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Abstract

One of the most important scientific challenges of today is the development of new
technologies to satisfy the world’s growing demand for energy in the face of declining
fossil resources. One promising approach to providing energy is nuclear fusion, which
in its most technically advanced application uses a hot plasma that is magnetically
confined in a toroidal chamber known as a tokamak. Its efficiency, however, is limited
by the transport of particles and heat due to turbulence in the edge of the fusion
plasma. A thorough understanding of the complex system of plasma turbulence,
and any mechanisms connected to its moderation, is therefore needed. The geodesic
acoustic mode (GAM) is a radially localised plasma flow oscillation observed in the
edge region of tokamak plasmas, and it is an important part of the turbulent system
which contributes to the reduction of turbulent transport through velocity shearing.

This thesis investigates the fundamental behaviour of the GAM through a sys-
tematic experimental study of its properties in the ASDEX Upgrade tokamak. In
particular, the role of the plasma geometry (e.g. the plasma boundary elongation,
and whether a limiter or divertor configuration is used) on the scaling of the GAM
frequency and amplitude, as well as the GAM radial structure are investigated in
detail. The experimental data was obtained with the aid of microwave Doppler
reflectometry, a diagnostic technique that can be used to measure plasma flow os-
cillations, such as the GAM, with high temporal and spatial resolution.

The GAM frequency scaling is compared with multiple theoretical and empiri-
cal models. The expected fundamental scaling behaviour of GAM frequency foam
with sound velocity ¢, and major plasma radius Ry (fgam o ¢5/Ryp), is reproduced,
however, none of the existing models give a satisfyingly accurate prediction. The
GAM amplitude is studied in connection with damping rates predicted by models
for collisional and collisionless Landau damping processes. It is found, that, for AS-
DEX Upgrade plasma parameters, finite orbit width effects need to be considered in
the calculation of collisionless damping rates, and that, contrary to many theoretical
and numerical attempts to model the GAM behaviour, collisional damping also can-
not be neglected, and may in fact be dominant in the very edge plasma region. In
studying the GAM radial structure, three distinct states are identified for different
plasma conditions: a continuum GAM, where the local GAM frequency varies radi-
ally, faam o ¢s(r); a single eigenmode GAM, where the GAM frequency is nearly



constant across its region of existence; and multiple eigenmode GAMs, where two
radially neighbouring regions with different locked GAM frequencies exist. Tran-
sitions between these states are observed under variations of the plasma geometry.
Radial correlation measurements indicate that the GAM does not propagate radially
in typical elongated divertor discharges, but that it propagates radially inwards in
limiter discharges with low elongation. First results on the magnetic signature of
the GAM at ASDEX Upgrade and its poloidal structure are also obtained.

With this study, multiple shortcomings of the current theoretical models and
numerical approaches, which are used to investigate the behaviour of GAMs and
their role in the overall system of plasma turbulence, have now been clearly identified:
the GAM frequency scaling is subject to more influences than is accounted for by any
current model; collisional damping, which is often neglected, plays a similar role to
collisionless damping and may even be dominant in the region of GAM activity; and
the fundamental variation of GAM radial structure must also be properly accounted
for in scaling predictions. The experimental results obtained for and presented in
this thesis will be able to contribute to the development of future models for GAM
behaviour.



Zusammenfassung

Eine der grofiten aktuellen wissenschaftlichen Herausforderungen ist die Entwicklung
neuer Technologien um den weltweit anwachsenden Energiebedarf zu decken, ins-
besondere im Angesicht sinkender Verfiigbarkeit fossiler Brennstoffe. Einen vielver-
sprechenden Ansatz dazu liefert die Kernfusion, die in ihrer am besten erforschten
technischen Anwendung ein heifles Plasma in einer toroidalen Kammer, einem so-
genannten Tokamak, magnetisch einschlieit. Die Effizienz der Fusion wird jedoch
durch den Transport von Teilchen und Energie, bedingt durch Turbulenz in der
Randschicht des Plasmas, beschrankt. Daher ist es notwending ein detailliertes
Verstandnis des komplexen Systems der Plasmaturbulenz und aller Prozesse, die
diese Turbulenz einschranken konnen, zu entwickeln. Die geodatisch-akustische
Mode (GAM) ist eine radial lokalisierte Schwingung der Plasmaflussgeschwindigkeit,
die in der Randschicht von Tokamakplasmen beobachtet wird. Sie ist ein wichtiger
Teil des gesamten Turbulenzsystems und tragt zur Verringerung des turbulenten
Transports durch Verscherung turbulenter Strukturen bei.

In dieser Arbeit wird das fundamentale Verhalten der GAM im Rahmen einer
systematischen experimentellen Studie untersucht, durchgefithrt am Tokamak AS-
DEX Upgrade. Insbesondere wird dabei die Rolle der Plasmageometrie (unter an-
derem mit Hinblick auf die Plasmaelliptizitat und die Unterschiede zwischen Limiter-
und Divertorkonfiguration) bei der Skalierung der GAM-Frequenz und -Amplitude,
sowie der radialen GAM-Struktur, hervorgehoben. Die experimentellen Daten wer-
den mithilfe eines Doppler-Reflektometers erhoben, einer Mikrowellendiagnostik die
die Messung von Schwingungen der Plasmaflussgeschwindigkeit, wie zum Beispiel
der GAM, mit hoher zeitlicher und ortlicher Auflosung ermoglicht.

