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Abstract

Nuclear fusion is the energy source of all active stars in the universe: when two hydrogen
nuclei get close enough, they can fuse together into helium, liberating a vast amount of
energy in the process. Being able to harness this power would provide a clean, safe and
potentially unlimited source of energy. To date, the best candidate to achieve this goal
is a machine called Tokamak: a toroidal chamber in which an extremely hot plasma is
kept confined by strong magnetic fields. Among the various challenges that are yet to be
solved, one that poses particular concern is the intense plasma heat flux expected on a
region of the first wall called divertor.

The outer part of the plasma, a region know as Scrape-O [Tayer (SOL), is characterized
by high-amplitude turbulent phenomena, during which very elongated filaments of hot
and dense plasma (known as blobs) are expelled outwards with velocities of the order of
lkm/s, thus influencing the level of plasma-wall interaction.

Over the past 30 years, in the Tokamak a Configuration Variable (TCV, located in the
EPFL university in Lausanne, Switzerland), there has been intense research on the opti-
mization of the plasma shape. One particular shaping parameter, known as triangularity,
was observed to deeply affect the plasma behaviour. In particular, as triangularity is re-
duced from positive to negative values, the plasma confinement level was seen to increase,
while turbulence levels and the divertor’s heat flux fall-off length ¢ got lower.

This thesis carries out an analysis of data obtained from TCV L-mode plasmas to further
investigate the role of triangularity on the divertor heat flux profile and on the SOL tur-
bulence, and to possibly find connections between these two phenomena.

The divertor heat flux profile is determined by Langmuir Probe measurements and is an-
alyzed across a large data-set using the so-called Eich-fitting, revealing a clear negative
correlation of the profile fall-off length ¢ with the upper triangularity . A variety of
published scaling laws, compared to experimental results, show how triangularity plays an
important role as a regression parameter. Some trends in the gg Eich parameter (which
contributes to quantify the total power reaching the divertor) are found to be consistent
with the acknowledged triangularity dependence and with an unexplained difference in

radiated power occurring when the direction of the tokamak magnetic field is inverted.
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A second peak sometimes visible in the heat flux profile is also studied, finding a depen-
dence of its position on the outer gap (the distance between the plasma and the outer
wall), which is hypothesised to be connected to the deceleration of blobs in the SOL, as
some experimental data suggests.

The SOL turbulence, in the form of elongated blobs, is studied with two Gas Puff Imaging
(GPI) systems located in different regions of the plasma. Results found significant dif-
ferences in blob phenomenology with changing triangularity, especially in terms of radial
velocity. A mechanism by which this difference could explain the reported ¢ variations is
proposed. To investigate this idea and to connect the heat flux profile with the blob fea-
tures, a heuristic blob model is developed and its predictions were found to be consistent

with experimental observations.

Keywords: Plasma physics, triangularity, divertor, heat flux, Eich-fitting, turbulence,

blobs, gas-puff imaging
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Abstract in lingua italiana

La fusione nucleare ¢é la fonte di energia di tutte le stelle attive nell’'universo: quando due
nuclei di idrogeno si fanno abbastanza vicini, possono fondersi insieme in elio, liberando
una grande quantita di energia nel processo. Riuscire a sfruttare questa reazione fornirebbe
una fonte di energia pulita, sicura e potenzialmente illimitata. Ad oggi, il miglior can-
didato per raggiungere questo obiettivo ¢ una macchina chiamata Tokamak: una camera
toroidale in cui un plasma estremamente caldo viene confinato da forti campi magnetici.
Tra le varie sfide che devono ancora essere risolte, una che desta particolare preoccu-
pazione é l'intenso flusso di calore previsto dal plasma su una regione della prima parete
chiamata divertore.

La parte esterna del plasma, una regione nota come Scrape-O [[Tayer (SOL), ¢ caratter-
izzata da ampie turbolenze, in cui filamenti molto allungati di plasma caldo e denso (noti
come blob) vengono espulsi verso I'esterno con velocita dell’ordine di 1km /s, influenzando
cosi il livello di interazione plasma-parete.

Negli ultimi 30 anni, nel Tokamak & Configuration Variable (TCV, situato all’universita
EPFL di Losanna, Svizzera), si ¢ svolta un’intensa ricerca sull’ottimizzazione della forma
del plasma. Si é osservato che un particolare parametro geometrico, noto come trian-
golarita, puo influenzare profondamente il comportamento del plasma. In particolare,
riducendo la triangolarita da valori positivi a negativi, si € visto aumentare il livello di
confinamento del plasma e al tempo stesso diminuire i livelli di turbolenza e la lunghezza
di decadimento ¢ del flusso di calore sul divertore.

Questa tesi si concentra sull’analisi di dati ottenuti in TCV su plasmi in modo-L per
approfondire il ruolo della triangolarita sul profilo del flusso di calore sul divertore e sulla
turbolenza nel SOL, e per trovare possibili collegamenti tra questi due fenomeni.

I1 profilo del flusso di calore sul divertore é stato determinato tramite misure con sonde
di Langmuir ed é stato analizzato su un ampio set di parametri utilizzando il cosiddetto
Eich-fitting, rivelando una chiara correlazione negativa tra la lunghezza di decadimento
del profilo ¢ e la triangolarita superiore . Una serie di correlazioni pubblicate in letter-
atura, confrontate con i risultati sperimentali qui ottenuti, mostrano come la triangolarita

giochi un ruolo importante come parametro di regressione. Alcune tendenze del parametro



di Eich go (che contribuisce a quantificare il calore totale che raggiunge il divertore) si
dimostrano coerenti con il gia citato ruolo della triangolarita e con una differenza non
chiarita nella potenza irradiata dal plasma che si verifica quando la direzione del campo
magnetico del tokamak viene invertita.

Un secondo picco talvolta visibile nel profilo del flusso di calore € a sua volta oggetto di
studio: si osserva una dipendenza della sua posizione dal gap esterno (la distanza tra il
plasma e la parete esterna), che si ipotizza collegato alla decelerazione dei blob nel SOL,
come suggeriscono alcuni dati sperimentali.

La turbolenza del SOL, sotto forma di blob allungati, viene studiata con due sistemi
di GPI (Gas Puff Imaging) situati in regioni diverse del plasma. I risultati rilevano dif-
ferenze significative nella fenomenologia dei blob al variare della triangolarita, soprattutto
per quanto riguarda la loro velocita radiale. Viene proposto un meccanismo in base al
quale questa differenza potrebbe spiegare le variazioni di ¢ riportate. Per indagare questa
idea e collegare il profilo del flusso di calore con le caratteristiche dei blob, viene svilup-
pato un modello euristico per i blob, le cui previsioni risultano coerenti con le osservazioni

sperimentali.

Parole chiave: Fisica dei plasmi, triangolarita, divertore, flusso di calore, Eich-fitting,

turbolenza, blob, gas-puff imaging
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1 ‘ Introduction to nuclear fusion

1.1. Thermonuclear fusion reaction

Over millennia, since the discovery of re, mankind has gained control over an increasing
number of energy sources, exploiting them to heat up homes, to build cities, to understand
the world around us and, ultimately, to evolve civilization.

In this regard, it is quite amusing to notice that thermonuclear fusion - a virtually unlim-
ited, cleaner and safer energy source - has always been hiding in plain sight. To see it at
work, one just needs to look up towards the Sun.

