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Abstract

LASMA diagnostics system will be essential for the success of the
nuclear fusion system ITER. It will provide the means to control
the nuclear fusion process, together with the protection of the ma-

chine. Many diagnostics will exploit the use of the thermonuclear plasma
light which will reach the measurement apparatuses by complex mirrors
labyrinths. The first elements of these diagnostics will be metallic mir-
rors called “First Mirrors” (FMs). Among the main effects of ITER ex-
treme environment on FMs, erosion by energetic particles coming from
the plasma and re-deposition of sputtered ITER chamber material trans-
ported in the plasma onto their surface could lead to a dramatic decrease
of FMs specular reflectivity, thus compromising the operation of the entire
diagnostics. One of the principal technological solutions for ITER FMs
consists in high reflective rhodium (Rh) coatings deposited on suitable
substrates. This Ph.D thesis had a twofold goal. Firstly, the produc-
tion of Rh coatings for ITER FMs by means of Pulsed Laser Deposition
(PLD) was considered. By suitably changing the process parameters, PLD
allows morphology and nanostructure control of the growing film. This
peculiar feature could in principle determine a potential improvement of
Rh films behaviour under ITER plasma erosion. The second objective of
this Ph.D was focused on a first study of the laser cleaning technique as
a potential method to mitigate ITER FMs re-deposition. The main goal
was to develop a novel approach to the process of Rh films production-
contamination-cleaning, in which the same laser system is exploited to
experimentally investigate this topic with laboratory-scale facilities.






Premessa

E diagnostiche di plasma saranno essenziali per il successo del di-
spositivo a fusione nucleare ITER. Tali sistemi dovranno garantire
sia il controllo del processo di fusione nucleare che la sicurezza del-

I'intera macchina. Molte diagnostiche utilizzeranno la luce proveniente
dal plasma che verra trasmessa agli strumenti di analisi tramite complessi
labirinti di specchi. I primi elementi saranno specchi metallici, chiamati
“First Mirrors” (FMs). Tra i principali effetti dell’ambiente estremo di
ITER sui FMs, I'erosione da parte delle particelle provenienti dal plasma
e la ri-deposizione sulla loro superficie del materiale eroso dalla came-
ra di ITER, potrebbero determinare un netta decrescita della riflettivita
dei FMs, compromettendo il funzionamento delle diagnostiche. Una delle
principali soluzioni per la produzione di FMs consiste nella deposizione
di film di rodio (Rh) su opportuni substrati. Questa tesi ha un duplice
obiettivo. Innanzitutto e stata affrontata la produzione di rivestimenti in
Rh altamente riflettenti per FMs tramite Pulsed Laser Deposition (PLD).
Modificando opportunamente i parametri di processo, la PLD permette di
controllare la morfologia e la nanostruttura del film depositato. Questa ca-
ratteristica peculiare potrebbe migliorare il comportamento dei film di Rh
erosi dal plasma di ITER. Il secondo obiettivo di questo Dottorato consiste
nello studio della tecnica del laser cleaning come metodo per contrastare
il fenomeno della ri-deposizione sui FMs. In particolare, ¢ stato svilup-
pato un approccio innovativo al processo di produzione-contaminazione-
pulizia di film di Rh, in cui lo stesso laser viene impiegato per investigare
sperimentalmente questa tematica in ambito di laboratorio.
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Introduction

UCLEAR fusion constitutes a potential and attractive alternative

to the resources exploited up to now to meet human energy re-

quirements in the future energy scenario. It owns the potential
capability to produce energy on a large scale, using largely available fuels
and releasing no carbon dioxide or other greenhouse gases. The funda-
mental idea driving the research in nuclear fusion is to produce on earth
what makes the stars shine. Basically, nuclear fusion is the process by
which 2 nuclei join together to form a larger nucleus. This reaction is
accompanied by a release of other particles and great amounts of kinetic
energy, according to the Einstein equivalence between mass and energy.
However, a substantial energy barrier, arising from the mutual Coulomb
repulsion between the reactant positively charged nuclei, needs to be over-
come in order to make nuclear fusion possible. The most accessible fusion
reactions occur among isotopes of hydrogen. Indeed they only have one
single positive charge, thus reducing the height of the Coulomb barrier. In
particular, thanks to its favourable physical features, the first generation
of nuclear fusion power plants foresees the exploitation of the deuterium
tritium reaction. To overcome the repulsive force between deuterium (D)
and tritium (T) nuclei, it is necessary to supply them with a sufficient
amount of kinetic energy, at least on the order of keV. Energetic particles
can be obtained by heating the D-T fuel until temperatures at which the
thermal agitation of the components is enough to permit a sufficient num-
ber of D-T nuclear fusion reactions to release net available energy while
balancing at the same time energy loss in the system. The required tem-
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Introduction

peratures are extremely high, on the order of tens-hundreds of millions
K. At these conditions, atoms and molecules are completely ionized into
nuclei and electrons, thus reaching the plasma state. In order to achieve a
net energy gain from nuclear fusion reactions, it is necessary to maintain
the required conditions for sufficiently long times, to effectively confine the
plasma. Since plasma is constituted by electrically charged particles, it is
capable to interact with external electromagnetic fields. One potential so-
lution to confine the thermonuclear plasma is thus to use suitable magnetic
fields. In this frame, the so-called tokamak configuration is, among several
types of magnetic confinement devices, the most-researched candidate for
producing controlled thermonuclear fusion power. The concept was in-
vented in the 1950s by Soviet physicists Igor Tamm and Andrei Sakharov,
inspired by an original idea of Oleg Lavrentiev [1]. The word tokamak has
therefore Russian origin: it stands for toroidalny kamera makina, due to
its peculiar toroidal geometry. The most advanced tokamak experiment
is ITER (“the way” in Latin) [2], currently under construction. It aims
to make a major step in the long-awaited transition from experimental
studies of plasma physics to full-scale electricity-producing fusion power
plants.

The physical, engineering and technological complexity of the ITER
project, makes it one of the greatest challenges in human history. Plasma
diagnostics will be essential for its success. They will play the crucial role
of controlling the nuclear fusion process, ensuring at the same time the
integrity of the ITER toroidal chamber. Since the extreme temperatures
in ITER (~10® K) will make a direct contact between the thermonuclear
plasma and material probes almost impossible, many diagnostics (about
30) will involve the use of the electromagnetic radiation emitted, reflected
or diffused by the thermonuclear plasma, which will reach the measure-
ment apparatuses by complex mirrors labyrinths [3]. Some of their most
critical components will be the mirrors placed on the first-wall of the
ITER toroidal chamber, called First Mirrors (FMs). They will endure
severe conditions in terms of intense thermal loads (up to 500 kW /m?),
strong radiation fields (up to 2x10% Gy/s) and high particles fluxes (neu-
tron flux up to 3x10'® neutrons m=2 s7') [4]. Among the effects of this
harsh environment on FMs, erosion by energetic particles coming from
the hot plasma and re-deposition of sputtered material transported from
the first-wall onto their surface constitute topical issues. These phenom-
ena could lead indeed to a dramatic decrease of FMs specular reflectivity,
posing a serious threat on the operation of the entire diagnostics [5].

One of the principal materials investigated for ITER FMs production is
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Introduction

rhodium (Rh), thanks to its high reflectivity in a wide wavelength range,
acceptable sputtering yield and melting point (1966 °C) [6]. The high cost
of Rh as a raw material, together with the potential interest towards FMs
solutions based on thin film technology, suggests its use as a high reflective
coating deposited on a suitable substrate.

The thesis subject of this Ph.D in Energy and Nuclear Science and
Technology (STEN) at Politecnico di Milano (Polimi) deals with the study
and the development of nanostructured rhodium films functional for ITER
FMs. This Ph.D work was mainly experimental. The emphasis was put
on basic material science aspects in order to establish new useful knowl-
edge for the development of suitable solutions for realistic mirror devices.
This Ph.D project had a twofold goal. Firstly, the production of Rh
coatings functional for FMs by means of Pulsed Laser Deposition (PLD)
was addressed. By suitably changing the process parameters, PLD allows
morphology and nanostructure control of the growing film in a peculiar
manner with respect to the other deposition techniques, like electrodepo-
sition and magnetron sputtering. This feature could in principle deter-
mine a potential improvement of Rh films response to the phenomenon of
ITER plasma erosion. The second objective of this Ph.D thesis consisted
in a first study of the laser cleaning technique as a potential method to
mitigate the re-deposition of first-wall eroded materials onto FMs. The
main goal was to develop a novel approach to the process of Rh films
production-contamination-cleaning, in which the same laser system is ex-
ploited to experimentally investigate ITER FMs re-deposition topic with
laboratory-scale facilities.

The present dissertation has been organized following the above described
logical path. A brief description of the contents for each chapter is given
below.

Part I: First mirrors for nuclear fusion diagnostic systems: state
of the art

Chapter 1 In this first chapter of the thesis the general scientific back-
ground is reported. After an introduction on the basic principles
of nuclear fusion, the attention is focused on the different methods
currently under investigation to confine the nuclear fusion energy.
The tokamak solution is afterwards described and the ITER device
is finally introduced.

Chapter 2 An up-to-date state of the art of ITER diagnostics and first

3



Introduction

mirrors is here reported. First of all, a survey of some of the main di-
agnostics foreseen to be installed in ITER is reported. As an example,
the Thomson scattering core light detection and ranging diagnostic
is discussed in detail, with the twofold aim of giving further insight
on the big challenges that the ITER community has still to face and
also to introduce the specific topic of this Ph.D thesis: First Mirrors
(FMs). The main open issues of erosion and re-deposition associ-
ated to these components are then carefully described. Finally, the
specific objectives of this Ph.D work, together with the experimental
methods used in order to accomplish them, are presented.

Part II: Production and investigation of rhodium films

Chapter 3 The advances achieved in this thesis on the deposition by
Pulsed Laser Deposition (PLD) of rhodium (Rh) films with suitable
properties for ITER first mirrors production are here described. In
particular, the technological solutions employed to overcome the main
intrinsic PLD drawbacks, such as the achievable dimensions, mechan-
ical behaviour of films and the quality of their surface required to
obtain the highest specular reflectivity, are discussed.

Chapter 4 In order to demonstrate the effectiveness of PLD towards the
improvement of Rh films response to ITER plasma erosion, this chap-
ter reports an experimental investigation of the performance of Rh
films exposed to a laboratory pure deuterium plasma with qualifying
features relative to the ITER peripheral plasma facing first mirrors.
This campaign was developed at the Physics Department of Basel
University in collaboration with the Nanolino group.