Die Skalierung der GAM-Frequenz wird mit mehreren theoretischen und em-
pirischen Modellen verglichen. Das erwartete fundamentale Skalierungsverhalten
der GAM-Frequenz fgam mit der Schallgeschwindigkeit ¢, und dem grofien Plas-
maradius Ry (foam o ¢s/Ry) wird grob reproduziert, allerdings gibt keines der
existierenden Modelle eine Vorhersage mit zufriedenstellender Genauigkeit. Die
GAM-Amplitude wird im Zusammenhang mit den Dampfungsraten untersucht, die
von Modellen fiir stofSbehaftete Dampfung sowie fiir stoflfreie Landau-Dampfung
vorhergesagt werden. Dabei wird festgestellt, dass fiir typische ASDEX-Upgrade-
Parameter die Auswirkung der Bahnbreite der Teilchenorbits beriicksichtigt wer-



den muss, um die stoffreien Dampfungsraten zu berechnen. Weiterhin wird fest-
gestellt, dass die stoBbehaftete Dampfung, im Gegensatz zu vielen numerischen
und theoretischen Ansitzen zur Modellierung des GAM-Verhaltens, nicht ver-
nachléssigt werden darf, sondern allem Anschein nach im &ufersten Randbereich
des eingeschlossenen Plasmas sogar dominant ist. Bei den Untersuchungen zur ra-
dialen GAM-Struktur werden drei unterschiedliche Zustdnde unter verschiedenen
Plasmabedingungen identifiziert: ein GAM-Kontinuum, bei dem sich die lokale
GAM-Frequenz radial verdndert, fgan o c¢s(r); eine einzelne GAM-Eigenmode,
mit einer annahernd konstanten GAM-Frequenz innerhalb der Region in der die
GAM existiert; sowie mehreren benachbarten GAM-Eigenmoden, bei denen sich die
GAM-Frequenz nur schrittweise zwischen Regionen mit konstanter Frequenz éndert.
Zwischen diesen Zustanden werden Ubergange bei geeigneter Variation der Plasma-
geometrie beobachtet. Radiale Korrelationsmessungen deuten an, dass die GAM in
typischen Plasmabedingungen (hohe Elliptizitdt in Divertorkonfiguration) nicht ra-
dial propagiert, dafiir gibt es aber Anzeichen innengerichteter radialer Propagation
in kreisformigen Plasmen in der Limiterkonfiguration. Zuletzt werden erste Ergeb-
nisse iiber die magnetische Signatur der GAM in ASDEX Upgrade, sowie ihrer
poloidalen Struktur prasentiert.

Diese Studie ermdglicht nun die klare Identifizierung mehrerer Méngel in den
gangigen theoretischen Modellen und numerischen Ansétzen zur Erforschung des
GAM-Verhaltens und der Rolle der GAM im Gesamtsystem der Turbulenz: die
Skalierung der GAM-Frequenz wird von mehr Faktoren beeinflusst als in den bish-
erigen Modellen berticksichtigt wird; stobehaftete Dampfung, die oft vernachlassigt
wird, spielt in der Plasmaregion in der GAMs existieren eine dhnlich grofie oder
sogar groflere Rolle als stofifreie Landau-Dampfung; und die fundamental unter-
schiedlichen Formen der radialen GAM-Struktur miissen in den Skalierungsvorher-
sagen ebenso berticksichtigt werden. Die experimentellen Ergebnisse, die fiir diese
Arbeit gesammelt wurden und hier prasentiert werden, leisten damit einen Beitrag
zur Entwicklung zukiinftiger Modelle fiir das Verhalten der GAM.



Contents

Zusammenfassung] . . . . oo .. e 5

Contentd . . . . . .« . 7

11

15

19
19
21

|3 3 _Shear flows and turbulence sum)ressi:I ................. 38
|3 4 Zonal flows and ggﬁﬁmmsj&mpdfg ................ 41
341 Zonalflowd . . . . ... 41
3.4.2  Geodesic acousticmodd . . . . . ... L 42




Contents

"

5

(6.1.1 Density profile reconstruction . . . . . ... . ... ... ... 72
MMMI .................. 73
6.1.3 Doppler shift measurements . . . . . . . ... ... ... ... 75

100 [P PP 77

6.3 Comparison of sliding window FF'T and MUSIC techniqueJ ...... 79
6.4 Cross-correlation techniqued . . . . . . .. ... ... ... ... ... 81
%&mw&a ................ 81
6.4.2 Two-point correlation method . . . . . . . .. ... ... ... 83
GAM frequency scaling 85
7.1 Description of experimentd . . . . . . . .. ... 85
7.2  Comparison to existing models . . . . . . . . .. ... 0L 89

...................... 100

E—Mw 103
8.1 GAM amplitude scaling with s and ql ................. 104
8.2 GAMdrivd . . . . . .. 107
8.3 GAMdamping . . . . . . . . . 109




Contents

$32  Collisionless damping with finite orbit width cffectd . . . . . .