Only a hundred years ago we understood that
nuclear fusion is the reason behind the incred-
ible amount of energy production happening in
the stars. Shortly after, physicists and engineers
started to investigate viable ways to harvest this
energy.
Today we are still struggling in the unprecedented
e ort of building our own arti cial star on earth;
and while a lot of research is still needed, incredible
milestones have been achieved so far (including a
net production of energy in 2022) and much more
are expected in the years to come.
But what exactly is nuclear fusion? As the name
suggests, it is a process in which the nuclei of 2 light
Figure 1.1: Deuterium-tritium fu-  glements merge together, producing one (or more)
sion scheme. heavier elements while releasing a vast amount of
energy and possibly neutrons.
In Fig.1.1 is depicted the mechanism of deuterium-tritium fusion: two isotopes of hydro-
gen (Deuterium, having 1 proton and 1 neutron; Tritium, having 1 proton and 2 neutrons)
merge together creating a helium-4 nucleus (having 2 protons and 2 neutrons), a free neu-
tron and 17.6 MeV in the form of products' kinetic energy [1].
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The great outburst of energy is a consequence of the fact that the fusion of light elements
creates products having total rest mass lower than the one of the original nuclei. This
mass defect is turned into energy according to the famous equati&n= mc?.

From an energy point of view, the products of the fusion reaction have higher binding
energy with respect to the starting nuclei. As long as this is true, the fusion reaction
remains exothermic. As shown in Fig. 1.2, this happens for elements lighter than Fe-56.
For heavier nuclei, fusion becomes an endothermic reaction. On the contrary, splitting
the nucleus (a process known as nuclear ssion) would now release energy, which explains
why ssion power plants make use of very heavy elements, such as Uranium [1].

Figure 1.2: Nuclei binding energy per nucleon

The fact that fusion reactions release so much energy does not mean they are easy to
obtain. On the contrary, fusion is actually a very di cult reaction to induce. To achieve

it, we need to push two positively charged nuclei to subatomic distance, until they are
so close that the strong nuclear force ties them together. Before this happens tough, we
have to overcome Coulomb's electrostatic repulsion, that tries to push the nuclei away
from each other. The interplay of the long range Coulomb's repulsion and the nuclear
strong force creates a potential barrier that the nuclei must overcome in order to fuse.
Luckily, quantum mechanics comes to help [2]: thanks to quantum tunneling, nuclei have
a certain probability of "passing through" the potential barrier, so that fusion can also
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happen at lower energies.

Regardless, the probability of two nuclei fusing together remains low. To exactly measure
how small it is, we can exploit the concept of cross section, de ned as follows.

Taken any reaction between particles of typea and b, we can imagine a beam of particles
a, with density n, impinging on a target of particlesb with density ny,. If the relative
velocity between beam and target iy, we can express the rate of reaction®, as:

Here, is the microscopic cross section it is a measure of how likely the reaction is to
happen. It is measured in crii so we could say it measures the "geometric extension" of
the particles. In simple terms this would mean: particles with high are bigger, so they
are more likely to collide and the reaction rate will be higher.

While this interpretation works ne on classical macroscopic systems (e.g. collisions
between billiard balls), it must be rejected when describing interaction among nuclei.
In fact these are intrinsically quantum objects and not only it is impossible to assign
them a speci c geometric extension (due to Heisenbergisdeterminacy principle), but
we also nd that any reaction cross section greatly changes with the particle's energy.
Despite its strange nature, once the quantum cross section has been properly measured,
it is a very reliable tool to compute reaction rates.

Achieving a macroscopic production of energy through fusion is not a simple task. While
accelerating a beam of ions on an appropriate target would produce some fusion reactions,
since the fusion cross section is so small, the vast majority of the beam's energy would
be lost through other e ects (such as bremmstrahlung emission, sputtering, excitation of
atoms,...) that are much more likely to happen.

The idea is then to create a physical system in which the fusion's fuel is con ned in
a limited volume and kept under those conditions that make fusion possible [2]. Such
conditions will be explained in the following, but intuitively, the most important one is
that the temperature of this system must be very high. So high, in fact, that the bonds
keeping nuclei and electrons tied together as in ordinary matter will break, and the system
will turn into a complex sea of charged particles moving in all directions, in which every
particle a ects all the others via long range electromagnetic interactions.

This kind of system shows such a di erent behaviour with respect to solids, liquids and
gases that it is identi ed as the fourth state of matter, and it is called gplasma namely,
any state of matter that contains enough free charged particles for its dynamics to be
dominated by electromagnetic forcef].
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Looking at Eg.1.1, bothv and depend on energy and since the energy stored in the
plasma is directly related with the temperature, the average produdtv i, calledreaction
rate, will also depend on T [1, 2]. The angular brackets represent an average over all
the particles and is needed since they do not travel with the same velocities, but with a
velocity distribution that is usually well described by a Maxwellian function.

To understand which reactions are most interesting from the engineering point of view,
Fig.1.3 shows the reaction rate as a function of temperature.

It is clear that the Deuterium-Tritium (D-

T) reaction o ers the highest rate at the
lowest temperature, thus becoming the
ideal candidate for arti cial fusion reac-
tors.

If we want to build a functioning power
plant, we must make sure to satisfy a ba-
sic power balancerequirement [1 3]: the
plasma must be capable of self-sustaining,
that is a condition in which, as long as we
inject fuel, it will produce enough energy
through fusion to replace the energy losses
(with the word losseswe mean any kind of
energy form leaving the plasma, regardless
of whether it is turned into electric power,
or itis eventually lost as heat). When this
happens, the plasma has reachegdnition
and will continue to exist without an ex-
ternal source of energy, otherwise it will
quickly cool down and the fusion reaction
will stop. We should note that in this sim-
ple discussion we are neglecting any injec-
tion of external power (that can still be
in place during and after ignition) and the power that the plasma loses to heat up the
constantly injected fresh fuel.

A plasma reaches ignition condition (and is known alsurning plasmg if:

Figure 1.3: Reaction rates for various fusion
reactions.

P >Pp+ Pq (12)
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Where P; is the fusion power,P, the bremmstrahlung (radiative) losses andP, the power
lost by the plasma due to non-perfect con nement.

In an ideal plasma, where ions and electrons have the same, uniform temperature and
density T and n=2, we can write:

P = kin?< v> (1.3)

Pp = kpn?T 12 (1.4)
3=2nT

py= = (1.5)

e
Where ki and ky, are constants and . is the energy con nement time
In Eqg.1.5 the Boltzmann constant is already considered in the temperatufi, that must
be expressed in eV. Substituting and rearranging, we obtain:

3=2T2
ki < v> k,T 12

nT ¢> (1.6)
Eq.1.6 is a very important result, known ad.awson criterion [4]. It states that, in order

to achieve ignition, thetriple product nT  must be higher than a minimum value. This
minimum value is still dependent on temperature and, for the DT reaction, it has a
minimum around 15 keV, that is 150 million C, 10 times hotter than the Sun's core!

If we consider that the superconducting coils needed to create the magnetic eld (and
positioned at a distance of about 1m from the plasma core) have to be cooled down to
almost OK, we can start to understand why building a fusion reactor is probably the most
challenging engineering e ort mankind has ever attempted.

1.2. Magnetically con ned fusion

There are two di erent strategies when it comes to satisfy Lawson's criterion. As we saw

in the previous section, the temperature is quite xed at 10keV. The other parameters

are more exible and we can both have a plasma with very high density and very low
con nement time, as well as the opposite.

The rst approach is exploited by the inertial con nement (ICF) schemes: a small pellet

of fuel is compressed under the force of very powerful lasers. These beams can ablate the
surface of the pellet, which expands outwards very fast. As a reaction, the inner part of
the pellet will be compressed inwards, reaching an incredibly high density (L0?®> cm 3)

for a very short amount of time (. 10 ° s).
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On the contrary, the magnetic con nement (MCF) schemes exploit very powerful mag-
netic elds to keep much bigger, less dense (10 cm 3) plasmas con ned for much
longer times (. 1 sand more).

This thesis will focus on the magnetic con nement approach, that is explained to some
extent in the following.

1.2.1. Physical principles

The idea to magnetically con ne a plasma arises when noticing that in a very simple
linear and uniform magnetic eld, such as the one produced by a solenoid, every charged
particle is free to move in the direction parallel to the eld lines, but is forced to follow
a circular motion in the plane perpendicular to the eld. If now we close the solenoid on
itself, forming a torus with closed magnetic lines, the particles would be trapped inside
the torus, at least as a rst approximation.

