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Abstract

H-mode represents an operational mode of magnetically confined plasmas in a toka-
mak with enhanced confinement due to the edge transport barrier (ETB), a region of
steep density and temperature gradients at a position inside the separatrix. At the edge
of H-mode plasmas repetitive magnetohydrodynamic instabilities called edge localised
modes (ELMs) occur. It has been shown that type-I ELMs, which cause large energy
losses, vary with respect to their duration even within the same discharge. Therefore
the following hypothesis is evaluated: During an ELM the absolute value of the radial
electric field E, collapses to values below 15 kV/m, which are typical for L-mode. As a
consequence the E'TB sustained by the radial electric field shear breaks down and strong
filamentary transport is driven by the high pressure in the core. Only if E,. exceeds a
critical value, the edge transport barrier builds up again and the strong transport stops.
Assuming dominant neoclassical ion transport the radial electric field is set by the ratio
of the edge ion pressure gradient and the density. Therefore the collisional electron-ion-
heat-exchange ¢.; at the separatrix sets the radial electric field indirectly through the
ion temperature gradient and therefore regulates the ELM duration.

In this thesis 36 temporal intervals provided by 20 ASDEX Upgrade discharges are
analysed, whereby for the majority of them highly resolved charge exchange recombina-
tion spectroscopy measurements are available. In order to compare various quantities
at the pedestal top and the pedestal foot before and after both long and short type-I
ELMs, an algorithm is developed combining the divertor current and the magnetic pick-
up current signals to determine the ELM-onset and -ending times. This algorithm is
implemented as a module in the application development system FusionFit.

No correlation between the collisional electron-ion-heat-exchange or the neoclassical pre-
diction of the radial electric field and the ELM duration can be identified. Furthermore
the ratio of the total collisional electron-ion-heat-exchange and the total ion heat flux
is estimated for an exemplary discharge to be about 0.0046. This means that the total
collisional electron-ion-heat-exchange can be neglected in comparison to the total ion
heat flux. It is shown that only for 10 out of 20 temporal intervals with available data,
during the sufficiently long ELMs the absolute value of the minimum of the radial elec-
tric field lies below the limit of 15 kV/m, which is typical for L-mode. According to
these findings the hypothesis is refuted. However, for both the post-ELM minimum of
the radial electric field and the post-ELM pedestal foot turbulence control parameter a
relation with the ELM duration is found. Furthermore a correlation between the post-
short ELM turbulence control parameter at the pedestal foot and the absolute value of
the minimum of the radial electric field is identified. Therefore an interplay between the
radial electric field and the edge turbulence or rather transport tends to regulate the
respective ELM durations.
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Kurzfassung

Die H-Mode stellt einen Zustand magnetisch eingeschlossener Fusionsplasmen in Toka-
maks dar und zeichnet sich durch eine Randtransportbarriere aus. Diese entspricht
einem Bereich steiler Dichte- und Temperaturgradienten an einer Position innerhalb der
Separatrix. Am Rand von Plasmen in der H-Mode treten quasiperiodische magneto-
hydrodynamische Instabilitaten auf. Diese sogenannten ELMs fithren zu Teilchen- und
Energieverlusten des Plasmas, wobei die grofiten Verluste bei Typ-1 ELMs auftreten.
Die Dauer von Typ-I ELMs kann auch innerhalb derselben Plasmaentladung variieren.
Dies gibt Anlass zu folgender Hypothese, welche in der vorliegenden Arbeit untersucht
wird: Wahrend eines ELMs bricht das radiale elektrische Feld E, ein, sodass dessen
Betrag weniger als 15 kV/m ausmacht. Solche Werte sind typisch fiir die L-Mode. Fol-
glich bricht die Randtransportbarriere, welche von der Scherung des radialen elektrischen
Feldes aufrecht gehalten wird ebenso zusammen und der hohe Druck im Plasmainneren
verursacht starken nach auflen gerichteten Transport. Nur wenn FE, einen Grenzwert
iiberschreitet, kann die Randtransportbarriere wieder errichtet werden, sodass der starke
Transport stoppt. Nimmt man dominanten neoklassischen Ionentransport an, so wird
das radiale elektrische Feld durch das Verhaltnis vom lonendruckgradienten und der
Dichte am Plasmarand bestimmt. Folglich reguliert der Elektronen-lonen-Warmeaus-
tausch indirekt durch seinen Einfluss auf den Ionentemperaturgradienten das radiale
elektrische Feld und damit auch die ELM-Langen.

Im Rahmen dieser Arbeiten werden 36 Zeitintervalle aus 20 verschiedenen ASDEX Up-
grade Entladungen analysiert, wobei fiir den Grofiteil hochaufgeloste Ladungsaustausch-
Rekombinations- Spektroskopie- Messungen vorhanden sind. Um verschiedene Plas-
magroffen am Pedestalanfang und an einer Position innerhalb der Separatrix vor und
nach einerseits kurzen und andererseits langen Typ-1 ELMs zu vergleichen, wird ein
Algorithmus entwickelt, welcher zur Bestimmung der ELM-Start- und -Endzeiten das
Diverstrom- mit dem Pick-up-Spulen-Signal kombiniert. Dieser Algorithmus wird als
Submodul der Analyseumgebung FusionFit implementiert.

Es werden keine Zusammenhange zwischen dem stolbedingten Elektronen-Ionen-Wérme-
fluss oder der neoklassischen Approximation vom radialen elektrischen Feld und den
ELM-Langen gefunden. Auflerdem wird das Verhéltnis vom gesamten stoflbedingten
Elektronen-lonen-Warmefluss und dem gesamten Ionenwéarmefluss fiir eine Beispiel-
entladung als 0.0046 bestimmt, was darauf hindeutet, dass der gesamte stofbedingte
Elektronen-Tonen-Wiarmefluss im Vergleich zum gesamten lonenwarmefluss vernachléssig-
bar ist. Ferner fallt der Betrag des Minimums des Profils des radialen elektrischen Feldes
wahrend langer ELMs nur in 10 von 20 Fallen mit entsprechender zur Verfiigung ste-
hender Datenlage auf einen Wert unterhalb von 15 kV/m. Die Hypothese wird daher
widerlegt. Allerdings wird ein Zusammenhang mit den ELM-Langen und sowohl dem
post-ELM Minimum des radialen elektrischen Feldes, als auch dem post-ELM Turbulen-
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zenkontrollparameter «; an einer Position innerhalb der Separatrix gefunden. Auflerdem
wird eine Korrelation zwischen «; innerhalb der Separatrix bezogen auf Zeitintervalle
nach kurzen ELMs und den Minima von E, bezogen auf Zeitintervalle nach kurzen ELMs
festgestellt. Folglich scheint ein Wechselspiel des radialen elektrischen Feldes und der
Randturbulenzen beziehungsweise des -transports die ELM-Langen zu regulieren.

v
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1 INTRODUCTION

1 Introduction

1.1 Future carbon-free base load electricity

Due to global effects like population growth, improvements in the standards of living
and the predominant economic system an ever-increasing amount of energy is needed.
Certainly energy sources providing power in the future must not emit gases that trap heat
in the atmosphere as this would enhance the greenhouse effect. Furthermore an ideal
future energy source should be largely and at all times equally available. Eventually,
an ideal energy source should not possess the disadvantages of fission power plants like
the risk of meltdowns and the production of nuclear waste creating the successional
problem of an ultimate storage. Fusion energy satisfies all of these criteria making it the
ideal new source of carbon-free base load electricity producing no long-lived radioactive
waste. Figure 1.1 shows the artistic illustration of a future fusion power plant as part of
a sustainable energy mix.

Figure 1.1: [llustration of a future fusion power plant ensuring sustainable base load electricity
(taken from [1]).

Nuclear fusion is the process with which the sun delivers its energy. Controlled fusion
reactions can release more than million times more energy than chemical reactions such
as the burning of coal. Fusion energy is highly sustainable, as no harmful toxins like
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1 INTRODUCTION

carbon dioxide or other greenhouse gases are emitted and fusion fuels like deuterium
and tritium are sufficiently available. While for instance deuterium can be distilled
from all forms of water, tritium can be produced during operation using lithium. The
terrestrial reserves for lithium suffice millions of years. Furthermore a fusion power plant
is constructed in a way, so that a meltdown is intrinsically not possible. As reaching
the necessary conditions for nuclear fusion is quite difficult, any disturbances would
terminate operation. However, during operation neutrons can activate the wall material
of the vessel of the fusion power plant. As the activation of the affected components
is low enough for the materials to be reused or recycled within about 100 years, there
is no need of an ultimate storage. Additionally there are no enriched materials in a
fusion power plant that could be exploited and used as weaponry [2]. The conversion
from fusion energy to electrical power is carried out conventionally using steam turbines.
Even though today no fusion energy power plant is in operational state, it is expected
that the first one starts operation in the 2050s [3].

1.2 Nuclear fusion

Nuclear fusion is the process of two nuclei merging to form a heavier nucleus. As the
mass of the formed nucleus is less than the combined mass of the original constituents,
energy is released. This process can happen, when the original nuclei get sufficiently
close for the attractive strong interaction to set in. However, as shown in figure 1.2a the
charged particles are repelled by the Coulomb force. Only particles possessing a suffi-
ciently high energy can classically overcome the Coulomb barrier. The corresponding
necessary magnitude of energy is about a billion degree. Due to the quantum mechanical
tunnel effect the actually necessary magnitude lies in the accessible scale of about 100
million degrees [4].

Protons and neutrons, which are combined into a nucleus, hold slightly less mass than
free existing ones. This difference in mass per nuclear particle corresponds to the amount
of energy associated with the force holding the nucleus together. Figure 1.2b depicts
the energy equivalent of the mass defect per nucleon of the elements as a function of
their atomic mass. As the minimum of this curve lies around iron with mass number
56, atoms in this range are the most stable. The atoms to either side offer excess mass,
which can be released in the form of energy by moving towards the minimum of the
curve. While to the left hand side this happens via nuclear fusion, to the right hand side
this takes place via fission, the splitting of heavy atoms to form lighter fragments [5].

