attention was
given to metallic dust, mainly consisting of steel and Inconel elements. Apart from normal
dust grains, they also form splashes and "comets", some of them with bubbles, indicating
boiling processes.
Samples in the form of loose deposits scraped from PFCs have been analysed with TDS.
Results show a generally low D/C ratio of maximum 0,025, together with a high variation
even for samples from similar positions. This is explained by poor thermal contact with
the substrate.

Paper III - Tracer techniques for material migration studies in fusion

For studying particle migration one must apply different strategies, depending on the el-
ement which is to be traced. For light elements of interest, e.g. O or N, one must apply
isotope enrichment. Thus, it is possible to differentiate elements introduced during experi-
ments and elements naturally adhering to samples in air. Furthermore, convenient analysis
methods with isotope sensitivity exist, for light elements.
For heavy elements, isotope enrichment is both very costly and not detectable after exper-
iments with standard methods. One must thus choose a surrogate element, which can be
easily discriminated against eventual background or has not been introduced to the experi-
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mental set-up.
18O, 15N, W and Mo serve as examples. Also, first results from the MoF6 experiment at
TEXTOR are given, mainly focusing on local deposition and close-by PFCs.

Paper IV - ToF ERDA analysis of TEXTOR PFCs

ToF ERDA is a useful and flexible tool for PFC studies. Deposition of light tracers can
be assessed, making use of isotope sensitivity in the low-Z range, usually up to 19F. As
demonstration, a wide range of light elements and their isotopes on TEXTOR PFCs are
studied, explaining their distribution and origin. In order to show feasibility of ERDA
for heavier elements, Mo concentrations are also studied. Since ERDA is sensitive to
surface roughness, the roughness of ALT limiter tiles is studied as well. This leads to
the conclusion that ERDA, despite being hampered by surface roughness in µm range,
evaluation is nevertheless useful, if depth resolution or absolute element concentration are
of secondary interest.

6.3 Outlook

This work focused on the evaluation of TEXTOR PFCs and related parts, such as the gas
inlet. Despite extensive studies, some pieces of the puzzle are missing. They are related to
global modelling and liner analysis.
As one main focus of the author was to distil the main rules of particle transport out of
thousands of data points, it must also be shown that they hold in other machines. Two
obvious reasons for this exist: (i) obtaining generalizable rules of particle transport in
fusion devices, and (ii) making it thus possible to simplify global transport evaluation.
This leads to the list of research topics for the near future and the next two years:

• analysis of the TEXTOR liner as long term vessel wall component, which was under
constant plasma influence;

• modelling of the global transport in TEXTOR, both for benchmarking of codes and
answering remaining questions regarding the found deposition patterns;

• comparison with migration results in other machines like for instance JET.





Chapter 7

Final words and acknowledgements

After two years of Ph.D. research and one and a half years of TEXTOR evaluation, I take
the opportunity to take a first personal look back. Two things should be stressed after this
marathon of measurements dedicated to an analysis of PFCs, which has been the first of
its kind - to the fusion community and certainly to me. They should be seen both as a
reminder to myself and a warning to fellow researchers dealing with evaluation of large
experiments:
First, things take longer than they seem to take. Not just the amount of information to be
gathered may delay things, but also new findings, forcing everybody to take a step back -
and often backwards.
Second, there is always more. No matter how well the statistics and how dense the data
points, there is always a piece of physics escaping through a small plot hole in the eval-
uation. One must consider carefully, which gain in insight outdoes the effort taken for it.
Chasing the ultimate truth results in work, which is never finished.

I would like to thank my supervisor Prof. Dr. Marek Rubel for guiding me through a jungle
consisting of plasma-wall interaction, conferences, article writing, experiments, laborato-
ries and the fusion community itself, in short my whole Ph.D. studies up to now.
I would like to thank Dr. Per Petersson for his never-ending persistence during days and
weeks of measurements, for his patience during hours of discussing and explaining.
I would like to thank my colleagues Alvaro, Petter, Pablo, Emmi, Estera, Rickard and
Yushan who actually became more friends than colleagues throughout my time here at
KTH.
I would like to thank Emma Pettersson for taking a load of administrational work from my
shoulders.

At the Jülich research centre, Germany, many researchers and technicians helped both
with evaluating the experiment as well as hands-on work with TEXTOR parts:
I would like to thank Arkadi Kreter as scientific leader for the MoF6 experiment at TEX-
TOR and as helpful contact person thereafter.
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I would like to thank Peter Wienhold for explaining me TEXTOR at the beginning of my
Ph.D., help in understanding measurement outcomes and overall scientific discussions.
I would like to thank Andreas Kirschner for offering Mo transport modelling and fruitful
discussions, both enhancing my understanding of impurity transport.
I would like to thank Albrecht Pospieszczyk and Jan Wilhelm Coenen for helping with
post-processing of the MoF6 experiment and finding information on spectroscopic data.
I would like to thank Harry Reimer for extensive and professional photo documentation of
PFCs.
I would like to thank Matthias Schumacher and Thomas Krings for the long time they spent
in TEXTOR, for retrieving the vast amount of PFCs and liner parts I was asking for during
my hunt for the injected molybdenum.

In the Culham Research Centre, United Kingdom, my stay was supported by Anna Wid-
dowson, Aleksandra Baron-Wiechec, Kalle Heinola and Charlie Ayres. All of them helped
me to have a first glance on full scale JET PFCs and understand the challenges in analysing
transport in such a big machine.
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