Part III: Laser cleaning from “tokamak-like” contaminants of
rhodium films

Chapter 5 Here a novel approach to the process of Rh films production-
contamination-cleaning, in which the same laser system is employed
to investigate ITER FMs re-deposition issues with laboratory-scale
facilities, is developed. Particular emphasis is given to the production
of “tokamak-like” contaminants by PLD. Afterwards, the preliminary
attempts of applying the laser cleaning technique with the goal of
removing PLD re-deposits from PLD Rh films thus restoring their
initial optical properties, are reported.
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Chapter 6 The main results obtained during a three months period at
the Joint European Torus (JET) tokamak, located in Culham (Ox-
fordshire, United Kingdom), in the frame of post-mortem character-
ization of JET first-wall components, or tiles, extracted after 2011-
2012 experimental campaign are discussed here. The activity fits to
the subject of this Ph.D thesis in the perspective of acquiring real-
istic information about tokamak re-deposits with the potential goal
of producing them faithfully in laboratory by PLD. Considering the
main post-mortem characterization techniques, the development and
application of an interpretative tool (i.e. MatLab routine) for tiles
profiling measurements are deeply described.

The original contents of this PhD thesis have led to the publication of the
following peer-reviewed papers, ordered by year:

e A. Uccello, D. Dellasega, S. Perissinotto, N. Lecis, M. Passoni. Nanos-
tructured rhodium films for advanced mirrors produced by Pulsed
Laser Deposition. Journal of Nuclear Materials, 432(1-3):261-265,
2013.

e A. Uccello, A. Maffini, D. Dellasega, M. Passoni. Laser cleaning of
pulsed laser deposited rhodium films for fusion diagnostic mirrors.
Fusion Engineering and Design, 88(6-8):1347-1351, 2013.

e A. Uccello, B. Eren, L. Marot, D. Dellasega, A. Maffini, R. Steiner,
D. Mathys, E. Meyer, M. Passoni. Deuterium plasma exposure of
rhodium films: role of morphology and crystal structure. Journal of
Nuclear Materials, 446(1-3):106-112, 2014.

e A. Maffini, A. Uccello, et al. Laser cleaning of diagnostic mirrors
from tokamak-like carbon contaminants. In preparation.

The subject of this Ph.D thesis was presented by myself in different In-
ternational Conferences, ordered by year:

e M. Passoni, D. Dellasega, G. Merlo, A. Uccello, G. Grosso, M.C.
Ubaldi, C.E. Bottani. Nanostructured Rhodium Films for Advanced
Diagnostic Mirrors Produced by Pulsed Laser Deposition. 13th In-
ternational Workshop on Plasma-Facing Materials and Components
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for Fusion Applications & 1st International Conference on Fusion
Energy Materials Science (PFMC-13 Workshop / FEMaS-1 Confer-
ence), Rosenheim, Germany, 9-13 May 2011. Poster presentation.

e A. Uccello, D. Dellasega, S. Perissinotto, N. Lecis, M. Passoni. Nanos-
tructured Rhodium Films for Advanced Mirrors Produced by Pulsed
Laser Deposition. 16th International Conference on Solid Films and
Surfaces (icsfs16), Genoa, Italy 1-6 July 2012. Oral presentation.

o A. Uccello, A. Maffini, D. Dellasega, M. Passoni. Laser Cleaning
of Pulsed Laser Deposited Rh Films for Fusion Diagnostic Mirrors.
27th Symposium of Fusion Technology (SOFT 2012), Liege, Belgium,
24-28 September 2012. Poster presentation.

e A. Uccello, A. Maffini, D. Dellasega, M. Passoni. Laser Cleaning of
Pulsed Laser Deposited Rhodium Films from Tokamak-like Contam-
inants. The 12th International Conference on Laser Ablation (COLA
2013), Ischia, Italy, 6-11 October 2013. Poster presentation.

The subject of this Ph.D thesis was also presented in other International
Conferences, ordered by year:

e M. Passoni, A. Uccello, D. Dellasega, S. Perissinotto, B. Eren, L.
Marot, E. Meyer. Nanostructured Rhodium Films for Advanced
Mirrors Produced by Pulsed Laser Deposition. 27th Symposium of
Fusion Technology (SOFT 2012), Liege, Belgium, 24-28 September
2012. Poster presentation.

e A. Maffini, A. Uccello, D. Dellasega, S. Perissinotto, B. Eren, L.
Marot, E. Meyer, M. Passoni. Nanostructured Rhodium Films for
Advanced Mirrors Produced by Pulsed Laser Deposition: Erosion and
Redeposition Concerns. 14th International Conference on Plasma-
Facing Materials and Components for Fusion Applications (PFMC-
14), Juelich, Germany, 13-17 May, 2013. Poster presentation.

e D. Dellasega, A. Uccello, A. Pezzoli, A. Maffini, C. Conti, M. Passoni.
Permeation and Erosion Properties of Amorphous-like Metallic Films
Deposited by Pulsed Laser Deposition. The 12th International Con-
ference on Laser Ablation (COLA 2013), Ischia, Italy, 6-11 October
2013. Poster presentation.



Part 1

First mirrors for nuclear
fusion diagnostic systems:
state of the art






Magnetic nuclear fusion: a short
introduction

N this chapter the general topic under which this thesis is developed, the
magnetic confinement nuclear fusion, will be introduced. In section[I.1]
the basic principles of nuclear fusion will be described. Secondly, in

section [1.2|a brief analysis of the advantages and issues of the most studied
nuclear fusion reactions from the energy production point of view will be
reported. The physical conditions for generating net energy from nuclear
fusion reactions, together with the different methods currently under in-
vestigation to confine the nuclear fusion energy in order to exploit it, will
be presented in section [I.3] The magnetic confinement and the different
implementation approaches will be shown in section[I.4] Among them, the
tokamak solution will be more deeply described in section Then, the
main features and the storyline of the currently building world’s largest
tokamak ITER will be reported in section [I.6] Particular emphasis will
be given to the different components of the ITER first-wall and to the
materials selected for producing them.

1.1 Basic principles

The release of energy by means of nuclear reactions could be achieved
following two different ways: the fusion of two light nuclei or the fission
of two heavy nuclei. Figure|l.1|shows the graph of the binding energy per
nucleon (expressed in MeV) as a function of the mass number (A). For light
nuclei, it increases with A: the aggregation of two light nuclei determines
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Chapter 1. Magnetic nuclear fusion: a short introduction

the formation of a more stable nucleus, together with the release of a
significant amount of energy. The situation for a heavy nucleus is dual:
the binding energy per nucleon increases lowering A. The disruption of a
heavy nucleus brings to two lighter nuclei and again a relevant quantity
of energy.

it \cow s S - Uzss
8lce Fe MW@W‘C{»« e ’
C R b ) %%Wé/ U 238

Binding energy per nucleon [MeV]

0 30 60 90 120 150 180 210 240 270
Mass number (A)

Figure 1.1: Binding energy per nucleon (MeV) as a function of the mass number (A).

As a source of energy, fusion presents evident advantages with respect
to fission: light nuclei are abundant and largely available in nature, the
energy per nucleon released is 5-6 MeV on average against 0.8 MeV for
the usual fission reaction of 23U, the reaction products are in general
nonradioactive nuclei. Nonetheless, fusion has a remarkable drawback: to
establish a fusion reaction, the two reactant nuclei, which are electrically
charged, need to overcome the repulsive Coulomb force in order to ap-
proach each other to a distance on the order of 107 m, i.e. the nuclear
force range. Since a fission reaction is triggered by neutrons, it does not
present this relevant concern.

The researches on the topic of nuclear fusion widely spread after the
second world war, mainly because of its potential use for military pur-
poses (hydrogen bomb, 1952). However, the scientific community was soon
aware of the outstanding engineering and technological issues underneath
the project of a full-scale electricity-producing fusion reactor plant [7].

10



1.2. Fusion reactions

1.2 Fusion reactions

Over a hundred of nuclear fusion reactions between light nuclei has been
studied so far. The simplest one is the reaction between two hydrogen nu-
clei, which however cannot be realized on the earth. It requires indeed the
development of a complex reaction chain that occurs on a long temporal
scale. Moreover, this chain of exothermal reactions takes place in the sun
and in the other stars, permitting them to shine. The most interesting
nuclear reactions for application on the earth, involve the heavier isotopes
of hydrogen: deuterium (D) and tritium (T). Deuterium is a stable isotope
contained in water with an abundance of 0.015%: it is therefore nearly
inexhaustible. On the other hand, tritium is unstable and it is therefore
necessary to be artificially produced. The principal fusion reactions which
involve deuterium and/or tritium are:

D+D—T+'H+4.03 MeV
D +D — 3He 4+ n + 3.27 MeV
D + *He — “He + 'H + 18.3 MeV
D+ T— *He+n+ 17.6 MeV

It is now interesting to briefly examine the advantages and drawbacks of
each reaction, considering the energy production.

With the aim of highlighting the most relevant parameters of the nu-
clear fusion process, consider a system constituted by two populations of
elements A and B. Indicate with na and ng the corresponding number of
particles per unit volume and with n = na + ng the total number density.
The number of nuclear reactions per unit volume and time is nangov,
where o is the total cross section of nuclear fusion among elements A and
B, and v is the relative velocity between the reactant particles. For the
sake of simplicity, suppose that nax = ng = n/2. Labeling with Eap the
energy released by the reaction, the power per unit volume achieved from

the nuclear process is

n2

Pf - ZWEAB (11)

where the average ov is calculated over the velocity distribution of the
particles. This expression points out that the energy released by the reac-
tion, Exp, and the reaction rate, ov, are the two physical parameters to
be considered in order to evaluate the goodness of a nuclear fusion reac-
tion from the energy production point of view. In particular, the quantity
ov for a Maxwell velocity distribution and the nuclear fusion reactions of
interest is shown in figure [1.2]
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Figure 1.2: Reaction rate ov, averaged on a Mazwell velocity distribution for the
reactant particles, as a function of temperature T, for the nuclear fusion reactions of
interest.

The first two reactions (D-D reactions) involve only deuterium nuclei
thus exhibiting the striking advantage of employing an element nonra-
dioactive, abundant, and easily achievable by means of isotopic separa-
tion and successive electrolysis of the obtained heavy water. On the other
hand, the release of energy from both the reaction channels (which are ap-
proximately equally probable) and the reaction rate are lower than those
of the other nuclear fusion reactions. The realization of a nuclear fusion
power plant based on D-D reactions is therefore more complex.