The curvature and non-homogeneity of the magnetic eld, in fact, would then introduce
charge-dependent drifts in the particle trajectories. The resulting charge separation cre-
ates a strong electric eld in the plasma, that, coupling with the magnetic eld, introduces
the E B drift. This powerful drift would force the entire plasma to expand radially out-
wards, until it would crash into the chamber walls.

This scenario can be prevented by adding a new component to the magnetic eld. Up to
now we considered a pureljoroidal magnetic eld, that is the B eld lies in the direction
along the torus. To prevent charge separation, it is enough to addmloidal component
to the magnetic eld, that is a component lying in the vertical cross section of the torus.
The resulting eld lines move both toroidally and poloidally and wrap around the torus,
as shown in Fig.1.4,left. If the ratio of poloidal over toroidal revolutions is an irrational
number, the eld line will continue to wrap around the torus, but will never close on
itself: it will instead ergodically cover a whole surface, known asagnetic surfaceor, for
reasons explained in Sec.2.1.2)x surface (alternatively, a ux surface is a surface on
which the magnetic eld line lies). The resulting magnetic eld is made up of nested and
non-intertwining ux surfaces.

To produce the toroidal eld, it is su cient to surround the torus with electric coils ca-
pable of sustaining very high currents. Such currents, owing in the poloidal direction,
will create a magnetic eld along the toroidal one, in accordance to Ampere's law. In
order to successfully con ne a reactor grade plasma, the toroidal eld must be very in-
tense, usually abovelT. Creating such a strong eld is not immediate, since the resulting
electromagnetic forces will induce strong stresses in the reactor's components.

The way in which the poloidal eld is produced further distinguishes the two main can-
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Figure 1.4: Left: scheme of a tokamak with coils and magnetic elds; taken from [5].
Right: scheme of a Stellarator (created by Max-Planck Institut fir Plasmaphysik).

didates in MCF:

" The Stellarator (Fig.1.4, right) exploits coils with very complex geometry that will
also create a poloidal eld. This feature leads to the need of modelling the full 3D
structure when studying the machine.

In a simpli ed fashion, the tokamak (Fig.1.4, left) exploits a central solenoid placed
in the middle of the torus as acurrent drive. This solenoid acts exactly as the pri-
mary winding of a transformer: an increasingly strong electric current ows through
it, generating a time-varying magnetic eld. Due to Faraday's law, an electric cur-
rent is thus induced into the plasma, acting here as the secondary winding of the
transformer. Finally, this current generates the poloidal eld we need, which usu-
ally has much lower intensity than the toroidal one. Then, the poloidal eld can be
corrected with external poloidal eld coils useful to adjust the plasma's shape and
position.

Since the current in the central solenoid cannot increase inde nitely, the machine
cannot run continuously, but must operate in a pulsed manner. This limitation
could be mitigated by exploiting additional and di erent current drive methods.

The tokamak con guration is, with good approximation, toroidally symmetric. As

a consequence, it is often not necessary to study its whole 3D structure, but it is
possible to limit the analysis to any 2D poloidal cross section, whose properties
should be the same of any other toroidal location.
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1.2.2. Open questions

Now that the fundamental requirements for a fusion reactor have been outlined, we can
focus on those issues that still require a nal solution. Given the extremely complicated
nature of the problem, these questions are not related only to plasma physics, but also to
other branches of science, engineering and economics. Here is given a small summary of
the main issues [1]:

~ Plasma control and behaviour
The heart of a reactor is of course the burning plasma, surely one of the most
complex systems in nature. Plasma physics research is ongoing from a lot of di erent
angles, in the e ort to gain better control over it and to identify the best possible
con gurations in order to satisfy the very strict engineering constraints a reactor
requires. Among the goals of this research we can nd strategies for plasma heating
and con nement, optimization of the plasma-wall interaction, mitigation of violent
plasma turbulence and many others.

Plasma-Wall Interaction

The heat ux on the nose of the space shuttle reentering atmosphere from space is
about 5 MW =m?, lasting only some minutes. Some portions of a fusion reactor's
walls will have to withstand uxes of about 10MW=m? [6] for years of operation.

This already impressive heat ux could even increase in the event of major turbulent
behaviour or even aisruption, i.e. a total loss of plasma, with all the stored energy
impacting on the walls. This event would be deleterious for the wall conditions and
must be avoided. Also, the harsh conditions at the plasma-wall interface can lead to
excessive wall erosion and damaging, with consequent plasma pollution and loss of
performance. For addressing these issues, there is ongoing research in both plasma
physics and material sciences.

Materials endurance and structure integrity

As we saw, MCF requires incredibly high magnetic elds and temperatures. This
necessity translates to very high mechanical loads and thermal stresses on the mate-
rials of the vessel. Furthermore, fusion itself produces vast amounts of very energetic
neutrons with the ability to deeply penetrate most materials (including steel) and
thus reducing their mechanical and thermal performances over time, while also ac-
tivating them (i.e. making them radioactive). This poses serious questions on the
life expectancy of the vessel and of a number of more delicate parts, such as the
superconductive coils.

"~ Fuel availability
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In all realistic fusion power plants designs, the exploited reaction is between deu-
terium and tritium, both of which are hydrogen isotopes. Deuterium is stable and is
present in nature with an isotopic abundance of 0.015%. It doesn't look like much,
but it can be extracted with ease from water in virtually unlimited quantities. Tri-
tium on the other hand is radioactive and, having a half life of about 12 years, is
present in nature only in traces and its amount is not enough for it to be collected
or exploited. The total amount of tritium actually stocked in the entire world is
around 20 kg and its production relies on a particular type of ssion reactor, mainly
used in Canada [7]. The best solution is to produce the tritium at much higher rates,
exploiting a nuclear reaction involving Litium-3 and a neutron, in a process known
as tritium breeding. Luckily enough, a fusion reactor exploiting the DT reaction
IS a massive generator of neutrons. If we could nd an e ective way to surround
the plasma with a lithium breeding blanketextract the tritium and use it as fuel,
the problem would be solved. This kind of solution is still under study and, while
promising, more research and testing have to be conducted.

Electrical power production

Achieving a fusion plasma is a thing, getting electrical power out of it is another.
While this goal can be obtained with well known thermodynamic cycles, already
exploited in countless other elds, the details of an integration of the already existing
technology in a tokamak have not been addressed yet.

Furthermore, a tokamak is an inherently pulsed machine, a feature that clearly
introduces issues in the continuous generation on power we would like to achieve.

Economical and political considerations

Even when we are in possess of all the scienti ¢ and technical knowledge to build
a working reactor, its success from a commercial point of view will depend on its
ability to produce power at a competitive price, the availability of investors, the
political background, the general public's opinion and more.

1.2.3. Near and far future

Over the last 70 years, fusion research has made tremendous strides, laying a strong
foundation for tomorrow's fusion reactors. Nevertheless, a lot of issues still require a
deeper insight before we can see the rst power plant up and running.

The next few years are going to be quite exciting for fusion research. The eyes of the
scienti c community are focused on ITER (Fig. 1.5), the world's largest tokamak currently
under construction in Cadarache, France.
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Figure 1.5: Scheme of the ITER tokamak. For scale, a man is represented in the bottom
right corner.

ITER (International Thermonuclear Experimental Reactor) is going to be the result of
a world-wide e ort, directly supported by China, the European Union, India, Japan,
Russia, South Korea and the United States to demonstrate the net production of energy
in a magnetically con ned fusion plasma. This tokamak aims in fact to achiev® > 10

[8] (whereQ is the ratio of the power produced by the plasma to the externally injected
power) , paving the way for future commercial reactors.

Nevertheless, ITER is not going to produce electric power; its purpose is still inside the
boundaries of research. Other goals of ITER include testing breeding blanket solutions,
studying control of very large plasmas and scaling all current technology towards a reactor-
grade dimension. Furthermore, it will demonstrate the safety of a fusion power plant and
conduct extensive campaigns with DT plasmas, which are quite rare due to issues with
tritium availability and radioactive activation of vessel components.