As shown in 1.2b, numerous fusion reactions are possible. In the sun several processes
occur as well. The most frequent form is the p-p-chain, which is depicted in 1.3a. The
likelihood for a specific fusion reaction taking place is expressed as a cross section due to
the necessity of an inducing collision. Figure 1.3b compares the cross sections of different
fusion reactions (deuterium- deuterium, deuterium- tritium and deuterium- helium-3)
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Figure 1.2: Schematic illustration of the potential energy of two nuclei in dependence on their
distance (taken from [6]) (a). Energy equivalent of the mass defect per nucleon of the elements
in dependence on their atomic mass (adapted from [5]) (b).

for a range of energies. From an economical point of view it is favourable that the prob-
ability of fusion of deuterium and tritium is the largest at the lowest energy compared
to the others. In the corresponding reaction a deuterium and a tritium fuse resulting in
conventional helium, a neutron and a total energy gain of 17.6 MeV [7]:

2D + 37 — 3He (3.5 [MeV]) + in(14.1 [MeV]) (1)

Mainly due to thermal conduction and radiation the plasma loses energy. In this regard
the energy confinement time 7z is an important quantity describing the rate at which
energy is lost. Nevertheless, if sufficiently numerous fusion reactions happen, a plasma
doesn’t expire. Therefore the Lawson criterion gives a measure of the threshold value
of the product of the plasma density n, temperature 7" and confinement time for self-
sustaining deuterium-tritium fusion reactions [5]:

nT g >3-10* [m?eVs]. (2)

As described above, temperatures of about 100 million degrees are a necessary condition
for nuclear fusion in the laboratory. At these temperatures the state of matter is plasma
consisting of a gas of ions and free electrons. Different types of thermonuclear fusion
concepts have been developed. In the following section it is shown, how devices of the
type tokamak take advantage of the fact that plasma can be magnetically confined.
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Figure 1.3: Schematic illustration of the p-p-chain: all in all six % H and two % H result
indirectly in two % H,a %H e and additional positrons, neutrinos and gamma rays (taken from
[8]) (a). The cross sections of different deuterium fusion reactions for a range of energies (taken
from [5]) (b).

1.3 TOKAMAK physics

The word TOKAMAK comes from a Russian acronym translating toroidal chamber with
axial magnetic field [9]. Figure 1.4 schematically illustrates the composition of a tokamak
and the corresponding magnetic field lines. A tokamak consists of a torus shaped vessel
with coils wrapped around it, where a current is passing through. Therefore a toroidal
magnetic field is induced and its strength is dependent on the radial position. As a
consequence gradient vyp and curvature drifts ¥...,, which depend on the magnetic
field B and the particle charge ¢, lead to a separation of charge in vertical direction:

B x VB

Vdrift = UVB + Veury X

Hence again an electric field E builds up and so an E x B drift ¥z 5 pushes the particles
outwards in horizontal direction:

. ExB
UEXBZW- (4)

In order to avoid this troublesome motion at tokamak devices, inner poloidal field coils
act as primary transformer circuit inducing a toroidal current in the plasma, which adds



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
10
ledge

now!

b

o
i
r

1 INTRODUCTION

a poloidal component to the magnetic field. Therefore the magnetic field is shaped he-
lically and has spiral field lines wrapped around the torus shape. The supplementary
positioning of the plasma is carried out by poloidal field coils [10].

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.4: Schematic illustration of the field coils of a tokamak and the resulting magnetic
field (taken from [11]).

The magnetic field lines are embedded in flux surfaces. These closed surfaces are nested
within each other and the innermost is degenerated into a circle called magnetic axis.
The last closed flux surface is called separatrix separating the confined region from the
scrape-off layer (SOL), in which magnetic field lines intersect the wall [10]. Nowadays,
most tokamaks possess a divertor as primary wall contact. The divertor is equipped with
robust tiles, which can withstand the heat load of the plasma and primarily protects the
main plasma from impurities sputtered from the walls of the vessel [12]. These discussed
terms are illustrated in figure 1.5.

The plasmas topology can be expressed using the normalised poloidal flux labelling
the magnetic flux surfaces:
U =W
2 N Ve — Vs

(5)
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1 INTRODUCTION

using the poloidal magnetic flux ¥, the poloidal flux at the separatrix W,., and the
poloidal flux at the magnetic axis W,.;s [13].

1.4 Plasma edge physics

In 1982 F. Wagner et al. observed a new operational regime in ASDEX divertor dis-
charges, in which the particle and global energy confinement is significantly improved,
if an input power threshold is exceeded [14]. This new operational regime was called
high-confinement mode (H-mode). In contrast the operational regime below the input
power threshold was named low confinement mode (L-mode). In H-mode the energy
confinement time is typically enhanced by a factor of two [15] and at a position inside
the separatrix very steep temperature and density gradients can be found [16]. This re-
gion is called edge transport barrier (ETB). Consequently, the ETB impedes the particle
and energy flow across the plasma surface and gives rise to the improved confinement
properties [17]. Figure 1.5 illustrates the comparison of the pressure profiles of the H-
and L-mode against the normalised radius.

.. separatrix

separatrix

pressure

’

pedestal

SOL |

/7 divertor »
0 normalised radius 1

Figure 1.5: Comparison of the H- and L.-mode pressure profiles against the normalised radius
linked to the poloidal cross section of a divertor plasma (taken from [18]).

At the edge of H-mode plasmas edge localised modes (ELMs) occur. ELMs are repeti-
tive magnetohydrodynamic (MHD) instabilities leading to a loss of energy and particles
from the confined region on a timescale of ms [19]. The ELM-related energy losses can
happen fast enough for making the peak wall energy load a major concern in large fusion
devices like ITER, as it could lead to the evaporation or melting of the wall material [20].
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1 INTRODUCTION

Nevertheless, ELMs can be beneficial for H-mode operation in contemporary tokamaks
as well, as they can help cleaning the accumulated impurities, which could otherwise
terminate the plasma [21].

1.5 ASDEX Upgrade

In this thesis data from the tokamak ASDEX Upgrade (AUG) located at the Max Planck
Institute for Plasma Physics in Garching, Germany, is analysed. ASDEX Upgrade is a
medium-sized tokamak and its operation has started in 1991 following its predecessor
ASDEX (Axial Symmetric Divertor EXperiment). While table 1 lists the specifications
of ASDEX Upgrade, figure 1.6 shows a schematic illustration of the whole fusion device.

Recent experiments at ASDEX Upgrade aim to improve the physics base for ITER
and DEMO with respect to their machine design and efficient operation preparation
[22]. ITER is a fusion experiment currently in construction. DEMO is planned as first
nuclear fusion power plant.

Table 1: Specifications and typical plasma parameters of ASDEX Upgrade [23].

technical data

major plasma radius 1.65 [m]

minor plasma radius 0.5 [m]

maximum magnetic field 3.1 [T]

maximum plasma current 1.6 [MA]

pulse duration <10 [s]

plasma heating up to 27 [MW]

plasma parameters

plasma volume 14 [m?]

plasma mass 3 [mg]

plasma temperature up to 100 million degree
plasma types deuterium, hydrogen, helium

1.6 Objectives of this thesis

The main aim of this thesis is to investigate a hypothesis postulated by E. Wolfrum
regarding the duration of type-I ELMs. For a detailed description of the mentioned
terms the reader is referred to the subsequent section, which discusses them in detail.
The underlying hypothesis states [24]:

e During an edge localised mode the absolute value of the radial electric field E,. col-
lapses to typical L-mode values below 15 kV/m. Consequently, the edge transport
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barrier, which is sustained by the radial electric field shear, breaks down and strong
filamentary transport is driven by the high pressure in the core. If F, exceeds a
critical value, the edge transport barrier builds up again and the strong transport
due to edge localised modes stops. Assuming dominant neoclassical ion transport
the radial electric field is set by the ratio of the edge ion pressure gradient and
the density and hence both density and ion temperature gradient act as critical
parameters.

e Only at high densities at which the collisional electron-ion-heat-exchange q.; suf-
fices to affect the ion temperature in a relevant manner, the ion and electron
temperature gradient are closely linked. Therefore, if at a position close to the
separatrix ¢.; is so high that the ion temperature gradient and as a consequence
the radial electric field is restored quickly, edge localised modes are supposed to
be short.

However, another hypothesis could be that the ion temperature at the separatrix is
determined by the transport rather than by the collisional electron-ion-heat-exchange
[25]. In order to consider this option as well the turbulence control parameter a;, which
describes the transition from drift wave dominated turbulence to interchange dominated
turbulence, is included in the analysis.

This thesis is structured in the following way: Chapter 2 discusses the most relevant
physical principles and reviews the current state of research. An overview of the utilised,
advanced plasma diagnostics is given in chapter 3. The applied data analysis techniques
with regard to edge localised modes are described as well. While chapter 4 presents
the considered database, the methodical procedure for the evaluation of the underlying
hypothesis is explained in chapter 5. The results are presented in chapter 6, their discus-
sion and comparisons to previous findings are given in chapter 7. Chapter 8 summarises
the most important aspects and gives an outlook towards further research.
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1 INTRODUCTION

Figure 1.6: Schematic illustration of ASDEX Upgrade, a medium-sized tokamak operating
since 1991. ASDEX is short for Axial Symmetric Divertor EXperiment. The actual plasma
vessel (blue) is mounted on the framework (red) and the field coils are depicted in bronze.
Inside the vessel the glowing plasma is shown as well (taken from [26]).
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2 Theoretical background and current state of research

This chapter introduces important concepts of the theoretical background of this work
and gives an overview of the current state of research. At first the formation of the ETB,
which is essential for the transition to H-mode, is discussed. The enhanced confinement
of H-mode usually comes at the price of the occurence of ELMs. Their characterisation,
the results of previous ELM length studies and the inter-ELM recovery of the electron
density, ion- and electron temperature are reviewed. As the underlying hypothesis of
this thesis assumes that the collisional electron-ion-heat-exchange regulates the ELM
durations, this quantity is discussed. Furthermore a parameter is introduced, which
characterises the turbulence at the separatrix, since besides the hypothesis it will be
considered as well, whether this is a key parameter for the regulation of ELM lengths.

