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Abstract

Controlled thermonuclear fusion may become an attractive electrical power source in
the future. The most promising of all fusion machine concepts is called a tokamak,
which employs magnetic fields to confine its fuel. The fuel, a plasma made of two hy-
drogen isotopes deuterium and tritium, must be confined to enable the fusion process.
It is also necessary to protect the wall of tokamaks from erosion by the hot plasma. To
increase wall lifetime, the high-Z metal tungsten is foreseen as wall material in future
fusion devices due to its very high melting point. This thesis focuses on the following
consequences of plasma impact on a high-Z wall: (i) erosion, transport and deposition
of high-Z wall materials; (ii) fuel retention in tokamak walls; (iii) long term effects of
plasma impact on structural machine parts; (iv) dust production in tokamaks.

For the first and second aim, an extensive study of wall components has been con-
ducted with ion beam analysis after the final shutdown of the TEXTOR tokamak. This
unique possibility offered by the shutdown combined with a tracer experiment led to
the largest study of high-Z metal migration and fuel retention ever conducted. The
most important results are:

• transport is greatly affected by drifts and flows in the plasma edge of a tokamak;

• stepwise transport along wall surfaces takes place mainly in the toroidal direc-
tion;

• fuel retention is highest on slightly retracted wall elements like bumper limiters;

• fuel retention is highly inhomogeneous, possibly due to influence of sub-systems.

For the third aim, for the very first time a broad study on structural parts of a tokamak
has been conducted on the TEXTOR Inconel 625 liner, a shell between plasma-facing
components and the vacuum vessel. The plasma impact does neither degrade mechan-
ical properties nor lead to fuel diffusion into the bulk material after 26 years of duty
time. However, peeling deposition layers on the liner retain fuel in the order of 1 g
and represent a dust source. Concerning the last aim, only small amounts of dust are
found in TEXTOR with overall low deuterium content. Security risks in future fusion
devices due to dust explosions or fuel retention in dust are hence of lesser concern.

For the next step fusion device ITER most of the results found are encouraging.
High-Z metals eroded at the divertor region may travel mainly along the toroidal direc-
tion and hence stay in the divertor. The remotely located structural parts of ITER are
not expected to deteriorate due to plasma impact or wall conditioning. Deposition layer
formation as cause for both fuel retention and dust production must be minimised. Fuel
retention in deposition layers can vary strongly with position and thus the uncertainties
in fuel retention extrapolations to ITER are large.
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Sammanfattning

Termonukleär fusion kan vara framtidens energikälla eftersom den undviker de nega-
tiva effekterna från dagens energikällor, såsom begränsad tillgång på bränsle och pro-
duktion 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
joniseras och värmas upp till hundra miljoner grader.
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, som är baserat på en magnetbur, är toka-
maken. För att mänskligheten ska kunna producera fusionsenergi måste några mekanis-
mer i tokamaken förstås bättre.

Till exempel behövs en ökad förståelse av hur plasmat växelverkar med tokamak-
ens väggar, hur partiklar som frigöra från väggarna migrerar, hur bränslet absorberas
i väggen, hur dammpartiklar kan produceras och hur reaktorväggarna åldras. Dessa
aspekter har studerats i samband med att tokamaken TEXTOR las ner under 2013.
Ett sista så kallad spårexperiment genomfördes för att förbereda TEXTOR för migra-
tionsstudier: speciella kemiska element och isotoper släpptes in i maskinen under gång
(MoF6 och 15N). Därefter analyserades maskinens väggar för att se var spårelementen
hamnade.

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 explosionsrisk och dammin-
ducerad kollaps av plasman. Därför analyserades också damm från TEXTOR.

Fusionsbränslet innehåller det värdefulla och radioaktiva element tritium vars ab-
sorption i väggarna måste minimeras. TEXTORs väggar har därför analyserats för att
bättre förstå hur bränsle lagras i de olika väggkomponenterna.

Nedläggningen av TEXOR har möjliggjort studier av komponenter som annars är
svåra att komma åt, till exempel de bärande strukturerna. Man vill vet om dessa struk-
turer kan tåla flera årtionden utan att erodera eller bli spröda. Delar av strukturen i
TEXTOR blev analyserad för att göra den första studie om bärande strukturer av en
tokamak.

Resultaten av alla de undersökningar visar att:

• Tunga och mellantunga element som W, Mo och Ni förflyttar sig bara korta dis-
tanser och deras migration är mest påverkad av så kallade drifteffekter;

• lättare element som F och 15N migrerar genom hela maskinen och deras migra-
tion påverkas av andra partiklar och plasmat;

• bränsleisotoper som D deponeras i tjocka deponeringslager på tillbakadragna
ytor, vilket måste beaktas för framtidens fusionsmaskiner;

• damm har olika form och sammansättning, beroende på temperatur och härkomst
och absorberar dessbättre inte mycket bränsle;

• för metalldroppar syns nedslagsriktningen tydligt på stänk och form, dessutom
kan tecken på kokning ses på några droppar;
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• strukturdelar visar inte väteförsprödning, däremot kan tjocka lager på deras yta
innehålla bränsle och bli en källa för damm.

All resultaten är antingen redan publicerade i facktidsskrifter eller på väg att publiceras.
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List of acronyms
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HHF . . . High Heat Flux
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SOL . . . Scrape-Off Layer
(S)TEM . . . (Scanning) Transmission Electron Microscopy
TEXTOR . . . Toroidal EXperiment for Technology Oriented Research
ToF . . . Time-of-Flight
WDX . . . Wavelength Dispersive X-ray spectroscopy
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Chapter 1

Introduction

With increasing modernisation and development, world energy consumption is steadily
increasing. So far, most energy is extracted by burning up fossil fuels like coal or oil, fu-
elling engines of various kinds. Fossil fuel combustion drives global warming and relies
on dwindling resources. Renewables like solar and wind power are steadily increasing,
providing an ecologically friendly alternative to fossil fuel combustion. On the other hand,
renewables lack reliability due to their dependence on weather, and their land use is high
due to low energy density and efficiency, usually around a few W/m2 compared to ten
thousand times that amount from fossil fuel [1, 2]. A third alternative lies in nuclear power
generation, which is currently based on uranium fission taking place mainly in boiling or
pressurised water reactors, creating long-lived radioactive waste mostly in the form of ac-
tinides [3, 4].

Another possibility to extract energy from nuclear reactions is fusion, yielding much
less long-lived waste than fission by efficiently using deuterium and lithium. Like in the
interior of stars, light nuclei are merged under high temperature, releasing excess binding
energy which can be used for electricity production. Unlike in fission, the fusion process
is inherently safe under reactor conditions and can avoid long-lived waste [1, 5, 6]. Finally,
the raw materials deuterium and lithium are abundant on earth, making fusion a viable en-
ergy source for the far future [5, 7].

In the following sections of the introduction, the basic physics behind fusion is explained,
and a short summary of fusion history is given. Finally, the aim of this work is presented.

1.1 How does fusion work?

Atoms consist of an electron shell and a heavy nucleus that itself is made of protons and
neutrons (both are called "nucleons"). Protons and neutrons are held together by the strong
nuclear force. This force counterweights the repelling electric force or Coulomb force that
otherwise would rip the nucleus apart, see Figure 1.1. In the energy landscape, the repelling
electromagnetic force, also called Coulomb force, sets up an energy “hill” in the middle

13
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Figure 1.1: Left: Structure of the atom and the potential energy "landscape" set up by the
Coulomb force (red arrows) and the strong nuclear force (black arrows). Right: Schemat-
ics of nuclear fission and fusion in the energy landscape of a heavy and a light nucleus,
respectively.

of the nucleus. Protons would figuratively “roll down” this “hill”, away from the nucleus.
However, the strong nuclear force in turn sets up a deep well in the energy landscape in
which the nucleons, protons and neutrons alike, are trapped. In more scientific terms, this
well is referred to as potential well or binding energy well. It is delimited by the remainder
of the hill like a crater wall, called the Coulomb wall.

Nucleons pile up in this well according to the laws of quantum mechanics. If the topmost
nucleons have a chance to get out of the binding energy well, in most cases by tunnelling
through the walls, they will eventually do so. The nucleus then suffers from radioactive
decay. Now at the outside of the Coulomb wall, the former nucleon will move down the
lobes of the Coulomb wall, with the height difference corresponding to the energy released
during the radioactive decay. Such energy releasing decays are used for fission power
production.

For light nuclei the situation reverses. Here energy can be gained by dropping additional
nucleons into the energy well of an existing atom. This can be achieved either by going
over the Coulomb wall or by tunnelling through it, which is the more practical option.
Although one must invest activation energy in order to make tunnelling possible, for all
nuclei below 62Ni the turnover is – theoretically - positive. This is how energy production
via fusion works.
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1.2 A short history about fusion, transport and wall materials

The history of fusion physics starts with the study of atom composition in the early years
of the 20th century. During his experiments with alpha radiation Ernest Rutherford discov-
ered energetic protons whenever the alpha particles crossed a gas containing nitrogen [8].
Later in 1934 his assistant Mark Oliphant conducted the first controlled fusion experiment
with hydrogen isotopes [9]. In the meantime, scientists discovered that stars are mainly
made of hydrogen, and Arthur Eddington was the first person suggesting that fusion was
powering stars [10].

After the Second World War nuclear power for civil purposes, namely energy production,
was considered. This also included fusion [11]. The basic conditions for fusion depend
on the fuel mixture to be fused. The most favourable fuel in terms of practicability turned
out to be a 1:1 mixture of the two hydrogen isotopes deuterium and tritium. These two
fuel components yield the biggest cross-section of fusion at the lowest temperatures. They
are fused together to form helium and a neutron, which carry the fusion energy as kinetic
energy.

2
1D + 3

1T −→ 4
2He (3, 5 MeV) + 1

0n (14, 1 MeV) (1.1)

In a reactor helium must heat the plasma with its kinetic energy of 3,5 MeV before it is
extracted as "ash" from the plasma. The neutron passes unperturbed through the plasma
and deposits its energy in the wall from which electricity is produced; the neutron then re-
acts with lithium to form new tritium for a closed tritium cycle. Note that in the following,
the italic T will denote temperature while T denotes tritium.

For fusion to take place the particles must collide head-on with high energy. Only then
they get close enough to tunnel through their Coulomb barriers and fuse. Such "fusion
collisions" are rare and one needs a high particle density to make them more probable.
In summary one must provide enough activation energy by heating the fuel to sufficient
temperature (T ), bring the particles close enough to each other by increasing the particle
density (n), and confining them for a time (τ ) long enough in order to harness at least as
much fusion energy as was invested for starting the fusion process. These conditions have
to be fulfilled at the same time and yield a single condition formally known as the “triple
product” [12, 13]:

nτT ≥ 6 · 1027m−3sK. (1.2)

With the development of fusion plasma physics and the formulation of basic conditions
for fusion energy, the question arose how to fulfil this condition. It immediately became
apparent that one would need high temperature or high pressure in order to bring the nu-
clei close enough for fusion. The fuel must be heated to 15 keV (150 million degrees) for
optimal fusion conditions. Additionally, either the confinement time τ for this temperature
must be high (in the order of seconds), or the fuel density n must be hundred times the
solid density [14]. During the fusion process the fuel should not touch the reactor walls
and loose its energy, which is needed for fusion. To realise this, it must either levitate in
some kind of field, or the fusion process must rapidly take place before the fuel can reach
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the wall. In case the fusion process takes seconds, the helium produced during fusion must
be extracted efficiently to not extinguish the fusion reaction.

The earliest proposals for fusion machines based on confinement by magnetic fields,
while the fuel was an ionised gas, a plasma. The evolution of magnetic confinement con-
cepts is shown in Figure 1.2. A plasma is restricted in movement by magnetic field lines,
however only in two directions out of three, as will be seen in Section 2.1. The perfor-
mance of a simple linear device with open ends was hence not satisfactory because the fuel
rapidly leaked out at both ends of the magnetic field lines. Proposals to reduce the fuel
leakage by the magnetic mirror concept proved insufficient.

The solution was to connect both ends and form a magnetic cave in the shape of a torus.
But soon a new problem appeared: a combination of several physical effects called drifts
(see Section 2.1.3) now pushed the plasma outward due to toroidal geometry, and again
the fuel was lost. In the fifties, two concepts were invented to deal with this problem and
now form the two most successful classes of fusion machines. The idea is to cancel the
outward drift of plasma by guiding it back in along the magnetic field lines (see Section
2.1.1 for movement along field lines). For this task the field lines have to lead from the
outboard side, where the plasma gets lost, to the inboard side, where it is reset: they have
to be twisted.

Twisting field lines in a torus can be realised in two ways, either by combining external
fields with internally generated fields from a toroidal current, or by external fields alone by
literally twisting the magnetic field like a Möbius strip. The former concept called tokamak
concept was invented by the Russian physicists Andrei Sacharow and Igor Tamm and is
the most successful fusion concept. Its name is derived from its main features in Russian,
meaning “toroidal chamber with magnetic coils”. Around the same time, another promis-
ing candidate system for fusion was invented in the USA by Lyman Spitzer, the stellarator.
It follows the concept of externally twisting the magnetic fields, by also twisting the coils
which create the magnetic field [15].

Another concept which was developed in the dawn age of powerful lasers, in the seventies,
aimed at creating mini hydrogen bombs. In normal hydrogen bombs, nuclear war heads
based on fission compress a fusion fuel reservoir; the subsequent fusion power adds up
to the fission power of the ordinary nuclear explosion and enhances the explosive force
[16]. For civil use, the fuel has to be compressed in a gentler way in order to produce
non-destructive power. Intense laser beam power is converted into X-rays, blowing off

the topmost part of a solid fuel pellet and sending a compressing shock wave into the pel-
let centre. The high density created under such circumstances may be enough for fusion;
however the pellet is ripped apart by the shock waves during the process. There is a small
time window where the pellet still does not come undone due to thermal expansion, while
fusion relevant conditions should be reached in the pellet core. This small time window
exists because matter cannot fly apart at an instant due to its inertial mass. The concept of
laser driven fusion is thus referred to as inertial confinement fusion.

This thesis has its focus on processes in tokamaks. Let us now follow the history of toka-
maks. The first of its kind was built in 1962 in the Soviet Union. After demonstrating
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Figure 1.2: Schematic of fusion machine development based on magnetic confinement prin-
ciple. Other sub-systems contributing to plasma force balance are omitted for convenience.

good plasma confinement bigger devices followed. As the size and capabilities increased,
the plasma started to erode the metal wall of the surrounding vacuum vessel. Despite the
magnetic fields, plasma particles can perpetually escape their magnetic cave and deposit
their kinetic energy at the machine wall. Atoms are then released from the metal wall and
enter the main plasma where they radiate away the heat by line radiation [17]. Such line
radiation decreases plasma temperature and may become strong enough to terminate the
plasma [18, 19, 20, 21]. It is therefore an undesired effect. Fortunately the severity of line
radiation decreases with lower atomic number, and consequently scientists started to clad
or coat the wall with lighter elements for increasing performance further: carbon, boron
and beryllium [22].

Carbon was seen as the perfect element for a fusion machine wall. It endures high heat
from the hot plasma without melting, it has very high thermal conductivity which is helpful
to get rid of the heat and released carbon impurities do not harm the plasma as much as
metallic impurities do. For many years, carbon was in use as the gold standard of wall
materials. To increase performance and limit heat loss of the hot plasma to the cold wall,
dedicated structures were designed to reduce wall contact. In order to minimise the losses,
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Figure 1.3: Top: The magnetic field lines form closed surfaces, the magnetic surfaces,
which are nested like onion skins. White arrows indicate magnetic field lines. Bottom:
Plasma-wall interaction without any wall cladding, a limiter, and a divertor (from left to
right). Red-white arrows indicate heat flux to the wall, black arrows indicate wall impurity
influx into the plasma. The yellow area marks the scrape-off layer, which is limited to the
purple plasma by the last closed flux surface.

there must be a restricted area of interaction - the so called limiter was introduced, see
Figure 1.3.
A limiter is a piece of material, which has to endure high particle and heat flux. Its name

labels its task: it limits the plasma. The magnetic field lines in an ideal tokamak form
nested tubes of plasma, comparable to a “toroidal onion” with many skins. This config-
uration helps to insulate the hot main plasma from the cold wall, to the benefit of both.
These “plasma skins” are called magnetic surfaces, which break upon contact with any-
thing solid, hence the outermost surfaces are cut open and connect to the wall. With a
limiter one can control how and where this breakup of the outermost surfaces takes place,
how and where the particles and energy from the open surfaces get deposited. In such
way, the most plasma-wall interaction happens at the limiter, and more recessed wall parts
are protected. The plasma in the outermost magnetic surfaces is then literally scraped off

the main plasma behind the last closed magnetic surface, i.e. the last closed flux surface
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Figure 1.4: Increase of the fusion triple product throughout the 20th century [23].

(LCFS), and is therefore called scrape-off layer (SOL).
In the eighties, another invention sought to minimise the contact between plasma and

wall to the utmost minimum: the divertor principle. By using magnetic fields the outer-
most magnetic surfaces are weakened until they break open and peel off themselves. Also
here the particles and their energy from the SOL have to be extracted via the wall, but
with magnetic fields the particles can be diverted to a region far away from the plasma
where eroded wall particles have a much lower chance to enter the plasma. The structure
dedicated to this task is called divertor: an “ashtray” made of extremely resilient material,
usually at the bottom of a tokamak, see lower right in Figure 1.3.

All these and other inventions as well as increasing the machine size led to increased
plasma performance, i.e. better particle confinement and higher core temperature, yield-
ing exponential growth of the triple product (Equation 1.2), see Figure 1.4. The negative
consequence of all these is that along with an increase in the plasma performance also the
possible damage to wall structures increases. In other words, interaction between plasma
and wall, termed plasma-wall interaction (PWI), becomes increasingly intense. PWI is a
conglomeration of many processes, most of them unavoidable, some of them even a neces-
sity for a functioning fusion power plant [22], see also Section 2.2. Especially one critical
PWI process dethroned carbon as favourite plasma facing material (PFM): chemical ero-
sion of carbon by plasma particles, leading to high fuel retention at the wall.

Fuel retention is a process in which the fuel species deuterium and tritium are bound
in hydrocarbons and buried in deposition layers far away from the plasma. Due to the
radioactivity of tritium and the difficulty in producing it, retention must not happen in a
fusion power plant. Unfortunately, fuel retention in carbon wall machines is quite high
[24]. As a consequence, carbon is not foreseen as wall material in future fusion devices.