The reaction D-3He shows some favourable properties: the release of
energy from a reaction is significant and moreover there are no neutrons
among the reaction products (it is otherwise necessary to minimize the D-
D reactions that could also verify). The latter would avoid the activation
concern and the structural damage induced by neutron bombardment on

12



1.2. Fusion reactions

the reactor materials. Furthermore, the presence of electrically charged
products rises the possibility of developing systems for the direct con-
version of nuclear fusion energy into electric energy, without employing
thermodynamic cycles. However, even in this case, D-3He is characterized
by a low reaction rate. Moreover, the 3He isotope is extremely rare on the
earth (isotopic abundance 0.000137%).

The D-T reaction is characterized by a significant reaction rate, to-
gether with a great release of energy. The energy gain coming from a
single reaction is the highest among all the potential solutions considered
so far. The D-T reaction thus constitutes the starting point for the nu-
clear fusion researches. Nonetheless, it presents some important issues.
The energy produced by the fusion reaction, 17.6 MeV, is released as ki-
netic energy of the reaction products. The alpha particle and the neutron
have a kinetic energy of 3.5 MeV and 14.1 MeV, respectively. The fast
neutrons of 14.1 MeV induce serious damage and activate the structural
materials which need to be frequently substituted by remote handling.
Furthermore, tritium is a radioactive element (T, = 12.33 y) and it is
artificially produced. The main mechanism exploited to produce T is the
neutron absorption by one of the two stable lithium (Li) isotopes, accord-
ing to the following reactions

Li+n— T+ ‘He+ 4.8 MeV
Mi+n—T+ *He — 2.5 MeV

The former (latter) is exothermic (endothermic) and it is most probable
for thermal (fast) neutrons. The neutron necessary for these reactions
could come from the D-T reaction: it is possible, in principle, to establish
a regenerative cycle into the nuclear fusion device (similar to that used by
the fast nuclear fission reactors).

Thanks to its favourable physical features, the first generation of nu-
clear fusion power plants foresees the exploitation of the D-T reaction. The
knowledge acquired after the realization of this class of reactors should
bring to the development of D-D power plants. Due to the low values
for the two physical parameters Exp and v, the underneath technology
will be clearly more complex than that of the D-T reactors. However,
this solution is very attractive and promising as D-D power plants would
significantly reduce tritium and radioactive waste issues.

As previously observed, since nuclear fusion reactions involve electri-
cally charged particles, it is necessary to supply them with a sufficient
amount of kinetic energy, at least on the order of keV, in order to over-
come the repulsive Coulomb barrier. Energetic particles can be obtained
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Chapter 1. Magnetic nuclear fusion: a short introduction

by heating the system until temperatures at which the thermal agitation
of the components is enough to permit nuclear fusion reactions. The re-
quired temperatures are very high, on the order of some millions of Kelvin.
At these conditions, atoms and molecules are completely ionized into nu-
clei and electrons thus reaching the fourth state of the matter: the plasma
state. Since the constituents of this system are electrically charged, they
interact in a complex way through Coulomb collisions and collective modes
by means of auto-generated electromagnetic fields. Moreover, a plasma
can interact with external electric end magnetic fields.

The development of a nuclear fusion power plant needs to fulfill two
main goals. Firstly, it is necessary to create a hot plasma and to main-
tain it for a sufficient time to achieve a net energy gain. Secondly, the
actual power plant, that is a system able to convert thermal energy into
cost-effective electric energy, needs to be realized. As an example, the
functional scheme of a nuclear fusion power plant based on the D-T reac-
tion is reported in figure [I.3]

Reactor containment

( O
Lithium
blanket
Deuterium
Primary ~ Vacuum | oT
fuels vassel | ] Helium
T 1]
Lithium
-
Generator

Steam
generator

Figure 1.3: Functional scheme of a D-T nuclear power plant.
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1.3. Thermonuclear plasma confinement and ignition

1.3 Thermonuclear plasma confinement and ignition

In order to create and maintain the thermonuclear plasma, it is necessary
that the thermal energy associated to the fuel particles is enough to give
rise to nuclear fusion reactions with a net energy gain. This aspect con-
stitutes the main drawback of the nuclear fusion research. First of all, the
plasma needs to be heated up to temperatures on the order of millions
of Kelvin. It is afterwards essential to confine the plasma in these con-
ditions, avoiding its expansion due to the thermal energy, which would
be lost too rapidly. Considering the stars, this confinement is realized by
the huge gravitational field. On the earth, this solution is not accessible
and other confinement mechanisms are required. The confinement issue
is made more complex by a great variety of plasma instabilities resulting
from the electromagnetic interaction between its constituents, which could
bring to the plasma switching off before the fulfillment of the nuclear fu-
sion conditions. Finally, with the aim of obtaining a net energy gain, it is
necessary to take into account the significant plasma energy loss due to ra-
diation emission. As a matter of fact, plasma electrons waste their energy
emitting Bremsstrahlung radiation as a consequence of their continuous
acceleration and deceleration due to interaction with ions. At the typical
plasma temperatures, the Bremsstrahlung radiation is mainly constituted
by X-rays which are not recovered. However the total power per unit vol-
ume of the nuclear fusion reactions rises with the temperature faster than
the power per unit volume lost for Bremsstrahlung emission. The ideal
ignition temperature is the temperature at which the two powers per unit
volume equalize. As an example, the ideal ignition temperature for the
D-T reaction is 4.4 keV (about 34 millions of Kelvin).

To realize a favourable energetic system, the achievement of the ideal
ignition temperature constitutes only a necessary condition. Beyond the
Bremsstrahlung emission, thermal mechanisms (e.g. particles diffusion
and thermal conduction) as well as the fraction of the nuclear fusion energy
transported by neutrons away form the plasma, contribute indeed to the
plasma energy losses.

In order to reach the ignition condition, it is mandatory to balance the
plasma energy losses (due to radiation emission and thermal mechanisms)
with a portion of the nuclear fusion energy. If the system confinement
properties (i.e. confinement time, plasma density and temperature) are
not enough to achieve this regime, it is necessary to supply the nuclear
fusion process with an external energy source. The equilibrium condition,
also called break-even, is reached when the power generated by the nuclear
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Chapter 1. Magnetic nuclear fusion: a short introduction

fusion reactions equalizes the input power. This constitutes the requisite
to be satisfied in order to design a null-power reactor. The break-even
achievement depends on the particles density, n, of the confined plasma
portion and on the energy confinement time, 75. The requirements to be
fulfilled can be quantified in short by a simple energy balance. Considering
the D-T reaction, at temperatures on the order of that of the ideal ignition,
this balance can be expressed as follows:

nrg > 10 s/ecm®  (Lawson’s criterion) (1.2)

The final goal of the nuclear fusion research consists in realizing a
system at ignition, that is a system in which the fusion process is auto-
sustained by a fraction of the nuclear fusion energy transferred to the
plasma by the electrically charged products which are capable to interact
with it. Once the ignition is reached, it is no more necessary to introduce
energy into the system: the plasma energy losses are indeed replaced
by a fraction of the energy released by the nuclear fusion reactions. In
the case of the D-T reaction, albeit the 14.1 MeV neutrons escape from
the system, the power associated to the 3.5 MeV alpha particles can be
transferred to the plasma through collisional and collective scattering.
The ignition conditions are reached when the power supplied by the alpha
particles equalizes the total power losses. Of course, it is necessary to
obtain temperatures higher than the ideal ignition temperature and n7g
values greater than the Lawson’s criterion. Considering again the D-T
reaction, the ignition condition requires temperatures on the order of 100
millions of Kelvin and n7g higher than 10 s/cm3. Introducing the fusion
energy gain factor Q:

nuclear fusion power

= 1.3
Q input power (13)
it is possible to express the break-even and ignition conditions as
=1, break-even
Q - (1.4)
— 00, 1gnition

Because of the high temperatures, the plasma confinement cannot be
achieved by material walls. It is mandatory to avoid any contact between
thermonuclear plasma and physical surfaces in order to prevent its con-
tamination and energy dissipation through different loss mechanisms (e.g.
radiative phenomena and conduction).

Nuclear fusion researches have identified two different approaches for
plasma confinement: magnetic confinement and inertial confinement. The
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1.4. Magnetic confinement

former solution has the aim of confining a low-density plasma (on the or-
der of 10" nuclei/cm?®) on a time lapse on the order of seconds, whereas
the latter has the goal to compress the plasma to a very high density
(on the order of 10** nuclei/cm?) in a way that 7z equalizes the charac-
teristic expansion time associated to the particles inertia (nanoseconds).
The physical and technological issues underneath these two processes are
really different. However, since the general topic of this thesis is the mag-
netic confinement fusion, only the basic aspects of this approach will be
described in the follows.

1.4 Magnetic confinement

As previously mentioned, the plasma is capable to interact with exter-
nal electric and magnetic fields. One potential solution thus consists in
confining it by suitable electromagnetic fields.

In the case of a plasma in a spatial uniform magnetic field, as that pro-
duced by a solenoid or by a system of coils placed along an axis, since the
charged particles follow helicoidal trajectories wrapping around the mag-
netic field lines (cyclotron or Larmor motion), a transversal confinement
is achieved, as shown in figure 1.4, However, by means of this approach,
particles are freely to move along the axis. Therefore the axial confinement
is not achieved.

a) No magnetic field b) With magnetic field
e A _AANANAA
e PN 1N

Magnetic Electron
field line

Figure 1.4: Scheme of free charged particles (a) and with a uniform azial magnetic

field (b).

To obtain the longitudinal confinement, two solutions have been inves-
tigated so far. In the former, magnetic field intensity increases at the edges
of the system (figure ) Particles are subjected to the magnetic mirror
phenomenon: due to the conservation of particles energy and magnetic
momentum, a fraction of particles, once they reach the system boundary,
is forced to invert its motion towards the low magnetic field zones. This
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Chapter 1. Magnetic nuclear fusion: a short introduction

approach brought to the development of the so-called mirror machines.
However, the concerns related to an incomplete particles confinement and
to the complexity of the magnetic field configuration, mandatory to avoid
magnetohydrodynamic instabilities, revealed hardly solvable.