8.3.3 Comparison of the collisionless damping rated . . . . . . . ..

8.3.4 Collisional damping . . . . . . . . . . . ... ... ... ...

|8__4_]Lsmasm .................................
Mwaﬁoﬂ

9.1 Description of experimentd . . . . . . . . ... ..o
0.2 GAM Structurd . . . . . ..
9.2.1 Multiple eimdﬁ‘ﬁAME] ....................
9.2.2 Continuum GAM . . . ... ... ...
|9 3 GAM propagationl . . . . . .. ...
&&umﬁmmmmmmmmmd ........
9.3.2 Two-point correlation method . . . . . . . . ... .. .. ...
9.4 Magnetic | %M.sgmﬂuﬁ_am_ﬂnmﬂ .................
9.5 DISCUSSION .+« « « « e e e

—

145

151

159

161

163



Contents

10




List of abbreviations and symbols

A amplitude of reflectometer signal

Ap Doppler shift amplitude

Acam GAM amplitude

ASDEX Upgrade | tokamak in Garching, Germany (Axially Sym. Divertor EXp.)
AUG ASDEX Upgrade

a (horizontal) minor plasma radius

B magnetic field

By, toroidal magnetic field

By poloial magnetic field

By background magnetic field vector

b vertical minor plasma radius

CLISTE interpretive equilibrium code

CXRS charge exchange recombination spectroscopy
c vacuum light speed

Cs sound velocity

D-T reaction fusion reaction between deuterium and tritium
DIII-D tokamak in San Diego, USA

E electric field strength

E, radial electric field strength

ECE electron cyclotron emission

ECRH electron cyclotron resonance heating

ELM edge-localised mode

ETG mode electron temperature gradient mode, plasma instability
e elementary charge

FFT fast Fourier transform

f frequency

fp Doppler shift frequency

faam geodesic acoustic mode frequency

Iy Nyquist frequency

fref reference frequency

fs sampling frequency
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f scale
G

GAM
GENE
H-mode
1

I,
IQ detector
ICRH

ITER

ITG mode

J

JET

k

ko

kr

ki

k.

Lr

L-H transition
L-mode

LCFS

LSN

MHD

MUSIC

m

mpg

q95

GAM frequency as predicted by frequency scaling models
scale factor, ratio between measured wganm and ¢/ Ry
geodesic acoustic mode

non-linear gyrokinetic plasma turbulence code

high confinement mode of plasma operation

in-phase reflectometer signal

plasma current

refl. component generating in-phase and quadrature signals
ion cyclotron resonance heating

planned tokamak in Cadarache, France

ion temperature gradient mode, plasma instability
electrical current

tokamak in Culham, UK (Joint European Torus)
wavenumber

wavenumber of launched microwave radiation

radial wavenumber

wavenumber parallel to By

wavenumber perpendicular to By

radial turbulence correlation length

transition between L.-mode and H-mode confinement states
low confinement mode of plasma operation

last closed flux surface

lower single null, standard divertor plasma configuration
magnetohydrodynamics

multiple signal classification method

poloidal mode number

Bragg backscattering order

electron mass

ion mass

particle mass

refractive index

neutral beam injection (for heating and current drive)
toroidal mode number

electron density

ordinary mode wave polarisation

orbit drift width

cross-correlation between two signals x and y

plasma or fluid pressure

passive stabilising loop

quadrature reflectometer signal

(local) safety factor

electric charge of a particle

safety factor at 95% of minor radius a



TCV
TEM
TEXTOR
TORBEAM
t

USN

uj

Uy

u

V-band
Uph

Uy

(%)

(4

Yeoll
Ve.less

radial distance from machine axis

major plasma radius

Reynolds number

Reynolds stress

plasma curvature radius

radial coordinate

power spectrum of a time series

local frequency and wavenumber spectrum
scrape-off layer

sliding window fast Fourier transform signal analysis method

radial gradient of the plasma elongation
particle temperature

electron temperature

ion temperature

tokamak in Lausanne, Switzerland

trapped electron mode, plasma instability
former tokamak in Jiilich, Germany

a beam tracing code for toroidal geometry
time

upper single null, divertor plasma configuration
turbulence velocity parallel to By

turbulence velocity perpendicular to By
turbulence or fluid velocity

microwave frequency band from 50-75 GHz
phase velocity

radial (propagation) velocity

ion thermal velocity

poloidal plasma velocity

particle velocity perpendicular to the magnetic field
particle velocity

diamagnetic drift velocity

background plasma E x B velocity

kinetic energy of a particle parallel to By
kinetic energy of a particle perpendicular to By
microwave frequency band from 75-110 GHz
extraordinary mode wave polarisation

number of protons in a nucleus

effective charge

zonal flow

normalised ratio between thermal and magnetic pressure

damping rate
collisional damping rate
collisionless Landau damping rate
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Vi
YLODW
A

A
Acau

ion specific heat ratio

collisionless damping rate in large orbit drift width limit
collisionless damping rate from Sugama-Watanabe model
Shafranov shift