Despite the still predominating use of carbon in research tokamaks, scientists gradually
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return to metals as wall materials. With metallic walls, wall materials can melt and produce
metallic dust in form of droplets, which can terminate the plasma and may also increase
fuel retention, see Section 2.2.2. Consequently more and more attention is given especially
to metallic dust production in the recent years.

Despite of increasing plasma power and thereby increasing PWI intensity, the influence
of the plasma on the wall could be significantly reduced as well as the impact of eroded
wall impurities on the plasma. The reasons for this positive trend are better control of PWI
due to divertor development and improvement of plasma confinement. As a consequence,
a once forbidding element with very high atomic number is now the favoured PFM for wall
regions with high heat and particle flux: tungsten.

1.3 This thesis

As mentioned above, the plasma is in permanent interaction with the surrounding wall
through many different processes, despite the magnetic confinement of a tokamak. Many
processes are unavoidable, some are necessary to make fusion a viable energy source of the
future. On top of that the next step fusion device, the currently constructed International
Thermonuclear Experimental Reactor (ITER) tokamak, will have ten times more power
stored in the plasma than the biggest present day tokamak JET. As a consequence, any
material in contact even with just the outermost and coldest plasma will be pushed to its
limit: high heat and particle fluxes can erode any material, even carbon or tungsten [25].
On the other hand, an ideal fusion power plant would have to run in steady state, with as
little interruption as possible for wall maintenance.

Both the physical necessity of PWI and the economic necessity of a high duty cycle call
for detailed understanding of PWI: in order to (i) facilitate crucial processes like extraction
of the helium “ash”, (ii) to protect the wall from intolerable erosion, and (iii) to limit
harmful influence of released wall impurities on the plasma. This thesis focuses on the two
latter points, dedicated to deepen the understanding of impurity transport from the wall
including dust production, but also on aforementioned fuel retention as a large economical
factor in fusion power production. It also aims at optimal exploitation of experimental
methods to enable the study of transport phenomena, namely tracer experiments. In detail,
this thesis addresses the following research questions:

• How far (locally and globally) are heavy elements, so called high-Z elements, like
tungsten transported in the plasma? What governs their transport?

• How are the recessed wall elements influenced after a long-term exposure to plasma?
Do they age?

• To which extent are microscopic particles, i.e. dust, a safety concern in tokamaks?

• What can we learn from tracer experiments and how can we optimise them?

To answer the first question, an experiment was conducted at the fusion research machine
TEXTOR (Toroidal EXperiment for Technology Oriented Research) in Jülich, Germany.



1.3. THIS THESIS 21

After the experiment, the machine was decommissioned and a large set of samples re-
moved for a broad study comprising ion and electron beam analysis as well as mechanical
testing, microscopy, profilometry and thermal desorption. The decommissioning also en-
abled studies of otherwise inaccessible samples like liner parts and hence was an unique
opportunity, enabling answering the second and third question above. In terms of anal-
ysed sample amount and techniques used, the study described in this thesis is the first of
its kind. No such extensive research has been conducted on high-Z transport in a fusion
machine before. Lessons learned from this undertaking are thus compiled to answer the
last question, striving to optimise scientific exploitation of similar studies in the future.

Most of the analysis has been conducted in the Ångström Laboratory at Uppsala Uni-
versity, and in the Faculty of Materials Science and Engineering at the Warsaw University
of Technology. Further involved were the RWTH University Aachen and the National In-
stitute for Laser, Plasma and Radiation Physics in Bucharest.

The following chapter on physics basis will lay the foundations for analysis and discus-
sion of results. It will provide the basic knowledge needed to understand results obtained
in this thesis, together with a description of the TEXTOR machine where the underlying
experiment was conducted. The chapter about methods thereafter describes the experi-
ment and the utilised analysis tools, including also the computational data analysis with
software and statistical methods. In Chapter 4 the results are presented and discussed. The
thesis closes with conclusions, also outlining implications for transport experiments and
fusion research as a whole. Scientific articles published in conjunction with this thesis are
appended.





Chapter 2

Physics basis

Fusion plasma physics is interdisciplinary and touches on many fields within physics such
as electro-magnetism, nuclear physics, atom physics, solid state physics, kinetics of gases
and fluids, perturbation theory, amongst others. This chapter aims to outline the most
important physical concepts for phenomena and physical effects described in this thesis.

The first topic is confinement and movement of charged particles in plasma. While
the movement of neutral gas particles can be described as a never ending billiard game,
movement of charged particles in magnetic fields is far from everyday experience. Since
much of the evaluation in this thesis is based on details within plasma particle movement,
the first section will provide a quite extensive review. The covered theory can be found in
[26], if not stated otherwise.

Thereafter the focus is on plasma-wall interaction (PWI): plasma and wall interact and
influence each other, with both positive and negative effects. In the attempt to control the
negative effects, a few techniques have been developed in order to study and suppress them.
PWI effects and controlling techniques will be explained, also with focus on the TEXTOR
tokamak.

In the last section, the TEXTOR tokamak itself will be described. Since samples from
all over the whole machine were evaluated, understanding the geometry is essential to
combine different results like puzzle bits to a whole picture. Also here we will focus on
details, which will become important in the results chapter.

2.1 Particle motion in magnetic confinement

If a particle is electrically charged, e.g. by ionisation, its motion is considerably influenced
by a magnetic field. The field exerts a constant force on the particle which is perpendicular
to its motion – the particle is continuously dragged aside, perpetually flying a curve which
eventually becomes a closed circle. Secondly, the force is not only perpendicular to the
particle motion, but also perpendicular to the magnetic field lines inflicting the particle.
Hence the particle is spun around the magnetic field like a wheel around its axis, see Figure

23
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2.1. This force, called Lorentz force (~FL), is expressed as

~FL = q · ~v × ~B, (2.1)

where q is the charge of the particle, ~v is the vector of motion, and ~B is the magnetic field
vector. Since the force only acts perpendicular to the magnetic field and the velocity per-
pendicular to the magnetic field, we can separate the particle motion into two components:
a rotating motion perpendicular to the magnetic field line, called gyro motion or gyration,
and an unperturbed motion parallel to the field line. Together they resemble a trajectory
with the form of a helix, see top in Figure 2.1. The faster particles move along the field,
i.e. the larger the parallel velocity, the more elongated the helix.

The Lorentz force plays the role of a centripetal force, and equating these two lead to the
expression of the gyro motion radius, i.e. the radius of the helix and the angular frequency
of the revolution around the magnetic field line, called gyro frequency:

rg =
m · v⊥
|q| ·B

, (2.2)

ω =
v⊥
rg

=
q ·B
m

. (2.3)

Here,m is the mass of the particle, v⊥ is the velocity perpendicular to the magnetic fieldB,
and the charge of the particle q. Vector signs have been omitted since ~v× ~B points along the
direction of ~rg . In the upper equation, the absolute value of q is taken into account because
otherwise one would obtain negative radii for electrons, which is unphysical. In the second
equation however, negative frequencies can occur, which simply means that the gyration
can take place either clockwise or counter-clockwise. On top of this helical movement,
further effects come into play when taking other particles and forces into account which
will be described in the following section.

2.1.1 Transport along field lines

Due to the nature of the Lorentz force, charged particles can move freely along magnetic
field lines, but are restricted in moving across them. (This statement will be reviewed in
the following sections.) Transport along the magnetic field lines occurs in an unperturbed
way, just as if no field was present. Also any other forces pointing parallel to the magnetic
field inflict the particle movement as if it were free. One such force can be due to energetic
particle collisions from Neutral Beam Injection (NBI), which induces a rotation in the
plasma in direction of injection [27]. This bulk rotation is much weaker but still present in
the outermost plasma parts and thus influence impurity migration [28, 29].

Particles move along field lines with a speed of many thousand meters per second, up
to one million meters per second for fusion relevant conditions (equation 1.3-7 in [7]),
according to:

v =

√
2kB · T
m

. (2.4)
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Figure 2.1: Top: Lorentz force leading to circular motion around field lines (left), but free
motion along them (centre), resulting in a helical movement (right). Bottom: schemat-
ics of uncharged particle motion in an ideal gas (left) compared to particle motion in a
magnetised plasma (right).

where kB is the Boltzmann constant, T is the particle temperature, and m is the particle
mass. However, they also interact with other charged particles, ions and electrons, via
Coulomb collisions. In fact, Coulomb collisions are the most common interaction pro-
cess also in tokamak plasmas [26]. The collision frequency ν indicates how often these
collisions occur per second. Collision frequencies between two electrons (ee), between
electrons colliding with ions (ei), between two ions (ii), and between ions colliding with
electrons (ie) can be ordered as:

νee ∼ νei ∼
√
mi

me
νii ∼

mi

me
νie, or (2.5)

τee ∼ τei < τii < τie, (2.6)

according to equation 9.53 in [26]. Such collisions lead to particles changing field lines,
with trajectories resembling a helix patchwork, see bottom of Figure 2.1. On greater scale
we do not see such trajectories directly, but we see diffusion as a result.
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2.1.2 Transport across field lines: diffusion

If a large set of particles is released at one position, they will spread out due to collisions
and develop a Gaussian distribution due to this “random walk” [30]. Such a random walk
can happen pretty fast: within the hot plasma the collision frequency ν is about 104 s−1 for
a collision between electrons or between an electron and an ion, while it is about 102 s−1

for an ion-ion collision. The impact of frequent collisions on a large ensemble of particles
can be treated like a diffusion process, and are then described by Fick’s Law:

v⊥n = D⊥
∂n

∂r
(2.7)

with v⊥ being the cross-field diffusion velocity, n being the particle density, and D⊥ being
the diffusion coefficient perpendicular to the magnetic field. The particles diffusing from
the main plasma across the LCFS into the SOL move quickly along the field lines towards
the PFCs, yielding an exponential decay of particle density in the SOL for limiter plasmas
[31]. Impact of diffusion on particle migration in the SOL plasma is studied with the ERO
code (Section 3.8.1) in Paper I.

A similar process may happen on PFCs when wall particles get eroded, return back to
the surface within one gyro orbit and get re-eroded again. Only here the random walk and
hence the diffusion would take place along the plasma-facing surface. One can derive a
diffusion coefficient D for random walk processes, with

D ∼ ∆L2

∆t
, (2.8)

with ∆L being the typical step length of a random walk and ∆t being the typical duration
of such a random walk step. A diffusion approach with

DPFC ∼ r2g · fero (2.9)

can be used to compare impurity migration along the surface of PFCs with random walk
motion, occurring with an “erosion frequency” fero. Formula 2.9 will be used to describe
impurity migration along PFCs via so called erosion-re–deposition steps as first suggested
in [32], which will be explained later (Section 2.2.2).

2.1.3 Transport across field lines: drifts

In the previous section it was learned that in the presence of magnetic fields charged par-
ticles can only move along them in a free manner while they cannot slide past them. This
confinement to a single magnetic field line has to be revised in more detail.

Under circumstances discussed above, a charged particle with charge q and mass m in a
uniform and static magnetic field ~B obeys the following equation of motion:

m
d

dt
~v = q · ~v × ~B. (2.10)
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Let us now decompose the particle velocity in a component along ~B and perpendicular to
~B as ~v = ~v‖+~v⊥. Furthermore, let us recall the vector triple product with (~v× ~B)× ~B =

(~v · ~B) ~B − B2 · ~v = −B2~v⊥. The equation of motion 2.10 can now be multiplied with
× ~B. For ~v⊥ this yields

m
d

dt
~v⊥ × ~B = −~v⊥qB2 (2.11)

1

ω

d

dt
~v⊥ ×

~B

B
= −~v⊥ (2.12)

with ω being the gyro frequency from 2.3. This is the unperturbed gyro motion as we know
it. If we now add any other force ~F to it, one obtains instead:

m
d

dt
~v⊥ × ~B = −q~v⊥B2 + ~F × ~B (2.13)

1

ω

d

dt
~v⊥ ×

~B

B
= −~v⊥ +

~F × ~B

qB2
. (2.14)

The last term in equation 2.14 has the dimension of a velocity and is the drift velocity
associated with the force ~F . It points perpendicular to ~B and ~F . Such drifts occur for
any force ~F ⊥ ~B and are capable to carry particles across magnetic field lines, see left in
Figure 2.2. These drifts are:

• ~E× ~B drift. When an electric field is not parallel to the magnetic field, it will create a
drift for ~F = q ~E⊥. The drift is perpendicular both to ~E and ~B, hence its name. The
electric field accelerates the charged particle while traversing one half of its gyro
orbit and decelerates it during the other half; the gyro orbit does hence not close
exactly upon itself and leads to a displacement for each gyration. An electric field
can arise either near to a PFC or due to charge separation by plasma fluctuations.
It has the same direction and magnitude for electrons and ions. The ~E × ~B drift is
usually the strongest drift in a tokamak and influences particle transport close to a
PFC [33, 29].

• grad(B) drift. Previously the magnetic field was set to be uniform. In case it is not
a drift will occur since small variations of field strength inflict the gyro radius and
hence a gyro orbit will not exactly close upon itself. This is the case in any tokamak
since the magnetic field is stronger on the inboard side than on the outboard side.
The grad(B) drift is often described together with the curvature drift which occurs
for geometrical reasons, but which also leads to magnetic field variations. Both point
in the same direction, but while the grad(B) drift roots in field variations within one
gyro orbit and depends on the velocity perpendicular to ~B, the curvature drift results
from the bend of the magnetic field lines and consequently depends on the velocity
parallel to ~B.

• Polarisation drift. This drift arises in case the electric field varies over time. Then
the ~E× ~B drift is not constant any more but varies as well, and the polarisation drift
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Figure 2.2: Left: A force towards the left perturbs the gyro orbit and leads to a downward
drift. Right: A poloidal cut of a limiter tokamak like TEXTOR, displaying the variety of
drifts and motions - ~E × ~B drift (black), grad(B) and curvature drift (blue - electrons, red
- ions), transport along field lines (white), diffusion (light green, outward), and convection
(dark green). Please note that even this set is incomplete.

generating force is ~F = m~̇v~E× ~B . Hence the polarisation drift is a second order drift
of the ~E× ~B drift. One consequence is that it is much smaller, but on the other hand
it points along the generating electric field, i.e. perpendicular to the ~E × ~B drift.

All these drifts add to the generally complicated transport of particles in a tokamak, see
right in Figure 2.2. Fortunately, it is often enough to focus on the strongest drift, the ~E× ~B
drift. In TEXTOR with circular plasma and PFCs parallel to the LCFS they will be both
regarded as purely poloidal.

2.2 Plasma-wall interaction

The interaction between plasma and wall, PWI, consists of many different processes. Some
of them are needed for fusion power generation, others are detrimental to the machine. The
problem is that PWI is not a simple optimisation process and benefits are tightly connected
to drawbacks. Both have to be compromised to some extend in current devices. Compre-
hensive literature coverage on this topic can be found for instance in [17, 34].

Ions and electrons leave the plasma, or more physically speaking they cross the LCFS.
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Behind the LCFS, the field lines are open and connect to the walls. The particles are
now in the plasma that is exhausted to the wall, scraped off the main plasma, and form
the SOL. The SOL plasma is much colder and less dense than the main plasma, but its
properties have great influence on PWI, which will be specified in the following section.
After traversing the SOL, the plasma particles strike the wall and triggers a range of effects
described in the section thereafter.

2.2.1 The SOL plasma

In the centre of a fusion plasma, particles have usually kinetic energies in the keV range.
Towards the LCFS, particle energies decrease to about 100 eV [35]. This is still very high
when compared to the cold wall of a fusion machine – its temperature corresponds to about
0,1 eV (around 1000◦C). On the way from central plasma to the wall, particles have to
traverse the SOL. Depending on how the machine is operated, see Sec. 2.3.3, particles
may cool down further before reaching the wall. If the particles do hardly collide with
each other on their way to the wall, they fall freely along the field lines and enter the De-
bye sheath, a very thin region in font of all PFCs (described in the next paragraph), with
the speed of sound. This is termed the “sheath limited regime” in divertor physics. If the
particles collide with each other in the order of tens of times before reaching the wall, they
slow down each other by these collisions. Temperature is now conducted from particle
to particle and a considerable temperature gradient develops from 100 eV at the LCFS
down to tens of eV at the wall, hence the name “conduction limited regime”. Finally, if
collisions happen so often that the temperature at the wall is in eV range only, ions and
electrons recombine to neutral atoms. The particle flux from the plasma to the wall ends in
front of the PFCs in a cloud of neutral particles. Not even the SOL plasma is connected to
the walls any more, and the phenomenon is thus called “detached regime”, see Figure 2.3.
Limiters operate mostly in the sheath limited regime [35].

Right in front of any solid obstacle immersed in plasma, a so called Debye sheath de-
velops: Electrons are much faster than ions and “rush ahead” to the obstacle, charging it
negatively; the resulting electric field repels electrons and attracts ions, thereby establish-
ing an electron depleted region, the Debye sheath. Such a sheath is present in front of any
PFC, extending about 1 mm into the plasma for shallow incidence angles [31]. It acceler-
ates the ions straight to the PFCs due to the electric field, which is a disadvantageous but
unavoidable feature in plasma physics, see Figure 2.3.

Plasma particles impinge on the wall and deposit their energy – partially residual en-
ergy from the plasma, partially gained by acceleration in the Debye sheath. The impact of
energetic particles can cause damage and erosion of the PFC surface, see Sec. 2.2.2. What
follows is the release of neutral particles back to the plasma, both reflected plasma particles
and eroded impurities from the wall. In case of neutralised plasma species the process is
called “recycling” [31]. Depending on the aforementioned SOL regimes, the results for the
fusion plasma range from detrimental to beneficial.

• If collisions are rare in the SOL, particles crossing the LCFS are quickly transported
towards the PFCs. Their impact energy is hardly moderated during their travel and
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Figure 2.3: Top: Different SOL regimes - sheath limited regime, conduction limited regime
and detached regime. Bottom left: Principle of the Debye sheath, exemplary with orthog-
onally intercepting PFC, the sheath potential U plus the ion and electron densities nI and
ne. Bottom right: Much more realistic is the impact at grazing incidence, which perturbs
especially the ion paths due to their long residence time within the sheath potential.

hence they can deal great damage upon impact. Eroded particles can cross the LCFS
and end up in the main plasma before getting ionised, and the main plasma will be
cooled. Additionally, impurity particles are now beyond the LCFS and can radiate
away more energy by line radiation. Such a problem is typical for limiter plasmas
[35], and hence divertors are favoured in nowadays machines.