A completely different approach consists of closing the solenoid: the
plasma has a torus shape being subjected to a toroidal magnetic field
created by the coils in which a poloidal current flows (figure [L.5pb). The

a) Plasma b)
Toroidal z Poloidal
direction direction
i __\\l
R
Eaa)
i Coils for
Magnetic field line Toroidal toroidal field

magnetic field lines

Figure 1.5: Mirror machine configuration (a) and toroidal configuration (b).

magnetic field is curved and no more uniform as a consequence of the
Ampére’s law. With this configuration, the particles own the usual Lar-
mor motion around the magnetic field lines plus a drift motion transverse
to them which brings to particles loss. It is thus necessary to introduce
a poloidal magnetic field component. In this way the magnetic field lines
helicoidally wrap the torus (figure , generating closed magnetic sur-
faces and the total particles motion makes the confinement achievable.
The poloidal field could be produced by a toroidal current which flows
along the plasma: the nuclear fusion device which exploits this solution is
called tokamak. This world has a Russian origin (from toroidalny kamera
makina) since the first machine was developed in the Soviet Union at the
end of the fifties. Another approach to generate the poloidal magnetic
field component is through suitable helicoidal coils, as it happens in the
Stellarator.

Since this thesis deals with tokamak diagnostics the next section will
give a brief description of tokamak main components and issues.
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1.5. The tokamak configuration

Az

Figure 1.6: Helicoidal magnetic field resulted from the composition of the toroidal and
poloidal magnetic fields.

1.5 The tokamak configuration

Tokamak is the most studied nuclear fusion device which gives the most
promising results. First of all, the general tokamak structure foresees the
toroidal vacuum chamber in which the nuclear fusion fuel is injected. The
wall which directly faces the thermonuclear plasma, also called first-wall,
is one of the most critical tokamak components (figure[L.7)). It endures an

Figure 1.7: Joint FEuropean Torus (JET, Culham, Oxfordshire, United Kingdom)
tokamak first-wall before 2010 (carbon first-wall).

intense radiation flux coming from the plasma which comprises of: elec-
tromagnetic radiation, particles escaped from the magnetic confinement
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Chapter 1. Magnetic nuclear fusion: a short introduction

(eroding the first-wall through the sputtering phenomenon) and especially
the 14.1 MeV neutron flux. The maximum bearable heat flux determines
a superior limit to the fusion power per unit volume and thus to the max-
imum plasma density. By virtue of the Lawson’s criterion (expression
an inferior limit to the energy confinement time 7g is set. From the op-
erational point of view, it is fundamental that the possible interaction
between the plasma and the first-wall does not introduce a significant
amount of impurity nuclei with a high atomic number (Z) in the plasma
itself, which would bring to an unacceptable power loss due to radiation
emission (Bremsstrahlung radiation significantly increases with the plasma
effective nuclear charge). Accordingly, first-wall materials should be low-Z
materials capable to withstand to the tokamak harsh environment, thus
minimizing their substitution (this is a really complex operation which
requires remote handling). Beryllium and graphite are two of the most
studied tokamak first-wall materials. The crucial issue of the choice of
first-wall materials, including the several diagnostics for plasma monitor-
ing, represents a fundamental part of this thesis and it will be widely
described in the next chapter.

Tokamak intense confinement magnetic field is produced by a complex
set of coils and transformers. Poloidal coils are exploited to generate the
toroidal magnetic field. They should be able to create high magnetic
fields, from some teslas to 12-13 teslas. Currents on the order of some
megaamperes are thus necessary. To avoid significant energy losses for
Joule effect, superconductive coils cooled with liquid helium are employed.
In order to prevent poloidal coils damage and heating over the critical
temperature of the superconductive material exploited, it is mandatory to
protect them with a suitable screens system.

It is evident that tokamak operation requires to simultaneously reach
the highest (10® K) and lowest (some Kelvin) temperatures ever achieved
by man, in a range of some meters. Beyond the design and realization
problems, also the thermal insulation of the different tokamak regions has
therefore a high-priority.

With the goal of producing the plasma current for the generation of
the poloidal magnetic field, tokamak technology foresees a system of trans-
formers, usually with an iron core. The functional principle is straightfor-
ward: the toroidal chamber, together with the thermonuclear plasma, is
concatenated with the flux produced by the transformer primary winding.
The flux variation induces a current in the plasma, which thus constitutes
the transformer secondary winding. For this reason, tokamak is an in-
trinsic pulsed device. Once the gaseous fuel is injected into the toroidal
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1.5. The tokamak configuration

chamber, this transformers system produces a discharge in order to gen-
erate the plasma. Tokamak magnetic field inhomogeneities determine the
expansion of the plasma spire. To control the plasma configuration, toka-
maks foresee another coils system responsible for the generation of a verti-
cal magnetic field which couples with the plasma current, thus producing
a Lorentz force directed towards the axis which opposes to the plasma ex-
pansion. The main tokamak coils systems (except for those of the vertical
magnetic field), currents and magnetic fields are represented in figure

Transformer
primary winding Transformer
\iron core
SN
q
o\g Coils for the

~ toroidal field

Current for the
— | Vacuum

toroidal field chamber
Poloidal
field
I~
Resulting

magnetic field

Toroidal Plasma
field current

Figure 1.8: Scheme of the tokamak coils system for the confinement helicoidal mag-
netic field.

The magnetic field ability to confine the plasma thermal energy is ex-
pressed by means of the parameter § which is the ratio between the plasma
kinetic pressure, p, and the magnetic pressure, pmag. The former is defined
by the relation

p=nT (1.5)

Considering 10'® cm™3 and 10 keV as typical ignition values for n and T,
p is equal to 16 bar. The magnetic pressure is given by the symmetric
part of the Maxwell magnetic stress tensor which describes the electrody-
namic force acting on the plasma, generated by the coupling between the
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magnetic field and the plasma current
B2
Pinag = ¢ in Gaussian units (1.6)
T

The parameter (5 is therefore

tn'T
B2

which is comprised between 0 (non-confinement) and 1 (for > 1, ppag is
not able to equalize the plasma kinetic pressure and it is impossible to ob-
tain the confinement). The goal is to achieve [ values as close as possible
to 1 in order to efficiently confine the plasma and to reduce the dimension
of the overall system. However, tokamak magnetohydrodynamic stabil-
ity analysis shows that low 3 values (~1072) correspond to more stable
equilibrium configurations. Theoretical investigations have revealed high
B (~0.2) stable regimes achievable shaping the plasma in a way that its
elongation and triangularity are different from zero (figures ,b). In
this cases, tokamak poloidal section is elliptical and/or has a D-shape
(figure [1.9k). It is clear that tokamaks foresee further coils systems which
generate additional magnetic fields for plasma shaping and for controlling
plasma equilibrium and magnetohydrodynamic stability.

b=

(1.7)

)
‘ ////

AN

Figure 1.9: Tokamak poloidal section with elongation different from zero (a) and
triangularity different from zero (b). Typical tokamaks D-shape with finite elongation
and triangularity (c) [@

Beyond the poloidal magnetic field generation, the toroidal plasma cur-
rent in a tokamak is also responsible for its heating, which occurs by Joule
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1.5. The tokamak configuration

effect. However, the Ohmic heating presents an intrinsic issue: plasma
electric resistivity reduces increasing the temperature. Plasma behaviour,
during heating, actually tends to that of an ideal conductor. In order to
achieve thermonuclear plasma conditions, it is therefore necessary to ex-
ploit further heating mechanisms. Two techniques have been investigated
so far. In the former, heating is obtained through the non-collisional
absorption of radio-frequency electromagnetic waves generated by suit-
able sources. The dispersive behaviour of the plasma makes the resonant
coupling with electromagnetic waves at different characteristic frequencies
possible. The different most-studied solutions are: the Electron Cyclotron
Radio-frequency Heating (ECRH, which exploits the electron cyclotron
frequency), the Ion Cyclotron Radio-frequency Heating (ICRH, which ex-
ploits the ion cyclotron frequency) and the Lower Hybrid Radio-frequency
Heating (LHRH, which exploits the so-called inferior hybrid frequency).
The other mechanism exploited to heat the plasma foresees the injection
of high-energy nonionized atoms (neutrals), of the same plasma elements,
into the plasma. The name of this technique is Neutral Beam Injection
(NBI). The fast neutrals are generated from a beam which is ionized, ac-
celerated in a vacuum chamber and again neutralized. Once the neutrals
reach the plasma, they make charge exchange reactions with the plasma
nuclei, thus introducing fast ions into the system. By means of these two
approaches, it is possible to achieve heating powers on the order of several
megawatts.

As described in section [1.4] tokamak thermonuclear plasma, due to
its toroidal configuration, is confined in closed magnetic surfaces, whose
shape is determined by the tokamak magnetic fields structure. The last
magnetic surface is also called Last Closed Flux Surface (LCFS) [§]. It
plays a crucial role in the frame of the interaction between the plasma and
the first-wall components. The LCFS permits to distinguish two plasma
regions: the hot core, in which the nuclear fusion reactions happen, and
the plasma boundary, characterized by a lower temperature and density.
LCFS position and shape can be also controlled adopting specific tools
during tokamak chamber design phase. The two most investigated solu-
tions are the limiter and the divertor. Beyond the effect on the global
performance of the confinement, they permit to control plasma-material
interactions in a tokamak.

The limiter is the simplest and most intuitive way to guarantee the
protection of the tokamak vacuum chamber towards the plasma interac-
tion. It consists in a material ring in direct contact with the plasma. The
interaction is thus localized onto a suitably designed component which
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Chapter 1. Magnetic nuclear fusion: a short introduction

could be eventually changed. Two limiter types have been used so far.
The former, also called poloidal limiter (figure [1.10p), is an annular com-
ponent which wraps the plasma, ensuring the protection of the first-wall.
The latter, known as toroidal limiter (figure [1.10p), is a toroidal ring at
half-height of the tokamak chamber which protrudes towards the plasma.

Poloidal Toroidal
limiter limiter

Figure 1.10: Poloidal (a) and toroidal (b) limiters [&].

With the aim of further reducing the first-wall issues and improving the
performance of the machine, another component has been investigated. It
is called divertor and it is capable of removing the plasma impurity and
controlling the exhausted low-energy helium population (helium ash), pro-
duced by the D-T reactions. As just mentioned, the removal of these el-
ements with Z higher than that of the hydrogen isotopes is necessary to
reduce the energy loss due to Bremsstrahlung emission, thus facilitating
the maintenance of the ignition conditions. The divertor functional princi-
ple is based on the production, in correspondence of the plasma boundary,
of one or more regions with open magnetic field force lines directed towards
specific divertor components, know as divertor targets. The external part
of the plasma, which contains the lower energy particles and the major
fraction of impurities, is thus divided from the internal hot region and is
guided to the divertor targets where extractor devices can be introduced.
The magnetic field structure for the divertor configuration is realized by
means of a further coils system. The conceptual scheme is analogous to
that of the magnetic field produced by two wires carrying current in the
same direction: the first wire corresponds to the plasma current and the
second to the divertor coils system (figure . The divertor targets have
to withstand to a really high energy load (several MW /m?) and particles
fluxes. It is therefore one of the most critical tokamak components. From
figure [[.11j, a point characterized by a null poloidal magnetic field, also
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Figure 1.11: Bi- (a) and three-dimensional (b) sketches of the divertor configuration.

called X-point, is visible. The magnetic surface passing through the X-
point is known as magnetic separatrix, since it divides the hot plasma
from the boundary plasma. It is clear that the magnetic separatrix co-
incides with the LCFS. Another schematic representation of the divertor
plasma configuration is shown in figure [I.12h. The plasma underneath the
X-point and above the separatrix is called private plasma. It is due to the
transversal transport in the plasma boundary. Figure displays the
divertor design of the tokamak ITER, currently under construction (see

section .

a)
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Main
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flux

Divertor targets

Figure 1.12: (a) Plasma configuration in correspondence of the divertor region [8].
(b) ITER divertor design [2].

