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Kurzfassung

Zukunftige Fusionsreaktoren des Tokamak-Typs werden hochstwahrscheinlich im Hoch-
Einschlussmodus (H-Mode) betrieben, einem Regime, das den Einschluss durch die
Bildung eines steilen Druckgradienten am Plasmarand verbessert. Diese Randregion, die
auch noch das Pedestal genannt wird, spielt eine entscheidende Rolle fur die gesamte
Plasmaperformance. Ein hoherer Pedestaldruck fuhrt zu einem erhohten Druck im Kern
des Reaktors, was wiederum die Fusionsreaktionsraten steigert und den Energiegewinn
verbessert. Andererseits kann die in dieser steilen Gradientenregion gespeicherte freie
Energie randlokalisierte Moden (Edge Localised Modes - ELMs) antreiben, die zu Energie-
und Teilchenverlusten fuhren. Unter bestimmten Pedestalbedingungen konnen diese je-
doch unterdruckt werden. Daher ist das Verstandnis der physikalischen Mechanismen,
die die Pedestalstruktur bestimmen, von zentraler Bedeutung fur die Optimierung der
Plasmaperformance.

In dieser Arbeit wurden Experimente an ASDEX Upgrade durchgefuhrt, um systema-
tisch zu untersuchen, wie die Plasmageometrie und der normierte poloidale Druck {3
das Pedestalverhalten beeinflussen. Diese Parameter wurden gewahlt, da sie beide die
kinetische Ballooning-Moden (KBMs) beeinflussen, die als etablierte Hypothese fur die
Bestimmung der Pedestalbreite gelten. Eine Reihe gezielter Entladungen wurde analysiert,
die jeweils darauf ausgelegt waren, die Auswirkungen dieser beiden Grofen zu isolieren.
Drei Entladungen mit unterschiedlichem Bpo| wurden durchgefuhrt, wobei jede zwei Phasen
mit unterschiedlichem Plasmaquerschnitt enthielt, in denen 3, konstant gehalten wurde.
Dadurch ergaben sich sechs verschiedene Datensatze. Ein breites Spektrum experimentel-
ler Diagnostikverfahren und rechnergestutzter Methoden wurde eingesetzt, um kinetische
Profile zu rekonstruieren, das magnetohydrodynamische (MHD) Gleichgewicht und die
Stabilitat zu bestimmen und die Transportprozesse innerhalb des Pedestals zu analysieren.
Besonderes Augenmerk lag auf der Rolle lokaler idealer Ballooning-Moden (IBMs), die hier
als Stellvertreter fur KBMs betrachtet wurden, sowie auf den Bedingungen, die den Zugang
zum zweiten Stabilitatsregime ermaoglichen.

Die Ergebnisse zeigen, dass die Pedestalbildung nicht durch einen einzelnen Transport-
mechanismus gesteuert wird, sondern durch das Zusammenspiel mehrerer Instabilitaten
in verschiedenen Bereichen des Pedestals, die Dichte und Temperatur von lonen und
Elektronen unterschiedlich beeinflussen. Besonders hervorzuheben ist die stabilisierende
Wirkung der lokalen magnetischen Verscherung, die KBMs unterdrtckt und somit die Dich-
tepedestalstruktur beeinflussen kann. Der obere Bereich des Pedestals wird weitgehend
von KBMs reguliert. Sie beeinflussen sowohl die Dichte, indem sie die Pedestalbreite
festlegen, als auch den turbulenten lonentransport auf dem oberen Teil des Pedestals. Eine
zentrale Erkenntnis ist, dass der Zugang zum zweiten Stabilitatsregime eine entscheidende
Rolle fur die Festlegung der Pedestalbreite spielt. Dies zeigt sich insbesondere im oberen
Pedestalbereich, wo sich die ballonungskritischste Region radial verschiebt, abhangig
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davon, ob der Zugang zur zweiten Stabilitat gegeben ist.

Ein tiefergehendes Verstandnis der mikroturbulenten Transportmechanismen wurde
durch gyrokinetische lokale lineare Simulationen mit GENE gewonnen. Diese bestatigten,
dass KBMs im oberen Pedestalbereich dominieren, wahrend ITG-Turbulenz in der aufieren
Plasmakern vorherrscht. Die Simulationen zeigten auferdem, dass Shaping-Effekte primar
zur Stabilisierung von KBMs beitragen, mit dem starksten Einfluss dort, wo der Druckgradi-
ent am steilsten ist — was die Bedeutung der zweiten Stabilitat weiter unterstreicht. Dartber
hinaus wurde gezeigt, dass Elektronentemperaturgradient-Moden (ETGs) im Pedestal vor-
handen sind, die eine charakteristische Temperaturlangenskala vorgeben und damit die
Elektronenwarmediffusivitat bestimmen.

Die Ergebnisse verdeutlichen die Notwendigkeit, das Pedestal als ein System mitein-
ander verbundener, aber unterschiedlicher Komponenten zu betrachten, anstatt als ein
einzelnes Druckpedestal. Die Pedestals von lonen- und Elektronentemperatur sowie der
Dichte entwickeln sich nach unterschiedlichen Mechanismen und reagieren unterschied-
lich auf Shaping und Variationen von Bpo|. Dies legt nahe, dass globale Skalierungsgesetze
moglicherweise nicht ausreichen, um das Pedestalverhalten in zukUnftigen Anlagen vor-
herzusagen, ohne eine detailliertere, regionsspezifische Beschreibung zu berucksichtigen.

In dieser Arbeit wurde eine Reihe komplementarer Analysemethoden eingesetzt, um
eine solide Grundlage fur zukunftige Forschungsarbeiten zu schaffen. Zukinftige Unter-
suchungen sollten die hier beobachteten Trends anhand eines breiteren Datensatzes
validieren und deren Auswirkungen auf pradiktive Modellierungen weiter erforschen. Ein
tieferes Verstandnis des KBM-Verhaltens unter verschiedenen Plasmabedingungen wird
entscheidend fur die Optimierung der Pedestalperformance in zuklnftigen Fusionsanlagen
sein.
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Absiract

Future fusion reactors of the tokamak type will most likely operate in high-confinement
mode (H-mode), a regime that enhances confinement through the formation of a steep
pressure gradient at the plasma edge. This edge region, known as the pedestal, plays a
crucial role in determining overall plasma performance. Higher pedestal pressure leads to
increased core pressure, which in turn boosts fusion reaction rates and improves energy
gain. On the other hand, the free energy stored in this steep gradient region can drive edge
localised modes (ELMs), which cause energy and particle loss. These can be mitigated
under specific pedestal conditions. Therefore, understanding which physical mechanisms
govern the pedestal structure is crucial for optimising plasma performance.

In this thesis, experiments were conducted on ASDEX Upgrade to systematically in-
vestigate how plasma shape and the normalised poloidal pressure Bpo, influence pedestal
behaviour. The parameters are selected because they both affect kinetic ballooning modes
(KBMs), which are a well-established hypothesis for determining the pedestal width.

A series of dedicated discharges were analysed, each designed to isolate the effects
of the two quantities. Three discharges at varying 3, were conducted, each with two
shaping phases where Bp0| is kept constant, yielding six distinct datasets. A wide range
of experimental diagnostics and computational techniques were employed to reconstruct
kinetic profiles, determine the magnetohydrodynamic (MHD) equilibrium and stability, and
assess transport processes within the pedestal. Particular attention was given to the role of
local ideal ballooning modes (IBMs), used here as a proxy for KBMs, and to the conditions
enabling access to the second stability regime.

The results demonstrate that pedestal formation is not governed by a single transport
mechanism but rather by the interplay of multiple instabilities across different pedestal
regions, affection density and temperature of ions and electrons differently. Importantly,
the study highlights the stabilising role of local magnetic shear, which can suppress KBMs
and thereby impact the density pedestal structure. The top of the pedestal is largely
regulated by KBMs. They are shown to influence both density, setting the width of its
pedestal, and turbulent ion heat transport in the pedestal top region. A key finding is that
access to the second stability regime plays a decisive role in setting the pedestal width.
This is particularly evident at the pedestal top, where the most ballooning-unstable region
shifts radially depending on second stability access.

Further insight into microturbulent transport mechanisms was obtained through local
linear gyrokinetic simulations with GENE, which confirmed that KBMs dominate at the
pedestal top, whereas ITG turbulence prevails in the outer core. The simulations also
verified that shaping effects primarily stabilise KBMs, with the strongest impact occurring
where the pressure gradient is steepest - further emphasising the role of second stability.
Electron temperature gradient modes, which are thought to impose a well-defined tem-
perature gradient length, determining the electron heat diffusivity, are also shown to be
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present in the pedestal.

The results underscore the necessity of treating the pedestal as a system of coupled
but distinct components, rather than a single pressure pedestal. lon and electron
temperature pedestals, as well as the density pedestal, evolve according to different
governing mechanisms and respond differently to shaping and BpO, variations. This implies
that global scaling laws may be insufficient for predicting pedestal behaviour in future
devices without a more detailed, region-dependent description.

In this thesis, a range of complementary analytical methods are employed to provide a
solid foundation for future work, which should validate the observed trends across a broader
dataset and exploring their implications for predictive modelling. A deeper understanding
of how KBMs behave in different plasma conditions will be crucial for optimising pedestal
performance in future fusion devices.
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Ca)keTak

EHepreTckn peakTopu Tuna TokaMaka he HajBepoBaTHMje paauTH Yy PEXMNMY BUCOKOR
3aAp>kaBarba (X-Mofa), Koju nobosbluaBa 3aapykaBakbe nnasmMe GopMUpareM CTPMOr
rpafujeHTa NpuTUcKa Ha memumM nnasme. OBa rpaHMYyHa 06/1acT, NoO3HaTa Kao neagectarn,
urpa K/by4dHy ynory y oapehusarby LenokynHor nepdopmarca nnasme. Behu nputmcak
nenecTana AoBOAM A0 nosehara MpUTUCKA Y je3rpy, WTo 3ay3BpaT nobosbluasBa cTone
by3moHMX peakuuja u nosehasa eHepreTckn obutak. Ca apyre cTpaHe, cnoboaHa eHep-
rmja akyMmympaHa y OBOM pPervoHy ca CTPMWM FPaavjeHTOM MOXe MOKPeHYTU MBUYHE
nokanusoBaHe MoaoBe (E/IMoBw), koju y3poKyjy rybuTke eHepruje nyectuua. Osu ryouum
MOory 6uTK yonaxkeHn nofn onpeheHnM ycioBmMMa nefectana. 360r Tora je pasymeBarbe
bU3MUKMX MexaHn3ama Koju oapehyjy CTPyKTypy nefecTana of CYyWTUMHCKOr 3Havaja 3a
onTUMM3aLMjy nepdopmaHca niasme.

Y 0BOM pafy cy cnposefenu ekcrnepnmeHTy Ha ACLEKC Anrpeja TokaMaky kako 6u ce
CUCTEMATCKM UCMUTANO Kako O6/IMK Maa3Me U HOPMann30BaHW NOAOUAANHU NPUTUCAK
Bpol YTH4y Ha noHawarbe nesectana. OBy napameTpu cy oaabpatu jep oba yTuuy Ha
KnHeTuyke 6anyHacTe moge (KBM), koju npeacTaebajy A406po yTBpheHy xunoTesy 3a
oapehuvBare WnpuHe negecrana.

AHanusmpaHa je cepuja nocebHO AM3ajHMPAHUX MPAXKHbEHA, MPU YeMY je CBaka KOHPU-
rypaLmja oCMULW/beHa a U30/yje yTULaj OBa ABa NapameTpa. 3BeaeHa Cy Tpu Nparkrbe-
tba Ca PasnnunTUM BpeaHocTnMa By, MpY Yemy je cBako nMano Ae dase pasnnyuror
O0/I1Ka, anu Ca KOHCTAaHTHWM P, WTO je pesynTmpanc ca WecT pasninTix CKynosa
nofaTaka. KopuwheH je Wnpok cnekTap eKCnepuMeHTanHUX AMjarHOCTUYKNX TEXHUKA U
PaYyHaPCKMX METOAa 33 PEKOHCTPYKLMjY KUHETUYKMX Npoduna, oapehrBare MarHeTo-
xnapoamHammykor (MX/[1) paBHOTEXHON CTakba M CTabUIHOCTM, Ka0 U aHanW3y TpaHC-
NOPTHMX MpoLeca yHyTap neaectana. [ocebHa naxkra nocseheHa je yno3n noKanHux
naeanHux 6anyHactux mosa (MIBM), koju cy oBae kopuwheHn kao nocpeaHuk 3a KbM, u
yCn0oBVMa Koju oMoryhagajy MpucTyn ApYyroM pexkumy CTabuaHOCTY.

Pe3yntatu nokasyjy fa Gopmupare neaectana Huje BOheHO jeAHUM TPaHCMOPTHMM
MeXaHn3MOM, Beh C/0XXEeHOM MHTEePaKLIMjOM BULLIE HECTABUTHOCTU Y Pa3IMYUTUM peru-
OHMMa NefecTana, WTO PasIMYNUTO yTUYe Ha FYCTUHY 1 TEMNEepaTypy jOHa U eNeKTpoHa.
MocebHO je ncTakHyTa cTabuamsyjyha ynora NOKaNHOr MarHETHON CMULAHA, KOje MOXKe
cy36utn KbMoBe 1 TMe yTuuaTtn Ha CTPYKTYPY MYCTUHCKOr nefecTana. [optu Aeo ne-
nectana yrnasHoMm perynuwy KbMosu. OHM yTudy Kako Ha rycTuHy, oapehyjyhu wmpuny
nenecTana, Tako 1 Ha TypOYNeHTHM TPAHCMOPT JOHCKE TOM/IOTe Y FOpHeM pernoHy neae-
cTana. K/by4yHu 3akjyyak je Aa npucTyn APYroM pexxuMy CTabuaHoCTv nMa oanyuyjyhy
ynoryy aedviHucamy WwupwuHe nefectana. OBo je NOCEOHO eBUAEHTHO Ha BPXY NefecTana,
roe ce HajHecTabwnHKja 6anyHacTa 06/1acT NoMepa pasunjasHo Y 3aBUCHOCTU O MPUCTYNa
Lpyroj CTabuaHoCTL.

[y6/61 yBUA Yy MexaHM3Me MUKPOTYPOYNIEHTHON TPaHCNOpTa A0OWjeH je KpOo3 /IoKa/iHe
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VI

NIMHeapHe rmpoKMHeTnYke cnumynaumje kopuwherem MEHE koaa, koje cy notBpanie na
KBMoBK nOMUHMPajy Y ropreM aeny negectana, ook UTE TypbyneHunja npeosnahyje
y CMOJ/bHOM Aeny LeHTpa nnasme. CuMynaumje cy Takohe notBpanne aa edpexktn obamka
nnasme yrnaBHom ctabunmsyjy KBMoBe, ca Hajja4yuM yTuLajeM y pernoHy ca HajCTPMUjuUM
rPaLVjeHTOM NPUTUCKA — LWITO AOLATHO Har/alaea yiory apyre ctabunHocTu. YTepheHo
je 1 NpUCycTBO HECTBMNHOCTN eNeKTPOHCKOr TeMnepaTypHor rpaanjeHTa (ETT), 3a koje
ce cMaTpa [a oapehyjy KapaKTepUCTUYHY AY>KVMHY rpajnjeHTa TemnepaTtype 1 TMe Le-
bVHULLY eNEeKTPOHCKY TOMNOTHY ANPY3MBHOCT.

OBW pe3ynTaTvt UCTUYY HEOMXOAHOCT TpeTupara NeaecTana Kao cucteMa MehycobHo
MOBE3aHMX, anu PasINYUTUX KOMMOHEHTU, YMECTO Kao jeIMHCTBEHOr nejecrtana npwu-
TUCKa. lNefecTann JOHCKe v eNeKTPOHCKe TeMnepaType, Kao U rycTuHe, pasBujajy ce 'y
CKMaAdy Ca pasIMunTUM MexaHVW3MMMa W PasIMunTo pearyjy Ha npoMeHe 06/11MKa niasme
M Bpol- OBO yKasyje Ha TO Aa rnobasHW 3aKOHW CKanvparba MOXKAA HWUCY [OBO/bHY 3a
npenBvharbe NoHawarba negectana y 6yayhum ypehajuma 6e3 aetasbHujer, permoHanHo
3aBUCHOT onuca.

Y 0BOj AMcCepTauujy NpUMEEH je HWU3 KOMMIEMEHTAPHUX aHA/IMTUYKNX METOAA KaKo
6v Cce NOCTaBWIa YBPCTa OCHOBA 3a byayha nctpaxkneara. HapeaHu pagosmn 61 tpebano
na BepudurKyjy oBAe youeHe TPeHAOBe Ha LWMPEeM CKyny noJaTtaka v UCTParke HKxoBe
MMNAVKaLMje Ha NPefnKTUBHO Mosenmpatse. [lyb/be pasymeBarbe noHawara KbMosa y
Pa3IMYNTMM NAA3MeHNM ycioBMMa 6uhe oA K/by4HOT 3Hayaja 3a onTMMM3aumjy nepdop-
MaHca nnasme y 6yayhum dysmoHnm ypehajuma.
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1 Infroduction

1.1 Why Fusion?

Nuclear fusion, the physical process that
powers the stars, has long been praised as
a potential solution to humanity’s energy
challenges. Despite immense advance-
ments, fusion has yet to be realised as
a viable energy source. It can be seen
as a very optimistic pursuit, with concerns
raised about its feasibility and practicality
in the near future. The technological, eco-
nomic, and infrastructural hurdles that must
be overcome are substantial, and fusion
is unlikely to provide a quick solution for
the pressing climate crisis. To tackle these
environmental issues, it is essential to in-
vest in renewables, re-think nuclear fission,
electrify industries, and, most importantly,
make the reduction of emissions the top pri-
ority — without which, all other endeavours
will fall short.

However, despite significant efforts, and
impressive improvements, it seems unlikely
that renewable energy sources will be able
to fully replace fossil fuels by the end of
the century. [1] With the growing energy
demand, we will likely need to rely on ev-
ery available energy source, possibly in-
cluding fusion, if we are to secure a sus-
tainable future. Fusion offers the poten-
tial for nearly limitless energy from abun-
dant fuel sources, with minimal waste and
no direct greenhouse gas emissions during
operation. This makes it a crucial area

of research, even if it does not come in
time to avert the initial effects of climate
change, future generations will still need
an energy source that is both sustainable
and scalable. In the long term, fusion has
the potential to transform our global energy
systems, making it a pursuit worth the con-
tinued investment and effort.

One of the most significant advantages
of nuclear fusion as a commercial energy
source, is that, once operational, it pro-
duces no direct greenhouse gas emissions,
making it an inherently clean source of en-
ergy. There are, however, emissions as-
sociated with the construction and main-
tenance of fusion power plants, as well
as the production of fuel. While these
emissions are inevitable, they are relatively
minimal compared to the emissions from
conventional energy sources. Additionally,
the long-term benefits of the clean energy
output far outweigh the initial environmen-
tal impact, particularly as the technology
matures and the global energy mix transi-
tions to more sustainable sources.

Nuclear fusion is often considered a safer
alternative to nuclear fission, because it
cannot produce a chain reaction; as much
as controlled fusion is powerful, it is also
very fragile: if the burning fuel touches the
reactor walls, the fuel instantly cools and
the reaction naturally shuts down. Even
though this contact can damage the reactor
components, the effect is manageable and
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Figure 1.1: Number of the scientific works on nuclear fusion in Scopus database, 1968-2023.
Source: Scopus database (2023). Figure adapted from [2]

does not pose a direct risk to human safety.
Fusion also does produce some radioac-
tive waste, it is however significantly less
hazardous than fission waste. The materi-
als that become radioactive in fusion reac-
tors lose their radioactivity relatively quickly,
typically becoming safe to handle within
around 100 years [3, 4]. As a result, fusion
waste poses a significantly more manage-
able long-term challenge. Fusion holds an-
other large advantage over fission in terms
of nuclear non-proliferation, as the safe-
guarding measures are considerably sim-
pler and more straightforward [5](and un-
fortunately this is a topic to consider).

Fusion offers additional benefits, includ-
ing its weather-independence, which makes
it a highly reliable and stable energy source,
capable of delivering base load energy. It
also has very high energy density, and
therefore requires far less space than many
renewable energy sources.

Perhaps most importantly, fusion fuel is
incredibly inexpensive — based on abun-
dant resources that are relatively equally
distributed — meaning that if the tech-
nology is fully developed and construction

costs are reduced, fusion could become a
highly cost-effective energy source. A key
challenge in fusion energy is ensuring a
reliable fuel supply. Deuterium is abundant
in seawater, but tritium must be produced
in a reaction of lithium with neutrons from
the fusion reaction. While lithium is plentiful
on Earth, the demand for lithium batteries
is depleting the reserves on land. How-
ever, there is a large amount of lithium
in seawater, but efficiently extracting it is
still a developing technique. Additionally,
beryllium is needed to multiply neutrons.
These hurdles, though important, are tech-
nical obstacles that could be overcome with
continued research, opening the door to a
sustainable and almost limitless fuel sup-
ply, which would be worth the efforts.
Fusion offers immense potential, but it is
clear that it is still not within reach. One of
the reasons for this is that fusion research
is extending the limits of established tech-
nology and science, which often leads to
unforeseen challenges, unexpected costs,
and delays. Nonetheless, in recent years
we have seen remarkable progress in fusion
research, showing a growing interest and



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

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

[ 3ibliothek,
Your knowledge hub

1 INTRODUCTION

expanding of knowledge in this field. Figure
1.1 illustrates the growing interest in fusion
research, showing a steady annual increase
in academic publications on the subject
since 1968, a clear sign of both rising en-
gagement and encouraging progress in the
field.

Several major developments have
marked recent fusion advancements. In
2022, the National Ignition Facility (NIF),
the largest ignition fusion experiment,
achieved a major result in inertial
confinement fusion by generating more
fusion energy from the fuel pellet than was
delivered to it [6]. Although the lasers
are highly inefficient, this achievement
represents a significant milestone for fusion
science. In 2021, the Joint European Torus
(JED[7], a magnetic confinement fusion
device with tokamak configuration, set
a record for Deuterium-Tritium plasma,
reaching 59 megajoules of fusion energy
in a single pulse, where most of it was
produced in a five-second time window [8,
9] — a major achievement in magnetic
confinement fusion. After 40 years of
operation, JET is being decommissioned,
and the recently operational JT60-SA,
which achieved its first plasma in 2023, is
now the largest active tokamak [10, 11].
It is an advanced spherical tokamak with
superconducting coils, intended to study
the plasma in 100 s high power discharges,
an exciting step forward in fusion research.
A goal of JT60-SA is to also complement
the research which will be conducted at
ITER [12, 13], the future largest tokamak,
currently under construction. ITER is an
ambitious international mega-project, and
it is a crucial step towards fusion energy,
on the way to completion. Although
delays have been inevitable, this project
represents an unprecedented global
collaboration, intended to achieve a

deuterium-tritium  plasma with  fusion
energy exceeding the heating energy by
a factor of 10. ITER is also going to
be used to test various approaches to
generating fuel, expand experience with
long pulse operation and pave the road
for the first demonstration power plant
DEMO [14, 15]. Another promising project
is SPARC [16, 17], a privately funded
compact tokamak using impressive high
temperature superconducting technology.
It is expected to also yield about 10 times
more fusion than heating energy. SPARC
is not the only privately funded fusion
company, as a wave of fusion start-ups
is coming up in recent years. There are
currently 45 private companies with over
7 billion in private funding [18]. Some
of these ventures are possibly overly
optimistic in their concepts or timelines,
and most will face similar challenges
as more conventional tokamak devices,
such as reducing plasma-wall interactions,
developing  fuel-breeding  capabilities,
and overcoming turbulence. Still, these
start-ups represent a very dynamic parallel
effort, fostering new ideas across the field.

As evidenced by the various advanced
projects outlined, fusion research is very
much alive and well. | hope this snapshot
of the current moment in fusion research
has convinced the reader that the work
presented in this manuscript contributes to
a field of immense value, playing a role in
the ongoing journey towards a sustainable
and transformative energy future.

1.2 Nuclear Fusion

Fusion involves merging of atomic nuclei,
and in the following, the basic principles
of physics behind fusion reaction are ex-
plained.

Atomic nuclei are positively charged and
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Figure 1.2: a) Binding energy per nucleon (in MeV) as a function of atomic mass number for
selected nuclei. The yellow vertical line highlights the region of particularly stable nuclei. Nuclei
with smaller mass numbers release energy through fusion, while those with larger mass numbers
release energy through fission. b) Collision cross-sections for hydrogen isotope fusion reactions as
a function of kinetic energy (in keV), with the corresponding temperature shown for reference.

repel each other, however if they come
close enough, they can overcome the elec-
trostatic repelling force and fuse into a new
nucleus due to the strong nuclear force.
The mass of the resulting nucleus is dif-
ferent from the sum of the two original
nuclei, a phenomenon known as the mass
defect. This mass defect is crucial, as it
is the source of the energy released during
the process, according to the principle of
mass-energy equivalence E = mc2 (where
c ~ 3x108m/s is the speed of light). The
same principle applies to both fusion and
fission reactions.

This process works both ways because
of the varying binding energies of different
nuclei, which are shown in figure 1.2a.
Energy is released either by fusing lighter
elements with a mass number less than
approximately 60, where the binding energy
per nucleon is the highest, or by splitting
heavier elements with larger mass num-
bers. The most significant difference is
in the binding energies between hydrogen

and helium makes the fusion of hydrogen
isotopes an ideal candidate for use in a
fusion reactor.

The probability of particle interactions
is commonly expressed by their collision
cross-section (figure 1.2b). Among fusion
reactions involving different hydrogen iso-
topes, the reaction between deuterium and
tritium does not only exhibit the highest
probability at the lowest temperature, but
also releases the largest amount of energy,
making it the most efficient fusion reaction

2D +3T —% He(3.5MeV) + n(14 MeV)

When deuterium (D) and tritium (T) nu-
clei fuse, their combined mass is greater
than the combined mass of the resulting
helium-4 (He) nucleus and the neutron,
which corresponds to about 17.5MeV of
energy. According to the conservation of
momentum, this energy is split between the
He-4 nucleus and the neutron, with the
helium carrying 3.5 MeV and the neutron
14 MeV. The kinetic energy produced by
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Figure 1.3: Plasma column with a plasma current J (purple arrows) and its induced magnetic field
B (green arrows) in a) sausage instability, b) kink instability, and c) Z-pinch configuration.

the fusion reaction can be converted into
heat, which can then be transformed into
mechanical energy and eventually electric-
ity through thermodynamic processes.

To achieve fusion, the fuel particles,
in this case deuterium and tritium, must
have sufficient kinetic energy to overcome
the Coulomb barrier due to their posi-
tive charges. This high energy is typi-
cally reached by heating the particles to
extremely high temperatures, as described
by the kinetic theory of gases. Though
the temperature required for the D-T fu-
sion reaction is lower than for other fusion
reactions, it still requires temperatures on
the order of 100 million degrees Kelvin (or
Celsius, for it does not make a whole lot of
difference at these temperatures).

At these extreme temperatures, matter
exists in a highly ionised state known as
plasma, where the gas is composed of ions
and electrons. Due to the intensity of the
heat, no material can directly withstand
contact with this plasma. However, a key
advantage of plasma is that it by definition
consists of charged particles, which allows
it to be manipulated and controlled using
magnetic fields.

magnetic flux surface

Figure 1.4: Drawing of a tokamak: Central
solenoid that generates the toroidal plasma
current J, marked with the purple arrow. The
poloidal magnetic field, that is induced from J,
together with the toroidal magnetic field pro-
duced by the toroidal field coils, create the
magnetic field B, marked with green arrows.
The blue surface, illustrated as a net, shows one
of the surfaces with a constant magnetic flux.

1.3 Magnetic
Confinement

When a charged particle with charge q and
velocity v enters an electric field E and a
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magnetic field B, it experiences the Lorentz
force - o
F=q(vVxB+E) (1.1)

Therefore, we can use electric and mag-
netic fields to control particles and confine
the plasma. By running a current through
the plasma, we induce a magnetic field that
helps contain it. However, several instabili-
ties can arise: for instance, if the radius of
the plasma column locally decreases, the
current density and the magnetic pressure
increase, leading to a “sausage instability”
(figure 1.3a). Similarly, a slight bend in
the column can cause a “kink instability”
(figure 1.3b). By adding an axial magnetic
field, we can create a so-called screw pinch,
where helical magnetic field lines stabilise
the plasma (figure 1.3c). Yet, in linear
configurations, there are significant losses
at the plasma edge. A solution to this is
to close the system in a toroidal (doughnut-
shaped) form, giving us the tokamak config-
uration shown in figure 1.4. In a tokamak,
the plasma current is induced by the cen-
tral solenoid with increasing current, that
acts as the primary coil of a transformer,
whereas the plasma serves as the sec-
ondary coil. The plasma current then in-
duces the poloidal magnetic field needed to
confine and stabilise the plasma within the
tokamak. The superposition of the toroidal
and the poloidal magnetic fields, results in
helical field lines. The safety factor g=m/n
characterises the helical configuration of a
tokamak by describing the ratio of toroidal
to poloidal rotations a magnetic field line
completes before closing on itself, where m
represents the number of poloidal turns and
n the toroidal turns. The aspect ratio 1=R/a
defines the relationship between the major
radius R of the torus and the minor radius
a of the plasma column.

The tokamak design remains the most
thoroughly researched approach in mag-

netic confinement fusion.

Overview of ASDEX Upgrade

Figure 1.5: Inside the machine vessel of ASDEX
Upgrade. Source: [19]

This project was conducted on one of the
leading tokamak experiments, Axially Sym-
metric Divertor Experiment Upgrade (AS-
DEX Upgrade). The Axially Symmetric
Divertor Experiment Upgrade (ASDEX Up-
grade, or AUG) is a tokamak located at the
Max Planck Institute for Plasma Physics in
Garching, Germany, where it has operated
since 1991. A photograph of the inside
of AUG vessel is shown in figure 1.5. Ex-
periments on ASDEX Upgrade are primarily
focused on advancing the understanding
of various plasma phenomena and refining
fusion reactor engineering for future appli-
cations, primely ITER.

In the AUG experiment, a typical plasma
has a major radius Ry ~ 1.65m and a mi-
nor radius a ~ 0. bm and the plasma is con-
fined with a toroidal magnetic field reaching
up to 3T and a plasma current of 1.6 MA.
As of 2025, AUG operates with two divertor
systems, which redirect the outer edge of
confined plasma towards collection plates.
To simplify the operation and reduce acti-
vation of plasma-facing components from
neutron fluxes, the experiment does not
use tritium, but rather deuterium, hydrogen,
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and helium. The particle density is approxi-
mately 102°m~—3 and total mass of the fuel
is only around 3 mg. Meanwhile, the entire
system—including the vessel, coils, diag-
nostic and heating equipment, and support-
ing structures weighs about 800 tonnes.
Through various heating methods, that sum
up to about 35MW, the plasma achieves
temperatures of 100 million degrees. In
section 3, the specifics of heating tech-
niques and the plasma diagnostics used in
this project will be outlined.

1.4 Plasma Structure and
Confinement Regimes

Divertor Configuration

In figure 1.7, a cross-section of the toka-
mak plasma is shown. The dashed gray
lines visible in the diagram on the left rep-
resent the surfaces of constant magnetic
flux. Along these lines, kinetic quantities
such as plasma density, temperature, and
pressure are equalised rapidly due to fast
transport processes. As a result, when
examining plasma properties, we often use
a normalised radial coordinate as the x-axis,
which is O at the plasma centre and 1
at the last closed flux surface, and show
different flux surface averaged quantities on
the y-axis as it is shown on the right diagram
of figure 1.7 where for example a sketch of
plasma pressure profiles is shown.

The last closed flux surface, marked with
the thick red line in figure 1.7, is also called
the separatrix, as it separates the confined
plasma from the outer plasma region. In
ASDEX Upgrade and many other devices, a
plasma configuration known as the diver-
tor is employed. In this configuration, the
separatrix forms an X-point in the poloidal
magnetic field, beyond which the field lines

become open and connect to the divertor
plates (shown in gray in 1.7).

The region just outside the separatrix,
where particles are directed toward the di-
vertor target, is called the scrape-off layer
Scrape Off Layer (SOL) and it is marked as
the green region in the left diagram of figure
1.7. The SOL is relatively narrow because
the particle and transport parallel to the
magnetic field lines is very rapid. The heat
flux and particle load on the divertor pose a
significant challenge for future fusion reac-
tors, as they have the potential to damage
the plasma facing materials. However, it
is possible to create a high neutral particle
pressure above the divertor. When ions
collide with this cloud of neutrals, due to the
charge exchange, recombination and even-
tual radiation, energy can be dissipated
enough to not damage the divertor.

H-Mode and Pedestal

When the heating power applied to the
plasma exceeds a certain threshold, the
plasma promptly transitions from the Low
confinement mode (L-mode) to the High
confinement mode (H-mode) [20] depicted
in figure 1.7. Increased confinement is
primarily due to the formation of a trans-
port barrier within a few centimetres of the
plasma edge just inside the separatrix. The
transport barrier is formed as a radial elec-
tric field E, is formed, which leads to a
sheared E x B drift. This sheared plasma
flow deforms the turbulent eddies, draining
the energy out of the turbulent vortices, and
reduces their heat and particle transport
perpendicular to the flux surfaces [21-24]
as it is sketched in figure 1.6. Reduced
turbulent transport leads to the steepening
of the pressure profile in this region, which
is referred to as pedestal - it elevates the
stiff core profiles, as if they were lifted on
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Figure 1.6: Sketch of zonal flow generation and
the resulting turbulence decorrelation. Panels
on the left illustrate the conventional mech-
anism, where eddies are disrupted and torn
apart. Panels on the right show the vortex
thinning mechanism, where eddies are ab-
sorbed and dominated by the zonal flow. Figure
adapted from [25]

a pedestal. Changes in the pedestal are
of critical importance, as they directly influ-
ence the entire plasma behaviour. Since
the effects of the pedestal extend to the
plasma core, optimising the pedestal struc-
ture is essential for achieving optimal con-
finement. Different mechanisms that influ-
ence the pedestal structure are in the focus
of this thesis.

ELMs

Steep gradient regions at the plasma edge
are essential for improved confinement, but
they come with significant trade-offs. The
strong pressure gradient regions can drive
a certain type of quasi-periodic Magnetohy-
drodynamics (MHD) instabilities, known as
Edge Localized Modes (ELMs) [26]. These
events lead to the collapse of the pedestal
(dashed light blue line in figure 1.7), re-
sulting in the rapid release of energy and
particles into the SOL, which then quickly

reaches the divertor plates. The deposited
energy is manageable in the current ma-
chines, however in future fusion devices
ELMs could quickly lead to severe damage
to the plasma facing components [27, 28].
More detailed mechanism of an ELM crash
will be further explored in section 2.1.3.

1.5 Thesis Motivation
and Outline

As the H-mode offers significantly better
confinement, it is expected to be critical
for future fusion reactors, however it comes
with challenges. ELMs, particularly in future
machines like ITER, pose a major risk for the
plasma facing components.

Because of this, significant focus has
been put on developing different opera-
tional regimes where ELMs are suppressed
or mitigated, but the high confinement and
performance of the H-mode is sustained
[29]. The developed experimental tech-
niques and their theoretical background
are diverse, but in almost all of them the
pedestal physics plays a decisive role.

Therefore, understanding, predicting,
and controlling the pedestal structure and
its stability are highly important for optimis-
ing plasma performance.