• If collisions occur regularly in the SOL, the cold particles coming from the wall get
energy from the hot particles coming from the plasma. In such way, the SOL works
as a heat exchanger for both the wall’s and the plasma’s benefit. There is also a
slight chance that impurities on the way “up” towards the plasma will return before
crossing the LCFS, again to the plasma’s benefit.

• If collisions are very frequent in the SOL, many particles coming from the wall
are trapped near the wall because the inflowing plasma particles throw them back.
The heat of the plasma particles is now dumped in a gas cushion of only a few eV
temperature but high density (with respect to the normal SOL density). Low particle
energy means also low velocity, and hence a higher residual time close to the wall
from where particles can be pumped out. Under such circumstances the helium “ash”
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can be extracted more easily.

In any SOL regime particles follow along open field lines and are thereby exhausted from
the SOL to the tokamak wall. After contact with the wall, a particle often starts as neu-
tral. If it is ionised before reaching a closed field line, it will be rapidly “flushed down”
along open field lines in the SOL back onto a PFC. This combination of processes is called
“screening” [17].

2.2.2 The wall

All energy, inserted from outside or gained from fusion reactions, must leave via the wall.
The energy transport happens either via impinging particles – ions, electrons, neutrals,
neutrons – or photons radiated from the plasma. Depending on how much energy is trans-
ported by which means, certain materials perform better than others. Hence the question,
which material is best for PFC fabrication, does not have a clear answer. Table 2.1 gives
an overview about how the most common PFMs in today’s tokamaks – beryllium, carbon
and tungsten – perform for different PWI processes [25]. The processes themselves are
explained in the following; Figure 2.4 schematically illustrates them.

• Common for low impact energy [36] is the case of reflection: an incoming ion is
reflected from the surface, but it is neutralised in the process. Hence any solid object
is a plasma sink.

• In the case of sputtering, an energetic ion impinges on the wall and creates a colli-
sion cascade of knock-on atoms. If one such knock-on atom happens to sit near the
surface, i.e. within the first few atom layers, and the energy transferred to it exceeds
the surface binding energy, it is released from the surface. Sputtering occurs for all
projectile-target combinations above a certain threshold energy [37, 38]. As a rule of
thumb: the lighter and slower the projectile and the heavier the target, the lower the
sputtering yield.

• Chemical erosion takes place only for certain projectile-target combinations and es-
pecially for low energies. Examples are volatile hydrocarbon formation between hy-
drogen isotopes and carbon PFCs [39], and volatile oxide formation between oxygen
and carbon or tungsten [40, 41]. Volatile hydrocarbon formation is a severe problem
for the tritium balance in a fusion power plant and a show stopper for carbon as PFC
in future fusion devices. Oxygen facilitating erosion of tungsten is a concern in case
of vessel leakage, but it does not outrun the benefits of using tungsten as PFC.

• For highly energetic projectiles, implantation is more likely than sputtering. The
target is slowly doped with such projectiles over time. If the dopant can diffuse
in the host atomic lattice, it may accumulate at grain boundaries and weaken the
structural strength of the wall.
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• If the heat cannot be dissipated quickly enough, melting and splashing will occur
[42]. Molten PFCs will lose their optimised shape and may start an avalanche of
subsequent failures from neighbouring PFCs, which become overly exposed in their
flanks. Molten droplets can be ejected into the plasma and start radiating away heat.
In case of tungsten, even very small droplets can terminate a plasma – about 1017

particles or 1, 5 · 10−6cm−3 for ITER – eventually with severe consequences for
large machines. Melting can be created by very high heat fluxes in case of plasma
instabilities, or in case of cooling failure during normal operation. For even higher
heat loads, boiling and evaporation can occur.

• Cracking of PFC surfaces or whole PFC elements is an obvious deterioration of
the wall [43, 44]. Cracking occurs due to stress, which can have several reasons.
Wall parts in tokamaks are often made of different materials with different thermal
expansion coefficients; heating by plasma impact can lead to cracks due to asym-
metric heating (i.e. just parts of PFCs) or a very high temperature increase (thermal
shock). Cracks can be very small and shallow (micro cracks) and hence be of no im-
portance, or they can create big cleavages leading to whole component failure. As a
side effect, cracking produces small fragments at the breaking edge, which can be re-
leased as dust into the plasma. Cracking is an issue for brittle materials like tungsten.

For carbon a special kind of cracking exists, namely brittle destruction. This pro-
cess describes the erosion of carbon grains under very high heat fluxes at substrate
temperatures of around 2500◦C and hence below the sublimation threshold [25, 45].

• Deposition of once eroded particles sometimes covers the surface of a PFC with
a mixed material layer of all elements present in the plasma [46, 47, 48]. This de-
posited material mix has even its own name: “tokamakium”. This tokamakium has
in most cases worse material properties than the original PFCs, and can be easily
eroded again, polluting the plasma. Otherwise it may build up thick layers that flake
and peel off, either due to mechanical stress caused by thermal load, or vibration
of the machine. The result is dust formation, with similar impact on the plasma as
droplets.
One can differentiate deposition further into re-deposition, denoting deposition of
particles eroded nearby, co-deposition, describing simultaneous deposition of at
least two elements into one layer, and fuel retention, ascribed to deuterium and
tritium co-deposited and hence stored away from the plasma.
Another special case is prompt re-deposition, meaning the deposition of an eroded
particle within one gyro radius. Such a mechanism is only possible, if the mean
ionisation length near the particle origin is shorter than the gyro radius. This is the
case especially for heavy species like tungsten [32].

Deposition and erosion in combination can lead to stepwise movement of impurities over
the surface. Such a multistep transport along the surface has been proposed in [32] and
would lead to broadened deposition profiles, describable by “diffusion” along the PFC



2.2. PLASMA-WALL INTERACTION 33

Figure 2.4: Wall erosion processes - from the top left to the bottom right: reflection, sput-
tering, chemical erosion, implantation, melting and droplet ejection, cracking and shard
ejection/brittle destruction (carbon), deposition, deposited layer flaking.

surface. Finally, for deposition of heavier impurities on a lighter substrate, enhanced re-
erosion yields of those impurities can be expected according to [49].

Besides the direct impact of plasma particles on the wall, there are also indirect effects of
the fusion plasma due to the irradiation by neutrons. Neutrons are not a plasma constituent
but a product of fusion, and necessary in D-T fusion for producing tritium and energy.
Nevertheless, a whole range of disastrous effects follows neutron irradiation, increasing
with the amount of displacements per atom (dpa).

• One of the most prominent effects of neutron irradiation is transmutation, which is
a nuclear reaction. It is boon and bane at the same time. Transmutation by neutrons is
necessary to breed the instable fuel constituent tritium from lithium via the reactions
[1]

6Li+ n → 4He(2, 05MeV ) + T (2, 73MeV )
7Li+ n → 4He+ T + n− 2, 47MeV
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including neutron multiplication via lead or beryllium. Any other transmutation
process is unwanted because it turns e.g. a pure metal into an alloy, resulting in
degraded material properties. These transmutation products are often radioactive
and the mechanism is thus called activation.

• Many metals suffer from radiation induced embrittlement because of perpetual dis-
location of atoms in the lattice, creating defects and weakening the overall material.
Especially for tungsten this is a huge problem since it is already very brittle, becom-
ing only ductile above a certain temperature, the ductile-to-brittle transition temper-
ature (DBTT). Neutron irradiation raises the DBTT, decreasing the chances to make
tungsten ductile under fusion reactor conditions.

• Swelling can also occur in metals due to gas formation, mostly in lighter metals
like e.g. beryllium, which is foreseen as wall material for less heat exposed areas.
Here, helium gas is produced by transmutation and subsequent alpha decay, which
slowly inflates the material. The reverse effect, shrinkage, is seen for carbon fibre
composites [50].

• Due to radiation damage, a degradation of key properties can occur. In carbon
the effect caused a reduction of heat conductivity by one order of magnitude for
only small doses [25]. In optical fibres, radiation darkening sets in and makes them
unavailable to their task.

Radiation damage by ions and neutrons as well as diffusion in metals and alloys is exten-
sively treated in [51]. A comprehensive “wish list” results from all aforementioned nega-
tive effects. Unfortunately, no material has been found to fulfil it completely. It is therefore
clear that certain techniques have to be developed in order to protect the wall from all too
harsh conditions. Some of them have been already indicated and will be elaborated in the
following section.

2.3 Tailoring techniques

PFCs are not homogeneously influenced by plasma impact. Parts of them experience high
heat and particle loads for most of the time, others are exposed only for fractions of sec-
onds during the beginning and end of the plasma pulse. This section is dedicated to the
high heat flux (HHF) areas of the PFCs, which suffer most from PWI. In order to avoid
strong erosion in those HHF areas, it is not enough to choose the right material. Additional
techniques have to be used to mitigate high loads, be it on the main limiter of a limiter
machine, or be it in the strike-point area of a divertor machine, which is where most of the
plasma impacts on a tiny area.

Let us consider the next step fusion device, the International Thermonuclear Experi-
mental Reactor (ITER), as an example. The SOL output power will be about 100 MW in
steady state [52, 22], coming down on an area of about 2 m2 [52]. This gives on average a
heat flux of 50 MWm−2, enough to destroy any PFC within seconds. On parts of PFCs,
e.g. leading edges, the values can reach multiples of that number [31].
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The immediate idea is active cooling of the wall by water streaming through cooling
pipes. Although cooling will be very important to remove heat, the heat conduction from
the plasma wetted areas to the cooling pipes is too slow and hence insufficient, if used
alone. We must be a step ahead of the plasma and prevent it from heating the wall in the
first place.

2.3.1 Orientation

One possibility to reduce the heat flux is to increase the plasma wetted area by orientation:
The idea is to reduce the power load per area by increasing the plasma wetted area through
tilting. The heat flux on a wall element is then reduced by a factor of sin (β) with β being
the angle of incidence (β = 90◦ is head-on):

qPFC = q90◦ · sin (β), (2.15)

with qPFC as heat flux on the PFC and q90◦ the would-be head-on heat flux [35], see Figure
2.5. In principle, β can be made very small in order to reduce the heat flux, e.g. by rounding
PFCs or adapting their form to the plasma. In reality there is a limit where tilting does not
lead to further reduction of q, namely at around one degree [53]. The reason is that under
such shallow angles the thickness of the Debye sheath becomes noticeable: its electric
potential starts to influence the ion paths. Consequently one talks about a pre-sheath [31].

2.3.2 Shaping

Much effort is invested into the correct shaping of PFCs. PFCs are sectioned, i.e. they do
not have a flat surface but consist of many individual surfaces with gaps in between. Such
a configuration is necessary in order to allow thermal expansion and diminish cracking of
brittle PFMs [54, 55]. Furthermore, thermal heat shocks can lead to strong internal stresses
and break a PFC. As a consequence almost all PFCs, limiters and divertors, are made out
of tiles or “bricks” arranged to modules, where punctual failure leads only to destruction of
a single tile instead of a whole module. Those tiles can be further sub-sectioned by small
gaps, one then speaks of "castellation".

The drawback with such a castellation is that it introduces leading edges at the castel-
lation gaps. At such gaps of the castellation, the magnetic field lines can strike not only
the upper side of a PFC, but also its side surface, resulting in hot spots, see Figure 2.5.
In future fusion machines, these leading edges must be avoided on the metal PFCs since
they can melt and eject droplets into the plasma. Additionally, molten material can fill the
gaps and render the castellated structure useless. Therefore, especially for high heat flux
regions, PFCs are designed in a scrupulous manner.

2.3.3 Shielding and edge gas seeding

As described in Section 2.2.1 it is possible to cool down plasma particles on their way
down to the PFC by collision with colder particles. These colder particles can in principle
be other plasma particles, which were already reflected at the PFC and are on the way back



2.3. TAILORING TECHNIQUES 37

Figure 2.5: Top: Tilting the PFC with respect to the magnetic field lines (dashed) reduces
the heat flux by a geometric factor of sin (β). Bottom left: Shaping helps to avoid local
hot spots due to inhomogeneous heat loads, e.g. at edges. Bottom right: Edge gas seeding
helps to introduce a density gradient and enter (semi-)detached regime, see also section
2.2.1.

into the plasma as neutrals, or eroded wall particles hovering above its source. In most
cases however, “recycled” plasma particles are not enough to establish a detached regime
for good PFC protection, and only for low-Z elements like carbon or beryllium the eroded
particles are enough to shield their PFCs [17]. For future machines where tungsten is used
in HHF areas, erosion of tungsten is not an option due to its strong plasma “poisoning”,
see Table 2.1. In that case, gas from outside must be “seeded” into the SOL near the
HHF areas to work as a buffer between the hot incoming plasma particles and the cold
PFC, see bottom right in Figure 2.5. The seeding gas itself gets at least partially heated
and ionised in the process. Therefore, the seeding gas must be inert in order to prevent
chemical erosion. One possible seeding gases is nitrogen, which has been investigated in
several machines [56, 57, 58]. Its transport and deposition on PFCs have been studied as
well in this thesis as a side experiment. Other good candidates for seeding gases are noble
gases [59], currently under investigation in the JET tokamak and elsewhere [60, 61, 62].
Negative effects due to edge gas seeding are recycling, making gas pressure control in a
tokamak difficult, ammonia formation in the case of nitrogen, gas handling in the tritium
facility of a fusion reactor, and co-deposition on PFCs [63].

2.3.4 Boronisation and Siliconisation

Especially for carbon machines, chemical erosion leads to plasma pollution by eroded
carbon. Since carbon is a light element this effect is not as severe as for metal machines,
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but in either case a clean plasma with only hydrogen is the desired state. To diminish
the chemical erosion of carbon, coating of carbon with chemically less active materials is
performed between experiments. One of the most applied methods is boronisation: boron
containing gas, often diborane, is inserted into the vessel together with helium as carrier
gas and a glow discharge is initiated, using the tokamak wall as a cathode attracting the
boron ions. The boron reacts with the carbon to form stable bonds, which are less prone to
form chemical erosion by hydrogen than pure carbon. Another positive side effect of boron
deposition is its capability as oxygen getter, thus improving the vacuum and plasma purity
further. Boronisation is also used in metal wall machines, e.g. ASDEX Upgrade (AUG)
with a pure tungsten wall [64, 65], in order to reduce the metallic impurities in the plasma,
which could potentially radiate away much heat by line radiation.

Siliconisation is employed mostly in the same way as boronisation. Only here, silicon
is used instead of boron, with mostly the same benefits as for boron: chemical stability of
the SiC bonds and oxygen gettering capability. Since silicon is heavier than both boron
and carbon, sputtering preferentially removes the lighter elements and enriches the surface
with silicon. If all carbon is eroded from the surface and only silicon is left, no further
chemical erosion of the carbon substrate below takes place.

A comprehensive review on boronisation and siliconisation, amongst others, is given in
[66]. Both techniques have been extensively studied and used in TEXTOR, leaving their
marks on the analysed samples as will be seen later.

2.3.5 Baking and glow discharge cleaning

There are many more conditioning techniques than what can be mentioned in the scope
of this thesis. A comprehensive review is given in [66]. However, two more techniques
need to be mentioned, which are standard procedures in tokamaks and were used during
the last experiment in TEXTOR: baking and glow discharge cleaning. Gases can stick to
a wall and only become gradually released, which makes it difficult to get good vacuum
conditions and to control gas amounts in the vessel during discharges. Heating the vessel
walls to hundreds of degrees, called “baking”, purges gases from the wall and subsequently
improves vacuum conditions. Clean vacuum in turn can lead to cleaner plasma with less
radiation loss.

Another procedure to clean the wall surface between two plasma discharges is glow
discharge cleaning. Dedicated antennae at the vessel wall produce a glow discharge that
accelerate plasma particles to the wall, just as for boronisation or siliconisation. In con-
trary to those techniques, one does not want to coat the wall but instead release volatile
compounds, like gas particles, under impact. It is therefore desirable to have an inert gas:
helium is most often used.

2.4 TEXTOR

The TEXTOR tokamak was commissioned 1983 as a medium sized machine dedicated to
PWI studies. It was a limiter machine with carbon limiters for most of its lifetime, see
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photography in Figure 2.6. The layout of TEXTOR changed several times throughout its
30 years of operation. In the first three years, TEXTOR was operated with metal PFCs,
carbon coated metal PFCs, and with carbon-only PFCs [67, 68]. A then new concept, the
pump limiter, was tested as well in the early years of TEXTOR, the Advanced Limiter Test
1 (ALTI). The pump limiter should increase plasma performance by immediately pumping
out the species neutralised at its surface, and was at that time considered as “only alternative
to magnetic divertors” [69]. First experiments with field line ergodisation were performed
as well. The idea was to weaken the confinement and enter the more favourable collisional
regime by perturbing the outermost magnetic flux surfaces [70]. TEXTOR was upgraded
with a new belt limiter in 1987, the ALTII [71]. After two more major upgrades 1994 and
2003, the plasma discharge time was increased to 10 s thanks to a new transformer, and
an dynamic ergodic divertor (DED) was installed on the inboard side [72]. The DED was
then used for field line ergodisation to control PWI and instabilities in the plasma. It was
shielded by a carbon tile cladding, the inner bumper limiter.

At the time of the experiment described in this thesis, the most important limiter was the
movable ALTII, which defined the plasma radius. Second in importance came the inner
bumper limiter, covering the inner third of the torus with graphite tiles in order to protect
the DED system. The poloidal limiter played only a minor role in the last experiment,
being retracted 2 cm behind the LFCS and hence far from the plasma. However, in previ-
ous experiments it was used frequently for PFM testing, which could be seen in the results
obtained in this thesis. All TEXTOR PFCs are displayed in Figure 2.6 (middle).

A small experimental PFC, yet very important in many experiments such as the one in
this thesis, was the test limiter with injection system: It was a roof-shaped graphite block
with an internal channel that could be connected to a gas injection system located below
TEXTOR. Through this limiter, any gas of interest could be injected into the plasma edge
during a discharge, while a nearby diagnostic monitored it [73]. It was used to insert MoF6

for the transport studies, which comprise the major subject of this thesis. Other gas in-
jectors were available at other locations. One of them was used for injecting 15N2 for a
seeding gas experiment during the discharge.

Important sub-systems for the experiment described here were: neutral beam injection
(NBI) [74], ion cyclotron resonance heating (ICRH) antennae [75], glow discharge an-
tennae, and the collector probe [76]. NBI is used for heating and fuelling the plasma via
injection of energetic neutral beams. In TEXTOR there were two injectors, one in either
toroidal direction. ICRH is another plasma heating method, which utilises electromag-
netic waves to transfer energy to the gyration motion of plasma particles. Glow discharges
are used to purge gaseous impurities from the wall, see 2.3.5. The reciprocating probe in
TEXTOR was used to catch impurities in the plasma edge on little deposition pieces for
discharge-resolved evaluation outside the vessel.