2.1 Formation of the ETB

Since the publication of Biglari et al. in 1990 [27] it is believed that the formation of
the E'TB along with the suppression of the transport is caused by the E x B velocity
shear, which is a consequence of the radial electric field E,. It is widely assumed that
eddies in the plasma are stretched and consequently torn apart by the shear flow. This
reduces the step size of turbulent diffusion and hence the transport. Another possible
mechanism for turbulence suppression is observed in fluid turbulence. In this case the
flow further elongates and coils up the eddies. Therefore an energy transfer is established
from the turbulence to zonal flow. Figure 2.1 compares the two possible mechanisms.

2.2 Edge localised modes
2.2.1 Characterisation

Different kinds of ELMs have been observed. Conventional classifications distinguish
three types:

e Type-I ELMs: the repetition frequency of type-I ELMs increases with the energy
flux through the separatrix (dfgra/dPse, > 0). During the ELM there is a high
level of incoherent magnetic fluctuations. The energy and particle losses of type-I
ELMs are the largest [19].

e Type-II ELMs: necessary conditions for the appearance of these small, high-
frequency ELMs are a high density and a high triangularity [21].

e Type-III ELMs: the repetition frequency of type-III ELMs decreases with the
energy flux though the separatrix (dfgra/dPse, < 0). During the ELM there is
likewise as in type-I ELMs a high level of incoherent fluctuations [19].

10
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Figure 2.1: Schematic of the possible turbulence suppression mechanisms due to shear flow
(adapted from [28]): Tearing apart of the eddies (a). Eddies are taken over by zonal flow (b).

At AUG the type-I ELMs show a repetition rate of typically 50 - 150 Hz and cause an
energy loss of up to 10% of the total stored energy [29]. This thesis focuses on type-I
ELMs. If not otherwise stated the short expression "ELM” refers to them.

An ELM is often considered as a cycle consisting of the crash itself and the recov-
ery until the next ELM. In 2014 P. A. Schneider et al. identified three major phases
[29]:

e I: During the ELM crash energy and particles are expelled from the plasma edge.
The magnetic pick-up coils measure broad-band magnetic fluctuations from 100 to
400 kHz. In some cases a short saturation phase of varying length (0.1 — 0.4 ms)
separates the crash phase into two distinct events (Ia) and (Ib). During the crash
phase (Ib) the magnetic fluctuations stay high and the divertor current signal
saturates at a high level.

e II: In the intermediate phase the strong magnetic perturbation of the plasma edge
stops and is replaced by a quiescent phase. As the divertor plasma cools down,
the thermo-currents show a decreasing signal.

11
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e III: During the recovery phase the magnetic pick-up coils exhibit perturbations
sized in between the ones in the first two phases. A minor temperature difference
between the divertor targets causes a background signal at the divertor currents.
The pedestal recovers.

In 2017 L. Frassinetti et al. showed that it is possible to observe both ELMs with phases
(Ia) and (Ib) and ELMs with only phase (Ia) within the same discharge [30].

T T T T T T T T T T T T
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Figure 2.2: The time traces of the pick-up coil and the divertor current with regard to the
respective ELM onset are shown for two ELMs of discharge #30411. The different phases of
the ELMs are labelled (Ia), (Ib), (IT) and (IIT). The upper ELM exhibits two crash phases (Ia)
and (Ib), the lower ELM has only phase (Ia) (based on [29]).

Figure 2.2 compares the magnetic signature and the divertor signal of two ELMs which
have happened just after each other within the same discharge (#30411). While the
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upper ELM exhibits both crash phases (Ia) and (Ib), the crash phase of the lower ELM
(Ia) is directly followed by the intermediate phase (II).

The second crash phase (Ib) can be reduced in size by deuterium fuelling and the in-
crease of the separatrix density. It is possible to completely suppress phase (Ib) with
the application of nitrogen seeding [31]. A nitrogen puff rate of I' = 10%* e/s acts in
this regard as threshold value [30]. Thereby the first crash phase (Ia) remains mainly
unchanged [29].
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Figure 2.3: The time traces of the ELM duration, the stored energy, the deuterium (black)
and nitrogen (green) flow, NBI (red) and ECRH (blue) power (based on [30]).

These findings motivate the consideration of the change in ELM length induced by ni-

trogen gas puffing, as shown in figure 2.3. The time traces of the ELM duration, the
stored energy, the deuterium (black) and nitrogen (green) flow, neutral beam injection

13



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

2 THEORETICAL BACKGROUND AND CURRENT STATE OF RESEARCH

(NBI, red) and electron cyclotron resonance heating (ECRH, blue) power are shown.
The red and blue coloured ELM durations represent the ELMs presented in figure 2.2.
For the time 4.2 - 5.0 s, when the heating power and the particle flow stay constant, the
ELM lengths differ in a range of less than 1 ms up to more than 4 ms. At t = 5 s the
nitrogen seeding starts and as a consequence the number of ELMs with a duration of
more than 1.1 ms decreases strongly.

In accordance to [30] in the following ELMs with a duration greater than 1.1 ms will be
called "long ELMs”, the ones which last less than 1.1 ms "short ELMs”.

2.2.2 Parameter correlations

In [30] several correlations regarding plasma parameters and the ELM lengths, which are
valid for AUG, are identified: There is an inverse correlation between the fraction of the
number of long ELMs over the total number of ELMs Ni,,4/Nyo: and the pedestal elec-
tron temperature 7 ,.q. However, the authors highlight that their findings don’t imply
that the pedestal electron temperature acts as the parameter regulating the presence of
the long ELMs. Rather any parameter related to the pedestal temperature, for instance
the pressure, shows a similar trend. Furthermore no difference within the experimental
uncertainties has been found in the pre-ELM electron temperature, electron density and
ion temperature between short and long ELMs at the pedestal top.

On average the long ELMs tend to have a higher divertor temperature than the short
ones before the ELM onset. While there is a positive correlation between the pre-ELM
divertor temperature and the ELM energy losses for the long ELMs, no clear correlation
is observed for the short ELMs. This suggests that the physics mechanism regulating
the energy losses of the second crash phase is different from the mechanism regulating
losses of the first crash phase [30].

2.2.3 Edge profile evolution throughout ELM cycles

In [32, 33, 34| the edge profile evolution throughout the ELM cycle of several parameters
is described.

The behaviour of the ion temperature T; at the ELM onset differs substantially from
that of the electron temperature 7,. While the electron temperature close to the sep-
aratrix stays almost unperturbed, the ion temperature increases. At a position further
inside towards the pedestal top region the electron and ion temperatures show a similar
behaviour [32].

In 2010 A. Burckhart et al. observed a difference between the recoveries of the maxi-
mum of the gradient of pedestal parameters. The reestablishment of the maximum of
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the electron density gradient Vn, occurs on a shorter timescale than the respective one
of the electron temperature gradient V7, [33].

During the ELM cycle the ion and electron temperature gradients evolve differently.
While after the ELM crash the maximum ion temperature gradient VT; starts imme-
diately to reestablish, the maximum electron temperature gradient VT, recovery lasts
longer. Within the error bars a slight decrease of max(—VT;) is also observed before the
ELM onset. Furthermore it has been found that within the uncertainties V7; and Vn,
evolve similarly after the ELM onset [32].

The temporal evolution of the edge radial electric field F, during an ELM cycle has
been studied in [34] using charge exchange recombination spectroscopy (CXRS) diag-
nostics with a time resolution of 2.2 ms. At the ELM crash a collapse of the edge FE,
has been observed. Subsequently, the F, recovers within 2 ms after the crash. These
findings have been deepened in [32] using edge CXRS diagnostics with an unprecedented
time resolution of 65 s for the analysis of the evolution of the minimum of the measured
radial electric field min(E,) during the entire ELM cycle. The E, shows a strong col-
lapse at the ELM onset leading for a short time to values, which are typical for L-mode
profiles. The reestablishment of the pre-ELM E, profile is completed within 3 - 4 ms.
This measurement is compared to its neoclassical prediction (E; e, = %%ﬁ’}', where e,
p; and n; are the elementary charge, the main ion pressure and densityl and Vn,./n,.
= Vn;/n; is assumed). Within the uncertainties the measured min(£,) and calculated
min(E, ) profiles of the examined ELM crash don’t show significant deviations except
between 2 and 4 ms after the ELM onset.

2.3 Collisional electron-ion-heat-exchange

In a plasma two species at different temperatures exchange heat by collisions, which
consequently lower the temperature difference. This process is characterised by the heat
exchange time 7;; and specific for the respective species i and j [7]:

I, _T;-T,

dt Tij

' (6)

For plasmas with ion charge Z the heat exchange time with regard to ions and electrons
1s .
3m; e2mooT2
Tie = 5 (2m)E — o (7)
2me. n;Z%e* In(A)
using the ion mass m;, electron mass m., dielectric constant €y, elementary charge e and
the Coulomb Logarithm In(A) [7]. As a consequence the ion temperature rate of change

can be expressed as a function of the ion density n;, the ion charge Z and both the ion
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and electron temperature:

dT, ,T. — T,
X n;Z —.
dt T§

e

(8)

Assuming only a single ion species, using the quasi neutrality of the plasma (n. =
> i n;Z;, whereby ; represents the sum over the respective ion species) and the defi-

. . Y, anJZ
nition of the effective charge (Z.;; = 7
5 N4

The collisional electron-ion-heat-exchange ¢.; is proportional to the product of the elec-
tron density and the heat exchange between the ion temperature rate of change:

) one obtains n;Z% & n.Zeyy.

Te - E
= )

T

Je; X nizeff

2.4 Turbulence driven transport
2.4.1 The edge plasma operational space

Due to three-dimensional simulations of the Braginskii equations two main parameters
controlling transport in the edge of tokamak plasmas are identified in [35]: the MHD
ballooning parameter aj;yp and a diamagnetic parameter ay. These parameters span
the so-called edge plasma phase space, which is illustrated in figure 2.4. In this phase
space the respective regions can be distinguished, where typical L-mode levels of trans-
port arise (L-mode), where the transport is catastrophically large (density limit) and
where the L-H- transition sets in due to the formation of the transport barrier (H-mode).
For large ap;gp a region with ideal MHD instabilities sets in.