Simplified, we can describe the pedestal
with a combination of its gradient and its
width. Multiple approaches are used to
model and predict this structure, with the
EPED [30] model being the most regu-
larly used one, and more recently, inte-
grated modelling with engineering parame-
ters (IMEP) on ASDEX Upgrade [31, 32].
These two approaches have in common
that they both determine the pedestal width
and height using the intersection between
two limitations: first, the MHD stability and
second, some transport constraint.
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Figure 1.7: A cross-section of a tokamak, on the left, with marked last closed flux surface
(separatrix), Scrape Off Layer (SOL) and the divertor plates. On the right the normalised radius p,
is projected and three typical plasma pressure profiles p are sketched in blue. The characteristic
steep gradient region, the pedestal, is marked as the yellow vertical stripe.

In both models, the MHD constraint is
based on the ideal peeling-ballooning sta-
bility limit, which when exceeded triggers an
ELM [33, 34]. This limit can be used to de-
termine the maximum pedestal height and
width just prior to an ELM onset. However,
this approach does not capture stability lim-
its within the pedestal between ELMs, and
it poses challenges in predicting pedestal
structures in ELM-free regimes.

The IMEP modelling approach deter-
mines the transport constraint by trans-
port simulations to calculate the pedestal
top pressure for a given pedestal width,
as detailed in [31]. These simulations
are informed by empirical observations from
[35], which demonstrate that the electron
temperature gradient length T./VT, in real
space coordinates, scaled to the machine
size, remain constant across multiple toka-
maks (AUG, JET, and DIII-D). This scaling is

robust across diverse plasma shapes, heat-
ing powers, and electron densities, sug-
gesting that a type of turbulent instability,
the electron temperature gradient modes
(ETGs), may set this limit, though this has
not been conclusively proven.

On the other hand, the EPED model de-
rives its transport limitation from the ob-
served relation between the pedestal width
(Apeq) @and the B, the poloidal component
of the normalised plasma pressure By =
(P)/Pmag, Where B+ N represents the ration
of global plasma pressure (p) = (nkgT) and
the magnetic pressure Py, = B2/2u,. The
hypothesis is that a specific instability, the
kinetic ballooning mode (KBM), enforces a
limit on the critical normalised pressure gra-
dient. In this framework, B,y contributes
both to the pressure gradient drive of the
mode, and its current stabilisation, because
an increase in pressure gradient also leads
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to generation of the so-called bootstrap cur-
rent. This leads to a dependence of Aney =

D % 1/Bpoi - While this model is mostly
effective, its predictive power is limited by
the dependence of D on various parame-
ters, such as operational regime, plasma
shaping, and collisionality, making it dif-
ficult to forecast the pedestal width with-
out experimental data to determine D. This
issue is addressed by calculating the ex-
act Kinetic Ballooning Mode (KBM) stability.
The pedestal is considered to be ballooning-
critical if more than 50% of it becomes
unstable [36]. However, the distribution
of KBM modes across the pedestal can
significantly vary, as will be shown in this
thesis, and the ballooning-critical method
may not always provide an accurate assess-
ment. Another drawback is that the model
assumes identical temperature profiles for
electrons and ions, which is frequently not
observed in experiments, as will be further
discussed in this work.

In addition, the EPED model has been
used to establish a connection between
KBMs, MHD, and pedestal width, partic-
ularly in the inter-ELM evolution of the
pedestal observed on MAST [37]. More re-
cent studies on ASDEX Upgrade, examining
pedestals in an ELM-free Quasi Contiuous
Exhaust Regime (QCE) regime, have shown
thatideal n — oo ballooning modes — com-
monly used as proxies for KBMs—are near
the stability boundary in the pedestal [38,
39], further underlining their significance.

In this thesis, the aim is to investigate
these aspects further, and the study is
structured as follows.

Chapter 2 provides the theoretical back-
ground, covering the full scope of the anal-
yses performed in the following chapters. It
includes an overview of plasma physics, the
MHD model, equilibrium and stability, as
well as plasma transport and gyrokinetics.

Additionally, the numerical codes used in
this study are introduced.

Chapter 3 details the experimental setup
at ASDEX Upgrade, describing the device
and the used diagnostics, the design of the
experiments, their execution, and the work-
flow followed throughout the study. The
experiments are motivated by the investi-
gation of ballooning modes and the nor-
malised poloidal pressure, B,y. For this
reason, B, Was chosen as one of the con-
trol parameters, while the other key param-
eter is plasma shape. Shape modifications
influence the local magnetic shear, which
in turn affects ballooning modes, making
them a central aspect of the study.

Chapter 4 presents the experimental re-
sults, focusing on direct measurements
from ASDEX Upgrade. This includes the
pedestal structure for various quantities, ra-
dial electric field measurements, and equi-
librium properties.

In Chapter 5, the focus shifts to analysing
kinetic ballooning modes (KBMs), using lo-
cal ideal ballooning modes as a proxy. A
detailed investigation is conducted to de-
termine their radial location, their relation
to the pedestal top, and how changes in
plasma shape modify local magnetic shear,
thereby influencing ballooning modes and
ultimately affecting the pedestal structure.

Chapter 6 extends this analysis to ELM-
synchronised data, examining how different
pedestal quantities, such as density and
ion/electron temperatures, evolve during an
ELM cycle. A key aspect is understanding
the role of ideal local MHD stability and its
access to second stability throughout the
cycle.

Finally, Chapter 7 connects transport and
gyrokinetic analyses to the MHD results.
Instead of focusing solely on MHD stability,
this chapter explores how heat and parti-
cle transport behave in the plasma. Gy-
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rokinetic simulations provide insights into
microturbulence in the pedestal, identifying
dominant modes and their potential impact
on transport. Additionally, while local ideal
ballooning modes are used as a KBM proxy,
microturbulence analysis helps assess the
validity of this assumption.
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2 Theoretical and Numerical

Background

If not stated differently, all the equations,
sketches of derivations, and other concepts
in this chapter are interpreted using a com-
bination of several text books [40-46].

Single Particle Motion

As shortly outlined in Section 1.3, the
fundamental principle of magnetic confine-
ment originates from the equation of mo-
tion for a charged patrticle in an electromag-
netic field. A charged particle, subjected to
both electric fields E and magnetic fields B,
experiences the Lorentz force F|, which de-
scribes the motion of an individual charged
particle as:

F=m® — qE+uxB),

0t (2.1)

where m is the particle mass, V is the ve-
locity of the particle and q is the particle
charge. The spatial and temporal properties
of the electric and the magnetic field deter-
mine the trajectory of the particle. Because
the magnetic fields in a tokamak are strong
and dominate in the particle transport, the
particle dynamics can be effectively decom-
posed into two main components - parallel
to the magnetic field lines and perpendicu-
lar to the magnetic field lines. Simplified, in
absence of the electric field

17

dvy -
m—= =0 (vl x B) (2.2)
o,
m— =0 (2.3)

These equations show that the perpen-
dicular velocity causes the particle to gyrate
around the magnetic field lines in uniform
circular motion, whereas the parallel ve-
locity remains constant, meaning the par-
ticle follows the field lines without acceler-
ation. This is the foundation of magnetic
confinement, where charged particles are
constrained to follow helical paths along the
magnetic field lines. In this way, it is pos-
sible to split the single particle movement
into the movement of the guiding centre
(shown in yellow in figure 2.1) and the
gyrating motion around this centre (shown
as a spiral in figure 2.1). The gyrating
motion is then described with its character-
istic gyrofrequency w, = qB/m and Larmor
radius py= v,/w, = mv,/qB. Due to
their difference in charge, the equations
indicate that electrons and ions gyrate in
opposite directions, and because of the dif-
ferent masses, the electrons gyrate faster
and with a smaller radius than the ions.
The Larmor gyration is also characterised by
its magnetic moment, P = mv2/2B which
stays constant if the magnetic field is static
or if its rate of change is sufficiently slow in
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Figure 2.1: Sketch of the particle trajectories.
The dashed green line shows the equilibrium
magnetic field, B, and the darker, full green
line represents the perturbed magnetic field B.
Particle motion is split into the motion of its
guiding centre, shown in yellow, and its gyration
around it, shown in red. The yellow dashed
line, showing the guiding centre motion, does
not follow the magnetic field line exactly, which
is indicated as a drift. Figure reproduced from
[47]

comparison to the gyro-motion.

Approximating the particle motion with
the motion of the guiding centre can be
used in cases of sufficiently small spatial
and temporal variations of B, that is if
B/VB >> p_ and B/B << wWw;, which
generally holds true in fusion plasmas. The
system is however still more complex since
the magnetic field is not uniform, electric
fields play an important role, gradients in
pressure develop and there are other forces
that could influence the plasma. These
forces change the path that the particle is
following and result in drifts.

Drifts

If a particle experiences an additional exter-
nal force Fg,; that has a component perpen-

dicular to B, it leads to the drift motion Vy
of the guiding centre described as:

This causes the particle to move in a tra-
jectory that is not perfectly aligned with the
magnetic field, the deviations of this trajec-
tory is marked with a black line in figure 2.1..
Depending on the properties of the force
acting on the particle, various types of drifts
can arise, the most important of which are
outlined in the following subsections, and
their directions for a typical ASDEX Upgrade
configurations are sketched in figure 2.2.

ExB Drift

In presence of a time-independent electric
field E, an electric force F¢ = oE acts on
the particle and generates the drift velocity
Vg
ExB
B2
This drift is very important for stabilisation of
microscopic turbulences and consequently
large scale plasma behaviour. More on this
interplay will be outlined in section 2.1.3.
Because the force is charge - dependent, it
cancels out with g in (2.4), and the resulting
drift is charge - independent, moving both
ions and electrons in the same direction.

(2.5)

Vd = VExB =

VB drift

In a tokamak, the magnetic field gradient is
oriented in the direction of the major radius
(Bx1/R). This gradient gives rise to a force
acting on the particle, expressed as:

— —uvB (2.6)

By substituting this force into the general
drift formula (2.4), we obtain the drift ve-
locity vg:
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mv2(VB x B)
2qgB3

The VB drift depends directly on the

charge of the particle and its kinetic energy,

which means that it leads to charge sepa-
ration, resulting in the further E x B drift.

Vy = Vgg = (2.7)

Curvature Drift

The curvature drift arises when a charged
particle moves along curved magnetic field
lines, and experiences a centrifugal force.
If the curvature radius of the magnetic field
line R, is assumed to be constant, then
the centrifugal force associated with it is
defined as

and the drift caused by it is expressed as

mvﬁ B

Vy =V, = ——VBxB (2.9)

d C qB3
Curvature drift also leads to charge sepa-
ration and therefore also an electric field,
further causing the E x B drift, which is
the motivation why a poloidal magnetic field
is introduced in the magnetic confinement
concepts.

Diamagnetic Drift

Diamagnetic drift is an exception from the
previously mentioned drifts, because it is
not a guiding centre drift, and it does not
occur for single particles, but rather, it is a
collective phenomenon. It is generated in
the presence of pressure gradient Vp per-
pendicular to the magnetic field and results
in .

Vp x B

Vd = Vdia = —

where n is the particle density. Because of
the charge separation, the diamagnetic drift
generates a current, called the diamagnetic
current jgig-
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Figure 2.2: Drifts and their direction in a typi-
cal ASDEX Upgrade configuration. Diamagnetic
drift for electrons and ions is shown in blue and
red, respectively. The radial electric field E,
and the corresponding E x B drifts are shown
in purple. The VB drift is marked in green.

Complexity of Multiscale
Dynamics

For a single particle, we can comfortably
rely on the good old Newtonian equations of
motion. When electromagnetic coupling is
introduced, Maxwell’s equations are the key
tool, allowing us to describe the interactions
between particles. In principle, this covers
everything we need. However, not only
do we lack knowledge of the initial condi-
tions for each particle, but attempting to
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solve a system of 1029 coupled equations,

needed to describe individual particles, is
computationally unfeasible. To address this
challenge, alternative approaches are em-
ployed, relying on distributions and statis-
tical methods to describe the system in
manageable terms. These approaches are
summarized in figure 2.3.

Instead of tracking each individual par-
ticle, we can consider a distribution f, of
particle species a, and study its time evo-
lution as S, (LXV) = fegy, With foo be-
ing the collisions term. In a limit of very
fast processes in plasmas, which occur on
timescales much shorter than the time be-
tween two collisions, we can neglect the
collisions entirely, leading to the construc-
t(ijon of a collisionless distribution function
afa(t, X,V) = O where X is the position and
v the velocity. Assuming that the gravita-
tional force is much weaker than the Lorentz
force, which is generally true in fusion plas-
mas (not so much in astrophysical plas-
mas), allows us to expand this equation of
motion, the so-called Vlasov equation, to:

of

a

m
+
<l
X
o

- q
+9- 9, + = = =o0.
(2.12)

The fields E and B are determined using
Maxwell’s equations. With this framework,
we no longer need to manage the over-
whelming 102° equations individually, how-
ever, the Vlasov equation is not universally
applicable.

This description works particularly well
for phenomena on small, fast timescales,
where collisions are excluded. To extend
its applicability to larger scales or slower
processes, we can bring back the collision
term, replacing the zero on the right-hand
side. Still, by doing so, the model cap-
tures a greatly extensive range of plasma
behaviours, as shown in yellow in figure

2.3. This is unnecessarily impractical for
describing larger phenomena, where further
simplifications in the model can be made,
especially because the computational cost
of solving these fully kinetic equations for
larger spatial and temporal time scales is
unrealistic. Instead, we can further spe-
cialise to develop more specific modelling
tools.

1 R
a 1 1 PB modes
11 ili
MHD stability
1014 Ln | 1 equilibrium
- i \__MHD model
£ | {TGence
= ! Gyrokinetic
1031 Py ‘\_____r_ngc_igl
cyclotron waves
1044 oL Langmuir waves
De
Yo, Lo 1w
1/0, 1/, 3V /Y
T T T T !
102 10 10® 10° 10
(s)

Figure 2.3: Fusion plasmas exhibit a vast range
of spatio-temporal scales - represented on the
y and x axes respectively - necessitating the use
of different models such as Vlasov (yellow), gy-
rokinetic (green), and MHD (purple), depending
on the phenomena of interest. Key parameters
included on the x and y scales for reference are
the plasma oscillation frequency (w,), cyclotron
frequency (), and diamagnetic rotation fre-
quency (wg), along with characteristic scales
like the Alfvén velocity (v,), ion—ion collision fre-
quency (v;), Debye length (Ap), Larmor radius
(pL, equilibrium density scale length (L), and
plasma size (a), where s represents the particle
species. The range of velocity for each model
is above and right of the dashed line. Figure
adapted from [48].

The next step in simplifying the Vlasov-
Maxwell equation system, while retaining
its applicability, is gyrokinetics (marked in
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green in figure 2.3). This approach splits
the particle motion into the gyro motion
and the motion of the guiding centre, as
illustrated in figure 2.1. By doing so, the
6D differential equation is reduced to 5D in
strongly magnetised plasmas, as the gyra-
tion around magnetic field lines is averaged
out. Instead of tracking the full particle
trajectory, we follow the guiding centre mo-
tion along magnetic field lines and its drifts.
This method is particularly well-suited for
studying microturbulence, as it operates
on appropriate scales and neglects high-
frequency phenomena or very small struc-
tures. Additionally, various collision opera-
tors can be incorporated into the model to
enhance its accuracy and applicability.

Another approach is to scale up to even
slower and larger phenomena, which en-
ables neglecting the behaviour of individ-
ual particles and treating the plasma as
a continuum. This involves assuming that
the characteristic structures are sufficiently
large and collisions occur far more fre-
quently than the dynamic processes un-
der consideration. The crucial assump-
tion is that the distribution function f, is
a Maxwellian distribution. This shift allows
us to move beyond the Vlasov equation
and adopt magnetohydrodynamics (MHD),
which combines standard hydrodynamics
with electrodynamics (range shown in pur-
ple in figure 2.1). This frameworK is particu-
larly suited for analysing large-scale plasma
properties, such as the magnetic equi-
librium, stability, and macroscopic MHD
modes. Various flavours of this model exist,
ranging from resistive to ideal MHD, single
or multi-fluid formulations where different
species are treated separately.

Regardless of the approach - gyrokinet-
ics or MHD - further simplifications can
be made by either linearising the sys-
tem, and/or focusing on local phenom-

ena instead of the global plasm. While
such approximations save computational
resources, they come at the expense of lim-
iting the range of applicability. A major chal-
lenge in plasma physics arises from the fact
that processes at vastly different scales oc-
cur simultaneously and are interdependent,
as itisillustrated in figure 2.3. To grasp how
large the range of scales is: length scale
range spans an equivalent of 1 m to 10 km
and timescale ranges equivalent to 1s to
4 years. Currently, no model or computa-
tional framework can fully capture all these
scales at once. This necessitates splitting
the problem into manageable parts, often
requiring the use of different models to de-
scribe overlapping phenomena. Addition-
ally, small-scale processes can influence
large-scale behaviour and vice versa, com-
plicating the picture further.

This interplay of scales presents a partic-
ular challenge when it comes to describing
the pedestal, which is the main focus of
this thesis. Many of the same physical
phenomena — such as transport, stability,
and turbulence — occur at different scales
and all play critical roles in shaping pedestal
physics. To address this complexity, | will
start by discussing large-scale processes,
beginning with MHD, and then progressively
delve into smaller-scale phenomena. This
will include collisional transport of particles
and heat, turbulence, microturbulence, and
finally the gyrokinetic framework used to
describe it.

A perfectly didactic thread of all the
physics included is probably impossible to
achieve®, nonetheless | will try to give some

1 In reality, as anyone who has written a scientific
text probably very well knows, the process of acquir-
ing relevant information is much more unstructured,
exploratory, often abstract and even at some point
intuitive. Organising this knowledge into a coherent
narrative is a continually evolving process, and this
thesis represents yet another iteration of my ongoing
practice.
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logical structure for discussing these inter-
connected phenomena. So, bear with me
as we traverse this multiscale path!

2.1 Magnetohydro-
dynamics

2.1.1 MHD Plasma
Description

In Magnetohydrodynamics, we assume that
the distribution function f, is a Maxwellian
distribution, which allows us to integrate
over velocity space and leads us to hy-
drodynamic equations. This is very use-
ful because we can find relations between
macroscopic quantities in the plasma and
model it as a fluid. We again assume the
force acting on the particle to be the Lorentz
force (2.1), where we calculate E and B with
Maxwell 2 equations and neglect gravity.
Averaging (2.11) over velocity space in-
volves multiplying the equation of motion by
V¥ and then integrating over d3v, a process
that generates the so-called moments. The
zeroth moment provides information about
mass, the first about momentum, and the
second about energy. As we go through
these moments, it is important to clarify
a subtle distinction, that is important for
the comprehension of the following section.
The equation of motion (2.11) itself is a dif-
ferential equation describing the evolution
of the distribution function f;. When we

2 Yes, the same James Clerk Maxwell that also
figured out our distribution function. In his 48 years,
he did some of the most important physics in his-
tory, and he also wrote poetry, which is absolutely
hilarious. One of the poems he wrote when he was
22 has the title "Lines written under the conviction
that it is not wise to read Mathematics in Novem-
ber after one’s fire is out", and as a fellow young
physicist writing this chapter on a rainy November
evening, | must admit, | tend to agree with James.
https://allpoetry.com/James-Clerk-Maxwell

take moments of the equation of motion,
we mostly have to take moments of f; which
are calculated as

/ UE, dv = n (7). (2.12)

To avoid confusion, the notation f-
moment refers to the moment of f,, and it
is thereby distinguished from moment of the
equation of motion (2.11).

So let us take now the zeroth moment of
(2.11). The first term in the equation is the
zeroth f-moment:

/—d3 ——/fd3 —a.

The second term of (2.11) is the first f-
moment:

(2.13)

/ VULV = V() (2.14)
and the partial integration of the third term,
the force term, reduces to 0. This gives us
the zeroth moment of the equation of mo-
tion, and that is the equation of continuity:

a_ta + V(n,v,) = 0
We already observe an important detail to
keep in mind for later: the zeroth moment
equation (2.15) involves velocity, which
corresponds to the first moment. Next, we
calculate the first moment of (2.11) where
we multiply each term with v and integrate
as [ d3v. Doing this for the first term, we
have the now familiar first f-moment. In the
second term, however, we get the second
f-moment, that benefits from decomposing
the particle velocity V into its fluid velocity
u and thermal motion w. While thermal
motion W is zero when averaged linearly,
as it was the case in the first f-moment,
a quadratic average yields thermal energy,
resulting in the relation

(2.15)
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%mq/\Tv2fad3v = ganBTa = gpa,

(2.16)

where pq represents the scalar pressure

and kg the Boltzmann constant. The situ-

ation is actually somewhat more intricate;

in addition to scalar pressure, we must also

account for viscosity. Thus, the total pres-
sure tensor is expressed as

P=pgl+0 (2.17)

where 1 is the unity tensor and Il en-
compasses the off diagonal terms related
to viscosity. With these definitions, for the
second term of (2.11) we have:

/ TG0 = V-(n,09)+ = V-P. (2.18)
a
In the third term, velocity integration and
spatial differentiation can be exchanged,
which results in force multiplied with the ze-
roth f-moment. Using all previous assump-
tions, the final form of the first moment of
(2.11) gives us the force balance equation
dv
manad—ta =

= —V-P, + nyq, (E +V, x B) +Ry,p.
(2.19)

The term on the left side of the equation
marked with 1 is the inertia, term 2 is
pressure force, including viscosity, term 3
is the Lorentz force and term 4 R, is
the friction term between particles of two
different species.

We note once more that the force balance
equation includes the pressure tensor, P,
which arises from the second moment, so
averaging over V2, much like velocity —
the first moment — appears in the zeroth

moment equation. This highlights that pro-
gressing further by considering the second
moment of the equation of motion will still
not suffice to close the system of equations,
because it will contain a term from the third
moment. To address this, we must intro-
duce additional assumptions about the sys-
tem energy to determine P, instead of pro-
gressing with moment calculations. Specif-
ically, we take the adiabatic closure of the

system as
d pa>
4Pl _o
dt(pZ

where p, = nym, is the mass density and
y is the adiabatic constant.

Now that we have connected the dis-
tribution function to the macroscopic fluid
variables with the equation of continuity
(2.15), force balance (2.19) and equation
of state (2.20), we must incorporate the
role of electromagnetism. To do this, we in-
troduce the relevant electromagnetic equa-
tions, starting with reduced Ohm’s law for
plasmas:

(2.20)

-

j. (2.21)

[EEN

E+VxB=

Qql

where | is the current density and o the
electric resistivity. We then proceed to
Maxwell’s equations, which govern the be-
haviour of electric and magnetic fields:

Uo) = Vx B (2.22)

OB

5 —VxE (2.23)
V-B=0 (2.24)

including Ampere’s law (2.22), Faraday’s
law of induction (2.23), and Gauss’s law of
magnetism (2.24).
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Solving this set of seven differential equa-
tions is a highly complex task. The prob-
lem can be further simplified, using sev-
eral simplifying assumptions. Due to the
much smaller mass of electrons compared
to ions, we assume that the plasma centre
of mass is in the ions, and the presence of
additional plasma components, such as im-
purities, can be accounted for through cor-
rection terms. The plasma is assumed to be
quasi-neutral, meaning it contains an equal
amount of positive and negative charges
distributed homogeneously, so it appears
electrically neutral on a macroscopic scale.
Additionally, the pressure is assumed to be
isotropic so that V - P is reduced to Vp.

Summarizing the key assumptions under-
lying the ideal MHD model:

* The description of the plasma is con-
tinuum based, and the behaviour of
individual particles is therefore not ex-
plicitly considered. In the context of
the MHD model, the Larmor radius is
assumed to be much smaller than any
characteristic length scale of interest.

* Maxwellian Temperature Distribution:
The plasma is assumed to have
a Maxwellian temperature distribu-
tion, based on the premise that the
timescales of interest are much longer
than the particle collision times, or
equivalently, that the spatial scale of
the plasma is much larger than the
mean free path of particles. This con-
dition is generally satisfied in the di-
rection perpendicular to magnetic field
lines, but not necessarily along them.
Consequently, MHD is limited to de-
scribing dynamics perpendicular to the
field lines.

e Ideal Conductivity:  Assuming the
plasma is an ideal conductor, the elec-
trical conductivity o in equation (2.21)

approaches infinity. As a result, resis-
tance is effectively zero, and no energy
dissipation occurs. This forms the ba-
sis of the ideal MHD model. In cases
where electrical resistance is included,
it is treated within the framework of the
resistive MHD model.

2.1.2 Equilibrium

As outlined in previous sections, the toka-
mak configuration relies on external coils
surrounding the chamber to generate a
toroidal magnetic field. A strong electric
current flows through these coils, inducing
the magnetic field as described by Ampere’s
law:

[Bpds=pol  @29)
which leads to the expression:
Hol
B,(R) = ——. 2.2
o) = o= (2.26)

This equation shows that the toroidal
magnetic field strength B(p is inversely pro-
portional to the major radius R. Conse-
quently, the region closer to the inner side
of the torus is referred to as the high-field
side (HFS), while the outer region is known
as the low-field side (LFS).

The poloidal magnetic field, in contrast,
is determined by the toroidal plasma cur-
rent and the configuration of the poloidal
field coils. Since the plasma resistivity de-
creases at high temperatures, the toroidal
current density peaks at the plasma centre,
where the electron temperature is highest.

For the plasma to reach equilibrium, all
forces must balance such that the plasma
velocity remains constant, ensuring a sta-
tionary system. By setting d/0t=0 and
considering plasma rotation velocities small
compared to the sound speed, we obtain
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the force balance equation

-

ixB =vp. (2.27)

We can also re-write this equation using
Ampere’s law for current density and obtain

Vp=i(V><l§)xI§=

2 2 2
—vB— + —(B VB = —vo 4 By
2o 2lp Mo
(2.28)

Here we introduced curvature K defined
as

-V

| o

(2.29)

=
Il
w|

with K| = =—

C
We see that there are two restorative
mechanisms on the right-hand side of the
equation: there is the magnetic pressure
that counteracts the field line compression,
marked as 1, and there is the field line
tension, which opposes the bending of the
field lines, marked as 2. The interaction
between the plasma displacement and the
restoring forces generates oscillations in the
plasma, leading to either compressional or
shear Alfvén waves, depending on the na-
ture of the restorative force.

First, let us consider the case where the
plasma is compressed homogeneously in
a direction perpendicular to the magnetic
field lines, with no variation along the field
lines. This scenario gives rise to compres-
sional Alfvén waves, which are longitudinal
waves. The phase velocity of these waves
is given by

B2
YPo L _0

2.30
=\ o " HoPo (2.30)

V

where y is the adiabatic constant, p is the
mass density and the subscript O denotes
that this is an equilibrium value. The first

term on the right-hand side represents the
Kinetic contribution, and the second term
corresponds to the magnetic contribution.

If the normalised pressure, By, = %,
is much greater than 1 (3 > 1), the phase
velocity of the wave approaches the plasma
sound speed, ¢; = \/YPo/Po- Conversely,
if Bpo| < 1, the wave propagates at the

Alfvén velocity, vo = Bg/y/HoPgo, Which
corresponds to the magnetic pressure con-
tribution. In general, the phase velocity
results from a combination of both kinetic
and magnetic contributions.

Shear Alfvén waves, on the other hand,
are characterised by incompressible motion
and therefore lack any kinetic contribution.
As a result, their phase velocity is equal to
the Alfvén velocity, v,. This velocity plays a
crucial role in plasma behaviour, as it sets
the "natural” timescale for inertial effects,
given by Ty = L/, which in fusion plasmas
is typically on the order of 1-10 microsec-
onds.

Alfvén waves mostly have a stabilising ef-
fect on the plasma because they are a sink
of free energy that the perturbation needs
to grow. However, they can also be excited
by various mechanisms, including the pres-
ence of a population of fast particles in the
plasma.

From the equilibrium force balance
(2.27), follows that the magnetic field is
perpendicular to the pressure gradient, sat-
isfying B-Vp = 0. This shows that the pres-
sure remains constant along a magnetic
field line. Similarly, the current density is
also perpendicular to the pressure gradient,
leadingto j- Vp = O.

These relations allow the definition of a
coordinate system based on surfaces of
constant magnetic flux. The magnetic flux
function satisfies:

B-v{ =0, (2.31)
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where { is the magnetic flux function.
This condition implies that the magnetic
field lines lie within these surfaces. The flux
surfaces are nested around the magnetic
axis at the centre of the plasma.

The radial coordinate that is often used
in the pedestal studies normalised poloidal
flux, which ranges from O at the magnetic
axis to 1 at the separatrix. It is defined as

Dy = Y=g
N — &% 1
LIJsep - qJO
and its square root, mostly used in this
thesis, called the poloidal normalised ratio

Ppol = \m

where ) is the magnetic flux, Y is the
flux value at the magnetic axis, and Ygg, is
the flux at the separatrix.

Due to the high particle velocities and
low density, the mean free path of particles
along the magnetic field lines is long, allow-
ing temperature gradients on a flux surface
to average out quickly. In the framework
of ideal MHD, where the pressure gradient
remains constant on a flux surface, the
pressure p is also constant on that sur-
face. The relationship p « nT connects
the pressure, density n, and temperature T,
indicating that density can also be assumed
constant on a flux surface.

Consequently, it is typically sufficient to
analyse only the poloidal cross-section of
p, T, and n. This approach reduces the
description of these parameters in the ax-
isymmetric tokamak geometry to one di-
mension.

The equilibrium condition of a plasma,
which represents the balance between
the pressure gradient, poloidal currents,
toroidal currents, and magnetic fields, is
expressed by the two-dimensional Grad
Shafranov (GS) equation:

(2.32)

(2.33)

. dF dp ,
N = —F5 = BoRRSE = —yigR,

dy di
(2.34)

where  is the poloidal magnetic flux, F
is the poloidal current function, g is the
vacuum permeability, R is the major radius,
p is the plasma pressure, and j(p is the
toroidal current density.

In this context, A" is defined as:

\Y o (10 52
ANM=RW.(—=|=R=(== ]| +—
<R2> aR(RaR) dZ2’
(2.35)
and F() represents the diamagnetic pro-

file, given by:

H
F(P) = RBy = 2 loo

(2.36)

where R is the major radius, B, is the
toroidal magnetic field, Yg is the vacuum
permeability, and |, is the poloidal current,
and  indicates that the quantity is a flux
function. For simplicity, we will consider
the last closed flux surface and the nested
surfaces within it as circular around the
central axis, Ry as shown in the top panel
of figure 2.4. The pressure depends only
on the flux surface and remains constant
along the magnetic field lines. When we
observe the whole toroidal structure, the
inner flux surfaces of the tokamak have a
smaller area compared to the outer ones,
and an outward force arises, pushing the
plasma towards the larger surfaces. Addi-
tionally, the peaked plasma current gener-
ates a force that further expands the torus.
These outward forces are counteracted by
a vertical magnetic field. The total poloidal
magnetic field generated by the plasma and
vertical field coils creates a weaker radial
field on the outside compared to the inside
of the torus. This difference results in a shift
of the centres of the flux surfaces outward,
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Figure 2.4: A sketch of the concept of Shafra-
nov shift. In the upper panel, a perfectly con-
centric magnetic flux surfaces are shown with
marked separatrix and the magnetic axis Rg. In
the lower panel, the effect of Shafranov shift is
shown, where the magnetic flux surfaces con-
sequently create a shift Aq to the LFS.

an effect known as the Shafranov shift,
marked as Aq in the bottom panel of figure
(2.4), and it is calculated as

r 1
A = _R_O(Bpol + 5.

5 (2.37)

showing that the Shafranov shift is pro-
portional to the normalised plasma pres-
sure B,o and the current peaking |; that
describes the ratio of plasma pressure to
magnetic pressure as

6. = plasma pressure  (P)
pol = : T R2 '
magnetic pressure Bpo|/2“0
(2.38)

Radial force balance and E,

Having introduced the radial force balance
equation in (2.19) and the fundamentals of
the equilibrium, it is a good moment to take
a short detour from MHD equilibrium and
stability, and introduce an equation, that
will later be central to our analysis.

We consider that the plasma is stationary
and in thermodynamic equilibrium, so Z—\t/ =
0, and we also assume isotropic pressure
and negligible viscosity. In this case, equa-
tion (2.19) is reduced to

Vp, = Nyq,(E + V x B). (2.39)
with n,; here being the particle density

and q, the particle charge. If we take

the cross product with B/B, we obtain the

perpendicular velocity of species a:

_vpa x B + ExB

N,0,B2 B2

= Vgia T VExB

(2.40)
so the perpendicular velocity of species
a is the sum of its diamagnetic and E x B
drifts. As we have shown in section 2.1.2,
the pressure and the plasma current are flux
functions, meaning that in our model, they
don’t have a gradient along the magnetic
field line. In the radial direction, however,
an electric field can arise due to the radial
transport of electrons and ions. Utilizing
(2.39) in axisymmetric coordinate system
(R,8,¢) where 8 is the poloidal and O the
toroidal angle3, we get the equation for the
radial electric field E, for species a:

Via =

_ ViPa _
= gy TYeP
ViPa
= — By + B,. (2.41
naZae V(P'a 6 Ve'a P ( )

3 If the reader has troubles remembering which
Greek letter denotes poloidal and which toroidal
angle, the convention is not Theta - Toroidal, Phi -
Poloidal, but the exact opposite, just to keep things
interesting and make sure tokamak physics does not
get too simple.
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where Z, is the charge number of species
a and e is the elementary charge, BLp and
Bg are toroidal and poloidal magnetic field,
and v, and vg represent the toroidal and
poloidal velocities.

There are a variety of mechanisms that
contribute to the emergence of E,, coming
either from toroidal and poloidal plasma ro-
tation, or from charge separation. The most
commonly recognised mechanisms are ion
orbit losses, turbulent Reynolds stress, and
toroidal torque from neutral beam injection.
The radial electric field is particularly strong
at the plasma edge.

2.1.3 MHD Stability

Now, we have established that the plasma
is in an equilibrium if the forces acting on
it equal out. The question of stability is
then how the system responds if the equi-
librium is disturbed by a perturbation: if
the disturbance is damped and the system
returns to the equilibrium, it is stable; if
the disturbance persists without change, it
is marginally stable; and if the disturbance
grows, the system is unstable, and this
instability is also referred to as mode®. De-
pending on the complexity of the system,
this stability can be linear or non-linear.
A mechanical analogy for this concept is
illustrated in figure 2.5. Consider a ball sub-
jected only to gravitational force. If a dis-
placement perturbation is introduced, dif-
ferent scenarios of stability arise. In figure
2.5a, the system is linearly unstable, mean-
ing the perturbation causes the displace-
ment to grow. In figure 2.5d, the system
is linearly stable but non-linearly unstable,

4 So far, we have had three different uses of the
word mode: H or L mode - regime; edge localised
mode - empirically observed loss of energy and par-
ticles; and here mode is an unstable solution of our
system

where if the perturbation is large enough, it
eventually leads to instability. Figure 2.5b
represents a stable system, where the per-
turbation is counteracted, and if we assume
some dissipative mechanism, like for ex-
ample friction, the system eventually loses
energy and returns to the equilibrium after
an oscillation around it. In contrast, figure
2.5e shows a system that is linearly unsta-
ble but non-linearly stable. Finally, in figure
2.5c¢, the system is marginally stable, where
the perturbation neither grows, now damps,
while in figure 2.5f, it is marginally stable in
the linear sense but becomes unstable non-
linearly if the perturbation is large enough.
In a fusion reactor, the plasma is con-
stantly perturbed on both large and small
scales, and the key question is whether
these perturbations remain small or grow
due to some fundamental drive.

a)

)

(¢
-~

M
e)
\—Av/
f) o
[ ] N

Figure 2.5: Drawing of different stability con-
cepts on an example of mechanical system with
a ball on a surface with only gravity acting on
the ball. In the left column in a) an unstable
system is shown, in b) a stable system and
in ¢) a marginally stable system. In the right
column, non-linear systems are shown. In d) a
linearly stable and non-linearly unstable system
is shown, in e) linearly unstable and non-linearly

stable and in f) a linearly marginally stable, and
non-linearly unstable system.
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Linear analysis begins by considering
small perturbations and focuses on iden-
tifying the conditions under which the in-
stability can occur in the first place. In
such cases, the subsequent evolution of the
plasma due to non-linear effects is disre-
garded. This simplification involves linearis-
ing the MHD equations by decomposing all
variables into the sum of two components:
an equilibrium value and a small perturba-
tion. For instance:

A:A0+A1

AB = AOBO + AOBl + AlBO + AlBl

in which index O is the equilibrium, or back-
ground quantity, and index 1 is the fluc-
tuating perturbation in the system. When
the equations are expressed in this form,
the first terms, AgBg, represents the equi-
librium, which is stationary and has no time
dependence (0/ot = 0). The final term,
A,B4, can be neglected due to the assump-
tion that the perturbation is small. While
equilibrium states are time-independent,
the evolution of the perturbation over time
serves as the formal criterion for determin-
ing the stability of the system.