Finally, a recessed wall made of Inconel 625 was mounted between the PFCs and the
vacuum vessel. Although being always around 7-9 cm away from the plasma, this so
called liner was in use from 1987 till 2013, 26 years in total. During that time, it was
subject to cyclic heating up to 350◦C [77], stress due to thermal expansion and forces on
the structure, energetic particle impact from both deuterium and cleaning plasmas (though
to a lesser amount than the PFCs), and deposition from wall conditioning and tracer exper-
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iments.

2.4.1 TEXTOR PFCs: build-up and geometry

The TEXTOR geometry together with poloidal drifts will serve as a basis to later interpret
the deposition results and draw conclusions about high-Z transport.

We begin locally at the injection point. The test limiter had the shape of a single roof
with its tip at r = 47, 5 cm and 20◦ inclination towards the plasma current direction. It
featured a channel through which gas could be inserted from a gas reservoir with calibrated
volume and pressure gauge. The inlet into the vessel was at r = 49, 3 cm. The system is
described in detail in [78], while Figure 1 and 2 in Paper II display the test limiter geometry.
On top of the test limiter was a plate of smooth graphite, called “collector plate” because all
locally deposited particles should be collected on it. Situated at the vessel bottom between
Blades 5 and 6 of ALTII, the test limiter marks position 0◦ for the toroidal direction.

The main PFC, the ALTII limiter was segmented in eight “blades” along the toroidal
circumference and 45◦ below the outer equatorial plane, see red arrow in the middle of
Figure 2.6. The blades themselves featured 28 tiles each, mounted in two rows of 14
carbon tiles on an Inconel carrier. All tiles except the corner tiles were made from fine
grain isotropic graphite (IG-430U), and shaped in a way that the magnetic field lines hit
the surface in a grazing incidence of ca. 1◦, trying to avoid inhomogeneous distribution
of heat flux [79]. The overall plasma wetted area was about 3,4 m2. The ALTII limiter
was a pumped limiter [80], with sharp leading edges at the toroidal ends of each blade.
For this reason the corner tiles on each limiter side were made from felt type carbon-
carbon composite (CX-2002U) with better thermal conductivity. Below the limiters were
pump ducts to exhaust scraped-off plasma by first neutralising it on carbon neutraliser
plates, and then by removing the now neutral particles via getter pumps and turbomolecular
pumps [81]. For the experiment in this thesis the ALTII blades defined the plasma radius
at a = 46 cm.

The inner bumper limiter (IBL), or in short simply bumper limiter, consists of 64 rows
á 10 tiles and is further away from the plasma than the ALTII limiter. Its curvature radius
is 49 cm and hence bigger than the plasma radius. It covered 8,7 m2, i.e. 2, 5× the area
of the main PFC. In case the plasma centre is not aligned with the geometric centre of the
IBL, see bottom of Figure 2.6, this leads to a mismatch in poloidal and radial positions.
When particles follow the toroidal and poloidal directions according to motion along field
lines and drift directions, the centre of reference is the plasma centre, ⊕ in bottom Figure
2.6. However, when mapping the PFC positions the centre of reference is the centre of the
vessel, ⊗ in bottom Figure 2.5. To calculate the radial distance between plasma centre and
IBL, r(θ), one can employ the cosine rule from basic trigonometry and obtain:

r(θ) =
√

∆2 + b2 + 2∆b · cos (θ) (2.16)

with ∆ as distance between the two centres of reference, b as (poloidal) curvature radius
of the IBL and θ as poloidal position with θ = 0◦ at the outer equatorial plane. The IBL
served as a shield for the dynamic ergodic divertor (DED). The DED was not active during
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Figure 2.6: Top: wide-angle photography of TEXTOR interior from the manhole (photo-
graph made by Harry Reimer). Middle: schematic drawing of TEXTOR PFCs with ALTII
limiter (grey), IBL (blue), poloidal limiter (green), test limiter (orange), collector probe
(brown). Bottom: schematic poloidal cut at the test limiter position.
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the experiment in this thesis. As deposition area the IBL plays a major role despite its
distance from the plasma due to its large surface area of 8,7 m2. Since it had not been
examined in detail before, it was a main target area to look for deposition.

The poloidal limiter at top and bottom of the vessel was made of five graphite half
cylinders each. Situated at r = 48 cm further away from the test limiter and with its small
surface area it was of only minor importance for molybdenum transport. However, analysis
along its surface yielded radial information about impurity distribution in the SOL. When
adapting equation 2.15 to a curved surface one obtains for the impurity flux Γ towards the
poloidal limiter surface

Γ(r) = Γ(90◦) · sin
(

arccos
(r0 + κ− r

κ

))
= Γ(90◦) ·

√
1−

(r0 + κ− r
κ

)2
(2.17)

with Γ(90◦) being the head-on flux, r0 the radial position of the poloidal limiter tip, κ
being the curvature radius of the limiter half cylinder, and r as the radial position of the
flux. Integrating the flux with the total plasma discharge time during the experiment one
obtains the areal concentration of impurities.

The last diagnostic of interest was a collector probe, inserting graphite pieces into the
SOL to catch impurities at radial positions between 49 cm and 54 cm, with exposure times
ranging from 0,5 s up to 3,5 s. The probe tip itself was at r = 48 cm. The probe entered
the vessel above ALT blade 3 on the equatorial plane at an angle of 80◦ towards the plasma
current direction.

2.4.2 TEXTOR liner

TEXTOR featured an Inconel 625 shell, the liner, between PFCs and vacuum vessel. The
liner served as support structure for the ALTII limiter and was theoretically heatable up
to 500◦ C [77, 82]. Regular baking was performed up to 350◦ C. Its major and minor
radii were 175 cm and 54, 6 cm, respectively, with a thickness of 1 mm. Access ports
of the vacuum vessel had their counterparts also in the liner, hence it was perforated with
feedthroughs. During its 26 years of duty it was heated regularly for baking, endured
particle bombardment from cleaning plasmas and energetic neutrals, and was coated just
as the PFCs via siliconisation and boronisation. Previous liner studies had been mainly
focused on the question whether it was a particle source or sink, see e.g. [83, 84], while
in this thesis the liner served as a remote long-term steel component (remote from the
perspective of the plasma). As such it represented non-PFC steel components in future
fusion reactors, which would have to withstand cyclic heating and mechanical stresses
without failure.

Paying heed to the diverse PWI in different environments, liner samples from positions
close to several subsystems were taken. Those were near to: (i) the test limiter, (ii) the
ICRH antenna, (iii) the co-NBI port, (iv) and a glow discharge antenna. Furthermore, two
samples from remarkable spots without any nearby subsystems were taken, namely one
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with flaking green deposits and one from a region with granular appearance. It should be
noted here that every location on the liner seemed individual and hence no effort was taken
to seek for a “reference” location.





Chapter 3

Applied methods

“When you do an experiment, you ask nature a question.
The answer will always be correct – the trick is to ask the right question.”

- unknown

The research for this thesis builds upon a set of methods, which will be described in more
detail in this chapter. First focus in this thesis is on the migration of high-Z elements in
tokamaks, and the means of transport. Do these particles leave their place of origin, tra-
verse the whole plasma and settle down somewhere completely else? Do they “random
walk” across the wall in small leaps? Depending on where particles can be found, different
transport mechanisms can be suspected or excluded. Transport can be studied by introduc-
ing and tracking of non-intrinsic elements. Such experiments are called tracer experiments
and are widely used, not only in physics. The first section describes the principle of tracer
experiments. Then the TEXTOR tracer experiment is described.

Tracers must also be detectable and distinguishable from other elements in the machine.
For example, it will become clear that having a low-Z wall like carbon is very beneficial
to detect high-Z elements like molybdenum. Ion beam analysis (IBA) plays a crucial role
to obtain depth profiles for different elements and estimate their areal concentration for
later quantification. The second section introduces the IBA techniques used in the scope
of this thesis together with the laboratory where these techniques have been employed by
the author.

The third section is focused on electron beam analysis. For surface examination this
analysis is particularly helpful, providing sharp images down to the sub-micrometre scale
together with elemental composition information. With the aid of focused ion beam (FIB)
cutting, cross sections of micrometre size particles can be performed to obtain informa-
tion on surface altering especially on the liner. Another application was the study of
dust as erosion products, either from brittle destruction, peeling, cracking, or from metal
droplet formation. Further applied methods were optical microscopy, profilometry, thermal
desorption spectrometry (TDS), glow discharge optical emission spectroscopy (GDOES),
secondary ion mass spectrometry (SIMS) and mechanical testing. Finally, two codes em-

45
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ployed in the scope of this thesis will be introduced in short: the local transport code ERO
and the global transport code ASCOT.

3.1 Tracer experiments

Tracer experiments are widely used, e.g. in order to probe flow in a pipework, to follow
subterranean water, or to localise a tumour. In fusion plasma physics, tracer experiments
shall reveal how impurity particles move from one position to the other, thus enabling con-
clusions on how and where they were transported. As seen in section 2.1, there is a large
set of mechanisms, which influence particle movement in a tokamak plasma. Tokamaks
are equipped with a range of diagnostics, which sometimes can probe several plasma pa-
rameters at the same time. However, the physics variables in a fusion plasma are plentiful
as well as space- and time-dependent. It is hence difficult to extract all the necessary data
in order to determine particle transport from scratch. Furthermore, hardly any mathemati-
cal expression aiming to describe particle transport in fusion plasma properly, let alone the
interaction with matter, is analytically solvable. Codes are employed for theoretical calcu-
lations, but their capability in describing reality must be benchmarked with experimental
evidence.

3.1.1 Principle

Tracer experiments in tokamaks are conducted with the following steps: (1) identify a non-
intrinsic species (element or isotope), which renders the properties of the intrinsic species
in question and is distinguishable against any possible background – this is the tracer; (2)
set up an operation scheme and do test runs for later comparison; (3) release the tracer in
controlled and quantified amounts to the tokamak running in the planned scheme, ideally
without disturbing the plasma; (4) monitor all possible signals that could be used for later
transport studies; (5) find the tracer on exposed wall surfaces and quantify it.

The first step, identifying a tracer candidate, hinges on two questions: which impurity
species is of interest, and can it be discriminated against other species with the analysis
method(s) at hand? In tokamaks, impurity transport of interest comprises wall materials
like tungsten, carbon or beryllium, and edge seeding gases like nitrogen or noble gases.
For light elements it is feasible to inject rare isotopes, if available, in order to discrimi-
nate deliberately released tracers against “background” pollution of the same element, e.g.
15N instead of the much more common 14N. For heavier species, like tungsten, there are
many isotopes with similar occurrence. Additionally, isotope separation is costly and dis-
crimination of different isotopes is very complicated for heavier species. (Nevertheless an
experiment with enriched tungsten is currently conducted at DIII-D [85].) Hence, instead
of using another isotope of the same element, another element from the same periodic
group is used, e.g. molybdenum instead of tungsten.

Operational schemes under which the tracers are released are most often standard plas-
mas, i.e. well characterised schemes with good comparability to other machines. Since
some sub-systems of a tokamak can have strong influence on impurity transport, like cy-
clotron resonance heating or neutral beam injection (NBI), they are either switched off,
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or the injection takes place in a different part of the machine. Keeping such influences
away from the tracer source also reduces the effort in later modelling of the transport ex-
periments. However, auxiliary heating is often necessary during impurity transport exper-
iments due to line radiation induced heat loss.

The easiest way to control the tracer release, quantitatively and in time, are gas puffs
through a calibrated volume with pressure gauge. During gas puffs the response of the
plasma must be monitored to prevent violent termination of the plasma, i.e. disruptions.
Such disruptions can cause strong erosion and destroy previously established deposition
profiles.

It is easy to identify some key parameters on which transport of particles depend, like
density, temperature, diffusion coefficients, electromagnetic fields, plasma flow velocity
etc. But it is hard to estimate which parameters are definitely uninteresting for evaluation,
or for modelling purposes. It is therefore indispensable to measure as many plasma param-
eters during the experiment as possible, or to use a very well characterised scheme – this is
another reason why well known operational schemes are employed for tracer experiments.

Tracer transport can then be monitored via diagnostics in real time, by line radiation
sensitive optics, or determined by careful ex situ studies of deposited tracers to explain
transport between source (point of injection) and sink (PFCs, wall, pumps). Either method
alone would provide only an incomplete picture, hence most often in situ and ex situ meth-
ods are combined, as in this thesis.

3.1.2 Tracer experiment in TEXTOR

TEXTOR with three transfer systems for test PFC injection was the ideal machine for
tracer experiments. Tracer injection by gas puffing accompanied by modelling has been
performed since 2001 [86, 87]. The experimental goal was to determine high-Z transport
and deposition in a tokamak, quantifying locally and globally deposited amounts. Deter-
mining the globally deposited amounts is almost impossible in operating devices because
a lengthy shutdown is required to do the necessary ex situ measurements for quantification.
TEXTOR was to be decommissioned and hence the PFCs were available for an arbitrary
amount of time.

Tungsten is one of the most favoured PFMs, especially for HHF regions. Also in TEX-
TOR extensive research about tungsten had been conducted, both concerning tungsten
transport and PFC performance, see e.g. [88, 89, 90]. It was thus expected that substantial
tungsten background from previous experiments could distort results of a tracer experi-
ment, if tungsten would be used as tracer. Therefore, a surrogate, namely molybdenum,
was used. Molybdenum is in the same periodic group as tungsten and is therefore expected
to behave chemically similar, which may be important for chemical erosion effects, or
resilience against re-erosion. Although being almost half the weight of tungsten, molyb-
denum still is considerably heavier than most other species in TEXTOR, where the next
important impurity from the liner would be nickel. Molybdenum can be thus regarded as a
high-Z element, performing reasonably similar to tungsten, yet without the drawback of a
substantial background from previous experiments. There were experiments with molyb-
denum in TEXTOR before, however without direct plasma contact [29], or 16 years before
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the tracer experiment described in this thesis [91]. The liner contained molybdenum but
acted as steady, homogeneous source and could thus be accounted for.

Molybdenum was introduced in the form of a gaseous molecule, molybdenum hexafluo-
ride (MoF6), through the single-roof shaped test limiter at the bottom at the machine, which
was gas inlet LL1. The gas injection system featured a pressure gauge combined with a
calibrated volume for calculating the injected amount. A diagnostic system monitored the
injection with a spectrometer, monitoring the MoI line at 390 nm and the FII line at 402
nm. Additional 15N2 injection for gas transport from edge gas seeding was performed as
second experiment. The nitrogen seeding was performed from another location, being on
the outer equator toroidally 90◦ away from LL1. The plasma conditions were so called
standard NBI plasmas at TEXTOR, with plasma current of 350 kA and toroidal magnetic
field of 2,25 T . Discharge length was about 6,5 s. Neutral beam injection (NBI) heating
was performed during the gas injections to compensate the radiation losses resulting from
those gases. An experimental time line is shown in Figure 1 of Paper II. A collector probe
was plunged into the SOL plasma to determine the exponential e-folding length of molyb-
denum concentration therein. 31 MoF6 injections were performed during 201,5 s of total
plasma discharge to deposit a measurable amount of molybdenum on the PFCs. Overall
5, 7 · 1020 molybdenum atoms were released into TEXTOR. For details on the quantifica-
tion please see Section 2.2 in Paper II. During the experiment two disruptions took place
due to wall saturation with seeded 15N2, which then was regularly purged by glow dis-
charge cleaning. The last disruption took place eight discharges before the final shutdown.

After the final shutdown, 102 bumper limiter tiles and 38 ALTII limiter tiles were se-
lected for analysis of global deposition and fuel retention. The collector plate, i.e. the
cover on the test limiter, was removed for local deposition analysis. Seven poloidal lim-
iter stones and the carbon pieces on the collector probe were used for analysing radial
deposition profiles.

3.2 Ion beam analysis

Suitable analysis techniques for wall samples, both PFCs and other wall parts, differ de-
pending on the sample nature and the question to answer. Is it surface concentration that
is important? Does the depth profile matter? Which elements or isotopes must be probed
on which surface? Is lateral information needed? Depending on such questions, and even-
tually many more, one must choose the right tool from an extensive variety of analysis
techniques.

For this thesis, ion beam analysis was the most used method since it provides depth in-
formation with element sensitivity, in some cases even isotope sensitivity. The three used
methods – Rutherford Backscattering Spectroscopy (RBS), Elastic Recoil Detection Anal-
ysis (ERDA) and Nuclear Reaction Analysis (NRA) – will be explained in general, then
the laboratory for IBA studies will be introduced. A small note at last: the ERDA detector
used in this thesis also featured a time-of-flight (ToF) system, which was used in every
measurement; hence the term “ERDA” in this thesis refers to ToF ERDA.
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RBS ERDA NRA

Projectile beam 4He+1 127I+8 3He+1

Beam energy [MeV ] 2 36 1,8
Probed elements B - W Li - W D
Depth range [µm] ∼1 ∼0,5 ∼10
Depth resolution [nm] 50 30 200-300
Detection limit [ppm] 10 (Mo) 20 (Mo) 3000 (D)
Accuracy [rel. %] 15-20 20 10-15

Table 3.1: Properties of the IBA methods at the Tandem Laboratory in Uppsala, see Section
3.2.2. The depth range depends on the substrate; given values reflect the situation for this
thesis.

3.2.1 RBS, ERDA, NRA

In all IBA methods, a high energy particle beam (projectiles) strikes the sample (target)
and interacts with the sample atoms, whereupon a detector detects the energy of emitted
particles, see right in Figure 3.1. The energetic particle beam is provided by an accelerator
and depends in composition and energy on the method applied.

In RBS and ERDA, the interaction is an elastic Coulomb collision between two nu-
clei. The beam energy is high enough to neglect electrons in the collision process, but low
enough to not trigger nuclear reactions. Hence the interaction can be described the very
same way one describes mechanical elastic collisions between two billiard balls of differ-
ent mass. In RBS one detects the backscattered projectiles while in ERDA one detects the
forward scattered target particles. In order to maximise the resolution the scattering angle
between incoming and outgoing particles is made very large for RBS – as close to 180◦ as
possible. For ERDA it is made small to increase the detection yield, usually around 45◦. A
grazing angle near 0◦ would make ERDA too sensitive to surface roughness and give only
very shallow penetration depth for the beam. Projectiles for RBS are most often very light
beams, in this thesis a 4He beam, so everything heavier than helium could be detected. For
ERDA very heavy beams are employed to easier scatter target atoms forward, in this thesis
an iodine beam.