Shafranov shift gradient

radial width of GAM region

inverse aspect ratio

vacuum permittivity

launch angle in Doppler reflectometer

local plasma elongation

boundary plasma elongation

radial wavelength of the GAM

dynamic viscosity

kinematic viscosity

ion collisionality

gyro radius of a particle

electron Larmor radius

ion Larmor radius

mass density of a fluid/plasma

ion Larmor radius at electron temperature (drift scale)
normalised poloidal flux radius

ratio between electron and ion temperature, T, /T;
time lag

energy confinement time

plasma potential

phase of reflectometer signal

poloidal magnetic flux

vorticity

angular frequency

angular frequency of launched microwave radiation
electron cyclotron frequency

ion cyclotron frequency

angular Doppler shift frequency

angular eigenfrequency of the geodesic acoustic mode
plasma frequency



Chapter 1
Introduction

As the world-wide energy consumption continues to rise, as fossil resources such as
coal, oil or natural gas continue to dwindle, and as the excessive emission of long-
lived greenhouse gases threatens to have a significant impact on the world’s climate,
the search for alternative energy sources has become more important than ever.
Renewable energy sources, which include solar, wind and hydro-electric power, are
strongly dependent on suitable weather and geographic conditions. Nuclear fission,
while capable of providing large amounts of energy from comparably few resources,
has disadvantages in the potentially catastrophic environmental consequences of a
reactor malfunction and the still unsolved questions of the longterm storage and
disposal of its radioactive waste products.

A promising alternative has emerged in the concept of a nuclear fusion reactor,
which would provide energy that is released from fusion reactions between hydrogen
isotopes, similar to the processes in the sun. Such a reactor would have no significant
carbon footprint and would use fuel resources which are less limited than those of
today’s power plants. While nuclear fusion does not have radioactive by-products,
it still leaves some radioactive waste, such as the steel that is used as structural
material. The radioactive decay time of those waste products is orders of magnitude
below fission waste. In addition, there is no danger of an unstoppable radioactive
meltdown.

The most advanced among multiple approaches to designing such a fusion reac-
tor is the tokamak, a ring-shaped chamber in which a high-temperature plasma is
magnetically confined. If the particle density, temperature and energy confinement

of the plasma can be raised to a sufficient level, the conditions are favourable for
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Chapter 1. Introduction 16

fusion reactions to occur, and the energy output could be used as a power source.
Due to the extremely high necessary temperatures—higher even than those in the
sun—direct contact of the energetic plasma particles with the wall of the reaction
chamber must be avoided.

However, transport of particles across the magnetic field lines, from within the
confined plasma radially outwards in the direction of the wall, occurs. While a
certain amount of radial transport was anticipated as an effect of classical diffu-
sion and particle collisions, the actual amount of transport in fusion experiments
is significantly larger. Plasma turbulence has been identified as the source of this
so-called anomalous transport. Therefore, a thorough understanding of the turbu-
lent processes in fusion plasmas, especially those which can moderate the turbulence
level and thus help to improve energy confinement, is needed for the development
of predictive models and the design of future fusion reactors.

One of the processes that is connected to the moderation of turbulence is the
geodesic acoustic mode (GAM). It is a radially localised oscillating zonal flow, which
is found near the edge of the confined plasma. A flow oscillation like the GAM
can reduce the radial correlation length of the turbulence through the shearing of
turbulence structures. The GAM is itself driven by the broadband turbulence and
thus also serves as a sink for turbulent energy. In addition, GAM activity has
been observed prior to the transition of plasmas into the so-called high-confinement
regime (or H-mode), a state which is characterised by a reduced turbulence level and
steeper density and temperature gradients. The improved energy confinement of the
H-mode is instrumental in making fusion a reality, however the transition mechanism
is still not fully understood, making the investigation of GAMs and their possible
role in the transition important. GAMs, while first theoretically described in 1968,
have come into the focus of experimental research in the past decade, the results
of which have in turn driven new theoretical and computational research on the
subject.

In order to make experimental observations of turbulence processes such as the
GAM, a suitable diagnostic with sufficient temporal and spatial resolution is neces-
sary. Additionally, it must be capable of measuring velocity fluctuations inside the
high-temperature plasma, ideally without disturbing it. One such diagnostic tech-
nique that meets these requirements is Doppler reflectometry, which uses backscat-
tered microwave radiation to measure the velocity of density fluctuations. In the

past decade, Doppler reflectometry has been successfully employed at multiple fusion
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experiments to measure GAMs.