In the linear approximation, this allows us
to use the wave ansatz to further describe
the perturbed quantity as

A(rt) = Ag(r) + Ay(rt) = Ag(r) + Ay (et

where w represents the eigenvalues that
need to be calculated to gain information
about the stability. It is important to note
that ideal MHD does not account for any
dissipation in the system. This implies that
when a perturbation is introduced, without
any damping, it would oscillate indefinitely
around the equilibrium state in the most
stable scenario. On the other hand, if the
system is unstable, the perturbation would
grow exponentially.

Since w is generally a complex number,
it can be expressed as:

e—iwt — e—i(Re(w)+iIm(w))t — e—iRe(w)teIm(w)t.

(2.42)

If the imaginary parts of all eigenvalues
W are negative or zero, the perturbation
will oscillate, and the system is considered
MHD stable. Conversely, any eigenvalue
with a positive imaginary part will cause
exponential growth of the perturbation, and
make the system unstable. Qualitatively,
it is assumed that if the conditions for in-
stability are present, the instability will in-
evitably manifest, as it can grow exponen-
tially from the micro-fluctuations inherent in
the initial state.

Alternatively, one can follow a different
analysis: the mechanical analogy in figure
2.5 illustrates how the stability and poten-
tial energy are related. If the perturbation
decreases the potential energy W, the ki-
netic energy will drive the perturbation away
from the equilibrium state Ay. Otherwise,
if the potential energy gets increased by
the perturbation, the system will oscillate
around the initial state. If some dissipation
mechanism is included, it will eventually
relax and stabilise back into the equilibrium
state.

This approach is called the energy princi-
ple, and it is a very useful analysis tool for
gaining insight in linear MHD stability. We
introduce a displacement vector E(x) as

Nagl)

= Vi‘

2| &

The potential energy change that results
from this displacement is given by the vol-
ume integral

SW = —%/E’  Fx (2.43)
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with F being the force caused by the dis-
placement. The energy functional gen-
erally consists of its fluid component W;
that describes the bulk plasma, the surface
component Wy characterising the plasma-
vacuum interface and the contribution from
the vacuum W,. For this purpose, we set
the current on the surface of the plasma
to zero and assume that the mode sits
far enough from the surface, the last two
contributions to the energy functional are
neglected it is therefore simplified to its fluid
term:

[ ul
SW = /
P Volume 2“0

+ 51V + 28, K + ypolV - £~
Ho

@ ®
—2(&, - Vpo)(K- EL) (E xBp)-B1)dV
(2.44)

where & stands for the complex conju-
gate of the displacement vector, and the
direction perpendicular and parallel to the
equilibrium magnetic field has the subscript
L and |. The equilibrium values are sub-
scripted with O and the perturbed values
by 1. Equation (2.44) can be split into
two different parts: in the first and second
line, the terms 1, 2 and 3 are all positive
and therefore contribute to the increase of
the potential energy - meaning that they
are restorative forces that act stabilising
on the perturbation. They all have a con-
nection to plasma waves: contribution 1
is the magnetic pressure that corresponds
to the shear Alfvén wave, term 2 to the
compressional Alfvén waves and the third
is the adiabatic compression of the ideal
plasma related to the soundwaves. The last

Figure 2.6: lllustration of the concept of “good”
and “bad” curvature in a tokamak. The cur-
vature K is always directed towards the centre
of the torus, while the pressure gradient Vp
is pointed towards the magnetic axis. As the
result, on the high field side they cancel each
other out, while on the low field side they are
showing in the same direction, and destabilising
the mode.

two contributions to the equation, marked
with 4 and 5, can be positive or negative,
and depending on their sign, either stabilise
or destabilise the perturbation. The driving
mechanisms are the pressure gradient Vp,
and the parallel current densitij”. In term
4, the sign is determined by the mutual
orientation of the pressure gradient, Vp,
and the curvature, K, sketched in figure 2.6.
The curvature vector always points toward
the centre of the tokamak, while Vp points
toward the magnetic axis. Consequently, at
the low-field side (LFS), these vectors are
parallel, resulting in a negative, destabilis-
ing contribution, whereas at the high-field
side (HFS), they are antiparallel, leading to
a positive, stabilising term in (2.44). Cur-
vature is commonly described as “good” or
“bad” depending on its influence on plasma
stability.

The final term introduces instabilities
driven by current density, which align paral-
lel to the equilibrium magnetic field. Desta-
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bilising effects are strongest on surfaces
where q is rational. On such resonant sur-
faces, the perturbation aligns with the mag-
netic field lines, amplifying the instability as
the stabilising effect of magnetic field line
bending disappears.

From the negative terms of the energy
functional, two primary types of instabil-
ity emerge: pressure-driven modes and
current-driven modes. One could assume
that the goal of the ideal MHD stability
analysis is to find an operational point in
the parameter space that is not affected
by any instability and has as high as pos-
sible plasma performance. While this is
generally true, certain instabilities can be
manageable to some extent and may even
enhance plasma performance, depending
on their location and extent. Therefore, the
primary objective is to achieve a thorough
understanding of the pedestal and its stabil-
ity, rather than striving for complete stability
under all conditions.

Pressure Driven Modes

Equation (2.44) shows that an MHD in-
stability either originates from the pressure
gradient or from the parallel current density.
The pressure driven instabilities depend on
the orientation of the pressure gradient and
the magnetic field curvature. Because the
mutual orientation of these vectors causes
the instability to localise on the LFS, these
modes are called ballooning modes. But
first, we set the toroidal geometry aside,
and focus on a more general case. In
the MHD framework, illustrated in figure
2.7, a layer of plasma with higher pres-
sure can interchange with a layer of lower
pressure. If this exchange reduces the po-
tential energy by shortening the magnetic
field lines. The reduction in potential en-
ergy that results from the magnetic field
line shortening enables the perturbation to

grow. The destabilising energy term for
pressure-driven modes is expressed as

dp Re

AWy ~ ar 2

where R, represents the destabilising

curvature.  The stabilising term, which

arises from the energy associated with field

line bending, is given by

(2.45)

BZ
AW, ~ k”p—TK2. (2.46)
0

Here, k” denotes the parallel component
of the propagation vector. At the resonant
surfaces, the stabilising energy vanishes,
allowing pressure-driven modes to propa-
gate slowly with long wavelengths along
field lines where there is no line bending,
and rapidly with short wavelengths in the
perpendicular direction. As a result, these
modes become strongly localised in radially
narrow regions around resonant surfaces,
where q= % is a rational number.

For further simplification, the extreme
case where n — oo is considered. In this
limit, the radial extent of the modes ap-
proaches zero. Stability is thus calculated
independently for each flux surface. This
type of analysis will be of great significance
in the rest of this thesis and will be referred
to as local ballooning stability.

The calculations are performed in a coor-
dinate system (U, 8, {), where | represents
the flux surface, 8 is the poloidal angle, and
( is the toroidal angle. The perturbation
quantity is introduced as X = RBg§y,. The
curvature K is decomposed into normal and
parallel components in this coordinate sys-
tem, commonly referred to as the normal
K, and geodesic Kg curvature, respectively.
An expression for AW is reformulated in
the new coordinate system, incorporating
the previously introduced definitions of the
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Figure 2.7:
pressure gradient Vp are both pointing in the same direction. In the left panel, the initial state of the
system is shown. In the right panel, because it is energetically favourable, the high pressure plasma
region interchanges with the vacuum region, leading to lower potential energy due to shortening
of the magnetic field lines. Here, vacuum is used as an example, however the same process can
happen at any pressure gradient.

relevant terms, to assess the stability of
localised pressure-driven modes:

B? 2
AW = n/ddepJ{Fp—B% |k”X|
10 2 dp
n ¢M‘ B d¢<

pO'poIKgxax
2.47
2 na¢>} (247

2Rp2
+ R°B]

with poloidal current Ipo|, and toroidal
wave number n. Similarly to equation
(2.44), the stabilising terms representing
field line bending are the first and the sec-
ond term, containing only positive contri-
butions. In the third and the fourth term,
the orientation of the normal and geodesic
curvatures relative to the pressure gradi-
ent again determine the sign and, conse-
quently, their effect on stability.

In the simplified cylindrical geometry of
a screw pinch, field lines curve poloidally
but remain straight axially. A trial function
for this geometry can be substituted into

wnnova~ s o

Interchange instability in the bad curvature region where the curvature K and the

the energy functional, yielding the Suydam
criterion, which states that the plasma is

stable if
/ / 2
8o _ <ﬂ>
B2 g

Here, the right-hand side represents the
stabilising effect of magnetic shear, defined
as

(2.48)

Gt
q

In toroidal geometries, however, the
problem becomes more complex due to
the additional curvature that must be ac-
counted for. The resulting toroidal counter-
part to the Suydam criterion is the Mercier
criterion. For a tokamak that possesses
a large aspect ratio and a circular cross-
section, the criterion simplifies to:

(2.49)

I\ 2

SHo¥P | _ 2y « <%> . (2.50)

82

The pressure gradient Vp typically remains
negative throughout the plasma profile, with
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pressure peaking at the core. Conse-
quently, if g > 1, which must be the
case for other stability reasons, the left-
hand side of the inequality will invariably
be negative, thereby ensuring the stability
of the plasma. However, it is important to
note that this criterion is merely a necessary
condition.

To comprehensively consider the toroidal
geometry, one must account for modes that
are not perfectly aligned with the magnetic
field lines. Such misaligned modes can
couple, leading to a small but finite k”. As
a result, perturbations may localise in re-
gions of unfavourable curvature, where their
influence exceeds that of pure interchange
modes. These localised instabilities, pre-
dominantly manifesting on the low-field side
(LFS), are referred to as ballooning modes.

Given a finite poloidal coordinate X, en-
suring the necessary periodicity of the func-
tion is challenging. To resolve this, an ex-
tended poloidal coordinate | is introduced,
which corresponds to the arc length along
a surface. This technique, known as the
ballooning transformation [49], yields the
following expression:

o [ (ks +KDBp ox
ol B2 ol
| 2HoRdp

B2 dy
In this formulation, k, and k, denote the
mode propagation wave numbers in the
tangential and normal directions, respec-
tively. The stability of the system is deter-
mined by the behaviour of the solution: if X
rapidly decays for | — oo Or | — —co without
reaching zeros, this indicates a ballooning
stable plasma; otherwise, the presence of
zeros suggests instability.
In practice, the stability of ballooning
modes is typically assessed through numer-
ical methods. However, for a large aspect

(K2K, — KikoKgX = 0. (2.51)

ratio tokamak with a circular cross-section,
an explicit approach is feasible. While such
an analysis involves significant simplifica-
tions, it offers valuable conceptual clarity
about the behaviour of ballooning modes.
The result can be summarised by the fol-
lowing equation:

a% [(1 - /\2)% a(Asin® + cosB)X = 0,
(2.52)

where
N\ = sB — asinB. (2.53)

In this expression, B represents the poloidal
angle of a circular cross-section, s is the
surface-averaged global magnetic shear,
and a is the normalised pressure gradient,
which causes destabilisation. The parame-
ter a is defined as:

240 av< v >1/2 op

(2m?2 o \ 2m2R, o’

(2.54)

for general tokamak geometry, or in a more

simplified form, for a large aspect ratio
tokamak with circular flux surfaces.

_ 2HoRo op

(2.55)

The impact of s and a is visualised on
an s-a diagram (see figure 2.8), where
the stability boundaries are plotted. This
diagram divides the parameter space into
three distinct regions, categorising the sta-
bility of ballooning modes based on these
two key parameters.

The first stability region is characterised
by high magnetic shear (s) combined with
a low-pressure gradient (a). In this regime,
the stabilising influence of favourable aver-
age curvature dominates. Enhanced shear
increases field line bending, which strength-
ens stability, whereas a rising pressure gra-
dient works in the opposite direction by en-
hancing instability. However, stability can
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also be achieved under conditions of low
average shear, giving rise to the so-called
second stability regjon.

Although the magnetic shear is treated
as a flux surface averaged quantity in prior
equations, its value can vary significantly at
a local level. This variability is expressed
in the s—a equilibrium through the term
asinB (see equation 2.53), which accounts
for the local modification of the shear along
a flux surface due to the Shafranov shift.
In regions of unfavourable curvature, the
shear may become locally large and neg-
ative, reducing the averaged value. Despite
this reduction, negative shear can stabilise
ballooning modes, as it is actually s? that
contributes to the stabilisation (see the first
term of equation (2.51) This stabilising ef-
fect creates a magnetic well, offering an
explanation for the presence of the second
stability regjon.

The region of instability separates the two
stable regimes in the s—a diagram when
the flux surfaces are circular and perfectly
concentric (illustrated in green in figure
2.8). However, when the Shafranov shift
is included, it modifies the s—a equilib-
rium by shifting the unstable region upward
in the diagram. This shift allows a direct
connection between the first and second
stability regions (depicted in red in figure
2.8). Moreover, by varying the shaping
parameters of the plasma, the size of this
connecting region can be further increased,
shown with the darker striped red region in
figure 2.8, enhancing the accessibility of
the second stable region.

Current Driven Modes

While pressure-driven modes, especially
ballooning modes, have been discussed
in detail due to their critical role in this
particular work, especially in the context
of the chapters 5 and 6, it is important

1st stable

global surface average shear s

2nd stable

A\

normalised pressure gradient o

Figure 2.8: Schematic representation of the
ballooning stability in an s-a diagram. The two
stable regions are shown in green, and the
unstable in red. The striped area shows the
unstable region if Shafranov shift and higher
shaping are taken into account.

to briefly address current-driven modes.
Though their direct impact on stability may
not be the primary focus of this thesis, their
relevance becomes apparent when consid-
ering the coupling of a particular kind of cur-
rent driven mode, the peeling mode, with
ballooning modes. This coupling can sig-
nificantly influence plasma behaviour, par-
ticularly in the edge and pedestal regions,
and current driven modes in this context
become significant. In equation (2.44),
our initial focus was on the term involving
the pressure gradient. We now analyse the
second term, which describes instabilities
driven by the parallel component of the
plasma currentj”, along the magnetic field
lines. These current-driven instabilities can
arise even in plasmas with zero pressure
gradient. However, such scenarios are not
particularly relevant for our study. At the
plasma edge, where this thesis heavily fo-
cuses, a certain kind of current develops,
called the bootstrap current, as a direct
consequence of the pressure gradient. The
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Figure 2.9: Drawing of a plasma column “kink-
ing” around a magnetic field line.  Figure
adapted from [41].

mechanism leading to this current is dis-
cussed in section 2.2.1 about the colli-
sional transport. For now, it is important to
know that the bootstrap current is propor-
tional to Vp. Thus, the coupling of pressure
gradients and consequent current becomes
the primary interest in this context.

Current-driven instabilities are commonly
referred to as kink instabilities (sketched
in figure 2.9) named for the characteristic
deformation of the plasma column, as il-
lustrated earlier in figure 1.3. Depending
on the location of this kinking deformation,
these instabilities are classified as either
internal or external kink modes. A specific
type of external kink instability is the peeling
mode, which usually occurs at the edge of
the plasma.

Analogous to the ballooning modes, one
can derive an energy functional for the peel-
ing modes and determine their stability by
minimising this functional. This analysis
yields the peeling stability criterion:

r 1 , Rs
a(g(1-4) v e i) >
j|]driven

> Rgs (2.56)

where we introduced the normalised pres-
sure gradient a in equation (2.54), s is

the magnetic shear defined in (2.49), A is
the amount of Shafranov shift illustrated in
figure 2.4, f, is the fraction of trapped parti-
cles, further explained in 2.1.2. Here j;yiven
is the parallel current density, but without
the bootstrap current and Pfirsch-SchlUter
current contribution, which has, due to its
dependency on a, been moved to the left
side of the inequality.

The first term in (2.56) is the Mercier
contribution to the stabilisation. The sec-
ond is the stabilising Pfisrsch-SchlUter term
that is strongly affected by the Shafranov
shift. The third term is negative, and there-
fore destabilising, and it is the bootstrap
current contribution to the drive of the peel-
ing mode. We can read from this that
the pressure gradient a can stabilise the
peeling modes, however this stabilisation
is limited on one side due to the boot-
strap contribution to the current density,
and on the other side due to the ballooning
modes. This coupling between peeling and
ballooning modes plays a crucial role in the
dynamics of the pedestal.

Mode Coupling and ELMs

The analysis of ballooning and peeling
modes has provided insight into the stability
limits of plasma at the edge, where both
the pressure gradient and current density
define the stable operating regjion, as illus-
trated in figure 2.10. The peeling boundary
is characterised by modes with relatively
low toroidal mode numbers, typically n<5,
whereas the ballooning boundary is associ-
ated with mode numbers n>15.

The dynamic process where the opera-
tional point moves in this j-a space de-
scribes to a large extent an ELM cycle. At
the plasma edge, steep gradients form due
to the suppression of turbulent transport, as
outlined in the introduction. These gradi-
ents in temperature and density combine
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peeling
unstable

W

ballooning
unstable

current density ji,,

normalised pressure gradient o

Figure 2.10: Peeling-ballooning stability model
to explain an ELM cycle. The red shows the
unstable and green the stable regions. The
striped area is the stable region if the plasma
has strong shaping. The numbers note three
stages of an ELM cycle: 1 - an increase in the
normalised pressure gradient, 2 - build up of the
bootstrap current, 3 - an ELM crash.

to create a steep pressure gradient. As the
pedestal pressure gradient builds up, the
stability trajectory moves towards higher q,
toward the ballooning stability limit. This
increase in pressure gradient causes the
bootstrap current to develop, leading to the
onset of peeling modes. At this point, the
coupling between peeling and ballooning
modes takes place, a highly abrupt process
that triggers a collapse of the pedestal and
resets the cycle. The region of stability in
the j-a space can be extended by shaping,
so that higher values of normalised pres-
sure gradient and current can be reached.

This model is well established [33, 34],
and has been particularly successful in de-
scribing the ELM cycle, specifically for large
type-I ELMs. Nonetheless, the peeling-
ballooning model does not fully account for
other ELM types, which are governed by dif-
ferent mechanisms. Despite its limitations,
the coupling between peeling and balloon-

ing modes remains critical, as it underpins
the basic mechanism behind ELM cycles.

2.1.4 Codes

A large part of the analysis in this thesis
focuses on the local n — oo ideal balloon-
ing stability that was numerically calculated
with HELENA code[50, 51], for which an
overview is given in this section. Global
peeling-ballooning stability was also calcu-
lated with the code MISHKA [52] that will
also be briefly described.

HELENA

To obtain higher-resolution equilibrium flux
surfaces, the HELENA code [50, 51] is used
to solve the Grad-Shafranov (GS) equation
(2.34) for a toroidal axisymmetric plasma
with a fixed boundary. The GS equation
is normalized using three scaling parame-
ters: the plasma boundary minor radius a
as the length scale, the vacuum magnetic
field By at the plasma centre R, and the
total poloidal flux per radian at the plasma
boundary. These parameters normalize the
pressure gradient p(y), the diamagnetic
profile F({), the toroidal current density
Utor)(P), and the total plasma current Ip.

Additionally, the plasma boundary coordi-
nates, originally in (R, z), are scaled relative
toaasx = (R—Rg)aandy = z/a. This
normalization transforms the GS equation
into a dimensionless form:

1 1
AP = —Z(1+e)?p'(Y) = ZFD)F() =
= —%(1 + &X)jior  (2.57)

where € = a/R, is the aspect ratio and
" denotes a derivative along (. From the
equation (2.57) it is evident that solving it
requires a combination of two out of four
possible input profiles: the diamagnetic
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profile F(U)F(Y)’, the pressure gradient p,
the toroidal current density j;,, or alterna-
tively the safety factor q.

The problem is then solved by the finite
elements method, where in each element,
a coordinate system is locally formulated in
such way, that the straight field line con-
figuration is achieved. The function is then
interpolated using the bicubic Hermite ele-
ment functions, so that inside the element
boundaries the function is continuous.

Because HELENA is a fixed boundary
solver, it also requires a predefined last
closed flux surface, additionally to the in-
puts listed. The last closed flux surface
naturally lies inside the separatrix, and it
therefore defines the computational do-
main avoiding the X point. As an initial
guess, HELENA makes a set of nested
flux surfaces simply as down-scaled plasma
boundaries, and then iteratively solves the
GS equation until it converges to a flux sur-
face grid that is sufficiently accurate, given
the input profiles.

Aside from reconstructing the equilib-
rium, HELENA also provides a range of out-
puts concerning the MHD. The most impor-
tant output for this thesis is the marginal
ballooning stability for local Ideal Balloon-
ing Mode (IBM)s. In HELENA, Suydam
method®, developed for a cylinder, is ap-
plied to the ballooning equation (2.47)[53].

The MHD energy functional is written as

L 2
6W=/O [F(I)(%) +G(I)f2]dl

(2.58)
with F(I) and G(l) representing functions that
depend on the pressure profile and the
magnetic field and f is the amplitude of the
perturbed displacement. In the cylinder, |
is the radial variable and L is the plasma
column radius.

5 Not to be confused with Suydam criterion given in
equation (2.48).

The variables are then replaced by their
centred finite difference expressions and
arranged to complete squares, resulting in

N
6W = Z ai(bi)2 (259)
i=0
2
2.
aQ = A — —oli_ll (2.60)
A
b =T + %*ilfiﬂ (2.61)

where the coefficients A;; are given as

1
A = E(Fi—1/2 + Fir12)
Af
+ Z(Gi—1/2 + Gi1q0) (2.62)

If all coefficients q; in equation (2.59) are
positive, SW remains positive, which means
that the plasma is stable. On the other
hand, because in the model resistivity is
set to O, any q; coefficient that is negative
indicates that a part of the spectrum has
an exponential growth without dissipation,
and eventually it dominates the solution.
The plasma is then considered to be un-
stable. Thus, it is not necessary to solve
for the eigenfunctions b;; calculating the
coefficients g; suffices. However, in toroidal
geometry, L approaches infinity, resulting
in an ever-increasing number of q; coeffi-
cients. Consequently, the Suydam method
becomes as computationally intensive as
conventional numerical methods for solving
this problem in toroidal geometry. To make
this approach practical, a maximum value
for L must be established.

The procedure in the toroidal geometry
then works as follows: First a large value
of L is taken (about 10%) and the stability
is checked on all flux surfaces with a large
step Al. Next, surfaces that are around the
stability boundary, obtained in the previous
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step, are analysed again using a smaller
mash size. This iteration is continued until
the stability boundary remains the same for
the further reduced Al.

This method is integrated into HELENA,
and it enables very efficient calculation of
the ballooning stability, allowing for easy
testing of different scenarios. Its applica-
tion makes a detailed analysis of the topics
discussed in chapters 5 and 6 possible.

MISHKA

To calculate the peeling-ballooning stability,
we use the MISHKA code [52]. This code
employs the set of linearised MHD equa-
tions, where the resistivity of the plasma is
neglected, and only ideal MHD is employed.
The method assumes small perturbations
and treats the plasma as a single fluid,
implying a net charge density of zero. The
problem is also simplified by assuming the
equilibrium velocity is zero and considering
only a pressure perturbation p4, rather than
separately accounting for density and tem-
perature variations. Additionally, plasma
pressure is assumed to be isotropic, so only
the scalar p is used.

By linearising the previously described
MHD equations, the following eigenvalue
equation is obtained:

~ 1 = =
ApoVy = H_o(v X Bp) x (Vx Aq)

B )
- p—o x (VxVxA)—Vp; (2.63)
0

}\pl = —(Vj_V)po — rpO(V . Vl) (264)
7\/&1 = Vl X §O (265)

Here, A is the eigenvalue, and the per-
turbed magnetic field El IS expressed in
terms of the perturbed vector potential Kl
as By = V x A,. The parameter I is the
adiabatic constant. The perturbed velocity

is denoted by v4, while pq and p, represent
the equilibrium and perturbed pressures,
respectively. The equilibrium mass density
is given by pg.

Equation (2.63) is derived from the force
balance equation (2.19) and Ampere’s law
(2.22); equation (2.64) originates from
the adiabatic equation (2.20) and the
mass continuity equation (2.15); and equa-
tion (2.65) is obtained from Faraday’s law
(2.23), Ohm’s law (2.21), and Ampere’s
law (2.22).

The MISHKA code solves this eigenvalue
problem for 7\1, V4, and pq, providing in-
sights into the stability of the system. The
growth rate is determined as y = Re(A\) £
Im(A). In ideal MHD, the eigenvalue A is
purely real, meaning the instability grows
without oscillating. Thus, the growth rate
can be directly obtained from the eigen-
value.

Next, one can apply the j-a routine. Here,
the toroidal current density j;,, and the nor-
malised pressure gradient a are scaled in a
certain range (for example multiply each Vp
and jior profile with [0.6,0.8,1,1.2,1.4]),
creating a grid of input combinations. The
unscaled profiles are referred to as the op-
erational point. For each grid point, the
equilibrium is re-determined for the scaled
profile of j and a and the growth rate is
computed.

At some point, the growth rate begins
to increase rapidly with small changes in
j or a. This typically occurs when y =
0.04 w,, where, w, is the Alfvén frequency.
While this threshold is somewhat arbitrary,
it generally aligns well with observations.
However, it is important to also carefully ex-
amine the growth rate behaviour to confirm
that this value truly represents the stability
limit.
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2.2 Plasma Transport

We have now described the MHD frame-
work that provides us a robust basis with
its macroscopic description of plasma equi-
librium, global dynamics and stability. We
have however made several simplifying as-
sumptions, more specifically, we have ne-
glected the finer, small-scale processes at
play. Additionally, we have focused on the
pressure and have not committed much of
our attention to different ways that den-
sity and temperature can change individ-
ually and how the particles and heat are
transported across magnetic surfaces. In
real plasmas, transport phenomena - both
collisional and turbulent - play a critical role
in determining overall plasma performance.
These processes govern the movement of
particles, momentum, and energy across
magnetic flux surfaces, influencing the evo-
lution of Kinetic profiles.

In the following section, we shift our focus
to the mechanisms of transport in mag-
netized plasmas. These processes com-
plement the model laid out by the ideal
MHD and provide the underlying drivers of
observed phenomena such as pedestal for-
mation at the plasma edge.

2.2.1 Collisional Transport

Even though charged particles are restricted
by the magnetic fields, because of the radial
transport, they can move across the mag-
netic flux surfaces. The processes respon-
sible for the radial outward transport of par-
ticles and energy are generally categorised
as either collisional or turbulent.

In a plasma, density and temperature
gradients naturally develop, driving diffusion
processes in accordance with Fick’s law,
which results in particle fluxes

= —-DV,n+nV, (2.66)

where D is the diffusion coefficient and V
the convective transport due to the directed
motion. Heat flux is calculated as

Q = —xnVT, (2.67)

where x is the heat diffusivity. To de-
termine the diffusion coefficient D and
the thermal diffusivity x, we must identify
the transport mechanisms responsible for
these fluxes.

Classical Transport

Classical transport arises because the ions
and electrons collide in their gyro motion,
which can be treated as the random walk
due to Coulomb collisions between parti-
cles. To describe this motion, we use the
characteristic spatial and temporal quan-
tities: Larmor radius r, representing the
spatial scale of the motion, and the colli-
sion frequency v, which is the inverse of
the characteristic time between collisions T.
Using these scales, the classical diffusion
coefficient can be expressed as

?
e GO
Dclass - Teiic - rL(e,i)Vei,ie’ (2.68)

and in the presence of a density gradient,
a particle flux is driven by this diffusion.
Note that because the particles are gyrating
on the magnetic flux surfaces, they can only
escape the magnetic field line if they expe-
rience a collision. Because of the conserva-
tion of momentum, a collision between two
particles of the same species would only
lead to them switching places and there
would be no effective particle flux. Because
of this, the collisional diffusion of electrons
with the Larmor radius r|_o happens with the
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frequency that electrons collide with ions vg;
and vice versa. If only two particle species
are considered, the diffusion is ambipolar
for the electrons and ions because ri2 =
(mi/me)rg and Vi = (Mg/m;)V,; so the mass
dependent factor cancels out. Similarly,
the transport of energy uses the same ran-
dom walk argument as

X =1,V (2.69)
with the species a Larmor radius r and the
collision frequency between spemes a and
species b proportional to

Vap & 22Z \/ma p/Mg (2.70)
where mg, = (mymy)/(m,; + my) is the

reduced mass and Z the particle charge.
From this follows that

Me
Xee ® Xei ® Xie & WI if (2.71)

therefore, the classical collisional heat con-
ductivity is significantly higher for ion/ion
collisions.

In the toroidal geometry of a tokamak,
the collision frequency resulting solely from
Coulomb collisions is inadequate to fully
describe the amount of actual transport.
The radial transport is significantly higher,
requiring the inclusion of additional effects.

Neoclassical Transport

When the toroidal geometry of the magnetic
field lines is included in the calculation of
the collisional transport, several adapta-
tions to the diffusion coefficients need to
be made. This type of transport is called
neoclassical transport [54, 55]. The most
significant effect comes due to formation
of magnetic mirrors in the typical tokamak
geometry. This is illustrated in figure 2.11.

To understand this effect, we must first
consider that the conservation of energy
E=1/2(vﬁ +v2) and the invariance of the

magnetic moment y = mvi/2B which is
constant in plasmas with slow variations of
B.

Here it should be noted again, that the
magnetic field strength B, decreases with
the major radius R, following a 1/R de-
pendence. As a particle travels from the
low-field side (LFS) to the high-field side
(HFS), B increases. Due to the invariance of
the magnetic moment, {, the perpendicular
velocity component v, increases, while the
conservation of total energy causes the par-
allel velocity V) component to decrease. If
V| = 0, the particle cannot follow the mag-
netic field line, and this results in the parti-
cle being reflected before completing a full
poloidal orbit, as illustrated in figure 2.11.
Such particles are called trapped particles.
Because of the poloidal projection of these
trapped particles, (2.11 right panel) the
characteristic paths of trapped particles are
called banana orbits. The trapped parti-
cles significantly increase radial transport.
On the other hand, the particles that have
enough parallel velocity to overcome the
mirror effect are called passing particles.
The characteristic length needed to deter-
mine the diffusion coefficient is then given
by the banana orbit width

b & ML pol VEQ (2.72)
Here, r_ o represents the poloidal compo-
nent of the Larmor radius, and € denotes
the inverse aspect ratio of the tokamak,
defined as € = %, where a is the minor
radius and R is the major radius. Since
€ < 1 and g>1, the banana orbit width is
significantly larger than the Larmor radius.

The trapped particle fraction is approxi-



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

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

[ 3ibliothek,
Your knowledge hub

2 THEORETICAL AND NUMERICAL BACKGROUND 41

y[m]

1.00¢

0.50}

-0.50 ¢}

-1.00 ¢

Figure 2.11: Toroidal (left) and poloidal (right) projection of trapped particles in purple and passing

particles in green.
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G

where R, is the major radius at the mag-
netic axis for a cylindrical plasma.

mated as

(2.73)

Bootstrap Current

The bootstrap current® has been mentioned
several times, especially in the context of
MHD and peeling-ballooning stability. The
actual mechanism behind it can be formu-
lated as follows:

Consider a density gradient pointing to-
ward the plasma core and two neighbouring

6 The name of the bootstrap current already hints
at its function, since it comes from the phrase from
19th century physics text books that ask why some-
one can not “pull themselves up by their bootstraps”.
The name is used to illustrate how plasma creates its
own current. And a bonus fact: the phrase “booting”
a computer has the same origin.

banana orbits, shown in figure 2.12c. Ex-
amining the surface between these orbits
reveals that more ions move in the upward
direction than downward. This distribution
is shown in 2.12a. The electrons have an
opposite drift because of the mirror effect,
and they will, contrary to ions, be more
populated in the downward direction. Due
to collisions, the distribution at the critical
parallel velocity is continuous, as can be
seen in figure 2.12b. This phenomenon is
known as the banana current.

Passing particles then gain extra mo-
mentum in the same direction, generating
an additional secondary current, which is
called the bootstrap current j,s [56-58].
The bootstrap current can be approximated
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as [b71]:
. F(U) dn
dT i
+0.69n—=< — 0.42n@] (2.74)
dy dy

with B=(Bmax — Bmin)/(Bmax + Bmin). More
complex and accurate descriptions of j
can be found in [56] and [58].

This current has many significant roles in
a tokamak, and it was previously mentioned
in the context of MHD. It will also play a
crucial role in the analysis presented in the
following chapters, as it strongly influences
plasma stability and confinement.

a) S banana
passing trapped passing |- Vi current
R A
“‘\.v Wk
b) bt
1 ogi
H "‘_. ¥
electrons gl
. v.l"'b: P/
A
0 e

parallel velocity

Figure 2.12: Mechanism of the bootstrap cur-
rent: a) shows the distribution function depend-
ing on the parallel velocity and the trapping of
ions, without including the effect of collisions, in
b) different distributions of ions and electrons,
also considering collisions are shown. In c)
two neighbouring banana orbits illustrate the
banana current mechanism.

Collisionality regimes

Depending on the frequency of collisions,
plasma exhibits different regimes regarding
its diffusion coefficient. The collisionality

(V) of species a is a dimensionless param-
eter that quantifies the impact of collisions
on transport. It normalises the collision fre-
quency to some characteristic time. There
can be different normalisations depending
on the plasma region or the effect that is
described with v*. In the pedestal it is often
defined as as the ratio of the effective col-
lision frequency (v,) to the trapped particle
bounce frequency (Wpgynce):

Va _GOR

V* = =
EWpounce 53/2Vth,a

a

v,  (2.75)

where vy, 5 is the thermal velocity of the
species, € is the inverse aspect ratio, g is
the safety factor, and R is the major radius
of the tokamak. The effective collision fre-
quency v, accounts for collisions of species
a with itself and with other species. It is
given by:

Va = > Vap, (2.76)
b
where v, represents the binary collision
frequency between species a and b:

v = avamet [ mamy Z3Z% n, A
ab = 3\ m, +my, m, T3/2 @
(2.77)
Here, m is the mass, Z is the atomic
number, n is the density, T is the tempera-
ture, and A\, is the Coulomb logarithm. The

Coulomb logarithm is expressed as:

Ay = 23.46—In <zasz§/2\/naz§ + nbz§>
(2.78)

Collisionality is directly proportional to the
density and inversely proportional to the
square of the temperature. As collisions are
the primary mechanism for de-trapping par-
ticles, the transport behaviour is influenced
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Figure 2.13: Diffusion coefficient in depen-
dence on collisionality shown as the black line.
Collisionality regimes marked as yellow, gray
and green area. Its individual components,
banana diffusion, Pfirsch SchlUter diffusion and
classical diffusion are shown as yellow, green
and purple lines on the plot.

by the collisionality regime. Depending on
whether trapped or passing particles dom-
inate, three distinct collisionality regimes
can be identified, each affecting the diffu-
sion coefficient differently.