For NRA the situation is more difficult. The technique relies on nuclear reactions, which
need a specific projectile-target combination for efficient detection. In this thesis, NRA was
only used for deuterium detection, for which a 3He beam was employed. The nuclear reac-
tion between 3He and deuterium yields a proton and 4He, whereof the proton is detected.
Hence in NRA the detected particle is neither projectile nor target particle.

The capabilities of each method with respect to sensitivity, resolution and range is listed
in Table 3.1. Exhaustive literature about IBA is given in [92, 93]. RBS and NRA spec-
tra together with schematic drawings of the measurement set-up are shown in Figure 3.1,
ERDA spectra with schematic drawings are shown in Figure 3.2.
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Figure 3.1: Spectra (left) and schematics (right) of RBS and NRA.
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Figure 3.2: Left: spectra of ToF ERDA, showing parabola due to velocity-energy relation
(top), which is used to separate element and depth information (bottom). Right: schematics
of ToF ERDA.

3.2.2 The Tandem Laboratory

The Tandem Laboratory situated at the Ångström Laboratory of Uppsala University fea-
tures a pelletron accelerator with up to 5MV accelerator voltage. The principle of such an
accelerator is the following: the ions are injected with negative charge and accelerated by
a high positive charge in the centre; in the centre they are stripped by an electron stripper
cell and finally repelled by the high positive charge. A bending magnet directs the beam to
one of the six beamlines. Ion sources are either duoplasmatrons in case of gases or sputter
sources in case of solid element sources. Beam focusing is accomplished by quadrupole
triplets.

At one of the stations micro beam measurements can be conducted. The ion beam is fo-
cused down to µm size and scanned across the target surface to obtain lateral information.
It is hence possible to probe for elements and isotopes along all three dimensions. This
technique was used with NRA. The Tandem Laboratory is shown in Figure 3.3.
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Figure 3.3: Tandem laboratory with ion sources (red), accelerator (yellow), bending mag-
net (orange), stations for RBS, ERDA and NRA (blue), and for micro beam analysis (green).

3.3 Electron beam methods

Electrons hitting a target can trigger a range of effects: they can excite the target atoms,
which then emit element specific line radiation; they can ionise them, and the secondary
electrons can be detected for surface studies; they can – in case of very thin targets –
traverse these targets and give a negative image; or they can be simply backscattered just
as ions in RBS, and transport information about the target that way.

In all of these cases one may keep the electron beam steady, or, which is much more
common, scan the target surface to get a two-dimensional image of the probed region.
The latter operation mode is called scanning electron microscopy (SEM) and is capable
of magnification between 10× and 300.000×. The penetration depth of the beam can be
varied between a few nanometres up to micrometres, depending on acceleration voltage of
the electrons, which is typically in the keV range [93].

Employing electron beams for measurement involves many possible techniques, just as
for IBA. Therefore, only those which have been used within the scope of this thesis will be
listed.

• Secondary and backscattered electrons emission (SEM and BSE). During SEM,
most often secondary electrons from the topmost nanometres are detected in order
to get an impression about the surface topology. Strictly speaking, it is impossible to
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separate backscattered electrons from secondary electrons; but usually backscattered
electrons have much higher energy, and hence every electron with maximum 50 eV
of energy counts as secondary.
Heavy elements are more likely to emit secondary electrons, hence they appear
brighter in the grey scale images than lighter elements. Since the amount of de-
tected secondary electrons depends highly on the surface inclination, images from
secondary electron emission are quite similar to traditional grey scale photo images.

• Scanning transmission electron microscopy (STEM). Target thicknesses below
200 nm can be penetrated by electrons at around 100 keV energy. It is then possible
to obtain a very high resolution of the target, and higher magnification, as for SEM.
If targets are thicker, thin samples are cut from them for instance by focused ion
beam cutting.

• Energy and wavelength dispersive X-ray spectroscopy (EDX and WDX). Elec-
trons hitting atoms excite them either by ionisation or excitation of a bound electron
into a higher orbit. Hereupon the excited atoms de-excite again and emit element
characteristic photon line radiation in the X-ray range, i.e. hundreds of eV up to
keV . The intensity of the lines allows quantification of trace elements with 100 ppm
target concentration and more, depending on the element. Elements can be probed
down to the micrometre range for energetic beams, but also depending on probed el-
ement and target composition. Very light elements like beryllium or less are hard to
trace with EDX since they are more likely to emit Auger electrons instead of charac-
teristic X-rays. Another form of energy sensitive spectroscopy, namely wavelength
dispersive X-ray spectroscopy (WDX), is usually employed in electron probe mi-
croanalysis (EPMA), which works with long exposure times, high beam currents
and without scanning in order to get a high X-ray counting rate. EPMA is hence per-
formed on discrete points for mapping instead of scanning. Qualitative difference
between EDX and WDX is the higher sensitivity of WDX at the cost of prolonged
measurement times, since in WDX only one wavelength and hence element is anal-
ysed at a time while EDX analyses the whole spectrum at once.

Electron beam analysis was performed by the Faculty of Materials Science and Engineer-
ing at the Warsaw University of Technology, except for EPMA which was performed by
the Gemeinschaftslabor für Elektronenmikroskopie at the RWTH Aachen University.

3.4 Profilometry

Surface topology can give information about processes that can hardly be traced by ion
beam analysis. Examples are small impact craters by fast particles and dust, or micro-
scopic damage in general, and the smoothing effect of deposited layers or erosion. As also
hinted previously, for some techniques high surface roughness is a major impediment in
resolution, and sometimes reliability.
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Surface roughness can be measured by tactile or optical means, by atomic force or tun-
nelling currents, depending on the magnitude of roughness. Two profilometry methods
were employed:

• Stylus profilometry. The most intuitive way to probe surface roughness and struc-
ture is by touching the surface. Based on this very humane approach is stylus pro-
filometry where a stylus is dragged across a surface like a finger, registering topolog-
ical changes in a tactile manner. Stylus profilometry covers the whole micrometre
and upper nanometre range and may probe areas of square millimetre size.

• Atomic force microscopy (AFM). If roughness of the order of nanometres is im-
portant, e.g. for mirror like samples, the aforementioned method is not sensitive
enough. AFM can provide a much better topological resolution, on expense of an
accordingly diminished scale length and probed area. Here, a probe tip of nanometre
size is brought close to the target without touching it while a laser system monitors
the probe tip. When the target surface begins to attract the tip, its movement is reg-
istered by the laser system and the probe height is adjusted accordingly. In such a
way the tip hovers above the surface, being constantly attracted, but never touching
it.

In this thesis, stylus profilometry was employed for wall sample analysis, probing differ-
ences in surface topology of various wall sample positions. AFM was used to characterise
samples that were measured with ERDA, in order to systematically investigate the impact
of surface roughness on the performance of ERDA since this technique had to be em-
ployed on rough samples. Both profilometry types have been performed by the author in
the Ångström Laboratory at Uppsala University.

3.5 Thermal desorption

Measuring deuterium content in sample surfaces or slightly below is possible with the IBA
method NRA. But if deuterium in the bulk is concerned, or if the sample is not analysable
with IBA like dust samples, another method must be used. Such a method is thermal des-
orption spectroscopy (TDS). The sample is gradually heated up to high temperatures and
the deuterium gases out either as hydrogen molecule (H-D, D-D), or in other compositions
like deuterated water (HDO, D2O). The outgassed species are then analysed and quantified
with a calibrated mass spectrometer. Together with the temperature ramp-up information
one can determine at which temperature the species were released and hence how they
were bound to the sample.

In this thesis, TDS was employed for measuring deuterium content in graphite dust samples
in Paper VI. The analysis was performed by the Institute of Energy and Climate Research
(IEK-4) – Plasma Physics at the Research Centre Jülich.
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3.6 Sputtering-based techniques

Under certain circumstances, sputtering is an essential analysis tool, e.g. when depth pro-
filing beyond ion beam range must be performed. What has been described previously as
an undesired erosion mechanism can be utilised for sample analysis. Incoming ions sputter
away the target atoms, which are then detected for composition analysis. The erosion fur-
thermore exposes sub-surface layers and makes hence probing beyond a few micrometres
possible. The two techniques employed for this thesis are listed below.

• Secondary ion mass spectrometry (SIMS). An energetic ion beam, usually in the
lower keV range, is used to sputter particles out of the target. Some of these particles
are also ions, which are then accelerated to and analysed in a mass spectrometer. In
order to correctly quantify the amounts of different constituents in the sample, it is
necessary to take so called matrix effects into account, i.e. chemical composition and
surrounding lattice. It is therefore difficult to obtain the stoichiometry of a sample.
Absolute amounts as in IBA cannot be determined, except for rare cases which do
not apply to tokamakium.

• Glow discharge optical emission spectroscopy (GDOES). In GDOES, the sample
particles are sputtered by a steady glow discharge plasma. The sputtered particles
are excited in the plasma and emit light, which is diffracted into different detectors
probing different wavelengths and hence different elemental lines. As SIMS, this
method suffers from matrix effects, although not as severely. Together with a library
of standards quantitative measurements are possible, in some cases even for deu-
terium content. As a drawback, samples must be conducting in order to work as a
cathode for the glow discharge plasma.

Both sputtering techniques have the advantage over IBA that their depth range is greatly
enhanced due to sputtering, and deposition layers of dozens of micrometres thickness can
be probed without problem. However, both methods suffer from matrix effects, i.e. sput-
tering yields depend on chemical composition and structure, which has to be compensated
by extensive calibration efforts.

For this thesis, SIMS has been performed on thick deposits on top of a PFC, in combi-
nation with stylus profilometry for measuring the sputter crater, both at the RWTH Aachen
University. GDOES has been performed by the Plasma Physics and Nuclear Fusion De-
partment at the National Institute for Laser, Plasma and Radiation Physics in Bucharest.

3.7 Numerical methods

With more than 500 measured points along all three dimensions, data evaluation by hand
gets tedious. Simple 1D plots of toroidal and poloidal profiles are only helpful where
symmetry along the other omitted direction can be assumed, which is not the case in this
thesis. Therefore, the main data set was used to draw maps of deposited elements. The data
points were not equally spaced. Figure 3.4 shows the points of analysis for the mapping
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Figure 3.4: Points of measurement (red dots) used for interpolation maps for metallic
elements (left) and deuterium (right).

of metals – molybdenum, tungsten and medium-Z metals – to the left, and of deuterium to
the right. To fill up the space in between these points without consuming too much beam
time, interpolations by radial basis functions were carried out.

Radial basis functions are employed for interpolation when the actual function F (x)
describing the data is unknown and possibly very complicated. It is then approximated by
a set of functions ϕi depending only on the absolute distance between the obtained data
points at xi and the interpolated region at x:

F (x) =
∑
i

aiϕi(||x− xi||)

where || · || is a norm, in most cases Euclidean, and ai are pre-factors to the basis functions
ϕi. There are various basis functions to choose from but not all perform equally well for
different problems. In this thesis, the most suitable basis functions have been found to be
multiquadric with ϕε(r) =

√
r2/ε2 + 1 and linear with ϕ(r) = r. For simplicity the latter

was chosen. A basic introduction to the topic can be found in [94], while the introduction
in [95] gives a more mathematical view on the topic.

Another frequently applied numerical method was least-square-fitting of pre-defined
functions, either to measured results or interpolated values obtained from cuts through
aforementioned elemental maps. Here, the quality of obtained fits is measured by the
squared correlation coefficient, also known as R2. R is the normed covariance of two data
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sets X and Y , defined as:

R ≡ E((X − µX) · (Y − µY ))√
E((X − µX)2) · E((Y − µY )2)

, (3.1)

with E being the expectancy value and µ being the mean of a data set X or Y, see e.g. [96].

3.8 Transport codes

The experiment described in Section 3.1.2 was designed and evaluated in such a way that
it could be used for subsequent modelling activity. As will be seen later, the knowledge
provided in Chapter 2 suffices to explain all main findings, but open questions do remain.
Impurity transport in tokamaks cannot be solved completely analytically because of the
multitude of effects involved. A particle may be released by puffing, sputtering, ablation
from a dust grain, or thermally as part of a volatile molecule. It may be scattered elastically
by other neutrals, become ionised or dissociated either on electron, ion or photon impact,
and undergo gyration, drifts, or Coulomb collisions. It may enter the main plasma, stay
in the SOL, or return to the wall where it may be reflected and neutralised, deposited, or
pumped out. Most of the particles traverse in circles back and forth between plasma and
wall, so called recycling, many times before being finally deposited or pumped out [97].
The overwhelming range of possibilities for a particle to go from point A to point B led
to an early advance of simulation codes to understand particle transport in tokamaks. This
section focuses on two of them, ERO and ASCOT.

3.8.1 ERO

ERO is a Monte Carlo code, based on randomly selected physical processes according to
probability distribution functions for those processes. A number of particles is released
to a simulation volume, obeying a certain energy distribution, e.g. a Maxwellian distribu-
tion, and a certain angular distribution, e.g. a cosine distribution. The simulation volume
is filled with electromagnetic fields, physical obstacles like PFCs, and density and tem-
perature gradients simulating the SOL plasma around those PFCs. In order to limit the
computation time, the simulation volume is normally restricted to decimetres and hence
treats local transport. For each released particle random generated numbers are compared
to the probabilities for different relevant physical effects, i.e. “dices” are rolled to deter-
mine what happens next with the particle. This dice rolling game is continued until an
abortion condition is satisfied, e.g. the particle leaves the simulation volume or gets de-
posited on a PFC.

ERO has been written for the analysis of transport experiments in JET [98] and further
developed for application in TEXTOR, now named ERO TEXTOR [99]. The ERO code
was used for simulations in Paper I, II, V and VII. Otherwise it was employed for modelling
in [44, 99, 100].
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Figure 3.5: Simulation environment for ASCOT (June 2017). It features the liner, all ALTII
blades, the bumper limiter (blue) and the test limiter (red). Details of the test limiter are
given at an angle (top left) and from the side (bottom left).

3.8.2 ASCOT

ASCOT is a code to determine minority transport by solving the Fokker-Planck equation
with Monte Carlo methods and stands for "Accelerated Simulation of Charged Particle Or-
bits in Tori". It started as a code to describe charged particle orbits in fusion machines,
mainly focusing on energetic particles [101]. It takes field ripple, plasma shaping and other
symmetry breaks into account, and is hence a full 3D code, simulating whole tokamaks
and stellarators. The recent focus of ASCOT is impurity transport modelling. It models
particle transport by kinetic equations plus a reduced gyro orbit model, i.e. gyro centre mo-
tion plus gyro angle. One can include NBI and ICRH heating into the model, add a SOL,
atomic processes and 3D wall environment for realistic transport. Since ASCOT models
minority species in plasmas, the background plasma and flows have to be provided - the
code is not self-consistent. More on the code can be found in [102] and references therein.
An example for ASCOT being used in transport modelling can be found in [103].

At the time of writing this thesis modelling has not yet been completed, but a simulation
environment has been set up, see Figure 3.5. The code is employed to model global trans-
port of molybdenum in the TEXTOR tokamak, with results being expected for the second
half of 2017.



Chapter 4

Results and discussion

The research questions of this thesis given in the introduction were:

• How far (locally and globally) are heavy elements, so called high-Z elements, like
tungsten transported in the plasma? What governs their transport?

• How are the recessed wall elements influenced after a long-term exposure to plasma?
Do they age?

• To which extent are microscopic particles, i.e. dust, a safety concern in tokamaks?

• What can we learn from tracer experiments and how can we optimise them?

Results obtained from the experiment mentioned in section 3.1.2 will give us an answer
on the first question. More than 500 measurement points were combined with radial ba-
sis function approach given in section 3.7, creating elemental maps that can be further
analysed to draw conclusions about impurity transport. However, not only PFCs in im-
mediate contact with the plasma suffer from particle impact. Also recessed wall elements
and supporting structures are subject to a range of effects potentially triggering ageing.
Findings from the TEXTOR liner samples, section 2.4.2, and global medium-Z deposition
will allow us to answer the second question. As a consequence of PWI and especially
thick layer deposition, dust is created in various sizes and with various fuel content. Dust
grain size, fuel content, composition and amount define the potential to impair machine
performance and must hence be accessed to answer the third question, which is done by
electron microscopy and TDS. Finally, all lessons learned from this unique undertaking –
dismantling and measurement of such an extensive set of samples, 140 tiles in total, with
a wide range of techniques – will lay the foundation to perform future tracer experiments
more efficiently, answering the last question stated above.

Each of the questions will be addressed in separate sections, displaying obtained results
and discussing them straight away for reasons of simplicity. The focus of this chapter is to
give a coherent picture while details will be referenced to in appended papers.

59
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4.1 Transport

Most focus is on molybdenum transport from the MoF6 tracer experiment. Results there-
from will be compared to another high-Z element: tungsten. Finally, influence on other
elements, especially on deuterium, will be discussed.

We will find that the molybdenum injection leaves its “footprint” on PFCs in the in-
jection region. Highest concentrations are found near the test limiter where molybdenum
entered TEXTOR, with quick decay of concentration with increasing distance to the ori-
gin. Despite all efforts in quantification, we will see that the vast majority of the tracer
remains lost. Tungsten results and simulations yield good agreement with the proposed
molybdenum transport scheme.

Other elements get influenced by high-Z impurities and co-deposit with them. Fuel re-
tention, however, is not considerably influenced by molybdenum or tungsten deposition.
In the following, the results will be discussed in detail, well beyond the extent given in the
appended papers due to page limitations.

4.1.1 Molybdenum transport

The injected MoF6 decomposed quickly, penetrating only a few centimetres into the plasma,
radially. As will be seen later, the radial distribution of molybdenum at the gas inlet is of
key importance to explain the migration and deposition pattern. As a first approximation
of the radial molybdenum distribution at the gas inlet one can use the light radiated by the
MoI line transition at 390 nm, see Figure 4.1. The radial profile of the MoI light emission
recorded with the spectrometer was found to represent a Cauchy distribution, see Figure
4.2. A Cauchy distribution is described by:

C(r) =
A

π

s

s2 + (r − r0)2
, (4.1)

with A being the amplitude, s being the spread (with a similar effect as the standard devia-
tion of a Gaussian), and r0 being the centre of the distribution. The spread is 6,3 mm and
the centre is at 48,3 cm, hence 10 mm above the gas inlet, see also Table 4.1. We can thus
conclude that the majority of molecules was dissociated in the first few centimetres from
the gas inlet.