This thesis presents results obtained from Doppler reflectometry measurements in
experiments that were performed on the ASDEX Upgrade tokamak. To understand
the role that the GAM plays in the complex interaction between plasma gradients,
turbulence and flows, the moderation of turbulence through shear flows and the
transition to the H-mode regime, all of which are important for the design and
operation of the next generations of fusion experiments, its fundamental properties
must be thoroughly researched. Therefore, this thesis focuses on the following main

goals:

e Characterising the GAM frequency scaling behaviour as a function of plasma

geometry and comparing it to theoretical and empirical models (Ch. [):

The frequency of the geodesic acoustic mode determines the influence that the
GAM can have on the plasma shearing rate and thus on the reduction of the
radial correlation length of the turbulence. Building on prior results, which
showed decreased GAM frequency in highly elongated plasmas, the GAM is
measured in a range of different geometrical conditions. The results confirm
the strong influence that plasma shaping can have on the GAM frequency,
and it is found that, while some of the current models successfully predict the
general trends which can be observed experimentally, the GAM frequency is
subject to a wide range of influences and a comprehensive model is yet to be

developed.

o [nvestigating the behaviour of the GAM amplitude during variation of the
plasma geometry, and relating it to collisional and collisionless GAM damping

rates as predicted by multiple models (Ch. []):

The GAM may only play a significant role in the moderation of turbulence
if its amplitude is sufficiently large to cause displacements comparable to the
turbulent structure size, therefore an understanding of its scaling under differ-
ent plasma conditions is needed. The GAM amplitude is shown to be impacted
by variations of the plasma boundary elongation and safety factor. In a com-
parison of multiple models for the GAM damping rate, it is shown that for
typical ASDEX Upgrade parameters both collisionless and collisional damp-
ing, the latter of which is often not considered, may play a significant role in
determining the GAM amplitude.
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e [dentifying the structure and radial propagation of the GAM (Ch. [)):

In order to better understand the interaction of the GAM with the plasma tur-
bulence, it is necessary to determine in which radial region the GAM appears,
what its structure is, and how these parameters are influenced by other plasma
parameters. In previous experiments, GAMs have been observed to both ex-
tend radially at a constant frequency (eigenmode), and with frequencies that
vary radially (continuum). In the results presented in this thesis, three dif-
ferent GAM structures are identified, and transitions between these states are
observed, connecting previously disparate results. Radial GAM propagation,
measured with correlation Doppler reflectometry, is only observed under spe-
cific conditions, while the magnetic signature of the GAM is identified for the
first time at ASDEX Upgrade.

The thesis closes with a summary of the most important findings and an outlook

for future work on the subject.



Chapter 2

Nuclear fusion and basic plasma

physics

Before the specific focus of this thesis can be addressed, it is necessary to introduce
the concepts of plasma physics, nuclear fusion and magnetic confinement devices
such as tokamaks. A thorough overview of these topics would of course exceed the

scope of this work, but can be found, for example, in Refs. [I] and [2].

2.1 Introduction to nuclear fusion

While nuclear power is often associated with the process of nuclear fission, where
a heavy atomic nucleus such as plutonium is split into two lighter nuclei, it is also
possible to release energy via nuclear fusion, where two atoms are fused together into
a heavier nucleus, as long as the initial nuclei are light enough. Nuclear fission has
successfully served as an energy source for multiple decades. Once a fission reactor
is started, the chained reaction sustains itself and serves as a continuous power
source. One of the main disadvantages of nuclear fission is the fact that this chain
reaction can be difficult to stop when necessary, leading to dangerous consequences.
A further significant problem is the radioactive waste that is produced by fission
reactors.

Nuclear fusion, on the other hand, has neither of these problems. In using low-
mass elements in its reactions, such as hydrogen or helium, there are no long-lived
radioactive atoms left behind from the fuel. A fusion reactor is also significantly

easier to shut down, in fact one of the main challenges of current fusion research is
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Chapter 2.  Nuclear fusion and basic plasma physics 20

to get to the point where a reaction can sustain itself at all. That it can be done
becomes apparent by looking at the sun, which provides earth with energy from the
proton-proton chain reaction, where hydrogen atoms fuse into helium nuclei within

several steps [3].

1022
Ignition condition for D-T reaction

neTe (M?s)
)
N

1001 1 a1l ! Lol !
10 100
T (keV)

Figure 2.1: Threshold value for the product of density n and energy confinement
time 7 as a function of temperature 7" which must be crossed to reach ignition in
a fusion reactor, for the D-T reaction. Adapted from Ref. [4].

There are multiple possible reactions between low-mass atoms that could the-
oretically be used as a source for fusion energy. Most promising is the reaction

between the hydrogen isotopes deuterium and tritium (the D-T reaction):
D +3T — 5He (3.5MeV) +n (14.1 MeV), (2.1)

where n is an energetic neutron. The reaction rate depends on the particle tempera-
ture 7" and the particle number density n of the fuel (i.e. the deuterium and tritium
nuclei). In order to make fusion a viable energy source, more energy needs to be re-
leased than is needed to sustain the reaction or lost to the surroundings. Figure 2.1]
shows the threshold value for the product of density n and the energy confinement
time 7g, which describes for how long energy is retained in the system, as a function
of T for the D-T reaction. By exceeding this threshold, which is lower for the D-T

reaction than for other suitable reaction candidates such as deuterium-deuterium or
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deuterium-helium, the fusion reaction can become self-sustaining. Since 75 itself is
partially determined by the temperature, this threshold is more often expressed in
terms of the so-called triple product nT'7g. The necessity of exceeding this thresh-
old is known as the Lawson criterion, which takes the following form for the D-T

reaction:

keV s

nTrp > 10—
m

. (2.2)

In the sun, nuclear fusion works because of the enormous gravitational forces on the
particles. These forces create an environment of very high density and long energy
confinement together with high temperatures. On Earth, the Lawson criterion needs

to be achieved by a different approach.