Banana regime

For low collisionality (v* <« 1), the trapped
particles complete multiple banana orbits
before undergoing collisions. This regime,
known as the banana regime, is character-
ized by a neoclassical diffusion coefficient
Dneo,g: Which can be expressed as

2
q
Dneo,B = wéveﬁft@Dclass (2.79)
In the banana regime, the diffusion co-
efficient is significantly larger than the clas-
sical diffusion coefficient and depends lin-
early on the collision frequency.

Plateau Regime

For medium collisionality (1 <« v* <« €~%/2),
the bounce frequency of trapped particles
is approximately equal to the collision fre-
quency. This regime is referred to as the
plateau regime, as the diffusion coefficient
becomes independent of the collision fre-
quency. The neoclassical diffusion coeffi-
cient in this regime, D¢, p, IS given by

Dreop = vthrf%, (2.80)

where vy, is the thermal velocity.

Pfirsch-Schluter Regime

For high collisionality (v > £~%2), colli-

sions occur frequently enough that particles
are scattered before completing their ba-
nana orbits. This regime is known as the
Pfirsch-Schllter regime, and the diffusion
coefficient, Dpeq ps, IS given by

Dheo,ps = qerV = qucIass’ (2.81)

The neoclassical diffusion coefficient is
calculated as the sum of the three contri-
butions, shown in figure 2.13.

Despite the neoclassical diffusion being
significantly larger than the classical trans-
port, it mostly remains largely insufficient to
account for the observed profiles, indicating
the presence of additional transport mech-
anisms, such as turbulence. Turbulence
is typically the primary contributor to the
outward particle and heat transport. How-
ever, in the regions where turbulence is
suppressed, like for example in the pedestal
- the main focus of this thesis - collisional
transport is still significant or even domi-
nant, especially for the ion heat transport
(see equation (2.71)). Additionally, be-
cause of the Z2 dependence of the collision
frequency, neoclassical transport is crucial
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for the transport of heavier impurities that
also strongly influence the development of
plasma [59-61].

2.2.2 Turbulent Transport

Turbulent structures in a tokamak account
for a significant amount of radial transport.
As already mentioned, turbulence is sup-
pressed in the pedestal region to a various
extent. Interestingly, exactly because of this
suppression, the gradients in density and
temperature reach their maximum and drive
the turbulence. Yet, the additional mech-
anisms suppressing turbulence are even
more dominant - a topic explored in the next
section.

The turbulent motion is very challenging
to model because it spans a large range of
scales, from small structures in the range
of electron gyro radius, to eddies compara-
ble to the system size. Its highly complex
structures strongly influence particle and
heat transport in the plasma, which in turn
changes the turbulence drive, creating a
non-linear system. Turbulence, in a plasma
or in a neutral fluid, is also fundamentally
unpredictable on an individual particle level,
due to the chaotic and complex motion.
Previously derived equations of motion for
individual particles are therefore insufficient
to describe the system, and a statistical
approach that relies on various distributions
is once again crucial for successful interpre-
tation and prediction of plasma behaviour.
Despite impressive work done on under-
standing turbulence physics, because of its
immense complexity, in both modelling and
diagnosing, we sometimes have to settle for
educated estimates in our analysis. Unlike
in a standard fluid, modelling turbulence
in a plasma has many additional obstacles
due to the electro - magnetic interactions
between particles and waves. The inter-

actions can serve as a sink of free energy
such as for example Landau damping [62,
63], or be resonant and enable the turbu-
lence. Depending on the resonance con-
ditions, the turbulence is classified as slab
mode (parallel motion of passing particles),
toroidal mode (magnetic drift of passing
particles) or trapped particle mode (toroidal
precession of trapped particles) [64].

If we trust MHD to handle all the large
structures, and it declares everything MHD
stable, the density and temperature gradi-
ents can still drive microscopic turbulence.
When analysing microturbulence, we ap-
ply the same principles as we did in sec-
tion 2.2.1: we are asking what happens
if we introduce a small perturbation to the
equilibrium? Does it get damped and die
out, does it keep oscillating around the
equilibrium, or does it exponentially grow?
Unlike in the previous section, we are not
applying the MHD equations, but using the
more scale-appropriate approach - gyroki-
netics. Microturbulence is characterised by
the small length and time scales relative to
the overall system dynamics, yet their scale
remains large enough to average out the
gyromotion effects, making the gyrokinetics
particularly suitable for studying them. This
frameworK is used in chapter 7, and it will
be introduced in section 2.2.2.

Another similarity with the ideal MHD sta-
bility analysis emerges: even though linear
analysis is strongly simplified, it is valu-
able. Not only for faster computation, but
also because the stability of a perturba-
tion can be assessed by solving a system
of linear equations with the wave ansatz,
which is not applicable in non-linear dy-
namics. From such analysis, we derive a
complex dispersion relation, which provides
valuable insights into the stability behaviour
of various modes. The dispersion relation
is defined with its characteristic quantities,
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such as the wave number k and the com-
plex frequency w, which comprises a real
frequency component and a growth rate
y. The unstable mode shows exponential
growth. While linear differential equations
combined with a wave ansatz provide a
numerically straightforward way to analyse
linear stability, they cannot completely cap-
ture their suppression and the saturation
processes [65].

This limitation means that linear meth-
ods, though useful, miss some key dynam-
ics, underscoring the need to complement
them with nonlinear approaches. This the-
sis focuses exclusively on the local linear
treatment of microturbulence, leaving the
nonlinear aspects for separate, more com-
prehensive studies. Fortunately, through
close collaboration, insights into the global
nonlinear processes are being actively pur-
sued, and answers will soon be available
elsewhere [66].

Instability Mechanisms

Before delving further into the numerical
techniques of studying microturbulent ac-
tivity of the plasma, let us go through an
overview of the key instability types rele-
vant to our discussion and summarise the
physics that drives them, to set the stage
for the analysis in the following chapters.

* Interchange instability
Not many pages ago, we discussed the in-
terchange instability from an MHD perspec-
tive (figure 2.7). The same instability can
also be examined using a kinetic descrip-
tion, which, while differing in framework,
captures the same underlying physical phe-
nomenon.

In this simplified scenario, illustrated in
figure 2.14, we assume a pressure gradi-
ent between plasma and vacuum (though,
it can be between any two regions of
high/low pressure) and a perturbation be-

Figure 2.14: Kinetic description of an inter-
change instability. Upper panel shows the re-
gion of bad curvature and lower panel the regjon
of good curvature. The effect of the interchange
on the perturbation is illustrated with dashed
lines.

tween them. For this instability, it suf-
fices that the perturbation lies within the
plane and requires no parallel component.
When magnetic field lines bend inward to-
ward the plasma, the resulting centrifugal
acceleration, shown by the purple arrows
in figure 2.14, acts outward. The outward
centrifugal force induces a curvature drift,
causing charge separation within the per-
turbation, marked as red and blue charges.
This charge separation generates an elec-
tric field, which, combined with the mag-
netic field, drives an E x B drift.

The E x B drift can either dampen or
amplify the perturbation, depending on the
curvature direction, bad curvature shown
in the top panel in figure 2.14 and good
curvature, shown in the bottom panel. In
regions of good curvature (HFS), the drift
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smoothens the pressure perturbation, sta-
bilising the system. In regions of bad cur-
vature (LFS), the drift enhances the per-
turbation, destabilising the plasma. Con-
sequently, magnetic field lines interchange
between the plasma and vacuum regions,
effectively swapping two flux tubes and low-
ering the system’s potential energy. As a
reminder, the characteristic of the inter-
change modes to be localised at the LFS
is called ballooning.

* Drift wave instability
To understand the drift wave instability, let
us first consider a stable drift wave in figure
2.15. A density perturbation occurs with a
parallel dimension along the magnetic field
lines, illustrated as two planes along the
magnetic field lines that are out of phase.
This perturbation creates a density gradi-
ent along B between two planes. Due to
their lower mass and therefore lower inertia,
electrons respond much more quickly to
this gradient compared to ions, and follow
the magnetic field line faster to the region
of less density. Consequently, a charge
separation temporarily forms.

This charge separation establishes an
electric field E, which in turn generates an
E x B drift. Since the E x B drift is charge-
independent, it causes the entire plasma
to move. Oppositely directed electric fields
along the wave result in varying small dis-
placements, effectively shifting the density
perturbation. The resulting shift in the den-
sity perturbation is depicted as dashed lines
in figure 2.15.

If the plasma potential and density per-
turbation remain in phase, characteristic
of adiabatic electrons, this setup leads to
a marginally stable wave that neither dis-
sipates nor grows. However, when there
is a phase delay in the electron response
to the plasma potential perturbation, the
density and potential become misaligned.

This phase difference drives the instability,
as the shifted density enhances the original
perturbation rather than damping it. The
instability arises due to the delayed electron
response, transforming a stable wave into a
growing perturbation.
* Tearing modes

The tearing instability results from deforma-
tions in the magnetic field configuration. A
perturbation in the parallel current alters
the local magnetic topology, resulting in the
formation of a magnetic island (see figure
2.16). The magnetic island introduces its
own X-points and flux surfaces. Due to
the rapid transport along flux surfaces, the
island creates a radial shortcut, connecting
regions that would otherwise remain sepa-
rated by multiple flux surfaces. This process
flattens the pressure gradient within the
island. The reduced pressure gradient di-
minishes the parallel current via MHD force
balance, further amplifying the island and
enabling its growth. This instability is most

> —
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Figure 2.15: Drift wave illustration. Two panels
represent two wave cross-sections along the
magnetic field line B. the effect of the drift wave
on the perturbation is indicated with the dashed
line. Figure reinterpreted from [46].
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likely to occur at low-order rational sur-
faces, meaning magnetic field lines close
on themselves after a few toroidal rotations.

They however also appear both in micro-
scopic and macroscopic scale. In the case
of large islands, particularly in Neoclassi-
cal Tearing Modes (NTMs), this mechanism
can significantly impact plasma stability and
transport. Such instabilities may escalate
to major disruptions, posing challenges to
maintaining confinement.

Classification of Microturbulence

When analysing the microturbulent trans-
port, one looks into several characteristic
quantities:

1. frequency - depending on its sign, we
can conclude if the instability is prop-
agating in the electron or the ion dia-
magnetic drift direction (figure 2.2)

2. size - the size of the mode is usu-

Figure 2.16: lllustration of a tearing mode.
On the left, ordinary magnetic field lines with
a gradient in pressure are shown. On the
right, a chain of magnetic islands with their
magnetic topology, building a tearing instability,
is sketched. Regions of the plasma between
high and low pressure that would be separated
by several magnetic field lines are now closer
together and are mixing inside the magnetic
island.

ally estimated with its ky,p* component,
where Kk, is the wave number in the
binormal direction (normal to the ra-
dial direction and to the magnetic field
lines) and px = p;/a is the ratio of the
ion gyroradius p; and the minor radius
of the plasma a. This characteristic
length varies from sizes comparable
to the ion gyro-radius, to the scale of
electron gyro-radius

3. diffusion ratio [67] - using only quasi-
linear models (discussed in the sec-
tion 2.2.3) we can not make conclu-
sions on the absolute values of elec-
tron and ion heat fluxes and particle
fluxes, however we can estimate their
ratios, which can help us in identifying
the type of microinstability.

4. ballooning angle - the radial wave num-
ber at the outboard midplane defines
the tilt of the mode in the poloidal
cross-section and connects to the bal-
looning angle, which tracks how fluctu-
ations wrap around the torus.

These are only some of the criteria used
to identify different types of instabilities.
Additionally, one can numerically test the
sensitivity of different instabilities by doing
different parameter scans, for example by
scaling local B or collisionality. The main
types of instability, usually found in the
pedestal, are listed in the following, and
the summarised explanations in large follow
reference [48].
lon Temperature Gradient mode (ITG):
The microturbulent modes that are driven
by the ion temperature gradient are thought
to strongly contribute to the anomalous
transport of ion heat at lower values of
local B = p/(B%/8m). If the electrons are
adiabatic, ITG modes do not contribute to
particle and electron heat transport. The
perpendicular phase velocity of ITGs is in the
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ion-diamagnetic direction. They are consid-
ered to be relatively large modes, compara-
ble to the ion gyroradii with k,p* ~ 0.1 —1.
This microturbulence can have both an in-
terchange drive in the toroidal branch and
a drift wave drive in the slab branch. For
more information, see [68-70].

Electron Temperature Gradient mode
(ETG): In the idealised conditions, ETGs
[71, 72] are the analogue to ITGs, but
with reversed roles of ions and electrons
due to their different charge sign. They
are destabilised by the electron tempera-
ture gradient, and stabilised by the density
gradient. ETGs propagate in the electron
diamagnetic direction, and their size corre-
sponds to the size of the electron gyro ra-
dius, so significantly smaller than the ITGs,
with k,p* ~ 10 — 200. They are thought
to be responsible for a significant amount
of electron heat transport [73, 74]. ETGs
can also have an interchange or a drift wave
drive, depending on the characteristic of the
particle-wave interaction resonance.
Trapped Electron Mode (TEM): TEMs
arise if the electron response is not adia-
batic and the wave numbers that destabilise
it are in the medium range with kp =~
0.5 — 1.5, meaning that they can overlap
with ITG characteristic wave numbers. They
are destabilised by both electron tempera-
ture and density gradient. Its growth rates
can be decreased by increasing the collision
frequency due to de-trapping of particles
[75, 76].

Kinetic Ballooning Bode (KBM): Kinetic
ballooning modes [77-79] are of particu-
lar interest for this thesis. Their size is
comparable with the ion gyroradius, with
the wave number ranging from k,p; ~ 0.1
to kyp; ~ 1. The propagation of KBMs
is also in the ion diamagnetic direction.
They are destabilised by pressure gradient
and are therefore very sensitive to local

B. By increasing B, one goes from ITG
to KBM dominated transport. Since they
are driven by an interchange instability, they
have a strong dependence on curvature,
giving them a very pronounced ballooning
structure, giving them their designation.
Micro Tearing Mode (MTM): The micro
tearing modes are usually larger than the
ion gyroradius, however they propagate in
the electron diamagnetic direction. The
MTM is driven by the tearing mechanism
and destabilised by the temperature gradi-
ent and parallel current perturbations. They
are similar to the KBMs, but have a different
drive and direction of propagation.

Of course, this categorisation has a lim-
ited applicability, and the situation is more
intricate, as modes can couple and influ-
ence one another. Typically, our analysis
focuses solely on the most dominant insta-
bility — the one with the fastest growth rate
— while other, less prominent modes can
be overlooked.

Nevertheless, we can deepen our under-
standing of microturbulence and the result-
ing transport by analysing these phenom-
ena through the lens of gyrokinetics.

2.2.3 Gyrokinetics

As previously outlined, a straightforward
Newton-Maxwell system of equations would
suffice if we could compute a system
of 10%° equations while knowing the ini-
tial conditions for each individual particle.
Since this is impossible, statistical methods
are employed and instead of calculating
the motion of each individual particle, we
consider a distribution f, of species a. If we
assume that the phenomena of interest oc-
cur on timescales much shorter than those
of collisions, we can initially neglect colli-
sions and use the Vlasov equation (2.11).
Because the flow of energy in the system
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becomes essential in this framework, the
equations are formulated in terms of Hamil-
tonian mechanics as

of,
S +{faHa) =0 (2.82)

with the Poisson bracket {, -} in coordinates
(x,y) defined as
0AdB 0AoSB

(AB)= 222 _2°o2

OX oy  Jy ox (2:83)

and the Hamiltonian of collisionless motion

2
T AP

1
2m,

(2.84)

— awx
m,v — —A
a a C

where m, and g, are the charge and mass
of the particle species a, the light speed is
noted as ¢, ¢ is the electrostatic potential
and A is the vector potential for the mag-
netic field B = V x A. In the same way
as in the MHD, the moments of f, give the
particle density and the current density and
Iylaxwell equations are used to relate E and
B.

This leads to a kinetic model that, while
still six-dimensional (three spatial and three
velocity components), involves one equa-
tion per species rather than per particle,
which is a relief. To further simplify, we
adopt a gyrokinetic model. This reduction
requires several assumptions:

Wb, ﬁ _ VExB
wc k_[_ Vth

O(€) ~

Wyyrp. IS the characteristic turbulence fre-
quency, w; is the gyrofrequency, k; and
k, are the parallel and the perpendicular
components of the wave vector k, E x B
drift velocity must be much smaller than
thermal velocity, the perturbed density (n4)

and magnetic field (B4) must be much
smaller than their equilibrium values noted
with subscripted O and the Larmor radius p;
is much larger than the reference length,
usually minor machine radius. For micro-
turbulence, as described earlier, these con-
ditions usually hold, making the GK model
well-suited for its description. In GK, the
particle trajectory is separated into guiding
centre motion and the gyroradius, forming
the basis of the model.

The transition from a kinetic to a gyroki-
netic model involves a change of coordi-
nate system. In Cartesian coordinates, the
gyrating motion around the magnetic field
line is represented across all three axes,
making the system more complex to anal-
yse. By changing the coordinate system,
it becomes easier to evolve the system
while effectively simplifying the description
by "averaging out” one of the axes. This is
achieved by aligning the velocity coordinate
system with the magnetic field.

In the new coordinate system, one co-
ordinate, V”, represents the velocity com-
ponent along the magnetic field line. The
second coordinate corresponds to the size
of the gyroradius, which reflects the perpen-
dicular velocity, v,. Alternatively, the per-
pendicular velocity can also be represented
using the magnetic moment u = mv?/2B
as the second axis. This approach has
the advantage of conserving the magnetic
moment in slowly varying magnetic fields,
which can further simplify the model. Fi-
nally, the third coordinate is the gyrophase
B, which describes the angle within the
circular motion in the gyroradius. Since the
motion of the particle in the gyrophase is
very rapid, it is averaged out and 8 is ef-
fectively ignored. This transformation is ef-
fectively a cylindrical coordinate system that
follows the magnetic field line. It enables a
more efficient and focused study of plasma
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behaviour by filtering out fast gyration ef-
fects. By neglecting the gyrophase and
assuming the magnetic moment remains
constant, we derive a simplified form of
the Vlasov equation in this new coordinate
system, which is:

- dv

dt  dt dt oy
where F is the new distribution function,
and X represents the position in three spa-
tial coordinates. This formulation leverages
the new coordinates aligned with the mag-
netic field and incorporates the reduced
complexity due to the ignored gyrophase,
reducing the problem from 6 to 5 dimen-
sions.

The gyrokinetic approach reaches its lim-
its of validity if the electric and magnetic
fields are changing rapidly and disturbing
the gyromotion. Special care is also re-
quired when incorporating Maxwell’s equa-
tions, as electromagnetic effects challenge
this guiding centre approximation.

To discuss the limitations of gyrokinetics
in the pedestal, we focus on the last term in
equation 2.85, and consider the reference
length L, to be the gradient length for pa-
rameters like Tg, T;, or n, where the gradient
length of x is defined as x/Vx. Since the gra-
dients in the pedestal are typically steeper,
this reference length becomes smaller. In
this context, we are primarily concerned
with ions because, due to the mass differ-
ence, the ion gyroradius (p;) is larger than
the electron gyroradius (p,), which remains
quite small. Forions, p/L; can reach higher
values. While this is stiil small, there is
some debate about whether it is sufficiently
small for the assumptions to hold in the
presence of large structures. In this thesis,
particularly in chapter 7, where we present
results from gyrokinetic simulations, we as-
sume that p;/L; is sufficiently small to justify

0] (2.806)

the validity of the mode, and allows us
to make qualitative comparisons between
different shapes within a single discharge.

Another important element to the dis-
cussion is that, so far, collisions were not
included. Their re-introduction is especially
important in the pedestal, where the tem-
perature sinks and the collisions are much
more frequent. The collisions are also im-
portant for several reasons. Firstly, they
provide a mechanism for dissipation so that
the finite turbulence can reach a steady
state where their exploration is meaning-
ful. Another reason is including any kind
of neoclassical effect, which rely on exis-
tence of collisions. To address these issues,
there is usually a collision operator that is
introduced to the right side of the equation
(2.11).

2.2.4 Codes
GENE

To perform the gyrokinetic simulations pre-
sented in this thesis, the GENE code (Gy-
rokinetic Electromagnetic Numerical Experi-
ment) [71] was used. Specifically, the local
linear version of GENE was employed, as
advanced non-linear and global simulations
are beyond my expertise. While a detailed
theoretical exploration is outside the scope
of this work, some brief context is provided.

GENE is primarily used to simulate micro-
turbulence in plasmas and has been contin-
uously developed since around 2000, in-
corporating many features over time. The
linear version of GENE, is typically applied
to identify the fastest-growing instabilities.
In this work, simulations were performed in
a local flux-tube geometry. In this setup,
the temperature, density, and their gradi-
ents are constant along the radial direction
within the tube. Although this approach has
its limitations, it is significantly less compu-



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

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

[ 3ibliothek,
Your knowledge hub

2 THEORETICAL AND NUMERICAL BACKGROUND 51

tationally intensive than global or non-linear
simulations, which require much more com-
putational time, and definitely more exper-
tise.

GENE can simulate either electrostatic
turbulence, where only the electric potential
fluctuates, or electromagnetic turbulence,
where both electric and magnetic potentials
fluctuate. It operates in straight-field line
coordinates, where the radial coordinate is
defined based on toroidal flux, the modified
poloidal angle represents a straight field line
angle, and the toroidal angle is the standard
angular coordinate. More practical coordi-
nates used in GENE include the radial coor-
dinate, typically identified with the toroidal
flux, the parallel coordinate corresponding
to the modified poloidal angle, and the bi-
normal coordinate.

Important equilibrium parameters include
the safety factor, which represents the ratio
of toroidal to poloidal magnetic field line
rotations, and the magnetic shear, which
characterises the variation of the safety
factor. GENE incorporates magnetic shear
locally, since it is following the magnetic
field lines. To account for collisions, GENE
can incorporate various collision operators.
The standard choice is the Landau operator,
but more refined options are available, in-
cluding those that account for finite Larmor
radius effects.

The workflow in this thesis involved
preparing ion and electron temperatures
and densities, as well as the total equilib-
rium configuration. Simulations were con-
figured to scan over the binormal wave
number Kk, to calculate growth rates. Two
species, ions and electrons, were included,
with most other parameters set to their
default values. Simulations were then ex-
ecuted to determine growth rates, followed
by the application of quasilinear models to
estimate fluxes based on the simulation

results.

ASTRA

To calculate plasma transport and compare
it with the gyrokinetic simulations, the
ASTRA code is used (Automated System for
TRansport Analysis).

ASTRA is a flexible and modular 1.5D
transport code, in which equilibrium is
treated in 2D, while the plasma profiles
are given as 1D functions of poloidal flux
surfaces.

In this thesis, the following profiles were
used as inputs for ASTRA: electron density
(ng), electron temperature (Tg), ion tem-
perature (T;), and ion density (n;), which
was calculated from the effective charge
(Zegr). Additionally, equilibrium quantities
and information were provided. The input
power profiles represent the heating power
deposited into the plasma.

The heating systems will be discussed in
detail in section 3.1.1. As will be demon-
strated in chapters 4 and 7, for the dis-
charges where ASTRA was applied, neutral
beam heating was employed, with the RAB-
BIT code [80] used to interpret the power
input from the neutral beam. Similarly,
TORIC [81] was used to calculate the profile
of the ion cyclotron heating power deposi-
tion.

With these inputs, ASTRA computes the
profiles of heat transport coefficients for
ions (X;) and electrons (x.) as well as the
effective particle diffusivity (Dgg), which will
be explored further in this work.
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2.3 Multifaceted
understanding of the
pedestal

Here is our current understanding of the
pedestal in the context of the theoreti-
cal background discussed in this chapter.
When sufficient power is introduced into the
plasma, it transitions from low confinement
mode (L-mode) to high confinement mode
(H-mode), as sketched in figure 1.7. The
exact mechanisms behind this transition
have been a subject of study for over three
decades due to the intricate processes oc-
curring within the pedestal region.

One widely accepted model proposes
that a radial electric field (E,) forms in the
pedestal, generating an E x B shear. This
shear distorts and elongates turbulent ed-
dies (figure 1.6), significantly reducing their
transport and allowing the pressure gradient
in the pedestal to steepen. Importantly,
E, itself depends on the pressure gradient
— an increased Vp leads to a stronger
E,, which enhances the shear, further re-
ducing transport, and allowing Vp to grow
even more. Additionally, E, is influenced by
plasma rotation, which can modify it and,
consequently, impact the pedestal struc-
ture.

Despite this reduction in turbulent trans-
port, some losses of energy and particles
remain. There is still neoclassical transport,
microturbulence, and larger MHD instabili-
ties. Plasma inherently always resists con-
finement to some degree. Eventually, when
the gradients become too steep and store
excessive energy, MHD instabilities trigger
a collapse, resulting in an edge-localized
mode (ELM). However, there are ELM-free
regimes where mechanisms exist to prevent
gradient growth from reaching the point of
collapse. These regimes either actively limit

the gradients or extend the tolerance of the
plasma to higher gradients through stabilis-
ing effects.

Understanding the pedestal remains a
key area of research, as many questions
remain unanswered, and current models,
while reasonably effective, are not com-
pletely precise. The pedestal is critical for
future fusion devices, as it plays a central
role in determining overall confinement and
performance. To optimise and control it,
we need to refine our models and reduce
uncertainties. As it stands, our understand-
ing is still broad and lacks the fine detail
necessary for accurate predictions.



EXPERIMENTAL
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3 Experimental Framework

The experiments in this thesis were per-
formed on ASDEX Upgrade. This section
gives a summary of the reactor properties,
its available diagnostics and heating sys-
tems, and finally, a detailed overview of the
experiment design will be presented.

3.1 ASDEX Upgrade

Overview

As previously summarised in the introduc-
tion, ASDEX Upgrade is a tokamak-type re-
search fusion reactor that is operated at the
Max Planck Institute for Plasma Physics in
Garching, Germany since 1991 [82, 83].
An overview of typical plasma parameters
is given in table 3.1.

ASDEX Upgrade (AUG) is equipped with
multiple heating systems, exceptional
plasma control capabilities, and numerous
complementary advanced diagnostics,
making it a great facility for plasma
research. The heating systems provide
a total of 27 MW of power, including 1
MW of ohmic heating, 20 MW of neutral
beam injection, and about 10 MW of
wave heating. Plasma fuelling is achieved
through two primary methods: gas puffing,
which predominantly fuels the plasma
edge, and the injection of frozen pellets,
effectively delivering fuel to the plasma
core. A wide range of plasma scenarios are
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studied at AUG.

Property Value

Total height 9m

Total radius over all 5m

Weight of the experiment | 800 t
Material of the first wall tungsten
No. of toroidal field coils | 16

No. of poloidal field coils | 12

Max. magnetic field 31T

Max. plasma current 1.6 MA
Pulse duration <10s

Time between pulses 15 - 20 min
Amount of data / pulse ~40 GByte
Max. Plasma heating 27 MW
Major plasma radius R 1.65m
Minor plasma radius a 0.5m
Plasma fuels D, H, He
Plasma volume 14 m3
Plasma mass 3 mg
Electron density 1020 m—3
Max. plasma temperature | 108 degrees

Table 3.1: Technical details of the experi-
ment and typical parameters. Information sum-
marised from ASDEX Upgrade internal website.

3.1.1 Heating systems

The plasma is heated using several systems
that together can deliver up to 27 MW of
power. The most fundamental of these
is ohmic heating, which is intrinsic to the
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plasma because of its finite conductiv-
ity. Beyond this, additional active heating
methods are employed in the experiments,
which are outlined and briefly explained be-
low.

Electron Cyclotron Resonance Heating
(ECRH):

Electron wave heating with ECRH [84-
86] delivers power into the plasma via elec-
tromagnetic waves tuned to frequencies
equal to harmonics of the electron cyclotron

frequency, Wy = ;—B (see section 2). At

the resonant frequeency, the wave energy
is absorbed by electrons, and through col-
lisions, this energy is transferred to ions.
The efficiency of this transfer depends on
different plasma conditions.

On ASDEX Upgrade, these microwaves
are generated by eight gyrotrons, each ca-
pable of producing beams with a heating
power of up to 1 MW. Since the resonant
frequency depends on the magnetic field,
which varies spatially, ECRH enables pre-
cise, localized energy deposition rather than
uniform heating throughout the plasma.
The gyrotrons are located outside the toka-
mak, and the waves are transmitted to the
plasma using a system of waveguides and
mirrors, which offers flexible control, allow-
ing targeted heating. The microwaves oper-
ate at either 105 GHz or 130 GHz and have
a beam diameter of several centimetres.
lon Cyclotron Resonance Heating
(ICRH):

ICRH [87-89] operates similarly to

ECRH, using electromagnetic waves, but at

. ZeB
the ion cyclotron frequency, W, = —-

These waves are slower, with frequenciés
in the MHz range, and larger, with wave-
lengths around 1m. Unlike ECRH, the
antennas of ICRH must be placed inside
the tokamak vessel. Four antennas are
installed, collectively capable of delivering

up to 6 MW of heating power. However,
placing the antennas close to the plasma
introduces challenges. Electric fields gen-
erated near the antennas can lead to tung-
sten deposition in the plasma, which can
negatively impact performance [90]. Opti-
mizing the antenna design and placement
is crucial to mitigate these effects.
Neutral Beam Injection (NBI):

NBI [91, 92] works as follows: First,
positive deuterium ions (D1) are acceler-
ated to high speeds using a strong elec-
tric field. These high-energy ions are then
passed through a chamber filled with neu-
tral deuterium gas. As the D% ions travel
through this chamber, they undergo charge
exchange, picking up electrons and becom-
ing neutral deuterium atoms. This process
creates a neutral beam of fast deuterium
atoms, which is then injected into the toka-
mak vessel and directed toward the plasma.

Inside the tokamak, the strong magnetic
field confines only charged particles, which
means that neutral atoms in the beam
can penetrate the plasma. Once in the
plasma, the fast neutral atoms collide with
plasma ions, undergoing a second charge
exchange. During this interaction, the neu-
tral atoms lose an electron to a slower
plasma ion, which itself becomes neutral
and is subsequently lost from the plasma
as it is no longer confined by the magnetic
field. The energetic ions from the neutral
beam then thermalise through collisions,
effectively transferring their energy to the
plasma and heating it.

On ASDEX Upgrade, NBI delivers the
main amount of heating. It has 8 beams,
each delivering 2.5 MW of heating power.
They are oriented in different ways, where
2 are aligned radially and referred to as
on-axis and 4 are aligned tangentially, and
therefore called off-axis, which can be used
to vary the amount of external torque added
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to the plasma.

The NBI system offers highly flexible
beams that can be switched on and off
within milliseconds, enabling two critical
functions for this thesis. Firstly, it plays
a pivotal role in fine-tuning B, feedback
control. This is achieved by rapidly adapt-
ing the total plasma pressure in response
to changes in confinement and magnetic
pressure, using the flexibility of the NBI to
adjust the integrated ion temperature, and
consequently the total pressure.

Secondly, NBI is needed for charge ex-
change diagnostics, which will be discussed
in detail in the following pages. In cases
where heating from the NBI is not desired,
short “blips” or brief NBI pulses on the order
of 10 ms can be used solely to generate
the signals required for charge exchange
recombination spectroscopy (CXRS). Thus,
NBI not only serves as a strong heating tool
but also proves to be highly versatile in its
applications in experiment design.

3.1.2 Utilised Diagnostics

The plasma edge diagnostics that were
used in this work are shown in figure 3.1,
and more physical principles and technical
details are given in the following.
Thomson Scattering (TS) (n,, T,)

When a laser beam passes through the
plasma, the electromagnetic field of the
light accelerates charged particles, causing
them to emit electromagnetic waves of the
same frequency at different angles — a
process known as Thomson Scattering (TS).
The thermal motion of electrons induces
Doppler1 broadening in the scattered light

1 Christian Doppler is one of the most famous
alumni of TU Wien. More random information | dis-
covered while fact-checking this: so is Josef Strauss
(composer, also son of Johann Strauss), Rudolf
Steiner (occultist) and Fritz Lang (director of the
1927 film Metropolis). What an eccentric company
to be in.

#38472 53

'31.8 1.9 20 21 22 23
Figure 3.1: Diagnostic systems used to mea-
sure ion and electron temperature and density.
Deuterium Cyanide Laser Interferometry (DCN)
interferometer is shown in green, Charge Ex-
change Recombination Spectroscopy (CXRS) in
red, Electron Cyclotron Emission (ECE) is de-
picted as blue circles and the edge Thomson
Scattering (TS) laser as the brown line.

spectrum, which provides a measure of the
electron temperature, while the radiation
intensity is proportional to the electron den-
sity.

At ASDEX Upgrade, two TS systems are
employed [93, 94], one in the core and
one at the edge. The core system has four
and the edge system 6 Nd-YAG lasers with
a wavelength of 1064 nm and a repetition
rate of 20Hz, so that time-resolution is
80Hz and 120Hz for core and edge re-
spectively. The spatial resolution of TS is
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25mm in the core and 3mm in the edge.
The scattered light is captured by an opti-
cal system and directed to polychromators,
where the electron density and temperature
are resolved.
Electron Cyclotron Emission (ECE) (T,)
When electrons gyrate around magnetic
field lines in the plasma, they emit mi-
crowave radiation. The frequency of this
gyration depends on the magnetic field
strength, which varies inversely with the
radial distance R. This relationship allows
for radial determination of the electron tem-
perature. In high-density regions where the
plasma is optically thick, the emitted radia-
tion is fully reabsorbed, behaving like black-
body radiation. The electron temperature in
these regions can be calculated using the
Rayleigh-Jeans law:

8m2c?
2
KgWwg

T, = | (3.1)

where c is the speed of light, w. is the
angular frequency of the electron gyration,
and | is the intensity of the blackbody radi-
ation.

Near the plasma edge, however, the den-
sity is lower, and the plasma becomes op-
tically thin. Here, the relationship between
radiation intensity and electron temperature
becomes more complex. In such cases,
forward modelling of electron cyclotron ra-
diation is used. This approach relies on
modelling radiation transport and having an
accurate knowledge of the plasma density
profile [95, 96]. The ECE system on AUG
consists of 60 channels, that sample at
a very fast rate of 1 MHz, with a spatial
resolution of 5 mm.

Deuterium Cyanide Laser Interferome-
try (DCN) (n.)

Interferometry measures the refractive

effects of plasma on light, causing a phase

shift described by:

L
® = Aore/O nodx  (3.2)

where A, is the laser wavelength in vac-
uum, r, is the classical electron radius, and
Ne(X) is the electron density along the beam
path L. The phase shift is determined by
comparing the beam passing through the
plasma with a reference beam in vacuum.
Since absolute phase differences cannot be
directly measured, multiples of 21 must
be tracked and accounted for. Sudden
changes in local density can disrupt this
count, leading to fringe jumps, which are
corrected by cross-referencing with other
diagnostics.

On ASDEX Upgrade, a DCN laser with
a wavelength of 195 pum is used, sending
five beams through the plasma at different
radial positions.

Charge Exchange Recombination Spec-
troscopy (CXRS) (T;, Z.¢)

CXRS is a diagnostic technique used to
measure ion temperature (T;), rotation ve-
locity (v,t), and ion density (n;). A neu-
tral beam, most commonly consisting of
DO atoms, is injected into the plasma from
the NBI heating source. These neutral
atoms undergo charge exchange with ions
already present in the plasma. During this
process, the DO atoms lose an electron,
while the plasma ions become (partially)
neutralized and initially in an excited state,
subsequently emitting light.