Remarkably, the Cauchy distribution is also present on the collector plate, i.e. in the local
deposition pattern. The molybdenum concentration follows a Cauchy distribution both
along toroidal and poloidal position. The nature of injection thus clearly left its “footprint”
on the local deposition profile, see Figure 4.2. Apart from the profiles one can see a shift
of the deposition along the poloidal direction, towards the HFS. This shift is caused by the
~E × ~B drift pushing the now charged molybdenum towards the lower part of the bumper
limiter. Similar deposition profiles have been observed previously for 13CH4 injection
[29]. Due to the deposition angle of 45◦ one can estimate that v‖ ∼ v⊥. The overall
molybdenum deposited locally on the collector plate corresponds to 6% of the injected
amount.
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Figure 4.1: MoI line radiation seen with spectroscopy described in [73]. Light at the test
limiter tip comes from re-deposition–re-erosion action.

Following the ~E × ~B drift to the lower part of the bumper limiter we discover that the
highest concentration of molybdenum was not deposited on the plasma facing side but on
the bottom of the bumper limiter, see Figure 4.3. We now combine in one graph the points
from the bumper limiter bottom with the measured points from the plasma-facing side
along the poloidal direction, according to equation 2.17. A best fit to the measured points
shows again a clear Cauchy characteristic, but this time with an exponential component in
it:

CE(r) =

(
A

π

s

s2 + (r − r0)2
+O

)
· exp

( r
λ

)
, (4.2)

with parameter nomenclature as before, plus additionally the offset O and the exponential
e-folding length λ. Three observations should be pointed out here. First, the spread s is
similar to the one found in poloidal direction, not to the one in radial direction, see Table
4.1. This is remarkable since one would expect the radial spread, plus some diffluence by
diffusion processes. Secondly, the maximum molybdenum concentration is centred around
r0 = 50 cm, which means that it has been moving 1,7 cm away from the plasma before
hitting the bumper limiter bottom. Such a downward motion could have been caused by
combined grad(B) and curvature drift, see Figure 2.2. Finally, the e-folding length λ found
by the fit is exactly the same as the e-folding length for molybdenum in the SOL found on
the reciprocating probe samples, which is on the other side of the machine. The difference
is that the molybdenum concentration increases with distance to the plasma on the bumper
limiter bottom, while it decreases with distance to the plasma on the reciprocating probe.
This contradiction may be due to the different sampling positions. Further away on the
reciprocating probe the molybdenum is distributed according to the density profile in the
SOL as it diffuses out of the plasma, with exponential decay as described in Section 2.1.2.
Closer to the point of injection the radial profile can be expected to be influenced by the
injection itself. Additional molybdenum at higher radii on the lower bumper limiter can be
also explained by re-erosion from locally deposited molybdenum on the collector plate.
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Figure 4.2: Fits to the functions in Table 4.1.
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Figure 4.3: Top: molybdenum deposition on the lower bumper limiter – plasma-facing side
(green) and bumper limiter bottom (yellow). The best fit in red is obtained with formula 4.2.
Bottom: global molybdenum deposition in 1015cm−2, with most important sub-systems
indicated. The bumper limiter is distorted for 2D projection.
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For the following global mapping, we use the molybdenum results from the surface, i.e.
the topmost 50− 100 nm, assuming a deposition growth rate of 1− 3 nm/s [47, 104] and
remembering that a disruption happened eight discharges before the final shutdown. Not
all of the molybdenum moved to the bottom of the bumper limiter. When interpolating all
measured points with linear radial basis functions one clearly sees an increased amount of
molybdenum also on the ALTII limiter and on the top of the bumper limiter, see Figure
4.3.

We focus now on the toroidal direction. On the ALTII limiter the obtained molybdenum
concentrations scatter especially at θ = −45◦, i.e. in the poloidal centre of the blade.
Several functions were fitted to the measured results: Gaussian, Cauchy and asymmetric
exponential decay where the e-folding length is different in the two toroidal directions.
The best fit was obtained with the asymmetric exponential decay, with e-folding lengths
of λ+ = 21 cm in plasma current direction and λ− = 28 cm against plasma current
direction. These λ may be explained by diffusion, see below as well as Paper I and VII.
Details about fits are given in Table 4.1. The total amount of molybdenum on the ALTII
limiter is 1-2%.

On the bumper limiter the measurement points themselves provide too low resolution
in toroidal direction to clearly specify the distribution function governing the deposition.
Both on bumper limiter top and bottom, a Cauchy distribution fits the interpolated results a
bit better than a Gaussian. The difference is marginal with R2 = 0, 994 compared to R2 =
0, 986. For simplicity we will assume a Cauchy distribution to represent the molybdenum
concentration on the bumper limiter in toroidal direction. Details are given in Table 4.1.
The total amount of molybdenum is 6-11% of the injected amount. Experimental results
both from the ALTII and bumper limiter take a deposition growth rate of 1 − 3 nm/s
into account. Background subtraction by measurement on old tiles removed before the
experiment was performed with 8 · 1014cm−2 on the ALTII limiter and 6 · 1014cm−2 on
the bumper limiter for correct quantification, see also Paper I. On the bumper limiter, the e-
folding length in toroidal direction is more than twice that on the ALTII limiter: ∼ 70 cm.
This broadening could be due to subsequent re-erosion—re-deposition steps as described in
[32]. To quantify this effect we can assign a “diffusion coefficient” DMo ≈ 0, 002 m2s−1

to it, according to Equation 2.7.
One question remains: how did the molybdenum move towards bumper limiter and

ALTII limiter – two opposite directions – simultaneously? In [28, 33, 105] the authors
found a flow reversal at the plasma boundary, with the poloidal drift pointing towards the
lower bumper limiter for r ≥ rLCFS, and towards the ALTII limiter for r < rLCFS. Hence
the minority of molybdenum coming above this critical radius may have travelled towards
the ALTII limiter. A fraction may have passed it or got re-eroded, then being transported
around the plasma and getting deposited on the upper bumper limiter, see Figure 4.4 (red
dashed arrow on the right hand side of the plasma). If this is the case, then the fractions of
injected molybdenum should have been distributed on the respective PFCs, according to:(

Moloc + MoBL
)

: MoALTII =

∫ 49,3

46

C(r)dr :

∫ 46

0

C(r)dr. (4.3)

In other words: the proportions of deposited molybdenum on the PFCs – locally on the test
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Figure 4.4: Molybdenum transport (red arrows) based on molybdenum deposition results
(red areas) and flow information (yellow arrows). The right side profile shows the view on
the injection (orange) as the spectrometer (green) sees it.

limiter, on the bumper limiter, and on the ALTII limiter, respectively – should match the
proportions of radially distributed molybdenum, i.e. the radial MoI profile separated at the
limiter tip and the position of flow reversal, see right of Figure 4.4. The amount of molyb-
denum deposited locally and on the bumper limiter is 12-17% while the amount deposited
on the ALTII limiter is 1-2%. The ratio is hence between 6:1 and 17:1. Integrating the
Cauchy distribution describing the MoI line radiation according to equation 4.3 we obtain:∫ 49,3

46

C(r)dr :

∫ 46

0

C(r)dr = 0, 74 : 0, 08 (4.4)

or 9:1, which lies within the experimental obtained ratio range.

The overall found molybdenum is about 13-20% of the injected amount, together with
maximum 1% found on the poloidal limiters. There are only two more places where
molybdenum can be deposited: on the liner and in the pump ducts. As we will see in
the next section, the liner contributes only with very small amounts to the overall molyb-
denum balance. Concerning the pump ducts, scraped deposits from the neutraliser plates
in the ducts were analysed and yield a fraction of about 5 · 10−4 of the overall elements
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in the deposits. But this molybdenum comes from the Inconel liner. Taking the medium-Z
elements found in the deposits with a fraction of about 1 · 10−2 and multiplying with the
stoichiometric molybdenum fraction of Inconel 625, that is 4,7%, one obtains also about
5 · 10−4. This means that probably most molybdenum in the pump ducts comes from liner
erosion. The molybdenum balance must thus remain open.

Modelling

Molybdenum transport was modelled with ERO on local and global scale. The local simu-
lation was performed to verify the patterns found on the test limiter collector plate, i.e. right
at the gas inlet. It featured a geometrically realistic set-up together with TEXTOR plasma
parameters for standard NBI plasmas as in our experiment. Modelling was performed with
consideration of all important SOL processes, except dissociation of the MoF6 molecule
due to lack of dissociation data. Details are given in Paper II and V. A comparison between
latest results of both experiments and simulation yields very good qualitative agreement
with molybdenum deposition towards the HFS, see Figure 4.5. Concerning quantification,
an interesting coincidence can be found: without any adjustment of the simulation, the
local deposition efficiency is 56%, which is close to the MoI line Cauchy integral ranging
from the inlet at 49,3 cm to the limiter tip at 47,5 cm, yielding 61%. In order to bring sim-
ulated molybdenum deposition down to 6%, one has to enhance the re-erosion by a factor
fenh ∼ 10 − 15. Other parameter sets of plasma density and temperature can decrease
molybdenum deposition substantially with much smaller fenh but have lesser qualitative
agreement. For details on the parameter studies see Paper V. Such an enhancement in re-
erosion can be explained by the sputtering yield of mixed layers. In the ERO simulation
the sputtering yield of pure molybdenum was used for re-erosion while in reality the sput-
tering yield should be at least two times higher since molybdenum made up only maximum
50% of the layer [49]. Additionally, the molybdenum fraction drops further away from the
gas inlet, possibly leading to even higher re-erosion yields of molybdenum in the gas inlet
periphery.

Global simulation was also performed with ERO, but here a very simplified geome-
try was used to conduct a proof of principle. The aim was to investigate the influence of
diffusion on toroidal profiles seen on the ALTII limiter. Paper I shows both simulation
geometry and obtained toroidal deposition pattern. With a realistic diffusion coefficient of
0, 2 m2s−1 [106] one obtains an exponential decay with e-folding length of 15 cm. This
is in the same order of magnitude as experimental e-folding lengths found on the ALTII
limiter above. Coulomb collisions could hence cause an exponential distribution that was
projected onto that PFC.

4.1.2 Tungsten transport

Tungsten had been used in TEXTOR for many different experiments, see e.g. [88, 89, 90].
It had been thus injected into the vessel in the form of tungsten hexafluoride (WF6) through
the test limiter, and from bulk tungsten at the poloidal limiter position. Two questions shall
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Figure 4.5: Comparison between experimental (top) and simulated (bottom) results on
local deposition. The simulated result is obtained with fenh = 10 after ten plasma seconds
(figure retrieved and slightly modified from figure 4 in Paper V).
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Figure 4.6: Local tungsten deposition profile from the experiment described in [88], plot-
ted along toroidal direction as indicated on the right (yellow). The gas inlet position is
encircled red.

be addressed here. First, what kind of pattern did these experiments create on the PFCs?
Second, do these patterns and obtained results from tungsten transport experiments match
with what we just found for molybdenum?

The local tungsten profile shows roughly the same behaviour as the one for molybde-
num: it is best described by a Cauchy distribution with a spread of 7,7 mm, which is a
bit larger than the spread obtained for molybdenum, see Figure 4.6. For the Cauchy distri-
bution the correlation coefficient is R2 = 0, 987 while for a Gaussian with σ = 8, 5 mm
it is R2 = 0, 970. Local deposition efficiency is 1-3% and hence much smaller than for
molybdenum, which contradicts the fact that tungsten sputtering yields should be lower
than molybdenum sputtering yields. However, with lower amounts of puffed tungsten, the
re-erosion of tungsten from a mixed layer can be expected to be higher due to a lower
tungsten content [49].
From the different PFC measurements we can draw a map similar to that of molybdenum

by interpolating the found tungsten concentrations in different positions, see upper Figure
4.7. There are two main deposition regions: one region on the ALTII limiter, and one re-
gion on the bumper limiter. The first one is most likely due to WF6 injection in transport
experiments [88] and during spectrometer calibration, and possibly experiments with tung-
sten collector plates [29]. The second one is most likely due to tungsten poloidal limiter
experiments as described in [90, 89].

It seems that tungsten is mostly following the flow towards the ALTII limiter and the up-
per bumper limiter, i.e. counter-clockwise in Figure 4.8: no enhanced tungsten deposition
on the lower bumper limiter next to the test limiter can be seen. When fitting the inter-
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polated concentrations on the bumper limiter Cauchy and Gaussian distributions perform
similarly well, with R2 around 0, 98− 0, 99. The obtained e-folding lengths in toroidal di-
rection are 138 cm on the upper bumper limiter and 100 cm on the lower bumper limiter.
The centres are toroidally shifted 24◦ and 14◦ away from the poloidal limiter, respectively.

On the ALTII limiter the best fit to the interpolated data is an asymmetric exponential
decay with R2 = 0, 83, and e-folding lengths λ+ = 65, 3 cm and λ− = 9, 4 cm. They
are bigger than for molybdenum although one would expect tungsten to be transported
less far since it is much heavier. On the other hand, tungsten has been much longer in
the machine, about 12.000 plasma seconds before the final shutdown. Hence, multiple
erosion–re-deposition steps broadened the tungsten profiles as addressed in Paper I.

With twice the mass of molybdenum, the step size determined by the gyro radius should
be about twice as big, see Equation 2.3. Hence, the “diffusion coefficient” due to erosion–
re-deposition steps should be four times DMo, i.e. DW ∼ 0, 008 m2s−1. Additionally the
sputtering yield under the same conditions is about a factor four smaller for tungsten [91],
which can be taken into account by dividing the dwell time of 12.000 seconds by four.
With Equation 2.9 this yields a e-folding length λ ≈ 490 cm, which is much larger than
what is seen from ALTII PFC analysis. Tungsten deposition on the bumper limiter is much
older and hence would mean an even longer e-folding length. Hence a simple description
of diffusion to explain the movement of impurities along PFCs is not good enough to de-
termine e-folding lengths. The need for a more sophisticated approach to treat material
migration, especially for future machines e.g. due to non-circular plasmas and complex
PFC geometry, again underline the importance of global modelling.

Concerning quantification, 1-3% of the injected amount of tungsten is deposited locally
and 6,5-10,5% globally [88]. Hence as with molybdenum, most of the tungsten is deposited
on global scale, but also with an open balance. The obtained profiles from interpolated re-
sults can be fitted with the same functions as for molybdenum: Gaussian or Cauchy on the
bumper limiter, and asymmetric exponential decay on the ALTII limiter.

The real difference between molybdenum and tungsten seems to be in the flow pattern.
While most of the molybdenum follows the poloidal SOL drift towards the lower bumper
limiter, tungsten seems to go only to the ALTII limiter and the bumper limiter top, i.e.
the other direction. For deposition on the bumper limiter, this can be explained since the
tungsten poloidal limiter in [89] defined the LFCS and all released tungsten was inside
r = 46 cm, see right of Figure 4.8. For the WF6 tungsten release at the test limiter one
would expect it to follow the SOL flow and not the flow inside the LCFS. But apparently it
moved as if the majority of tungsten did cross and move towards the ALTII limiter. An ex-
periment where tungsten could have done so in order to get transported to the ALTII limiter
is described in [29]: the test limiter was equipped with a tungsten collector plate, amongst
others, and located with the tip right at the LCFS. The very same experiment should then
also have caused much molybdenum deposition on the ALTII limiter since a molybdenum
collector plate had been used as well in [29]. When looking at the sub-surface molybde-
num signal from before the MoF6 experiment described in this thesis one indeed detects a
strong peaking on the ALTII limiter, see lower Figure 4.7. Hence, most tungsten seen on
ALTII may actually come from a tungsten collector plate directly at the LCFS in [29], not
from WF6 puffing in [88].
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Figure 4.7: Sub-surface deposition, i.e. before the MoF6 experiment described in this
thesis - top: tungsten; bottom: molybdenum.
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Figure 4.8: Proposed tungsten transport scheme (blue arrows) by flows (yellow arrows).
The tungsten was eroded from PFCs and transported along the flow (blue arrows, dashed
for more speculative transport).

4.1.3 Impact on fuel retention

Deuterium content has been measured around the torus in order to draw a retention map of
all PFCs, see Figure 4.9. The first observation to mention here is that the retention profile
is neither comparable to molybdenum nor tungsten maps in Figures 4.3 and 4.7, indicating
that high-Z deposition did not affect the fuel retention on a global scale. One should add
here that fuel retention in carbon wall machines are usually quite high, and at least an
order of magnitude lower in a metal wall machine [107]. Since high-Z species represent a
minuscule fraction of the overall impurities in TEXTOR it is straightforward that neither
tungsten nor molybdenum influence fuel retention.

NRA conducted in Uppsala enables depth profiling to maximum 10 µm depth with a
2,8 MeV 3He beam. On most ALTII limiter tiles the deuterium is retained within the first
1 − 2 µm, with maximum concentration around 4 − 6% of the material mixture (the two
exceptions are discussed shortly). On the bumper limiter, the deuterium is depleted in the
first µm, peaks at ca. 2 µm, and falls off slowly with measurable deuterium content down
to maximum 9 µm. The concentration maxima scatter between 2 − 12% of the material
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Figure 4.9: Mapping of total deuterium content on the PFCs. Enhanced deuterium con-
centration on Blade 6 from debris, see Figure 4.10, is not shown here since it is obviously
an artefact.

mixture. Profiles are shown in Figure 4.10. The reason for the profile difference is most
probably due to the plasma wetting. While the ALTII limiter experienced constant plasma
influx and hence erosion, the bumper limiter could build up thick layers, some of them
with high deuterium content.