2.2 Magnetic confinement fusion using tokamaks

In all approaches to nuclear fusion, the temperatures which are necessary for the
reactions to take place at a sufficient rate are so high that the gas will be ionised
and enters the plasma state. This plasma, which consists of energetic charged par-
ticles, needs to be contained within a limited space, in order to ensure that the
necessary density and energy confinement thresholds can be surpassed. At the same
time, any direct contact of a plasma at the necessary temperatures with common
materials that might be used to build a kind of reaction chamber would be very de-
structive. Therefore, the use of strong magnetic fields to contain the plasma, known
as the magnetic confinement approach to fusion, has become the largest and most

promising field of research.

Magnetic
field B

Gyro radius

Figure 2.2: Charged particles in a magnetic field gyrate around the field line.
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When a particle with charge g, moves with velocity v in a magnetic field B, it

becomes subject to the Lorentz force Fr.:
Fr, = q,v x B. (2.3)

This force leads to a gyration around the magnetic field line, shown in Fig. 2.2] at
the frequency w,. and a radius p:
We = @, p= UL (2.4)
my, We
The gyro frequency and gyro radius are different for plasma electrons and ions, due
to their dependence on particle mass m, and charge g,. Here, v, is the particle
velocity perpendicular to the magnetic field.

In the history of magnetic confinement fusion, many different designs have been
proposed and tested [I]. The earliest fusion devices used a linear arrangement and
the magnetic mirror effect in order to keep the plasma confined. However, due to
large and unavoidable losses at the edges, it was necessary to adopt designs with
closed magnetic field lines, i.e. designs that bend the field lines into a circular shape,
allowing the plasma to be confined within a toroidal chamber.

In early toroidal designs the closed field lines were created exclusively by mag-
netic coils wrapped around the plasma, creating a toroidal field B;. When moving
away from the central axis of the torus, the strength of the magnetic field would
decrease as an inverse function of the radius. Due to the gyro motion around the
field lines, particles would alternate between regions of stronger and weaker mag-
netic field, leading to changes in the gyro radius (Eq. 24]) and therefore a resulting
drift motion that would vertically separate electrons and ions. The resulting vertical
electric field E, affects the charged particles via the Coulomb force, leading in the
presence of a magnetic field to the so-called E x B drift:

FE, x B,

= (2.5)

VExB =

In this case, the E x B drift would drive all particles, independent of charge, towards
the outer wall of the confinement chamber. To avoid this effect, the next iteration
of toroidal designs needed to impose an additional poloidal magnetic field By on top

of the toroidal field By, in order to introduce helically twisted field lines. This way,
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electrons and ions would no longer drift apart vertically.

There are two competing approaches to the generation of the poloidal magnetic
field. In the stellarator category of fusion devices, the magnetic field is completely
created by external magnetic coils. Fusion devices of the tokamak category create
the poloidal field by inducing a toroidal plasma current /,. Both approaches have
their disadvantages. To drive the toroidal current in tokamaks, a large solenoid
in the centre of the torus is usually employed. However, the current can only be
driven for a limited amount of time, leading to pulsed operation. For a stellarator,
on the other hand, the coil design needs to be much more complicated. Due to the
requirements for particle confinement and plasma stability, very precise calculation
and manufacturing is important. Only with technical advances in the last decades

has the stellarator concept become a promising alternative to the tokamak.

Vertical field coil Transformer coil

Toroidal field coils

Plasma current

Magnetic surface
Field line

Figure 2.3: Basic layout of a tokamak: a plasma current (blue) is driven by a central
solenoid (pink). Together with the toroidal (red) and vertical (green) field coils, it
creates a set of nested flux surfaces with helically twisted field lines. Adapted from

Ref. [B].

Figure 2.3 shows the basic layout of a tokamak, as well as its magnetic field lines.
The central solenoid drives the plasma current I,, which itself creates a poloidal
magnetic field By. The ring of toroidal field coils creates the toroidal field B;. The
combination of both fields leads to the closed and helically twisted field lines, which
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form a set of nested flux surfaces. The vertical field coils are necessary for further
stabilisation and position control of the plasma. Chapter [d] gives a more detailed

discussion of the tokamak design and operation.
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Figure 2.4: Progress of tokamaks and stellarators towards achieving the Lawson
criterion. Adapted from Ref. [G].

Tokamaks have been used in fusion research since the 1950s. Over the decades,
continuous progress has been made towards achieving the Lawson criterion, as shown
in Fig. 24 From one generation of tokamak to the next, the size of the devices
has continuously grown. With larger plasma radius, the ratio of stored energy
(proportional to plasma volume) to energy loss (proportional to plasma surface)
becomes more favourable. ASDEX Upgrade, the tokamak on which the experiments
for this thesis were performed, falls into the range of medium-sized tokamaks. While
it is too small to achieve breakeven, like all tokamaks currently in operation, it is
valuable for studies relating to many of the remaining challenges in fusion, such as
turbulent transport (see Ch. B]). Additionally, results from devices such as ASDEX
Upgrade have significant influence on the design of the next generation of fusion

devices. This includes the ITER project, which is currently under construction
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in France, and is expected to be the first tokamak to fulfill the Lawson criterion.
Nuclear fusion below the breakeven level has been achieved at JET and TFTR.
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Figure 2.5: Radial profiles of plasma electron temperature 7, and density n. in L-
mode (red) and H-mode (blue) for ASDEX Upgrade discharge #17741. Reproduced
from Ref. [7].