Both with limiter and divertor configurations, the plasma region be-
yond the LCFS is also known as Scrape-Off-Layer (SOL). Considering
the Joint European Torus (JET, Culham, Oxfordshire, United Kingdom)
tokamak, the comparison between the magnetic field structure for limiter
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and divertor configurations is shown in figure [1.13
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Figure 1.13: JET magnetic field structure for limiter (a) and divertor (b) configura-
tions.

1.6 ITER

Most of the nowadays tokamaks operate with deuterium fueled discharges
to avoid the safety constraints relative to the use of tritium. However,
two large tokamaks, the Tokamak Fusion Test Reactor (TFTR, Prince-
ton, New Jersey, USA) and JET, were designed for pioneering studies of
plasma scenarios with a D-T fuel. Using a 1:1 ratio of deuterium to tri-
tium, they both produced a significant amount of fusion power ﬂgﬂ 10.7
MW of fusion power with a fusion energy gain factor of Q~0.27 were gen-
erated in TFTR during 1994 [10]. An extended D-T phase was carried
out at JET in 1997 during which 16.1 MW from fusion reactions were
produced, for a corresponding fusion energy gain factor of Q~0.62 [11].
Although these results represented a real breakthrough in the field of
magnetic confinement nuclear fusion, the Q ratios obtained during these
experiments were not sufficient to reach the break-even condition. They
were therefore very far from what would be necessary for a commercial
power plant. Experimental scaling laws have shown the strict dependence
of the energy confinement time 7 to the tokamak dimension and aspect
ratio [12]. The production of energy from fusion at an industrial scale
thus requires a significant jump in terms of machine performance. To
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this end, ITER (“the way” in Latin) is currently under construction adja-
cent to the CEA Cadarache research centre in the Southern France (seven
participants: European Union plus Switzerland, the USA, Japan, China,
Russia, India, South Korea; First Plasma: November 2020). The main
goal of ITER is to demonstrate the scientific and technological feasibil-
ity of producing net energy by means of fusion reactions. ITER should
achieve this objective by proving high power amplification (at least 500
MW of fusion power starting from 50 MW of input power, Q>10) with a
D-T plasma, over a long time period (500 s).

The key role of ITER in the success of the magnetic confinement nuclear
fusion is noticeable. Both the ambition and the complexity of this project
produce an interesting and intricate storyline [2] which deserves a brief
description.

1.6.1 Milestones in the history of the ITER project

At the Geneva (Italy) Superpower Summit in November 1985, US Pres-
ident Ronald Reagan and Soviet Secretary-General Mikhail Gorbachev
met for the first time and, within the discussion devoted to scientific and
technological challenges for the future decades, agreed on an international
effort to develop fusion energy “as an inexhaustible source of energy for
the benefit of mankind”. At the Reykjavik (Iceland) US-USSR Summit
on 11-12 October 1986, an agreement was reached between the European
Union (Euratom), Japan, the Soviet Union and the USA to jointly pur-
sue the design for a large international fusion facility, the “International
Thermonuclear Experimental Reactor” (ITER). Its project began with the
Conceptual Design Activities (CDA) process during April 1988. The CDA
took place in Garching (Germany) at the Max Planck Institut fiir Plasma-
physik (IPP). Some 50 professional staff representing all the ITER project
Parties met together for six months each year until 1990 under the aegis
of the International Atomic Energy Agency (IAEA). CDA had the goals
of selecting the technical characteristics of the ITER device and validating
the resources needed. It also carried out a safety and environmental analy-
sis of the design and defined the construction site technical characteristics.
CDA was successfully completed in December 1990. Afterwards the Par-
ties entered into negotiations on how I'TER should have proceeded. On the
21% of July 1992 in Washington DC (USA), the ITER Engineering Design
Activities (EDA) was signed by representatives of the four Parties: the
Russian Federation (heir of the role initially played by USSR), the USA,
Europe and Japan. Joint Work Sites were set up at three locations: San
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Diego (USA), Garching (Euratom) and Naka (Japan). Canada and Kaza-
khstan (also formerly part of USSR) became involved by association with
Euratom and Russia, respectively. Six years of international collaborative
work within the framework of the ITER EDA Agreement culminated in
the approval by the ITER Council, in June 1998, of the ITER Final Design
Report (figure [1.14h). Despite the existence of previous designs [13|[14], it
was the first of a fusion reactor based on well-established physics and tech-
nology. Its design fulfilled the overall programmatic objective of ITER and
complied with the detailed technical objectives and approaches adopted
by the ITER Parties at the start of the EDA. The main parameters of
the ITER EDA project are reported in the second column of table
However, during December 1998, concerns about the projected cost of the
programme led the USA to end participation in ITER. The San Diego
Joint Work Site closed.

A new design, named “ITER-FEAT” (figure ), was produced for
ITER, and was approved by the ITER Council in July 2001. It maintained
the overall programmatic objectives of the project, while integrating cost-
cutting measures. Symbolically, the meaning of ITER was changed. ITER
was no longer an acronym for International Thermonuclear Experimental
Reactor, but the Latin word “iter” which means “the way”. The main
parameters of the ITER-FEAT project are listed in the third column of
table L1l

Figure 1.14: Comparison between ITER EDA design (a) and ITER-FEAT design
(b).
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ITER EDA ITER-FEAT
Total fusion power 1.5 GW 500 MW (700 MW)
Average 14.1 MeV neutron wall loading ~1 MW /m? 0.57 MW/m? (0.8 MW/m?)
Plasma ignition time > 1000 s > 300 s
Plasma major radius (R) 8.14 m 6.2 m
Plasma minor radius (a) 2.80 m 2.0 m
Plasma current 21 MA 15 MA (17 MA)
Toroidal field 5.68 T @ 8.14 m radius 5.3 T @ 6.2 m radius
Plasma volume ~2000 m3 873 m3
Plasma surface ~1200 m? 678 m?
Available auxiliary heating power 100-150 MW 73 MW (100 MW)

Table 1.1: Main ITER EDA [12] vs. ITER-FEAT [15] parameters.

Following preparatory meetings in Vienna (Austria) and Moscow (Rus-
sia), where new partner Canada presented its bid to host the ITER project
(Clarington, Ontario), delegations from the Parties convened in Toronto
on the 8" of November 2001. The Toronto negotiations were the first in

a series that would have led to an agreement on the joint implementation
of ITER.

China presented a formal request to join ITER on the 10%" of January
2003. Twenty days later (30" of January 2003) the USA announced its
return to the ITER project. The 2°¢ of July of the same year, the ITER
Parties officially accepted South Korea’s application for participation in
the project. In this way I'TER had acquired a truly global dimension.

In parallel, during June 2003, Japan proposed Rokkasho-Mura, located
in Aomori Prefecture, as the ITER site. Europe initially hesitated between
Vandellds (Spain) and Chadarache (France) until the 26™ of November
2003 when the 25 European Ministers of Science and Research unani-
mously agreed to propose Cadarache. It was also decided that Spain
would have hosted the future ITER European Agency (“Fusion For En-
ergy”, F4E). In light of the competitive proposals submitted by Europe
and Japan for the ITER location, ITER-Canada, the private-sector con-
sortium that developed the offer to locate ITER in Clarington, announced
its withdraw from the ITER negotiations on the 23™ of December 2003.

On the 5" of February 2005 in Tokyo, the Minister for Foreign Af-
fairs of Japan, Mr. Taro Aso, and the Ambassador of the Delegation of
the European Commission to Japan, Mr. Hugh Richardson, signed the
Agreement for the Joint Implementation of the “Broader Approach Activ-
ities” in the Field of Fusion Energy Research. The Broader Approach was
defined as a privileged and equal partnership between the European Union
and Japan to complement the ITER project and to carry out R&D and
advanced technology development for the “next-step” device, the future
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DEMOunstration power reactor (DEMO). After a period of high-level po-
litical negotiations, the decision to locate ITER in Cadarache was reached
on the 28" of June 2005 at a ministerial-level meeting in Moscow. The
decision was based on a bilateral agreement between Europe and Japan
over cost sharing and the Broader Approach complementary development
projects to be located in Japan in support of ITER and the next-step
device DEMO. Ambassador Kaname Ikeda, former Japanese Deputy Min-
ister for Science and Technology and “Director Nominee” for the future
ITER Organization (10), inaugurated the “Joint Work Site” at Cadarache
on the 15" of December 2005.

During the same month, India joined ITER, bringing Member Par-
ties to seven. Thirty-three nations and more than a half of the world’s
population were involved in ITER.

The signing of the ITER Agreement took place on Tuesday, 215 of
November 2006 at the Elysée Palace, in Paris. French President Jacques
Chirac, European Commission President José Manuel Barroso and some
400 invited guests including high level representatives from the ITER Par-
ties and European Member States were present.

During January 2007, site preparation at Chadarache began, represent-
ing an important milestone on the road of building ITER.

On the 24" of October 2007, following ratification by all Parties, the
ITER Agreement entered into force and the IO was formally established.

The work of the 1O is supervised by its top body, the ITER Coun-
cil (IC), which has the authority to appoint senior staff, amend regula-
tions, decide on budget issues, and allow additional states or organiza-
tions to participate in ITER. The IC comprises of four representatives
per ITER Member. The Chair and Vice-Chair of the Council are elected
from amongst the Members and can remain in charge for up to four years.
Meetings of the IC are held at least twice a year. The first of them was
organized at Cadarache on the 27" of November 2007. The IC has been
convened thirteen times up to now.