The ALTII limiter shows two exceptions to the usual case with deuterium in the topmost
micrometres. One exception is on Blade 3, which shows as deposition peak on the ALTII
limiter in Figure 4.10. This blade was slightly misaligned during the MoF6 experiment
and hence features much higher deuterium content due to lower plasma wetting: 4, 4 ·
1018cm−2 instead of usually 3, 8·1017cm−2. Another outlier can be seen on Blade 6 where
thick debris contains up to 5% of deuterium. This proves that under some circumstances
also metallic debris can contain enhanced amounts of fuel, possibly because it shields the
deuterium from re-erosion by the plasma. Depth profiles of these two cases are shown in
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Figure 4.10: Depth profiles of deuterium on the ALTII limiter. One blade showed metallic
debris, which significantly increased the fuel retention in comparison to areas without
debris (bottom right).

the top right of Figure 4.10 along with two usual depth profiles.
On the bumper limiter the focus is on two areas: the injection region and the depletion

zone with low deuterium content. Figure 4.11 shows the depth profiles of two tiles close
to the test limiter (red) and on the other side of the torus (blue). While the tiles on the
far side exhibit fuel retention mostly in the topmost 2 µm, the tiles in the injection region
have elevated deuterium contents both at the surface and in deeper layers. The question
is: why? As mentioned earlier, no correlation is found between the deuterium and the
tungsten or molybdenum maps: deuterium is removed quickly under high heat loads while
molybdenum and tungsten are not. Hence another - hitherto unmentioned - element must
be responsible for this difference. The most probable candidate is of course carbon, whose
transport has been extensively examined with 13C tracer experiments. This isotope has
been injected many times through the test limiter. The other focus area is the depletion
zone next to the test limiter. Depth profiles show that the profiles in the depletion zone are
similar to those far away from the injection region, also with low deuterium content in the
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Figure 4.11: Depth profiles of deuterium on the bumper limiter. Top: profiles at the deple-
tion zone; bottom: comparison between retention close to the injection region and on the
other side of the torus.

deeper layers, see Figure 4.11. Hence, no short-term plasma wetting could have purged
the deuterium out of the layers, but long-term phenomena must be responsible for the
depletion. A possibility is ICRH antenna operation since the two areas with low deuterium
content are situated toroidally close to the ICRH antennae. However, a clear link between
cause and effect is hardly possible due to the rich experimental history of TEXTOR, and a
rather long duty time of ten years for the bumper limiter.

Overall the bumper limiter has the highest surface concentration of fuel (average: 3, 2 ·
1018 cm−2), followed by the deposited layers on the liner (discussed in 4.2.1 and Paper
III; average: 1, 1 · 1018 cm−2) and finally the main PFC, the ALTII limiter (average:
0, 4 · 1018 cm−2).

4.1.4 Other extrinsic impurities

Further impurities introduced into the vessel were the nitrogen isotope 15N from edge gas
seeding experiments and fluorine from hexafluoride injection experiments. Both elements
behave qualitatively similar: they are outspread fairly homogeneously on the main PFC,
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15N F
ALTII Bumper ALTII Bumper

Average concentration# [1015cm−2] 3,4# 12,6 1,8# 4,9
Maximum concentration [1015cm−2] 50,4 24,5 28,7 11,8
Minimum concentration [1015cm−2] 1,4 3,3 0,4 0,0
Total amount [1020] 3,0 10,9 2,3 4,2

Table 4.2: 15N and fluorine deposition on the two biggest PFCs. (# For the ALTII limiter
the number depicts the average concentration outside the injection region and the mis-
aligned blade 3, i.e. the base level.)

the ALTII limiter, but show large variation on the bumper limiter.
On the ALTII limiter, both elements are deposited homogeneously, except for the injection
region and the misaligned Blade 3 where the concentrations are much higher [108]. The
concentrations on the bumper limiter are higher than on the ALTII limiter and scatter ran-
domly, without any link to previously mentioned special regions like the injection region
or the depletion zone. The overall found fluorine accounts for 19% of the injected amount
via MoF6. However, this is an upper estimate since no data on the background fluorine
level previous to the MoF6 injection is available. The overall amount of 15N is 1, 4 · 1021

atoms or 26% of the injected amount. As for fluorine, this is an upper estimate due to pre-
vious 15N experiments where minimum 10% of the injected amount was found [58, 109],
however in comparable concentrations as in this thesis.

4.2 Recessed wall elements

In most PWI studies the focus is on replaceable wall tiles and probes exposed for a short
period of time. But there are recessed wall elements, which are permanent and are subject
to a range of effects: (i) cyclic heating due to baking, (ii) neutral particle influx through
charge-exchange neutrals, (iii) photon influx due to waves and radiation, (iv) ion and elec-
tron influx due to wall conditioning and remnant SOL plasma, (v) possible metal embrittle-
ment due to hydrogen species from plasmas [110]. Since these wall elements are integrated
parts of a tokamak, one could expect alteration of their properties during their long duty
time. Unfortunately, since they are integrated parts, one cannot remove them and study
without damaging the machine.

The TEXTOR decommissioning gave the unique opportunity to retrieve recessed, per-
manent wall parts for comprehensive analysis. The wall parts analysed are all from the
liner made of Inconel 625 [77] and have been in the machine for 26 years, from 1987 till
2013. Four sampling locations were selected to investigate the impact of several TEX-
TOR sub-systems on the liner, and two additional locations were selected out of scientific
interest, namely:

• close to the limiter lock 1 (LL1) where test limiters were usually inserted for material
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Figure 4.12: Liner sampling positions indicated by red circles.

testing, and where most tracer injections took place;

• close to the ICRH antenna where ICRH could have influenced the PWI with the
liner;

• close to the co-NBI port where NBI heating could have influenced the PWI with the
liner;

• next to a glow discharge (GD) antenna where GDs could have influenced the PWI
with the liner;

• at a location exhibiting a green peeling deposition layer;

• at a location exhibiting grainy deposition.

Locations are indicated in Figure 4.12. Samples were analysed with optical and electron
microscopy, IBA, profilometry, EDX, STEM, GDOES, and finally mechanical testing. Due
to this broad range of methods all aforementioned effects on the liner could be addressed,
with results given in the first sub-section. Details of these results can be found in Paper
III. Findings from individual liner pieces are combined with mapping of Inconel species
on the PFCs in the sub-section thereafter.

4.2.1 Results from liner samples

Microscopy reveals highly distinct surfaces, depending on the analysed locations. Smooth
metallic surface could be found close to the GD antenna; thick carbon deposits were seen
close to the ICRH antenna and on one side of LL1; on one side of the NBI port bubbles
were found. Impressions from optical microscopy are given in Figure 4.13.

SEM revealed more surface details, showing clearly layered structures, flaky deposits,
dust pieces adhered to the surface, apparently molten structures and bursting bubbles. All
named features are displayed in Figure 4.13. EDX showed that parts of revealed sub-
surface layers had high silicon content due to siliconisation. Molten structures had a 2:3



78 CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.13: Optical microscopy pictures of liner samples: a) in front of and b) behind
LL1 (when seen from SOL flow direction), c) close to ICRH antenna, d) at GD antenna, e)
green peeling layer, f) grainy deposits. Electron microscopy pictures of liner samples: g)
close to co-NBI port, h) green peeling layer.
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Figure 4.14: Profiles of liner samples from a) close to the gas injection, b) close to the
ICRH antenna, c) close to the NBI port, d) at the GD antenna, e) the green peeling layer,
f) the grainy deposits.

relation between boron and oxygen, suggesting boron trioxide (B2O3) as responsible com-
pound for their appearance.

Profilometry shows a diverse set of surface topologies on each location, just as micro-
scopic inspection. Roughness is lowest in front of the test limiter and around the GD
antenna, and highest close to grainy deposits made of half molten boron trioxide. Figure
4.14 displays the topology from all measured positions.

ERDA analysis carried out on the topmost half micrometre reveals as main constituents:
boron, carbon, oxygen. In some places high silicon amounts were found although these
should be buried beyond the reach of ERDA, see later results from STEM. Hence the sili-
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con fraction should be equal to the areal fraction of peeled-off layers, up to 18%, which in
turn can be attributed to dust production. 18% of the liner area as dust producing “peeling
area” resembles about 4,6 m2, disregarding port holes. Taking a conservative approach
with 1 µm as average peeled-off layer thickness and 1 m2 of peeled-off area, one finds 1
cm3 of dust, or 2 g with carbon and boron as main constituents. This shows that the liner
can be a dust source, although not a major one.

Cross sections through the samples were obtained with FIB cutting and later analysed
with STEM. Highly ordered layers were found, ideal for detailed depth profiling and cor-
relating elemental concentrations, see Figure 6 and 7 in Paper III. Such correlations were
measured according to the R2 value as specified in Equation 3.1 and can be used to de-
termine likelihood of co-deposition. If R2 is for example close to zero for two element
profiles, one can exclude co-deposition and hence possibly also a causal relationship be-
tween these two elements. In such way it was found that boron and carbon deposition on
the liner is correlated, probably due to boronisation forming mixed boron-carbon layers on
limiters, which get eroded together. Inconel species showed also good correlation between
each other, indicating that nickel, chromium and iron deposition on the liner have a com-
mon cause. Remarkably, no correlation between the extrinsic element tungsten and any
other species could be found. Hence no evidence for enhanced sputtering due to this heavy
impurity is found. This somewhat astounding finding is however in line with previous ob-
servations [91].

The bulk composition of the liner consists on average of 66% nickel, 22% chromium,
8% molybdenum and 1% iron (chemical composition). This is in line with the Inconel 625
specifications from [111] and a measured unexposed Inconel 625 reference, which was
however from a different batch.

Fuel was retained in most cases at the deposit-substrate interface around 1 µm depth,
representing up to 10% of the material composition, see Figure 8 in Paper III. Most of it
may have come from the wall conditioning itself with deuterated silane or diborane [66,
112]. Remarkably low fuel retention was found in the vicinity of the GD antenna where the
fuel fraction never exceeded 1% anywhere in the sample. Fuel retention in the bulk Inconel
was very low. This can be explained by the low solubility of hydrogen in Inconel alloys
[110, 113, 114] and the high diffusion constant of hydrogen in Inconel [113], transporting
absorbed hydrogen quickly out of the material again. Isotope effects can be accounted for
by the square root of mass ratios between isotopes and yield diffusion values of deuterium
∼ 1, 4 times lower than for protium [115]. Overall fuel retention in the liner deposits yields
about 1 g.

Mechanical strength was investigated with tensile and flexural tests, yielding elastic
modulus, tensile strength, yield strength and modulus of rupture. All of the found values
for the tested samples were within the qualifications given for Inconel 625 (as produced)
and hence not significantly altered by their long in-vessel duty, despite hydrogen environ-
ment and cyclic heating. Details are given in Table 5 in Paper III.
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Figure 4.15: Global deposition map of medium-Z metals on PFCs, obtained with RBS.

4.2.2 Mapping of Inconel

From analysis of PFCs with RBS, the amounts of medium-Z metals around iron was ex-
tracted as side information. Due to the reduced mass resolution for medium- and high-Z
elements, it was not possible to account for individual Inconel species and the combined
signal will be accounted for elements between chromium and copper. Chromium is one
major constituent of Inconel 625 in the liner while copper can originate from NBI dump
plates and neutraliser [116]. Another possible source close to the poloidal limiters is an ex-
periment described in [117] where arcing presumably released copper from coated poloidal
limiter blocks. Sources for medium-Z metals were manifold in TEXTOR: (i) the liner made
of mostly nickel and chromium (minimum 70 at% according to [111], around 75 at% in
measured samples), (ii) the copper dump plates in the NBI system, (iii) Faraday screen and
other components of the ICRH antennae [77, 118], (iv) Inconel 625 supporting structure
of the ALTII blades [119], (v) stainless steel holders inserted through various limiter locks
[120]. Figure 4.15 shows the global deposition pattern on PFCs.

We will focus at the most striking feature first. The bumper limiter exhibits a medium-
Z maximum near the top poloidal limiter. Testing of B4C coatings on copper poloidal
limiters at that position was carried out, with poloidal limiter tips 1 cm behind the LCFS
[117]. The coatings were damaged and penetrated by arcing due to the low conductivity
of B4C, with copper being transported up the arcing craters onto the surface [121]. Under
normal circumstances, the released copper should have travelled in clockwise direction,
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as shown by the right yellow arrow in Fig. 4.16. However, due to the hot spots created
by arcing the substrate – in this case also copper - can be evaporated forming neutral
particles that then traverse the LCFS unhindered by the magnetic field, see section 3.3.
in [34]. Under such circumstances copper pollution of the upper bumper limiter can be
explained despite the retracted position of the poloidal limiters. Consequently, arcing at
the lower poloidal limiter would not lead to strong pollution of the lower bumper limiter but
would cross the LCFS and move upwards, which is in line with the observation, see Fig.
4.16: the lower part of the bumper limiter exhibits comparably small amounts of medium-
Z deposition because the copper from the lower poloidal limiter is transported upwards.
Another consequence of copper from the lower poloidal limiter moving upwards should
be an enhanced concentration on the ALTII limiter, which is indeed observed. At roughly
the same toroidal position as the concentration maxima on the bumper limiter, there is also
enhanced concentration of medium-Z elements on the ALTII limiter. However, this can be
also due to the nearby NBI injection port.

Other deposition features on the bumper limiter can be seen opposite to one ICRH
antenna, see lower left in Fig. 4.15. Notably, for the other ICRH antenna such a feature
is missing. Another large patch of increased medium-Z deposition appears opposite to the
counter-NBI port. Also here an asymmetry is observed since at the respective position for
the co-NBI port such a feature is missing. Overall the amount of medium-Z deposition is
larger on the bumper limiter than on the ALTII limiter.

4.3 Dust sampling in TEXTOR

As mentioned in Section 2.2.2, dust can be produced from solid grains ejected from crack-
ing PFCs, as molten droplets from liquefied metallic surfaces under very high heat loads,
or - most frequently - from exfoliating deposition layers. Two issues for tokamak operation
follow immediately from dust production: first, high-Z metals like tungsten can terminate
a fusion plasma already in minuscule amounts (e.g. a fully ablating tungsten droplet of
10−5cm−3 size in ITER); second, low-Z metals like beryllium can retain fuel, especially
when the surface area per volume is as high as for dust. Dust can thus, depending on its
composition, act as strong impurity source or as enhancer for fuel retention.

Another consequence in case of strong dust production is the potential for explosions
in case of leakage, e.g. for dust explosion in case of air leakage or as consequence of hy-
drogen production from water ingress. With its high surface area per volume, hot dust can
act as catalyser for hydrogen production during a water coolant leakage, or it could react
virulently with oxygen in case of an air leakage.

As metallic walls are considered for ITER and possibly also for subsequent fusion ma-
chines, interest in metallic dust has substantially increased, but the reports on metallic
dust have been scarce. However, the situation is improving [122, 123, 124, 125]. Large
scale dust sampling in TEXTOR for this thesis focused especially on metallic dust from
metal PFC experiments, metal tracer experiments, dust transport experiments, and molten
droplets from metallic structures as the liner or the ALTII backplates. Previous dust studies
in TEXTOR have been reported in [66], whereas the results from after shutdown are given
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Figure 4.16: Proposed transport scheme for medium-Z metals (solid, dark orange arrows)
due to arcing (yellow lightning bolts) and subsequent neutral particle evaporation (white
arrows), leading to the observed deposition (dark orange area). Transport behaviour
building on ion transport outside the LCFS (dotted, bright orange arrows) is only slightly
observed (hatched bright orange area).
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Figure 4.17: Example for SEM and EDX combined: examination of a grain’s composition.

in Paper VI. This section will give a summary of obtained results from TEXTOR.

4.3.1 Results on dust

Due to the nature of dust, electron beam analysis is well suited for evaluation of such
small-scale specimen. One can obtain a quasi-optical image of dust particles and probe
their composition. Figure 4.17 shows the powerful combination of combined SEM and
EDX analysis to map dust species. Overall more than 200 specimen from more than 20
locations were analysed and catalogued by size, appearance and composition.

Despite the focus on metallic dust, most present elements were carbon and oxygen, which
were found in 93% and 82% of all cases, respectively. Inconel components nickel, chromium
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and iron were found in 67% of all cases, mostly together, but with varying fractions.
Molybdenum, which is also present in Inconel but was also inserted as test PFM and
tracer, is found most often together with other Inconel components. One exception was
a pure molybdenum grain far away from LL1 where molybdenum was introduced in the
vessel. These two findings show that molybdenum found in dust grains is most probably
only due to Inconel components, not due to PFM testing or tracer experiments. Another re-
markable finding concerns the two wall conditioning elements boron and silicon. Despite
the fact that boronisations were done more frequently than siliconisations, it is actually the
silicon which is more present in dust particles – in 63% of all analysed samples for silicon
and only 44% for boron. We recall from Section 4.2.1 that silicon became exposed in peel-
ing areas of the liner, and the associated area was used for estimating the dust inventory
due to layer flaking from the liner. With the dust findings one may indicate a causation:
deposition layers on the liner exfoliated preferably at the silicon-rich interfaces, which then
were measured after sampling with carbon sticky pads. Another indication is the shape of
these silicon containing dust pieces. Where shape and composition could be determined
simultaneously, 2 out of 3 silicon containing dust grains had flaky structure, matching the
appearance of exfoliating layers found on the liner. In other cases the shapes were spheri-
cal, molten droplets or “comets”, splashes with long tail. For a variety of dust appearance
see Figure 4.18.

Size plays a crucial role for assessing hazards through dust particles: big particles may
simply follow gravity and come to rest at the vessel bottom, while small particles up to a
few micrometres size can be charged easily and move under the influence of electromag-
netic forces. 14% of particles are smaller than 1 µm. The majority of dust particles is in
the size range of 1-5 µm, while the amount of larger particles rapidly drops towards larger
length scales.

If one assumes the probability of dust ejection (e.g. by machine vibration, or plasma
disruptions) to be constant over time while the time denotes deposition layer growth and
hence dust particle size, the dust size should follow an exponential distribution. The ex-
perimentally found distribution is given in Figure 4.19 together with an exponential fit
function

f(s) ∼ e−s/λ, (4.5)

with s as particle size and λ as e-folding length. λ depends slightly on the histogram bin-
ning, being ca. 4 µm for 20 bins or 3,7 µm for 40 bins. The agreement with data decreases
with increasing binning due to decreasing statistics per bin: R2 is ca. 0,87 in the first case
and 0,71 in the latter.

However, in dust modelling it was found that adhesive forces holding the particles at
the walls are lognormal distributed, influenced by particle size and surface morphology
[126]. Additionally, recent results from Alcator C-Mod suggest a lognormal size distribu-
tion [125], although the size range is completely different. Also the size distribution in
dust particles from ASDEX Upgrade [123, 124] resembles rather a lognormal distribution
than an exponential one. A lognormal distribution is often experienced in various fields in
science for variables that cannot be negative, have a low mean value and a high variance
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Figure 4.18: Variety of dust species recorded with SEM.
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Figure 4.19: Histogram of dust sizes (blue bars) together with an exponential (black) and
lognormal fit (red), using different binnings.

[127]. Dust size statistics from AUG dust is extensively discussed in [124].Least-square
fitting of

f(s) ∼ 1

s · σ
√

2π
· exp

(
− (s− µ)2

2σ2

)
(4.6)

with the parameters σ and µ [96] yield a σ of ca. 1,0 and 1,2 µm for 20 and 40 bins,
respectively, and a µ of ca. 1 µm in either case. The match with experimental data is for
both binnings slightly better than in case of the exponential distribution: R2 is ca. 0,89 and
0,74 for 20 and 40 bins, respectively. Plots are shown in Figure 4.19.