ITER was expected to achieve rst plasma in 2025, but delays due to the Covid-19
pandemic and the discovery of manufacturing defects in some components will almost
certainly move this milestone in the future. While unfortunate, delays are surely expected
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when building a rst-of-a-kind reactor, especially one as complex as ITER.

The knowledge acquired during ITER operation will contribute to the next-generation
fusion machine, called DEMO. At this stage, it is not yet clear if DEMO will be a single
international machine, or rather a collection of national projects. What is clear is its
goal: DEMO will be the rst prototype of a fusion power plant and it should achieve an
higher energy output Q > 30) [9], a nearly steady-state operation, a su cient tritium
breeding and an e cient way to collect energy and turn it into electric power [10]. In
general, it will be a simpler machine with respect to ITER, less devoted to research and
more focused on practical issues.

The nal step will be the construction of commercial power plants. It is quite di cult

to have a precise timeline, having to consider not only technical development, but also
geopolitical factors; anyway, it is unlikely this will happen before the half of the century.

1.3. Thesis outline

The outline of this work is as follows: in Chapter 2 a deeper and necessary introduction
to the concepts of plasma geometry, divertor, Scrape-O Layer (SOL), lamentary tur-
bulence, heat exhaust mechanism and detachment is given. Chapter 3 o ers an overview
of the Tokamak a Con guration Variable (TCV) and the main diagnostics used in this
thesis. Chapter 4 shows the details of the experimental data analysis and the obtained
results. Chapter 5 introduces a heuristic model as a possible bridge between the obtained
results. Finally, Chapter 6 summarizes and concludes the work, suggesting possible future
research.
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2 ‘ Overview of the plasma edge

Now that the basic working principles of a tokamak have been outlined, we have to
describe in more detail a number of features that are either going to be further investigated
or necessary to understand the following work. After an introduction to the tokamak
geometry, the attention will be focused on the outer region of the plasma: the edge.

Far from being a simple boundary, the plasma edge is a crucial region connecting the hot
and dense plasma core to the vessel walls. Several complex phenomena happen in this
region and all of them must be well understood and controlled in order to maintain a high
performance plasma and to preserve the rst wall.

2.1. Plasma geometry

At a rst glance, the behaviour of a plasma inside a tokamak appears to be obscure and
not understandable with ease. This is somewhat true, and it is helpful to set up a proper
geometric description of the machine, starting by considering the motion of single charged
particles.

As a rst approximation, each plasma particle moves following the magnetic eld lines.
SinceBior Bpol, particles complete a certain number of toroidal revolutions before they
complete a full poloidal one. This number is calledafety factor and is computed as:

_ 1 Btor
9= 3

RB po|

dIpoI (2- 1)

Since the magnetic lines are closed on themselves, particles should then be con ned for
an unlimited amount of time. Of course, this cannot be true: the con nement provided

by magnetic elds is not perfect. A plasma is a complex system made up by countless
particles constantly interacting with one another and giving rise to collisions, drifts, dif-
fusion processes and fast turbulence phenomena, so it shouldn't come as a surprise that
particles are able to gradually move outwards, escape con nement and hit the walls. It
Is not a matter of if or when but of where and how much
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2.1.1. Limited and diverted geometry

As we saw, plasma particles move much more in the direction along the eld lines than
they do in the transverse direction. This means that if the wall features a protrusion, it
will e ectively limit the whole plasma, because all escaping particles, moving fast along
the eld lines, will intercept the protrusion before being able to move a lot outwards.

A plasma in this arrangement is calledimited, while the solid object is known agdimiter
and can be both a poloidal or toroidal protrusion. This approach is depicted in Fig.2.1a.

Figure 2.1: a) Poloidal cross section of a limited plasma: a toroidal limiter (shaded area)
protrudes from the wall and creates a LCFS. b) Poloidal cross section of a diverted plasma:
an external current creates an X-point and relative separatrix. Highlighted in grey is the
Scrape-O Layer. Both gures have been adapted from [11].

The protrusion of the limiter into the plasma identi es an important surface, called_ast
Closed Flux SurfacLCFS). The magnetic eld lines inside the LCFS are totally con ned

in this region, known asmain plasma When patrticles cross the LCFS they start moving
along eld lines with a dead end into the wall. For this reason the plasma density and
temperature exponentially decreases as we get far from the LCFS and this region is called
Scrape-O Layer (SOL).

A limited plasma has the possibility of spreading the plasma-wall interaction on a very
large surface, just by shaping the plasma to match the walls contour, thus reducing the
heat uxes to the vessel. The main drawback of this strategy is a high contamination of
the plasma, due to the sputtering of the wall's particles caused by the highly energetic
plasma particles hitting the vessel.

Plasma contamination can easily reduce fusion performances because considerable amount
of energy would be lost via bremmstrahlung. The amount of energy radiated in this way is
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proportional to the second power of the impurity atomic number: this explains why even
a small amount of heavy impurities from the wall can deeply a ect the power balance.
For this reason it is preferred to move the plasma-wall interaction region away from the
main plasma, in a con guration known asdiverted (Fig.2.1b).

To obtain a diverted geometry it is su cient to exploit a second poloidal current, owing

in the same direction as the main one, but located outside the walls. This will again
create a main plasma and a SOL but the line between the two is not callegparatrix
This separatrix always meets itself in the so-calleX-point, i.e. the point in which the
poloidal eld is zero. Between the X-point and the wall, the SOL extends into twdegs
while the region in between these legs is callgulivate plasma

The price to pay for such an arrangement is that the small portion of walls now interacting
with the plasma (i.e. thedivertor) is subject to very high heat and particle uxes that
must be carefully managed to minimize deterioration of the divertor itself. Another
drawback is the less e cient exploitation of the available volume, leading to increased
costs.

In most cases, including this thesis, the termkCFS and separatrix are interchangeable
and will be used regardless of the actual plasma con guration.

2.1.2. Coordinate system

While using a cylindrical coordinate system (de ned by the right-handed orthonormal
triplet (R, ,Z)) to analyze the poloidal cross section is possible and often useful, when it
comes to describe plasma properties that are changing from the core of the main plasma
to the SOL, this is no longer e ective and a di erent kind of coordinate, one that is
independent from the particular plasma shape, is preferred.

To de ne such a coordinate we start from the Maxwell equation B = 0, which enables

us to write the magnetic eld as the curl of a vector potential:B = r  A. Exploiting

the tokamak axisymmetry this relation becomes:

@Ap, 1@RA ), @A @4 |

8= @Z2" "R @R @Z @R

(2.2)
The right hand side of Eg.2.2 has three terms: the last one is the toroidal magnetic eld,
while the rst two sum up to give the poloidal eld. Since these both depend o’ it is
convenient to introduce a function ( R;Z) =2 RA (R;Z), so that the components of
the poloidal eld become:
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_ 1@
Br = 2R @2 (2.3a)
_ 1l @
B, = 2R @R (2.3b)

The theory of MagnetoHydroDynamics(MHD) is a very powerful tool for the study of
guasi-stationary plasmas. Without giving a full explanation of this theory (for further
details see [1, 3]), we can focus on one of the ideal MHD equilibrium equations, which
states that in a magnetically con ned plasma the magnetic forces must counterbalance
the pressure forces:

J B=rp (2.4)

If we take the dot product of Eq.2.4 with

B andthenJ we nd B r p=0 and

J r p = 0, meaning that the magnetic
eld lines and the current must both lie
on surfaces of constant pressure. Since
we know from Sec.1.2.1 that a single eld
line always lies on the same ux surface,
we just proved that every ux surface is
a surface of constant pressure and cannot
be crossed by currents. Exploiting Egs.2.3
we can easily provethaB r =0 , which
means that also is constant on a whole
ux surface.