The construction work on ITER began in 2010 and is expected to come
to an end in 2019. A commissioning phase will follow. It will ensure the
correct operation of ITER and prepare the machine for the achievement of
the First Plasma in November 2020. ITER’s operational phase is expected
to last 20 years. First, a several-year period of operation in pure hydrogen
is planned during which ITER will remain accessible for repairs. In paral-
lel, the most promising physics regimes will be tested. This phase will be
followed by operation in deuterium with a small amount of tritium to test
wall-shielding provisions, towards the end of 2027. Finally, a third phase
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with increasingly frequent operation with an equal mixture of deuterium
and tritium, at full fusion power, will be launched.

1.6.2 Materials choice for ITER

One of the main topical issues that the ITER community has to address
consists in the choice of the Plasma Facing Components (PFCs) which,
as remarked in section [1.5 will endure extreme conditions in terms of in-
tense thermal loads, strong radiation fields and high particle fluxes. PFCs
include the main chamber and divertor, the heating systems and the di-
agnostics. Since ITER diagnostics, and in particular first mirrors, consti-
tute the specific subject of this Ph.D thesis, they will be introduced and
described in chapter 2 The choice of materials for ITER PFCs has to
meet different and not easily compatible goals: maximizing plasma per-
formance, ensuring PFCs long lifetime, reducing safety issues like tritium
retention, etc. The completion of the ITER engineering design with the
ITER-FEAT project in 2001 has brought to an innovative choice of ma-
terials for main chamber and divertor |[16]. The ITER poloidal section is
shown in figure [1.15]

Figure 1.15: Cutaway of ITER which shows the layout of plasma-facing materials.

Beryllium (Be) will be used to cover the main toroidal chamber (total
area ~700 m?) because it has the advantage of being a low-Z material with
a good thermal conductivity and a strong affinity for oxygen (free energy
for oxide formation -581 kJ/mol) making it a very good oxygen getter [17].
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Its main drawbacks are a high sputtering yield and a relatively low melting
point (1560 K), which limit its power handling capability. Be in the form
of dust is also toxic, although the safety precautions to be taken will be
similar to those due to the presence of tritium in the vacuum vessel.

Tungsten (W) as a high-Z material with a low sputtering yield and
a high melting point (3695 K) will be used for the baffle regions of the
divertor targets and for the surface of the divertor dome (total area ~100
m?). Finally, Carbon Fibre Composite (CFC) was initially chosen for
the divertor targets as a result of its high thermal shock resistance owing
to its lack of a melting phase at the interested pressures, making it ex-
tremely resistant under the strong transient heat loads expected during
ITER plasma instabilities. However, carbon (C) has a significant hydro-
gen retention and, since the nuclear license limits the T-inventory in ITER
to 350 g for safety reasons [16], removal techniques should have been em-
ployed to recover the trapped tritium. Moreover CFC materials endure
severe degradation of their thermo-mechanical properties under high flu-
ence neutrons irradiation at fusion neutron energies [18]. These concerns,
together with budget issues, brought the ITER Council during the 13
meeting at Saint Paul-lez-Durance (France), on 20-21 November 2013, to
the choice of a full-W divertor for ITER [2].

32



Diagnostics and first mirrors in ITER

HIS chapter deals with the topic of the ITER diagnostics. They will
have to guarantee the control of the nuclear fusion process together
with the integrity of the vacuum vessel and thus the safety of the

entire system. In section a survey of some of the main diagnostics
foreseen to be installed in ITER will be described. As an example, the
Thomson scattering core light detection and ranging diagnostic, which
will measure the electron temperature and density in the core region of
ITER plasma, will be discussed in more detail in section both to give
further insight on the big challenges that the ITER community has still
to address and also to introduce the specific topic of this Ph.D thesis:
diagnostic first mirrors. As it will become clear later, they will be very
important components in the frame of the correct operation of most of
the ITER diagnostics based on the measurement of the electromagnetic
radiation coming from the plasma. The main open issues associated to
first mirrors, i.e. mirrors erosion by energetic particles coming from the
ITER plasma and re-deposition of eroded first-wall material transported
in the plasma onto their surface, will be presented in section 2.3} Based on
this introduction, the specific objectives of this thesis and the experimental
methods used to accomplish them, will be discussed in section [2.4]

2.1 ITER diagnostic challenges

Diagnostics will be a crucial part of the operation of ITER [19]. They will
provide the means to observe, control and sustain the plasma performance
over long timescales and in different plasma scenarios, and to prevent off-
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Chapter 2. Diagnostics and first mirrors in ITER

normal events that could otherwise lead to the damage of the machine.
This brings to the following classifications of the measurement parameters
(and related diagnostics): those required to support the normal operation
of ITER (ELMy, where ELM stands for Edge Localized Mode, H-mode op-
eration), those required to support more advanced scenarios and those for
the machine protection. Measurements of these parameters will also pro-
vide data to be used in the planned physics studies in the ITER research
programme. As a general remark, the specifications of measurements for
physics studies are frequently more demanding (e.g. in terms of spatial
and time resolution) than those needed for the control and machine pro-
tection functions. Furthermore, additional parameters have sometimes to
be measured solely for physics purposes.

Figure 2.1: An overview of the diagnostics installed in ITER [@/

Considering the different diagnostics, in some cases these systems are
well developed in current tokamaks (interferometry, spectroscopy, Thom-
son scattering, etc.) while in other cases, they will cover new ground
(e.g. alpha particles systems). The diagnostics implementation in ITER
is however a new domain in both operating space and environment and it
provides many challenges in terms of physics and engineering perspectives.
The set of diagnostics in ITER will include approximately 45 different
measurement systems. The diagnostics can be broadly classified into the
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following categories: Magnetic, Optical, Bolometric, neutron and particle,
spectroscopic and Edge systems.

The integration of the different diagnostics into ITER requires an un-
precedented level of coordination with all the other parts of the machine
design process. Diagnostics will be installed both in-vessel and ex-vessel
(figure and the transmission systems will follow paths from the vac-
uum vessel all the way to the diagnostics building [20,[21]. Diagnostics
components will be placed in several Upper, Equatorial and Lower ports.
Their integration into the ports plugs will be facilitated by following a
design integration procedure. Let us consider a specific example. Equa-
torial 11 is one of the ports which will benefit from this procedure. It will
contain several diagnostics including neutral particle analyzer, residual
gas analyzer, radial and divertor viewing, vacuum ultraviolet spectrom-
eters, radial X-ray survey spectrometer, low field reflectometry as well
as Balmer-alpha and impurity viewing systems. The integrated view of
Equatorial port 11 is shown in figure

Figure 2.2: Integration of Equatorial port 11 @

Access to diagnostics in the area of the ITER tokamak will be generally
quite limited and in some cases will be impossible after the initial assembly.
This constitutes a key constrain in the design of the diagnostics. A high
degree of diagnostics redundancy and reliability is therefore mandatory.

Together with these general issues, the design of each ITER diagnostic
has to face additional specific problems depending on its functional prin-
ciple, its required accuracy and its position with respect to the plasma.
Considering optical diagnostics, i.e. those which will collect the radiation
emitted, reflected and diffused by the ITER plasma, first mirrors consti-
tute a relevant issue. Due to the high level of neutron and electromagnetic
radiation in ITER, the solution of viewing the plasma by means of optical
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windows or fibers is impossible (see section [2.3). It has been therefore de-
cided to recess these components transmitting the light from the plasma
by metallic mirror optics located in labyrinths embedded in the shielding
material.

To give further insight on the importance of the main I[TER diagnostics,
their specific objectives and distinctive features will be briefly described
in the following subsections. In particular, they will be classified in terms
of the parameters to be measured. Moreover, since first mirrors constitute
the core of this Ph.D thesis, their principal characteristics for some of the
optical diagnostics discussed, will be underlined.

2.1.1 Measurements of electron temperature and density

Thomson scattering systems [22] (in particular, the LIDAR typology will
be discussed in detail in section and Electron Cyclotron Emission
(ECE) systems will have the primary aim to measure the electron tem-
perature with good spatial and temporal resolution [23]. From the ITER
measurement requirements, the electron temperature profile should be de-
termined with a resolution of about 70 mm and an accuracy of 10% in
the plasma core, for the temperature range 0.5-40 keV, and with a spatial
resolution of 5 mm in the boundary regions. The instruments to analyze
the ECE from the ITER thermonuclear plasma will be Michelson inter-
ferometries and heterodyne radiometers. In detail, the electron cyclotron
radiation will comprise of Ordinary, or O-, modes with frequencies be-
tween 122-230 GHz, and eXtraordinary, or X-, modes with frequencies
between 244-355 GHz, for a toroidal magnetic field in the range 2-5.3 T.
Since Thomson scattering and ECE systems are optical diagnostics, first
mirrors issue needs to be carefully considered in order to guarantee their
correct operation. In the case of the Thomson scattering system placed
in ITER divertor, the first mirror foreseen is a rhodium or dielectric mir-
ror with an area of 430x270 mm? working in the wavelength (\) range
800-1060 nm [3].

The reflectometry systems will allow to measure the core and edge
plasma density profiles, as well as other peculiar plasma features. Some of
the reflectometry systems will have interfaces with the vacuum vessel. The
in-vessel waveguides will be directly welded on the vacuum vessel surface
and will be protected by the blanket from the plasma side. The antennas
are designed to view the plasma through the cut-outs in the blanket and
first-wall. Therefore, the in-vessel waveguides supports and welds should
withstand to the mechanical stresses caused by the electromagnetic loads
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during off-normal events, and the antennas should be made of a material
capable to resist to intense thermal and neutron heating fluxes.

2.1.2 In-vessel dust, tritium and erosion measurements

For both the safe operation and meeting the nuclear regulatory require-
ments, an accurate inventory of the tritium and dust (originated from
first-wall erosion by thermonuclear plasma) inside the ITER vacuum ves-
sel will be mandatory. Furthermore, a precise assessment of the erosion,
especially in correspondence of the divertor region will be required [24].
With the aim of accomplishing all these tasks, an active and passive dust
monitor and a tritium wall retention monitor will be installed. A crucial
aspect of the dust handling programme consists in measuring the hot dust
in the vessel, that is dust on surfaces that become hot (T > 400 °C). An
evaluation of the hot dust critical threshold is necessary. The latter is
calculated from the maximum pressure allowed for ITER (2 Bar). The
pressure increase could be due indeed to a hypothetical hydrogen explo-
sion (hydrogen being produced by hot dust reacting with steam during a
Loss-of-Coolant Accident, LOCA, scenario). The main proposal for this
measurement will consist of evaluating the chemical reactivity inside the
tokamak with a controlled injection of water (steam) during the baking
phase. This technique could be complemented qualitatively by passive
study of infrared emissivity of key surfaces or quantitatively by active
laser illumination.