Concerning amount of dust in TEXTOR, only small amounts of dust have been found
during sampling with carbon sticky pads. Sampling procedure had to be aided with scrap-
ing deposited layers in order to retrieve enough material for TDS. Together with previously
mentioned liner results, dust generation in TEXTOR can be estimated to be in the low gram
range. Since dust seems to mainly originate from deposition layers, one may estimate the
amount of erosion and re-deposition necessary to supply one tonne of dust in ITER, which
is the legal limit for dust in ITER. For simplification the beryllium blanket will be used due
to its large surface area and the relatively low melting temperature of beryllium. One tonne
of beryllium is equivalent to 541.126 cm3, which equals 1 mm of peeling layer thickness
throughout the total 600 m2 of ITER blanket area – a very high amount of moving mate-
rial. Since fuel retention is mostly taking place in such deposition layers, even without dust
production the movement of one tonne of beryllium could trap enormous amounts of fuel:
even a conservative estimate of 1% in beryllium [107] would yield 10 kg fuel retention
before one tonne of dust is created.

Fuel retention in the dust itself proves to be a minor issue. It was assessed by TDS in ten
samples from five different places, three of them at the liner, two at limiter sides. Fuel re-
tention varied strongly, however on a very low level: D/C ratios were between 0 and 0,025.
One result is that fuel retention strongly depends on the location. Another yet encouraging
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result is the overall low retention in dust samples, lower than in deposited layers.

4.3.2 Other dust experiments in TEXTOR

Apart from dust collection after the TEXTOR shutdown, there had been prior dust sam-
plings and experiments in TEXTOR on dust behaviour during discharges. The author did
not have any involvement in those experiments, but instead the results presented here shall
be related to previous work at the same machine, also for putting worst case assumptions
about dust hazards into perspective.

A dust survey had been carried out in 1997 [128], investigating size, shape and partly
also composition of dust particles. Here, coarse particles due to damage of in-vessel com-
ponents but possibly also from metal machining were found. A considerable fraction was
ferromagnetic, about 15%. Inconel components were found in the ferromagnetic samples,
also spheres of sizes between 0,01 mm and 0,1 mm. Such spheres have also been found
in this thesis, however, of wider size range: from sub-micrometre to 0,7 mm. In 1997,
also silicon-rich particles were found, associated with siliconisation just as in this thesis.
In addition, “cauliflower”-like particles were found. Metallic splashes or even traces of
boiling were not recorded in [128], possibly due to the focus on carbon as PFM at that
time. Another survey followed in 2009 [129]. Therein the dust size ranged from 0,1 µm to
1 mm, with fuel content of maximum 8%. However, such high fuel content was only seen
in the ALTII deposition zone, which had thick sooty layers at the time of investigation.
These layers were not present any more at the time of final shutdown. About maximum
0,2 g of dust could be collected from various places in TEXTOR. The findings in [129] are
thus in accordance with those in this thesis.

In some experiments [130, 131], dust of various forms was deliberately introduced into
the vessel. The dust particles introduced were of 5− 10 µm size, various shapes, and con-
sisted of carbon or tungsten. It cannot be excluded that several of those particles have been
accidentally observed in this thesis, at least of carbon dust. During experiments in [130],
dust was caught with aerogel catchers inserted into the SOL, collecting only small amounts
of dust, about 6 particles per second and square centimetre. Amount of caught dust was
no function of dust size, indicating that the danger coming from small but numerous dust
particles getting “airborne” may be well controllable.

Plasma performance was monitored as dust was injected into TEXTOR in [131]. [128]
and [131] concur in the fact that dust impacts the start-up. However, no severe impair-
ment on plasma breakdown and performance was observed in [131], in contrary to what
[128] had suspected as consequence of dust gathering in the vessel centre before plasma
breakdown.

4.4 Tracer experiments: lessons learned

Successful evaluation of tracer experiments for assessing particle migration rests mainly
on three pillars: suitable analysis methods, data treatment and data interpretation. The fi-
nal TEXTOR shutdown and subsequent extensive PFC study yielded a massive amount of
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data – but only interpreted data give results. Moreover, the more information, the harder
the interpretation. The TEXTOR PFC study was unique not only from the perspective of
available PFCs, but also in the ambiguity of some results, which needed to be clarified be-
fore conclusions could be drawn with enough scientific confidence. Such clarification can
substantially prolong evaluation and publication. Much of the analysis performed in this
thesis could have been optimised, in the retrospect. Due to the fact that the study described
in this thesis was the first of its kind, trial and error was unavoidable. In the following,
recommendations for researchers are given to optimise future migration experiments and
PFC analysis.

• Deposition patterns, local and global, have been explained by spectroscopic obser-
vations of the injection. Without knowledge about the source, especially its radial
distribution, neither local nor global deposition patterns could have been explained
in so much detail. Defining the tracer source is thus indispensable for explaining
material migration.

• As far as the results indicate, the rather slowly moving tracer particles did not make
their major advance along the magnetic field lines. Instead poloidal drift velocities
proved to become dominant. Whenever this may probably be the case, one should
learn about the drift and flow patterns in the machine in order to make an educated
guess where most of the injected tracers might have ended up. With the drift and flow
pattern in mind one can suggest first PFCs to start analysis. Such an approach is not
suitable for gaseous species, or such species which could form gaseous molecules
under tokamak conditions. It should be rather applied to high-Z tracers.

• Especially when many measurements are taken over a longer period of time, e.g.
from many PFCs as in this thesis, evaluation of migration patterns should take place
before analysis is concluded. It may be necessary to assess regions which were
deemed uninteresting or, on the contrary, regions under investigation prove irrele-
vant for tracer migration and need no dense and time intensive mapping. Such an
“evolving” evaluation can be simplified substantially by the next point.

• Both PFCs and obtained data must be catalogued in a standardised way. Data treat-
ment must be suitable for scaling, i.e. new data should be easy to integrate. One
must document each and every step taken, ready to re-assess and perform it again
after years, if necessary. In fact, one should expect fall-backs in data interpretation
and consecutive re-assessments due to new findings or hitherto undiscovered pub-
lications, because of the sheer size (in time, effort, data, covered research areas) of
such a project. Standardisation and bookkeeping will decrease delays to a minimum
when even basic assumptions must be scrutinised.

• In a machine with rich experimental history, knowledge is distributed between co-
workers, publications, engineering drawings, and other internal or unpublished ma-
terial. Collecting as much data as possible right from the start may decrease time to
contact people. Especially for finally shutdown machines, part of the personnel may
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retire and be unavailable for further request despite their invaluable experience and
knowledge about that particular machine.



Chapter 5

Conclusion and impact of work

This thesis has been addressing several points out of many pending research questions
within fusion plasma physics. In turn, fusion plasma physics is just one field out of many
within the natural sciences, all of which have some degree of influence on how – and
how well – we will live in the future. This last chapter aims at widening the view again,
recollecting the outcomes in a conclusion section, orienting them within the field of fusion
research, reconnecting them to the challenges presented in the Introduction. The section
closes with short summaries of the papers published in conjunction with this thesis.

5.1 Concluding remarks

By exploiting the unique opportunity of the TEXTOR shutdown, extensive studies on ma-
terial migration, fuel retention, structural ageing and dust formation have been conducted.
In number of plasma-facing components analysed the studies are certainly the largest of
their kind. With the aid of data treatment, modelling and literature on previous experiments
the vast amount of information has been selected and moulded into a list of findings and
concluding remarks.

1. High-Z materials migrate beyond their place of origin by entering the SOL and be-
ing carried by drifts and flows. This transport can already be seen locally at the place
of origin where the injection distribution leaves its footprint along ~E × ~B drift and
SOL flow direction. The position of first ionisation has strong influence on the result-
ing deposition pattern. Concentration of deposited high-Z materials decays rapidly
on a global scale, i.e. towards PFCs other than the originating one. Transport along
the PFC surface, most probably due to erosion—re-deposition steps, broadens this
profile over time especially in toroidal direction. This broadening is however much
smaller than for a classic random walk.

2. Structural materials do not suffer measurable mechanical degradation due to plasma
impact or wall conditioning, neither do they accumulate hydrogen species above the

91
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NRA detection threshold. However, diffusion through the liner is not excluded. Of
course the impact of neutron damage and subsequent effects cannot be accounted
for in this study and will need further investigation in the future. Side effects of
plasma impact and wall conditioning are associated by layer deposition on structural
materials: fuel retention up to 10% of the overall constitution in B-C-O rich layers,
flaking and dust formation, small but steady release of all kinds of structural material
constituents. Due to lower sputtering yields and different deposition layer character-
istics in tokamaks with metallic PFCs, other results can be expected there: lower fuel
retention, less dust formation per time due to less erosion and subsequent deposition.

3. Fuel retention is strongest in remote areas, promoted by deposition layer build-up
and lower heat flux. In TEXTOR the bumper limiter has the highest surface concen-
tration of fuel, while the main PFC, the ALTII limiter, has a lower surface concen-
tration. Largest contributor to the overall fuel retention is consequently the bumper
limiter due to its recessed position. Yet it is close enough to receive high deposition
rates to trap fuel in deposited layers. The bumper limiter exhibits also the most di-
verse deuterium pattern, with depleted deuterium concentration toroidally close to
the ICRH antennae. Increased fuel retention close to the gas inlet is probably linked
to impurity injection, while increased retention in other areas may be linked to NBI
operation.

4. Dust composition is mainly defined by the PFM and wall conditioning methods.
Discovery of peeling layers on the liner and the mixed composition of many dust
grains point towards disintegrating deposition layers as main source. Metallic dust,
especially important in future fusion machines, consists of grains, spheres and molten
droplets, which result in elongated splashes and “comets” on examined PFCs. Some
of these show traces of boiling. Deuterium content in dust – even for a carbon wall
machine such as TEXTOR - seems to be low, with deuterium content of a few per-
cent. This coincides with fuel retention in deposited layers, which was often in the
same range.

5. Lessons learned for future experiments of similar kind are:

• the tracer source must be well characterised to understand migration and depo-
sition patterns, locally and globally;

• knowledge of flows and drifts at the tracer injection point can be used to opti-
mise PFC selection for analysis;

• if the region of interest is huge, e.g. the overall plasma-facing surface of a
complete tokamak, preliminary results should be obtained to adapt the grid of
measurement points and save analysis time;

• as much information about the plasma as possible must be collected, especially
for later modelling;
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• for decommissioned machines, also the subsequent drain of machine experts
must be taken into account.

Despite all efforts the material balance could not be closed: the majority of injected
molybdenum during the last TEXTOR experiment remains missing. Expertise was
gained in PFC sampling as well as the conduction of such a big study and is now
available for further projects of similar kind.

In summary, all research questions stated in Section 1.3 have been answered. The aim of
this thesis has thus been fulfilled.

5.2 Implications for fusion research and beyond

The ultimate goal of the fusion community is to enable economically competitive and en-
vironmentally friendly energy production by controlled fusion. A machine demonstrating
that this is possible is known as DEMO in the fusion community (DEMOnstration fusion
power plant), yet its realisation is still far from today and the design unclear [132]. The
next step fusion device will be ITER, which has to pass the figurative "litmus test" to prove
viability of fusion energy – without a successful ITER there will be no DEMO. Hence, it
is suitable to measure own research implications in form of contribution to a successful
ITER. This is done here.

For the first time, a complete tokamak has been systematically analysed after final shut-
down. The knowledge gained from this exercise can be used to optimise experiments in
other machines, and exploit them in a scientific manner after final shutdown. Results given
in this thesis may not be simply scalable to ITER, but together with lessons learned from
other experiments we can converge our understanding and improve predictions about PWI
in future fusion machines.

ITER will operate with tungsten divertor, which will be subject to high heat loads and
consequently erosion. Whole machine mapping in this thesis has suggested that high-Z el-
ements are transported mainly in toroidal direction. Hence, most eroded tungsten from the
divertor may stay in the divertor. Furthermore, the interplay between impurity penetration
depth and radial drift profiles, which has been shown in this thesis, can be used to bench-
mark transport codes. These codes in turn can then be used to predict particle transport in
ITER.

Another implication aims at the limit of 700 g of tritium inventory in ITER. Results
in this thesis have shown that the main driver of fuel retention is co-deposition in layers.
ITER will not use carbon as PFM but tungsten and beryllium. Beryllium has been shown to
have much higher fuel retention than tungsten [21, 133], and hence beryllium co-deposits
can be expected to play the dominating role in fuel retention. Furthermore, fuel retention
can change drastically from one place to another, due to alignment of PFCs, their distance
to the plasma, or due to sub-systems influencing deposition. Extrapolation of experimental
findings is thus very risky.

Dust as safety concern in ITER can be reduced by lowering the amount of deposited
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layers. Hence reduction of deuterium retention and of dust production go hand in hand.
Fuel retention in dust is of the same order or lower than what is found in deposited layers.
Deposited layers as main fuel retainers and dust causers may trap more than 700 g of tri-
tium long before producing one tonne of dust, even under conservative assumptions.

Finally, plasma impact in itself does not create any new challenges for structural materi-
als. As long as safety limits on used materials are regarded, neither plasma impact nor wall
conditioning promote ageing. No fuel retention issues arise since no hydrogen enrichment
in the bulk material occurs. Neutron damage remains unassessed in this thesis and hence
cannot be accounted for in this statement.

All in all, results in this thesis yield several encouraging results for plasma operation in
the next step fusion device ITER. The only concern regards extrapolation of fuel retention,
based on inhomogeneous fuel retention patterns obtained in this thesis.

The research done at ITER will tip the scales towards a future with – or without – fusion,
depending on how well ITER will perform. With this thesis the author strived to increase
the chances of ITER to become a success and path the way to electricity harnessed by fu-
sion reactions.

With depleting fossil fuel, ever increasing energy demand and world population, it is
likely that renewable energy sources will not suffice for energy production and the 21st

century will become the century of nuclear energy. Fusion is an alternative to fission with
much lower proliferation risks and nuclear waste production. However, fusion still requires
much development. With this thesis the author would like to contribute to close that gap -
enabling a future with more energy, but less waste and proliferation.

5.3 Summaries of selected papers

Paper I - Global material migration in tokamaks: patterns, material balance
and transport mechanisms in TEXTOR

The final experiment at the TEXTOR tokamak was carried out using molybdenum as tracer
for high-Z metals, and 15N as tracer for nitrogen used for edge gas seeding. The subse-
quent decommissioning as seen as the perfect opportunity to have all PFCs accessible for
migration studies of the molybdenum and 15N tracers. Molybdenum was introduced by
injection of MoF6 through a test limiter with injection system. After the final TEXTOR
experiment all PFCs were removed, and a huge fraction was sent to Uppsala for global mi-
gration analysis. Tiles of the main PFC and of the recessed bumper limiter were analysed
for global migration.

Findings show that molybdenum was transported along poloidal flows at the plasma
edge, and smeared out in toroidal direction by deposition–re-erosion steps. Deposition on
the main PFC was negligible due to the radial distribution of molybdenum which did not
penetrate far enough into the plasma to be deposited in large amounts on the main PFC.
Most molybdenum was instead deposited locally and on the recessed bumper limiter. De-
spite analysis carried out on all PFCs, only about 20% of the injected molybdenum could



5.3. SUMMARIES OF SELECTED PAPERS 95

be found. 15N is co-deposited with molybdenum and transported predominantly towards
areas with lower heat flux like the recessed bumper limiter. Fuel retention increases with
decreasing heat flux. Distributions from other elements like tungsten from previous exper-
iments, fluorine and medium-Z metals around nickel are also presented. Results show that
the bumper limiter, although being recessed, acts as the dominating impurity repository.

Paper II - Local migration studies of high-Z metals in the TEXTOR tokamak

After the last TEXTOR experiment, the gas inlet system and the covering plate on top
of the injection limiter were analysed. Since 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 with an elevated amount of Mo. In the limiter injection channels
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 pat-
tern 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 III - Ageing of structural materials in tokamaks: TEXTOR liner study

After the last TEXTOR experiment, also structural parts were removed, i.e. from the liner.
The liner was an Inconel 625 shell residing between the PFCs and the vacuum vessel and
acted as a support structure for the main PFC in TEXTOR. The question was whether
structural materials retain their strength after many baking cycles, exposure to hydrogen
species, and plasma particle bombardment. Alteration of the surface was analysed as well
as fuel retention.

Results show that the mechanical strength was retained, deposited layers up to several
micrometres were formed mainly from boron, carbon and oxygen, and that the fuel reten-
tion was about 1 gram. No hydrogen embrittlement was seen. Fuel retention in the Inconel
bulk was below detection limit of NRA.

Paper IV - Tracer techniques for the assessment of material migration and
surface modification of plasma-facing components

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 experiments with standard meth-
ods. One must thus choose a surrogate element, which can be easily discriminated against
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eventual background or has not been introduced to the experimental 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 V - Modelling of deposition and erosion of injected WF6 and MoF6 in
TEXTOR

Tracer experiments with WF6 and MoF6 in TEXTOR were carried out to provide data for
code benchmarking. Experimental conditions were implemented in the ERO code to per-
form the experiments in silico. Injection plumes could be matched very well for MoF6

injection, reproducing the radial profile. The resulting local deposition pattern is moved
with ~E × ~B drift and SOL flows just as in the experiment. The qualitative agreement
is hence very good. However, deposited molybdenum concentrations are much higher in
the simulation than in the experiment. This leads to the conclusion that the re-erosion of
molybdenum deposited on carbon must be about ten times higher than on bulk molyb-
denum. Such enhanced re-erosion yields are in accordance with previous findings and
simulated results from WF6 injection.

Paper VI - Dust survey following the final shutdown of TEXTOR: metal
particles and fuel retention

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 microscopy,
yielding a wide range of dust shapes, sizes and compositions. Carbon based dust domi-
nates, 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 boil-
ing processes. Samples in the form of loose deposits scraped from PFCs have been anal-
ysed 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 VII - Whole-machine material migration studies in the TEXTOR
tokamak with molybdenum

This paper contains first results of the global deposition pattern of molybdenum, as de-
scribed in Paper I. It focuses on the fact that molybdenum profiles are toroidally elongated
and decay roughly exponentially with toroidal distance from the injection point. The e-
folding lengths are between 0,1 and 1 m, which could be reproduced with a simplified
ERO simulation.
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Paper VIII - Characterisation of surface layers formed on plasma-facing
components in controlled fusion devices: Role of heavy ion elastic recoil
detection

Deposition of light tracers can be assessed with ToF ERDA, making use of isotope sensitiv-
ity 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.
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