All these observations make the per-
fect candidate for building a coordinate
describing variations in the plasma as we

move from the core to the edge.
Figure 2.2: Scheme of two ux surfaces with

two arbitrary toroidal ribbons connecting
them.

To give physical meaning to we can refer
to Fig.2.2, where two arbitrary ux sur-
faces (labeled as ; and ;) are shown.
On the poloidal plane we can connect



2| Overview of the plasma edge 17

these surfaces with two random paths, that are then projected toroidally around the
Z axis. As a result we get 4 surfacesS; and S, are portions of the original ux surfaces,
while S; and S, are toroidal "ribbons" connecting the two surfaces.
We wish to compute the ux of the magnetic eld ﬁ(ﬁoss the togk%lrfacés; exploiting
the divergence theorem and Gauss theorem we nd: (B bdS = vyl Bdv=0. The
ux on S; and S, must be 0, since we know the magnetic eld lies on ux surfaces without
crossing them; also, considering ho#s and S, have been built, it is clear that the ux of
I:QS toroidal eld wmlge zero on them. These considerations lead to an important result:
S Bpo 0dS; = S Bpo 0dSs;, where we reversed the sign of one of the versdrso
that they both point in the same direction. This result means that it does not matter how
we choose the original pro le, the ux of the poloidal eld across a ribbon will always be
the same.
We can now compute this ux by choosing a convenient ribbon, de ned by two points
having same Z, but di erent R: one located on i, the other on ,. Then we connect
these points with a straight line and project it toroidally: the resulting ribbon is a at
surface with a normal versoh always pointing along Z. As a result only the Z component
of the eld will contribute to the ux. Thus we nd, exploiting Eq.2.3b:

zz Z q Z g

By hdS = B,(R;Z)2RdR = 1 @, RpdR = , 1 (2.5)

s Ry R, 2R @
Eqg.2.5 is the reason why is actually called poloidal ux function and the magnetic
surfaces are also called ux surfaces.
It can be shown that s arbitrary to an addictive constant, and the choice is made so
that _crs =0. We can now identify the whole poloidal magnetic eld as a set of nested
surfaces of constant . The innermost surface, i.e. a single line circumnavigating the
tokamak, is known asmagnetic axis
Finally, the new coordinate we were looking for is then de ned as:

r— = T

= — 0 - 1 — (2.6)
LCFS 0 0

Where | is the value of the poloidal ux function on the magnetic axis, so that is O

on it and 1 on the LCFS. The nal result is depicted in Fig.2.3. We can clearly see that
the red surface separates the main plasma, for which all ux surfaces are closed, from the
SOL, where ux surfaces are open and intercept the walls.
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2.1.3. Plasma shaping and triangularity

Over the years, researchers found that
the plasma shape has strong in uence on
con nement level, so that a simple circu-
lar cross-section has been deformed into
a more complex geometry. To quantify
the introduced distortion, the most im-
portant parameters are calledelongation

( ) and triangularity ( ) and, with refer-
ence to Fig.2.3 are de ned as:

b
= - 2.7
3 (2.7a)
L= % (2.7b)
d
= — 2.7
a (2.7¢c)
_ du + dI
Figure 2.3: Plasma geometry. The red line i (2.7d)

is the LCFS (or separatrix). Closed ux sur-
faces are shown in pink, open ones are purple.

Taken From [12]. Elongation describes the distortion of a

circular cross section into an ellipse, while
triangularity describes a deformation into a "D" shape (or "reverse-D", for negative val-
ues) and, as pointed out by Egs. 2.7b-d can be de ned separately for the upper and lower
portions of the plasma.

To give an example of the triangularity e ect, Fig.2.4 shows a comparison of three di erent
cases.

When non-circular shapes were being studied in the late 1960s, the scienti c community
found out that positive triangularity (PT) plasmas yielded better performances when
compared to circular plasmas, while negative triangularity (NT) plasmas were quickly
discarded on the basis of poor stability [13].

During the last 30 years, investigation of NT plasmas has found renovated interest: in
the rest of this Chapter, the documented role of in each presented phenomenon will be
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Figure 2.4: Comparison of di erent triangularity plasmas. a) , < 0and | < 0. b) ,<O0
and | > 0. ¢) > 0and |, > 0. Note the dierent legs positions for changing lower
triangularity.

underlined. A quick summary is also given in Sec.2.6.

2.1.4. Scrape-O Layer geometry

Introduced in Sec.2.1.1, the SOL has a fundamental role in a fusion reactor. Both in
limited and diverted con gurations, it connects the main plasma to the vessel walls. This
section summarizes its most basic geometric properties in the diverted case.

When a charged particles crosses the LCFS, it will nd itself moving along a particular
eld line in the SOL. Before hitting the wall, since the By, Bpol, it will circle around
the torus for a number of times, travelling a quite long distance that takes the name of
connection length(L;) and its value is in the order of the tens of meters. Of course the
exact value ofL; depends on the particular location in which the particle entered the
SOL.

For convention, we always measure the connection length from a location calladiplane
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de ned as the point on the LCFS having a vertical tangent line in the poloidal cross-

section. Also other relevant quantities such as plasma density and temperature are usually

taken ad the midplane. Since the ow of particles is directed from the main plasma to

the walls, we usually refer to the midplane as thepstreamregion and to the wall as the

target region.

When the particles reach the target, they hit it at an angle resulting from the relative

orientation of the magnetic eld and the wall, as shown in Fig.2.5b.

For reasons that will be clari ed in Section 2.3, it is important to also introduce the angle
ol Detween the poloidal eld and the wall (Fig.2.5a).

Figure 2.5: Orientation of magnetic eld at the target. Picture taken from [14].

Along the SOL the relative distance among ux surfaces can vary quite a lot as we move
from the midplane to the target, passing through the X-point. The reason is that the
poloidal eld itself is subject to great variations (this is clear if we consider that at the
X-point we have By, = 0).

This e ect is easily described by thepoloidal ux expansionf,.,,, de ned as the ratio of
the distances of two ux surfaces, measured at the location of interest and upstream.
From Egs.2.3 we can easily ndr j =2 RB . If dr is the distance between the two
surfacesd = jr jdr =2 RB ,qdr and we obtain (on the target):

dr,  R,BP
fy. — = — 2.8
x;pol dru RtBtpOI ( )
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2.2. Plasma con nement modes

Achieving a burning plasma requires the ability to reach a good grade of con nement.
The most relevant parameter in this respect is the energy con nement time, de ned as the
ratio of the total energy content of the plasma over the energy ow leaving the plasma. If
this is high enough, the plasma is able to e ciently con ne its own energy and to possibly
reach reactor conditions. The entire history of fusion research has been led by the goal
of increasing the con nement level of our machines, by understanding and mitigating
those mechanisms that could lead to excessive energy dissipation, such as accumulation
of impurities in the main plasma or strong turbulent phenomena.

Sometimes important breakthroughs are achieved when you are not looking for them.
This is what happened in 1982 in Germany, during an ordinary plasma experiment per-
formed in the ASDEX tokamak. Halfway through the shot, plasma parameters suddenly
and drastically changed, with the energy con nement time doubling in value and the
plasma edge turbulence disappearing. This fortuitous event led to the discovery of the
so calledH-mode while the old, ordinary, mode was renamet-mode [15]. These names
were chosen to re ect the level of con nement displayed by the two modes: respectively
high and low.

The discovery ignited vast enthusiasm in the fusion community and H-mode quickly be-
came the leading option for a working reactor. Despite the increased con nement, an
H-mode plasma is interested by non-negligible issues that are absent in similar L-mode
plasmas [16]. The increased con nement observed in H-mode is a consequence of the
formation of a transport barrier close to the separatrix. This thin layer is characterized
by very low transport coe cients, thus reducing particle and energy uxes to the SOL.
The result is an achievement of a denser and hotter core, featuring higher con nement
times; but at a price. H-mode can exist only if the power entering the plasma is higher
than the L-H power threshold the increased con nement also favors impurity retention in
the core and, most importantly, much steeper density and temperature gradients develop
across the transport barrier. Said gradients are so high that they quickly become unsta-
ble, resulting in a new type on plasma instability: theEdge Localized ModegELMS).