One of the most important steps towards making fusion a reality was made with
the discovery of the high confinement mode (H-mode) on the ASDEX tokamak, the
predecessor of ASDEX Upgrade [§]. Tt was discovered that the input of sufficient
heating power into the plasma would, once a certain threshold value was crossed,
lead to the formation of a transport barrier at the plasma edge. The larger plasma
pressure gradient due to this transport barrier strongly increases temperature and
density in the plasma core, and therefore the confined energy. This process is de-
scribed as a transition from the regular, low confinement mode (L-mode) to the
high confinement mode. Figure shows typical radial ASDEX Upgrade profiles of
the plasma electron temperature 7T, and density n. as a function of the normalised
radius, before and after the L-H transition. One of the key features of the H-mode
is the suppression of plasma edge turbulence. While the transition can be reliably
achieved in experiments on many tokamaks, it is not yet fully understood. Next
generation devices such as ITER, and any future fusion power plants, will depend
on operating in H-mode in order to produce sufficient power. Therefore, it is impor-

tant to develop a better and predictive physical understanding of the transition and
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the edge turbulence phenomena that have been found to possibly be connected to
it, such as the geodesic acoustic mode [9,[10]. As discussed in the following chapter,
geodesic acoustic modes are an inherent part of plasma turbulence in tokamaks, and

need to be understood in detail in order to explain turbulent transport phenomena.



Chapter 3

Turbulence and geodesic acoustic

modes in fusion plasmas

This chapter introduces the basic concepts of turbulence, with a focus on turbulence
in magnetically confined fusion plasmas such as in tokamaks. Section Bl serves as
an overview of the important turbulence properties. Section presents some of
the most important linear instabilities that lead to the development of turbulence.
Shear flows and their role in turbulence suppression are the subject of Sec. And

finally, Sec. B4l introduces zonal flows and geodesic acoustic modes.

3.1 Turbulence

As outlined in the introduction to this thesis, the confinement of particles and energy
within the plasma is very important in order to fulfill the Lawson criterion and make
fusion a viable energy source. Turbulence is thought to be responsible for a major
part of transport of particles and energy [IT,[12], and thus a thorough understanding

of the turbulent processes is necessary.

3.1.1 Introduction to turbulence

Turbulence is a phenomenon that is often encountered whenever flows of gases or
fluids are involved and are subjected to external forces. A very common example
of this is the turbulence that can be experienced during air travel. The transition
from a laminar flow to fully developed turbulence, as shown in Fig. 3.1l is not yet

completely understood.

27
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Laminar flow Eddy formation Fully developed turbulence

10— O e o e
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Figure 3.1: Transition of a neutral fluid from laminar flow to fully developed turbu-
lence for increasing Reynolds number Re. Adapted from Ref. [3].

The Navier-Stokes equation is used to describe the motion of neutral incompress-
ible fluids (V - w = 0) and the role of turbulence:

d
pmd—? =—Vp+pAu+ F. (3.1)

The convective derivative d/dt = 0/0t + u - V of the fluid velocity u for a fluid
with mass density p,, is driven by the external forces acting on the fluid: the pres-
sure gradient Vp, the friction force pAw (where p is the dynamic viscosity) and
further forces F', such as gravity. The Navier-Stokes equation is often brought into
a dimensionless form through the introduction of a characteristic length scale L.,
characteristic time scale T, and characteristic velocity ug = L./T.. The resulting
equation for dimensionless quantities (denoted by a prime), neglecting the additional
forces F', is the following:

du’ L, 1
- VP R

Re is known as the Reynolds number. It is calculated from the characteristic scales

A’ (3.2)

and can also be defined in terms of the kinematic viscosity v = p/pp,:

mL? L.
Re = % - VUO. (3.3)

It describes the degree of turbulence in the system, and is the ratio between the
non-linear term responsible for the turbulence generation and the viscous force on

the liquid that leads to dissipative damping. When the Reynolds number increases,
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as shown in Fig. 3.1l the viscous damping lessens and the fluid transitions through
vortex streets from a state of laminar flow into fully developed turbulence. The
advantage of the dimensionless form of the Navier-Stokes equation is that it shows
how two systems can be considered dimensionally similar if their Reynolds numbers
are the same, even if the underlying characteristic scales are different.

While the underlying turbulent processes are of a random and continuously fluc-
tuating nature, it is possible to treat turbulence with a statistical approach. The
important characteristics and statistical moments of the turbulence are stationary

and can be measured in experiments.

3.1.2 Turbulence in tokamaks

For plasma turbulence, the general observations from the previous section hold,
however, the situation is more complicated than in neutral fluids. Generally, a
plasma contains two fluids (electrons and ions) that can interact with each other,

and electromagnetic forces can no longer be neglected.
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Figure 3.2: Relative density fluctuation amplitude as a function of the normalised
plasma radius p, where negative values represent the high-field side, for two dis-
charges from the Tore Supra tokamak with different Sy. From Ref. [13].