1-0 [ L L .
I Ideal MHD Instability

62
&
o7 L—Mode
Bl E
ool o o ooy
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Figure 2.4: Illustration of the edge plasma phase space (adapted from [35]).
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Furthermore dynamical simulations of the barrier formation process are performed in
[35] confirming that the E x B shear effect is able to stabilise turbulence during the
formation of the barrier. However, it is found that for small ay;yp the E x B shear
alone does not suffice to trigger a transition due to the strong positive dependence of
transport on the plasma pressure gradient.

2.4.2 Parameter description of the interchange effect on drift-wave turbulences

In [36, 37] the impact of the interchange effect on drift-wave turbulence controlled by the
so-called resistive ballooning parameter Cwp is examined. Interchange instabilities rep-
resent the magnetohydrodynamic analogue of Rayleigh-Taylor-instabilities and evolve
from a deformation of the boundary between plasmas with different densities [12]. Drift
waves represent a class of small amplitude, low frequency eigenmodes occurring in low
beta plasmas in background magnetic fields with pressure gradients [38] and their energy
source is provided by the thermal energy dissipation of the plasma as it expands across
the magnetic field. Drift waves have finite wavelengths along the field lines [39].

The resistive ballooning parameter consists on the one hand of the parameter wg de-
scribing the strength of the interchange turbulence. On the other hand the parameter
C'is a measure for the normalised collisionality. While both these parameters depend
on the plasma pressure gradient scale length A,, their product (namely the resistive
ballooning parameter) does not. Hence it can be used in regression studies [40].

2.4.3 The turbulence control parameter o,

Following the previously presented findings, in 2020 T. Eich et al. defined the turbulence
control parameter oy = Cwpg, which describes the relative importance of the interchange
effect on drift-wave turbulence and is found to be closely linked to the diamagnetic
parameter ag (o 0452). The turbulence control parameter a; can be estimated within
an uncertainty of less than 10 % by:

A ne
=3 10718qcy1RﬁZeff- (10)

In this expression R is the major radius, n. is given in m~2, T, in eV and eyt Can be
expressed as:

Geyl = —— —R” (11)

with the minor radius a, the vacuum permeability 1, the toroidal magnetic field strength
B, the plasma current I, and

(12)

R \/a + K20(1 4 26% — 1.26%)
K =
2
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using the elongation kg, and the triangularity o [40].

The turbulence control parameter ¢y is used in [41] to determine the separatrix den-
sity limit n/f = 2.7-10" m™ only below which it is possible that L-H- transitions
can happen at AUG for the underlying plasma current and magnetic field values of

I, = 083 MA and B, =2.4-26T.
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3 Advanced utilised plasma diagnostics and data
analysis

For the purpose of this thesis, namely the analysis of the pedestal and separatrix pa-
rameters before and at the end of ELMs, highly time resolved measurements of the
plasma edge and the divertor have been necessary. An overview of the utilised diag-
nostics and their positions at a poloidal cross section of the plasma vessel are shown in
figure 3.1. This chapter describes the physical principles of the respective diagnostics
and the utilised data analysis methods.

Thomsen
scattering

currents

. - Y
- ey Y
P T TP i O ) T O O T I T B CF W T [N Y T T T T B

Figure 3.1: Schematic of an arbitrary plasma poloidal cross section and the utilised diagnostics:
poloidal and toroidal charge exchange recombination spectroscopy, magnetic pick-up coils, edge
Thomson scattering, divertor currents and Langmuir probes.

19



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

3 ADVANCED UTILISED PLASMA DIAGNOSTICS AND DATA ANALYSIS

3.1 Thomson scattering

When a short laser pulse is blasted into the plasma the oscillating electric field of the
electromagnetic wave causes charged particles to oscillate at the frequency of the wave.
As a consequence the charge is accelerated and dipole radiation is emitted. In an elec-
tromagnetic wave field ions are only slightly perturbed due to their high mass. Therefore
their contribution to the scattered power may be neglected in comparison to the contri-
bution of the electrons. In comparison to the wavelength of the incident radiation the
electrons occupy a large volume and if they are randomly spaced their individual fields
add incoherently. The resulting radiated field can be considered as the product of the
one of a single electron and the number of scatterers [42].

The power scattered per unit solid angle per unit frequency dw equals
P = Pyrasin®(0)n.LS(k,w)dw, (13)

where Py is the total incident laser power, ro=e*/(4megmc.c?) is the classical electron
radius in dependence on the speed of light ¢, 6 is the angle between the incident and
scattered rays, L denominates the interaction length and S(k,w) corresponds to the
spectral density function. S(k,w) depends on the Fourier spectrum of the respective
fluctuations causing the scattering and is a function of w denominating the difference
between the scattered and incident frequencies, the magnitude of the scattering vector
k, which corresponds to the difference between the incident and scattered wave vectors
and the dimensionless parameter o = ﬁ using the Debye shielding distance Ap [7].

For the case that the Debye shielding distance is much larger than the wavelength of the
laser (o < 1) the Doppler shifted scattered spectrum reflects the velocity distribution of
the plasma electrons. If the velocity distribution is Maxwellian, the scattered spectrum

1
is Gaussian and its half width is proportional to T¢ [43].

The measurement of the absolute scattered power enables the determination of n., as a
consequence of their direct relation [7].

At AUG the Thomson scattering diagnostics consist of a combination of a core and
an edge system using Nd-YAG (neodymium-doped yttrium aluminium garnet) lasers
with pulse energies below 1 J. The pulses last 10 ns and their repetition rate is 20 Hz
[44].

3.2 Charge exchange recombination spectroscopy

Charge exchange recombination spectroscopy diagnostics are based on the injection of
neutral beams (for instance deuterium, D) into the plasma. Hence the plasma impurity
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ions A are excited by charge exchange recombination reactions. Subsequently, the ex-
cited ions decay into their initial states emitting photons hr at the respective specific

wavelengths:
D° + A%t 5 DT 4 AZ=U+ DT 4 AZDF 4 py, (14)

Consequently, the ion temperature of the emitting ion species can be obtained from the
Doppler width of the resulting spectra. Usually low-Z impurities are used, as they are
fully stripped at tokamak electron temperatures and consequently don’t radiate strongly
or perturb the plasma [45].
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Figure 3.2: Example of a CXRS spectrum: the measured spectrum consists of an active (blue)
and a passive signal (red) (taken from[13]).

Figure 3.2 shows as an example the measured spectrum of the He** (4 — 3) line emis-
sion consisting of two components. While the active signal (blue) results from charge
exchange recombination with the injected neutrals in a region, where the line of sight
(LOS) intersects the neutral beam, the passive signal (red) originates from neutrals in
a region close to the separatrix. Assuming that the impurity ions are thermalised and
consequently have a Maxwellian velocity distribution, their line emission /¢ x(\) exhibit
a Gaussian shape:

[ mac? Mac® (A — Xg)?
ICX(/\) = IO : m . eXp(_ZkBTa ( )\(2) 0> )a (15)

where I stands for the maximum spectral radiance, m, denominates the impurity mass,
Ao is the unshifted wavelength and kg the Boltzmann constant. Therefore the impurity
temperature 7, can be obtained from the full width at half maximum (FWHM) of the
active signal. After correction of Zeeman splitting effects, the ion temperature can be
approximated by T, [13].
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The flow velocity of the impurity species projected onto the LOS can be obtained from
the Doppler shift of the active signal. If the lines of sight are distributed in both the
poloidal and toroidal directions, it is possible to measure both respective projections of
the plasma ion flow vy, and vy ,. The impurity density n, can be derived from the
spectral radiance of the active charge exchange signal Iox () observed by a LOS [13].

Using the radial force balance equation and the quantities obtained from measurement,
it is possible to derive the radial electric field E,., whereby Vp, represents the pressure
gradient, Z, the charge state, By the poloidal component and By the toroidal component
of the magnetic field:
\Y%
E,r . pOé

eLo Ny,

- U@,aB¢> —+ U¢7QB‘9. (16)

At AUG several CXRS diagnostic systems are in usage. The most recent one consists of
modified versions of typical Czerny-Turner spectrometers coupled with electron multi-
plying spectrometer charge-coupled device cameras allowing fast CXRS multiple channel
measurements down to a time resolution of 10 us at different wavelengths. Hence it is
even possible to obtain profile data during short phenomena like ELMs [46].

3.3 Langmuir probes

In large tokamaks Langmuir probes are used to deduce the electron temperature and
density at the plasma edge. By the application of a voltage to the electrode of the probe
with respect to the vessel the resulting current is measured [7].

Figure 3.3 presents the theoretical current-voltage characteristic of a Langmuir probe.
The current at the probe consists on the one hand of the ions and on the other hand of
those electrons, which can reach the electrode due to their high energy, in spite of the
probes repulsive potential:

c(Vprabe _Vplasma)

]probe = Aprobe : (_ji,sat + je,th - € FpTe )a (17)

where A, is the surface of the probe head, j; . the ion saturation current density,
Je,tn the thermal electron current density, e the elementary charge and kg the Boltzmann
constant [47].

The ion saturation current I; ., denominates the current, at which all electrons are
repelled due to a sufficiently negative potential and it is independent of the voltage.
The floating potential V; is the specific voltage at which the ion and the electron cur-
rents cancel each other [7]. If the voltage exceeds the value of the potential of the plasma
Vpiasma, successively less ions can overcome the energetic barrier and the characteristic
saturates at the electron saturation current I, zo; [47].
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I probe

e, sat

V= V-V,

vessel

Vo unbe -V,

vessel

>

I i, sat probe vessel

Figure 3.3: Theoretical characteristic of a Langmuir probe with all potentials denoted relative
to the potential of the vessel (adapted from [47]).