An ELM consist of a violent loss of particles and energy from the core, with possible
damages for the vessel walls. The most powerful ELMs, happening in a device of the size
of ITER, would have deleterious consequences for both the divertor targets and plasma
contamination [17, 18]. ELM mitigation is in fact an open eld of research.

There are various indications at the occurrence of an L-H transition. Usually a drop in
the D radiation, combined with an increase of the core density is su cient proof the
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transition has happened.

As a consequence of these complex H-mode implications and in the light of new ndings
regarding negative triangularity plasmas, in recent years L-mode research has found ren-
ovated interest. In particular, there is compelling evidence that NT L-mode plasmas can
achieve con nement levels comparable or even superior to equivalent positive triangular-
ity H-mode plasmas, as shown in [19] for = 0:4. In particular, it is reported both

an increase in . and a reduction in core turbulence. As a result the level of additional
heating required to achieve the same conditions of a PT plasma is greatly reduced [20, 21].
Furthermore, studies report a suppression of edge turbulence for NT plasmas [22, 23]. A
concern about L-mode operation is that the high power required for ignition would cause
the plasma to transition into H-mode; however, studies on DIII-D and TCV showed that
the L-H power threshold is much higher in negative triangularity than in equivalent pos-
itive triangularity plasmas [21, 24].

Overall, these ndings provide a basis to question the choice of a PT H-mode reactor and
underline the need of further studies in NT L-mode plasmas.

2.3. Divertor heat exhaust

As mentioned before, one of the main concerns for a future reactor is how the huge heat
uxes to the divertor will be managed. If the power will turn out to be concentrated
on a thinner region than anticipated, it will pose a serious concern for the divertor life
expectancy.

It is therefore essential to achieve the best possible understanding of the heat exhaust
physics: this section will present the fundamental aspects.

When plasma particles cross the LCFS, they start travelling along open eld lines moving
rapidly towards the target. The parallel motion is much more pronounced than the cross
eld one, that, however, is at play. The result is a very high parallel heat ow, con ned
in a very narrow layer (a few cm) close to the LCFS.

While travelling towards the target, plasma patrticles pass through very di erent regions:
at rst they are moving along the denser plasma core that continues to inject particles
into the SOL, but after passing the X-point they move along the private plasma region,
which features a very low density: the resulting density gradient causes the particles to
di use back through the LCFS into the private region itself.

We are interested in the parallel heat ux pro le across the SOL, evaluated as a function
of the distance from the separatrix. In a small thought experiment we can imagine to
"follow" this pro le as it travels along the eld lines from midplane towards the divertor
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target:

" We can assume that in the upstream region (i.e. the outer midplane) the heat ux
has an ideal exponential pro le with fall-o length  [25]:

dry

Gju(dry) = G € o (2.9)

Wheredr = r g is the radial distance from the separatrix, while the subscript
u stands forupstream (Fig.2.6 top).

After passing the X-point, the plasma will di use in the private region. This e ect
has been modeled by Eich [26], convoluting the exponential pro le with a Gaus-
sian function having width S. This parameter, also calledhower spreading factor
describes the intensity of the particles di usion and is directly related to the con-
nection length between the X-point and the target and the competition between
parallel and perpendicular heat di usion: S = I, ? [27, 28]. This yields, on the
target:

n #
S 2 S S S
— erfc — + 2.10
2 gt gt 2 gt S o (210)

G(9)= 2L exp

Where the subscriptt stands fortarget, erfc is the complementary error function
Oyg accounts for background ang = s sy with s being a curvilinear coordinate on
the target and so the LCFS position.

As a rst approximation particles move following the eld lines; so, the geometry
of the magnetic eld is deeply related to the heat ux pro le and this dependency
takes essentially two forms:

1. If the divertor is placed further outwards with respect to the midplane, the
strength of the total magnetic eld will be lower and the power will be diluted
in a higher volume. To quantify this e ect we can rely on a simple MHD
property: in any ux tube the magnetic eld ux is conserved. Considering
that Bior  Bpo, We can write: A, B = A, B
Assuming no heat sources or sinks in the SOL (not valid in detached divertor
conditions), also the total heat ow is conservedq., A, = Gj: A:.

Combining these results and considering thaB,, / 1=R we obtain:
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B e (2.11)

Where f is the total ux expansion.

2. In a poloidal cross section, if the ux surfaces grow further apart from each
other, also the heat ux pro le will spread following them, so the parameters
q and S will be directly a ected. As shown in Section. 2.1.4, this e ect is
described by the poloidal ux expansiorf.,, (EQ.2.8).

" An intelligent way to spread the heat ux to the target on a larger area, is to tilt
the divertor so that the angle of incidence becomes quite low. With reference to
Fig.2.5a, we see that the heat ux is now spread over a lengths = dr,=sin ot =
dry fxpa=Sin pot. TO account for this we can de ne ane ective poloidal ux
expansion

fx;pol
sin pol;t

x;pol (2-12)

It must be kept in mind that this strategy, while e ective, is limited by engineering
constraints related to the fact that the target is not a single piece of material, but

is usually made up of a lot of carefully aligned tiles. To accommodate thermal
expansion and to make their installation easier, the tiles are separated by a small
gap. If the grazing angle becomes too small, the exposed edges of the tiles would
actually be subject to higher heat uxes and deteriorate quickly.

A summary of these mechanisms is represented in Fig.2.6.

The convention when dealing with heat exhaust, is to measure the heat ux to the target
and then rescale it at the midplane. This allows to get rid of ux expansion e ects, even
if it introduces some non-intuitive concepts, such as a power spreading factor de ned up-
stream S, when this parameter is actually introduced to describe a behaviour happening
between the X-point and the target.

Exploiting Eqs. 2.10, 2.11, 2.12 and the relatios = dr, f we nally obtain:

x;pol 1
n 2 #
Co;u Su dru u dru
ir(dry) = = —ex erfc — + 2.13
Ga(dr) = gtexp - = -l D

We note that in Eq.2.13 there is not an explicit appearance df.,,. The reason is that
we are expressing . directly as a function ofdr,, if we wanted to uses we would recover
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it.

In the following | will always consider .,
and S,, calling them simply 4andS, un-
less otherwise specied. These are the
most signi cant parameters in the Eich
function, describing the extension of the
heat deposition area. To get a uni ed es-
timate of such extension, we can compute
the integral decay length[29]:

R
Gi(X) Ohg dx

int = 2.14
int - (2.14)
As shown in [30], Eg. 2.14 can be approx-
imated as:
Figure 2.6: Evolution of the heat ux pro le
m = ¢+164 S (2.15) from upstream to the divertor target

Given the practical importance of correctly estimating 4, a number of models and scaling
laws have been proposed over the years. An overview of some of these, valid for L-mode
plasmas, is presented in Table 2.1. Eich and Scarabosio laws are quite similar and their
most relevant parameter is the poloidal magnetic eld or, equivalently, the plasma current
(even tough this dependence is quite hidden inside the safety factor). Brunner and Silvagni
laws are very simple, describing 4 only through the pressure. Counter intuitively, it
looks that the average plasma pressure correlates tq better than the localized edge
electron pressure [31]. Horacek-E3 and Lim law also take triangularity into account, both
predicting an increase of the fall-o length with . This result is consistent with the
experimental observation [32] and constitutes one of the worst drawbacks of NT plasmas,
even tough this con guration would move the heat deposition area to larger radii, making

it larger.
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Author Correlation Notes
Eich [33] 137 Btopzss‘];{/}?ngLzRozl L-mode
Gyl = 2Bt JET,AUG
' 8.1:145 0: : L-mode
Scarabosio [34] 1:44 B X8qit4PI22R 008 JETAUG
L,H,l-mod
Brunner [35] 0:91 p 048 moae
C-Mod
L,H,lI-mode
Silvagni [36 2:45 p. 034 Y
gni [36] Pe.os AUG
L-mode
JET,EAST,MAST,
Horacek D1 [37] 2800 1:03fé)\:,;18J 0:35
C-Mod,COMPASS
only outer target
L-mode
JET,EAST,
Horacek E3 [37] 44000 045f 0343 06

C-Mod,COMPASS
both targets
L-mode
0:27 1:95 CEVAFLgle=ly JET,MAST,C-Mod,
RPN Bt L™ AUG,COMPASS,TCV
analytical theory-based

Lim [38]

Table 2.1: Some scaling laws for, (all results are expressed in mm). Other work, only
based on H-mode plasmas, is here omitted. All quantities are evaluated in Sl units, with
the following exceptions:Pso. [MW], p [atm], pegs [KPa],ne [10°°m 3]. In Lim's scaling
law, C and L are geometrical parameters, depending also on triangularity [38]. The
"Notes" column contains indications on the con nement mode under investigation, the
tokamaks where data came from and eventual other detalils.