From the Doppler broadening of spectral
lines, the random motion of ions can be
deduced, providing a measurement of ion
temperature. The Doppler shift of these
lines gives the rotation velocity, while the
intensity of the emitted light is used to es-
timate the ion density.

The light emitted from the main ions
could provide key data for analysis of the
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plasma. However, due to the NBI beam
halo and significant radiation from the main
ions, the noise coming from the charge ex-
change reaction with D* is too high and the
post-processing of the data very complex.
Because of this, the focus is placed on light
emitted by impurity ions instead.

Temperature equalisation between impu-
rity and main ions occurs rapidly through
collisions, so we can assume that both
species have the same temperature. Impu-
rity ions are also assumed to be generally
carried along with the main ions, resulting
in comparable velocities. However, due to
their higher charge Z, impurity ions expe-
rience greater friction, requiring additional
calculations and corrections to accurately
derive the main ion velocity.

In contrast, the densities of impurity and
main ions differ significantly and cannot be
assumed to be similar. Nevertheless, the
principle of quasi-neutrality ensures that if
the composition and concentration of impu-
rities are known, the main ion density can
be determined indirectly by calculating the
effective charge Z. as

n,Z2
Zos = @ (3.3)
e

where a represents an impurity species. If
we assume that there is only one impurity
species that is present in a considerable
amount in a hydrogen isotope plasma, we
can calculate the main ion density as:

Zeff - Za

Acquiring high-quality CXRS data some-
times requires the deliberate introduction of
impurity species into the plasma, depend-
ing on the machine conditions and plasma
discharge settings. This is not needed if
the discharges are performed shortly after
boronisation, such was the case for the

experiments in this thesis. In boronisation,
a plasma vapour deposition of a thin boron
film on the first wall suppresses impurities
(oxygen, carbon, and metals) and reduces
hydrogen recycling, enhancing tokamak dis-
charge performance. This also means that
the main impurity species is boron, so no
additional impurity puffs are needed.

Different NBl beams are used in the CXRS
systems. There are three core and one
edge system. The core systems, with a
radial resolution of 2.5 cm, typically operate
with a 10 ms integration time, though val-
ues as low as 3.5 ms are achievable [97].
The edge system measures with faster in-
tegration times, down to 1.9 ms and higher
radial resolution, of about 5mm [98]. To
enhance the radial coverage of edge mea-
surements, a radial sweep of the plasma
edge through the line of sight, known as a
R,us Scan, is employed.

It has now become clear that CXRS deliv-
ers us information about impurity tempera-
ture, density, and both poloidal and toroidal
rotation. These measurements are signifi-
cant because together, they provide all the
inputs needed to self-consistently calculate
the radial electric field E,, using equation
2.41[99]. This calculation, performed as
part of this thesis, is an important step in
studying the plasma edge physics.

Profile Alignment and Integrated Data
Analysis (IDA)

The analysis of pedestal measurements
involves multiple diagnostics, each mea-
suring different quantities. While this pro-
vides a lot of information, the edge re-
gion of the pedestal is an extremely nar-
row zone, requiring careful alignment of the
profiles obtained from different diagnostics
to ensure physical consistency. Combining
complementary data enhances confidence
in the measurements and increases both
temporal and spatial resolution, which is
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particularly critical in the pedestal, since in
real space, it is only 1-2cm wide. Addi-
tionally, since different diagnostics measure
at varying locations, it is necessary to map
all measurements onto a common radial
coordinate p,, before proceeding. This
mapping, however, introduces uncertain-
ties that must be corrected.

The first step in this process is determin-
ing the position of the separatrix. This is
based on power balance and parallel heat
transport, using a one-dimensional heat
conduction model and the maximum par-
allel heat flux in the divertor [100, 101].
In ELMy H-Mode discharges, the separatrix
is identified as the location where T, =~
100eV. With this definition, the edge
Thomson scattering system, which mea-
sures both T, and ng, is aligned to this
value.

Next, ECE measurements are matched
to the same separatrix position, although
this alignment is typically satisfactory by
default. Other diagnostics measuring n, are
subsequently aligned to the edge Thomson
system. For ions and electrons, alignment
is achieved by shifting CXRS data so that
the locations of the maximum temperature
gradients of T; and T, coincide. Finally, the
alignment process concludes with ensuring
consistency among different CXRS systems.

A key tool used to combine the mea-
surements is Integrated Data Analysis IDA
[102], which operates based on Bayesian
probability theory. This approach is applied
to the diagnostics of electron-related mea-
surements, including Lithium Beam Emis-
sion Spectroscopy (not used in this the-
sis, due to temporary unavailability), DCN,
TS, ECE. By simultaneously incorporating all
four diagnostics, IDA estimates T, and ng
while accounting for interdependencies that
correlate density and temperature. This
comprehensive integration significantly en-

hances the quality and reliability of the anal-
ysis, providing a unified and robust dataset.
Similarly, Gaussian process regression is
applied to estimate ion temperature and
angular velocity from the measured data
using Integrated Data Analysis lons (IDI).

3.1.3 Equilibrium
Reconstruction and
Plasma Shape

Equilibrium reconstruction is fundamentally
based on magnetohydrodynamics (MHD).
By balancing the forces arising from the
plasma pressure gradient, Vp, and the]x B
force, the Grad-Shafranov equation (equa-
tion 2.34) is derived. This partial differ-
ential equation describes the equilibrium
and must be solved in two dimensions to
resolve the poloidal cross-section of plasma
flux surfaces. While analytic solutions to
the Grad-Shafranov equation exist for only a
few specific cases, numerical methods are
required for general scenarios.

At ASDEX Upgrade, the interpretive equi-
librium solver CLISTE is commonly em-
ployed [103, 104]. It utilizes inputs such
as control coil currents, magnetic flux loop
measurements, and poloidal magnetic field
data. Additional constraints, including the
safety factor q, pressure profiles, can also
be incorporated into the reconstruction pro-
cess in a post-processing routine. Per-
forming equilibrium reconstructions inde-
pendently for each time point can some-
times introduce discontinuities in physi-
cal quantities, leading to non-physical be-
haviour.

To address this issue, smoothing terms
can be applied, or alternatively, the Grad-
Shafranov solver can be coupled with a cur-
rent diffusion solver, as implemented in the
Integrated Data Analysis Equilibrium (IDE)
framework [105]. IDE combines recon-
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structed pressure profiles, magnetic mea-
surements, and calculated current densi-
ties to refine the equilibrium reconstruction.
By leveraging this coupling, IDE mitigates
discontinuities and ensures more physically
consistent equilibrium profiles.

The equilibrium is not only significant
when it is reconstructed, but also plays a
crucial role in plasma control. At ASDEX Up-
grade, 12 vertical field coils are employed to
regulate the plasma position and guide its
shape. These coils enable precise adjust-
ments, effectively allowing the plasma to be
shaped according to specific requirements.
A summary of the different plasma shape
parameters is provided in figure 3.2. We
roughly characterise plasma shape using
the geometric and magnetic axis, as well as
its height and width to construct useful pa-
rameters such as elongation K = b/a, and
upper and lower triangularity (5, = dY/a
and §, = d'/a) as sketched in figure 3.2.
When the plasma has high values of Kk and
& we say that it has strong shaping.

3.2 Experiment Design

The experimental results shown in this
chapter are in the revision process in the
Nuclear Fusion journal.

In this thesis, the aim is to use versatile
lenses to analyse several physical param-
eters that determine the pedestal struc-
ture. Initially, the focus was on the pedestal
width; however, it became evident that
additional questions regarding the overall
structure needed to be addressed. One
key factor influencing the pedestal structure
is the interplay between Bpol and plasma
shape. To investigate this, we designed
three dedicated experiments. Each experi-
ment was conducted at a different constant
Bpoi» @nd for each discharge, two distinct
plasma shapes—kept consistent across all

2nd separatrix
1st separatrix
1.0t 1
A
05 ¢}
0.0t 1 &
Ko
057+
LA |
1.0t
1.0 {1.25 1.5 [1.75 2.0 {2.25
' -~
-~

Figure 3.2: Geometric specifications of 2D
plasma cross-section. Plasma elongation is
calculated ask = b/a, and upper and lower
triangularity as §, = d“/a and §, = d'/a

discharges—were implemented.

Three AUG discharges are compared
in the studies: #38472, #38474, and
#38819, and their overall properties are
listed in table 3.2. All three discharges
have a plasma current |, of 800KA in
type-I ELMy H-mode. The magnetic field
varies slightly, being -2.5T for #38472
and #38474, and -2.7T for #38819.
The heating changes are due to the [,
feedback, with NBI ranging from 2 to
10MW; #38472 and #38819 are addi-
tionally heated with 2 MW ion cyclotron res-
onance heating, while #38474 is heated
with 3.7 MW electron cyclotron resonance
heating. The safety factor at 95% of the
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Table 3.2: Plasma properties overview

discharge # | By By Ip By NBI | ICRH | ECRH | (o5
#38472 1.35 | 1.95 | 800KA | -2.5T | 4-10MW | 2MW | / | 5.1-5.6
#38474 | 1.1-1.15| 1.6 | 800KA | -2.5T | 2.4-5MW | / | 3.7MW | 5.1-5.6
#38819 1 1.3 | 80OKA | -2.7T | 2-TMW | 2MW | / 5.5-6

normalised flux Yy, dos, has relatively sim-
ilar values, ranging from 5.1 in the low
triangularity phase to 6 in the high triangu-
larity phase. All discharges are fuelled with
8 - 1021s~1 of deuterium gas puff.

The plasma shape is known to substan-
tially affect the pedestal structure [106—
109]. Itis commonly observed that increas-
ing plasma shaping enhances its global
peeling-ballooning MHD stability limit to-
ward higher pressure gradients, thus allow-
ing for higher pedestal top values. This
effect is further explored, also analysing the
impact of the plasma shape on the local
ideal ballooning modes (IBMs). By vary-
ing the upper triangularity 6up and elonga-
tion K, the local magnetic shear changes,
and therefore the stabilisation of the local
IBMs is influenced. The implications for the
pedestal width are studied by conducting
discharges in which two time-windows with
different plasma shapes are analysed. In
each of the three discharges, at 4s, a
shape transition occurs from lower shaping
(6UIO = 0.1, K = 1.6) to higher shaping (6UIO
= 0.25, k = 1.7), as illustrated in figure
3.3a.

The normalised plasma pressure, By,
is thought to be a key factor influenc-
ing the width of the pedestal [30, 110-
112]. To investigate this property, each dis-
charge is configured to maintain a distinct
fixed value of B,y. This is accomplished
through the use of B, feedback, which
utilises the flexible neutral beam injection

(NBI) heating system to dynamically adjust
the total plasma pressure in response to
changes in magnetic pressure and confine-
ment, thereby ensuring a constant 3.
Even though the total plasma pressure re-
mains stable, the pedestal characteristics
can exhibit considerable variability, as will
be illustrated in the subsequent analysis.

The values of B, across the discharges
are established as follows: #38472 fea-
tures a high By, of 1.35, #38474 has a
medium By, of 1.15, and #38819 cor-
responds to a low By, of 1.0, with the
measured results depicted in figure 3.3b.
While the feedback mechanism functioned
effectively in both the low and high B sce-
narios, discharge #38474 presents slight
variations in 3, between the two phases;
nonetheless, both values remain within the
medium range.

3.3 Workflow

In chapter 4, the experimental results of
this thesis will be shown, including kinetic
plasma profiles, some equilibrium quan-
tities and the radial electric field. The
workflow begins with the measurement of
plasma parameters, including electron den-
sity n, obtained through deuterium cyanide
laser interferometry (DCN), and Thomson
scattering (TS), electron temperature (T,)
measured via Thomson scattering and elec-
tron cyclotron emission spectroscopy (ECE),
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Figure 3.3: Experimental setup for the three analysed ASDEX Upgrade discharges: a) Cross-section
of the plasma illustrating the shape variation for each discharge, where red lines correspond to the
low shaping phases and blue lines to the high shaping phases. b) Variation of B, across the 200
ms time windows, displayed in descending order, with the horizontal line indicating the median

value for each window.

and ion temperature (T;) determined us-
ing charge exchange recombination spec-
troscopy (CXRS). The ion density is derived
from n, and the effective charge number
(Zsgr). The quantities are mapped on the
available real-time CLISTE equilibrium.
These physical parameters are then
incorporated into a forward model us-
ing Bayesian probability theory within the
framework of IDA/IDI. Next, in IDE the equi-
librium is reconstructed, coupled with the
flux diffusion equation and using the previ-
ously fitted profiles. Additionally, the value
of local magnetic shear s,,., that will be

important in the 5th, the 6th and the 7th
chapter, is evaluated in 2D using the results
from IDE. The profiles and equilibria are es-
timated with a temporal resolution of 5ms.
Each analysed time window lasts 200 ms
and the time windows of the discharge are
chosen so that all diagnostics deliver opti-
mal quality data. The discharges performed
in this thesis are all type-I ELMy H-Mode,
with ELM frequency ranging from 100Hz to
200Hz. Because of this, the profiles and
equilibria that are strongly affected by an
ELM - 1 ms before 3 ms after the ELM onset
- are filtered out. After ELM filtering, the
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median of the profiles is taken, and in the
results presented in the following analyses,
if not stated differently, the full line repre-
sents the median and the shaded area the
90% quantile.

In this analysis, the focus lies on the
pedestal and for this purpose we distinguish
between several distinct regions: the last
closed flux surface separatrix; the pedestal
foot, located just inside the separatrix, typ-
ically within the range 0.99 < p,, <
1; the pedestal middle, representing the
steep gradient regjon, typically in the range
0975 < Py < 0.99; the pedestal
top, identified as the radial position of the
"knee” of the pedestal, generally around
0965 < ppy < 0.975; and the outer
core, which refers to the flat gradient region,
typically at p,o < 0.96.

From the CXRS measurements, the radial
electric field E, is self-consistently calcu-
lated and mapped on the IDE equilibrium.
The reconstructed E, profiles are binned
according to the selected time windows,
excluding the phases immediately following
an ELM crash. The remaining data is then
fitted using a Gaussian process fit.

In chapter 5, the MHD analysis of the dis-
charges will be presented. IDE provides in-
put for the HELENA code [50], including the
pressure gradient along the normalised flux,
dp/dyy;, the diamagnetic profile, F dF/dy,
where F = RBy, and the last closed flux
surface, taken at Y = 0.997, defining
the plasma boundary. Using this input,
HELENA solves the Grad-Shafranov equa-
tion to reconstruct the equilibrium with high
resolution. It also solves the n — oo ideal
ballooning stability of the plasma. Next, the
MISHKA code [113] is used to calculate the
global peeling - ballooning stability.

In chapter 6 a large part of this MHD
analysis is repeated, but this time with input
data that has been ELM-synchronised so

that instead of taking an inter-ELM aver-
age, such, as done in chapter 5, the whole
inter-ELM dynamics is captured.

Chapter 7 focuses on gyrokinetic simu-
lations and transport analysis. Here, IDA
profiles and IDE equilibrium were used as
input for GENE [71]. Kinetic profiles, re-
constructed with IDA and Z. s from CXRS
are used as inputs for ASTRA [114], which
delivers information about transport coeffi-
cients for electron and ion heat and particle
diffusion and anomalous transport.

The workflow is schematically illustrated
in figure 3.4. | marked each step | per-
formed myself with a green filled rectangle
to give an overview but also reflect my sense
of accomplishment in the numerous skills
| have acquired while working on this the-
sis, ranging from diagnostics shifts to MHD
and gyrokinetic simulations. Of course, this
knowledge and expertise did not come out
of nowhere — next to each green rectangle,
| have noted the names of people who gen-
erously provided me the codes and scripts,
guided me through the process, gave input

and clarified many questions that arose?.

2 It’'s not about the data, it's about the friends we
made along the way.



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

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

M 3ibliothek,
Your knowledge hub

3 EXPERIMENTAL FRAMEWORK 65

E. Wolfrum, M. Dunne, M. Cavedon
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Figure 3.4: Workflow overview. Green rectangles show the steps of the analysis | performed in the
framework of this thesis, and white rectangles some (however incomplete) additional steps carried
out by the ASDEX Upgrade team, whose kind support made this work possible.
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4 Experimental Results

The experimental results shown in this
chapter are in the revision process in the
Nuclear Fusion journal.

4.1 Discharge Overview

The first step after the experiment is to ex-
amine the time traces of various quantities,
as shown in figures 4.1-4.3. In panel a),
the plasma current |, (purple, left scale)
and the toroidal magnetic field B; (green,
right scale) are plotted. These traces show
a ramp-up phase in I, until 1.5 s, while
B, remains constant across all discharges.
Panel b) shows heating power contribu-
tions, including NBI power Pyg, (green),
ohmic heating Pgy (yellow), and figures 4.1
and 4.3 include ICRH power P,cgry (purple),
while figure 4.2 includes ECRH power Pgcry
(purple), all in MW. Additionally, radiative
power P, is plotted in gray. In each figure,
panel ¢) shows density measurements from
DCN diagnostics, with core density in green
and edge density in purple. In panel d), By
(green), B, (purple), and the confined MHD
energy Wynp (yellow) are depicted. Finally,
panel (e) includes elongation k (green), the
safety factor g at Y, = 0.95 (purple, scaled
by —10 for better visualization), and the
upper triangularity &, (yellow), the primary
quantity intentionally varied. The scale for
&yp is shown on the right y-axis.

For discharge #38472 in figure 4.1, we

69

select the time intervals 2.8-3.0 s and
5.3-5.5 s for further analysis, marked by
grey stripes in the figure. At approximately
6 s, a large instability occurs, significantly
perturbing the plasma. Aside from this,
panel b) highlights the neutral beam in-
jection (NBI) power in green. There is a
baseline level of NBI power, while the flex-
ible beam appears as a comb-like pattern,
switching on and off to maintain a constant
B, of 1.3. This regulation is effective, as
seen in panel d) where B, is shown in
purple. However, the overall NBl heating
in the second high-shaping phase is lower
than in the first phase.

In panel (e), the yellow curve shows §,,,
increasing between 4 and 5 s, reflecting
the deliberate change in plasma shape.
This shape change has an immediate and
pronounced effect on n,, with both core
and edge densities increasing significantly.
Additionally, there is a slight increase in
elongation kK, indicating a change in the
plasma’s overall structure.

In discharge #38474 (figure 4.2) time
windows 3.5-3.7s for the low shaping
phase and 5.7-5.9 for the high shaping
phase were chosen, as marked with the
gray stripes. The conditions are largely
similar to the previous case, with the main
difference being a B, of 1.1, which results
in reduced NBI heating. In this instance,
Bpol is not matched as well as in #38472,
likely because the flexible NBI beam was



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

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

[ 3ibliothek,
Your knowledge hub

4 EXPERIMENTAL RESULTS

70

AUG #38472

a)2.5¢

1.5F

0.5 b —T,[MA]

O NWh
oo

) 12 £ MW]
7 Prad [MW]
- Plony [MW]

i W

7 necore[lolgm—2]

: needge[ 1019m-2]

oo NhOOOO M

time [s]

Figure 4.1: Panel a) shows the plasma current I, (purple, left axis) and toroidal magnetic field B;
(green, right axis), with I, ramping up until 1.5 s, while B; remains constant across discharges.
Panel b) depicts heating power contributions: NBI power Pyg, (green), ohmic heating Pqy (yellow),
and ICRH power P,cgy (purple), alongside radiative power P4 (gray). Panel c) presents density from
DCN diagnostics, with core (green) and edge (purple) line integrated densities. Panel d) displays
By (green), Bp (purple), and Wyp (vellow). Panel e) illustrates elongation k (green), the safety
factor g at Y, = 0.95 (purple, scaled by —10), and upper triangularity 6, (yellow, right axis).

already turned off, leaving only the baseline
contribution.  Consequently, B, remains
slightly higher in the high shaping phase
than in the low shaping phase, though the
discrepancy is not very large.

In the final discharge #38819 in figure
4.3, we used a slightly higher B, of 2.7 T
compared to 2.5 T in the previous cases.
The shape remained the same, but even
lower B, was aimed for, targeting a value
of 1.0 throughout the discharge, which was
achieved quite consistently. There was a
slight increase in radiative power just before
our time window, but it was not significant;

for instance, Wyyp remained unchanged.
While there was some variation in the core
density, the edge density stayed constant,
ensuring stable conditions. For this dis-
charge, we selected time windows from
3.0-3.2s for the low and 5.7-5.9 s for the
high shaping phase.

4.2 Kinetic Profiles

The next step in the analysis involves com-
paring the ion temperature (T;), electron
temperature (T,), electron density (n) at
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Figure 4.2: Panel a) shows the plasma current Ip (purple, left axis) and toroidal magnetic field B;
(green, right axis), with I, ramping up until 1.5 s, while B; remains constant across discharges.
Panel b) depicts heating power contributions: NBI power Pyg, (green), ohmic heating Py (vellow),
and ECRH power Pgcry, alongside radiative power P4 (gray). Panel ¢) presents density from DCN
diagnostics, with core (green) and edge (purple) line integrated densities. Panel d) displays By
(green), Bp (purple), and Wy,p (vellow). Panel e) illustrates elongation k (green), the safety factor
g at Y, = 0.95 (purple, scaled by —10), and upper triangularity Sup (yellow, right axis).

the plasma edge as a function of the nor-
malised pressure, Bpo|, as shown in figure
4.4, For this purpose, the low triangular-
ity phase in three selected discharges is
examined: #38819 (B,, = 1.0) shown
in green, #38474 (By, = 1.1) shown in
orange, and #38472 (B,, = 1.3) shown
in black. Time windows of 200 ms are
considered, with ELM phases filtered out.
The median values are presented as solid
lines, while shaded areas represent 95%
quantiles.

Figure 4.4a demonstrates that T; in-
creases with rising 3., with higher T; values

observed both at the separatrix and in the
core. Additionally, the discharge with the
highest B, shows a slight increase in the
T, gradient. This trend aligns with expecta-
tions, as increasing B, experimentally in-
volves heating ions with NBl beams, thereby
raising the total plasma pressure. However,
the scenario is complex since 3, being a
global parameter, influences both core and
edge physics. The associated Shafranov
shift increases with B, altering both local
and global MHD stability and enabling a
higher pressure pedestal. The experimental
setup realises this increased total pressure
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Figure 4.3: Panel a) shows the plasma current Ip (purple, left axis) and toroidal magnetic field B;
(green, right axis), with I, ramping up until 1.5 s, while B; remains constant across discharges.
Panel b) depicts heating power contributions: NBI power Pyg, (green), ohmic heating Py (vellow),
and ICRH power P,cgy(purple), alongside radiative power P4 (gray). Panel c) presents density from
DCN diagnostics, with core (green) and edge (purple) line integrated densities. Panel d) displays
By (green), B, (purple), and Wy,p (vellow). Panel e) illustrates elongation k (green), the safety
factor q at Y, = 0.95 (purple, scaled by —10), and upper triangularity 6Up (yellow, right axis).

pedestal primarily through higher T,.

The electron temperature (T,), as shown
in Figure 4.4b, exhibits notable changes
only in the outer core region (0.94 < p,, <
0.97) for the low B, discharge. The n, pro-
file (figure 4.4c) remains largely unchanged
within the uncertainty.

To investigate the influence of shaping,
the analysis focuses on the kinetic profiles
for the high B, case, as the profiles for
all three B, values exhibit qualitatively the
same behaviour. The complete set of re-
sulting profiles will be shown in the appendix

A. Figure 4.4d-f compares the low shaping
phase (red) and high shaping phase (blue).

In this comparison, T, (figure 4.4d) shows
minimal variation, except for a slight devia-
tion at the pedestal foot near the separatrix,
which is mostly within the uncertainty. In
figure 4.4a, the T, profile changes, suppos-
edly because of the increase in NBI heating
due to the B, feedback loop mechanism.
However, one should note that the NBI
heating also decreases in the high shaping
phase, because of the increase in confine-
ment. Yet, the ion temperature does not
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Figure 4.4: Reconstructed kinetic profiles at the plasma edge for two cases:
at different Bpo| values during the low shaping phase, including ion temperature (a), electron
temperature (b), and electron density (c). Black lines represent high 3, orange lines medium 3,
and green lines low Bpo|. d)—f) Profiles at different shapes for the high Bpo|, with ion temperature (d),
electron temperature (e), and electron density (f). Red lines correspond to low shaping and blue
lines to high shaping. In all cases, the lines depict median values, while shaded regions indicate
95% of the temporal variation over the 200 ms time windows.

a)—c) Profiles
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change, suggesting reduced ion heat flux at
constant T,.

Higher shaping leads to an increased
width and gradient of the n, pedestal (fig-
ure 4.4f) at the same separatrix density,
indicating reduced particle transport, ad-
ditional sources, or a particle pinch. The
electron temperature (T,), shown in figure
4.4e, decreases slightly, which may result
from longer inter-ELM recovery times for
VT, [115, 116] and higher n, in the high
shaping phase. During the ELM cycle, ng
and T; pedestals recover faster than T,, po-
tentially reaching a peeling-ballooning MHD
limit before full recovery of the T, pedestal,
which will be discussed in the chapter 6.
The high shaping phase, characterised by
an increased n, pedestal, limits the T,
pedestal contribution in later phases of the
ELM cycle. While the extended VT, recov-
ery explains this partially, additional factors
may be at play. Analysis shown in chapter
7 explores the interplay of ion and electron
heat transport, particle transport, and po-
tential source changes.

Both figures reveal that B, and shap-
ing have distinct effects on ion and elec-
tron density and temperature. While to-
tal plasma pressure significantly impacts
global MHD stability, and is at the same
time limited by it, the results underscore
the importance of analysing pedestals sep-
arately, as elaborated in the following chap-
ters.

4.3 Equilibrium Quantities

Having analysed the profiles of electron and
ion temperatures and densities, we now
analyse the equilibrium, starting with the
total pressure, p. The total pressure is
expressed as

P =P+ Pe

where following equation 2.16, p; = kgTin,
and pe = KgTeNe.

Additionally, we can also examine the
current density, j, and the safety factor, q,
since both of these parameters play critical
roles in determining the equilibrium proper-
ties. Figure 4.5 shows the B, influence
on these three quantities in the left and the
shape influence in the right column.

Total pressure p shown in 4.5a shows
that the pedestal top pressure increases
with B,, partially due to the slight gradient
increase in the pedestal middle, and par-
tially due to pedestal width increase. The
middle B, value, shown in yellow, does
not follow the step-wise widening trend and
shows a wider pedestal than the maximum
Bpol Case, shown in black. Still, these val-
ues are in the 90% quantile regjon, so it is
difficult to make a conclusive comment on
this outlying from the expected behaviour.

Interestingly, the q profile (in 4.5b) shows
no differences between high and medium
Bpo|, depicted in yellow and black, however
there is an obvious increase for lowest 3,
shown in green.

The current density profile ji,,, shown in
4.5¢ generally has larger deviations in the
selected phases. The maximum value is
similar in all three cases, ranging between
0.4MA and 0.43 MA, which is somewhat
expected since the change in the pressure
gradient, which drives the bootstrap cur-
rent, is not very large, as shown in figure
4.5a.

When analysing the effect of shape
change at constant {3, it is observed that
the pedestal width of total pressure p (in
figure 4.5d) also increases. Here, the in-
crease in gradient with the increase in shap-
ing is much more significant than in the
previous comparison of B, influence.

Also, the g profile (figure 4.5e) increases
significantly, which reflects that not only
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Figure 4.5: Reconstructed profiles of equilibrium profiles at the plasma edge for two cases: a)—c)
Profiles at different Bpol values during the high shaping phase, including total pressure (a), safety
factor g (b), and toroidal current density ji,, (). Black lines represent high 3, orange lines medium
Bpol» @nd green lines low B,,,. d)-f) Profiles at different shapes for the high 3, with total pressure
p (d), safety factor g (e), and toroidal current density j,,, (). Red lines correspond to low shaping
and blue lines to high shaping. In all cases, the lines depict median values, while shaded regions
indicate 95% of the temporal variation over the 200 ms time windows.
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does the plasma pressure change because
of the increased confinement, but the
shape change also influences the magnetic
pressure.

The current density (figure 4.5f) in this
case shows a somewhat unexpected be-
haviour. The maximum current density in
the pedestal middle, which corresponds to
the bootstrap current contribution, does
not change very much. One would expect
it to increase with shaping, since there
is a significant increase in pressure gra-
dient, which drives the bootstrap current.
Here, once again, the differentiation be-
tween the particle density and temperature
should be underlined. When the shap-
ing is increased, particle density increases,
and electron temperature decreases. Both
these phenomena increase the plasma col-
lisionality which leads to the reduction in
current density.

4.4 Radial Electric Field

The E x B shear is widely regarded as the
most significant factor in suppressing tur-
bulence in the pedestal region. Therefore,
in this section, the behaviour of E, is exam-
ined.

On ASDEX Upgrade, E, can be calculated
self-consistently. The calculation follows
the previously given equation (2.41):

ViPa

Er:m'kv_]_‘a'B:
VP,
= —V,.Bg +Vvp,B, (4.1
nazae @.aP0 B8.aPp ( )

The required inputs are all derived from
different CXRS measurements, for the dom-
inant species, in this case, boron. The ion
density, n;, is determined from the intensity
of the CXRS spectral line, while the ion
temperature T, is measured from Doppler

broadening of the spectral line. Poloidal
and toroidal velocities are obtained from
Doppler shift measurements using dedi-
cated poloidal and toroidal CXRS systems.
The magnetic field, B, is taken from equilib-
rium reconstructions.

After calculating E, for each time window,
as indicated in figures 4.1-4.3, the ELM
phases are filtered out. The data is subse-
quently binned, and a Gaussian process fit
is applied to smooth the results and eval-
uate uncertainties. Figure 4.6 shows the
resulting E, profile of discharge #38472 in
a), the Vi, Byg term in b), the diamagnetic
term Vp/gang in €) and —vp, By, in d). Red
scatter marks the low and blue scatter the
high shaping phase of each discharge. The
same analysis of E, profiles with its indi-
vidual components was also performed for
other discharges, and because the results
are all qualitatively and quantitatively sim-
ilar, therefore difficult to directly compare
when shown in different figures, they are
shown in the appendix.

Discharge #38472, depicted in this sec-
tion, shows the most pronounced differ-
ences. When examining the resulting E,,
we observe that for low shaping, the E,
minimum shifts slightly inward, is some-
what lower at the pedestal top, and slightly
higher in the pedestal middle/foot region.
Regarding the toroidal velocity term, shown
in b), it is overall positive, the low shaping
case exhibits a lower toroidal velocity, while
the high shaping case has a higher toroidal
velocity. This is intriguing because the low
shaping configuration involves more NBI in-
put (see figure 4.1), which should, in prin-
ciple, provide more torque to the plasma.
Yet, the toroidal velocity remains lower, sug-
gesting that additional effects, additional
effects, such as a change in momentum
transport, might play a significant role.

The diamagnetic term shown in panel c)



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

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

thelo

o

L]
|
led:;

3ibl
Your know

4 EXPERIMENTAL RESULTS

77

1o TN Byt AUG #38472 a)
high shaping ":..&'!:-‘ ..
-40 low shaping ~ °°3°:
C
10 )
O [ X ]
10 ' ’«'rg -i"
o Y] 2%, ,°¢ | 8
'E‘ :030 CDB
DE 20 =
30
40
094 096 098  1.00
ppol

401
d
10 )
0 . ..
® ‘. o . .o o::
-10 w e ®e .;‘..
it T ., % %se
-20 1 ¢ :. o ~:}£.°.::..'
.‘.":o & os‘“
-30 - . j»» s,
W,
-40 A o.. :.
094 096 098  1.00
ppol

Figure 4.6: a) Total E,, b) the component v, B, €) the diamagnetic component V(p)/nZe, and
d) the component —v,, By, Scatter points represent measurements derived from CXRS, while the
solid line in a) shows the Gaussian process fit for E,. Red indicates low shaping and blue indicates

high shaping.

behaves as expected, and its contribution
in the high shaping case is stronger in the
pedestal middle/foot region due to its Vp
dependence. The distinction in the poloidal
velocity contribution (in d) between high
and low shaping is less pronounced, leaving
its role in E, dependence on shape uncer-
tain.

Looking again at E, in a), the largest con-
tribution appears to arise from the —v, By,
contribution (noting that this applies to the
impurity velocity). The toroidal velocity con-
tribution pushes the E, profile downward in
the pedestal top for low shaping, while the

diamagnetic contribution lifts it upward in
the pedestal foot region.

Our primary focus is on the Ex B shearing
rate, which is calculated as [22, 117]:

b <RBpo|>2i< E,
ExB B ()LIJ RBpo|

so the radial gradient of E, provides an esti-
mate for turbulence suppression. Although
the shearing rate impacts different mode
sizes in various regions of the pedestal dif-
ferently, this approach is sufficient for the
qualitative analysis. In figure 4.7 the gradi-
ent of E, is shown for the three discharges,

> (4.2)
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low B, discharge #38819 in a), medium
Bpol discharge #38474 in b) and high B,
discharge #38472 in ¢). The red and blue
lines show the low and high shaping phase,
respectively.

In the gradients, it can be observed that
during the low B, phase, there is barely
any noticeable change. In the medium
Bpol case (figure 4.7b), differences become
apparent in the pedestal middle and foot
regions, where higher shaping reduces the
gradients in these areas. A similar trend
occurs in the high B, case, shown in c),
although to a lesser extent, and with an ad-
ditional reduction in the outer core/pedestal
top region for the high shaping phase.

Moreover, the minimum of VE, shifts in-
ward as [, increases, a pattern that aligns
with the behaviour seen in figure 4.5, where
the gradient, a key term in E,, exhibits a
similar inward shift. Another notable differ-
ence is the depth of the VE, well: at low
Bpo|, it reaches approximately —1.6, while
this depth decreases with increasing B,
reaching around —1.2 for medium (3, and
about —1 for high B,

4.5 Conclusions

In this chapter, the initial measurements
obtained from the experiment are pre-
sented, marking the first step in our anal-
ysis. The experiment focuses on six cases,
consisting of three discharges at different
values of B, each analysed for two con-
figurations: low shaping and high shaping.
Examining the kinetic profiles: T, T, and
Ne, a@s shown in figure 4.4, yields several in-
triguing observations. Notably, T, exhibits a
clear dependence on 3, while n, remains
unaffected by it. Tg, on the other hand,
shows sensitivity to B, only in the outer
core, with the pedestal region remaining
unchanged. Additionally, T, appears indif-

22
low shaping t=3-3.2s
high shaping t=5.3-5.5s
1 .
['-'>J 0
-1 -
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2 . .
b
5 )
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Figure 4.7: The E, gradients are shown for low
shaping (red) and high shaping (blue). Panel
(a) presents the results for low 3, panel (b) for
medium [3, and panel (c) for high 3 discharge.

ferent to the shaping, whereas T, demon-
strates a lower gradient under high shap-
ing conditions. In contrast, n, responds
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strongly to shaping, showing a significant
increase with higher shaping.

These preliminary findings strongly sug-
gest the presence of multiple mechanisms
that respond differently to 3, and shaping,
influencing the kinetic profiles in distinct
ways. This highlights the need to move
beyond treating the pedestal solely as a
pressure profile. Instead, the densities and
temperatures that constitute the pedestal
must be recognised as individual compo-
nents with unique behaviours. This nu-
anced perspective will be further explored
and developed throughout this thesis.

The differing behaviours of temperature
and density have a pronounced impact on
the bootstrap current through two main
mechanisms. First, they contribute differ-
ently to the bootstrap current directly. Sec-
ond, their variations alter the plasma colli-
sionality, which, in turn, further affects the
bootstrap current. This interconnected be-
haviour introduces considerable complexity.
However, we have obtained measurements
of several equilibrium quantities to compare
and analyse some of these effects.