The electron temperature can be derived from equation 17 and the defining condition
of the floating potential (Vi1 ,.—0=Vprote) by the elimination of the unknown quantity

V;olasma:

Vro e V [ robe \1—

prob ffma+iin¥ (18)
kB Ii,sat

The electron density can be derived from the ion saturation current using the quasi

neutrality of the plasma and the acoustic velocity c¢g, which again depends on the derived

electron temperature [47]:

T, — ol

]i sat
Ne =24 -n; = —"—. 19
Ap'robe € Cs ( )
At AUG numerous Langmuir probes at positions all over the plasma vessel are installed.
For this work only the data of the probes placed at the divertor have been considered.

3.4 Magnetic pick-up coils

The measurement of magnetic fluctuations, for instance caused by instabilities like
ELMs, can be performed using magnetic pick-up coils. According to Faraday’s law
of induction changes of the magnetic flux ®,, induce a voltage signal U in the coils,
which can be measured: b p

U=-——"=_— [ B.-dA. 20
dt dt (20)
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The magnetic flux is the surface integral of the normal component of the magnetic field
passing through a surface A. At AUG several magnetic coils are mounted at different
poloidal and toroidal positions measuring the changes of the poloidal dBy/dt or of the
radial magnetic field dB, /dt.

3.5 Divertor shunt currents

Due to the temperature difference between the inner and outer target plates of the diver-
tor cassette a thermoelectric voltage is generated. This thermo-current can be indirectly
measured as a voltage over a shunt [48].

At AUG the shunt currents are measured at multiple toroidal and poloidal locations
and the signals are often used as ELM indicators.

3.6 ELM length analysis

A common measure for the determination of the onset of an ELM crash is the signal
of the divertor currents. However, it has the disadvantage that from a physical point
of view the actual crash happens slightly earlier, as the particles that are expelled from
the plasma have to cover the distance between the plasma edge around the midplane
and the divertor. Therefore an algorithm has been developed in the frame of this work
determining the ELM crash onset and ending times combining the divertor current and
the magnetic pick-up coil signals. The precise working principle of the algorithm is
described hereinafter:

@D Estimates of the onset and ending times of an ELM crash are determined conven-
tionally using the rise and decay of the divertor currents signal.

2 The moment 1.25 ms prior to the in () determined onset time is calculated to
account for the delay at the divertor currents. The size of the temporal value has
been determined empirically and for all of the manually reviewed cases it exceeds
the delay period between the magnetic pick-up coil and the divertor current signal.

3 Beginning with the in 2) determined moment fast Fourier transformations of the
magnetic pick-up coil data are performed using in each case a time interval of
45 ps. Successing intervals overlap by two-thirds. Collectively a period of 0.54
ms is considered in this manner. Consequently, the absolute value of the Fourier
transform is calculated for each interval providing the frequency spectrum of the
magnetic oscillations. Eventually, the averaged amplitude of the frequency spec-
trum using only the range between 100 - 200 kHz is determined together for all
transformation intervals. This provides a single value as reference measure for the
magnetic oscillations prior to the actual ELM onset.
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3 ADVANCED UTILISED PLASMA DIAGNOSTICS AND DATA ANALYSIS

@ For the entire period between the in (2) determined moment and the in ) cal-
culated ending time the respective values for the individual time intervals are
determined in the same manner as in (3). However, this time the amplitude of the
100 - 200 kHz frequency spectrum is calculated and linked to its corresponding
timestamp separately.

(® The reference amplitude value is subtracted from the actual amplitude values.
© The peak value of the in ) normalised amplitude signal is determined.

(M The ultimate change of sign of the normalised amplitude values prior to the in ©)
determined peak value is identified. The corresponding timestamp serves as ELM
crash onset time.

® The timestamp of the last change of sign of the normalised amplitude values after
the in (6) determined peak value but at the same time prior to the in I) determined
estimate of the ending time is employed as actual ELM crash ending time.

® The actual length of the respective ELM crash is calculated using the in (7) and
@ determined points in time.

3.7 ELM filtering

In order to consider the relevant data only with regard to the respective ELM onset or
ending a basic data analysis method is applied:

e Firstly, the relevant moments with regard to the ELM cycles are determined. These
are basically either the beginning or the ending of each individual ELM crash.

e Secondly, time slots with regard to the selected moments are calculated. While
for the consideration of the pre-ELM crash values intervals of 3.0 ms prior up to
the crash onsets are used, for the values representing the post-ELM crash values
intervals from the actual ending till 3.0 ms afterwards are included.

e Eventually, the measurement data of the varying signals, for which the correspond-
ing timestamps lie within one of the determined intervals, are used for further
evaluation.

25



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

5 METHODICAL APPROACH

4 Database

In total 36 time intervals have been examined stemming from 20 discharges. In each of
these discharges the plasma is in H-mode and type-1 ELMs occur. While for most of these
discharges high precision CXRS measurements are available, the discharges examined in
[30], for which this is not the case, are included as well. The applied heating techniques
electron cyclotron resonance heating (ECRH), ion cyclotron radio frequency heating
(ICRF) and neutral beam injection (NBI) vary between the different shots. 5 discharges
exhibit nitrogen (N3) seeding and one of them additionally argon (Ar) seeding. Table
2 gives an overview of the range, the 10 - and the 90 - quantile of the plasma current
I,,, the toroidal magnetic field B,, the triangularity d, the elongation kg4, and the safety
factor qos.

Table 2: Range and quantile range of the plasma current, toroidal magnetic field, triangularity,
elongation and safety factor in the examined discharges.

Quantity Range Q1o - Qoo
I, MW] 0.6 - 1.03 0.8-1.0
B, [T] 1.9-27 2.44 - 2.62
0 0.22 - 0.38 0.24 - 0.37
Kgeo 1.55-1.72 1.6 -1.69
Q95 3.88 - 6.85 4.2 - 6.03

5 Methodical approach

This section describes the methodical procedure applied in order to obtain ELM-resolved
edge profiles and consequently the ELM-resolved quantities used for the evaluation of
the underlying hypothesis.

Figure 5.1 depicts the stored energy of the plasma, the plasma current, the divertor
current signal, the plasma heating, the gas puff and the radial excursion of the plasma
at the outer midplane of discharge #36650. The time intervals for the analysis are chosen
with respect to a stable performance of these quantities. For instance for the presented
discharge the selected intervals are 2.0 - 3.0 s, 4.0 - 5.0 s and 6.0 - 7.0 s. In the following
procedure each time interval is examined separately.

The previously described ELM length analysis algorithm is applied combining the diver-
tor current and the magnetic pick-up current signals providing a list of the determined
ELM onset and ending times. For the next analysis steps the application development
system FusionFit is used. In FusionFit it is possible to read the plasma equilibrium
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Figure 5.1: Timetraces of the stored energy of the plasma, the plasma current, the divertor
current signal, the plasma heating (ECRH and PNI), the gas puff (D and N3) and the radial
excursion of the plasma at the outer midplane of discharge #36650. The time intervals used in
the further evaluation have been chosen with respect to a stable performance of these quantities
and are marked by shading.

and map the measured temperature and density signals to the normalised magnetic flux
representation. In order to be able to select the relevant time intervals with regard to
the ELM onset and ending times I developed FusionFit-modules, one that performs the
ELM-time algorithm within FusionFit itself and another that can read the externally
determined times. Using the onset (or ending) times the mapped profile data is filtered
using only data points with a time stamp within 3 ms before (or after) the respective
times. In accordance to the two-point model [12, 49] the electron temperature at AUG
has a value around 100 eV at the separatrix [50]. As the separatrix values of the obtained
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5 METHODICAL APPROACH

electron temperature profiles from the edge Thomson scattering diagnostics usually de-
viate from this, the signals have to be shifted. Consequently, the shifting distance is
determined individually for each of the 36 investigated temporal intervals considering
the pre-long ELM electron temperature profile. The respective shifting value is applied
to the electron temperature profiles corresponding to time intervals after large ELMs,
the electron temperature profiles corresponding to the time intervals of the short ELMs
and the electron density profiles as well. Finally the obtained measurement data is fitted
using a Gaussian process regression. The measured ion temperature, electron tempera-
ture and electron density profiles along with their respective fits are stored for further
evaluation. Figure 5.2 exemplarily depicts the pre-ELM pedestal profiles for discharge
#36650 (4.0 - 5.0 s), which are separately synchronised for long and short ELMs. The
linked empty markers represent the fits and the filled markers stand for the actual mea-
surements.

In the next step the measurement profile data is averaged in the area of p,, = 0.975 —
0.98 providing a measure for pedestal top values and in the area of the pedestal foot
Ppoi = 0.995 — 1.0 for separatrix values. In figure 5.2 these intervals are highlighted
in colour. Using the fit data the electron-ion-heat-exchange and the neoclassical pre-
diction of the radial electric field are evaluated and averaged in the same areas. For
the evaluation of q.; Z.¢s is an important ingredient. Because in the edge there is no
reliable profile with good temporal resolution available, Z ;¢ is taken into account as
value, which results from averaging over the entire pre-long ELM synchronised pedestal.
Furthermore the actual F, data provided by CXRS measurements and calculated by the
radial force balance equation from the AUG database as well as the divertor electron
temperature and density data is filtered with regard to the ELM onset and ending times
as described in the previous section. For the resulting F, data the minimum value of
the edge profile is determined and the data points in a spatial interval of +/- 0.001
ppo. are averaged providing an estimate for the min(E,). If the upper interval limit
exceeds the separatrix coordinate, the interval of 0.998 - 1.0 is used instead. For each
of the 36 temporal intervals the divertor probe with the maximal saturation current
signal is determined. Consequently, its data is ELM-synchronised and averaged. Finally
the turbulence control parameter is calculated using the previously determined electron
temperature and density data at the pedestal top or at the pedestal foot. The remaining
necessary quantities for the determination of «; are averaged over the whole respective
time interval.
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Figure 5.2: Example of ELM synchronised pedestal profiles of the ion temperature, electron
temperature and electron density using pre-long (red) and pre-short ELM data (blue) for
discharge #36650 (4.0 - 5.0 s), whereby the linked empty markers represent the fits. The
shaded intervals are used for averaging pedestal top and pedestal foot values.
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6 CORRELATIONS AND ANALYSIS

6 Correlations and Analysis

In this chapter the results of the investigation are presented. The evaluation of whether
there are any trends of the ELM duration with the electron density and temperature
is followed by analyses of the radial electric field and the collisional electron-ion-heat-
exchange to evaluate the hypothesis underlying this work. Furthermore the turbulence
control parameter is applied to investigate whether turbulence at the separatrix is crucial
for the ELM duration regulation. Eventually results from Spearman’s rank correlation
analyses are shown.