It must be noted that, while the Eich function does a satisfying job in tting the heat ux
pro le, its description is not perfect, especially in the areas far from the separatrix. For
example, it has been pointed out that a "multi- t" can better describe the pro le [35].
This comes at the price of introducing more tting parameters and it is not based on a
clear physical explanation as the Eich function is, but it underlines an important fact: the
tails of the heat- ux pro le tend to fall o at a lower pace with respect to the centre of
the peak and this hints at the investigation of a di erent physical mechanism. This thesis
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tries to explain (at least partly) this behaviour with the presence of lamentary turbulence

in the edge of the plasma. a heuristic model, based on experimental observations, is
presented in Chapter 5 for this purpose. While the connection of the far-SOL pro les with
edge turbulence is being explored [39, 40], a nal conclusion has yet to be obtained; the
mechanisms studied in this work could give useful insights towards a better understanding
of these phenomena.

2.4. Scrape-O Layer turbulence

The SOL, far from being a stable steady-state system, is usually interested by di erent
kind of turbulent phenomena. Among these, there is a frequent formation and expulsion of
laments [41 43]. These are coherent plasma structures, characterized by higher density
and temperature than the surrounding plasma, that form close to the LCFS and are
expelled outwards through the SOL with radial velocitiess, 1 km=s. The laments

are much more extended in the toroidal direction ( 1 m) than they are in a poloidal
cross-section (1 cm), in which they usually appear elliptical. For this reason they are
also known asblobs

Blobs are generated close to the separatrix thanks to instabilities driven by gradients in
pressure and magnetic elds. Also, the presence of charge dependent drifts leads to charge
separation in the plasma. As a consequence, a density ripple can form, featuring opposite
charge accumulation on its boundaries, which in turn results in a poloidal electric eld.
The latter couples with the toroidal magnetic eld, generating anE B drift that pulls

the emerging blob outwards. As long as the charge separation in the blob persists, the
whole structure is dragged outwards by th& B drift, hence the very high radial velocity

v, = E2. This blob formation mechanism can be visualized in Fig.2.7.

It has to be noted that the direction of the radial velocity is always pointing outwards:

an inversion of the magnetic eld would in fact invert the charge-dependent drifts and the
polarization inside the blob would be opposite, resulting in an identical radial velocity.

Charge separation turns out to be crucial for understanding the blobs dynamics. The
radial velocity of a blob, depends in fact on the availability of current closure paths,
that regulate the recombination of the charge and so the reduction of the B drift.
Said paths can take dierent forms according mainly to the blob size and the plasma
collisionality. For example if a blob is connected all the way to a wall, the solid surface
o ers a chance for current closure; or if the blob is disconnected in the vicinity of the X-
point due to excessive magnetic shear, the current-closure path will be di erent. Overall,
4 di erent regimes can be identi ed, according to theTwo-Region Model[42, 44].
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Figure 2.7: Formation mechanism of the laments. a) Sketch of the plasma and direction
of the magnetic eld and its gradient. b) Charge dependent drifts (grad-B drift and
curvature drift) leading to charge separation. ¢) Formation on a density ripple, featuring
charge separation. d) Coupling of the poloidal electric eld with the toroidal magnetic
eld, leadingto an E B drift. ) E B drift dragging the blob outwards. f) Full sketch
of a lament. Picture taken from [14].

A relevant question when it comes to blobs is whether or not they are connected all the
way from midplane to the divertor. Answering is not straightforward for a variety of
reasons. First of all, measuring the along- eld extension of a lament is not an easy
task: at best we can nd evidence that a blob is connected between the locations of
2 di erent diagnostics, the signals of which are subject to a cross-correlation analysis.
Such a technique is exploited in [45], in which is found that laments in the far SOL



2| Overview of the plasma edge 29

(> 1.05 seem to always be connected to the divertor region, while closer to the
separatrix it depends on the particular blob regime. The intense ux expansion [46] can
in fact stretch a blob so much that its smaller dimension becomes comparable to the gyro-
radius, o ering a path for current closure (due to increased collisionality) and e ectively
disconnecting the blob. Another possible disconnection cause has been identi ed in the
poloidal shearing of theE B velocity [47].

Another technique, exploited in [48], is to compare the elds of view of two Gas-Pu
Imaging diagnostics (see Sec.3.2) located at midplane and close to the X-point to see if
locations connected by eld-line tracing would provide comparable signals when a blob
is detected. Findings in [48] show that in the vicinity of the X-point, two kinds of blobs
can be immediately distinguished on the basis of their aspect ratio (i.e. the ratio of the
maximum extension of the blob to its extension in the direction perpendicular to the rst
one, once the half-maximum contour has been identi ed). Filaments with high aspect
ratio (ranging from 3 to 8) resulted to be connected upstream to the midplane and their
highly elongated shape could be explained by means of the strong ux expansion present
close to the X-point. Blobs with lower aspect ratio were not found to be connected and
are hence calledlivertor localized As we move from the X-point to the divertor target,
divertor localized blobs become the dominant type of turbulence.

Figure 2.8: Possible mechanism explaining a blob poloidal velocity. On the left, the
toroidal eld is directed out-of-page, resulting in a downwardsy . On the right, the
opposite situation is depicted.

Another relevant di erence among these types of blob is found in their poloidal velocity.
Divertor localized blobs were seen to move poloidally upwards, in accordance with another
E B drift, driven in this case by a temperature gradient across the blob itself [45]. As
shown in Fig.2.8 the region of the blob closer to the plasma core tends to be hotter than
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the one further away. As a result, a net ow of electrons (that being much lighter than ions
are more a ected) to the peripheral region of the blob induces a charge separation and
creates an electric eld pointing outwards. This eld couples once again with the toroidal
magnetic eld to give a poloidal velocity (whose direction depends on the orientation of
the magnetic eld).

On the other hand, connected blobs were found to move poloidally downwards, in the
opposite direction than the one suggested by the aforementioned drift. This behaviour was
still found in accordance with the same blob's movement on the midplane, but projected
to the X-point by means of eld-line tracing; an indication that midplane conditions
somehow "set the pace" for the whole connected blob.

A better understanding of blobs behaviour is of practical importance, since there is great
experimental evidence (supported by simulations) that laments have an important in-
uence on the overall SOL proles and on the heat and particle cross- eld transport
[39 41, 49, 50]. In general, the higher density and temperature of blobs, coupled with
their strong radial velocity, provides in fact an e cient cross- eld convective transport,
which becomes the dominant transport mechanism in the far-SOL. On this basis, in Chap-
ter 5 is presented a heuristic model that tries to correlate the blobs phenomenology with
the heat deposition on the divertor target.

Of particular interest is the change in blobs behaviour with triangularity. As decreases,
blobs were found to appear less frequently, with a higher dimension but a lower radial
velocity, lowering their contribution to particle transport [40]; for even stronger NT ( .