The pressure gradient decreases with in-
creasing By, and is consistently higher in
the high shaping configuration. The g-
profile also increases with high shaping,
particularly for the lowest value of [,
where the difference is significant. Inter-
estingly, the toroidal current density does
not vary much, neither with shape nor with
Bpoi» despite the substantial changes in
other parameters. lts maximum remains at
the same radial position and retains a very
similar value. What does change, however,
is the bootstrap current near the outer core
at the pedestal top, which could influence
both the g-profile and its trends. Together,
these observations underscore the substan-
tial impact of temperature, density, and
their associated mechanisms on the overall

equilibrium.

We also examined our calculations of E,
derived from the CXRS measurements, with
particular attention to its gradients. In the
low B, case, the gradients remain largely
unchanged in the pedestal region, and VE,
exhibits the deepest minimum. At medium
Bpoi» the middle and foot of the pedestal
show reduced values. The most signifi-
cant differences appear at high 3, where
the VE, peak broadens, affecting both the
pedestal top and foot.

These findings regarding VE, could prove
useful later, as they allow us to test how
consistently different phenomena influence
the pedestal structure. Since E, is often
considered a key driver of pedestal forma-
tion, these results provide an opportunity to
evaluate that assumption further.



80

4 EXPERIMENTAL RESULTS

“ayloljqig usip\ ML Te wuld ul ajgejrene si sisay) 210190 Syl JO UoisiaA [eulblio panoidde ay 1
“regBnjian Yayioljgig UsIpn NL Jap ue 1sI uoneuassiq Jasalp uoisiaAfeulblO aponipab ausiqoidde aiqg

qny a8pajmous| JNoA

Sayloiqie



“Yayolqig usHi N.L 1e wuld ul ajgejrene[si sisay [210190p Syl JO UoIsIaA [eulblio panoidde ay 1
SHTOTqIg USIA NL JBpP Ue 1SI Uoneupssiq J1asalp uoisiaAeulbluQ apjonipab susiqoidde aig

FILTERED

ELM
MHD ANALYSIS



“ayloljqig usip\ ML Te wuld ul ajgejrene si sisay) 210190 Syl JO UoisiaA [eulblio panoidde ay 1 < any a8pajmoust InoA
“regBnjian Yayioljgig UsIpn NL Jap ue 1sI uoneuassiq Jasalp uoisiaAfeulblO aponipab ausiqoidde aiqg v_U:#O__ﬁ—_m



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

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

[ 3ibliothek,
Your knowledge hub

jtor [KA /m?2]

5 ELM-filtered MHD Analysis
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Figure 5.1: The peeling-ballooning stability dia-
gram for the ELM-filtered time window of the
high B, case is presented as a plot of the
toroidal current density (j,,) versus the nor-
malised pressure gradient (a). Red markers
correspond to low shaping, while blue markers
represent high shaping phases. Stability limits,
defined by y = 0.04w,, are shown as lines. The
operational points are marked with triangles.

The experimental results shown in this
chapter are in the revision process in the
Nuclear Fusion journal.

5.1 Globadl Peeling-
Ballooning Stability
To evaluate global peeling-ballooning sta-

bility, the stability boundary is determined
using the MISHKA code, which takes as in-

83

put the reconstructed equilibria, along with
the pressure and current profiles. Figure
4.5d illustrates the total pressure profile
for the high B, discharge #38472. As
shaping increases, the pressure pedestal
becomes broader and steeper. Normally,
this would result in an increased bootstrap
current. However, as shown in figure 4.5f,
this is not observed. Higher density and
lower temperature contribute to increased
collisionality, suppressing the build-up of
the bootstrap current.

Figure 5.1 presents the global peeling-
ballooning stability analysis as a j—a dia-
gram, where j;,, represents the flux surface-
averaged current density and a the nor-
malised pressure gradient. The stability
limit is defined as the growth rate y =
0.04w, (4% of the Alfvén frequency) for the
most unstable mode and is shown as a solid
line. Operational points are represented by
triangles using the same colour scheme as
previous figures. Consistent with common
observations, the analysis shows that in-
creased shaping shifts the stability bound-
ary to higher a values, permitting the total
pressure gradient to increase. However, the
toroidal current density does not rise for the
reasons outlined earlier.

This suggests that, in this scenario, the
mode structure predominantly exhibits bal-
looning rather than peeling characteristics,
as ballooning modes are primarily driven by
a. To further explore this, we examine the
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Figure 5.2: A two-dimensional map of the local magnetic shear (s,.) is provided, where regions
with s,,. > O are depicted in blue, and those with s, < O are shown in green. The separatrix is
indicated by the black line, while thin white contours represent surfaces of constant s,,.. The thick
white contour highlights the surfaces where s, = O, signifying regions without ballooning mode

stabilisation.

development of local features of ideal n —
oo ballooning stability in different pedestal
regions. The local ideal ballooning modes
(IBMs) are stabilised by the square of the
magnetic shear. The two-dimensional dis-
tribution of the local magnetic shear sy,
as defined in [118], is shown in figure 5.2.
Positive s, regions are indicated in blue,
and negative regions are shown in green.
Thin white contours represent areas with
equal s, values, while thicker white lines
mark locations where s, crosses zero, in-
dicating no ballooning mode stabilisation.

5.2 Local Ideal Ballooning
Modes

Transitioning from low shaping (figure 5.2a)
to high shaping (figure 5.2b) introduces a
small region of negative s, on the up-
per low-field side (LFS), creating an addi-
tional zero-shear contour. Although neg-
ative shear stabilises modes through sﬁ)c,
even as the global surface-averaged shear
decreases, this change can significantly im-
pact the distribution of IBM instabilities due
to the localisation of ballooning modes on
the LFS.
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The driving force for ballooning modes is
the normalised pressure gradient a. Using
experimental data, HELENA computes both
the experimental g, and the critical g,
where the plasma becomes ballooning un-
stable. Figure 5.3a depicts Qg, as solid
lines and a. as dashed lines, with red
indicating low shaping and blue indicating
high shaping.

For higher shaping, the critical pres-
sure gradient becomes larger and broader,
with the experimental profile following suit.
Dashed circles highlight pedestal regions
closest to the ideal ballooning stability limit.
During the low shaping phase, the max-
imum gradient region at p ~ 0.975 is
closest to the stability boundary. With
increased shaping, two unstable regions
appear on either side of the ag, profile.
This behaviour is also visible in figure 5.3b,
which shows the marginal ballooning sta-
bility factor Frag = Ogrit/Qexp-  Higher tri-
angularity shifts the stable region in the
outer core inward, towards lower py, val-
ues. The location of this Fy5,, minimum is
compared to changes in the electron pres-
sure pedestal width for three different 3,
values.

5.3 Effect of Plasma
Boundary and Profiles

To better understand the separate influ-
ences of plasma shaping and the pressure
and current profiles on local IBMs, we per-
form a series of analyses by integrating low
(high) shape profiles into high (low) shape
plasma boundaries. Figure 5.4 presents
the first column, which displays the actual
cases for (a) Qg and gy, along with (d)
Frmarg, cOMparing high and low shaping con-
ditions.

In the second column, the dark blue

4 AUG# 38472 a)
low shape -
t=2.8-3s .
34 highshape /(7 i\
S 2
1_
0 c"e>|<p 'I"' Qerit
b)
2.50
2.25 A
2.00 A
5 1.75 1
S
L
1.50 A
1.25
1.00 A
0.94 0.96 0.98 1.00
P

Figure 5.3: Radial profiles of the critical a
(dashed lines) and experimental a (solid lines)
are shown in panel a), alongside the ballooning
stability factor F., in panel b). Red lines
correspond to low shaping phases, and blue
lines to high shaping phases. The solid lines
represent temporal medians, with the shaded
areas indicating 95% of the temporal variation
over the analysed 200 ms window.
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lines illustrate the actual scenario for high
shaping, while the light blue lines represent
the results from a HELENA run using high
shaping profiles with a low shaping plasma
boundary. The third column shows the
opposite configuration: the dark red lines
indicate the original low shaping case, and
the pink lines combine low triangularity (&)
profiles with a high shaping plasma bound-
ary.

From this examination, we conclude that
the choice of plasma boundary influences
local IBM stability linearly, as demonstrated
in figures 5.4e) and 5.4f). Meanwhile,
the profiles primarily dictate the structure
of the F4 profile, determining the pres-
ence of a local stability maximum in the
pedestal’s middle region. It is essential to
recognize that this analysis does not com-
pletely disentangle the effects of profiles
from those of equilibrium, since the input
consists solely of the plasma boundary. The
equilibrium reconstruction incorporates the
profiles, meaning the resulting structure of
Frmarg is largely influenced by effects of the
profiles on the magnetic equilibrium.

Notably, in the middle column, both high
and low triangularity plasma boundaries
yield characteristic F,4 profiles featuring
two minima and a local maximum within
the pedestal. This suggests that the im-
pact of profiles on the equilibrium facilitates
access to a second stability region, which
will be further examined in the subsequent
section.

5.4 Access to the Second
Stability Regime

As previously noted, the stabilizing factor
in the ballooning equation is dependent on
the square of the magnetic shear. There-
fore, even in regions with locally negative

magnetic shear, its squared value retains a
stabilizing effect. In typical ASDEX Upgrade
configurations, this phenomenon primarily
occurs on the low field side (LFS), where
ballooning modes become destabilized due
to adverse curvature, as illustrated in figure
5.2b. When the local shear s,,. changes
sign, its square value reaches zero, elimi-
nating any stabilizing effect. This condition
contributes to a local minimum in Fpa
observed at both the top and the foot of
the pedestal. Additionally, pressure influ-
ences the magnetic shear by enhancing
its poloidal variation, mainly due to an in-
creased Shafranov shift, which further rein-
forces the stabilizing effect.

The impact of poloidally varying magnetic
shear is also reflected in the s — a diagram,
as detailed in section 2.1.3 and schemat-
ically shown in figure 2.8. In summary,
at the plasma edge, heightened pressure
gradients induce a bootstrap current that
modifies the q profile, leading to a local
reversal of the shear, particularly at the
LFS where ballooning modes are concen-
trated. As a increases, the negative local
shear at the LFS increases further, resulting
in an increased square of the local mag-
netic shear. Consequently, ideal balloon-
ing modes experience further stabilization,
transitioning the operational point into the
second stability region. If the middle of
the pedestal lies within this second stable
region, it facilitates higher pressure gradi-
ents and enhances plasma confinement.
In such scenarios, the pressure gradient is
constrained not by local IBMs but by global
finite-n effects or another type of micro
turbulence.

The relationship between the first and
second stability regjons is illustrated in fig-
ure 5.5, which presents diagrams for the
high B, discharge #38472. In figure
5.5a), the unstable region, along with the
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Figure 5.4: Radial profiles of the critical a (dashed lines) and experimental a (solid lines) are
presented for two distinct time points in panels a), b), and c¢), with the corresponding ballooning
stability factor Fras = Ogit/Qeyp IN Panels d), e), and f). Panel a) and d) depict actual high
and low shaping values, with red representing low shaping and blue representing high shaping
phases. Panels b) and e) show high shaping profiles (dark blue) combined with low shaping plasma
boundaries (light blue). Conversely, panels ¢) and f) show low shaping profiles (dark red) mixed with
high shaping plasma boundaries (pink). Regions where a.,, and a;; are closest are highlighted
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with dashed circles.

first and second stable regions, is marked in
red and extended with the dashed gray line.
The three columns correspond to different
radial positions in the pedestal: the left col-
umn at p,, = 0.965 (the Fpa,, minimum
at the top of the high triangularity pedestal),
the middle column at p,, = 0.975 (the
Frmarg Minimum in the middle of the low
triangularity pedestal), and the right column
at ppor = 0.985 (the Fy 5 minimum at the
foot of the high triangularity pedestal). The
first row depicts the low triangularity phase,

while the second row illustrates the high
triangularity phase.

Each panel indicates the position of the
operational point, marked as a triangle,
within the s — a space. The current and
pressure gradient profiles utilized as input
for HELENA are scaled from 80% to 120%
of their initial values. The resulting grid is
represented as dots in figure 5.5. Using
the original plasma boundary, the equilib-
rium is reconstructed for each point, allow-
ing for the evaluation of local IBM stabil-
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ity. Each grid point is assigned a value of
Frmarg, depicted as a colour map, where blue
indicates stable and red unstable regions.
The proximity of the operational point to
the stability limit, represented by a black
contour line, indicates the degree of bal-
looning instability present in the configu-
ration. It is important to note that while
local IBMs serve as a proxy for KBMs, which
exhibit qualitatively similar behaviour, KBMs
are typically less stable. Therefore, points
within the white shaded areas may already
be susceptible to KBM instabilities.

In the first row, which presents the low
triangularity case, the stability limit remains
relatively low for both s and a across all
three locations. At p,, = 0.965 (figure
5.5a), the operational point resides well
within the first stability region, excluding
the possibility of achieving higher pressure
gradients. Further down in the pedestal
region, at ppy = 0.975 (figure 5.5b), the
operational point shifts slightly toward the
transition region. However, at p,, = 0.985
(figure 5.5¢), it returns to the first stability
region, again at low pressure gradient val-
ues.

The second row illustrates the high tri-
angularity case. Already at p,, = 0.965
(figure 5.5d), at the top of the p, pedestal,
the operational point is positioned closer
to the transition into the second stability
region. Panel e) clearly shows that the
operational point gains access to second
stability, attributed in part to the higher
a. Additionally, the stability boundary is
positioned at significantly higher values of
magnetic shear due to the altered plasma
shape compared to the first phase. At the
foot of the pedestal, in panel f), the stability
limit is even higher, placing the operational
point within the transition region.

The interpretation of the Fp, profiles in
figure 5.3 is as follows: for the high shaping

scenario, in the regjon of increased stability
(i.e., 0.965 < pyo < 0.985), Fra ap-
proaches 1. However, since this region is
second stable, the pressure gradient is not
actually restricted by the ideal ballooning
modes, as increasing Qg, only serves to
stabilise the IBMs, as depicted in figure
5.5e). Moreover, if Ogy, Were to rise in fig-
ure 5.3a), the values of a,; would increase
at a faster rate. This insight is impossible to
derive solely from profile examination, and
it can only be gained through the analysis
of the s — a diagram, underlying the impor-
tance of such detailed analysis.

5.5 Comparison of the
Electron, lon and Total
Pressure Profiles with Fp,qq
and E,

The radial positions of the electron (p,) and
ion (p;) pedestal tops are compared with
the marginal stability factor F,, and the
gradient of E,, normalised to cs/R, where cg
is the sound speed defined as

CS = \/Te + Ti/mi

serving as a proxy for the E x B shear.
The pedestal top position is determined by
fitting lines through the region of maximal
gradient and the outer core, identifying their
intersection point, as described in [119].
Figure 5.6 illustrates a strong correlation
between the p, pedestal (first row) and
Frarg (second row), with Fp,,s values be-
tween 1.2 and 1.25 at the radial position of
the respective p, pedestal top. Similarly, p;
(third row) correlates with VE, (fourth row).
The analysis is presented across a range
of Bpo Values—high in the first column,
medium in the second, and low in the third.
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Figure 5.5: s-a diagrams are shown for three distinct positions within the pedestal for discharge
#38472. The first row (a-c) represents the low shaping phase, while the second row (d-f)
corresponds to the high shaping phase. Blue contours indicate marginally ballooning-stable regions,
and red contours denote marginally ballooning-unstable regions. The solid line marks the ballooning
stability limit where F,,, = 1. Operational points are highlighted with black triangles.

The positions of the pedestal tops for pe
and p; are marked with dashed red and
blue lines for high and low triangularity, re-
spectively, and projected to the rows below,
indicating Fy,,,s and VE,.

In examining the electron pressure pro-
files (figures 5.6 a)-c)), only discharge
#38474 shows a slight increase in pres-
sure gradient during the high shaping
phase, while the others maintain a constant
gradient as the pedestal widens and rises.
The widening of the pedestal, attributed
mainly to expanding density profiles, results
in a constant p, gradient, as shown in figure
5.6. The standard deviation of Fp, in this

region is just 0.02, around a median value
of Farg = 1.21, highlighted with a gray
stripe in figures 5.6 d)-f). Itis crucial to note
that HELENA, the code used to calculate
Frarg, lacks information on E,, making it
difficult to estimate any ExB shearing sta-
bilisation effect in the local IBMs.

Comparing F, profiles in figure 5.6
d-f reveals that the profile shifts to higher
values with increasing B,,. Additionally,
the peak in the pedestal centre during high
shaping phases becomes more prominent
as the stability boundary shifts towards
higher values of s and a, as detailed in
section 4.4.
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The strong correlation between p; (figure
5.6 g-i) and VE, (figure 5.6 j-I) arises be-
cause E,, calculated as defined in equation
equation, is dominated by the diamagnetic
term of main ions, directly proportional to
Vp;. However, turbulent processes affecting
radial transport of particles and ion heat are
suppressed by VE,. So the whole mecha-
nism can be seen as an interplay between
neoclassical transport and MHD effects.

To further analyse these correlations,
we determine the radial positions of the
pedestal tops for each pressure profile (pe,
p;, and total pressure p). We evaluate F,5
and VE, at these positions and calculate

the median values (Fp, and VE,) for six
points (three By, values and two shapes
each). The median values and their respec-
tive standard deviations are listed in add
table. Figure 5.7 plots the radial positions
of the pedestal tops on the x-axes and the
radial positions of F,, and VE, on the y-
axes, with error bars indicating the standard
deviation range and a diagonal x = y gray
line in each panel. The correlation strength
is quantified as the R2 value, as shown in
table add table.

Figures 5.6 a-f) show a strong correla-
tion between the p, pedestal top position
and Fpag value of 1.21, reflected in figure
5.7 a), which also shows correlations with
Frarg POsitions.  Small error bars indicate
low standard deviations around the median,
except for discharge #38474 in the low
triangularity phase, which has a notably flat
profile in the region of the expected F5
value.

The ion pressure pedestal top, shown in
figure 5.7 b), has larger error bars due to
the greater scatter of F, values at the
pedestal top positions. In figure 5.7 c), to-
tal pressure positions still reflect the general
trend, albeit with larger variations.

Figure 5.7 d) shows the correlation be-

tween the p, pedestal top and the median

position of VE,, indicating that all trian-
gles (high-shaped phases) are wider than
the median, while all circles (low-shaped
phases) are narrower. The p, pedestal
tops for low and high triangularity occur at
distinctly different values of VE,, suggesting
additional stabilisation in the high triangu-
larity cases.

The strongest correlation with E, is ob-
served in p; (figure 5.7 e), where, de-
spite smaller changes in pedestal width, the
pedestal top positions align well with VE,,
and the error bars are small. Figure 5.7
f) also reflects these correlations, although
with slightly larger deviations from VE,.

5.6 Conclusions

In this study, the impact of various physical
mechanisms on the pedestal width is stud-
ied, with a particular focus on the relation of
shaping and normalised poloidal pressure
and MHD. Specifically, it was investigated
how these factors influence temperature
and density, as well as their separate ef-
fects on electrons and ions.

All analysed discharges are in ELMy H-
mode, where the overall limit on the total
pressure pedestal is determined by global
MHD peeling-ballooning modes. Changes
in shape shift the peeling-ballooning stabil-
ity limit towards higher values of the nor-
malised pressure gradient, a, and current
density, j. It was found that a plays a more
significant role, as temperature and density
respond differently to increased shaping:
both increase collisionality, which lowers
the bootstrap current, while the enhanced
total pressure gradient increases it, result-
ing in the maximal j;,, remaining approxi-
mately constant.

Notable differences in the influence of
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Figure 5.6: The first row (a-c) displays profiles of electron pressure (p.), the second row (d-f)
shows the ballooning stability factor (F,.), the third row (g-i) represents ion pressure (p;), and
the fourth row (j-) presents the gradient of the radial electric field (VE,), normalised to the sound
speed (cs) and major radius (R). Solid lines represent the median, and shaded areas indicate the
95% temporal variation over the analysed 200 ms. Low shaping phases are shown in red, while
high shaping phases are in blue. The pedestal tops, determined using a two-line fit through the
maximum gradient and outer core, are marked with vertical dashed lines. In panels d-f and j-I, the
horizontal grey bands depict the standard deviation around the median values of F.,,, and VE, at
the pedestal tops of p, and p;, respectively.
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Figure 5.7: The radial positions of the pedestal tops for electron (p,), ion (p;), and total pressure (p)
are correlated with the radial positions of the median values of F,, 4 (first row: a-c) and VE, (second
row: d-f). Circles indicate low shaping phases, while triangles represent high shaping phases. The
colour of the markers indicates the value of B,,: black for B,, = 1.3, orange for B, = 1.1, and
green for 3, = 1.0. Error bars represent the range of p, corresponding to the standard deviation.

shaping and B, were observed. It was
shown that B, had no effect on density, a
small effect on electron temperature, and a
significant effect on ion temperature, par-
tially due to the functionality of the [,
feedback loop. In contrast, shaping primar-
ily influences the density profile, increas-
ing both its width and gradient. While
shaping slightly affects electron tempera-
ture, the latter is lower in higher density
phases. Given that electron temperature
recovers more slowly during the inter-ELM
cycle [115], this can be interpreted as a

rise in temperature during the ELM cycle,
but only until the electron pressure gradient
reaches a constant value. lon temperature
does not significantly change with shaping;
however, in high shaping phases, B, feed-
back reduces NBI heating and increases
plasma volume, both of which contribute to
a reduction in heat flux.

The explanation for these changes lies in
the modification of local magnetic shear,
Sioer Which creates a region with strong
but negative magnetic shear, stabilising lo-
cal ideal ballooning modes (IBMs). This
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leads to transitions from having one unsta-
ble region spanning most of the pedestal to
scenarios where the pedestal top and foot
are unstable, while the middle enters the
second stability region, free of ballooning
modes, enabling pedestal widening.

This behaviour is reflected in the substan-
tial correlation between the pedestal top
position of the electron pressure, p,, and
a specific value of the ballooning stability
factor, Fpag. Similarly, a correlation ex-
ists between the pedestal top position of
ion pressure, p;, and the gradient of the
radial electric field, VE,. The resulting total
pressure widths also show a weaker but ob-
servable correlation with both the median of
Fmarg @nd VE,. A potential model emerges
from analysing this correlation starting in
the plasma core.

In the core, turbulence dominates trans-
port. Approaching the pedestal, VE,
strongly suppresses turbulence, but the
suppression varies across the pedestal re-
gion. At a threshold of ideal ballooning
stability, local E, stabilisation weakens, al-
lowing IBMs (or alternative modes such
as KBMs or resistive ballooning modes) to
emerge and enhance transport. Beyond
this region, E, stabilisation strengthens, and
together with other stabilising mechanisms,
suppresses IBMs again. For high triangular-
ity, even though F,, approaches balloon-
ing stability in the pedestal middle, the sec-
ond stability region permits higher pressure
gradients without triggering instability.

The total pressure is primarily con-
strained by global MHD phenomena, set-
ting the overall limit on the pedestal struc-
ture. Within this constraint, local trans-
port, turbulence, and its suppression further
shape the pedestal. The interplay between
shaping and [,y significantly affects the
pedestal structure: shaping predominantly
impacts density and electron temperature,

whereas B, determines the position of
MHD stability limits and influences the over-
all pedestal width. The identified mecha-
nisms enhancing the pedestal and reduc-
ing radial transport are E x B shear and
magnetic shear, which are counteracted by
global MHD stability limits. Once these
limits are exceeded, ELMs occur, leading to
pedestal crashes. Additionally, local IBMs
in different pedestal regions contribute to
transport.

These findings underscore the limitations
of scaling laws and empirical models in
predicting pedestal behaviour for future ma-
chines. A separate treatment of ion and
electron pedestals, for both temperature
and particles, is essential to understand
the pedestal structure. Our results suggest
that magnetic shear strongly influences the
electron pressure profile, while ion tem-
perature remains unaffected by shear but
correlates with E,. Distinct mechanisms
must therefore be considered for different
pedestal components when designing mod-
els for predictive calculations in future ma-
chines, such as ITER. Further testing and
integration of these mechanisms into pre-
dictive models are required.

Several open questions remain, such as
the behaviour of ion and electron heat dif-
fusivities and the role of other microturbu-
lent modes in the pedestal, which will be
further discussed in chapter 7. Addition-
ally, the role of resistivity requires further
investigation, either through resistive codes
or by examining ballooning mode responses
under varying collisionalities. While this
study highlights the importance of magnetic
shear in pedestal formation, the interaction
of these modes with E x B shear remains
an unresolved question, as this effect is not
captured in HELENA.

It is important to recognise that sta-
bilisation and drives of different modes
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vary across the pedestal, necessitating a
well-resolved radial analysis of pedestal
physics. This presents challenges both ex-
perimentally and in modelling, particularly
when considering distinct electron and ion
transport channels for particles and heat.
Nonetheless, such detailed analysis is cru-
cial for understanding and explaining di-
verse pedestal behaviours.



ELM-SYNCHRONISED
MHD ANALYSIS
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6 ELM-Synchronised MHD analysis

A part of the analysis presented in this
chapter was conducted by Vanessa Schwei-
dler [120] in her project thesis that | su-
pervised in 2023. The analysed discharges
are performed by Florian Laggner in his PhD
thesis and are published in [115].

The temporal resolution of our measure-
ments is limited, which poses challenges
when analysing the dynamics of an ELM due
to the typically high ELM frequency, often
in the range of 100-200 Hz. This makes it
difficult to resolve one whole ELM cycle with
the available diagnostics. To address this
limitation, we employ ELM synchronisation.

ELM synchronisation works as follows:
we first detect the precise timing of an
ELM. After identifying an ELM, we cap-
ture all available measurements until the
occurrence of the next ELM. These mea-
surements are then aligned and layered
on top of one another. By repeating this
process over multiple cycles, we construct
ELM-synchronised profiles that reveal the
average behaviour of the system during the
ELM cycle.

Figure 6.1 illustrates the evolution of
electron density (in a and ¢) and tempera-
ture (in b and d) during an ELM cycle for two
distinct discharges - low shaping discharge
#33207 with the triangularity & = 0.24
(figure 6.1 a and b) and high shaping dis-
charge #33194 with 6 = 0.4 (figure 6.1
c and d). These discharges are described
in detail in [115] but a brief overview is
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shown in figure 6.1. From the observations
in [115] and additional findings in [116],
we characterise the progression of the ELM
cycle in three phases. During an ELM crash,
the entire pedestal, including density and
temperature profiles, flattens—this is re-
ferred to as phase I. Following this, the ion
temperature and particle density recover
relatively quickly, whereas the electron tem-
perature lags behind, marking phase Il. In
phase lll, the electron temperature also
recovers, bringing the pedestal back to a
pre-ELM state.

6.1 Analysis of the
ballooning stability
profiles

Because we are interested in the stability,
we examine how the pressure and toroidal
current density evolve during the ELM cycle.
Due to the higher ELM frequency in the
low shaping case, the average ELM cycle is
shorter. As a result, the analysis for the low
shaping discharge focuses on a 5ms win-
dow following the ELM crash and a 0.5ms
period before the next ELM. In contrast, the
high shaping case, which features a lower
ELM frequency, allows for a longer ELM
cycle analysis, covering 9 ms.

Figure 6.2 presents the corresponding
plots, where radial positions are indicated in
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Figure 6.1: Figures adapted from [115]. Inter-ELM pedestal evolution is illustrated for electron
density (ng) in panels (a) and (c) and for electron temperature (T,) in panels (b) and (d), at various
radial positions across the pedestal (ppo|). Panels (a) and (b) correspond to the low-6 case, while
panels (c) and (d) represent the high-6 case. In all scenarios, the n, pedestal is re-established
before the T, pedestal, and the sequence of recovery phases remains consistent. Notably, the
duration of the T, pedestal recovery phase (AtTe) and the pre-ELM phase increases with higher §,

correlating with a reduction in fg .

different colours, ranging from yellow for the
outermost region to dark blue for the outer
core/pedestal top. The x-axis represents
time relative to the ELM onset, while the
y-axis shows various quantities of interest,
mapped to illustrate their evolution over the
ELM cycle.

Panels (a) and (b) in figure 6.2 illus-
trate the evolution of pressure throughout

the ELM cycle for the two shaping cases.
The behaviour is largely comparable and
consistent with expectations. Following an
ELM crash, pressure values drop signifi-
cantly across all radial positions. In the
low shaping case, the pressure begins to
recover, particularly deeper in the pedestal,
at p = 0.98 and inward. This recovery
continues until a collapse occurs.
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Figure 6.2: Inter-ELM evolution of pressure p (in a and b), pressure gradient Vp (in ¢ and d) and
toroidal current density ji,,. In the left column, an ELM-cycle from the low shaping discharge, and
in the right column, an ELM-cycle from the high shaping discharge is depicted. Different colours
mark different radial positions. The x-axis is marking the time relative to ELM onset, with gray areas

marking different pedestal recovering phases.

In the high shaping case, the pressure
values initially exhibit a similar trend to the
low shaping case, with comparable growth
up to the point just before the low shaping
case experiences its collapse. However, in
the high shaping case, the pressure contin-
ues to grow further, reaching a secondary
peak. This additional phase of growth in the
high shaping case is a notable distinction
and underscores the differences in pressure
dynamics between the two configurations.
In figure 6.2a and 6.2b, the gradients ap-
pear to decrease just before an ELM. How-

ever, this is likely due to the fact that ELMs
are not perfectly periodic. The evolution of
Vp, which represents the pressure gradient
taken as a derivative along the normalized
dimensionless coordinate {y, also mirrors
these trends. Following an ELM crash, the
pressure gradient collapses significantly in
both shaping cases. However, in the high
shaping case, the gradient experiences a
much more pronounced collapse. In the
low shaping case, the recovery of Vp is
limited by the shorter ELM cycle, as another
ELM crash occurs before the gradient can
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fully develop. In contrast, the high shap-
ing case demonstrates continued growth of
the gradient, reflecting the extended ELM
cycle and the differences in the pedestal
dynamics between the two shaping con-
figurations. In figure 6.2a and 6.2b, the
gradients appear to decrease just before an
ELM. However, this is possibly due to the
fact that ELMs are not perfectly periodic and
some points are caught from the already
collapsed pedestal. It is also possible that
at that point, modes in the pedestal appear
that increase transport and flatten the pres-
sure gradient again.

Panels (e) and (f) show the toroidal cur-
rent density, jo,, for the low and high shap-
ing discharges, respectively. In both cases,
the dark blue curve, corresponding to p =
0.96, remains relatively flat and shows min-
imal variation throughout the ELM cycle.
This behaviour aligns with expectations, as
the bootstrap current is located primarily in
the steepest pedestal region.

At other radial positions, we observe sig-
nificant growth in j,, during the ELM cycle
for both plasma shapes. Comparing the
behaviour in the second phase att = 4 ms,
we note that ji,, is slightly lower in the
highly shaped discharge (panel f). In the
low shaping discharge, this point marks the
maximum ji,, as it decreases afterwards,
despite relatively constant Vp. In the high
shaping case, on the other hand, both j;,,
and Vp keep increasing.

From these observations, we can draw
several important conclusions that will be
useful for the subsequent analysis of ideal
ballooning stability. In the low shaping
case, after an ELM crash, quantities such
as p, Vp, and ji,, all increase during phase
two, marked as At(ng), where the electron
density is recovering. However, from the
radial profiles, we know that during this
phase, the electron temperature does not

yet reach its full value. In the third phase,
marked as At(T,), although T, continues
to increase, the total pressure p remains
constant, Vp stabilizes, and j;,, even starts
to decrease. Additionally, in figure 6.1a it
can be noted that in the steepest gradient
region, at ppo = 0.98, the electron density
is even slightly decreasing, which is not the
case at the pedestal top position py, =
0.96.

In contrast, for the high shaping case,
the behaviour is notably different. Here,
p increases during both the second and
third phases, Vp continues to grow in the
third phase, and j;,, also shows an increase
during this final phase. These distinctions
between the two shaping configurations are
intriguing and will play a key role as we move
forward with our analysis.

Now, we continue to analyse the local
IBMs and the stabilising and destabilising
factors influencing them, following a similar
approach as in the previous chapter. Figure
6.4 illustrates key quantities: the first row
(panels a and b) depicts the global, mag-
netic surface-averaged shear s; the second
row (panels ¢ and d) presents both the ex-
perimental (Q,,,, shown as connected dots)
and critical (0o, represented by dashed
lines) normalised pressure gradients; and
the final row shows the ideal ballooning
stability factor Frarg = Olexp/Ogrit-

Examining the magnetic shear s in 6.3a
and 6.3b, we observe very distinct be-
haviours in the two shaping cases. In the
low shaping case, at p,, > 0.97, s ini-
tially decreases during phase Il At(ng) be-
fore increasing again during phase Il At(T,).
This trend aligns with the evolution of the
toroidal current density j;,, shown in figure
6.2e, where j;,, decreases during phase Ill,
thereby driving an increase in s. Conversely,
in the high shaping case, s behaves differ-
ently: it increases sharply following an ELM
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Figure 6.3: Inter-ELM evolution of surface averaged magnetic shear s (in a and b), experimental
(solid lines) and critical (dashed lines) a (in ¢ and d) and marginal stability factor F ;s =it/ Qexp-
In the left column, an ELM-cycle from the low shaping discharge, and in the right column, an
ELM-cycle from the high shaping discharge is depicted. Different colours mark different radial
positions. The x-axis is marking the time relative to ELM onset, with gray areas marking different

pedestal recovering phases.

crash and subsequently decreases through-
out the whole ELM cycle. This behaviour
can be attributed to the increase in j;,, seen
in figure 6.2g, which modifies the safety
factor g in a manner that continuously re-
duces s over time.

If we take into account the behaviour
of s, as well as Vp and j,, we can see
some interesting trends. In the low shaping
case, shown in figure 6.3c, the normalised
pressure gradient a increases during phase
Il, where n, is recovering, but it remains

constant in phase Ill. Specifically, 0.y, stays
constant during this phase, while ag;; first
increases and then slightly decreases. In
contrast, this pattern does not occur in
the high shaping (6.3d). After phase Il
is completed—when ng has fully recovered
and T, is still recovering—the critical val-
ues Qg increase significantly (despite s
decreasing), and a,,, also continues to rise.
This suggests that during phase lll, the high
shaping case may enter the second sta-
bility region. Supporting this, we observe
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Figure 6.4: Radial profiles of the local IBM relevant quantities: surface averaged magnetic shear s
(in a and b), experimental and critical a (in ¢ and d) and marginal stability factor F ;s =it/ Qexp-
In the left column, an ELM-cycle from the low shaping discharge, and in the right column, an
ELM-cycle from the high shaping discharge is depicted. Three phases of the ELM-cycle are taken
for each discharge, relevant to the ELM onset, these are: phase | (flat gradient) - 1.5-2.5ms;
phase Il (n, recovered) - 2.5 — 3.5 ms in low shaping and 4.5 — 5.5 ms in high shaping; and phase
Il - 4.5 —5.5ms in low shaping and 6.5 — 7.5 ms in high shaping.

that the steepest parts of the pedestal, at
p = 098 and p = 0.97, ay; show the
largest increases, while s decreases most
significantly at these radial positions.

In the same figure 6.3, panels e and f
highlight this phenomenon more clearly by
showing F5. In the low triangularity case,
Frmarg at the pedestal top remains fairly con-
stant during phase lll, but in the middle
and foot regions (p = 0.99, 0.985, and
0.98), it briefly increases (corresponding

to the decrease in s around 5 ms) before
continuing to decrease. In contrast, for the
high shaping case, Fp remains fixed at a
low value for p = 0.96, while all other radial
positions show a significant jump during
phase Ill as T, recovers.