2.1.3 Measurements of impurities

Impurities could be intrinsically produced in the plasma as fusion reac-
tion ash, they could be generated by plasma-wall interaction on the solid
surfaces surrounding the discharge or they could be injected or puffed into
the plasma for performance optimization or diagnostic purposes. Impu-
rities could play an important role in all regions of ITER tokamak from
the core plasma to the SOL and the divertor plasma. Measurements of
their concentration, ionization and kinetic state in the discharge could be
performed by passive and active spectroscopy of continuum and line radi-
ation, in a wavelength domain ranging approximately from 0.05 to 1000
nm.

Let us consider a specific example. Charge eXchange Recombination
Spectroscopy (CXRS) will be based on the injection of a dedicated di-
agnostic neutral hydrogen beam (100 keV, 36 A) interacting with fully
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stripped plasma ions. A fan of poloidal and toroidal lines-of-sight cov-
ering the beam path from plasma edge to magnetic axis (figure will
measure the emission spectra of fully stripped ions following the charge
capture from the neutral beam. The first mirror of this diagnostic will

CORE CXRS

EDGE CXRS (UP)

EDGE CXRS (LOW)

Figure 2.3: Schematic assembly of active beam spectroscopy on ITER making use of
a radially injected diagnostic neutral beam and one U-port and E-port periscopes @

work in the X range 468-1012 nm and will have 200x200 mm? dimension.
However, its material has still to be decided .

2.1.4 Fusion power measurements

The measurement of the fusion power, in terms of the total neutron emis-
sion, will play a key role for achieving ITER goals, in particular a value
of 10 for the fusion energy gain factor Q. The neutron rate in ITER will
span over seven decades from 10 up to almost 10%! n/s corresponding to
100 kW up to 1.5 GW. ITER neutrons diagnostics will have to provide the
measurement of the neutron rate within an accuracy of 10% and a tem-
poral resolution of 1 ms. Several monitors with different sensitivity will
have to be used for covering such a wide neutron emission range. The lay-
out of the neutrons diagnostics in ITER is reported in figure [2.4] Fission
chambers with different uranium content will be used as the detectors and
will be positioned in various locations inside ITER. These will include the
diagnostics ports, the divertor and the vacuum vessel wall. ITER high
neutron flux (up to 10" n em™2 s7! with 14.1 MeV neutron energy), tem-
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Figure 2.4: The layout of the ITER neutrons diagnostics system ,

peratures, magnetic fields and electromagnetic induced noise, will make
the assessment of the unperturbed neutron spectrum, and hence the fusion
power measurement, really complex. Moreover, many technical challenges
also characterize each neutron diagnostic. In particular, their calibration
will be very important in order to determine the relationship between
neutrons sensors output and the total neutron emission from the whole
plasma, taking into account the features of an extended neutron volume
source, the neutron scattering contribution as well as neutron moderat-
ing effect due to the structures surrounding the sensors. To achieve the
accuracy target of 10% on total neutron emission measurement it will be
necessary to ensure: functional linkage between the various neutrons di-
agnostics, in-situ absolute neutrons calibrations obtained with accuracy
much better than 10% and precise transport calculation [25].

2.1.5 ITER first-wall monitoring

The infrared and visible viewing systems in ITER will be required to study
the device boundary during operation. An example of these systems is re-
ported in figure 2.5l The viewing systems will be impacted by the choice
of the first-wall materials. As described in subsection ITER main
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Intermediate Bioshield
. optics tube  F
hdnia - IR Camera
Diagnostic - — :
Shield Module : ‘
Diagnostic
First Wall
5
b o
o
Interspace structure
Front-end Portplug e
optics tube Back-end optics
Camera
platform

Figure 2.5: Scheme of a system aims to view the divertor in both the infrared and
visible wavelength regions. The light is relayed from the machine and guided beyond
the bioshield for viewing by the camera systems @

toroidal chamber will be covered by Be. The use of this material will pro-
vide a much more reflective inner vessel wall with respect to those of the
operating C-wall tokamaks. This feature should be considered in the frame
of the evaluation of the ITER first-wall temperature . In particular,
special measurements and calibrations need to be developed. Nowadays,
the Axially Symmetric Divertor EXperiment Upgrade (ASDEX-U) toka-
mak (Garching, Germany) is able to explore metallic environment working
with an all-W wall, and the JET tokamak has recently adopted the same
materials configuration as ITER for the first-wall (in the frame of the
ITER-Like-Wall project, ILW [27], see section [6.1]).

Considering the ITER infrared viewing system, it will rely on a first
mirror made of a rhodium film deposited onto a copper substrate with a
diameter of 120 mm operating in the wavelength range 0.4-5 um [3].

2.1.6 Measurements of neutral gas composition

One of the operational parameters in the ITER measurement requirements
is the neutral gas composition during plasma operation. This quantity will
be essential to assess the divertor performance in removing He ash and
impurities from the plasma. To fulfill this task, two Residual Gas Ana-
lyzer (RGA) diagnostics will be implemented inside one of the divertor
level pumping ducts (figure and at one of the Equatorial ports, re-
spectively. Albeit conventional vacuum systems analyze the residual gas
by means of Mass Spectrometers (MS), which ionize the gas molecules and
successively discriminate the mass-to-charge ratio applying suitable elec-
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Figure 2.6: Residual gas analyzer installed at the divertor level @

tric and magnetic fields, this technique is not consistent with the strong
magnetic fields inside the ITER tokamak. With the aim of exploiting this
technology, the ITER RGAs are configured to draw the gas into differen-
tially pumped gas analysis chambers through sample tubes 7 m long, in
the case of the RGA of the divertor, and 10 m long, in the case of the
RGA at the Equatorial port, respectively. The pipes diameter and the
differential pump size are chosen to minimize the time for the gas to reach
the analyzer to about 1 s. With the MS chamber in a region of relatively
weak magnetic field, it is possible to consider turbomolecular pumps over
cryopumps, the latter having a disadvantage in that the accumulation of
gas on the pump raises a hydrogen deflagration issue. The turbopumps
will nevertheless require magnetic shielding to limit the eddy currents drag
in the rotating parts.

Since the MS cannot easily discriminate He and D, molecules, an Opti-
cal Gas Analyzer (OGA) will be also incorporated in the RGA diagnostics.
The OGA comprises of a Penning discharge, the light from which is ana-
lyzed with a spectrometer.

2.2 ITER Thomson scattering core light detection
and ranging diagnostic

In order to give further insight on the big challenges that the ITER com-
munity has still to address, especially from first mirrors point of view,
in this section the attention is focused on a specific optical diagnostic:
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the Thomson scattering core light detection and ranging. After a general
overview of the technique, collection optics technological solutions pro-
posed in the frame of the methodology reported in will be discussed.

As mentioned in subsection Thomson Scattering (TS) diagnos-
tics will be used in ITER to evaluate the electron temperature with good
spatial and temporal resolution. In Thomson scattering, the radiation
from a high power laser is injected into the plasma and the radiation
scattered incoherently by the electrons is collected and spectroscopically
analyzed . The measurements of the spectral width and intensity of
the scattered signal allow electron temperature T, and density n, to be re-
spectively determined. The chosen approach for ITER is known as LIght
Detection And Ranging (LIDAR) technique . In this case, the spa-
tial distributions of T, and n. are obtained by the Time Of Flight (TOF)
principle. The current section describes the TS-LIDAR diagnostic pro-
posed for measuring T, and n, in the core region of the ITER plasma

(figure [2.7).

of

Figure 2.7: ITER vacuum vessel and core TS-LIDAR diagnostic port plug showing
injection of the probe laser beam (red lines) and collection of Thomson scattered light

(green lines) [@/

As introduced so far, the ITER required spatial resolution for T, and
n, profiles in the plasma core is about 70 mm. Core TS-LIDAR diagnostic
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should resolve temperatures in the range from 0.5 keV to 40 keV and den-
sities in the interval from 3x10 m=3 to 3x10%* m=3. The ITER harsh
environment limits the proximity of the light collection optics and their
dimension. Due to the low TS cross section of the electrons as well as the
low collected solid angle, the signal detected will be very weak, demand-
ing the use of a high energy laser. Moreover, together with the Thomson
scattered light signal, there will be a significant amount of light pollu-
tion received from plasma background light. The latter will come from
Bremsstrahlung in the centre of the plasma and fluorescent emission from
the its edge (where the temperature will be sufficiently low to permit some
electrons to recombine). The plasma temperature will be determined from
the Doppler broadening of the scattered light. The light is also heavily
blue shifted at high plasma temperatures [22,30,31]. A laser operating
with a wavelength in the infrared region, at around 1 pm, will be used
and the scattered light will be detected at the shorter wavelengths side.
The scattered light will be measured using interference filter spectrome-
ters [32] around 1 pm at the lower core temperatures and extending down
to 300 nm for the highest core temperatures. The detectors will have a
very fast pulse response (< 200 ps rise time, < 330 ps Full Width at Half
Maximum, FWHM) in order to achieve the required spatial resolution by
TOF. The scattered light will be also collected from a significant range of
depths within the plasma and will have to be delivered to spectrometers
some 30 m away from the vacuum vessel. The longitudinally extended
scattering source will give rise to a relatively high etendue of the light to
be relayed to the spectrometers. This implies that the relay optics will be
large and that the detectors will be large as well as fast. In the frame of
the methodology proposed in [28], which aims to satisfy all these demand-
ing requirements, at least to some extent, the core TS-LIDAR diagnostic
is divided into seven modules: laser source, laser beam delivery optics,
beam dump, collection optics, spectrometers, detectors and calibration.
Since the main topic of this Ph.D thesis is constituted by first mirrors,

the attention is now focused on the technological solutions investigated
for the block of the collection optics (figure .

The view of the ITER plasma will be limited by the availability of
space in the port plugs. The LIDAR configuration will minimize the area
of the diagnostic, collecting the scattered light at 180°. The first optical
component of the collection system is clearly the first mirror (component
M1 in figure , which will require to be protected from the ITER harsh
environment in order to maintain acceptable performance during tokamak
operation. The first mirror will be then behind a limited size aperture in
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the plasma wall blanket. A diameter of around 360 mm has been chosen.
With the aim of minimizing the erosion of the first mirror surface by the
energetic particles coming from the plasma, it will be of a low sputtering
metal such as rhodium or molybdenum. The succeeding optical relay sys-
tem will be optimized in order to ensure that as much of the light reflected
by the first mirror will be transmitted towards the spectrometers located
30 m away in the laser room. By using radiation resistant multi-layers
coatings, the second (component M2 in figure and subsequent mir-
rors could be high reflective dielectric mirrors to reduce the transmission
losses. In order to determine T, and n, over the full operating tempera-
ture range of the ITER plasma (up to 40 keV), these coatings must have
a high reflectivity over the range 3001070 nm.
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Figure 2.8: Scheme of the light collection line of ITER TS-LIDAR diagnostic [22].