6.1 ELM duration dependency on the electron temperature and
density

This section investigates a correlation between the electron temperature or density and
the average ELM duration. In order to obtain the subsequently presented data, the
corresponding values of the ELM synchronised profiles have been averaged for each tem-
poral interval as described in the previous chapter. The average ELM durations per
temporal interval are evaluated separately for long and short ones. Their values are
represented as colour scale. Pre-ELM data are shown as round symbols, post-ELM data
as squares. Figure 6.1 compares the pre- and post-ELM electron density and tempera-
ture at the pedestal top and the respective average ELM duration. Within the available
dataset no correlation can be observed between these quantities. As expected both the
electron temperature and density data show slightly lower values after the ELM crashes
than before them.

Figure 6.2 depicts the pre- and post-ELM electron density and temperature at the
pedestal foot and the respective average ELM duration. Also in this case no differ-
ence between the values corresponding to long and to short ELMs can be detected. It
can be noted, however, that for pre-ELM T f,,; values > 120 eV ELMs are always short.
Note, that T, f.o: is determined in the region 0.995 < p,, < 1.0 as described in chapter 5.

The divertor electron temperature and density data provided by the Langmuir probes
and the respective average ELM duration are shown in figure 6.3. The enormous varia-
tion of the measurement data results in substantial uncertainties and as a consequence
conclusions can only be drawn cautiously. Neither a difference between the long and the
short ELMs, nor between the pre- and post-ELM values can be found.
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Figure 6.1: Comparison of the pre- and post-ELM electron density and temperature at the
pedestal top with the colour scale representing the average ELM duration.
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Figure 6.2: Comparison of the pre- and post-ELM electron density and temperature at the
pedestal foot with the colour scale representing the average ELM duration.
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Figure 6.3: Comparison of the pre- and post-ELM divertor electron density and temperature
with the colour scale representing the average ELM duration.

Furthermore it should be noted that the electron pressure has been calculated separately
for long and short ELMs using the data from figures 6.1 and 6.2. For none of the
evaluated cases (pre-ELM pedestal top, post-ELM pedestal top, pre-ELM pedestal foot
and post-ELM pedestal foot) a difference in size between the electron pressure values
calculated using data stemming from long ELMs and the values calculated with short
ELM data could be found.

6.2 Radial electric field studies

This section investigates an ELM duration correlation with the radial electric field E,
and if there is evidence that the fusion plasma relapses to L-mode during the ELM
crashes.

The radial electric field profile during sufficiently long ELMs is presented by means
of two examples depicted in figure 6.4. For the evaluation of F), profiles representing
measurements during ELMs only data is used, which lie despite their temporal uncer-
tainties entirely within the duration of the respective ELMs. For the considered database
this is only the case for some of the long and none of the short ELMs. For 10 of the 20
available temporal intervals the radial electric field profiles during the sufficiently long
ELMs show a collapse to typical L-mode profiles, in which the minimum of E, lies above
-15 kV/m. An example for this case is depicted in the cyan-coloured profile of figure 6.4.
Like it is shown in the orange-coloured profile for the other 10 intervals the min(£,.) dur-
ing ELMs lies well below this limit. The temporal intervals of discharge #36650 exhibit
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additional Ny gas puff and CXRS measurement data, which provide ELM-synchronised
E, profiles during long ELMs. For all of these temporal intervals the minimum of FE,
lies below -15 kV /m.

during long ELMs
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Figure 6.4: Examples of ELM synchronised radial electric field profiles of temporal intervals
in which the inter-ELM min(E),) lies above (36080 [3.3,4.0] s) and well below (36650 [2.0,3.0]
s) the limit value of -15 kV/m.

In order to examine if parameters have different sizes before/after long and short ELMs,
the depiction of the parameters evaluated using data synchronised before/after long
ELMs versus the very same parameters evaluated using data synchronised before/after
short ELMs is useful. Therefore figure 6.5 shows the pre-ELM min(-£,) for the long
ELMs versus the pre-ELM min(-E,.) for the short ELMs and the post-ELM min(-E,.) for
the long ELMs versus the post-ELM min(-£,) for the short ELMs. Pre-ELM data are
shown as round symbols, post-ELM data as squares. In order to obtain the shown data
points, the minimum values of the ELM synchronised radial electric field profiles have
been averaged for each temporal interval as described in chapter 5. For this evaluation
only temporal intervals, in which for both long and short ELMs reasonable CXRS data
are available, are considered. Temporal intervals, in which additional impurities have
been seeded, are colour marked in black. While it seems that the pre-ELM min(-£,)
follows no special trend with respect to the ELM duration, on average it seems that the
absolute value of the minimum of the radial electric field profile tends to be bigger in
size after short in comparison to after long ELMs. However, due to the uncertainties no
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firm conclusion can be drawn. Moreover, the intervals with additional impurity gas puff
do not stand out from the remaining intervals.
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Figure 6.5: Pre-long ELM F, versus pre-short ELM E, (a). Post-long ELM E, versus post-
short ELM E, (b). For clarification the lower figures depict zoomed versions of the most

relevant sections of the upper ones.
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Furthermore it should be noted that the method determining the min(F,) values is for
certain temporal intervals not ideally suited. As already described above the minimum
value of the respective profile is determined at first and in a second step the data points
are averaged in a spatial interval of 4+/- 0.001 p,,. The orange data in figure 6.6 shows
an F, profile for which this procedure provides a good estimation of the minim value, as
the size of the outlying data point is reduced by the data points in the neighbouring sur-
rounding. An example of an FE, profile for which the applied method does not properly
work is given by the cyan-coloured data in figure 6.6. As there are no other data points
in the near surrounding of the minimum value, no averaging takes place. Therefore it
is not possible to determine for sure, if the estimated min(-£,) is an outlier or rather
if it is a trustworthy data point. For example the outlier of the pre-long ELM values
at the right edge of figure 6.5a is such a case. For such profiles a detailed evaluation of
the proper calculation of the radial electric field profiles would be necessary. However,
within the scope of this thesis such a procedure has not been possible.
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Figure 6.6: Examples of F, profiles for which the procedure determining the previously pre-
sented min(F,) values provides a good (orange) or rather bad (cyan) estimation. The coloured
sections indicate the intervals within which the included data points are used for the corre-
sponding averaging.
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6.3 Influence of the collisional electron-ion-heat-exchange on the
ELM duration

The underlying hypothesis of this thesis states that ELMs are short if the collisional
electron-ion-heat-exchange q.; at a position close to the separatrix suffices to restore the
ion temperature gradient quickly. Therefore this section examines a possible difference
of the collisional electron-ion-heat-exchange between long and short ELMs. Compar-
isons of ¢.; are performed for times prior and after ELMs separately considering the
pedestal top and pedestal foot data. Within the framework of this evaluation g,; is only
considered in each of the 36 temporal intervals, if for both long and short ELMs all of the
necessary input quantities are available. Consequent error propagation can lead to large
uncertainties. Data points with uncertainties much larger than their actual value are
excluded from the following illustrations. Pre-ELM data are shown as round symbols,
post-ELM data as squares. Temporal intervals, in which additional impurities have been
seeded, are colour marked in black. Figure 6.7 compares the ¢.; pedestal top values for
long and short ELMs using pre- and post-ELM data.
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Figure 6.7: Comparison of the long versus short ELM collisional electron-ion-heat-exchange
ei for pre-ELM (a) and post-ELM (b) pedestal top values.

Figure 6.8 presents the ¢.; pedestal foot values for long and short ELMs comparing
pre- and post-ELM data. For both figures 6.7 and 6.8 no qualitative difference of the
collisional electron-ion-heat-exchange between the long and short ELMs can be found.
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6 CORRELATIONS AND ANALYSIS

Neither for pedestal top, nor for the pedestal foot data the intervals with additional
impurity puff exhibit extraordinary behaviour.
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Figure 6.8: Comparison of the long versus short ELM collisional electron-ion-heat-exchange
ei for pre-ELM (a) and post-ELM (b) pedestal foot values.

Qer, 00t LMW/m?] (long ELMs)

This evaluation is deepened comparing the ion heat flux and the collisional electron-ion-
heat-exchange. The ion heat flux ¢; can be calculated using the transport coefficient y;
[10]:

Assuming a typical transport coefficient value x; = 1.0 m?/s [51] and taking for instance
the pedestal foot values of discharge #36650 in the temporal interval [4.0 - 5.0]s (n; =
1.84 - 10" m™3 and VT, = -39.11 (keV)/m) this results in an estimate of the ion heat
flux of 0.11 MW/m?. The total ion heat flux Q; can be derived from the ion heat flux
by considering the plasma surface, which approximately corresponds to a cylinder barrel
A = 2am Ry using the major and minor plasma radius of AUG

It should be noted that for the exact determination of the total ion heat flux simulations
with for instance the transport code ASTRA are necessary. The for the corresponding
temporal interval estimated absolute value of the collisional electron-ion-heat-exchange
at the pedestal foot is 0.05 MW /m3. Multiplying this quantity with the volume of a
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6 CORRELATIONS AND ANALYSIS

cylindrical shell with the thickness of 0.01 m using again the major and minor plasma
radius of AUG one derives

Qei = qei - AV = 0.0027 MW. (23)

As Q.;/Q;=0.0046, this means that the total collisional electron-ion-heat-exchange Q.;
is less than a two-hundredth of the total ion heat flux.