Based on the previously analysed plots,
the following hypothesis regarding the be-
haviour during one ELM cycle emerges: The
cycle begins with an ELM crash, which dis-
rupts the edge pedestal. The density, n,
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and the ion temperature T; are the first to
recover. In the low shaping, the ng recovery
drives the normalised pressure gradient q,
to a maximum value. At this point, due to
the lack of access to the second stability
region, the total Vp is clamped. After that,
the electron temperature, T, begins to re-
cover, likely driven by transport processes
[116].

The first time point of At(T,) lies within
the second stability region. This conclusion
arises from the observation that f, is
higher in the middle of the pedestal com-
pared to the top, as shown in figure 6.3e,
att = 55 s. At this stage, a shows
a brief increase, suggesting the system is
temporarily accessing the second stability
region. However, at the subsequent time
point, the pressure gradient, Vp, becomes
clamped in the 1st stability. This clamping
prevents a from increasing further, forc-
ing the system deeper back into the first
stability region. As a result, ng slightly
decreases in the steepest gradient region
of the pedestal (but not at the top), as
shown in figure 6.1a. This decrease is likely
caused by ballooning modes that limit Vp.
Meanwhile, T, continues to rise, potentially
due to transport effects becoming more
pronounced.

Subsequently, a series of interconnected
processes occur: ng decreases further, T,
increases, and the bootstrap current low-
ers. The reduction in the bootstrap current
causes the magnetic shear, s, to increase,
which pushes the system further into the
first stability region.

Finallyy, around t = 7.5 s, another
ELM is triggered, which is caused by the
global peeling-ballooning stability mecha-
nism, which governs the overall stability of
the edge pedestal.

To visualise this phenomenon differently
while conveying the same point, we exam-

ine individual profiles at different phases
of the ELM recovery. In figure 6.4, the
first row shows the magnetic shear, s, the
second row presents the normalised pres-
sure gradient, a, and the third row depicts
fmarg-  In this case, the x-axis represents
the normalised radius p,, allowing us to
analyse the entire profile.

The left-hand panels correspond to the
low shaping case, while the right-hand pan-
els represent the high shaping case. Forthe
low shaping case, we again selected time
points to represent three phases: phase |
no pedestal: 1.5-2.5ms; phase Il a phase
with a developed n, 2.5:3.5 ms; and phase
Il a phase with both developed n, and Tg:
4.5-5.5ms. Notably, the third phase cor-
responds to a brief time window where the
low triangularity configuration allows access
to the second stability region. In the high
shaping case the chosen phases are the
same, however the time points are different
due to the longer ELM-cycle. That is phase
| again corresponds to 1.5-2.5 ms after the
ELM crash; phase Il is now 4.5-5.5ms; and
finally phase Il corresponds to 6.5-7.5ms.

First, let us compare the evolution of s
between the low and high shaping cases.
In both cases, the trend is qualitatively sim-
ilar: s decreases in the steep region of
the pedestal as the recovery progresses.
This behaviour is attributed to the growing
edge current, which flattens the g-profile,
however it is significantly more pronounced
in the high shaping case since the bootstrap
current grows throughout all three phases,
unlike the low shaping discharge, where the
growth is suspended in the third phase.

Next, consider a, shown in panels (c) and
(d). Once again, the qualitative behaviour is
comparable between the two cases; how-
ever, significant quantitative differences are
again evident. In the high shaping case,
there is much deeper access to the second
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stability region, as indicated by the very high
Ogrit in panel (d), and the broad 44 profile
with two local minima in (f), which signals
access to second stability. In contrast, the
low shaping case exhibits narrower and less
stable access to the second stability region,
as seen in panel (e). Furthermore, as pre-
viously noted in figure 6.3, this access is
quickly lost as the edge current decreases
over time.

6.2 Analysisinthe s - a
space

To confirm the hypothesis regarding access
to the second stability region, we again
utilise s-a diagrams, as in the previous
chapter. To illustrate how access to second
stability is lost, we analyse the same three
specific time points for the low and high
shaping case. The first phase corresponds
to the state immediately following the ELM
crash, when the pedestal is fully collapsed.
The second phase, from 4.5 to 5.5 ms,
occurs when n, has fully recovered, and
Te is just beginning to recover. The final
phase, from 6.5 to 7.5 ms, represents the
later stage of pedestal recovery, and in the
low shaping discharge, this is the time point
where we expect it to briefly have access to
2nd stability.

In the s-a diagrams, we first focus on a
specific radial position that corresponds to
the maximum Vp regjon, taken as py, =
0.9825 for both discharges. Figure 6.5
illustrates the results, with the low shaping
case displayed in the first row and the high
shaping case in the second row, while the
phases progress from left to right.

In the first phase, both the low shap-
ing and high shaping cases remain entirely
within the first stability region, reflecting the
fully collapsed state of the pedestal. By the

second phase (4.5-5.5 ms), in both shapes
plasma accesses the second stability re-
gion, but it remains in a transitional state,
somewhere between the first and second
stability. The most significant difference
arises in the third phase (6.5-7.5 ms),
where the low shaping case is pushed back
into the first stability region, constrained
by the passage boundaries. In contrast,
the high shaping case firmly resides in the
second stability region. In this state, ais no
longer limited by the local ideal ballooning
modes (IBMs), highlighting the better sta-
bility achieved in the high shaping configu-
ration.

If we compare figure 6.5¢ and 6.5f we
can notice that several effects play a role
for this development: the stability bound-
ary shifts upwards in the high shaping, the
global s is lower in high shaping and the high
shape has higher values of a.

For the pedestal top, it is crucial to note
that two different radial positions are used
due to the differing pedestal widths be-
tween the low and high shaping cases. In
the low shaping discharge, the radial po-
sition is taken at p,, = 0.97, reflecting
the narrower pedestal. In the high shaping
case, the radial position is set at ppy =
0.96, corresponding to the wider pedestal.

A particularly  striking  observation
emerges from this analysis. Regardless
of the phase and despite the fact that
a increases as the phases progress, the
relative position between the operational
point and the stability limit remains
remarkably consistent. In fact, it appears
to be almost identical across the phases
— a surprising result that underscores
the robustness of this behaviour. Note
that also in chapter 5 figure 5.5b and
5.5d - where the pedestal top for the
non-synchronised pre ELM case is shown
- shows the same relative position of
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Figure 6.5: s-a diagrams are shown for three distinct phases within the ELM cycle for low shaping
discharge #33207 (first row) and high shaping discharge #33194 (second row) in the pedestal

middle.

Blue contours indicate marginally ballooning-stable regions, and red contours denote

marginally ballooning-unstable regions. The solid line marks the ballooning stability limit, where
Fmarg = 1. Operational points are highlighted with black triangles.

boundary and operational point.

6.3 Conclusions

Building on our previous understanding, we
know that ion temperature T, and electron
density n, recover very quickly following an
ELM crash, and the electron temperature
T, takes more time. However, to deepen
our perspective on the ELM cycle, we anal-
ysed local ideal ballooning modes (IBMs),
which serve as proxy for both the resistive
ballooning modes and the kinetic ballooning
modes. The analysis does not take into ac-
count the stabilising behaviour of the E x B

shear and also not the destabilising effects
of collisions or resistivity.

The emerging picture from this analysis is
as follows. In the second phase of the ELM
cycle, for both high and low shaping cases,
the density begins to build up first. In the
low shaping configuration, there is a brief
window where conditions seem favourable
for accessing the second stability region,
and the bootstrap current starts to grow.
However, this time window is short-lived, as
the maximum pressure gradient becomes
rapidly constrained by local IBMs in the
first stable region, effectively clamping the
progression of the pedestal build up.
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Figure 6.6: For the pedestal top, s-a diagrams are shown for three distinct phases within the
ELM cycle for low shaping discharge #33207 (first row) at p = 0.97 and high shaping discharge
#33194 (second row) at p = 0.96. Blue contours indicate marginally ballooning-stable regjons,
and red contours denote margjnally ballooning-unstable regions. The solid line marks the ballooning
stability limit where F,,., = 1. Operational points are highlighted with black triangles.

In contrast, the high shaping case pro-
vides more robust access to the second
stability region due to the favourable geom-
etry of the plasma. This enables the pres-
sure gradient to continue increasing without
significant constraints. This difference also
leads to distinct behaviours in the toroidal
current density. In the high shaping case,
the current density continues to grow along-
side the increasing pressure gradient. Con-
versely, in the low shaping case, we observe
stagnation in the pressure gradient, likely
caused by the influence of IBMs.

These contrasting behaviours may par-
tially stem from the observed decrease in

pedestal density as the electron temper-
ature rises, observed in the low shaping
case. Since density plays a significant role
in the bootstrap current, this interplay be-
comes critical. However, collisionality may
also contribute to these differences, and
further work is needed to disentangle these
effects.

In the high shaping case, the current,
gradient, and other related parameters in-
crease largely unhindered by ideal balloon-
ing modes, showing no signs of the stag-
nation observed in the low shaping sce-
nario. This is due to the stabilising effect
of locally negative magnetic shear, which
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becomes particularly evident during phase
[ll. As shown in figure 6.3b, magnetic shear
(s) decreases significantly in the high shap-
ing case, whereas it increases in the low
shaping case, as seen in figure 6.3a. This
difference appears to be a key factor in the
observed behaviours.

Further insights were gained from the s-a
diagrams, which confirm the enhanced ac-
cess to second stability in the high shaping
case. Perhaps even more striking is the
observation that, regardless of the chosen
radial positions, the pedestal top exhibits
qualitatively similar behaviour in terms of
the relative positions of operational points
and stability limits.

Despite these findings, several open
questions remain. For instance, what drives
the toroidal current to first increase and
then decrease? This dynamic warrants fur-
ther investigation to fully understand the
underlying mechanisms at play. It is worth
noting that these results are based on only
two cases; however, they align with and
confirm many of the trends explored in the
previous chapter.
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7/ Transport Analysis and Gyrokinetic

Simulations

Having examined the MHD in consider-
able detail, using both ELM-filtering and
ELM-synchronising techniques, it is impor-
tant to highlight that the MHD analysis fo-
cuses on total pressure, and it incorporates
information about ion and electron tem-
peratures and densities only thought the
effects they have on the bootstrap current.
As discussed in chapters 5 and 6 this de-
pendency is hot completely straightforward,
since it varies depending on the influence
of density vs. temperature contributions
and collisionality. Most importantly, the
differences observed in the behaviour of
density and temperature profiles of ions and
electrons, indicate that it is necessary to
expand the analytical tools applied.

Therefore, in this chapter, we explore
how the heat and particle transport coef-
ficients change as we vary B, and the
plasma shape, using two new approaches.
Firstly, with ASTRA, the transport analysis
is performed to learn how particles and
energy are distributed and evolve within
the plasma. Gyrokinetics, on the other
hand, delves into the detailed behaviour of
charged particles in the presence of mag-
netic fields, capturing micro instabilities and
turbulence, which are crucial for under-
standing the intricate dynamics observed
in the experiments. Both tools were intro-
duced earlier, in section 2.2.4, but their

application here provides deeper insights
into the specific differences noted in den-
sity and temperature evolution for ions and
electrons.

In this chapter, we return to the ded-
icated discharges of this thesis #38472
and #38819. In this section, the medium
Bpo discharge #38474 is omitted, par-
tially to prevent overcrowding the analysis
and partially because that experiment is
heated with ECRH, whereas the chosen two
discharges both have ICRH heating which
enhances consistency of the results. Ad-
ditionally, the medium B, discharge had
some mismatch in the feedback, so that
Bpol Was not constant over the two different
shapes. Here we also step away from the
ELM-synchronisation and employ the filter-
ing of the ELMs and take the median of
selected time windows. The time windows
are the same as described in section 4,
namely for both discharges the low shaping
phaseist; = 2.8—3s and the high shaping
phase ist, = 5.3 —5.5s.
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7.1 ASTRA Transport
Simulations

7.1.1 Transport Coefficients

The experimental details for the analysed
discharges are outlined in chapters ?? and
4, but they are summarised here again for
clarity and completeness. Figure 7.1 shows
again an overview of the kinetic profiles of:
Ne, Te and T;. These serve as inputs for
the simulations with the ASTRA code [121],
which is employed in this section. Addition-
ally, n; is calculated using Z¢, obtained via
CXRS, as described in equation 3.3, with
the same colours as in chapter 5: medians
of the selected 200 ms are shown in red
for the low shaping phases and blue for the
high shaping phases. Here, the dotted lines
represent the low [, discharge #38819
and the dash-dot lines the high B, dis-
charge #38472.

To summarise the overview provided in
chapter 4, the density n, in figure 7.1a
is found to vary significantly with shaping
but shows less dependence on ;. In
contrast, the electron temperature T, in
7.1b exhibits notable differences primarily
in the outer core region, while the pedestal
width and height remain relatively consis-
tent across the cases. The ion temperature
shown in figure 7.1c, however, is strongly
dependent on B3,,, with little to no influ-
ence from shaping. Notably, the entire T;
pedestal increases uniformly with increase
in B, affecting both the top and foot.
As a result, changes in pedestal width are
not particularly pronounced, though some
variations are observed.

The profiles obtained are input into AS-
TRA, which then calculates the heat and
particle transport coefficients. The results
of these computations are compared. First,
it is important to note that the scales used

: AUG #38819 t=3-3.2s 1 AUG #38472 t=2.8-3s
: AUG #§8819 t=5.3-5.5s IAUG #38472 t=5.3-5.5s
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Figure 7.1: Kinetic profiles used as an input
for ASTRA simulations: n, shown in a), T, in
b), and T, in c). The dotted lines mark the low
Bpol discharge #38819 and the dash-dot lines
show the high B, discharge #38472. The
low shaping phases are shown in red and high
shaping phases in blue.
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in figures 7.2 and 7.3 are logarithmic. This
choice is necessary to capture the wide
range of scales at which different compo-
nents of the ion heat diffusivity operate,
providing a comprehensive view of both the
neoclassical and turbulent contributions.
The colour scheme stays the same (red
shows the low shaping and blue the high
shaping phases), circles show the low Bpol
discharge #38819 and crosses the high
Bpo discharge #38472. We begin the
interpretation of results with particle trans-
port, shown in figure 7.2a.

The analysis of particle transport presents
certain challenges due to the uncertainty
regarding the neutral density at the separa-
trix, which is proportional to the source term
for D, the effective diffusivity for electrons
and ions. A scan of neutral densities and
some further analysis was performed, as
detailed later in this chapter, but the results
were inconclusive to what the exact neutral
density is. However, the qualitative trends
remain consistent despite this uncertainty,
although the quantitative values are not
definitively known.

In figure 7.2a the particle diffusivity is
shown. From a qualitative perspective, in
the outer core — particularly between p =
0.92 and p = 0.94 — there is evidence
of a mechanism driving particle transport
that is strongly dependent on Bpo|. Beyond
p = 0.94 and approaching the separatrix,
the observed differences are predominantly
influenced by shaping effects. Interestingly,
the transport shows a substantial drop-off
at the pedestal top, with values decreas-
ing to approximately 10~2, leaving minimal
transport activity. Although an increase in
neutral density at the separatrix would ele-
vate these values, the overall transport re-
duction in the pedestal remains significant.

The separation between the red and
blue trends, representing different shapes,
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Figure 7.2: ASTRA results for effective particle
diffusivity Deg in @) and electron heat diffusivity
Xe N b). The circles mark the low B, discharge
#38819 and the crosses mark the high
discharge #38472. The low shaping phases
are shown in red and high shaping phases in
blue.

aligns with the differences in the pedestal
width of n,. Since ASTRA matches the
profiles, this is not too surprising, however
it becomes evident that particle transport
predominantly occurs at the pedestal top,
and it is reduced in the pedestal itself.
With particle transport discussed, the fo-
cus now shifts to the electron heat trans-
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port, as shown in figure 7.2b. As antici-
pated, the results for electron heat trans-
port exhibit smaller differences. The largest
difference is observed in the low-f3,, high-
shaping case, which demonstrates lower
values of ¥, in the whole pedestal. In the
pedestal middle and foot regions, a stronger
Bpol dependence is apparent, while the de-
pendence on shaping is less pronounced.
High-B,, cases show negligible changes
with shaping, whereas low-[3 cases exhibit a
decrease in X, with higher shaping. Overall,
these results align with expectations that
higher shaping has higher electron heat dif-
fusivity, and that there is only weak beta de-
pendence. One should note that x,, reflects
mostly turbulent transport, and the neoclas-
sical contribution is negligible due to the
much smaller particle mass, as shown in
equation (2.71).

The next analysis focuses on the ion heat
diffusivity x;, as depicted in 7.3. The ion
heat diffusivity is particularly interesting be-
cause ASTRA provides both ¥; (total ion
heat diffusivity) and X e, (the neoclassical
component of ion heat diffusivity). Con-
sequently, the ion heat diffusivity can be
conveniently decomposed into its neoclas-
sical component, X;neo, and the turbulent
component, Xitwurmp = Xi — Xineo- TNis allows
for a detailed observation of how the neo-
classical and turbulent contributions to the
ion heat diffusivity differ.

When observing the total x; in figure 7.3a,
there is a noticeable reduction in transport
within the pedestal region, compared to
the core plasma, which aligns with expec-
tations. The transport then increases again
at the pedestal foot. In the outer core, it is
less clear which mechanism dominates the
transport, but in the pedestal foot regjion,
a separation between crosses and circles
indicates that 3, has a stronger influence
than shaping.

o 8
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Figure 7.3: ASTRA results for total ion heat
diffusivity X; in a), its neoclassical contribution
in b) and the turbulent contribution in c). The
circles mark the low B, discharge #38819
and the crosses mark the high B, discharge
#38472. The low shaping phases are shown in
red and high shaping phases in blue.
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It should be noted that x; decreases with

. AUG #38819 t=3-3.2s ; AUG #38472 t=2.8-3s
: AUG #38819 t=5.3- 5 5s I AUG #38472 t=5.3-5.5s

increased shaping. However, because con- vt TE:
stant B, is achieved with the use of the 1.4 1 \ \ ’E-: a)
flexible NBI system, the amount of heating \ \
power also decreases with shaping. These 1.3 R ’ i
effects balance out, resulting in a temper- w \ \ _!
ature profile that varies exclusively with B, & 1 24 PR T -
showing no dependence on shaping. It = low Boh "\ “_‘ !,’-’
is worth emphasising that, despite these | =" high Bpoy f
Bpor @nd shaping variations, the values of | low shaping "X,
X; remain relatively high overall. high shaping

Turning now to the neoclassical contribu- 1.0 ' ' ' ' ' ' '
tion, shown in figure 7.3b, we observe that 20 1 b)
Xineo reMains relatively constant and high, ® low By, =
however slightly decreases in the pedestal 15 1 I‘:)\:Iirr:aBpiorlm
region due to its dependence on n;. While . high shgpir%g
there is a slight increase with shapinganda 3 *

) : F 10 1
minor decrease with B, these changes are &
not substantial. =

Lastly, figure 7.3c shows a clear trend for 51 3 0%,
the turbulent pf_;\rt qf heat transport: turbu- IXT R . . 'K X R | | S84
lence suppression is more pronounced for 0 1
high B and high shaping, parti(_:ularly.in the O.é4 ' 0.56 ' 0.238 ' 1_60
middle of the pedestal. This aligns with the Oool

observation from the MHD analysis, where
access to the second stability region was
achieved in this area. Turbulence intensi-
fies again at the pedestal foot, which is a
noteworthy detail.

Another observation is that in the
pedestal foot region, ranging from 0.99 to
1, increasing shaping causes X;ne, to in-
crease while x;y,p decreases. As a result,
the total x; experiences minimal change.
On the other hand, both X;,eo and X;urm.
decrease with the increase in B, which
enhances the difference in total ¥;.

7.1.2 Comparison with local
IBMs

To delve deeper into these findings, figure
7.4 presents two key plots for further inves-
tigation. In 7.4a the f,,,4 profiles discussed

Figure 7.4: Comparison of local IBMs marginal
stability factor fs = Qi/Qexp ShOWN in a)
and the ratio of total ion heat diffusivity X; and
turbulent ion heat diffusivity Xy, depicted in
b). In a) the dotted lines mark the low B, dis-
charge,#38819, and the dash-dot lines show
the high B,, discharge, #38472. The low
shaping phases are shown in red and high shap-
ing phases in blue. In b) the circles mark the
low B, @nd the crosses the high 3, discharge.
Low shaping phases are shown in red and high
shaping phases in blue.

in chapter 5 are revisited, while 7.4b shows
the ratio =—

Xi‘turb

A short disclaimer: the fy,s profiles in
7.4a have been shifted to the left by p =
0.003 due to a misalignment identified dur-
ing the analysis. Specifically, the input
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pressure gradient and the output pressure
gradient from HELENA equilibrium recon-
struction exhibited this offset, therefore all
HELENA outputs in this step were adapted
to ensure alignment of the pressure gra-
dients. This issue likely stems from how
HELENA handles the total plasma current,
which is integrated across the entire plasma
up to the separatrix. Since HELENA requires
a last closed flux surface—assumed here
to be at p = 0.997—it redistributes the
current differently than expected. Ideally,
the plasma current density should be inte-
grated from p = O to p = 0.997, but due
to time constraints, this correction was not
implemented in the frame of this thesis. It
will, however, be addressed in future work.

The dotted lines in figure 7.4 represent
low B, while the dot-dash lines corre-
spond to high B,y. Similarly, low shaping
is shown in red, and high shaping in blue.
As previously discussed in chapters 5 and
6, high shaping cases grant the plasma
access to the second stability region, allow-
ing steeper gradients that are not limited
by local IBMs. The two dips in the f4
profile, shown in 7.4a, along with a small
hill in the middle, indicate regions within
the second stability. These areas, i.e. the
small hills in the middle, although close to
the stability limit, are devoid of ballooning
modes. To highlight these local IBM-free
regions, shaded blue areas are included in
figure 7.4a.

We now look at the ratio of total ion
heat diffusivity, x;, to its turbulent com-
ponent, Xjwm- A lower value of this ratio
indicates that turbulent transport is compa-
rable to the total transport. Typically, it is
assumed (as supported by previous studies
[122, 123]) that turbulent transport in the
pedestal is suppressed, making it valid to
approximate the pedestal heat diffusivity as
purely neoclassical. However, the data in

figure 7.4b demonstrate this assumption
does not always hold.

For both high and low B, the low shap-
ing phases shown in red maintain a ra-
tio of approximately 1.5-2 throughout the
pedestal. This signifies that turbulent trans-
port accounts for roughly half of the total
transport, and is therefore far from negligi-
ble. In contrast, in high shaping cases, par-
ticularly in the pedestal top to pedestal mid-
dle region, this ratio significantly increases.
For low Bpo|, the ratio peaks around 5,
while for high B, it reaches a maximum
of approximately 17.

This indicates that in conditions of high
shaping and high 3, turbulent transport is
greatly suppressed and becomes negligible
compared to total x;. Furthermore, the
radial extent of this suppression coincides
with the regions of f,., reinforcing the
relationship between shaping, transport dy-
namics, and local IBMs stability character-
istics, which reflects the stability of KBMs.

An important insight arises from this ob-
servation: the suppression of turbulent
transport in the pedestal is strongly linked
to the shaping of the plasma and the ac-
cess to second stability regions, particu-
larly in high shaping and high Bpo| cases.
In these cases, the significant reduction
in turbulent transport relative to the total
X; aligns spatially with the regions where
fmarg indicates second stability. Because
the turbulent transport makes such a small
contribution if KBMs have access to second
stability, it is suggested that a large part
of the turbulent transport in the pedestal
top could be carried by the KBMs. Con-
versely, in low shaping cases, turbulent
transport remains a substantial contributor
across the entire pedestal, indicating that
second stability access is a critical factor
in determining whether turbulence can be
effectively suppressed. This underscores
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Figure 7.5: The separatrix neutral density is plotted on the x-axis, while the y-axis shows the
effective particle diffusivity (Dg). The left column corresponds to the outer core/pedestal top
at Py = 0.965, and the right column represents the pedestal middle at p,, = 0.985. The
first row displays results for the low Bw discharge (#38819), and the second row for the high
de discharge (#38472). Red and blue dots indicate the effective diffusivity in low and high
shaping (thf and Dg'ﬁ, respectively). Black lines represent different predictions for D" : the solid

eff

line assumes particle transport is proportional to ion heat diffusivity (D;ff . XiH/X:')v while the dashed
line assumes proportionality to turbulent diffusivity (D% - X{ /X¢p)-

the importance of shaping in tailoring the
transport dynamics within the pedestal and
achieving optimal performance.

7.1.3 Scaling of Particle
Diffusivity

The final aspect of the ASTRA results to

be discussed involves performing a scan

over the neutral density at the separatrix.
The motivation for this analysis stems from

recent studies on ASDEX Upgrade, which
suggest that particle diffusivity exhibits be-
haviour proportional to ion diffusivity. This
was indicated in [124], however, regarding
the amount of gas puff, which influenced
both channels, particle and heat transport,
with the same factor. Specifically, the re-
lationship DL /D = )(IL/)(IH has been ob-
served, where superscripted L and H repre-
sent low and high shaping cases, respec-
tively.
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Figure 7.5 illustrates this analysis. The
first row corresponds to the low-f3,, case,
while the second row represents the high-
Bpol Case. The left panels depict results at
Ppol = 0.965 (pedestal top), and the right
panels focus on p,, = 0.985 (pedestal
middle).

The y-axis represents D¢, While the x-axis
denotes the neutral particle density at the
separatrix. Red lines indicate ASTRA results
for low shaping as the separatrix neutral
density increases, whereas blue lines show
the corresponding results for high shaping.
These values are computed by ASTRA us-
ing the input density profile and separatrix
neutral density.

Black lines represent the expected values
of Dgs for high shaping, calculated under
two assumptions: proportionality of Dgg
with x; (solid line) and proportionality of
Dess With X (dash-dot line). Essentially,
the red line, corresponding to Dtﬁ, is fixed,
and the blue lines (Dg'ff) are compared to
the expected values, either DL (x/"/x") or
DL (X! /Xt ), @S indicated by the respec-
tive black lines.

As shown in figures 7.5a and 7.5c, the
blue line aligns almost perfectly with the
assumption that D¢ is proportional to tur-
bulent ion heat transport across the entire
range of neutral densities at the pedestal
top. This scaling indicates that the reduc-
tion in turbulent transport with increased
shaping is the dominant factor driving par-
ticle transport. This further supports the
notion that a dominant turbulent mode in
this region influences the pedestal width
of D, While the neoclassical contribution
remains largely unchanged.

However, at the pedestal middle, where
effective particle diffusion is remarkably
suppressed to almost negligible levels, the
blue line instead matches x;, as shown
in figures 7.5b and 7.5d, suggesting pro-

portionality to total ion heat diffusivity, in-
cluding the neoclassical component. This
result is less conclusive compared to the
pedestal top because D at the pedestal
foot changes minimally and is very small
overall. Nevertheless, a more detailed anal-
ysis involving the separation of neoclassical
and turbulent contributions to D¢ is neces-
sary. This calculation is planned for future
work.

7.2 Gyrokinetic
Simulations with GENE

To delve deeper into the turbulence dis-
cussed so far, gyrokinetic simulations are
conducted. This approach is particularly
advantageous because gyrokinetic theory
operates at the scale of microturbulence,
enabling it to capture phenomena smaller
than those analysed in the scope of MHD.
At this stage of the analysis, only local linear
simulations are performed. This means the
calculations are restricted to a single flux
tube (local approach) and rely on linearised
equations. This methodology comes with
notable limitations. For instance, it strug-
gles to account for Ex B effects comprehen-
sively, mode coupling is not accounted for
and saturation levels of different instabilities
are not captured.

Despite its limitations, this approach of-
fers several advantages. The simulations
are relatively fast, allowing for the explo-
ration of different cases and parameter vari-
ations with ease. This flexibility makes it
particularly suitable for the scope of this
thesis, serving as a preliminary investiga-
tion to test the waters. Additionally, there
is another PhD thesis that specialises in
GENE, where global nonlinear simulations
for these cases are run, providing a comple-
mentary and more comprehensive analysis
beyond the linear approach presented here
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[66].

Another key motivation for performing
these gyrokinetic simulations is the oppor-
tunity to address a significant aspect of the
analysis: while local IBMs have been dis-
cussed extensively, they have consistently
been used as a proxy for KBMs. With the
GENE simulations [66], it becomes possible
to directly test this assumption by com-
paring the behaviour of KBMs with that of
local IBMs, offering valuable insight into the
relationship between these modes.

In this section, we focus on analysing
discharge #38472, which features high
Bpoi- The same kinetic profiles and equilib-
rium data previously employed in the MHD
and ASTRA analyses are used as input for
GENE. The primary scan is over the wave
number k, (in the y-direction - binormal
to the magnetic field and plasma radius),
covering a range spanning several orders
of magnitude, from approximately 0.005 to
100m~1.

The output of this scan provides the
growth rate (the imaginary part of the fre-
quency), normalised to the sound speed
¢, = VI/m; and reference length, L =
0.65m which we plot on the y-axis. In
figures 7.6-?7?, the colours of the markers
in indicate the real part of the frequency:
violet represents a mode that propagates in
the ion diamagnetic direction, while green
corresponds to the electron diamagnetic
direction. Low-shaping results are shown
as circles, and high-shaping results as tri-
angles 1.

The large panels in a) show the growth
rate results, while the smaller panels on
the right display quasi-linear transport esti-
mates for effective particle transport (Dgf';),

and ion and electron heat transport (QiQL

1 What a visual mnemonic: high triangularity - tri-
angles; low triangularity - circles. So witty.

and QSL), as discussed in chapter 2. This
model accounts for the impact of specific
modes on transport, balancing high-growth-
rate modes that are small and contribute lit-
tle, against larger modes with lower growth
rates but significant transport impact. The
quasilinear model also factors in some ad-
ditional shaping effects, since the modes
located at different poloidal positions con-
tribute differently to the particle and heat
transport.

In the panels showing the quasi-linear es-
timates, the panel a) shows particle trans-
port estimates, the panel b) focuses on ion
heat transport, and the panel c) highlights
electron heat transport. All quasi-linear
transport values are presented in arbitrary
units (a.u.), as they derive from the growth
rates and represent approximate transport
contributions based on linear code outputs.

The growth rate vs. k, plots are particu-
larly useful as they distil complex turbulent
behaviour into a more interpretable form
by highlighting the fastest-growing mode for
each specific wave number. This creates
distinct peaks in the structure of the plots.
The identification of these modes is based
on several factors, as explained in greater
detail in section 2.2.2.

The key factors include: the size of the
mode, determined by its k, value (low k,
corresponds to larger structures, while high
ky corresponds to smaller ones); the propa-
gation direction, whether in the ion diamag-
netic or electron diamagnetic direction; the
level of transport associated with the mode,
as estimated by the quasi-linear model.

This analysis is divided into two sections,
each focusing on the growth rates at dif-
ferent radial positions. In gyrokinetics, it is
common to use Py, While the rest of the
analysis employs p,. Therefore, the radial
positions at which the data were collected
correspond to p;,, = 0.92, 0.94, 0.96,
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0.98, which in these discharges translates
to pyo = 0.966, 0.976, 0.984, 0.992,
respectively.

In the first section, we will compare the
low and high shaping cases, examining the
insights gained from GENE regarding micro-
turbulence using input profiles and equilib-
ria from different cases. The second sec-
tion parallels the exercise conducted with
MHD in section 5.3. Here, we compare
the standard low shaping case with a mixed
case, wherein we utilise profiles from the
low shaping phase alongside the equilib-
rium from the high shaping phase. This
approach differs from that used in HELENA,
as we incorporate the entire equilibrium in
our analysis. In HELENA, only a different
boundary was provided, which is then used
to reconstruct the equilibrium with the given
profiles. In contrast, the method used with
GENE can take the whole artificial equilib-
rium, which offers a more comprehensive
and comparison.

7.2.1 Comparison of
Turbulence Growth Rates
in Low and High Shaping

We now compare low and high shaping at
different radial positions, starting with the
outer core at ppy, = 0.966 as shown in
figure 7.6. For the low shaping case, rep-
resented by circles, in 7.6a we observe two
dominant instabilities. The first is identified
as ion temperature gradient (ITG) modes,
occurring on the ion scale, at low ky), and
propagating in the ion diamagnetic direc-
tion, as indicated by the purple-coloured
circles. The second dominant instability is
depicted as green circles, as it is propagat-
ing in the electron diamagnetic direction,
and it is in the electron scale, that is, it has
high k, numbers. This instability is therefore
identified to be electron temperature gradi-

ent ETG mode.

As the shaping increases, represented by
triangles, we observe the emergence of an
additional mode between the ITG and ETG
modes. This new mode is hypothesised to
be either a trapped electron mode (TEM) or
another branch? of the ETG mode [66]. The
growth rates are relatively similar for all k,
values.

To understand the implications of these
modes, we turn to the quasi-linear model,
shown in panels a)-c) to assess the ex-
pected transport contributions, which is ul-
timately of primary interest. Regarding par-
ticle transport, the low-k, mode (the ITG
mode) contributes less in the low shap-
ing case. For heat transport, the trend
reverses: high shaping reduces ITG heat
transport but increases it for the ETG mode.

Interestingly, the intermediate mode, in-
terpreted as either a TEM or a secondary
ETG branch, contributes neither to particle
transport nor significantly to heat transport,
showing its minimal role in overall transport.

Moving radially outward to p,, = 0.976
in figure 7.7, which corresponds to the
transition between the pedestal middle and
pedestal top, we observe more pronounced
differences in the growth rates shown in
a). The ETG mode has little variation be-
tween low and high shaping cases, but the
mid-range k, mode (interpreted as either a
TEM or ETG) displays a significantly higher
growth rate for the high shaping case.

The most notable change occurs in the
low-k, mode, which is higher for the high
shaping phase. Its structure now exhibits a
fall-off behaviour toward ky = 1, a charac-

2 Two types of ETG modes exist, each with distinct
characteristics. The slab branch produces modes
with (k, ~ k) and a high k;, whereas the toroidal
branch generates radially elongated streamers and
has a low k;. These branches dominate in different
regions of k, p;: toroidal ETGs at lower k,p; ~ 1—10,
whereas slab ETGs are more prevalent at higher
k,p; =~ 50—150.
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Figure 7.6: In a), growth rate spectra of the dominant mode at the radial position p,, = 0.966
of discharge #38472 are shown for low shaping phase in circles, and high shaping phase marked
as triangles, at zero ballooning angle, scanned over the wave number ky. In b), ¢) and d) the
quasi-linear estimate of particle flux, ion heat flux and electron heat flux, respectively, are shown.
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Figure 7.7: In a), growth rate spectra of the dominant mode at the radial position p,, = 0.976
of discharge #38472 are shown for low shaping phase in circles, and high shaping phase marked
as triangles, at zero ballooning angle, scanned over the wave number ky. In b), ¢) and d) the
quasi-linear estimate of particle flux, ion heat flux and electron heat flux, respectively, are shown.
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teristic feature of KBMs. A further indication
of its KBM nature comes from the quasi-
linear analysis: particle transport attributed
to this mode increases dramatically, rising
from around 0.1 to over 1000, suggesting
a strong contribution to particle transport in
this region.

Despite the differences in growth rate,
the quasi-linear analysis reveals that the
particle and heat transport contributions
from the KBM are remarkably similar when
compared between low and high shap-
ing cases. Interestingly, the mid-range k,
mode, which exhibits higher growth rates in
high shaping, contributes no particle trans-
port (figure 7.7b). However, in high shap-
ing, this mode spans a broader ky range.
This suggests that the KBM, which is caus-
ing a significant amount of particle trans-
port, gets narrower in the k, space, and it
is replaced by the more dominant middle
mode that does no particle transport. Par-
ticle transport could then be reduced due
to this expanded coverage. This, however,
remains speculative.