The light scattered from the plasma will represent a distributed source
which has some transverse extent and a very large longitudinal dimension,
requiring the use of relatively large optics. In particular, the recommended
diameter for the first mirror is 350 mm [3]. The employment of an axicon
optical element would allow to operate with smaller optical elements fol-
lowing the axicon, or at grater separation. A converging axicon would be
placed slightly after the focus of the extreme outboard scattering position
to be analyzed or alternatively a diverging axicon could be used just before
the focus of the extreme inboard scattering location. A further advantage
of exploiting an axicon would be that smaller interference filters and area
detectors may be used in the spectrometer. As well as being beneficial on
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cost grounds, this also would lead to a reduction in the collection of back-
ground light at the detector and to a consequent improvement in signal
to noise ratio.

2.3 First mirrors for diagnostic systems in ITER

As it is described in sections and 2.2 ITER optical diagnostics will
involve the use of the electromagnetic radiation emitted, reflected or dif-
fused by the thermonuclear plasma, to evaluate its main features. In
nowadays tokamaks, most of these systems view the plasma through opti-
cal windows or fibers. Considering the design and expected performances
of ITER, fast neutron fluxes of ~3x10' and ~2x10"¥ n m=2 s~! are ex-
pected at the first-wall and just outside the ports, respectively [33]. In
addition, strong v fields up to 10* Gy/s and intense ultraviolet and X-ray
radiations up to 500 kW /m? are expected. Silica-based windows are sensi-
tive to Radiation-Induced Absorbtion (RIA), which determines a decrease
of their transmittance for A < 800 nm [34]. Materials with superior radi-
ation tolerance (i.e. sapphire) suffer the Radiation-Induced Luminescence
(RIL) after high ~y radiation fluences [35]. As just discussed in the previous
sections, and in particular in the case of the core TS-LIDAR diagnostic,
for mitigating these problems and their effects on the diagnostic signals, it
was proposed that the light from the plasma should have to be transmitted
by mirror optics through labyrinths embedded in the shielding material.
This solution has the advantage of recessing the vacuum windows or the
optical fibers at the end of the mirrors chains some metres away from the
region of intense radiation. Another beneficial consequence consists in the
significant reduction of a factor of 10* of the level of neutrons with respect
to the first-wall [36].

As it is also evident from the specific examples reported in sections
and the first components of the mirrors labyrinths, different for each
optical diagnostic, will be metallic mirrors. They are called First Mirrors
(FMs). Being the closest elements to the thermonuclear plasma, most of
them will be directly located on the first-wall of ITER, they will suffer the
intense neutron and electromagnetic radiations mentioned so far, together
with strong energetic ions and neutrals fluxes.

The International Tokamak Physics Activity (ITPA) Topical Group on
Diagnostics through a Specialist Working Group (SWG) on first mirrors
leads and coordinates the investigation of the FMs issue towards the devel-
opment of optimal and robust solutions for ITER diagnostics system [37].
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One of the most important decisions that the ITPA-SWG endorsed is the
position of the ITER optical diagnostics around the tokamak and thus
the corresponding location of the approximately 80 FMs. ITER poloidal
section and FMs locations are represented in figure . Depending
on the diagnostic requirements, the area of the first mirrors may vary be-
tween 2x2 cm? to 31.6x47.4 cm?. With the goal of identifying the other
optimal features for each FM (i.e. chemical and crystallographic nature,
thickness, etc.) it is necessary to consider different aspects: the working
wavelength range, the distance and orientation with respect to the plasma
and the levels of radiation and particles fluxes under which it will oper-
ate. Furthermore, it is mandatory to take in account the effects of the
interaction between ITER first-wall and plasma onto them, more specif-
ically, the erosion and re-deposition phenomena (deeply described in the

following) [37].

23 March, 2007

® V First Mirrors

Figure 2.9: Poloidal section of ITER showing the locations of the first mirrors in the
vacuum vessel [@
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The investigation of the different interaction mechanisms between ther-
monuclear plasma and first-wall (Plasma-Wall Interaction, PWI) is one of
the most important and complex concerns in the frame of the development
of nuclear fusion magnetic confinement systems. In particular, it is nec-
essary to face different phenomena and to combine various research fields
like plasma physics, atomic physics, chemistry, engineering. The complex-
ity and extent of the PWI topic require a multitasking approach through
theoretical studies and dedicated experimental campaigns. A complete
dissertation about PWI concerns is out of the scope of this thesis and can
be found in [38]. Since they will deeply influence FMs performances during
ITER operation, only the PWI mechanisms of erosion and re-deposition
will be now introduced.

2.3.1 Erosion by sputtering of plasma facing components

The erosion by sputtering is one of the well-know and most studied PWI
phenomenon. Sputtering consists in the removal of atoms from the sur-
face of a solid due to the impact of ions or atoms. When particles leave
the surface as a result of receiving momentum from the collision cascade
induced by the incident radiation, the process is called “physical sputter-
ing”. If the incoming radiation induces chemical reactions which lead to
the subsequent desorption of particles, the process could be classified as
“chemical sputtering”.

Physical sputtering

Physical sputtering takes place when the collision cascade results in a
surface atom receiving sufficient energy to overcome the surface binding
energy of the solid. In this case, the sputtering yield Y (the number
of atoms ejected per incident particle) is proportional to the energy de-
posited in elastic collisions within a near-surface layer. Physical sputtering
is therefore a threshold process: at low incident particles energy, where
the energy transferred to the solid surface atoms is comparable with the
surface binding energy, Y decreases strongly and becomes zero below a
threshold energy Exy,.

The physical sputtering yield for the main ITER plasma-facing mate-
rials as a function of the energy of deuterium ions impinging with normal
incidence shows a common trend [39]. Y increases, reaches a maximum
and then diminishes at high energies. This decrease is due to the collision
cascade taking place deeper in the solid so that the probability for the
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surface atoms to receive a sufficient amount of energy to be sputtered is
lower.

Considering the physical sputtering, Y increases with the angle of inci-
dence described by the incoming radiation and the normal to the surface,
since a higher angle of incidence means a higher amount of energy de-
posited within the near-surface layer [40]. Surface roughness determines
a reduction of Y and of its pronounced behaviour with the angle of in-
cidence [41]. Y of a given material depends also on its crystallographic
structure. In particular, the sputtering yield associated to individual crys-
tallites with different crystallographic orientations can vary by a factor of 2
on a broad energy range [42]. This phenomenon is particularly relevant for
polycrystalline materials which are composed by crystallites with different
orientations and therefore it clearly affects the choice of the manufacturing
process for the FMs (see subsection [2.3.3).

In most of the nowadays tokamaks and in ITER, the typical impurity
ions expected to leave the confined plasma are multi-charged Be, C, W ions
which may thus impact the surrounding materials with a relevant energy.
Moreover, tokamak magnetic field configuration, together with the ions
Larmor motion, implies that ions hit the PFCs with a non-normal angle
of incidence.

Another important contribution to physical sputtering in ITER will
arise from Charge-eXchange Neutrals (CXN). These particles are neutrals,
originated further to PWIs, which have been subjected to charge-exchange
reactions with plasma ions, yielding neutrals with the local ion tempera-
ture. Since they are not influenced by the magnetic field, they can deeply
penetrate into the confined plasma region (where the ion temperature is
high) and experience a succession of charge-exchange reactions. This pro-
cess thus transforms a fraction of neutrals with energy of a few eV into
very energetic particles. Evidences of the damage of PFCs by CXN have
been found in JET [43] and ASDEX-U [44]. In ITER, the fluxes of CXN
will be much higher than in current tokamaks. Furthermore, numerical
simulations predict that their energy distribution will have a high energy
tail which will reach several keV [45].

Since ITER FMs will not be in direct line-of-sight of the plasma, erosion
by CXN is expected to be the main physical sputtering effect.

Chemical sputtering

Carbon is currently used in most of the present operating tokamaks as
a first-wall material due to its promising properties reported in subsec-
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tion [1.6.2] Graphite was firstly considered to be employed for the divertor
targets of ITER. In the case of C, not only physical sputtering but also
chemical sputtering contributes to the global erosion under hydrogen (or
hydrogen isotopes) ions bombardment. Specifically, chemical reactions
between carbon atoms and incident hydrogen ions lead to the formation
of volatile hydrocarbon molecules or to loosely bond hydrocarbon precur-
sors which would be physically sputtered with a much lower threshold
energy [46]. For W and Be, chemical sputtering is instead much less im-
portant.

2.3.2 Re-deposition of eroded plasma facing components

All the eroded materials have eventually to be re-deposited somewhere
else in the ITER chamber. This mechanism constitutes the process of ma-
terial migration. Re-deposition of eroded material may occur close to the
erosion source or at remote areas. Material migration depends on eroded
material properties, plasma configuration, transport properties, tokamak
geometry, etc. For example, in limiter tokamaks, the erosion of limiters is
the main impurity source. Most of the eroded material is re-deposited on
the limiters surface due to the proximity to the confined plasma. On the
other hand, in divertor tokamaks like ITER, atoms sputtered from the di-
vertor target plates are ionized and either promptly re-deposited or trans-
ported through the divertor plasma [39], primarily under the influence of
the ion temperature gradient force which drives the impurities outside of
the divertor. Successively the friction with the flow of deuterium into the
divertor returns the eroded material to the plates. Prompt re-deposition
typically occurs for high-Z impurities which are easily ionized and have a
significant Larmor radius. For these reasons they are re-deposited within
the first Larmor rotation, thus reducing the gross erosion rate [47] and
limiting the possibility of long-range migration of high-7Z impurities. The
situation is more complex in the case of C. The potential formation of
neutral hydrocarbons through chemical sputtering leads to migration over
long distances.

In most operating tokamaks, significant effort is devoted to understand
the migration phenomenon and its implications. Among them, the re-
tention of tritium in the re-deposited layers constitutes one of the most
important concerns from the radioactive point of view. A common feature
of several divertor tokamaks, and very likely of ITER, is the strong asym-
metry between the inner and outer divertor legs [48,49]. The inner (outer)
divertor is a region of net-deposition (net-erosion or neutral erosion/depo-
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sition). Most probably the re-deposits found in the inner divertor are due
to the erosion of the main <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>