Furthermore, due to the magnetic field line geometry, a tokamak plasma usu-
ally consists of nested flux surfaces. Within each flux surfaces the particles can

move freely, leading to much faster movement along the magnetic field lines than
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perpendicular to them. Because of this decoupling of parallel and perpendicular
processes, plasma turbulence can be considered as nearly two-dimensional, instead

of the isotropic three-dimensional fluid of the previous section.
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Figure 3.3: Comparison of plasma density (black) and potential (red) fluctuation
power spectra against magnetic fluctuation power spectra (blue) in hydrogen and
helium plasmas. Top: experimental results from the TJ-K stellarator. Bottom:
numerical results from DALF3 calculations. The grey arrows mark a factor of ten
orders of magnitude. From Ref. [16].

To get a full understanding of turbulent processes and the important turbulent
transport, fluctuations in multiple plasma parameters need to be considered: the
magnetic field B, electron and ion temperatures 7, and 7T;, the plasma density n.
and the plasma potential ®. Both the amplitude of these fluctuations and their
cross-phases can be important. The relative fluctuation level, i.e. the root mean
square of a fluctuating quantity divided by its average value, describes the impact
that turbulence has on a plasma quantity. Figure shows measurements of the
relative density fluctuation level n/n in the Tore Supra tokamak, which is shown to
increase rapidly towards the plasma edge [I3]. Measurements from the tokamaks
TEXT, TFTR or DIII-D show values of 1% or less for n/n in the core and up to
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10-20 % in the edge [TTLT4L[15].

Plasma turbulence can be separated into electromagnetic and electrostatic tur-
bulence. In the first case, fluctuations in the plasma potential and density as well
as in the magnetic field are considered. In the electrostatic case, the magnetic field
is assumed to remain constant, so that turbulent £ x B drifts are only determined
by fluctuations of the electric field (or the potential ®, since E = —V®). Exper-
imental results indicate that magnetic fluctuations are often comparatively small
and play no important role in most fusion experiments [I1,[16]. Figure shows
both experimental results from the stellarator TJ-K as well as numerical results us-
ing the drift-Alfvén turbulence code DALF3 [I7], where magnetic fluctuations were
found confirmed to be multiple orders of magnitude smaller than density or potential
fluctuations. Therefore, the electrostatic approach is usually sufficient to describe

turbulent processes.

3.1.3 Turbulence spectra

One approach to treating turbulence in a statistical manner is to consider the system
in terms of scales. Fig. Bl for example, shows the formation of turbulent eddies of
different sizes. In a fusion plasma, turbulence can range from very small localised
structures up to large-scale flows that affect the entire plasma. Therefore, it is
important to not only know how much turbulence energy is present within any scale,
but also to understand how the turbulent structures evolve and how the energy is
transferred between the different scales. The transfer of energy from larger scales
to smaller scales, e.g. the break-up of a large eddy into many smaller eddies, is
known as a direct cascade. Energy transfer in the opposite direction is called an
inverse cascade. Depending on the nature of the turbulent system, the mechanisms
of energy transfer between the scales can differ substantially.

A well-known theory for the description of turbulence in a three-dimensional,
homogeneous and isotropic fluid was proposed by Kolmogorov [I8,[19]. It assumes
that a direct cascade transfers energy from the large scales to the smaller scales,
which can be described in terms of an energy transfer rate. In Kolmogorov’s theory,
turbulent energy is put into the system at a so-called injection scale, with wavenum-
ber ki,j, and is transferred to smaller and smaller scales, as pictured in Fig. 3.4
(a). At small scales, where the viscosity plays a more important role, the energy

is dissipated into heat. The wavenumber range between injection and dissipation
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(a)
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log (E)

Figure 3.4: (a) Spectral energy for turbulence in a neutral three-dimensional fluid
with direct energy cascade. (b) Spectral energy for turbulence a in neutral two-
dimensional fluid with inverse energy and direct enstrophy cascade. Adapted from

Ref. [20].

scales, where no external energy enters the system, is known as the inertial range.
Kolmogorov’s theory predicts that the turbulence is self-similar and that spectral
energy in this range is proportional to k=%/3.

As mentioned above, a magnetically confined plasma is in many important as-
pects a two-dimensional system, for which Kolmogorov’s theory does not apply.
Kraichnan [21122] describes the differences that are found for ideal 2D turbulence
which does not allow for vorticity stretching. As pictured in Fig. B4l (b), there
are now two cascades originating from the injection scale ki,;. Energy, unlike for
3D turbulence, is now transferred in an inverse cascade from the injection scale to
larger scales. There is also a direct enstrophy cascade towards smaller scales and
the dissipative range. Enstrophy is the mean squared vorticity and is conserved in
2D turbulence, where the vorticity is defined as {2 = V x w. This is often referred
to as a dual cascade, with two inertial ranges where the energy is proportional to
k=53 and k3, respectively.

For plasma turbulence, the situation is of cour