As for heat transport, the ion heat trans-
port in panel ¢), associated with the mid-ky,
is lower for high shaping, while the electron
heat transport remains nearly unchanged.
Thus, despite the elevated growth rates
of the mid-k, mode in high shaping, the
primary difference lies in the increased k,
range of the KBM.

Moving further outward in the analysis, in
figure 7.8 we reach p,, = 0.984, which
corresponds to the steepest pedestal regjon
for all profiles (T, T;, and ng) across both
shaping cases. At this location, the dif-
ferences in growth rates are smaller (panel
a). Specifically, the KBM region is slightly
narrower in the high shaping case, the
TEM growth rate is marginally higher, and
the ETG growth rate is slightly lower, but
none of these variations are particularly pro-

nounced.

In the quasi-linear analysis presented in
panels b), c), and d), the mid—ky mode
again shows no particle transport (panel b).
lon heat transport is slightly higher for high
shaping (panel c), and similarly, electron
heat transport is also slightly elevated for
high shaping (panel d). However, these
differences are also minimal. The ETG con-
tribution remains largely unchanged, and
the narrower k, width of the KBM in high
shaping is consistently reflected in both par-
ticle and heat transport trends.

Lastly, we analyse the pedestal foot at
Ppoi = 0.992, shown in figure 7.9. At
this position, some ky cases in the lower
ky region of the ETG part did not converge
in the simulations. Nevertheless, we can
identify some trends in panel a).

Starting with the KBM region, we observe
that the k, range is significantly narrower
than at other radial positions. High shaping
also has much lower growth rates compared
to low shaping. This narrowing and reduc-
tion are also reflected in the transport re-
sults in panels b)-d): KBM contributes sig-
nificantly more to transport in the low shap-
ing case across all categories. Next, for
the mid—ky mode (interpreted as TEM/ETG),
the growth rates are identical for both low
and high shaping. Consistently, the trans-
port contributions from this mode remain
minimal and show no discernible difference
between the two shaping cases. Finally, in
the ETG region, the growth rates are con-
sistently lower for high shaping compared
to low shaping. This trend is mirrored in the
transport results, where ETG-related trans-
port is always reduced for high shaping.

In summary, the most notable differ-
ences at pp, = 0.992 are found in the
KBM region, with high shaping resulting
in significantly reduced growth rates and
transport contributions, while the mid—ky
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Figure 7.8: In a), growth rate spectra of the dominant mode at the radial position p,, = 0.984
of discharge #38472 are shown for low shaping phase in circles, and high shaping phase marked
as triangles, at zero ballooning angle, scanned over the wave number ky. In b), ¢) and d) the
quasi-linear estimate of particle flux, ion heat flux and electron heat flux, respectively, are shown.

10? 7 @ low shape | ,' 18?: Oooo MHa.u.]
1 A high shape ; 10 p, ° NS
Ppo=0.992 | o , @ 0 - G
| ® -101D)
10* 1 Y ' B —
] a@® 10 o Q%Ma.u.]

|

I

|

| ﬂ

| @

| 1021 “o o ad
00 @ My g oS0 B

A.g? 4 o o) sy,

Y [Cs/l-ref]

(]
10° 1 !
| as"A | A ——
! 10
= ! : o Q.%a.u.]
. @
KBM Lomid-k, ETG 1021 9 °
10" : L ron At
5 . | 10 AAM
-'a)' Tl T T T T T T T T AL | 1’6 d)I T T T
101 10° 10t 10? 10* 10° 10' 102
k,[1/pi ky[1/pi]

Figure 7.9: In a), growth rate spectra of the dominant mode at the radial position p,, = 0.992
of discharge #38472 are shown for low shaping phase in circles, and high shaping phase marked
as triangles, at zero ballooning angle, scanned over the wave number ky. In b), ¢) and d) the
quasi-linear estimate of particle flux, ion heat flux and electron heat flux, respectively, are shown.
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mode remains unchanged and ETG trans-
port is consistently lower for high shaping.

In this section, it is important to note
that E x B stabilisation is not included in the
analysis, so no conclusions can be drawn
regarding its effects. Despite this, some
interesting observations can be made: as
we move from the outer core to the pedestal
top, the dominant instability on the ion
scale shifts from ITGs to KBMs. While ITGs
could still be present, they become less
influential in regions dominated by KBMs.
This transition is significant because KBMs
contribute substantially more to particle
transport compared to ITGs, emphasising
their role in the structure of the density
pedestal.

The strong correlation between KBMs
and particle transport underscores their crit-
ical role in shaping the pedestal struc-
ture. This aligns with trends hypothesised
in HELENA simulations, where changes in
particle density are closely tied to shape-
induced modifications in KBMs.

Closer to the plasma edge, mid-range
k, modes become more prominent. How-
ever, these modes have minimal impact
on both particle and heat transport, which
limits their direct significance despite their
increased presence.

7.2.2 Decoupling Effects of
Kinetic Profiles and
Equilibrium

Here, we again analyse four radial loca-
tions, just as in the previous discussion.
The original low-shaping case, which has
already been shown, is still marked with
circles. However, instead of comparing it
to the high-shaping scenario, we compare
it to a mixed case. In this mixed case, we
use the same low-shaping profiles but apply
the high-shaping equilibrium to disentangle

the effects of gradients versus equilibrium.
The results from this mixed case are marked
as pentagons.

In the first figure 7.10 (p,, = 0.966), we
observe that altering the plasma equilibrium
does not significantly impact the growth
rate, as shown in panel a). Both the ITG
and ETG modes remain largely unaffected.
Similarly, the heat and particle transport are
nearly identical between cases, with one
exception: the ITG contribution to particle
transport in panel b). Interestingly, when
we introduce the high-shaping equilibrium,
the transport flips its sign. However, the
Dgf'; is not particularly strong to begin with,
so it should not have a substantial impact
overall.

Moving outward to p,, = 0.976 in figure
7.11, the KBM becomes more dominant
than the ITG in the ion-scale modes. In this
region, we observe a significant decrease
in the growth rate of the KBM in panel
(@), which is also reflected in the heat and
particle transport shown in panels (b) and
(d). The ETG remains unaffected, and the
mid-k, mode is mostly unchanged. Accord-
ing to the quasi-linear model, the mid-k,
mode exhibits slightly reduced transport for
both ion and electron heat, but given its
already small contribution, this reduction is
not particularly important.

In summary, altering the shape has a pro-
nounced effect on the KBM in this region,
where it is most prominent. This is par-
ticularly noteworthy as this is the region in
high-shaping cases where second-stability
access is achieved (see figure 7.4a).

In the next figure 7.12, at Ppol = 0.984,
we observe a very similar trend to the previ-
ous radial point. The mid-k, mode remains
unaffected, maintaining a low contribution
for both low and high shaping. However,
the KBM shows a smaller difference in this
region compared to figure 7.11, further to-
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Figure 7.10: In a), growth rate spectra of the dominant mode at the radial position p,, = 0.966 of
discharge #38472 are shown. Circles show the low shaping phase and the pentagons the mixed
case where the low shaping phase profiles are used with the high shaping profile equilibrium. The
simulations are at zero ballooning angle, scanned over the wave number k. In b), ¢) and d) the
quasi-linear estimate of particle flux, ion heat flux and electron heat flux, respectively, are shown.

wards the core. This aligns with the findings
from HELENA, which indicated that the op-
erational point in this region is not as deep
in the second stability regime.

At the last radial position, shown in fig-
ure 7.13, apart from three points around
k, = 10~ where the growth rate is slightly
reduced, there are no significant changes
observed.

In the previous four plots, we observed
that the results from HELENA and GENE
align regarding shape stabilisation of KBMs,
and the regions where this may have the
most effect. This further confirms that
shaping has a substantial impact on KBMs.
Also, as reflected in the quasi-linear mod-
els, the KBMs significantly affects particle
transport. These findings are also consis-
tent with the results from ASTRA in figure
7.4, which demonstrate turbulence sup-
pression with the shape change.

7.3 Conclusions

In this chapter, we examined how trans-
port and microturbulence complement and
align with the MHD analysis. The AS-
TRA simulations provided a quantitative es-
timate of transport in different channels,
helping us assess the extent of the sup-
pression, whereas the GENE simulations of-
fered some insight in how microturbulence
changes in the pedestal as 3, and plasma
shape are varied.

Before drawing conclusions, it is impor-
tant to acknowledge some limitations in the
scope of this analysis. One key factor that
has not been included in the gyrokinetic
analysis is E x B shearing, which could
significantly influence stability and transport
mechanisms. Additionally, all gyrokinetic
simulations were conducted in a local and
linear framework, which may not fully cap-
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Figure 7.11: In a), growth rate spectra of the dominant mode at the radial position p,, = 0.976 of
discharge #38472 are shown. Circles show the low shaped phase and the pentagons the mixed
case where the low shaping phase profiles are used with the high shaping profile equilibrium. The
simulations are at zero ballooning angle, scanned over the wave number ky. In b), ¢) and d) the
quasi-linear estimate of particle flux, ion heat flux and electron heat flux, respectively, are shown.
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Figure 7.12: In a), growth rate spectra of the dominant mode at the radial position p,, = 0.984 of
discharge #38472 are shown. Circles show the low shaped phase and the pentagons the mixed
case where the low shaping phase profiles are used with the high shaping profile equilibrium. The
simulations are at zero ballooning angle, scanned over the wave number ky. In b), ¢) and d) the
quasi-linear estimate of particle flux, ion heat flux and electron heat flux, respectively, are shown.
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Figure 7.13: In a), growth rate spectra of the dominant mode at the radial position p,, = 0.966 of
discharge #38472 are shown. Circles show the low shaped phase and the pentagons the mixed
case where the low shaping phase profiles are used with the high shaping profile equilibrium. The
simulations are at zero ballooning angle, scanned over the wave number k. In b), ¢) and d) the
quasi-linear estimate of particle flux, ion heat flux and electron heat flux, respectively, are shown.

ture the global and nonlinear dynamics of
the system.

Even with these limitations, certain ob-
servations can still be made. First, it
is clear that changes to the equilibrium,
as achieved through shaping in these dis-
charges, most significantly impact kinetic
ballooning modes (KBMs), particularly at
the pedestal top, as it is shown in sec-
tion 7.2.2. This analysis confirms that the
role of local magnetic shear is especially
important, as it stabilises these modes, as
discussed in the recent work in [125].

The results also highlight the strong in-
fluence of KBMs on particle transport, sug-
gesting that these modes play a critical role
in shaping the density pedestal structure,
as it was also suspected in the MHD analy-
sis. From the f,,c @nalysis in chapter 5 and
figure 7.4, we see that when there is no
access to second stability at the pedestal
top, KBMs emerge in the region where f,,,

reaches its minimum. In high shaping sce-
narios, two distinct minima are observed:
one located deeper inside the plasma, likely
associated with KBMs, and another closer
to the separatrix, which may be suppressed
by ExB shearing.

Another indication of this turbulent char-
acteristic of Dy is observed at the pedestal
top, where its suppression mirrors the be-
haviour of Xi,m, a@s shown in figure 7.5.
This suggests a potential connection in the
pedestal top region: the density pedestal
width is naturally tied to Dgg, which in turn is
coupled with X;,, at the pedestal top. This
link extends to the HELENA f,,, indicating
KBM activity, which is further supported by
GENE results. It seems evident that the
KBMs play a particularly significant role in
shaping the density pedestal width.

At the pedestal foot, the f,5 results (fig-
ure 7.4a) show that there should theoreti-
cally be no KBMs. GENE simulations show
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the presence of KBMs in the pedestal top,
potentially extending to the middle region.
As we move outward in the pedestal, these
KBMs become narrower in the ky space.
Furthermore, in the far edge, increased ExB
shear likely exerts additional influence.

The behaviour of Xy, (figure 7.3) ex-
tends this picture. Even when significantly
suppressed at the pedestal top, it starts
rising again at the middle and gets to
outer-core values near the pedestal foot.
This could suggest the presence of another
mode, possibly ITG, which might not domi-
nate growth rates in GENE scans but could
still contribute substantially to the ion heat
transport. Importantly, this mode appears
to have no impact on particle transport,
as evidenced by the minimal values of D
at the pedestal foot. As shown in figure
7.10, ITG modes seem largely unaffected
by changes in the equilibrium. A key ques-
tion is whether such a mode would be sup-
pressed by E x B shear and, if so, to what
extent. Further analysis is required to clarify
this. Additionally, the neoclassical compo-
nent of ion heat transport plays a consider-
able role, sometimes even dominating, and
its dependence on density again connects
back to Dgg.

Finally, the electron heat diffusivity (xc)
interpretation presents its own challenges.
Due to the low electron mass, the neoclas-
sical component of ¥, is negligible, leaving
it predominantly turbulent. GENE simula-
tions have so far been inconclusive for QSL.
ASTRA simulations shown in 7.2b reveal
an unusual trend: higher beta leads to
increase electron heat transport X, unlike
X;- Moreover, higher beta also correlates
with higher ELM rates. Since T, has sig-
nificantly slower recovery in an ELM cycle
[115, 116], it could be that the shorter
ELM-cycle in high B, regime causes the
operational point to cross the PB boundary

before the T, profile has fully developed.
This may cause ASTRA to interpret X, as
higher in the high Bpo| discharge. A possible
way to explore T, further is investigating its
pedestal formation in detail in an ELM-free
regime.
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8 Summary, Discussion and Outlook

In this final chapter, | summarise the key
aspects of this thesis and present the con-
clusions drawn from the conducted study.

The primary focus of this work was to
investigate the behaviour of the pedestal
in experiments conducted at ASDEX Up-
grade. Initially, the study aimed to address
the fundamental question of what physi-
cal phenomenon determines the pedestal
width. For this reason, two control pa-
rameters were selected; because the EPED
model [30] assumes KBMs as the domi-
nant mode in the transport barrier, it mod-
els the pedestal width using By, which
was taken as the first control parameter;
the second control parameter is plasma
shape, which directly influences the local
magnetic shear s,,;, which stabilises bal-
looning modes. With these two quantities
in focus, our goal was to determine how
the pedestal width is fundamentally set and
to clarify the role of KBMs with more preci-
sion. However, as the analysis progressed,
it became evident that a broader perspec-
tive was necessary, requiring the systematic
consideration of how the whole pedestal
structure changes under these varying fac-
tors.

The analysis centred on three discharges
with a different B, designed to each in-
clude two phases: one with low and one
with high shaping, resulting in 6 time win-
dows to be studied. The discharges were
subjected to an extensive analysis, employ-

ing a large variety of diagnostic and compu-
tational tools.

The findings encompass several key ar-
eas. Experimental observations included
an analysis of time traces, kinetic pro-
files, and equilibrium behaviour, providing
a solid foundation for understanding the
discharges and how the plasma reacts to
changing conditions.

Building on this, the study delved into
the MHD stability of the pedestal, going be-
yond the traditional focus on global peeling-
ballooning stability to include a detailed ex-
amination of local ideal ballooning stabil-
ity. The local IBMs are here used as a
proxy for KBMs. A crucial aspect of this
analysis was the exploration of the role
of access to the second stability regime,
which emerged as a significant factor influ-
encing the pedestal behaviour, particularly
its width. Such analysis is then also per-
formed beyond the dedicated experiments,
by studying the ELM-synchronised develop-
ment of local ideal MHD stability.

The thesis also presents an analysis of
transport coefficients under these varying
plasma conditions, offering insights into
the heat and particle transport processes
within the pedestal, and specifically how
they relate to the previously explored local
IBMs. Additionally, gyrokinetic simulations
were conducted to complement and vali-
date the findings. These simulations, which
focus on the microturbulence and its im-
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pact on the pedestal structure, align well
with the results of the MHD analysis. This
integration of gyrokinetic simulations with
transport analysis and MHD underscores
the robustness of the findings and highlights
the interconnected nature of the processes
governing the pedestal behaviour.

Two overarching conclusions emerge as
the most important takeaways from this
thesis.

Firstly, it is not sufficient to treat the
pedestal as a simple pressure pedestal.
The distinct components of the pedestal,
the temperature and density of ions and
electrons, not only affect the bootstrap cur-
rent and, consequently, the equilibrium dif-
ferently, but they are also governed by fun-
damentally different mechanisms. These
components exhibit different responses to
variations in plasma shape and 3,

Secondly, in different regions of the
pedestal, there are different instabilities
driving the transport, and also, the stabil-
ising effect of both E x B shear, and impor-
tantly magnetic shear have varying effects
in different pedestal regions. Because of
this it is differentiated between different
pedestal regions: top, middle and foot.

The local magnetic shear has been
shown to have a far greater influence
on the pedestal than previously acknowl-
edged. While a number of works empha-
sised its importance [69, 126-130], the
focus on magnetic shear turbulence stabili-
sation has waned, perhaps due to the com-
munity’s concentrated efforts on measuring
E,. These efforts have been valuable —
E x B shear is undoubtedly important and
plays a key role in pedestal formation. How-
ever, the susceptibility to kinetic ballooning
modes (KBMs), stabilised by the magnetic
shear, should not be overlooked.

In the local MHD analysis using HE-
LENA, described in chapters 5 and 6, we

confirmed the presence of local IBMs at
the pedestal top, which suggests the exis-
tence of KBMs. The radial position of the
most ballooning-unstable region depends
on whether the pedestal has access to
second stability, which is a crucial factor.
Furthermore, the ELM-synchronised analy-
sis showed that access to second stability
enables the total pedestal pressure gradient
to increase significantly in the final pedestal
phase compared to cases without access,
highlighting its importance. Additionally,
this study demonstrated a strong corre-
lation between the radial location of the
electron pressure pedestal top and the re-
gion where ballooning modes are expected,
primarily reflecting changes in the density
pedestal top.

In chapter 7, ASTRA simulations further
support the KBM hypothesis. First, at the
pedestal top, where the MHD analysis with
HELENA indicates the presence of KBMs,
we observe that both x“™ and Dgy exhibit
proportional decrease with the increase in
shape for both B, discharges. While x
could be linked to ITGs, the fact that it also
contributes significantly to particle transport
suggests a KBM-driven mechanism. Addi-
tionally, turbulence reduction is significantly
stronger when the plasma has access to the
second stability, occurring in the same ra-
dial regjon, as the steepest gradient region,
further reinforcing the KBM interpretation at
the pedestal top.

In contrast, at the pedestal foot, other
modes may be active; since they do not
contribute to particle transport, ITGs are
the most likely candidate in this region.
However, this has not been confirmed by
local linear GENE studies. It remains to be
seen whether global nonlinear simulations
will provide further insight.

Nevertheless, GENE does confirm that
while ITGs dominate in the outer core,
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KBMs are prevalent at the pedestal top.
Moreover, the analysis shows that KBMs
are the primary modes stabilised by shap-
ing, with the strongest effect occurring in
the second stability region where the pres-
sure gradient is steepest. Additionally,
GENE confirms the presence of ETGs across
the entire pedestal region, which served as
a basis for setting the electron heat diffusiv-
ity in the IMEP model (see [31, 32, 35]).

To summarise, what began as a study
of the pedestal width evolved into a broad
investigation of the detailed pedestal struc-
ture. However, several open questions re-
main.

The stabilisation of E, has not been thor-
oughly incorporated into this analysis. We
know that E, naturally relates to Vp; and par-
ticle density, given that its diamagnetic term
is proportional to Vp;/n;. Moreover, we un-
derstand that E, shear likely sets the initial
conditions for pedestal formation through a
feedback loop: E x B shear reduces turbu-
lence, allowing Vp to form, which means
that Vp; grows, reinforcing E, and further in-
creasing E x B. This simple picture however
does not consider what further instabilities
are driven due to the gradients, nor how
they are stabilised. The stabilising effect of
E x B shear is not explicitly accounted for in
either HELENA or GENE in this study.

Second, the source term for density,
which determines the fluxes, remains un-
certain. Although we attempted to inves-
tigate this, the results were inconclusive.
While it is valuable to confirm that our
findings on particle diffusivity hold across
a range of cold neutral influx conditions,
we still lack a precise method to determine
these fluxes and must rely on approxima-
tions.

Finally, an important question is how re-
liable the findings are and how they can
be implemented in general. Understanding

whether these results hold across different
operational scenarios and how they extrap-
olate to larger devices remains crucial for
their application to future machines.

To address the question of reliability,
the experimental conditions were well-
controlled, and the study benefited from
an excellent team working across multiple
diagnostics, leading to advanced fits and
high-quality data. However, the analysis
is based on six experimental datasets, pri-
marily because great care was taken in
data collection, making the process time-
intensive. Now that clear conclusions have
been drawn, these findings could be tested
and solidified on a larger dataset to as-
sess their validity across different plasma
currents, a wider range of collisionalities,
and possibly larger variations in Bpo| and
shaping.

Applying these findings essentially means
developing a predictive model or improving
existing ones. A possible approach would
start with an equilibrium calculation, provid-
iNg Froarg from HELENA, which helps deter-
mine the density pedestal structure and the
level of turbulence reduction for ion heat
transport at the pedestal top, represented
bY Xturp- UsINg the particle density, one can
then compute X, and obtain T,. For the
electron temperature, the IMEP approach
could be used, where T, is determined
based on the fixed To/VT, = 2 cm [35],
which has shown promising results [31,
32, 131]. This process then feeds back
into generating a new equilibrium until a
peeling-ballooning boundary is reached.

Since this model requires iterative cal-
culations, implementing it would not be
straightforward, as multiple contributions
need to be carefully balanced. However,
with further effort, it could be developed in
the future.

In summary, this hypothetical model
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combines s, with Vp from the equilib-
rium to determine the onset of KBMs.
KBMs then set the density pedestal. At
the pedestal top, KBMs and neoclassical
ion heat transport dominate, while in the
pedestal foot, ITG or KBM modes could
play a role, depending on the separatrix
conditions, shaping the ion temperature
profile. The electron temperature is gov-
erned by ETGs, which impose a fixed gra-
dient length. The entire system is iterated
towards the peeling-ballooning boundary,
ultimately leading to an ELM.

These results highlight that while scaling
laws and empirical models provide valuable
insights they should be complemented for
fully predicting pedestal behaviour in future
fusion devices. A separate treatment of ion
and electron pedestals for temperature and
particle transport is crucial for understand-
ing the pedestal structure. Importantly, in
different pedestal regions, the stabilisation
and drive mechanisms of various modes ex-
hibit different strengths. This implies that a
simple, global model for the entire pedestal
cannot accurately capture its complexity.
Instead, a well radially-resolved approach
is required to capture the detailed physics
governing pedestal dynamics. Achieving
this is challenging both experimentally and
in modelling, particularly when considering
the distinct roles of ion and electron chan-
nels in particle and heat transport. How-
ever, such an approach is essential for ex-
plaining the observed variations in pedestal
behaviour. Further testing of this hypoth-
esis is necessary, along with integrating
these mechanisms into models capable of
predictive calculations.
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Figure A.1: Reconstructed kinetic profiles at the plasma edge. Profiles at different shapes for
discharges #38474 (a-c), and #38819 (d-f), with ion temperature (a, d), electron temperature
(b, e), and electron density (c, f). Red lines correspond to low shaping and blue lines to high
shaping. In all cases, the lines depict median values, while shaded regjons indicate 95% of the
temporal variation over the 200 ms time windows.
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Figure B.1: a) Total E,, b) the component v,, B, ¢) the diamagnetic component V(p)/nZe, and
d) the component —v,, By, Scatter points represent measurements derived from CXRS, while the
solid line in a) shows the Gaussian process fit for E,. Red indicates low shaping and blue indicates
high shaping.
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Figure B.2: a) Total E,, b) the component v, B, ¢) the diamagnetic component V(p)/nZe, and
d) the component —Vpo1Bror- Scatter points represent measurements derived from CXRS, while the
solid line in a) shows the Gaussian process fit for E,. Red indicates low shaping and blue indicates
high shaping.
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would love to thank (in no particular order) Michael, Jonas, Tabea, Teo, Davide, Michael,
Roxana, Pierre, Thomas, Andres, Alex, Andreas, Athina, Oleg, and really... everybody! (See
author list of H. Zohm et al., 2024, Nucl. Fusion).

However, | spent most of my time working on this thesis in Vienna. | consider myself
incredibly lucky to be part of such a friendly research group. First and foremost, of course,
| have to thank the Spafiburo! Ihr seid so topsi!!! Johannes, danke fur die gemeinsamen
Tiraden, fur das After-Work-Yoga, fur das Essen holen als ich mit dem Schreiben beschaftig
war, fur das Lachen, fur die Leg-Days, fur die Mandeln und fUr die Cappuccinos — danke
furs gentle Snack Sein und danke fur deine Unterstitzung! Danke auch, Benji, fur die
interessanten Artikel und fun Facts die nur vielleicht Facts sind, fur deine beruhigende Art
und far all die lustigen Momente. Es freut mich sehr, dass du in der Gruppe bleibst und
dass wir — wenn mir die EU Geld gibt — noch weiter Zeit miteinander verbringen werden.

RIESEN-Danke an Martina, die Oide! Ah Oide, du bist a Maschin‘! Ich mach mir doch
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gar keinen Stress im Leben, weil ich weifl: Wenn alles scheitert, sind wir in unserem
Mobelgeschaft glucklich, trinken ein Bier, flippen die Platten, bohren und schleifen, fahren
Rad, und lassen den Johannes Kaffee fUr uns machen. Die breite Zukunft liegt vor uns!
Es ist ein Geschenk, so eine gute Freundin fast jeden Tag zu sehen!

And not only have | been so lucky to have such nice people in the office all these
years, | also had a dream-team for all the coffee and lunch breaks! Danke, Anna, fur
deine Unterstutzung bei so unterschiedlichen Problemen und vor allem dafur, dass du
die Gruppe auf sowohl pragmatische als auch liebevolle Weise zusammenhaltst. Danke
auch, Daniel, dass du da bist — nicht nur, um Ratschlage fur eine gesunde Wirbelsaule
zu geben, sondern auch, um uns zu unterhalten, zu feiern, zu diskutieren und zu lachen!
Florian, ich sitze immer gerne neben dir beim Mittagessen — es ist jedes Mal eine lustige
Zeit! Du bist seit dem ersten Tag eine ausgezeichnete Bereicherung fur die Gruppe. Und
Vicki, so schon, dass du wieder in der Gruppe bist, so gut schnibbelst und danke flr deine
freundliche und angenehme Art! Und danke auch, Kaffeelix, dass du unser Espresso-Buddy
Nummer eins bist! Ich freue mich auch, dass Raphael mit mir im Buro ist, auch wenn er
ums Eck sitzt und ich nie weif, ob er da ist — und dennoch stets fUr eine angenehme
Arbeitsatmosphare sorgt. Danke Red!/, das du mich mit den Pranks fur Martina amusierst!
Danke auch Matthias, fur das sorgfaltige Lesen von Gerda, und dass wir mit dir keine Angst
vor den Kratzer haben. Danke, Markus, fur deine herzliche Freundlichkeit — und schdn,
dass du Kendi auch weiter als Doktorant da bist, das freut mich sehr! Sophie, danke,
dass du in unserer ,Sonstiges“-Kanban-Gruppe mit mir warst, und hoffentlich feiern wir
mal gemeinsam Silvester in der Zukunft! Also, Fil — great to have you here, what a spicy
contribution! We should zapravo practice some nas ponekad! Oh Gyla! Really nice to
have you around, and | hope you feel the same about being here. Also, your kids were
adorable this week on Zoom — you guys radiate such a great vibe together! And Akbar, |
am very happy that you joined the group! Thank you for being such a friendly guy! And
outside the group — Luca! Mir wird warm ums Herz, wenn ich dich sehe! Liebe Grufie an
alle Diebdlder!

Now, this group not only has amazing members right now, but it also has a long history
of remarkable individuals. First, my fusion IPP-TU Wien family tree! Danke, Georg, dass
du mich in die Gruppen in Wien und Garching empfangen hast und immer so eine gute
Atmosphare schaffst! Ich bin auch sehr glucklich, dass ich dabei sein konnte, um zu
sehen, wie du vom lustigen Studi-Kollegen zu einem so coolen und lieben Vater wirst! Und
Florian, danke fUr dein unerschopfliches Motivieren und deine hemmungslose Leichtigkeit!
Ich werde fur immer in Erinnerung behalten, wie du bei meiner allerersten Konferenz immer
wieder herum erzahlt hast, wie stolz du auf deine wissenschaftliche kleine Schwester bist,
und wie es mich ermutigt hat! Matthias, danke fur die spannenden Gesprache, Zuspruch,
Unterstutzung und auch fur die beste Marillenmarmelade, die ich jemals hatte! Wow!

Mein Dank geht auch an die anderen IAP AG AU Alumni: Christian, Gabriel, Herbert, Paul,
Janine und Schmu! Ich habe die Zeit mit euch in der Gruppe in so schéner Erinnerung und
freue mich immer sehr euch wiederzutreffen!

The other group seniors also have my gratitude! Danke Martin fUr deine freundliche
Prasenz! Danke, llle, fur deine immer herzlichen Gesprachsbeitrage! Danke, Wolfgang,
fur deine genussvolle Lassigkeit! Danke, Richard, fur dein Mitgefuhl, deine Freundlichkeit
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und deine Offenheit! Und vor allem danke ich dir dafur, dass du mit so vielen Gedanken
und Muhen die Leitung der Gruppe Ubernommen hast; das schatze ich sehr!

Outside the science, | have many wonderful friends, who maybe didn’t always understand
what | was doing in this science thing (sometimes imagined me in a white lab coat with
some chemicals), but understood very well how | am feeling, what | need, who | am!

Firstly | want to thank my life companion in Vienna for over 10 years, strong woman
Jelena Cekerevac. Ceki, sestro, care! Hvala ti to si takva konstanta u mom Zivotu i $to
me povodom mnogo stvari razumes bolje nego iko. Kao osoba koja je od samog pocetka
sa mnom na ovom Bec¢kom putovanju, jedno je veliko zadovoljstvo ploviti ovim vodama sa
tobom!

The rest of my dijaspora friends have a very very special thanks. Miljane i Slobo, hvala
za vas humor i za to Sto uvek brzo vratite u meni kuéanski osecaj! Jaoj llija, kumi¢ moj,
kako sam ponosna na tebe kako jedriS po Becu, kako se snaSao, kakav je sjajan! Pet sa
zvezdicom!

And my old WG that was emotional support in the lockdown PhD beginnings! Mario thank
you for all the PhD talk and all the life and people and feelings talk! | miss you very much,
Marina too, and | can’t let go of the idea how we’d be best friends and hang out every
day if we lived in the same city. But until then, can’t wait to see you both again! Meine
alte Mitbewohnerinnen Klara und Jenny! Danke, dass ihr ein Grof3teil meiner Doktorarbeit
meine Unterstutzung wart und dass ich mich mit euch uber so vielen Sachen unterhalten
konnte, ein immer offenes Ohr und dass ich mit euch so viel teilen konnte. Ich freue mich
so sehr euch immer wiederzusehen!

| am very grateful to my friend group who support me no matter what and give me
all the courage and hope for the future! Ah, die Ersatzfamilie! Danke in unbestimmter
Reihenfolge: Wanke, David, Jana, Fritz, Anna, Chris, Katrin, Konstantin, Nadine, Simon,
Sophia, Sebastian, Noah, Maxi! Und ein ganz besonderer Dank geht an Flo, der mein
Projekt ,Schalltaucherin® in den Monaten des Schreibens fleifSig betreut hat! Leute,
wirklich, ihr seid DER Grund, warum ich mich in dieser Stadt so wohl und zu Hause fuhle.
Die Stunden im Proberaum, im Souterrain, all die Jazz-Weihnachten, alle Schlenkztivals
und all die spaten Stunden mit noch einem Bier sind immer einige der wichtigsten
Momente, in denen ich kaum glauben kann, dass mich so eine wundervolle Gruppe an
Menschen mit so viel Selbstverstandlichkeit aufgenommen hat. Ich freue mich auf die
Zukunft mit euch! Danke!

| also thank my very first university friends who have been around for over 10 years,
Matthias and Matthias. Ja der Matthias, der Studikollege. Na, der mit der Brille. Nein,
der, der tanzt. Ah... SpaRR! Matthias und Matze, selbstverstandlich. Es war eine spafige
Zeit, gemeinsam zu wachsen und uns durch so viele unterschiedliche Lebensphasen immer
nach vorne zu bewegen. Danke dafur!

Danke an all die Menschen in der Wiener experimentellen Musikszene, die ich kenne und
die ich nicht kenne. Diese Leute waren mit ihrer Kunst mein spiritueller Hafen in dieser
Zeit, haben so viel geheilt und so viel erweckt! A thanks also to the person who keeps
inspiring me in this world, nyc-noise Jessica, thanks for being my role model and big noise
sister and your words of support for my work, both in music and this thesis. | posebno
hvala Skoro, §to si mi pokazao Muziku i povezao me oko zemaljske kugle sa divnim ljudima.
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| Sto si u pravu, ljubav i svetlost!

But before my time in Vienna, long ago, there was another time. A time during which |
grew alongside some truly exceptional individuals, gems that | will cherish forever!

Tiki studio!? Kako je pametna ova moja drugarica, ostra, bistra, ko voda bistrica, sve je
ona skontala! Hvala $to si bas takva jer ne mogu Zivot da zamislim bez nasih konsultacija,
bez da idemo u Stetu, bez naSih kikotanja i valjuSkanja! Na vruéoj liniji sedi preko 10
godina i glavho Novosadsko sidro, najjata sugradanka. Hvala Sto si tu da negujeS moju
radoznalost i Sto se nasSe prijateljstvo podrazumeva!

Joj Abu drugarice! Mi sve volimo zajedno! Pa hvala ti mnogo $to mnogo neke lepe strane
tebe ponekad vidim u sebi. | hvala Sto si tu i Sto si nezna i snazna! Ti ima$ neku drugu
mudrost i neku i posle 15 godina tajanstvenu pesmu. Volim te puno!

Marina i Nina, sisters sweet! One meine poseéuju svakih 6 meseci. Mi ¢éaskamo svakih
malo malo. Vas dve ste takva moéna jedinica prijateljstva da mi je ogromna ¢ast da me
tako Sirokogrudo u vas oblak uvek primite! Hvala Sto delite sa mnom i Sto me izveStavate
i savetujete | sluSate. Za joS mnogo 6 meseci!

But i also have many friends to thank in NUrnberg, that | have been visiting more often
than any other place. Danke Mark du lieber, danke Yousef du kuschliger, danke Tasma und
Johannes ihr warme Menschen, danke Amy du Funke, und riesigen danke an die erweiterte
Familie Schwab, die mich so herzlich aufgenommen hat!

Now you may say she has it all - great friends, amazing coworkers, and a PhD to her
name. But no, no, as Beyoncé would say, | am also crazy in love! Ich bedanke mich SO
SO SEHR an meine allerliebsten, meiner Mac, meiner besten und wunderbarsten Hannah
Schwab, Frau Doktor. Jeder Tag mit dir ist ein Geschenk. Danke, dass du so eine Liebevolle
bist, dass du mir so viel beigebracht hast, mich in schweren Zeiten bekocht und zugehort
hast, fur mich immer da bist. Wirklich immer. Es ist im Leben doch alles schéner und
einfacher, wenn wir uns lieben!

In the end, | want to thank my parents and my brother! After all, these pages came out
warm and fresh from my dad’s printing office. Hvala Igore $to me uvek kupi$ sa stanice,
Sto si mi porodiéni saradnik, Sto mi dozvoljavas da izazovem tvoje stavove i Sto izazivas
moje. Mnogo sam ponosna na tebe! Hvala mama i tata $to me apsolutno uvek i u svemu
podrzavate! Hvala Sto ste mi oslonac! Hvala $to otvorenog duha uvek sluSate sve $to imam
da kazem. Hvala Sto me prihvatate i bodrite sve strane mene i hvala za vas trud! Hvala
Sto znam da je vas zagrljaj zagarantovan!

Ich winsche uns allen jetzt mal alles Gute!
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