The power crossing the separatrix Py, can be calculated using the total heating power
Py, the time derivative of the plasma energy dW/dt and the radiated power in the main

plasma Prad,core:

dWw
— =P rad,core- 24
-~ Pua (24)

Thereby the total heating power consists of Pypr, Pecry and Popn,, the power due
to NBI-, ECRH- and Ohmic heating. At the time of 4.34 s discharge #36650 ex-
hibits the following values: Pygr = 3 MW, Pgcry = 2.5 MW, Pon,, = 0.85 MW,
dW/dt = 0.85 MW and P44 core = 2.6 MW. Consequently, the power crossing the sepa-
ratrix is Py, = 2.9 MW. According to the approximation of (); this means that about
1/5 of the power crossing the separatrix corresponds to the total ion heat flux, which
empirically seems to be rather small. However, if the approximated (); was rather im-
precise and its actual value bigger in size, this would only further reduce the ratio Q.;/Q;.

Psep - Ptot -
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6 CORRELATIONS AND ANALYSIS

6.4 Influence of the £, ., on the ELM duration

This section discusses the influence of the neoclassical prediction of the radial electric
field (Eypeo = j%ﬁi) on the ELM duration. Following the work of M. Cavedon et al.
in 2017 for the calculation it is assumed that Vne/n. = Vn;/n; [32]. The usage of the
neoclassical prediction is valid due to the small contribution from the toroidal velocity
at the plasma edge [52]. Only if in each of the 36 intervals for the calculation of both
long and short ELM values all of the necessary input quantities are available, £, ., is
considered within the framework of this evaluation. Data points with uncertainties much
larger than their actual value are excluded from the figures in this section. Pre-ELM
data are shown as round symbols, post-ELM data as squares. Temporal intervals, in

which additional impurities have been seeded, are colour marked in black.

Figure 6.9 compares the £, ., pedestal top values for long and short ELMs using data
prior (a) and just after (b) the respective ELMs. Due to the close alignment around the
respective bisecting lines and the large uncertainties no correlation between the neoclas-
sically predicted radial electric field and the ELM duration can be identified.
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Figure 6.9: Comparison of the long versus short ELM neoclassical prediction of the radial
electric field E; ., for pre-ELM (a) and post-ELM (b) pedestal top values.

Figure 6.10 shows the E, ., pedestal foot values for long and short ELMs using data

prior (a) and just after (b) the respective ELMs. Also in this comparison no correlation
between the neoclassical predicted radial electric field and the ELM duration can be
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6 CORRELATIONS AND ANALYSIS

identified. Neither for pedestal top, nor for the pedestal foot data the intervals with
additional impurity puff exhibit extraordinary behaviour.
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Figure 6.10: Comparison of the long versus short ELM neoclassical prediction of the radial
electric field E, e, for pre-ELM (a) and post-ELM (b) pedestal foot values.

As a consequence of the previously described procedure determining the neoclassical pre-
diction of the radial electric field the evaluated uncertainties are quite large. Therefore a
different methodical approach using for instance input values estimated via a maximum
likelihood process would be considerable. A co-supervised Bachelor thesis following this
approach is currently under progress.

6.5 Turbulence control parameter studies

This section investigates an ELM duration correlation with the turbulence control pa-
rameter a; and its relation to the radial electric field. The temperature and density data
presented in the first section of this chapter is used to evaluate ay. As it can be observed
in table 2 the minimum value of the toroidal magnetic field from the underlying database
and its 10 - quantile differ strongly. Therefore the influence of the varying toroidal mag-
netic field on the turbulence control parameter has to be avoided. Hence the discharges
with a B; value smaller than the 10 - quantile of B; are excluded from the analysis in this
section. Pre-ELM data are shown as round symbols, post-ELM data as squares. Tempo-
ral intervals, in which additional impurities have been seeded, are colour marked in black.
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6 CORRELATIONS AND ANALYSIS

Figure 6.11 shows the comparison of a; for the long ELMs versus for the short ELMs
using pre-ELM (a) and post-ELM (b) pedestal top data. Both the pre- and post-ELM
values are located along the bisecting line, which means that there is no qualitative
difference with regard to the ELM duration.
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Figure 6.11: Comparison of the long versus short ELM turbulence control parameter a; for
pre- (a) and post-ELM (b) pedestal top values.

The comparisons of the pre- versus post-ELM «; for the long ELMs versus for the short
ELMs using pre-ELM and post-ELM pedestal foot data are shown in figure 6.12a and
6.12b. For better visualisation 6.12¢ and 6.12d depict the same relations in a smaller
range. The pre-ELM values are again located around the bisecting line meaning that
there is no difference between the long and short ELMs. Contrarily, the post-ELM val-
ues seem to be higher for the long ELMs in comparison to the ones corresponding to
the short ELMs. This can be most clearly observed in figure 6.12d. However, neither
for pedestal top, nor for the pedestal foot data the intervals with additional impurities
exhibit extraordinary behaviour in comparison to the other intervals.

It is worth noting that the values presented in figure 6.11 are one order smaller in
size than the values presented in figure 6.12, which accord in magnitude for instance
with the data in [40]. This can be attributed to the circumstance that in figure 6.11
pedestal top data is considered. As pedestal top values surpass pedestal foot values
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and as ay is proportional to 1/T? this leads to the different magnitudes. Furthermore
it should be noted that in the database of this thesis the calculated values of ¢, reach
from 0.95 to 2.53, whereby the 10 - quantile is 1.48 and the 90 - quantile 1.9.
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Figure 6.12: Comparison of the long versus short ELM «a; for pre- (a) and post-ELM (b)
pedestal foot values. For clarification the lower figures depict zoomed versions of the most
relevant sections of the upper ones.
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Figure 6.13: Comparison of -min(FE,) versus «, calculated using pre-ELM pedestal top (a)
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Figure 6.14: Comparison of -min(E,) versus a4, calculated using pre-ELM pedestal foot (a)
and post-ELM pedestal foot (b) data.
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6 CORRELATIONS AND ANALYSIS

Finally figures 6.13 and 6.14 compare the -min(F,) and oy, whereby «; is calculated using
pre-ELM and post-ELM pedestal top values and pre-ELM and post-ELM pedestal foot
values separately for long and short ELMs. In order to rule out effects due to poorly
available E, profile data in the first place, min(E,) data, for which the averaging as
previously described in detail has taken place with only a single value, is excluded from
the following illustrations. As the data points corresponding to the long and short ELMs
mainly overlap each other, no significant correlations can be identified in the figures 6.13
and 6.14a. However, figure 6.14b seems to deepen the previously described findings: The
post-ELM «; at the pedestal foot tends to act as parameter separating the long from the
short ELMs. a; values corresponding to long ELMs occur in a range of 0.038 to 0.268. In
contrast all of the a; values corresponding to short ELMs do not exceed the limit of 0.07,
with the exception of an outlier. This outlier (at a;=0.279 and -min(E, )=13.71 kV/m)
has on the one hand a much lower electron temperature than the average post-short
ELM pedestal foot electron temperature and its ELM-synchronised electron temperature
pedestal profile consists only of very few measurement points. Furthermore it cannot be
excluded that there is additionally a correlation with -min(£,): Regarding short ELM
values for -min(E,) values below about 21 kV/m the corresponding «; do not exceed a
value of 0.04. Contrarily, for -min(F,) values above 21 kV /m «; values up to 0.067 occur.
However, this consideration has to be taken cautiously due to the uncertainties. With
the exception of three outliers all of the data points corresponding to long ELM values
have -min(£,) values below 22. The radial electric field profiles of the three outliers
appear quite reasonable and all of them belong to the same discharge. Furthermore it is
notable that all of the temporal intervals with additional impurity seeding are crowded
in the lower left of the figure, namely below «a; values of 0.1 and -min(£,) values of 22
kV/m.

6.6 Spearman correlation analysis

This section presents several Spearman correlation analyses. The analyses separately
consider long, short and both long and short ELM data combined. Spearman’s rank
correlation coefficient is a measure of how two quantities can be linked by a monotonic
function. The corresponding parameter range reaches from -1 to +1, whereby a value
of +1 describes a perfect monotonic relation and a value of 0 means that there is no
correlation at all. Hence Spearman’s rank correlation has the advantage in comparison
to Pearson correlation that not only linear, but rather any monotonic relationship can
be assessed. Table 3 lists the quantities used in the correlation analyses.

Figures 6.15 - 6.20 depict the Spearman’s rank correlation coefficient matrices for pre-
long and -short ELM data combined (6.15), pre-long ELM data (6.16), pre-short ELM
data (6.17), post-long and -short ELM data combined (6.18), post-long ELM data (6.17)
and post-short ELM data (6.20). The main diagonal element values represent the cor-
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relation of the respective quantity to itself and therefore naturally are +1. It can easily
be seen that the correlation matrices are symmetric.

Table 3: List of quantities used in the correlation analysis along with their abbreviations. Note,
that the pedestal top values are determined in the region 0.975 < p,, < 0.98 and the pedestal
foot values in 0.995 < p,o < 1.0 as described in chapter 5.

Abbreviation Quantity

TELM average ELM duration
By toroidal magnetic field
I, plasma current
q95 safety factor
Kgeo elongation
) triangularity
T top pedestal top electron temperature
1% foot pedestal foot electron temperature
T div divertor electron temperature
T top pedestal top ion temperature
T foot pedestal foot ion temperature
Ne top pedestal top electron density
Ne, foot pedestal foot electron density
Ne.giv divertor electron density
E, neotop neoclassical prediction of the radial electric field at pedestal top
min(E,) minimum of the radial electric field profile
E; neo, foot neoclassical prediction of the radial electric field at pedestal foot
Qei,top collisional electron-ion-heat-exchange at pedestal top
Gei, foot collisional electron-ion-heat-exchange at pedestal foot
Ot top turbulence control parameter at pedestal top
Ot foot turbulence control parameter at pedestal foot

For all of the matrices a negative correlation between the plasma current /, and the
safety factor qgs, as well as a positive correlation between the toroidal magnetic field
B; and the safety factor can be identified. This is trivial, since in the approximation of
a linear tokamak bent from a torus to a cylinder the safety factor at the separatrix is
given as qos = (2ma’By) /(poRolp) [12].