0:25) a complete turbulence suppression has been observed [23], the reason for which
appears to be related to the greatly decreased connection length in plasmas with strong
negative triangularity.

These results - consistent with the improved con nement and the lower, observed in
NT plasmas and simulations [38, 51] - will be further investigated in Chapter.4.

2.5. Divertor detachment

In order to preserve the integrity of the divertor, one would like to reduce as much as
possible the strong uxes it is subject to. This section summarizes (without proof) some
important results in SOL modeling and how they can lead to mildedivertor regimes For

a more detailed description, see [11].

A solid surface is an e ective sink for the plasma's charged particles [11]. These tend to
stick to it and when the surface charge density is high enough they start to recombine.
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The resulting neutrals are not tightly bound to the wall and are soon re-emitted into
the plasma due to thermal agitation. Once a steady state is reached, for what concerns
particle balance the plasma is self-sustained.

In this way, the wall has a dual role. On the SOL side it acts as a pump, creating a
gradient in particles density and thus ensuring a continuous ow from upstream to the
target; from the balance point of view, it feeds to the plasma new neutrals that will be
ionized again.

This process is known agecycling and can go on inde nitely, as long as we provide energy
for the particles ionization.

Heat transfer through the SOL, from upstream to the target, is always a combination
of convection and conduction. According to which one is predominant, two di erent
situations arise:

" Sheath limited regime
The majority of heat is carried by convection and the SOL is almost isothermal.

" Conduction limited regime
Most of the heat ux is due to conduction and there is a strong temperature drop
across the SOL.

The discriminant between the two regimes is the SOL collisionality, de ned as the average
number of times a particle will have a collision while travelling through the SOL.:

(2.16)

A conduction limited regime is achieved if so. & 15[11]. Eq. 2.16 shows that this
happens if the upstream density is high, while the upstream temperature is low enough.
A particular advantage of the conduction limited SOL over the sheath limited one is the
much higher recycling it ensures [11]: the ow of recycled neutrals is in fatt n2, rather
than only / ny. For this reason the conduction limited regime is also calldugh recycling
regime Its advantage is the high temperature drop along the SOL, and thus a lower
target temperature T; with the consequent reduction of the sputtering yields. Recycling
also leads to some reduction in the heat ux reaching the target. The reason is that
when a neutral is expelled from the wall into the plasma, before it is ionized it can go
through several processes of excitation and de-excitation, during which some energy will
be radiated away and thus spread on a much larger surface. Asgets lower, the number
of excitations before ionization increases and more energy will be radiated away. This

situation is known as thestrongly radiative regime even if there is not a sharp separation
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with the high recycling one.

As T, gets even lower, the ow of recycled neutrals starts to exercise a frictional drag (due
to charge-exchange reactions) on the incoming plasma ow, thus reducing the out ow
itself. The consequence is a reduced ion ux on the divertor and a loss of plasma pressure
along the magnetic eld [52]. Moreover, ifT; . 1eV, volume recombination will take
place (i.e. the plasma particles do not need to reach the wall, but will recombine while
still in the SOL). These e ects can lead to very strong volumetric losses of energy, greatly
decreasing particle and heat uxes the divertor, as well as loweriflg. When this happens,
the divertor is said to be in adetached regime

The scienti ¢ consensus today is that a power producing reactor will necessarily operate
at least with a partially detached divertor, i.e. the reduction of heat ux and pressure is
achieved for the rst few ( 2) power fall-o lengths [52, 53]. At least this is the regime
ITER will operate in and further study [6].

There are di erent ways to access a detached regime. The rst and most straightforward
one just consists in increasing the main plasma density: it can be shown that this has the
dual e ect of reducing the plasma target temperature [52] while increasing the recycling
rate. Other strategies rely on increasing the fraction of the radiated power, usually by
seeding(i.e. injecting) impurities in the divertor region. Geometrically, it should be ben-

e cial to increase the connection length and the target major radius, even if experiments
on TCV did not con rm these parameters to yield signi cant changes in detachment
threshold [52].

Acknowledging a detached regime is not di cult, since there are at least four clear in-
dications. Observing the particle ux to the target, in the rst place it increases as the
plasma density gets higher; but at the detachment onset we can observe a clear roll-over
and the ux starts decreasing. In attached conditions and a high recycling regime, the
Two Point Model predicts the target particle ux to grow as/ n2; we can thus de ne a
Degree of Detachmen{(DoD) [54] as the ratio of the measured particle ux and the ex-
pected particle ux. Other signs of detachment include a drop in target temperature and
its direct consequence: the front of emitted light due to impurities, speci cally Carbon-IlI

on the TCV tokamak (see Sec.3.6), drastically moves from the target to the vicinity of
the X-point. Finally, the neutrals pressure in the divertor region increases.

A recent study performed on TCV shows the important e ect that triangularity has on
the access to a detached regime [55]. It was shown that detachment is more elusive for
NT plasmas with respect to PT ones. The reasons for this seem to be related, at least in
part, to the lower connection length; nevertheless there is evidence for other mechanisms
not yet clari ed.
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2.6. Thesis motivation, objectives and methods

The management of the strong heat uxes generated by a fusion plasma is a necessary step
towards commercial power plants. An underestimation of these would lead to excessive
erosion and damage of the rst wall, and the plasma itself would su er from the consequent
high level of contamination.

The previous sections showed, among other results, the importance of triangularity on
a number of very di erent phenomena. To briey summarize the results, we saw how
negative triangularity can increase the plasma con nement level, so that L-mode scenarios
reach similar performances to H-mode counterparts (Sec.2.2). Coherently, the divertor
heat ux fall-o length 4 gets smaller as triangularity decreases (Sec.2.3) and at the same
time the SOL lamentary turbulence gets suppressed (Sec.2.4). Finally, a more di cult
access to divertor detachment is observed for NT plasmas (Sec.2.5).

These results have reopened the very practical question whether future tokamaks should
operate in PT or NT con guration. To give a satisfactory answer, more research is
needed to con rm the observed trends, to generalize them for larger parameter ranges, to
understand the physical mechanisms that regulate the e ects of triangularity.

To this regard, this thesis is devoted to further investigate the plasma edge in both PT and
NT con gurations focusing on two phenomena: divertor heat ux and SOL lamentary
turbulence (Chapter 4). A possible connection between these phenomena is also proposed
in the form of a heuristic blob model(Chapter 5). In the end, Chapter 6 summarizes the
obtained results and concludes the work.

The work is experimental in its nature: all data that is going to be shown have been
obtained from the Tokamak a Con guration Variable (TCV), located in the Swiss Plasma
Center (SPC) of the Ecole polytechnique fédérale de Lausanne (EPFL) university in
Lausanne, Switzerland. A more detailed description of this facility is given in Chapter
3. Data collected by the tokamak diagnostics were then processed by MATLAB routines
(some of which were speci cally written for this thesis) to extract the physical quantities
presented here and to investigate possible correlations among them.

In order to get acquainted with the subject, to access TCV data and to work full-time on
this thesis, | spent 5 months (October 2023 to February 2024) in SPC, followed by one
month in the Plasma Science and Fusion Center (PSFC) of the Massachusetts Institute
of Technology (MIT) university in Boston, USA.
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3 ‘ The Tokamak a Con guration
Variable

3.1. TCV and its role in this thesis

The Tokamak a Con guration Variable (TCV) [56] is a medium size tokamak located at
the Swiss Plasma Center of the EPFL university in Lausanne, Switzerland.

Figure 3.1: Di erent plasma shapes achieved in TCV. Adapted from [57].

It has a major radius of 0.88 m, and can generate a magnetic eld up to 1.94and a
plasma current up to 1IMA. The internal walls are made of graphite and there is no need
for an active heat removal system, since the energy stored in each plasma shot (of the
duration of about two seconds) is not enough to create damages to the vessel walls.
TCV was built in the 90s with the goal of exploring plasma performance in very di erent
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