As it can be seen in the first row of figure 6.15 the strongest (anti-)correlations with
regard to the ELM duration for pre-ELM values are the E, c010p value (-0.22) and the
divertor temperature T, 4;,, (0.18). While the E, 10, value has an even greater anti-
correlation with regard to the duration of the pre-short ELM values (-0.32), considering
only the pre-long ELM values T¢ 4, has a correlation coefficient of 0.3. The highest cor-
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relation coefficients in dependence on the ELM duration regarding only pre-long ELM
values are for the pedestal top electron density 0.37, for the divertor density 0.25, for
the min(F,) 0.21 and for the already mentioned divertor electron temperature T 4;,
0.3. Among the highest correlation coefficients in dependence on the ELM duration
regarding only pre-short ELM values are the plasma current I, 0.48, the pedestal top
ion temperature T ¢, 0.44, the L, ;e root -0.44 and the safety factor gos -0.34.

Considering figure 6.18 the strongest (anti-)correlation with regard to the ELM duration
for post-ELM values is the min(E,) value (0.52). Thereby the corresponding quantity
considering only long ELMs is 0.24 in figure 6.19 and considering only short ELMs 0.52
in figure 6.20. The highest correlation coefficient with regard to the ELM duration for
post-long ELM values is the pedestal top electron density N 0, (0.5). Among the highest
correlation coefficients with regard to the ELM duration for post-short ELM values are
the pedestal top ion density T; ¢, (0.55), the plasma current I, (0.48), the ge;10p (-0.45)
and the already mentioned min(E,). Considering only post-short ELM quantities the
correlation coefficient between the min(£,) and the oy foo is -0.39.

Between the safety factor gos and min(FE,), which is a negative quantity, a relatively
high anticorrelation can be observed. This is true for all of the matrices.

All in all according to the Spearman rank correlation analysis a significant overall re-
lation between the ELM duration and the collisional electron-ion-heat-exchange, the
neoclassical prediction of the radial electric field or the turbulence control parameter
cannot be identified.
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7 RESULTS AND DISCUSSION

7 Results and Discussion

This chapter discusses the observations described in chapter 6 and compares them to
previous publications.

The main task of this thesis is the evaluation of the hypothesis regarding the ELM
duration introduced in the first chapter. It states that during an ELM the absolute
value of the radial electric field E, collapses to values below 15 kV/m, which are typical
for L-mode. Consequently, the ETB sustained by the radial electric field shear is thought
to break down and strong filamentary transport is driven by the high pressure in the
core. Only if E, exceeds a critical value, the edge transport barrier builds up again and
the strong transport can stop. However, it is demonstrated in figure 6.4 that not for all
of the investigated cases, considering the radial electric field profiles during sufficiently
long ELMs, the absolute value of min(E,) lies under the limit of 15 kV/m. This is rather
true only for half of the available cases. Hence the first part of the underlying hypothe-
sis is inapplicable. Moreover, this seems to contradict the suggested mechanism in [53],
which is a possible way inducing the second crash phase of an ELM, a short transition
to L-mode. However, it is also shown in figure 6.5b that on average the absolute value
of the minimum of the radial electric field profile tends to be bigger in size after short
in comparison to after long ELMs. This observation goes along with the prediction of
the underlying hypothesis.

Furthermore the underlying hypothesis claims that the collisional electron-ion-heat-
exchange q.; acts as critical parameter regulating the ELM duration. Only at high
densities at which q.; relevantly affects the ion temperature, the ion and electron tem-
perature gradients are closely linked. Assuming dominant neoclassical ion transport the
collisional electron-ion-heat-exchange at the separatrix sets the radial electric field indi-
rectly through the ion temperature gradient and therefore regulates the ELM duration.
However, on the whole figures 6.7 and 6.8 do not show higher ¢.; values for short ELMs
than for long ELMs, whereupon due to the especially high uncertainties a firm conclu-
sion cannot be drawn. Nevertheless, the rough calculation comparing the total ion heat
flux and the total collisional electron-ion-heat-exchange demonstrates that the total col-
lisional electron-ion-heat-exchange can be neglected compared to the total ion heat flux.
Consequently, the collisional electron-ion-heat-exchange at the separatrix appears not
to be able to regulate the ELM duration. Together these two analyses contradict the
second part of the underlying hypothesis of this thesis.

As already discussed above L. Frassinetti et al. found in [30] that on average the long
ELMs seem to have higher pre-ELM divertor temperatures than the short ELMs and
that the pre-ELM divertor temperature seems to be crucial in triggering the long ELMs.
Considering the divertor data analysed in the scope of this thesis this trend cannot be
retrieved, as the data in figure 6.3 corresponding to long and short ELMs overlap each
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7 RESULTS AND DISCUSSION

other within their uncertainties. Contrarily, the finding of the very same publication
that there is no major difference between pre-long and pre-short ELM pedestal top val-
ues can be retrieved, as depicted in figure 6.1.

The turbulence control parameter «y is, as previously described, a measure for the impact
of the interchange effect on drift-wave turbulence and thereby describes the strength of
the plasma edge turbulence and its transport. According to its composition it is linearly
linked to the edge collisionality. It is shown in figure 6.12b that on average the long
ELMs tend to have higher post-ELM «; values. This trend is reinforced in figure 6.14b,
where the size of post-ELM «; at the pedestal foot seems to separate the long and the
short ELMs. Moreover, an interplay with min(F,) and additional impurity seeding can-
not be excluded. These observations can be coherently interpreted in the following way:
In general after short ELMs the absolute value of the radial electric field is relatively
high. Hence the ETB is sustained and the edge turbulence and transport are suppressed,
which corresponds to small «; values. However, it is not possible to determine if the
high -min(£,) causes the low strength of edge turbulence and transport or if the estab-
lishment of a solid E, is carried out due to small edge turbulence and transport. In the
case of long ELMs the post-ELM absolute value of the radial electric field is smaller and
at the same time the turbulence control parameter is higher. If additional impurities
are seeded, the post-ELM (-min(E,)) and post-ELM ¢, are for both ELM types smaller
in size. P.A. Schneider et al. state in [31] that the consequence of nitrogen seeding is
in most cases a reduction of n./T,. This goes well along with the reduced turbulence
control parameter values for intervals with additional gas seeding found here as «;
ne/T?. However, if for some reason beyond this picture the long ELMs have higher
absolute values for the radial electric field, the turbulence control parameter can be
smaller in size as well. As these relations are not trivial, they just cannot be observed
in the correlation matrices in the figures 6.18, 6.19 and 6.20. The only exception is the
seemingly indirect monotonic relation between o, and min(E,) for the post-short ELM
case, which has been observed in figure 6.20. This could be interpreted as indication
that an interplay between the edge turbulence or rather transport and the radial electric
field regulates the ELM duration.
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8 SUMMARY AND OUTLOOK

8 Summary and Outlook

The main scope of this thesis has been the examination of the hypothesis that during the
ELM crash the absolute value of the radial electric field E, collapses to typical L-mode
values below 15 kV/m. Hence the ETB, which is sustained by the radial electric field
shear, breaks down and enables strong filamentary transport until £, builds up again.
Furthermore it has been assumed that the collisional electron-ion-heat-exchange ¢.; at a
position close to the separatrix can relevantly affect the ion temperature, whose gradient
enters the neoclassical prediction of the radial electric field. Therefore small ELMs have
been expected if ¢.; was big in size. Collectively 36 temporal intervals have been exam-
ined provided by 20 different ASDEX Upgrade H-mode discharges with type-I ELMs.
For the calculation of ¢.; and E, ., ELM-synchronised electron density, ion temperature
and electron temperature pedestal profiles have been evaluated. In order to separately
obtain them for long and short ELMs, modules for the application development system
FusionF'it have been developed. Instead of using the divertor current signal as measure
for the ELM onset and ending times an algorithm has been devised combining the di-
vertor current and magnetic pick-up coil signals.

Within the uncertainties no correlation of the ELM duration and the collisional electron-
ion-heat-exchange or the neoclassical prediction of the radial electric field could be ob-
served. Further it has been estimated for discharge #36650 in the temporal interval
[4.0 - 5.0]s that Q.;/Q;=0.0046, meaning that the total collisional electron-ion-heat-
exchange @).; is about less than a two-hundredth of the total ion heat flux @;. Con-
sequently, it is highly unlikely that the magnitude of the collisional electron-ion-heat-
exchange suffices to relevantly affect the ELM duration. Using data from the highly
resolving CXRS measurement system the examination of the radial electric field profiles
during long ELMs was possible. In 10 out of 20 available profile data the minimum
value of E, lies under the limit of -15 kV/m. Consequently, the underlying hypothesis
had to be falsified in total. Nevertheless, the actual prediction from the hypothesis of
lower values of the minimum of the radial electric field for times after short ELMs in
contrast to the ones after long ELMs could be confirmed regarding pedestal foot data.
Moreover, regarding post-ELM pedestal foot data the observations tend to indicate that
the post-ELM turbulence control parameter «; at the pedestal foot acts as parameter
separating the long from the short ELMs. Furthermore post-short ELM ay o0 seems to
scale with the absolute value of the minimum of the radial electric field. Therefore an
interplay between the radial electric field and the edge turbulence or rather transport
tends to regulate the occurrence of the second ELM crash phase and consequently the
respective ELM duration.

However, the current understanding of the ELM duration regulation mechanism could

be intensified by further investigation of the interplay between the turbulence control
parameter «; and the radial electric field E,.. This includes for instance to consider, how
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8 SUMMARY AND OUTLOOK

the post-short ELM «; values at the pedestal foot scale with the minimum of E,.. In
order to do this a more fundamental analysis of the CXRS data would be beneficial. L.
Frassinetti et al. showed in [30] that the losses of the first ELM phase are regulated by
the pedestal collisionality. As according to its composition «; is linearly linked to the
edge collisionality, it is highly recommended to compare it with the ELM power losses
of the different phases as well. In chapter 6 radial electric field profiles representing data
during long ELMs have been presented. A deeper insight into the ELM duration regu-
lating mechanism could also be gained by further highly resolved CXRS measurements,
which provide radial electric field profiles during short ELMs.

This work is humbly aimed to be one out of innumerable contributions towards the
understanding of plasma dynamics and practicable magnetically confined fusion and
thereby to bring the realisation of the first nuclear fusion power plant providing carbon-
free base load electricity in the future one tiny step closer.
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